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Abstract 
 

This study investigated the use of UV-visible spectral imaging for the location and 

enhancement of substances of forensic interest using targeted approaches based on the 

spectrum of the substance. 

 

Spectral enhancement procedures were developed for blood with and without chemical 

enhancement, and for latent fingermarks after chemical enhancement. Focus was on 

substances whose spectrum exhibited a steep change in absorbance or fluorescence 

over a small wavelength range. Substances with such spectral features were able to be 

enhanced using arithmetic combinations of two or three spectral images taken at 

wavelengths near the steep spectral feature. 

 

Some enhancement reagents do not react to produce a product with a steep spectral 

feature suitable for photographic enhancement. In such cases reagents that compliment 

spectral imaging can be developed. A tridentate ligand for iron(II), BBIDMAPP, 

which forms a complex with a narrow intense charge-transfer band, was synthesised 

and was used to visualise muddy shoemarks. 

 

UV-visible spectral imaging systems based on a liquid crystal filter or a filter wheel 

were constructed to facilitate the acquisition of the spectral images and to perform the 

enhancement operations. A thorough characterisation of the imaging systems 

determined their limitations and sources of artefacts which could lead to complications 

in interpreting the enhanced images. 

 

The spectral imaging procedure used to visualise blood was incorporated into a  

near-real-time, hand-held imaging system for the location of blood staining. This 

prototype imaging system is capable of acquiring two spectral images simultaneously, 

perform the enhancement procedure, and display the enhanced image within 5 s, which 

would make it suitable as a non-chemical presumptive screening test for blood at crime 

scenes. 
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1 Introduction 

 

1.1 General Introduction  

The application of spectral imaging techniques for the detection of forensic analytes 

such as blood or chemically enhanced fingermarks is the central theme of this study. 

Spectral imaging acquires images at a number of different wavelengths, which can 

extend beyond the visible range. The increased amount of information acquired in 

spectral imaging can provide increased discrimination compared to single grayscale or 

three colour (RGB) images.  

 

Crime scenes and items of evidence can be highly heterogeneous and contain many 

spectral components. A latent shoemark or fingermark, for instance, may lie upon a 

surface which exhibits variable colouration, such as a wooden floor or currency 

respectively. The contrast of evidence against interfering backgrounds can be 

improved by using chemical enhancement reagents such as leuco crystal violet for 

blood detection or ninhydrin for latent fingermarks. These reagents form strongly 

coloured products with latent evidence and thus improve the contrast of the evidence 

against the underlying substrate. However, even with chemical enhancement there may 

still be significant spectral interference by the substrate. This can limit information 

about the spatial distribution of the forensic analyte (such as the spatial pattern of a 

blood shoemark) which may mean the evidential value of the evidence is reduced. 

Thus an investigator may only be able to make a class match of a crime scene 

shoemark to a reference shoe or only be able to resolve a small number of minutiae in 

a fingermark. Methods which offer the forensic investigator the ability to further 

discriminate latent evidence from interfering substrates would, therefore, be of 

considerable value. Spectral imaging methods may be able to acquire information 

about the spatial distribution of forensic analytes on the mesoscale in an analogous 

way to the macroscale information provided by satellite imaging systems. 

 

Forensic spectral imaging involves acquiring images of a ‘scene’, ranging in size from 

a fingermark to larger areas such as the surface of a floor or wall at a crime scene, at a 

number of discrete or contiguous wavelengths. This generates a three dimensional 

dataset, often called an image ‘cube’, where the x and y dimensions are spatial and the 
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z dimension is spectral. If many wavelengths are measured, then a spectrum may be 

obtained at each point in the image. In the case of a digital image data set, each pixel 

may be considered as a separate and independent spectrum. The spatial distribution of 

analytes such as blood, within the scene can be obtained by appropriate processing of 

the image data set. 

 

In simple narrow-band imaging, one or two images are acquired at specific regions of 

the spectrum and processed in such a way as to highlight a particular analyte of 

interest. More advanced forms of spectral imaging may involve the acquisition of 

several hundred contiguous narrow wavelength-band images spanning a broad region 

of the UV-visible to near IR spectrum. The immense amount of data thus generated 

can require computationally-intensive processing prior to human interpretation. 

 

If the spectrum of a particular target analyte (e.g. blood) is known then a spectral 

imaging procedure can be customised for that particular analyte. Simple arithmetical 

imaging procedures can be implemented which require imaging at a small number of 

wavelengths centered near the spectral feature of the target analyte (3). This approach 

is particularly effective if the spectrum of the target analyte exhibits a characteristic 

change over a small spectral range, such as a narrow peak or a steep shoulder. Not 

every target analyte exhibits spectral features amenable to such simple imaging 

procedures. In these cases it may be necessary to image a scene at many wavelengths 

and use more complex multivariate classification methods (4). Such methods may 

determine which pixels in an image are similar to a reference spectrum. This type of 

spectral imaging, where a specific analyte is being analyzed, is often referred to as 

target detection or spectral matching (5).  

 

Spectral imaging has been largely dominated by the remote sensing and imaging 

microscopy communities, and the development of instrumentation and enhancement 

procedures have reached a high level of maturity in those disciplines. Thus these two 

disciplines are focused upon along with forensic science in the following sections. 
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1.2 Instrumentation  

There are two main elements in spectroscopic imaging instruments: the mechanism for 

wavelength selection and the image sensor (6). The data from spectroscopic image 

acquisition can vary in a number of ways, including the number of images generated, 

the region of the electromagnetic spectrum that they cover, the spectral resolution 

(FWHM) of each individual image, and the number of individual picture elements 

(pixels) per image, which corresponds to the image spatial resolution. These features 

are largely determined by the instrumentation used to acquire the data.  Images can be 

acquired sequentially by adjusting the wavelength after each image (called the band 

sequential method) (7) or by scanning one image dimension while obtaining a 

complete spectrum (called the pushbroom or whiskbroom method) (6).  

 

The pushbroom and whiskbroom methods usually employ a grating or prism to 

separate wavelengths across one dimension of a sensor while the instrument scans 

along one axis sequentially to provide three dimensional data (6) (8). The pushbroom 

method scans parallel to the direction of travel while the whiskbroom method scans 

perpendicular to the direction of travel (6). Whiskbroom sensors are usually one-

dimensional linear sensors and hence require a motor drive to physically scan the 

sensor whereas pushbroom detectors are usually two dimensional arrays and do not 

require moving parts. These methods are used in applications where either the imaging 

device is moving relative to a fixed scene as in airborne spectral scanning methods (7) 

or where the scene is moving relative to a fixed sensor as in quality inspection methods 

(8). An advantage of this method over the band sequential method is that the spatial 

dimension of the image which is parallel to the direction of travel is not limited by the 

size of the imaging chip (8). A disadvantage is that the entire spectral range must be 

captured in a single exposure which places high demands on the dynamic range of the 

sensor. For the mesoscale application of forensic science imaging, the band sequential 

method is the most appropriate since there is no relative motion between camera and 

target.  

 

Bandpass filters are commonly used for selecting wavelengths in the band sequential 

method. These filters can be fixed in front of the camera as with some satellite and 

airborne applications (9) or can be selected via a filter wheel (7, 10, 11). An alternative 
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approach is typified by the trichromatic mosaic filters on standard colour digital 

cameras where the RGB components are separated and treated as three separate wide 

band images (12, 13). Advantages to using bandpass filters include their relative 

robustness, cost, and the ability to select the spectral width and throughput of each 

filter to match the sensitivity of the sensor (7, 14). Disadvantages to this approach are 

that image alignment is required to register the images and that the speed of selecting 

the desired filter can be too slow for some applications. (7, 15). Bandpass filters may 

also be used to provide narrow bandwidth illumination of the scene (2, 16).  

 

An alternative approach to band selection using individual filters is the use of electro-

optic tuning devices such as the acousto-optic tuneable filter (AOTF) and the liquid 

crystal tuneable filter (LCTF) (17, 18). AOTFs offer tuning from the deep ultra violet 

(19) through to the far infrared (20). Currently LCTFs do not operate in the UV but 

their advantage over AOTF devices is that they have a wider aperture, allowing for 

easier imaging applications (20). Both AOTF and LCTF devices offer quick 

contiguous tuning across a wide spectral region with narrow bands comparable to 

interference filters. These devices may be used to filter a light source or to filter light 

reflected from or transmitted through a sample. Advantages of electro-optic devices 

compared to traditional bandpass filters include rapid tuning between wavelengths and 

decreased mis-registration between successive images. Disadvantages are the 

comparative cost and the fixed bandpass characteristics for a given device. Because 

electro-optic filters can tune over a wide spectral range they can be used to identify the 

most useful wavelengths for a given enhancement procedure which is later 

implemented using individual bandpass filters (21, 22). Multivariate image analysis 

such as principal components analysis often employs large data sets which are readily 

obtained with electro-optic tuneable filters. 

 

Although photographic emulsions (film) were used in spectroscopic imaging 

applications when the discipline was in its infancy, the relative speed and convenience 

of electronic imaging systems has seen the latter being used almost exclusively. 

Electronic detectors for imaging spectrometers come in two main forms, photon 

detectors and thermal detectors (23, 24). Photon detectors detect the arrival of 

individual photons which cause a change in electrical state of the detector whereas 

thermal detectors sense a change in temperature as a function of the number of 
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photons. Both types of detector have varying responses to wavelength but both require 

filtering of the incident light if information about wavelength is required. Photon 

detectors cover different wavelength regions depending on the material they are made 

from (23, 24). Silicon-based sensors are the most mature technology and can be made 

to cover the UV through to the near IR. Infrared detectors can be fabricated from 

various materials with the most popular being mercury cadmium telluride (HgCdTe). 

Partly due to the relative infancy of infrared imaging technology the resolution of the 

IR detectors are lower than their silicon based counterparts. By far the most common 

type of electronic imaging detector is the silicon charge coupled device (CCD) (25), 

which was developed for imaging applications in the early 1970s. A related 

technology, complementary metal oxide semiconductor (CMOS), which has been 

applied more recently for imaging applications has not been widely used in scientific 

imaging applications mainly because CCDs offer higher dynamic range and higher 

signal to noise ratio than CMOS sensors.  

 

Airborne or satellite systems often employ pushbroom techniques and rely upon solar 

illumination. There are several commercially available imaging systems for remote 

sensing applications (26, 27) most of which use a pushbroom imaging system. 

 

Microscopists routinely use chemical staining methods to highlight biological targets. 

Multispectral imaging combined with the use of chemical labels with very narrow 

spectral profiles allows for multiple labeling of biological targets in the same sample 

(28) (29). Microscopic spectral imaging systems are usually band sequential, with 

electro-optic tuneable filters or a filter wheel for wavelength selection, and with highly 

focused artificial light. There are several commercial systems available for spectral 

imaging microscopy which implement Fourier techniques (30), or liquid crystal 

tuneable filters (31) as well as pushbroom methods for wavelength selection (32).  

 

Medium scale spectroscopic imaging is far less developed. Many imaging systems are 

developed on an as-needed basis and there are few commercially available 

macroscopic spectral imaging systems available (31). Providers such as Opto 

Knowledge Systems OKSI (33) are able to construct systems from component parts to 

meet users’ specific needs.  
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One area where medium-scale spectral imaging has found use is in documenting and 

investigating works of art (34). Two very different approaches to instrumentation for 

this approach are as follows: The London National Gallery developed the CRISATEL 

imaging system for imaging works of art based on a 12000 pixel linear (one 

dimensional) CCD array and 13 interference filters mounted in front of the CCD in a 

rotating barrel (35). The CCD is scanned (pushbroom) across a painting, using an xy 

translation mechanism. The system is capable of acquiring multispectral images of 

paintings which are several square meters in size. For a 1 m2 image the scan time is 

about 20 minutes (35). An alternative system for imaging works of art combined a 512 

x 512 (two dimensional) CCD with an LCTF capable of imaging between 650 and 

1100 nm for recording the spectral reflectance of artworks in the near IR (36).  

 

Medium scale spectral imaging has also been used for food grading and sorting (37). 

These imaging systems are sometimes operated at high speeds and are referred to ‘real-

time’ spectral imaging systems. A discussion of ‘real-time’ imaging systems is in 

Section 6.1.1. 

 

1.3 Methodologies and applications 

Once spectral imaging data have been acquired, appropriate analysis methods are then 

applied to extract the desired information. Many of the analysis methods for spectral 

imaging have been adopted directly from conventional spectroscopy. These range from 

simple photometric methods where a single measurement, made at a specific spectral 

position, is used to acquire information about a target analyte, through to spectroscopic 

methods where information is acquired from data at many contiguous wavelengths. 

Intermediate approaches can involve taking two or more measurements and possibly 

performing image arithmetic on those measurements, such as a ratio or subtraction. 

Arithmetic combinations of spectral measurements may improve the quality of the data 

by removing unwanted background signals, or they may be used as a method for 

generating useful parameters from the image such as the alpha ratio used for estimating 

the age of a bloodstain (38). Multivariate approaches have been used in spectroscopic 

imaging with both supervised (e.g. spectral matching) and unsupervised pattern 

recognition methods (e.g. Principal Components Analysis (PCA)) having also been 

applied.  
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A summary of spectral imaging data analysis methods is given below with examples 

taken from a selection of scientific fields. The central theme in the following examples 

is trying to improve the visualization of a target analyte against complex or ‘variable’ 

backgrounds. Such methods may directly target the desired analyte and improve its 

contrast against the substrate, or they may improve the contrast of a target analyte 

indirectly by suppressing interferences such as non-uniform lighting. 

 

1.3.1 Single wavelength methods 
One of the simplest approaches to using spectral information is to target a spectral 

feature of a given compound using a single narrow portion of the spectrum. Images so 

obtained may show a greater contrast towards the target compound than if they were 

obtained using a broader band of radiation such as white light. This approach can be 

used for all modes of imaging including reflectivity and emission.  

 

An example of this is the spectroscopic imaging of the sun using a spectroheliograph. 

This instrument is designed to photograph the surface of the sun using a diffraction 

grating to select the desired wavelength (39). Early measurements were in the visible 

part of the spectrum such as the hydrogen alpha-α line at 656 nm. Modern instruments 

are able to image the sun outside the visible region. For example, by imaging the sun at 

a very narrow bandwidth in the x-ray region ( 8.42 ± 0.04 Å), researchers were able to 

gather information about high temperature plasma activity on the surface of the sun 

(40).  

 

Another application of single wavelength spectral imaging has been the imaging of 

forensic trace evidence such as blood and semen (16). When imaging blood, an 

interference filter centered at 415 nm was used to filter a light source to target the 

strong Soret absorption band in hemoglobin. This resulted in images which showed a 

higher specificity toward blood than conventional white light images. If the scene had 

interfering broadband light illumination, a 415 nm filter could be placed on a camera 

(or incorporated into goggles), at the cost of a reduction in light throughput (2, 16). 

When blood is chemically enhanced, narrow band imaging in the region of maximal 

absorbance by the enhancement agent can provide additional contrast improvement of 

the blood against the underlying substrate compared to imaging using broadband white 
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light. As an example, leuco crystal violet-treated bloodstains can be imaged at 600 nm 

(41). 

 

Narrow band imaging has been successful in imaging wounds on skin in both 

reflectance and fluorescence modes (24, 42). The presence of excess melanin at the 

injury site results in a higher degree of ultraviolet absorbance and thus imaging in this 

spectral region (ca. 350 nm) provides improved contrast of the wound pattern 

compared with visible light imaging. Fluorescence imaging in the yellow (with blue 

excitation) also provides improved contrast of wounds on skin (24, 42).  

 

Fluorescent imaging is usually performed with narrow bandwidth observation. This is 

to ensure no excitation light reaches the detector and to reduce interference due to 

background or extraneous fluorescence. Narrow band fluorescence imaging is also 

used to isolate biological targets which have been labeled with dyes with narrow 

emission profiles (43). Through the use of quantum dots (44) or lanthanide probes (28) 

investigators can label several biological targets within the same sample and use 

narrow band multiwavelength imaging to image each target independently. 

Fingermarks which have been chemically enhanced to give a fluorescent product can 

be imaged at wavelengths which target their maximum emission. For example, since 

1,8-diazafluoren-9-one (DFO) reacts with the amino acid residues of fingermarks to 

form a fluorescent product with maximum emission near 580 nm (45), imaging of 

DFO treated fingermarks at 580 nm helps improve their visualization, especially 

against a fluorescent background which itself exhibits some emission (46).  

 

Single wavelength methods are often easy to implement as they only require a single 

filter placed either at the camera or at a light source. However when there is significant 

additional background colouration or fluorescence present or significant spatial 

variations in instrument response or illumination then the analyte of interest can be 

difficult to discern.  

 

1.3.2 Two and three wavelength arithmetic combinations 
Arithmetic combinations of images may be performed for a number of reasons, 

including removing instrumental non-uniformity, suppressing signals from background 

species, or to highlight regions of interest in the image. As with conventional 
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spectroscopy, single wavelength imaging methods can be adversely affected by 

background spectral interference or spatial or temporal variations in instrument 

response or illumination. Features of interest can be accentuated while suppressing 

unwanted background information or correcting for instrumental factors through the 

use of arithmetic operations such as image ratioing or image subtraction. In some 

situations, corrections for instrument non-uniformity and background signals may be 

performed in a single operation. Arithmetic operations may be performed as a means 

to generate useful parameters or indices such as the vegetation index used in remote 

sensing (47) or to examine intracellular processing of metals such as zinc or calcium  

through the use of ratiometric fluorescence imaging (48). 

 

1.3.2.1 Flatfield correction 

The terms flatfield correction or shading correction refer to methods which correct for 

non-uniform illumination intensity as well as non-uniform sensitivity across the image 

sensor. Flatfield corrections are performed in reflectance and fluorescence imaging in 

many disciplines, including remote sensing and microscopy. The most widely used 

arithmetic operation for flat field correction is division. A flatfield correction for 

removing non-uniform illumination intensity may be performed by ratioing an image 

of the sample to an image of a uniformly reflecting or fluorescing target taken under 

identical illumination conditions as those used for the sample. This results in an image 

with decreased variability arising from non-uniform illumination and/or non-uniform 

sensor response. 

 

A flatfield correction to imaging of stained histological samples in transmittance 

microscopy was performed by ratioing an image of the area of interest to an image of a 

blank area of the slide (49). The non-uniformity caused by vignetting was reported to 

be significantly reduced in the processed image. 

 

Obtaining quantitative data from fluorescence microscopy images can be complicated 

by non-uniform excitation illumination (50). A method for correcting for this type of 

non-uniformity involves dividing the sample image by an image of a spatially uniform 

fluorescent target (51, 52). The spatially-uniform target can be generated by 
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incorporating a highly fluorescent dye such as fluorescein into a polymer film (52), or 

placing a solution of a fluorophore between a microscope slide and a coverslip (51).  

 

Researchers have used a large (>1 m2) white Teflon board (35) or a large Kodak white 

board (36) to perform a flatfield correction when imaging works of art such as a 

painting. In one application the image of the whiteboard was used to convert the raw 

reflectance images into an optical density scale in the form OD = -log(IS/IR) where IS is 

the sample image intensity and IR is the flatfield image intensity. 

 

An alternative approach has been used in transmittance microscopy where a flatfield 

correction can be performed by obtaining images at a wavelength which is sensitive 

towards a particular histological stain and at another wavelength which is less sensitive 

toward the stain. A ratio of these two images results in an image with reduced 

illumination non-uniformity and improved selectivity towards stained histological 

targets (53). 

 

The term flatfield correction is also used to refer to a correction applied to the imaging 

sensor itself. In applications where the subtle variability in pixel response can have an 

adverse affect on data quality, a flatfield correction is applied to remove the non-

uniform response (54). By knowing how each of the individual pixels vary in response, 

a correction image can be generated and used to correct the sample image (25). This is 

especially used in astronomical imaging. 

 

1.3.2.2 Suppression of unwanted background signals from other species 

In situations where unwanted background signals from substances other than the target 

analyte pose a problem, a wavelength band can be chosen which corresponds to the 

spectral maximum of the target analyte and one or more other wavelengths can then be 

chosen which are predominantly composed of background information from the other 

substances. Division or subtraction can be used to remove signals from these unwanted 

substances. When fluorescence imaging is being performed, subtraction is usually 

applied, whereas for reflectance or transmittance imaging, division is usually applied. 

This background suppression can, in some cases, also act as a flatfield correction if 

division is used as the arithmetic operation. 
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Background autofluorescence can reduce the sensitivity and selectivity of fluorescence 

imaging (55). A common method to mitigate this problem is to subtract one 

fluorescence image from another to reduce the contribution of autofluorescence (55, 

56). This takes advantage of the fact that most autofluorescence signals are spectrally 

broad whereas many fluorescent labels have narrow spectra (55). A sample image is 

first acquired at the emission maximum of the fluorescent marker which may also 

include contributions from the autofluorescence background) while the second image 

is obtained at a wavelength which only senses autofluorescence. The autofluorescence 

image is then subtracted from the sample image. This approach was used for the 

imaging of fluorescently labeled rat pancreatic tumour cells (57). In this application 

narrow-band fluorescence images were acquired at 678 nm (tumour plus background) 

and two background images at 640 and 470 nm. The image at 640 nm was subtracted 

from the image at 678 nm to remove auto-fluorescence and then the ‘background 

subtracted’ image was divided by the image at 470 nm. This second flatfield correction 

step corrected for surface topography and uneven excitation illumination (57).  

 

In UV-vis solution spectroscopy, a method referred to as the Morton and Stubbs 

baseline correction (58) and also proposed by Allen (59) can be used to correct for 

impurities which could lead to inaccurate estimations of analyte concentrations from 

solution absorbance spectra. This method uses three wavelengths centered on and 

bracketing an analyte’s absorption feature. The two bracketing spectral measurements 

are used to estimate the absorption of the matrix in the absence of the analyte. This 

absorbance value is then subtracted from the absorbance measurement made at the 

analyte’s absorption maxima. If the bracketing wavelengths are separated by a small 

wavelength difference then the absorbance from the interfering species is considered to 

be a linear function of wavelength and therefore an estimated interference contribution 

can be subtracted from the analyte absorption (58).  

 

This method has been applied in the spectroscopic determination of hemoglobin in 

blood plasma (60), by measuring the absorbance maximum of the Soret peak at 415 

nm along with two bracketing measurements at 380 nm and 450 nm. The average 

absorbance of the two bracketing measurements was subtracted from the absorbance at 

415 nm. This corrected for background turbidity and gave a more accurate estimation 
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of hemoglobin concentration (60). This approach has been used in the imaging of 

bloodstains on complex backgrounds in previous work from our laboratory (2,61). An 

arithmetic combination of images taken at and bracketing the Soret absorption peak 

provided improved selectivity and sensitivity towards blood in the processed image. A 

‘blood image’ was taken at 415 nm, a wavelength which had previously been 

suggested for photographic enhancement of blood (16). In addition, images at 395 nm 

and 435 nm were also acquired to represent the background. The three images were 

combined arithmetically to produce an image which exhibited increased selectivity and 

sensitivity towards blood and reduced patterning of the underlying substrate (2,61). 

The image processing was based on the calculation of absorbance for measurements in 

transmission mode, but was also applied to reflectance images.  

 

The arithmetic operation which used three wavelength images for background 

correction is described by equation 1.1. 

 

Corrected reflectance image = 
nmnm

nm
435*395

415      1.1 (2,61) 

 

Where, for example, 415nm refers to an image acquired at 415 nm. Since a square root 

operation is not available in Photoshop©, an approximation of the geometric average 

was made using an arithmetic average, described by equation 1.2 (2)  

 

Corrected reflectance image = 
nmnm

nm
435395

415*2
+

       1.2 (2,61) 

 

This approximation was shown to be valid if the images were exposed to similar 

brightnesses, and if the number of pixels in the image containing blood was small 

relative to the total number of pixels (2). For some substrates, it was found that a two 

wavelength background correction obtained by ratioing the 415 nm image and another 

longer wavelength image (435 nm), equation 1.3 gave similar results (2,61).  

 

Corrected reflectance image = 
nm
nm

435
415                     1.3 (2,61) 
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The reason for choosing the longer wavelength image rather than the shorter 

wavelength image (395 nm) was due to the limited sensitivity of the camera and lower 

output of the Polilight® at 395 nm, which led to nosier images at 395 nm than 435 nm. 

1.3.2.3  Using image arithmetic for estimating physical parameters 

Arithmetic combinations may also be used to generate useful parameters from the 

spectral data. An example of this approach from forensic science, which does not 

appear to have been used in an imaging approach, is the alpha ratio for measuring the 

age of a bloodstain (62). The method relies on the spectral change of oxyhemoglobin 

to methemoglobin as spilt blood is oxidized by atmospheric oxygen (38). The ratio of 

absorbance at 578 nm to 560 nm decreases as blood is oxidized to methemoglobin and 

therefore this ratio has been used to estimate the percentage of methemoglobin present 

in a bloodstain. In practice, however, the rate of conversion of oxyhemoglobin to 

methemoglobin is very dependent on environmental conditions and thus using the ratio 

to determine the age of a bloodstain is not very accurate (62). 

 

Imaging applications of such arithmetic operations are used in remote sensing. 

Chlorophyll exhibits a strong absorbance in the red part of the spectrum (650 nm) and 

weak absorption in the near infrared (950 nm). The quantification of chlorophyll gives 

an indication of the status of vegetation over a large area and is one of the most 

commonly measured variables by satellite and airborne spectral imaging systems. On 

the ground, the amount of red and near infrared light shining through a forest canopy 

were measured using point source transmittance measurements and a ratio of the red 

transmittance to the near infrared transmittance was found to give more reliable 

information about the percentage of photosynthetic vegetation than single 

measurements could provide (63). Single wavelength images of the surface of the earth 

in the red part of the spectrum provide information about the coverage of 

photosynthetic vegetation, however differences in solar zenith angle complicate the 

interpretation of images (64). To compensate for varying illumination, a method was 

developed which took the difference in reflectance at the two wavelengths and divided 

this by the sum. The approach was called the Normalized Difference Vegetation Index 

(NDVI) (47, 64). The NDVI has a maximum value of 1 for areas with very high active 

photosynthetic vegetation and a value of -1 for areas with none. The availability of 
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narrower bandwidth measurements from newer satellite instruments meant that more 

precise indices could also be developed. (65-67).  

 

When probing for ions such zinc or calcium in cellular microscopy, image ratioing can 

remove effects from variations in probe concentration and non-uniform cell thickness 

(56). Probes can be used which exhibit a change in fluorescence intensity at one 

particular wavelength upon binding to an ion and remain constant at another, an 

isosbestic point, in both the bound and unbound state. A ratio of the first wavelength 

by the second allows for quantitative measurements of the changes in intracellular ion 

concentration (48). Images so obtained provide a quantitative measurement of zinc or 

calcium uptake. 

 

1.3.3 Multivariate methods 
It may not be possible to successfully enhance or isolate the analyte of interest through 

the use of arithmetic combinations of a small number of wavelengths. Image data sets 

can be comprised of many wavelengths so that each sample (pixel) in the image set is 

described by many variables (a spectrum). Multivariate or chemometric methodologies 

can be used to optimize the number of variables required to identify the unique spectral 

components in the image set. Principal components analysis (PCA) is a multivariate 

analysis method that has been used widely with large multidimensional image data sets 

(68, 69). The use of PCA allows the number of variables in a multivariate data set to 

be reduced, whilst retaining as much as possible of the variation present in the data set. 

PCA finds linear combinations of the original variables which are uncorrelated. For 

imaging applications the output PCA images are linear combinations of the original 

images. The first principal component image describes the greatest amount of variation 

of the original data set, while the second principal component image describes the 

second highest amount of variation and so on. If there are x images in the original data 

set there will be x principal component images. However, it is expected that the early 

principal component images will contain the majority of the variability and so only 

these need to be retained. This dimensional reduction is the major strength of PCA and 

it is often used as an exploratory tool to identify which wavelengths of the original 

data set contribute the most to the variance of the entire data set, which then allows for 

a more economical data collection procedure. The procedure for performing PCA does 

not require a priori knowledge about the target analyte. 
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Another group of commonly employed multivariate image analysis methods are the 

so-called classification methods. Pixels from images with n variables (wavelengths) 

each have a location in an n-dimensional “spectral space”. The location of each pixel 

in that multidimensional space is used to put the pixel into a specific class. When the 

classes are defined beforehand, either by referring to a reference spectrum or by 

selecting pixels within the scene as examples of a particular class, the process is 

referred to as supervised classification. If the algorithm determines the classes itself the 

process is called unsupervised classification (68, 69). Classification may be ‘hard’ 

where each pixel is assigned to only one class, or ‘soft’ where each pixel is given a 

likelihood of belonging to each of the defined classes. Classification methods may be 

used for target detection where a particular spectral target is sought out and all other 

pixels are labeled as ‘background’ or it can be used to place each set of the ‘spectrally 

unique’ pixels into a separate class. In cases where the characteristics of the evidence 

such (e.g. a fingermark) place constraints on the spatial form which it can take, it may 

be possible to apply additional spatial algorithms to further classify pixels in an image 

(70). This may be more difficult in the case of blood patterns which could take on 

many spatial forms. 

 

1.4 Imaging and image enhancement in forensic science 

Photography is an important component in many forensic investigations (71) and plays 

a vital role in the documentation of crime scenes and items of evidence. Photography 

has gradually evolved from a purely documentative aid to an investigative tool. For 

instance, ultraviolet photography has been used as an investigative tool for assessing 

bruising on skin (42), and near infrared photography has been used to investigate blood 

stains on dark clothing (72). Reports of the use of electronic imaging systems at crime 

scenes appeared during the early 1990s. For example a CCD with a 2048 x 2048 pixel 

array (and a cost of ₤60,000) was used to image faint fluorescent fingermarks at crime 

scenes (73). Early reports of fingermark enhancement by digital image enhancement 

also began to appear in the early 1990s (74).  

 

As digital imaging technologies have become more accessible and accepted in forensic 

science so have the number of digital image enhancement methodologies (75, 76). 
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Simple enhancements such as contrast adjustments are easy to apply to digital images 

and as they mimic what is done in traditional film processing, have been widely 

accepted in court (75, 76). Other accepted enhancement procedures are spatial 

enhancements such as noise reduction and spatial filtering (77, 78). Fourier filtering 

has been applied to fingermark enhancement for some time (79) especially for 

substrates with periodic features (80). The task of improving the spatial resolution and 

contrast of evidence against non-periodic patterned backgrounds is less well served by 

the standard image enhancement techniques available to forensic scientists. 

 

As noted earlier, narrow spectral band imaging methods have been used for some time 

to improve the contrast of evidence against interfering substrates. Thus, photography 

of untreated blood is improved by the inclusion of a filter which only passes blue light 

(ca. 415 nm) either at the light source or on the camera (16), and photography of blood 

treated with enhancement reagents such as leuco crystal violet is improved by the 

inclusion of a filter which passes light near the absorption maximum of the enhanced 

product (41). Narrow bandpass filters are also employed in the imaging of fingermarks 

enhanced with fluorescent reagents or dyes such as DFO or Rhodamine 6G (46). The 

narrow band photographic techniques have been assisted by the development of 

alternative light sources such as the Polilight® (Rofin) (16) or the Crimescope® (Spex) 

(81). Such light sources allow tuning of the incident light across many wavelengths 

and in some cases remove the need for separate bandpass filters to be placed upon the 

camera (16) and also allow for efficient fluorescent imaging because the light can be 

tuned to the excitation maxima of the target analyte (81). 

 

The ready availability of digital imaging software such as Photoshop® (Adobe® 

Systems) has allowed some image processing to be applied in the spectral domain (75). 

Three channel (RGB) colour digital images can be treated as three broad band spectral 

images, and the three channels can be ‘mixed’ to highlight features of interest and 

suppress unwanted background detail (12, 82-85). The success of this approach relies 

on there being some difference in response in the red, green, and blue colour channels 

from the image capture device. There has been some success in differentiating pen inks 

on plain backgrounds with this approach (82, 83, 86) and limited success in enhancing 

blood shoemarks on a grainy wooden floor (85) but this technique does not appear to 

have been successfully applied to visualizing fingermarks on highly coloured 
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backgrounds. The Photoshop® methods can be useful when there is only one 

‘background’ colour to be suppressed and the image collection can be achieved using a 

conventional RGB digital camera. If the evidence appears in one colour channel of the 

image more than in another then sometimes the evidence can be enhanced by an 

arithmetic combination of the corresponding colour channels. However when the 

background exhibits many interfering colours this approach is far less effective. The 

process of colour channel mixing is also somewhat ad hoc because the specific degree 

of channel mixing will be unique for each individual sample.   

 

There have also been forensic applications using arithmetic combinations of separate 

images. In one application, a white light image was obtained of a treated fingermark on 

a banknote and another image of a ‘clean’ reference banknote also obtained (87). After 

the images were aligned the latter was subtracted from the former which resulted in an 

image which contained only the fingermark. This method has the disadvantage that a 

reference must be available and the reference must be geometrically referenced to the 

sample. In another application, two images of the same sample taken under different 

lighting conditions were obtained (88). Firstly a fluorescence image of a DFO treated 

fingermark was obtained at 565 nm with 505 nm excitation. The DFO treated 

fingermark was then treated with ninhydrin and a reflectance image at 565 nm was 

obtained. The second image was subtracted from the first which effectively removed 

background patterning from the image and enhanced the fingermark. However, this 

process required two chemical treatments and also required registration of two images 

to achieve the result (88). 

 

As noted in Section 1.3.2.2, arithmetic combinations of narrow band images have also 

been applied to the photography of untreated blood on complex backgrounds in 

previous work from our laboratory (2,61). This approach had the advantage that it did 

not require chemical pre-treatment, did not require a reference substrate, and did not 

require registration of the images (2,61). A further advantage to this approach is that 

because the enhancement procedure was developed based specifically on the spectrum 

of blood, it could be applied to a range of samples of varying background spectral 

profiles. 
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Until recently, the spectral imaging methods employed in forensic science are those 

which can loosely be called target detection methods because they seek to locate or 

enhance a particular target analyte. The potential applications of ‘full’ spectroscopic 

imaging in forensic science began to be discussed as soon as the instrumentation for 

acquiring such data became more accessible (89). Many items of forensic interest are 

inhomogeneous both chemically and spatially (90-92) and so spectroscopic imaging is 

an attractive technology for the analysis of these complex samples. The evolution of 

imaging spectrometers gave researchers access to techniques which were previously 

difficult to implement. Because imaging spectrometers can obtain spectra at each pixel, 

researchers are now able to gather information about all of the spectrally unique 

components within a scene. Once the data has been collected, spectra may be obtained 

from each pixel and evaluated as if it were a point source measurement (93). 

Alternatively, pattern recognition (spectral matching) algorithms may be employed 

which assess each individual spectra from the data set and classify the pixels based 

upon their similarity to each other (unsupervised classification) or to a reference 

spectra (supervised classification).  

 

An early application of ‘full’ spectroscopic imaging in forensic science involved the 

infrared imaging of latent fingermark deposits on aluminium coated microscope slides 

from children and adults (94). Previous attempts at imaging untreated latent 

fingermark residues relied on the inherent weak luminescence of fingermark residues 

and required powerful lasers to excite the luminescence (95). Further work on imaging 

latent fingermark residues by infrared spectroscopic imaging was carried out by 

Tahtouh et al. (93) and by Bartick et al  (96). In general, infrared spectra have more 

features than UV-vis spectra which is useful for spectrally isolating analytes even 

though transitions in the IR are generally weak. Latent fingermarks have very weak 

absorption in the visible region but exhibit several spectral features in the infrared 

region (94).  

 

The ability to image fingermarks without chemical treatment is a main advantage of 

infrared imaging over visible light imaging techniques (96). However issues of 

background interference from substrates exhibiting spectral features in the infrared 

must still be dealt with. Most of the successful applications of spectral imaging to 

latent fingermarks have been on glass microscope slides (93). There have been mixed 
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reports on the success of latent fingermark visualization on porous surfaces with one 

group finding significant interference from cellulose and another group reporting 

limited success imaging latent fingermarks on non-patterned areas of paper banknotes 

(96). Better results have been obtained imaging cyanoacrylate fumed fingermarks (93, 

96). Cyanoacrylate polymer has several features in its IR spectrum which make it 

amenable to infrared spectroscopic imaging and successful imaging has been achieved 

on patterned soda cans (96) and polymer banknotes (93).  

 

A drawback to spectroscopic imaging in the infrared is the amount of time currently 

required to collect the data. Thus, data capture time for a fingermark can be as long as 

four hours (93), although making sacrifices in spectral resolution and/or signal to noise 

ratio can reduce the time required for data capture (97). Therefore imaging areas as 

large as a shoemark would be impractical with the current technology. In addition, the 

low spatial resolution of many focal plane arrays, 64 by 64 pixels in one example (93), 

require that the detector array and sample be scanned relative to each other which adds 

complexity to the data capture process, and would make the instrumentation difficult to 

employ in the field. In addition, the time taken for data capture makes searching for 

fingermarks using infrared imaging impractical with several authors noting that 

knowledge of the fingermark location must be known before imaging can proceed (93, 

96). The time required for data capture is significantly reduced if attenuated total 

reflectance (ATR) methods are employed (98), although currently images of 

fingermarks have only been obtained by directly laying the fingermark on a ATR ZeSe 

crystal and it is unclear how in situ imaging of fingermarks on substrates could be 

achieved with this approach.  

 

An infrared spectral mapping application was demonstrated for the analysis of layered 

paint chips (91). Infrared images were acquired of a cross section of a paint chip 

containing layers of spectrally unique layers of paint. The image data set was subjected 

to both unsupervised and supervised classification techniques both of which were able 

to identify the individual layers of paint in the chip (91). This method only requires 

imaging over a small area (cross section of paint chip) and is not affected by 

‘background’ spectral components as each layer of paint is spatially separated.  

 



 20

Reports on visible spectroscopic imaging in forensic science have also appeared (4, 99-

101). Although the number of spectral features in the visible is less than in the 

infrared, the relative simplicity of data collection and sample preparation, and the 

ability to image greater areas in shorter time scales compared to infrared imaging 

makes spectral imaging in the visible an attractive technique to forensic investigators. 

Although latent fingermarks have no absorption in the visible part of the spectrum, 

untreated latent fingermarks on plain paper were partially visualized by applying a 

principal components analysis to an image cube with spectral range 430 to 480 nm and 

5 nm resolution (99). Fingermarks treated with reagents such as ninhydrin were also 

enhanced in a similar way where a data set was obtained over a predetermined 

wavelength range and then subjected to a PCA. The principal component image which 

showed the best fingermark detail was compared to an image obtained at a single 

wavelength band (4). For strong fingermarks on plain backgrounds the spectral 

imaging method was comparable to the conventional technique while for weaker 

fingermarks the spectral imaging technique showed improvement over the traditional 

method (4).  

 

Fingermarks fumed with cyanoacrylate and stained with dyes such as Rhodamine 6G 

have also been successfully enhanced using visible luminescence spectral imaging and 

principal components analysis (4). Visible spectral imaging has also been applied to 

the analysis of pen inks and adhesive tapes (101) in absorbance and fluorescence 

mode. Several pen inks were examined by drawing lines on paper close together with 

each pen and then imaging them all together. The pen inks could not be differentiated 

by separate examination of single band images. The researchers then subjected the data 

set to a principal components analysis and through examination of several of the 

principal component images were able to differentiate nine different ballpoint pen inks 

(101). In most cases the wavelength range of the data set subjected to PCA was chosen 

by examining a large data set frame by frame and noting the range over which the 

analyte exhibited the greatest contrast (99). In some cases this required the use of many 

wavelengths. For example, the reported procedure for enhancing DFO on a section of 

patterned newspaper involved capturing a data set between 570 and 660 nm with 5 nm 

steps and subjecting the data set to PCA. (4) Although this approach was an 

improvement over conventional single wavelength methods, this is a fairly ad hoc 

approach to data collection and would not be possible without the use of a tuneable 
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wavelength selection device such as a liquid crystal tuneable filter. It might be possible 

to reduce the number of images required for analyte enhancement by examination of 

the analyte spectrum and selecting wavelengths which could be utilized for that analyte 

on a range of substrates with varying spectral profiles. 

 

A visible hyperspectral imaging method has also been applied to the aging of bruises 

(102). The technique relies upon the spectral change of a bruise in the region 470 nm 

to 500 nm due the presence of excess bilirubin at the injury site (103). The presence of 

bilirubin causes a shoulder to appear on the base of the Soret peak near 490 nm, and 

taking the first derivative of a spectrum of a bruise shows the slope to be more 

negative at 490 nm than for healthy skin (104). Bruises on skin were simulated by 

mixing porcine blood and bile (102) and injected under the skin of a euthanized pig. 

Blood only was also injected. The areas of skin were imaged between 410 and 550 nm 

at 5 nm intervals and point source reflectance measurements using a fibre optic probe 

in 1 nm increments were also obtained. Both the hyperspectral and reflectance 

measurements were able to separate the blood and bile in the simulated bruises from 

the blood-only samples based on the value of the first derivative at 490 nm. 

 

A disadvantage to the multivariate methods is that they often require acquiring many 

images at different wavelengths. This is particularly true when the imaging is 

performed for classification purposes where it is an advantage to have many variables. 

If spectra are required, as is the case when looking at bruising (102), then it is also 

necessary to acquire many wavelengths. Application of PCA to a large dataset in a 

target detection application may allow the reduction of the number of wavelengths by 

indicating which measurements contribute the most to the variance (105). This 

procedure has been shown to be effective when the background spectral profiles are 

somewhat consistent and predictable (105). However, in applications where one can 

expect a variety of background spectral profiles, the key wavelength combinations 

arising from PCA on a particular dataset may not provide the same level of 

background reduction on a different substrate.  

 

Enhancement procedures which only require aquiring a small number of wavelengths, 

which use simple arithmetic procedures, and can be applied to a range of different 

substrates, would be desirable in a forensic context as the data collection can be kept to 
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a minimum and the enhancement procedure is the same for different substrates. For 

this to be realized it is necessary to develop enhancement methods specific to a 

particular analyte, rather than for a particular sample. Although the background 

spectral profiles may vary, the spectrum of the target analyte will remain constant and 

therefore enhancement methods which make use of the spectrum of the target analyte 

will be applicable for that analyte on a range of substrates. 

 

1.5 Scientific Working Group on Imaging Technologies 

In 1996 the Federal Bureau of Investigation (FBI) formed the Scientific Working 

Group on Imaging Technologies (SWGIT) whose mission is “to facilitate the 

integration of imaging technologies and systems within the criminal justice system 

(CJS) by providing definitions and recommendations for the capture, storage, 

processing, analysis, transmission, and output of images” (106). Image enhancement 

operations such as cropping and contrast enhancement are listed in the SWGIT 

guidelines as “Traditional Enhancement Techniques” and are generally accepted by the 

court system as the enhanced image remains an accurate representation of the original 

scene (106). SWGIT also discusses the use of “Non-traditional Enhancement 

Techniques” which are those which may enhance very specific parts of an image and 

suggest that admissibility may be in jeopardy when the image is no longer an accurate 

representation of the original scene, but that “Digital images that have been enhanced 

are admissible when the enhancement can be explained by qualified personnel” (106) 

They also suggest that thorough documentation of image enhancement procedures is 

key to admissibility. A rational explanation of the steps made towards an enhanced 

image is likely to be necessary for the acceptance of digital images in a court. 

Enhancement procedures which are based upon accepted and established scientific 

methodology, therefore, have a better chance of being accepted than if a particular 

image has been enhanced by a ‘trial and error’ or ad hoc  approach. 
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1.6 Aims for this study 

The aim of this project was to develop systems involving combinations of light 

sources, monochromators, cameras, computers, and software to enable automatic or 

semiautomatic enhancement of blood (or other chemicals with narrow absorption, 

emission, or excitation bands) in forensic photography. Earlier research from this 

laboratory had demonstrated the enhanced detection of blood using a consumer-grade 

colour camera and a background correction technique involving arithmetic 

combination of spectral images, described by equations 1.2 and 1.3, but these were 

limited by lack of sensitivity in the spectral region required for blood imaging and the 

difficulty of automation of the equipment and software available (2,61). Much forensic 

evidence is located on backgrounds that are coloured or dirty, and the background and 

illumination can be variable. The forensic scientist has to try to locate evidence and 

identify patterns against this background. The techniques discussed in this thesis are 

specifically designed to locate evidence (enhanced or unenhanced) against such 

variable backgrounds. This present project sought to develop the concept of 

background correction in forensic photography in several directions:  

 

• To develop an imaging system capable of acquiring spectral image data across 

the visible and near-IR spectrum and also capable of applying specific 

background correction procedures when they are developed.  

 

• To use the imaging system to develop enhancement methods which apply 

background correction techniques across the visible spectrum to enhance blood 

and other substances encountered in a forensic investigation. Methods were 

sought for the enhancement of substances in reflectance and fluorescence 

modes. 

 

• To develop a relatively simple mobile system using a background correction 

technique to enhance the visibility of blood, which could be used in near real-

time applications.  
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• To develop a chemical reagent for the enhancement of muddy shoemarks 

which forms a product exhibiting a narrow spectral feature optimised for use 

with background correction techniques.  

 

 

In all cases, the systems were to be constructed using standard components and 

modifications of standard image processing software. This part of the research 

focussed on optimising the light sources, wavelength selection, and photography for 

low-cost, robust image acquisition as well as high-performance, high-speed 

acquisition.  This required detailed understanding and characterisation of the complete 

hardware system, including reproducibility, spatial and contrast resolution, and artefact 

mitigation. The software was required to not only perform the image acquisition and 

processing, but also to withstand scrutiny in a court of law.  

 

One goal of this work was to enable enhancement of blood without resorting to 

chemical reagents. This is important for many reasons. The presence of reagents may 

affect subsequent processing such as DNA analysis, there may be health and safety 

concerns asscociated with their use and they can adversely affect the substrate upon 

which they are applied. 

 

This research also investigated using background-correction techniques to improve 

visualisation of items which have been chemically enhanced for either colorimetric or 

fluorescence examination. Many “traditional” forensic stains that are optimised for 

visual detection are not suitable for simple background-correction spectral imaging 

methods which are most effective for substances with a narrow absorption or 

fluorescence peak in their spectrum. This part of the project aimed to synthesise and 

examine enhancement reagents with spectral properties optimised for background-

corrected spectral imaging rather than visual examination (i.e. with narrow absorption 

bands rather than broad absorption bands). Based on our previous research on blood, 

suitable reagents matched with spectral enhancement should allow 10-100 fold lower 

detection limits on patterned substrates than is currently possible. Compounds whose 

properties allow both visual and photographic enhancement were also examined, since 

forensic scientists still prefer to see the evidence directly.  
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Fluorescent detection of forensic evidence has become increasingly important, 

especially for identifying latent fingerprints on nonporous surfaces.  Given the increase 

in the fraction of items which contain fluorescent brighteners or dyes, it is important to 

develop more selective fluorescence photography.  Therefore, part of the research 

aimed to identify fluorescent agents with physical properties optimised for the 

background correction photography. Specifically, fingermark enhancement using 

lanthanide dyes with very narrow fluorescence emissions combined with background 

correction photography spectral imaging was investigated.  
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2 Imaging systems integration and evaluation 

 

2.1 Introduction 

Forensic investigators are often given the task of imaging macro-sized evidence which 

can range in size from a fingermark or shoemark through to several square metres, and 

much of this evidence exhibits spectral features in the visible part of the 

electromagnetic spectrum. These size and spectral criteria determine the instrumental 

components in an imaging system that could aid the forensic investigator. An imaging 

system is comprised of two main components: the mechanism(s) for wavelength 

selection and the image capture device (6). Lighting is also a crucial component of an 

imaging system and can have a significant impact on the quality of the data acquired. 

For transmittance or reflectance imaging it is usually only necessary to employ one 

wavelength selection device, however for fluorescence imaging both the illumination 

and emission light must be filtered.  

 

Two imaging systems were constructed for this research, using a CCD for image 

capture and either a liquid crystal tuneable filter (LCTF) or a motorized filter wheel for 

wavelength selection at the camera. This chapter describes the construction and 

evaluation of these imaging systems.  

 

2.1.1 Construction and control of imaging systems 
The components of the two imaging systems had to be physically integrated, and also 

integrated using customized computer code so that they could be operated 

synergistically to provide spectral imaging data. The software used was V++ (Digital 

Optics, Auckland, NZ) which controls hardware through a scripting language called 

VPascal©. A graphical user interface (GUI) was also developed which provided control 

over the hardware without the need for the user to program in VPascal©. Imaging 

procedures such as capturing a single image at a specific wavelength, generating a 

multi-image data set covering a range of wavelengths (image cube), or performing a 

background correction were possible via the GUI. 
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2.1.2 Imaging systems performance and evaluation 
Several performance criteria of the imaging systems used in this study were evaluated, 

including standard characterizations such as noise and dynamic range. A number of 

other issues associated with data collection were also addressed. Most of these issues 

were associated with achieving good exposure levels for images taken at different 

wavelengths. In addition, spatial non-uniformities or artefacts which were not 

representative of the scene being imaged needed to be avoided or minimised. Some of 

these issues were common to both imaging systems while others were unique to either 

the LCTF or filter wheel imaging systems. The response of the systems towards blood 

of varying dilutions was used to estimate the limit of detection of the imaging systems.  

2.1.2.1 The photon transfer curve (PTC) 

The sensitivity and precision of the equipment used are important parameters that will 

determine the overall quality of a quantitative analysis. For spectral imaging 

applications, the sensitivity and precision of the measurements will be largely 

controlled by the imaging sensor. In 2007 the European Machine Vision Association 

(EMVA) released the EMVA standard 1288 ‘Standard for Characterization and 

Presentation of Specification Data for Image Sensors and Cameras’(107). The standard 

was written mainly as a guide for camera vendors and customers so that terminology 

and methods of camera quality assessment would be consistent. Much of what the 

standard requires for sensor quality assessment is beyond the scope of this study, 

however the fundamental methods of sensor quality assessment were followed.  

 

The performances of the cameras used in this study were evaluated through the use of 

the photon transfer curve (PTC) (25). The basis of the photon transfer curve is that the 

Poisson distribution of photons illuminating a camera sensor can be used as a standard 

to measure the performance of that sensor. Poisson statistics predict that the variance 

in the number of photons arriving at a given photoreceptor over a given time period is 

proportional to the mean number of photons (25). The variance and mean number of 

photons detected by a CCD is determined and the measurement is compared to that 

predicted by Poisson statistics. A PTC allows several useful performance parameters to 

be calculated, including the dynamic range and linearity of the camera. For a digital 

camera, the unit for mean and variance can be the ‘analog to digital unit’ (ADU) which 

is generated by the analog to digital signal conversion electronics of the digital camera. 
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If the sensor is behaving ideally, a plot of log (standard deviation ADU) vs log (mean 

ADU), for a given sensor integration time, with increasing mean input light intensity 

should have a slope of 0.5. Any deviation from this ideal is attributed to limitations of 

the sensor or noise generated by the sensor and associated electronics, and it is this 

noise and these limitations which are determined from the PTC (25) (108).  

 

A photon transfer curve can be generated by exposing the CCD to progressively higher 

light intensity for a given exposure time. A rigorous approach to PTC generation uses 

an integrating sphere to provide a very uniform spatial illumination of the sensor. A 

calibrated current-regulated light source is used to illuminate the sphere and the light is 

filtered to provide narrowband illumination. The filtering is performed because the 

varying quantum efficiency of the detector as a function of wavelength will result in 

varying parameters generated by the PTC (25). If the absolute irradiance at the image 

plane (in W cm-2) is measured using a calibrated photodiode the absolute sensitivity of 

the sensor can be calculated.  

 

There are three relevant regions in the PTC. The first is the ‘dark noise/read noise’ 

region. Read noise is associated with the processing electronics and is largely 

dependent on the speed (in MHz) at which the data is read, and is independent of the 

sensor integration time. (25). Dark noise is the random accumulation of photoelectrons 

caused by thermal energy surrounding the CCD. Dark noise is proportional to sensor 

integration time and CCD temperature and begins to dominate at very long integration 

times or under very warm conditions. For low light levels the sensor read noise will 

dominate and on a PTC this region has a slope of zero as it is independent of the actual 

illumination level. The second region is the ‘shot noise limited’ response. As discussed 

earlier, this region will have a slope of 0.5 for an ideal sensor. Included also in this 

region is the contribution to noise from Photo Response Non-Uniformity (PRNU) 

which is caused by variations in the individual pixel responses on the sensor. The 

PRNU noise is often removed from the PTC calculation by performing a frame 

subtraction (25). The final region of the PTC is the ‘full well’ region corresponding to 

the individual pixels being saturated with photoelectrons and thus generating the 

maximum possible signal. This results in a decrease in variance because of a spilling 

over of charge between pixels, an effect often referred to as blooming. Figure 2.1 

illustrates the three regions of a theoretical photon transfer curve. 
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Figure 2.1 Sketch of a photon transfer curve (PTC), assuming image is taken of a uniformly 
illuminated field at each exposure. 

Read noise and camera gain 

Read noise is generated by the CCD processing electronics. It is found by exposing the 

CCD with no illumination for an exposure time of 0 ms. For a given exposure time and 

CCD temperature, this noise is largely controlled by the CCD gain and offset. Typical 

read noise values for CCD sensors are 10e- to 20e-. (234). The gain is a value which 

relates the number of photoelectrons generated in a pixel to the value of the ADU 

output from that pixel. The camera gain and noise will determine the minimum usable 

signal available from the sensor. The read noise can be expressed in ADU while the 

gain can be expressed as ADU/e- (the number of ADU per photoelectron generated in 

the pixel). The inverse of the gain corresponds to the number of photoelectrons 

required per ADU. The level of read noise will affect the sensitivity and limit of 

detection of the imaging system. 

 

Full well 

An analogy that is often given to pixels on a CCD is that they are a bucket or well 

which ‘fills’ with photoelectrons and that the number of photoelectrons in the well 

represents the level of exposure. The full well capacity is a measure of the maximum 

charge that can be built up in each pixel.  In general, the bigger the physical pixel size 
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(in µm2) the more charge can be held. Full well can be measured in ADU but is more 

commonly expressed as the maximum number of photoelectrons that the sensor can 

hold before it is saturated. Values of full well range from around 10,000e- to nearly 

1,000,000e- (25). A large full well capacity will allow for a larger range of scene 

brightnesses to be recorded within a given image.  

Dynamic range: Effective number of bits 

Dynamic range is defined as the ratio of the largest signal measured by the sensor 

before it reaches full well to the readout noise. It is a measure of the sensor’s ability to 

record bright and dark regions of a scene simultaneously in the same exposure. The 

effective number of bits is calculated directly from the dynamic range and provides the 

number of discernable grey levels a sensor and associated electronics  can provide.  

Linearity 

Linearity is a measure of the variation in the camera gain as a function of signal. For 

an ideal linear image sensor, if the light intensity increases by a factor of x the signal 

generated by the sensor should also increase by a factor of x. Linearity is especially 

important where the sensor is used quantitatively to measure absolute brightness levels 

such as when the brightness of a star is measured relative to some reference star, or 

when fluorescence imaging is used to quantify the amount of a particular fluorophore. 

There are two situations where the sensor response to light input is likely to be non-

linear; at very low light levels and very high light levels. Image sensors will therefore 

have an intermediate range over which they are linear. The linearity is important for 

the auto exposure procedure discussed in Section 2.3.2.7, which assumes sensor 

linearity in its calculation. 

 

Sensitivity 

The absolute sensitivity of the sensor is a measure of the minimum light level in  

Wcm-2 required to produce a reliable signal above the camera read noise. The 

sensitivity is limited firstly by the read noise, and is also limited by the sensor quantum 

efficiency (QE) at a given wavelength. The quantum efficiency is a measure of the 

ability to convert incoming photons into photoelectrons. If the QE is 80% at 550 nm 

then 80% of the photons are converted into photoelectrons. A method for measuring 
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the absolute quantum efficiency and sensitivity of a CCD across the wavelength range 

to which the sensor is responsive is outlined in Janesick (25). A standard measure of 

sensitivity is the absolute sensitivity threshold (107), which is the read noise in 

electrons divided by the quantum efficiency at a given wavelength. This gives the 

minimum number of photons required to cause a signal above the sensor read noise. 

2.1.2.2 Attenuation of light intensity by the QICAM+visible-VariSpec 

imaging system 

An ideal spectral imaging system will respond to light of different wavelengths with a 

constant degree of proportionality, i.e. the camera gain. However variations in the 

quantum efficiency of the sensor to light of different wavelengths and variations in the 

throughput of the optical components leads to a different responses of the imaging 

system to light of different wavelengths. The attenuation of light intensity of the 

imaging system comprising of the QICAM and the visible VariSpec was evaluated by 

imaging the output of an incandescent tungsten halogen (blackbody) light source and 

comparing the system response to the calculated blackbody distribution.  

2.1.2.3 Wavelength convolution of the QICAM+visible-VariSpec 

Convolution is the process by which an input signal is transformed into an output 

signal via a third ‘signal’ or convolution function. Of importance to this study is 

wavelength convolution, where the recorded width of an input spectral signal will be 

broadened by the sampling width of the wavelength selection device. Most UV-vis 

spectrophotometers have slit widths on the order of 1 nm so that convolution is kept to 

a minimum, however the visible-VariSpec LCTF used in this study has a bandpass of 

approximately 10 nm in the blue region and 15 to 20 nm in the red. This can lead to 

significant wavelength convolution especially if very narrow spectral signals are being 

targeted. The degree of wavelength convolution was assessed by imaging the output of 

a wavelength calibration light source which provides very narrow line emissions across 

the visible spectrum. 

2.1.2.4 Factors contributing to spatial non-uniformity of the imaging 

systems 

As well as instrumental factors contributing to signal degradation in the brightness and 

wavelength domains, there are factors which can lead to signal response  
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non-uniformity in the spatial domain, where brightness variations across the image are 

not representative of the scene being imaged. Some factors only have a small effect on 

spatial non-uniformity while others have a greater effect. The spatial non-uniformity 

can be consistent between wavelengths or may be wavelength-dependent.  

Fixed pattern noise (FPN) 

Pixel non-uniformity can lead to spatial non-uniformities in the recorded image (25). 

Spatial variations in the CCD read noise, called fixed pattern noise (FPN) is one source 

of spatial variation and is characterized by some pixels exhibiting higher read noise 

compared to others under dark conditions. Another source of pixel non-uniformity is 

photo response non uniformity (PRNU) where some pixels have a higher response to 

light of the same intensity compared to others. The former is assessed by exposing the 

sensor under dark conditions and examining the image while the latter is assessed by 

exposing the sensor to a very uniform light field. In both cases, software contrast 

adjustments can be used to amplify the observed spatial variability, and aid in its 

characterisation. 

Angle of incidence through the visible-VariSpec and degradation of bandpass 

filters 

The wavelength of light that passes through an LCTF or an interference filter is 

dependent upon the angle of incidence of the light upon the surface of the filter (109). 

Images obtained using the visible-VariSpec may show spatial non-uniformities if the 

half-angle field of view exceeds 7.5 degrees from the optical axis (personal 

communication, Ross Nakatsuji CRI Inc). Interference filters are also sensitive to 

environmental factors which can lead to degradation in the spatial homogeneity of the 

filter (110). If the angle of incidence is exceeded or if the filter has degraded, this can 

lead to spatial non-uniformities in the images captured using the filter.  

Chromatic aberration 

Chromatic aberration is caused by the variation of the index of refraction as a function 

of wavelength (109). Chromatic aberration can result in a loss of focus at some 

wavelengths compared to others. If a set of images is obtained at different wavelengths 

while image focus is only performed at the first wavelength of the set, the later 
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wavelengths in the set may exhibit a loss in focus compared to the first wavelength 

image.  

Filter miss-registration 

Mis-registration of images is a common problem in remote sensing and medical 

imaging applications (111). Mis-registration of a (sample) image is considered relative 

to another (reference) image. It is often associated with the use of bandpass filters 

which refract the incoming light at slightly different angles or it can be due to slight 

motion between the sensor and the scene between successive wavelength images. If the 

images are combined arithmetically, a mis-registration can lead to spatial artifacts 

which complicate the interpretation of the image. In the simplest case, image mis-

registration can be a combination of translation, rotation, and scale and therefore all 

pixels in a sample image can be brought into alignment with a reference image by a 

‘global’ translation, rotation and scale. In more complex cases, such as when one 

image exhibits distortion relative to another, or when parts of an image exhibit mis-

registration to a greater degree than another, more advanced registration algorithms are 

required.    

2.1.2.5 Light source evaluation 

Lighting is a crucial component of imaging applications. When spectral imaging is 

being employed, the relative output intensity of the light source at different 

wavelengths can have a significant effect on the time taken to capture the data. For 

instance, a tungsten halogen light source (colour temperature of approximately 3200 K) 

has higher brightness in the near infrared than in the visible. A xenon light source 

(colour temperature of approximately 6000 K) on the other hand has a higher output in 

the visible region. A standard fluorescent tube has an average colour temperature of 

approximately 4000 K but also has significant ‘line emissions’ throughout the visible 

spectrum. In the present study, light sources were chosen specifically for their ability 

to provide the significant amounts of blue light required for blood imaging 

applications. 

2.1.2.6 Performance and limitations of auto exposure algorithm 

An important consideration in image capture is selecting the appropriate exposure 

time. The imaging systems used in this study have a varying response to light of 
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different wavelengths. If, for instance, a series of images are to be recorded between 

400 - 600 nm with 10 nm steps, it would not be possible to correctly set the exposure 

time for the first (400 nm) image and use the same exposure time for the rest of the 

images. Doing so would result in significant overexposure in the green and red 

wavelength images because the imaging system is more sensitive at those wavelengths. 

Manually adjusting the exposure time for each image in the series would be time 

consuming especially for large data sets. An automated procedure which sets the 

exposure time for each image in the set would be more desirable. Such a procedure 

was developed using VPascal©, based on the sensor having a linear response to light 

intensity.  

2.1.2.7 Limit of detection of imaging systems towards blood 

The limit of detection of the imaging system towards untreated blood was determined 

in reflectance and transmittance modes by imaging a series of diluted blood solutions 

in petri dishes (transmittance mode) or adsorbed onto filter paper (reflectance mode). 

The limit of detection is presented in µg L-1 hemoglobin for the transmittance 

experiments and µg cm-2 hemoglobin for the reflectance experiments.  

 

2.2 Equipment 

2.2.1 Hardware 

Liquid Crystal Tuneable Filter 

Two models of LCTF were purchased from Cambridge Research and Instrumentation 

(Inc): a Vis-10 (400 nm – 720 nm 10 nm bandpass 35 mm aperture), and a Near IR-

VariSpec SNIR (650 nm – 1100 nm, 10 nm bandpass 20 mm aperture). The visible and 

near-IR filters were connected to the computer via an RS-232 and USB interface 

respectively via an electronics control box. The control of the LCTFs was achieved 

through the software program V++ (Digital Optics©). The LCTFs were connected in 

front of a lens using a series of threaded adaptor rings. 

 

FW-102 six position motorized filter wheel (Thor Optics) 

The filter wheel holds up to six filters which are electronically selected by rotating the 

filter wheel until the desired filter is in front of the camera. Only five filters were 
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placed in the filter wheel allowing an empty position for non filtered imaging. Several 

bandpass filters were available for insertion into the filter wheel. From Thor Optics: 

25.4 mm diameter bandpass filters: 390 nm, 400 nm, 420 nm, 440 nm, 450 nm. From 

Edmund Optics: 24.15 mm diameter bandpass filters 415 nm, 436 nm. The filter wheel 

was controlled with the software program V++ via an RS-232 interface.  

Scientific grade CCD camera 

The camera used for the majority of the study was a 10-bit monochromatic QICAM 

(QImaging Corporation). The QICAM utilizes a cooled monochrome 1360 x 1036 

pixel 1/2” progressive scan interline CCD. The physical size of the individual pixels is 

4.65µm x 4.65µm. Data transfer occurs over a Firewire™ IEEE 1394 interface. A 

threaded C-mount fitting was available for lens attachment. The performance of a 

range of other cameras with different image sizes and bit depths was also examined as 

part of this study. 

 

C-mount camera lenses 

Pentax (C1614A) 16 mm (thread 27 mm p = 0.5), 

Pentax (C32500) 25 mm (thread 27 mm p = 0.5), 

Canon TV-16 13 mm (1:1.5). 

 

Single lens reflex (SLR) digital camera 

A Canon D30 camera was mainly used to take colour images of the samples 

investigated. The D30 was connected to the computer via a USB interface and was 

controlled by D30Remote (v1.3 Breeze Systems© Surrey, United Kingdom). For close 

up imaging a Canon macro EF100 mm USM lens was used while for wide field 

imaging the Canon 24-85 mm EF zoom lens was used. The D30 was capable of 

generating Joint Photographic Experts Group (JPEG) images as well as .crw format, 

which is Canon’s RAW file format. Photoshop® CS2 (Adobe® Systems) was used to 

convert the .crw file into Tiff format. 
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Fiber optic CCD spectrophotometer 

Spectrophotometric measurements were made with an S2000 UV-vis Fiber Optic 

Spectrophotometer (Ocean Optics Inc.). This has a 2048 element linear CCD detector, 

with a range from 176 nm to 880 nm range and 0.5 nm resolution. 

Tuneable light source 

The light source used for the majority of this research was a PL-10 Polilight® (Rofin 

Australia Pty Ltd). This model Polilight® has a 300 W xenon bulb and utilizes nine 

bandpass filters throughout the near UV and visible for tuneable illumination (16). The 

UV blocking filter was removed to increase the amount of blue light. 

Tungsten Halogen light source (LS-1) 

A LS-1 tungsten halogen light source (Ocean Optics Inc.) was used to illuminate 

samples for analysis with the fibre optic spectrophotometer and also to measure the 

relative response of the QICAM + visible-VariSpec imaging system.  

Mercury Argon Line Calibration light source  

A Mercury Argon Line Calibration light source (HG-1) (Ocean Optics Inc) was used 

to measure the degree of wavelength convolution of the QICAM + visible-VariSpec 

imaging system.  

Super Actinic MCFE 20W/03 SLV (Philips) 

The Super Actinic MCFE 20W/03 SLV (Philips) is a fluorescent light source which 

provides significant amounts of blue light. It has an internal ballast system and uses 

240 V mains power. 

10000 K Metal Halide Lamp HRI-T 250W/Blue/E40 (Radium NZ Lighting) 

Metal halide lamps are a type of high-intensity discharge (HID) lamp. Metal halide 

lamps operate by passing an electric current through high pressure gas (argon) which 

generates enough heat to vaporise mercury and the metal halides which then give off 

light. The colour temperature can be modified by varying the mixture of metal halides 

and some metal halide lamps contain significant amounts of blue light. This lamp 

requires an external ballast which uses 240 V mains power. A housing and reflector 

were constructed for this lamp to improve the directionality of the light pattern. 
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Laptop computer 

The computer used to control the camera, LCTFs and Filter Wheel was a Dell Latitude 

D820 laptop, Intel Core Duo 2.16GHz 2.00 GB RAM, 120 GB hard drive running 

Microsoft Windows XP Service Pack Two. An external powered Firewire hub (Belkin) 

was required in some cases when the camera needed to be powered through the 

Firewire cable. 

 

2.2.2 Software 

V++ (Version 5.0.0.301) Digital Optics Ltd© (Auckland New Zealand) 

The software used for the majority of the study was V++. V++ is a scientific imaging 

software package which can control external hardware such as the filter wheel, liquid 

crystal tuneable filter and cameras. It uses a scripting language based on the Pascal 

syntax to control hardware and to formulate procedures for data capture and data 

processing. 

QCapture (2.81.0) (QImaging, Surrey, BC) 

QCapture was used to control the QICAM and other cameras from QImaging. 

QCapture provided control over the cameras’ exposure time by means of a slider bar or 

a text field. When the 10-bit QICAM was being controlled, a setting for ‘gain’ ranged 

from 0.5 to 20 and the setting for offset ranged between -1560 to +2535. The gain is an 

arbitrary value which maps the full analog output directly from the CCD to the full 

digital range of the A/D converter. In all cases when the QICAM was being controlled 

by QCapture the gain was set to 1 and the offset was set to 0. QCapture was mainly 

used when single images were being acquired which did not require filtering with a 

LCTF. 

Delphi (7.0, Build 4.453 ) (Borland, Scotts Valley, CA) 

Delphi (7.0, Build 4.453 ) is an integrated development environment (IDE) which was 

used to create the graphical user interfaces used to control the camera, liquid crystal 

tuneable filter and filter wheel and also to display image information generated during 

the capture process. 
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MatLab® (7.4.0.287) with Image processing and Image Acquisition Toolbox. 

(Mathworks®, Natick, MA) 

MatLab was used to provide image registration of images acquired with the filter 

wheel. 

Photoshop® CS2 (9.0) (Adobe® Systems, San Jose, California) 

Photoshop® CS2 was used to prepare images for printing. Only global controls such as 

contrast enhancement or brightness were applied to images.  
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2.3 Integration and control of the camera, LCTF and filter 

wheel 

 

2.3.1 Physical integration of imaging systems 
Both the LCTF and filter wheel were fixed in front of the camera lens using one or 

more threaded adaptor rings. When the filter wheel was being used, an additional 

supporting bracket was constructed to reduce torsion on the camera lens.  

 
Figure 2.2 a) Camera and Thor Optics filter wheel, b) Camera and visible-VariSpec (LCTF) 
 

The camera shown in Figure 2.2 is a 12-bit Rolera near-IR camera (QImaging) which 

was also used during this study. An analogous configuration to Figure 2.2b was used 

when imaging with the near-IR-VariSpec(LCTF).  

 

2.3.2 Computer control of the camera, LCTF and filter wheel using 
VPascal© 

The camera, LCTF and filter wheel could be operated individually by the control 

software supplied by the manufacturers. However, to achieve automated data 

collection it was necessary to use third party software capable of controlling all 
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hardware elements simultaneously. Separate hardware control programs were written 

in V++ to control either the camera and LCTF or the camera and filter wheel. Each of 

the control programs could automatically select the desired wavelength on either the 

LCTF or filter wheel, select an exposure time for the camera, perform an auto 

exposure procedure for selecting an appropriate exposure time, and capture an image. 

To make the operation of the camera and VariSpec straightforward and accessible by a 

number of users, a graphical user interface (GUI) was constructed using the Pascal 

language and compiled to a Dynamic Link Library (DLL) using Delphi (Borland). 

2.3.2.1 Image arithmetic in V++: 16-bit and 32-bit floating point formats 

V++ allows the user to perform arithmetical operations such as addition and division 

directly upon images. Images captured into V++ are held in memory as 16-bit integer 

images with pixel values having integer values between 0 and 65535. In this format, if 

the product of a multiplication exceeds 65535 for an individual pixel, it is given the 

value of 65535, while if the product of a division results in a non-integer, the product 

is rounded to the nearest integer value. To avoid these issues, when image arithmetic is 

performed it is possible to convert the image data into 32-bit floating point format. 

Pixel values in V++ in this format can take on non integer values between -3.2 x 1038 

and 3.2 x 1038 which allows for very precise arithmetic operations to be performed. 

This format is especially useful for division, which nearly always results in non-integer 

results. For example, if two images with very similar mean brightness levels are 

divided, the resulting image may contain pixels whose values have an average 

brightness of 1 with most pixels having a value between 0 and 2.  

 

Since an image containing 1360 x 1036 pixels in 16-bit integer format requires 

approximately 2.5Mb of disk space whereas the same image in 32-bit floating point 

requires over 5.0Mb, it is desirable to store images in 16-bit format. However, it is 

necessary to ensure that all pixel values fall between 0 and 65535 before converting 

from 32-bit to 16-bit, otherwise the precision obtained from the 32-bit format will be 

lost during the format conversion. To avoid this loss in precision, the mean pixel 

brightness was obtained and then a multiplication was applied to the image so that the 

mean brightness became approximately 32000 which is half the maximum brightness 

allowed in 16-bit format. In cases where this still led to a loss in precision then the 

image was stored as 32-bit floating point. 
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2.3.2.2 Programs and procedures in VPascal© 

A VPascal© program is written in a modular format containing a set of procedures for 

performing individual operations. An external procedure requires an external file such 

as a .dll and is used for purposes such as displaying the GUI. Variables and constants 

may be shared by all procedures or be unique to a individual procedure by declaring 

them Global or Local respectively. A procedure in the control program may initiate 

another procedure and variables can be passed from one procedure to another. Figure 

2.3 shows the basic format of a program and a procedure in VPascal©. Two control 

programs called ‘LCTF and Camera Control’ and ‘Filter Wheel and Camera 

Control’ were written to control the QICAM+visible-VariSpec or Rolera+near-IR-

VariSpec, and QICAM + filter wheel imaging systems respectively. 

 
Figure 2.3 Structures of programs and procedures in VPascal© 

 

2.3.2.3 The basic structure of the instrument control programs 

There were three levels of procedures written to control the equipment and generate 

spectral imaging data. Level 3 procedures were those that directly communicated with 

Progam ‘Program Name’ 
 
Global Variables: 
Global Constants: 
 
Declare External 
Procedures: 
External Procedure1 
ExternalProcedure2 
ExternalProcedure… 
 
Declare Internal 
Procedures: 
InternalProcedure1 
InternalProcedure2 
InternalProcedure…. 
 
begin 
end 

Procedure ‘ProcedureName’; 
const          Constants local to PocedureName; 
var             Variables local to ProcedureName; 
begin  
                   perform an operation; 
                   call another procedure; 
end; 
 

The basic structure of a 
Program in VPascal© is 

The basic structure of a 
Procedure in VPascal© is 
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the equipment such as those that set the LCTF wavelength or the camera exposure 

time. The level 3 procedures are referred to as ‘LCTF and Camera Control’ 

procedures in Figure 2.4. Important level 3 procedures are:  

 

‘SetExposureTime’ sets the camera to the desired exposure time. 

‘CaptureImage’ captures an image using the exposure time set using 

SetExposureTime 

‘SetWavelength’ sets the LCTF or Filter wheel to the desired wavelength. 

 

The level 2 procedures are referred to as the ‘Operational Procedures’ in Figure 2.4. 

These procedures collected data such as an image cube or performed operations such 

as a background correction, These operations require synchronization between the 

camera and LCTF or filter wheel and thus these procedures call the level 3 procedures.  

 

The user interacted with the control programs using the level 1 procedure referred to as 

‘Imaging Procedures’ in Figure 2.4. This procedure takes user input of the desired 

operational procedure along with parameters such as wavelength and exposure time, 

and then initiates the chosen operational (level 2) procedure and passes the parameters 

to that procedure. After the control code was compiled, the user selected the ‘Imaging 

Procedures’ procedure from a drop down menu to display a GUI as shown in Figure 

2.4 The relevant parameters were entered into the GUI and the chosen imaging 

operation was carried out automatically after the user pushed the ‘OK’ button.  

2.3.2.4 The LCTF and camera imaging operations and the graphical user 

interface 

There were four main Operational (level 2) procedures which were initiated by 

selection of the appropriate radio button in the top left of the GUI. This section 

discusses how the operations were carried out using the imaging systems. A further 

discussion on the application of the operations is in Chapter 4. 
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Wavelength select 

This procedure set the LCTF to a specific wavelength but did not capture an image. 

The desired wavelength was entered into the ‘select wavelength’ text box in the top 

middle of the GUI.  

Capture single image 

This procedure captured a single image at a wavelength specified in the select 

wavelength text field. This procedure required setting the type of exposure. (Exposure 

control is discussed in more detail in Section 2.3.2.5). 

Capture image cube 

This procedure captured an image cube from a start wavelength to an end wavelength 

with a user-selected increment. The procedure only allowed integer values between the 

lowest and highest wavelength available from the VariSpec to be entered into the start 

and end text boxes, and only values which evenly divided the wavelength range could 

be entered into the increment text box. This procedure also required a parameter for 

exposure type. 

Background correction 

This procedure performed a two or three wavelength background correction in 

reflectance or fluorescence modes. The wavelengths for the background correction 

were entered into the same text fields used for the image cube. The type of background 

correction was set by one of four radio buttons in the correction method section of the 

GUI. For reflectance background correction using three wavelengths either an 

arithmetic or geometric absorbance correction estimate could be selected. The 

formulae used are shown in Figure 2.5. 
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Figure 2.4 Basic structure of ‘LCTF and camera control’ program. Two external forms (GUI) are 
called: Imaging procedures and Configuration. 
 

Program ‘LCTF and Camera Control’ 

Global constants,  
Global variables and  
External procedures 

VariSpec and Camera 
Control Procedures 

(level 1) 

Operational procedures 
(level 2) 

Auto exposure 
Wavelength select 
Capture image cube 
Background correction 
Capture singleimage 
Append XML data file 
 

Imaging Procedures 
(level 3) 
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Figure 2.5 Calculations corresponding to the correction method options in the GUI in Figure 2.4 
2.1 and 2.2 correspond to three wavelength absorbance corrections in arithmetic and geometric 
modes respectively.  

2.3.2.5 Exposure type 

Selecting the appropriate exposure time for image capture was an important 

consideration. Four methods for setting the camera exposure time were implemented.  

The exposure method was selected in the exposure type section of the GUI. 

Constant shutter 

The ‘Constant Shutter’ maintained a predefined exposure time for all images captured 

in the procedure. The value for the exposure time (in ms) was entered into the ‘set 

shutter time’ text box in the GUI. This exposure method was used mainly for image 

capture in fluorescence mode. 

Auto exposure 

The ‘Auto Shutter’ method used an automated method for selecting the appropriate 

exposure time. The user entered a desired mean brightness (in ADU) in the ‘Set 

average brightness’ dialogue box and also entered an initial exposure time in the 

‘initial shutter time’ dialogue box. A procedure was then implemented which 

calculated the exposure which would yield an image with the desired brightness. This 

exposure method was used mainly in reflectance mode imaging. A more detailed 

discussion of the auto exposure procedure is in Section 2.3.2.7. 
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Get from file 

The ‘Get from file’ method read the exposure time for each wavelength from an 

external file. This exposure method was used in reflectance mode imaging, especially 

where reflectances were compared to a reference image. Thus, a sample image cube 

could be captured using the auto shutter method with the exposure times for each 

image in the cube being saved to an external file. Then a second image cube of a 

reference object such as a piece of white paper would be collected using the same 

exposure times as for the sample at each wavelength.  

2.3.2.6 The camera and filter wheel ‘Imaging procedures’ Graphical user 

interface 

The GUI for controlling the filter wheel Figure 2.6 was very similar to that which 

controlled the LCTF. As the filter wheel only contained six positions (wavelengths), 

when the ‘image cube’ option was selected, one image from each position would be 

captured generating a six frame image cube.  

 
Figure 2.6 GUI for controlling the camera + filter wheel imaging system. 
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2.3.2.7 Selecting the exposure time using the auto exposure procedure 

One of the challenges of acquiring an image cube in reflectance mode was setting the 

exposure time of the camera.  As the system had a significantly varying sensitivity to 

light at different wavelengths, it was necessary to write a procedure which 

automatically adjusted the exposure time for different wavelength settings in order to 

achieve a good exposure level. The method for finding the correct exposure time 

assumed that there was a linear relationship between exposure time and image 

brightness, which should be true if the number of saturated pixels or the number of 

underexposed pixels is not too high. The algorithm for performing the auto exposure 

calculation is shown in Figure 2.7. The auto exposure procedure had three parameters; 

initial exposure time, target brightness, and tolerance. The initial exposure time was an 

estimate made by the user. The target brightness was stated in ADU and the average 

brightness of the entire image, or the average brightness of a user-selected region of 

interest was compared to this value. The tolerance was set as a percentage either side 

of the target brightness and was set directly in the auto exposure procedure code. The 

auto exposure code was an iterative process where the exposure time was continually 

recalculated until the target brightness was reached. 

 

 
Figure 2.7 Algorithm for the auto exposure procedure 
 

‘Auto exposure procedure’ 
 
begin 
Set exposure time to Initial Shutter Time.  
Tolerance = 2% 
Capture Image 
Measure average brightness 
repeat 
Adjustment parameter = (Brightness of image / Desired brightness) 
New Exposure Time = (Current Exposure Time / Adjustment parameter) 
Set camera exposure time to New Exposure Time 
Capture Image 
Measure average brightness 
until 
Brightness of image is within tolerance 
end 
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2.3.2.8 Saving and presenting image information in XML format 

All of the information entered into the GUI, and information arising from the imaging 

procedures such as exposure time and mean brightness for each image, were written to 

an external file and stored in Extensible Markup Language (XML) format. A 

procedure for reading and displaying the XML data was written in V++ and a form was 

written in Pascal© (Delphi) for appending or modifying the data (Figure 2.4). The form 

contained four ‘tabs’ for displaying the image data. The ‘General’ tab displayed 

information such as the image name. If the image was an image cube this tab also 

displayed the start, end, and increment wavelengths as well as the type of exposure 

method used to collect the data. The ‘Instruments’ tab displayed information about the 

individual instrumental components such as the make and model of the LCTF or filter 

used and the make and model of camera. The ‘Channels’ tab displayed information 

about each individual frame in the image cube such as the wavelength, the exposure 

time used for that frame and the average brightness for the frame. The “History’ tab 

contained information generated during the image capture process. This included 

information about how the exposure times were calculated for the auto exposure 

method, and also documented any errors that occurred during the image capture 

process such as a loss of connection to the camera or LCTF. 

 

2.4 Imaging systems evaluation: methods 

This section discusses the methods used to assess the performance of the imaging 

systems developed for this study. The photon transfer curve (25) was used to 

determine performance parameters of the camera. A number of instrumental 

limitations which led to a reduction in image quality or an increase in the time taken to 

capture an image were also examined. The relative output intensity of a number of 

light sources was assessed. The performance of the auto exposure method was assessed 

and the limit of detection of the imaging system towards blood was assessed.  

 

2.4.1 Evaluation of the imaging sensors using the photon transfer curve 
An analogous method to that suggested by Janesick (25) was employed in the 

generation of PTCs for the cameras used in this study. The integrating sphere was 

replaced by an imaging target (Kodak gray scale card CAT 152 7654 Tiffen Company) 

comprising of reflectance patches of increasing optical density. PTCs for the cameras 
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were generated by imaging the card and measuring the mean signal and standard 

deviation for each gray patch on the card. The photon transfer curves were generated 

using blue light (415 nm, using a Polilight®) which is the region of the spectrum used 

to image blood. The decreased quantum efficiency of our CCD cameras in the blue 

light region that the camera performance parameters generated will be conservative. 

Image capture was performed using the manufacturer’s software for each camera with 

the ‘gain setting’ set to 1 and the offset set to 0. Two images at the same exposure time 

were recorded for each camera.  

 

V++ was used to perform the frame subtraction technique to remove fixed pattern noise 

(25). The two captured images were averaged using V++ then the average brightness 

(ADU) of approximately 1000 pixels from the averaged image was recorded for each 

reflectance patch on the gray scale card. The standard deviation (of the same selection 

of pixels used to calculate the average) for each patch in the subtraction image was 

measured using V++ and the value divided by two to account for the increase in 

variance caused by the subtraction process.  

2.4.1.1 Extraction of blue pixels 

The Canon D30 and the Basler A301FC use a colour CMOS and colour CCD sensor 

respectively. Each sensor contains a red green blue green (RGBG) Bayer filter array 

for colour imaging. This added some ambiguity to the interpretation of the PTC for 

these cameras as the additional colour interpolation step performed reduces the noise 

due to spatial averaging. The interpolation step for the A301FC is performed using 

processing software after the CCD has been read into the computer. The 

BCAMViewer software from Basler which controls the interpolation step allows the 

user to view and store the raw output from the CCD. By imaging a colour chart  

(CAT 152 7652 Tiffen Company) containing blue, green, and red colour patches it was 

possible to determine which pixels contained the red green and blue components of the 

Bayer filter array and thus it was possible to separate the pixels into separate colour 

groups. As expected this resulted in an image which was one quarter the size of the 

original for the blue and red pixels and half the size of the original for the green pixels. 

The raw CMOS output from the Canon D30 cannot be viewed using Zoombrowser EX 

(Canon©) or Photoshop® CS2, however an open source software package called 

dcraw.c written by David Coffin (112) allows the user to measure the pixel values 
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from the CMOS sensor before the interpolation step is applied. A routine adapted from 

this program by David McIntyre (University of Auckland) allowed isolation of the 

separate colour pixels. By imaging the colour chart it was possible to confirm the 

positions of the ‘blue’ pixels from the D30. The parameters for the PTC for these 

cameras were generated from data from the blue pixels using the 415 nm light band 

from the Polilight®. 

 

2.4.2 Data collection: factors affecting data quality and acquisition time 
 

During this study a number of factors which led to spatial artefacts in the images or 

inconsistencies in the exposure level reached by the camera were identified. The 

characterisation of these are described in this section.  

2.4.2.1 Attenuation of light intensity by the QICAM+visible- (LCTF) imaging 

system 

The relative response of the QICAM+visible-VariSpec(LCTF) over the range  

400 –720 nm was measured using a tungsten halogen light source (LS-1) (Ocean 

Optics Inc). The output from the light source was shone through a diffuser screen and 

the screen was imaged by the QICAM+visible-VariSpec(LCTF) imaging system 

between 400 and 720 nm at 1 nm intervals. The autoexposure procedure was used with 

a target brightness setting of 500 ADU. 

2.4.2.2 Wavelength convolution of the QICAM+visible-VariSpec(LCTF). 

Spectral features measured with the QICAM+visible-VariSpec(LCTF) may be 

broadened by convolution of the true signal due to the 10 nm bandpass of the  

visible-VariSpec. The amount of convolution was assessed by imaging the output of a 

calibrated mercury argon light source (HG1 Ocean Optics Inc) at 1 nm intervals 

between 400 and 600 nm. Images were captured using the auto exposure method with 

a target brightness of 500 ADU.  

2.4.2.3 Exposure consistency 

The consistency of the ADU level reached for a given illumination level and exposure 

time for multiple exposures was tested. Images were acquired of a piece of white A4 

printer paper. The ADU consistency was checked for a range of exposure times and 
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exposure levels, using the Polilight® or the Ocean Optics tungsten halogen light 

source. The light intensity reaching the sensor for a given exposure time was adjusted 

by changing the camera aperture setting and changing the distance of the light source 

to the object. For exposure times 1 to 1000 ms, 100 images were taken at eight 

different mean ADU levels while for exposure times 5000 ms to 1 min, ten images 

were taken at each ADU level. For each set of images the mean and standard deviation 

of a selection of pixels from the center of the image was recorded. 

2.4.2.4 Evaluation of the auto exposure procedure 

The auto exposure procedure was used in both the LCTF camera systems and the filter 

wheel systems. The performance of the auto exposure procedure was evaluated using 

the QICAM+visible-VariSpec(LCTF) imaging system by determining the number of 

iterations it took to get the average brightness (ADU) within the tolerance and how 

close the brightness was to the desired brightness. The auto exposure procedure 

(Figure 2.7) was tested at five different target brightness levels and three different 

tolerances. Single wavelength images at 550 nm were taken of a piece of A4 white 

printer paper. The initial exposure time was set at 10 ms for each image cube. The five 

target brightness levels were 100, 200, 400, 600, and 800 ADUs which were 10% 

20%, 40%, 60% and 80% of the maximum brightness of the 10-bit CCD respectively. 

For each target brightness, a tolerance of 1% 5% and 10% was set. For each target-

brightness/tolerance combination, ten images were acquired. The average number of 

iterations and the average percentage deviation of the actual average brightness to the 

desired brightness were recorded.  

2.4.2.5 Factors contributing to spatial non-uniformity of the imaging 

systems 

The contribution to image non-uniformity from several different sources was also 

determined. Some of the contribution to non-uniformity will be specific to an 

individual camera (e.g. fixed pattern noise or photoreponse non-uniformity) while 

others will be due to the wavelength filtering mechanism (e.g. the half angle 

dependence on wavelength of the LCTF). The camera used for all of these experiments 

was the QICAM. In most imaging experiments the subject consisted of an A3 piece of 

white printer paper. In all experiments lighting was from the Polilight® operating in 

white light mode. The light distribution was made uniform across the field of view by 
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moving the Polilight® light guide far back from the paper with the output being shone 

through several layers of semi-transparent diffuse paper.  

 

Reference image 

The reference image consisted of a white light image (no filtering) of the paper taken 

with the QICAM and 16 mm Pentax lens at an aperture of 16 with an exposure time of 

100 ms and a gain setting of 1, and an offset of 0. 

Fixed pattern noise (FPN) 

To measure the contribution to image non-uniformity from fixed pattern noise, an 

image was recorded with the lens cap in place. QCapture was used to capture an image 

with an exposure of 30 s at a gain setting of 1 and an offset of 0. 

Photo response non-uniformity (PRNU)  

To measure the contribution to image non uniformity from PRNU, the lens was 

removed from the camera and a white sheet of paper was placed under the camera near 

the camera sensor. QCapture was used to capture with an exposure time of 5 ms at a 

gain setting of 1, and offset of 0. 

Angle of incidence through the QICAM+visible-VariSpec(LCTF) imaging system  

Preliminary experiments showed that if the half angle of acceptance of light through 

the visible-VariSpec(LCTF) exceeded 7.5o then non-uniform artifacts could be 

observed, especially when two images taken at different wavelengths were ratioed. To 

assess this effect, a 13 mm lens was used on the camera with the LCTF in front of the 

lens. Images were captured at a gain setting of 1, and an offset of 0 and a lens aperture 

of 22. The camera was placed at a distance of 70 cm from a sheet of A3 paper giving a 

longitudinal  field of view of approximately 60 cm. A 25 mm lens was also used at a 

distance of 15 cm from the same target with a longitudinal field of view of 5 cm. A 

ratio of images taken at 415 nm / 435 nm was performed using V++ for each lens. The 

half angle of acceptance was found by: 
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The half angle was calculated to be 23.20o for the 13 mm lens and 9.46o for the 25 mm 

lens.  

Degradation of bandpass filters 

One of the interference filters used in the filter wheel (440 nm filter from Thor Labs) 

introduced image artifacts when it was used for image ratioing. Visual examination of 

this filter showed degradation near the edges, possibly due to exposure to humidity. An 

image of a white piece of paper was taken using the blank portion of the filter wheel, 

then of a white piece of paper with the 440 nm filter. Each image was exposed to an 

average brightness of 500 using the autoexposure procedure. A ratio of the non-filtered 

image to that taken at 400 nm was calculated using V++.   

Filter mis-registration 

A problem specific to the filter wheel imaging system was that the images taken with 

the different filters exhibited misalignment relative to each other. Images captured with 

the LCTFs did not suffer from this problem. The degree of misalignment was 

characterized by imaging an A4 printed target consisting of narrow, evenly spaced 

printed lines in the vertical and horizontal directions. The width of the lines on the 

printed page was approximately 0.2 mm. An image of the target pattern was taken for 

each filter. The pixel coordinates for several corresponding positions within the image 

where the lines crossed were recorded for each image and used to determine the 

amount of image misalignment. 

 

Image registration was initially performed manually using V++ utilizing the Alignment 

and Scale dialogue boxes from the geometry drop down menu. This approach was time 

consuming and was replaced by an automated procedure. The procedure required one 

image to be a reference image and another to be a sample image. Usually, the reference 

image was specified to be the non-filtered image from the filter wheel and the sample 

image was an image taken with a filter. Images were acquired of the target pattern, 

then four image ‘flags’ were placed on corresponding points in the reference and 

sample images using the flag tool in V++. A VPascal© procedure was written which 

calculated the degree of translation, rotation, and scale required to register the sample 

image to the reference image. Using the built in ‘Align’ procedure in VPascal© a new 
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‘sample’ image was generated which was aligned to the reference image. Repeated use 

of the procedure allowed all filters to be aligned.  

 

MatLab® with the Image Processing Toolbox (IPT) was also used for image 

registration in some cases. The misaligned images were imported into MatLab and the 

image alignment feature in the IPT was used to generate alignment functions for each 

filter, which were saved as MatLab m-files. To automate the alignment process, a 

procedure was written in VPascal© which passed the raw misaligned images to MatLab 

to perform the registration and then received the registered images back into V++.  The 

MatLab alignment procedure was automated by selecting the ‘align images’ tick box in 

the GUI for the filter wheel, Figure 2.6. Generation of the alignment function was 

required each time the filter wheel was detached and then reattached to the camera. 

Chromatic aberration 

The degree of chromatic aberration caused by the QICAM + visible-VariSpec imaging 

system was assessed by imaging a 10 cm photographic rule. Image cubes were 

recorded between 450 and 400 nm at 5 nm intervals since this was the range over 

which the effect from chromatic aberration was strongest. Image cubes were captured 

at five different aperture stops: 1.4, 3, 6, 8, and 16 using the imaging procedures 

control code in V++. For each aperture setting the 16 mm lens was focused at 450 nm 

prior to collection of the image cube. 

2.4.2.6 Light source evaluation 

The relative outputs of a number of light sources were measured using a fibre optic 

spectrophotometer (Ocean Optics). The spectrophotometer was calibrated against a 

tungsten halogen light source (LS-1) whose colour temperature was assumed to be 

3200 K. To record the relative output of the light sources the control software was set 

to relative irradiance mode after calibration with the tungsten halogen source. The fibre 

optic cable was aimed at each light source with care being taken to ensure the 

spectrophotometer was not saturated. The control software then recorded the output of 

each light source as relative irradiance Iλ 
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where Iλ is the relative irradiance, Bλ is the calculated (blackbody) relative energy 

distribution at 3200 K, Sλ is the measured irradiance from the sample, Rλ is the 

measured irradiance from the reference light source and Dλ is the measured dark 

current all at wavelength λ. Four light sources were evaluated: 1000 W Tungsten 

halogen lamp, 300 Watt Xenon lamp (Polilight®), 20 W Blue Fluorescent tube, 250 W 

Metal Halide Lamp. 

 

2.4.3 Limit of detection towards blood 
The sensitivity of the QICAM+visible-VariSpec(LCTF) imaging system towards blood 

in transmittance and reflectance modes was assessed. The sensitivities of other 

cameras were also assessed in reflectance mode. In all cases the Polilight® was used as 

the source of illumination. The visible-VariSpec(LCTF) was unable to be mounted to 

the zoom lens of the Canon D30 camera, so when this camera was being tested, a 415 

nm bandpass filter (Edmund Optics) was placed in front of the camera using a Cokin 

filter holder with an additional bracket. For the Canon D30 and Basler A301FC 

cameras, the blue pixels were extracted (Section 2.4.1.1) and used for the limit of 

detection calculations.   

2.4.3.1 Transmittance experiments 

Transmittance experiments were performed by filling 35 mm diameter plastic petri 

dishes with 5 mL of blood of varying dilutions (giving a path length of approximately 

8 mm). Thirty solutions were prepared ranging from 50 times to 8000 times dilution. 

The petri dishes were placed on top of a diffuse glass photography table, and the 

output from the Polilight® was shone from beneath the glass plate. The camera was 

placed above the glass plate looking directly down over the petri dishes. Two images 

were acquired, one at 415 nm with the petri dishes in place and one at 415 nm without 

the petri dishes (a blank image). The exposure time for each image was kept the same.  

Due to the large number of samples, they were imaged in two sets: the 50 to 5000 

dilution solutions and the 2000 to 8000 times dilution samples. Dilutions of 2000, 

3000, and 5000 were included in both sets to ensure consistency. Absorbance images 

were generated using V++ and VPascal© by calculating –Log (blankimage/sampleimage). 
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The mean value (ADU) of a selection of pixels from the centre of each petri dish in the 

absorbance image was plotted against concentration of hemoglobin. The values for 

concentration of hemoglobin in g L-1 hemoglobin were calculated using 121.5 g L-1 for 

the concentration of hemoglobin in undiluted blood (Section 3.1.2).  

2.4.3.2 Reflectance experiments 

Blood of varying dilutions ranging from 20 times dilution to 5000 times dilution was 

prepared. Circles of Whatman 1 (5.5cm) filter paper was soaked in each solution for  

10 s with the excess blood solution being removed from the filter paper by tilting the 

filter paper and allowing the blood to run off. The filter paper was left to dry in air for 

1 h and then dried in an oven at 80o C for 15 min. The pieces of filter paper were then 

attached to two pieces of neutral grey A4 paper in a grid pattern. Filter papers labeled 

20 to 1000 times dilution were attached to one piece of A4 grey paper and filter papers 

labeled 100 to 5000 were attached to a second piece of paper. Filter paper dilutions 

100, 300, 400, 500 and 1000 were included in both sets. Two 415 nm images for each 

set were acquired, one with the filter paper dilution series and a blank image of a large 

piece of Whatman 4 chromatography paper. The exposure length for each image was 

kept the same. Values for relative concentration were converted into µg cm-2 

hemoglobin in the following way: 

 

The concentration of hemoglobin in blood was taken as 121.5gL-1 (Section 3.1.2). The 

density of blood in g L-1 was measured as 1022 g L-1 by weighing an empty 10 mL 

volumetric flask and then reweighing it filled with undiluted blood. The mass of 

hemoglobin per mass of wet blood was found by dividing the concentration of 

hemoglobin by the density. The mass fraction of solid blood matter in blood was found 

by weighing raw blood into a 50 mL beaker and allowing it to dry. A piece of filter 

paper was included in the beaker to increase the surface for evaporation. The beaker 

was left in a fume hood at room temperature overnight and then placed in an oven at 

80o C for 1h. The fraction of blood solids in wet blood was found to be 12% which 

gave a value of 0.85 g of hemoglobin per gram of dry blood. 

 

Three pieces of Whatman 1 (5.5 cm) filter paper were weighed and then soaked in 

blood solutions of 5, 10, and 20 times dilution respectively. The excess blood solution 

was removed from the filter paper by tilting the filter paper and allowing the blood to 
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run off. Each piece of filter paper was placed in an oven at 80o C for 1 h and then 

placed in a dessicator overnight prior to weighing the following day. This gave the 

mass of dry blood deposited on each piece of filter paper and this value was divided by 

the fraction of hemoglobin in dry blood to find the mass of hemoglobin deposited on 

each piece of filter paper. This was converted to mg cm-2 using an area of 14.2 cm2 for 

the filter paper. Values of blood concentration in mg cm-2 for the dilute samples were 

obtained by extrapolation of a plot of surface concentration of blood (in mg cm-2) vs 

relative concentration of ‘wet blood’ solution for the 5, 10, and 20 times diluted blood. 

 

The relationship between the concentration of a substance on a surface to the amount 

of light reflected from it does not follow the Beer-Lambert law (113). Several attempts 

have been made to linearly relate the concentration of a substance on a surface to 

reflectance (114). A commonly used method is the Kubelka-Munk approach which 

relates the reflectance to concentration in the following way: 
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where R∞sample are measured brightness values (ADU) from the filter paper sample 

images and R∞reference are the brightness values (ADU) from the Whatman 4 

chromatography paper reference image. The infinity symbol denotes an infinitely thick 

layer of analyte; this is defined as the thickness at which a further increase in thickness 

has no change upon the reflectance. The parameters k and s are constants where k is the 

reflectance counterpart of epsilon (ε) in transmittance spectroscopy and s is a scattering 

coefficient (113).  

A plot of ( )
∞

∞−
r
r

2
1 2

 vs mg cm-2 of hemoglobin was used to determine the limit of 

detection of hemoglobin in reflectance mode.   

2.4.3.3 Limit of detection calculation 

The regression tool in Microsoft Excel© was used to calculate the upper 95% 

confidence level for the intercept for the absorbance and reflectance plots of response 
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vs hemoglobin concentration as an estimate of the critical level of absorbance or 

Kubelka-Munk function where there is less than a 5% probability of a false positive. 

The upper 95% confidence limit of the blood concentrations corresponding to the 

critical level was used to estimate the limit of detection.  

 

2.5 Imaging systems evaluation: results 

The components used to the construct the imaging systems used in this study were 

selected on the basis of performance, availability and cost. The LCTF offered good 

flexibility in wavelength selection and was less expensive, and had a wider aperture 

than the acousto optic tunable filters that were available at the time. The filter wheel 

offered a cheaper alternative to wavelength section than the LCTF, was more robust 

and had greater transmission in the blue compared to the LCTF and was thought to be 

more suited to field work.  

 

The 10-bit QICAM offered high sensitivity to low light and low noise compared to 

cheaper non-scientific CCD cameras. The cooling option further reduced the noise and 

allowed imaging at long exposure times with minimal noise. The spatial resolution of 

the 10-bit QICAM also allowed reasonable visualization of detail in the images  

 

2.5.1 Evaluation of the imaging sensors using the photon transfer curve 
The performance of the cameras were assessed using the photon transfer curve (PTC) 

(25). An analogous method to that suggested by Janesick (25) was employed in the 

generation of the PTC, where a grey scale imaging target comprising of patches of 

increasing optical density was imaged twice. Plots of log(standard deviation) vs 

log(mean brightness) and variance vs brightness are shown in Figures 2.8 and 2.9 

respectively. 
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Figure 2.8 Photon transfer curve for the QICAM camera at 415 nm with gain = 1, offset = 0, 
exposure time = 100 ms. 
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Figure 2.9 Plot of variance vs brightness for QICAM at 415 nm with gain = 1, offset = 0, exposure 
time = 100 ms. 
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Three characteristic regions of the PTC are shown in Figure 2.8. The read noise region 

is illustrated by a single measurement taken under dark conditions. At intermediate 

brightness levels is the linear ‘shot noise limited’ region with a slope of 0.5. The final 

region represents the full well condition where the signal remains high but the noise 

decreases due to saturation of the sensor pixels. The variance vs brightness plot, Figure 

2.9, shows only the linear ‘shot noise limited’ data. 

Read noise, camera gain, and sensitivity 

For an exposure time of 100 ms and a ‘gain setting’ of 1 and an offset of 0, the read 

noise for the QICAM was found to be about 18 ADU with a standard deviation of 1.1.  

For a given gain G (in ADU/e-), increase of the illumination by a factor of X will lead 

to an increase in the mean response of the camera by a factor of GX and the variance 

by a factor of G2X. Therefore, the slope of a plot of signal variance against mean 

signal is G, and the inverse of G will give the number of photoelectrons required per 

ADU. The read noise in photoelectrons is found by dividing the standard deviation of 

the read noise in ADU by the camera gain. The quantum efficiency of the QICAM at 

415 nm stated by the manufacturer is approximately 25% (115). The sensitivity 

threshold in photons is given by  

λ

σ
μ

QE
noise

p =min.       2.10 

where µp.min is the absolute sensitivity threshold in photons, σnoise is the read noise in e- 

and QEλ is the quantum efficiency at wavelength λ. The gain was found to be 0.0913 

ADU/e- which corresponds to approximately 11 photoelectrons per ADU, and a read 

noise of 12e-. The absolute sensitivity threshold at 415 nm is 48 photons. The 

manufacturer did not provide detailed sensor characteristics for the 10-bit QICAM, 

however the reported read noise for the replacement 12-bit QICAM is 12e-.(115) 

Full Well 

Full well reflects the maximum capacity of each pixel in the CCD to hold charge. It is 

characterized by a drop in the signal variance due to complete ‘filling’ of the 

individual pixels. The full well in photoelectrons is found by taking the maximum 

ADU before the signal variance drops and dividing by the camera gain. The highest 

mean brightness just before there is a significant drop in noise is 1013 ADU which was 

the value measured from the second brightest patch on the grey scale card. This 
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corresponds to a full well of about 11,000e- per pixel. The full well value for a 12-bit 

QICAM is 10,000e- (115). 

Dynamic range: Effective number of bits 

The dynamic range is defined as the ratio of the maximum usable signal to the 

minimum usable signal. The maximum usable signal is the signal just before full well 

occurs, which was determined as 1013. The lowest usable signal is set by the noise 

floor, which was found to be 18 ADU with a standard deviation of 1.1. This gives a 

dynamic range of 56.2. The dynamic range expressed in decibels calculated using 

equation 2.11 was 59.9 dB. 

 

noise

fullwellADU
DR

σ
log20=                           2.11 

This dynamic range can also be expressed in effective number of bits (ENOB), and this 

was calculated as 9.95 using equation 2.12. 
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Linearity 

The linearity is a measure of the consistency of the camera gain as a function of signal. 

Linearity is measured by comparing the deviation of each experimental point 

corresponding to the linear part of the PTC to the linear fit equation of the variance vs 

brightness plot. The maximum nonlinearity as a percentage is then found using 

equation 2.13. 

100*linearity-nonMax minmax

fullscaleADU
EE −

=      2.13 

where Emax is the maximum positive deviation of a point from the line, Emin is the 

magnitude of the maximum negative deviation of a point from the line and ADUfullscale 

is the highest ADU value (1023 for a 10-bit CCD). The maximum non-linearity was 

found to be 0.25% (linearity of 99.75%) showing that the camera has good linearity 

over its dynamic range. The auto exposure procedure assumes a linear response in its 
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calculation which is supported by this result. The dynamic range (expressed as ENOB) 

and the linearity also calculated from the other cameras in the study. The main 

characteristics of these cameras are given in Table 2.1. 
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Table 2.1 List of cameras, their specifications and parameters measured by the photon transfer curve. All cameras performed within manufacture’s specifications. 
 

 

Camera Supplier Control 
Software 

A/D bit 
depth  
ENOB 

Sensor type 
pixel size 
resolution 

Linearity
% 

Full Well 
e- 

Read Noise e- 

Sensitivity µp.min 

QICAM 
(415 nm) QImaging QCapture 

 
10 

9.95 

CCD ½ inch 
4.5 x 4.5 μm 
1036x1360 

99.8% 
 11,000e- 12 e- 

48 µp.min 

Mock 
intensified 

Retiga 
QImaging QCapture 

 
12 

11.90 

CCD ½ inch 
4.5 x 4.5 μm 
1036x1360 

99.7% 10,000e- 13 e- 

50 µp.min 

Rolera QImaging QCapture 
 

12 
11.95 

CCD 2/3 inch 
14 x 14 μm 

696x520 
99.5% 22,000e- 2.1e- 

5 µp.min 

D30 
(blue 

pixels) 
Cannon 

D30 
Remote 
dcraw 

16 
9.70 

CMOS 1 inch 
10 x 10 μm 
2048 x 1536 

95.0% 25,000e- 53 e- 

n/a 

DMK 
21F04 

The 
Imaging 
Source 

IC Capture 8 
7.80 

CCD ¼ inch 
5.6 x 5.6 μm 

640 x 480 

 
96.8% 10,000e- 43 e- 

104 µp.min
 

A301FC 
(blue 

pixels) 

Basler 
Vision 

Technologies 

BCAMVie
wer 

8 
7.60 

CCD ½ inch 
10 x10 μm 
320 x 240 

97.2% 20,000e- 23e- 

72 µp.min
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2.5.2 Data collection: factors affecting data quality and acquisition time 

2.5.2.1 Attenuation of light intensity by the QICAM+visible-VariSpec(LCTF) 

imaging system 

The relative response of the QICAM+visible-VariSpec(LCTF) over the range  

400 – 720 nm was measured by using illumination from a 3200 K tungsten halogen 

lightsource and comparing the response to a calculated blackbody curve for a 3200 K 

emitter. The relative output of a blackbody emitter at 3200K as a function of 

wavelength was calculated for 400 to 720 nm using: 

( )
1

12, 2

3

−
=

kT
hv

e
c
hvTvI      2.14 

where I(ν,T) is the relative intensity at frequency ν and temperature T (in Kelvin), h is 

Planck’s constant (6.626 x 10-34 J.s), c is the speed of light (2.99 x 108 ms-1) and k is 

Boltzmann’s constant (1.380x10-23 J.K-1) The blackbody curve was plotted on a 

relative scale with an arbitrary scale factor applied so it could fit on the same axis as 

the camera response curve. An image cube between 400 and 720 nm was recorded 

using the auto exposure procedure with a target brightness of 500. A relative response 

curve was generated by plotting the inverse of the exposure time against wavelength 

and normalising to give a value of 1 for the wavelength of highest response which was 

605 nm. A correction function was then generated between 400 and 720 nm by 

dividing the blackbody curve by the relative response curve.  
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Figure 2.10 (─) theoretical 3200 K blackbody intensity distribution, (─) response of 
QICAM+visible-VariSpec(LCTF) to a blackbody emitter at 3200 K, (─) A sensitivity correction 
factor based on these curves (on logarithmic scale). 
 

The sensitivity is relatively flat in the range 500 - 650 nm, but there is significant 

attenuation of light intensity of the QICAM+visible-VariSpec(LCTF) imaging system 

in the blue region and in the far red. Thus the correction function increases to a value 

of 200 at 400 nm and a value of 10 at 720 nm. The attenuation of light in the blue 

region is a combination of low throughput by the visible-VariSpec(LCTF) and low 

quantum efficiency of the QICAM CCD. The throughput of the visible-

VariSpec(LCTF) is higher in the near infra-red but the quantum efficiency of the 

QICAM CCD is low in this region. The consequence of this response with wavelength 

is that the camera requires very different exposure times for the blue, green and red 

regions respectively.  

2.5.2.2 Wavelength convolution of the QICAM+visible-VariSpec(LCTF) 

The wavelength convolution of the QICAM+visible-VariSpec(LCTF) imaging system 

was measured by imaging a target illuminated by a mercury-argon wavelength 

calibration light source. The raw data was scaled using the correction factor calculated 

in Section 2.5.2.1. A comparison of the wavelength response of the QICAM+visible-

VariSpec(LCTF) imaging system and the response of a spectrophotometer with 

resolution 0.5 nm is shown in Figure 2.11. 
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Figure 2.11 (─) Output of mercury-argon source as measured by a spectrophotometer with 0.5 nm 
bandwidth, (─) Uncorrected response from QICAM+visible-VariSpec(LCTF) imaging system, (---
) Corrected response of QICAM+visible-VariSpec(LCTF) imaging system. All spectra have been 
normalised to a value of 1 at 546 nm. 
 
The response is more broadened in the green and red parts of the spectrum and this is 

consistent with the bandpass of the visible-VariSpec(LCTF) being higher in the red 

part of the spectrum. This broadening can be corrected by applying a deconvolution 

function in the spectral domain. However this was not done in this research since it is 

not possible to selectively deconvolute the analyte signal over the background signal. 

The increased broadening seen in the red region (FWHM > 20 nm) means that if the 

visible-VariSpec(LCTF) were used there is no increased advantage in having analytes 

with spectral bandwidths less than 10 nm. 

2.5.2.3 Factors contributing to spatial non-uniformity of the imaging 

systems 

Spatial non-uniformity factors were only characterised using the QICAM. All of the 

images shown in Figure 2.12 have been contrast adjusted so that the spatial variation 

can be visualised. The stated magnitude of the non-uniformity is determined from the 

deviation of the brightness of the pixels in each image from the image mean. The fixed 

pattern noise and the photo response non-uniformity will vary with camera, while the 

later artefacts (shown in Figure 2.12c-h) are more dependent on the wavelength 

selection devices in front of the camera. The reference image (Figure 2.12f) of a piece 

of clean white paper taken under very diffuse lighting conditions had a mean 
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brightness of 601 and a standard deviation of 58 or 9.6%. The variability shown in the 

reference image is due to slight non-uniformity of the illumination. 

Fixed pattern noise 

The non-uniformity from fixed pattern noise (FPN) was determined using an image 

taken under dark conditions for 30 s at a camera gain of 1 (Figure 2.12a). The average 

pixel brightness in the initial image was 23 with a standard deviation of 3 (13%). 

Unless very long exposure times are to be used, as might be the case when trying to 

image small amounts of fluorescent pigment from a treated fingermark, then the 

contribution to noise from FPN is not likely to be significant.  

Photo response non-uniformity 

The non-uniformity caused by photo response non-uniformity (PRNU) was determined 

with the lens removed with an exposure time of 5 ms, at a gain of 1 Figure 2.12b. The 

average brightness of this image was 602 with a standard deviation of 11 or 1.8%. 

(The dark noise for this exposure time is 18 ± 1). The contrast has been increased in 

Figure 2.12b to emphasise the PRNU.  

Angle of incidence and degradation of interference filters 

Images taken with the visible-VariSpec(LCTF) at half angles of acceptance of 23.20o 

and 9.46o illustrate the distortion effect caused by having an incidence angle 

significantly greater than 7.5o. The images were of a uniform surface with uniform 

lighting. Figure 2.12c shows a contrast adjusted result of a two wavelength ratio (415 

nm / 435 nm ) at an angle of acceptance of 23.20o. The original ratio image has a mean 

brightness of 1.035 with s.d of 0.12 or 11.59%. Image 2.12d shows a contrast adjusted 

two wavelength division (415 nm / 435 nm) at an angle of acceptance of 9.46o. The 

mean of the original image is 0.995 with a standard deviation of 0.02 or 2%. These 

results suggest that if the angle of acceptance exceeds the recommended angle of 7.5o 

by a significant amount, then spatial non-uniformities are introduced which are 

enhanced upon image ratioing because the effects are wavelength dependent.  

 

Figure 2.12e shows a contrast adjusted ratio of a non-filtered image to an image of a 

uniformly illuminated piece of white paper using a 440 nm bandpass filter that showed 

some degradation near its edges. The original ratio image has a mean brightness of 
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0.987 and a standard deviation of 0.132 or 13.4% The degradation of the filter 

introduces artefacts into the images which are not easily seen in single wavelength 

images but become apparent when image ratioing is performed.  

Mis-registration 

The mis-registration of the images from the filter wheel was assessed by measuring the 

coordinates of pixels within the images taken with a filter, and comparing them to the 

coordinates from a reference image taken without a filter. The difference between the 

reference pixel coordinates and the sample image coordinates ranged between ± 1.0 to 

± 50.0 pixels. The magnitude and sign of the differences were not consistent across the 

images, which indicated the misalignment was a combination of translation, rotation 

and scale. An image ratio of a unfiltered image to a 415 nm filtered image before 

registration is shown in Figure 2.12g. Figure 2.12h shows the same ratio image after 

image alignment has been performed in V++ combined with MatLab. The non-aligned 

ratio image shows significant artefacts in the form of shadowing where the edges are 

misaligned. These artefacts are reduced significantly after the image alignment 

procedure has been carried out. 
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Figure 2.12 Contributions to image non-uniformity from different sources. All images have been 
contrast adjusted to enhance variation in the original image: a) Fixed pattern noise, b) Photo 
response non-uniformity, c) 415 / 435 nm image with half angle of acceptance 23o, d) 415 / 435 nm 
image with half angle of acceptance 9o, e) Degraded 440 nm bandpass filter, f) Reference Image, g) 
415 / 435 nm image effect from non-registration of images, h) 415 / 435 nm image after 
registration procedure has been applied. 
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Chromatic aberration 

The chromatic aberration was assessed by imaging a photographic rule between 450 

nm and 400 nm at five different aperture settings. The camera was initially focused 

upon the rule at 450 nm for each aperture setting, then an image cube was taken from 

450 nm to 400 nm. The effect of chromatic aberration is strongest in the blue part of 

the spectrum and is worst for large apertures. At an aperture of 1.4 there was 

significant loss in focus as the wavelength moved from 450 nm to 400 nm, while at 

aperture 8 the image maintained good focus from 450 nm to 400 nm. If imaging is 

required in the far blue, as is the case for imaging blood, a high aperture value (small 

aperture) will be required to maintain focus. This will have the result of increasing the 

integration times in order to achieve a good exposure.  

 

 
Figure 2.13 Images showing loss of focus at short wavelengths due to chromatic aberration at two 
aperture settings, using the QICAM+visible-VariSpec(LCTF) imaging system (25 mm lens) at a 
distance of 20 cm approximately. 
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2.5.2.4 Exposure consistency 

The repeatability of the QICAM camera between multiple exposures for a given 

exposure time and illumination source and level was examined. 
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Figure 2.14 Variation in exposure consistency for varying exposure times and mean brightness 
levels  for the 10-bit QICAM using the Polilight® for illumination.  
 

It was found that exposure times below 50 ms had high standard deviations especially 

at high mean exposure (ADU) levels when the Polilight® was used for illumination. 

This is probably due to the output intensity of the Polilight® varying due to its 50 Hz 

AC power supply. Repeating the experiment using a tungsten halogen source (Ocean 

Optics) with a regulated DC power supply showed significantly less variation at the 

shorter exposure times with relative standard deviations under 1% for all exposure 

times and mean exposure levels tested. The large variation in exposure level at short 

exposure times when using the Polilight® light source is important to consider if image 

ratioing is required such as when performing a (-log(1/R)) calculation. Either the 

exposure times must be kept above about 100 ms or if short exposure times are 

required, a light source with a regulated power supply must be used. 
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2.5.2.5 Light source measurements 

The relative spectral outputs of four light sources were measured using a fiber optic 

spectrophotometer (0.5 nm resolution) which had been calibrated using a tungsten 

halogen light source of approximately 3200 K colour temperature. The spectral outputs 

have been scaled to fit on the same axis. 
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Figure 2.15 Relative spectral output of light sources investigated in this study: (─) xenon, (─) 
fluorescent, (─) metal halide, (─) tungsten halogen 

Tungsten halogen (1000 W) 

The tungsten halogen light source provided most of its light in the near infrared as was 

expected. This light source provided very little light in the far blue despite its high 

power output. In addition it produced significant amounts of heat which made it 

impractical as a light source for our application. 

Metal Halide 

The metal halide light source provided most of its light in the visible region with 

significant peaks in the blue region. This light source required a heavy ballast to ignite 

and run the bulb which is somewhat impractical because the lamp cannot be turned on 

and off quickly. There was a relatively small amount of heat generated from the bulb 

compared to the tungsten halogen source.  
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Fluorescent 

The blue fluorescent lamp was evaluated for its ability to provide significant amounts 

of blue light which is required for blood imaging. The lamp has a significant output 

peak at approximately 420 nm with a FWHM of about 40 nm which is matched to the 

absorbance peak for blood. A disadvantage to this light source is that the bulb is a long 

round cylinder which makes focusing the light difficult. 

Xenon 

The xenon light source (Polilight®) provides a relatively high amount of light in the 

visible region including the far blue. The liquid light guide with focusing lens also 

allowed the output from the Polilight® to be concentrated to a small area which was a 

significant advantage of the Polilight®. 

2.5.2.6 Evaluation of the auto exposure procedure 

The accuracy of the auto exposure procedure was tested by imaging a piece of white 

A4 printer paper using the QICAM+visible-VariSpec(LCTF) imaging system at 550 

nm and using the Polilight® for illumination. The auto exposure procedure was 

evaluated at four target brightness levels and at three tolerance levels. For each target 

brightness/tolerance combination, ten runs were performed under identical conditions. 

The initial exposure time for each run was 10 ms. Table 2.2 shows the average number 

of iterations taken to produce an image within the desired tolerance and also the mean 

deviation of the brightness of the final image from the desired brightness expressed as 

a percentage.  
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1% tolerance 5% tolerance 10% tolerance 

Target brightness 100 ADU 
Average exposure time  15 ms 

% over exposed pixels 0% 
{5.2} (0.97%) {3.3} (4.32%) {3.2} (6.89%) 

 Target brightness 200 ADU  
Average exposure time  33 ms 

% over exposed pixels 0% 
{3.3} (0.95%) {2.6} (3.36%) {1.2} (3.58%) 

Target brightness 400 ADU 
Average exposure time  65 ms 

% over exposed pixels 0% 
{2.2} (0.85%) {1.5} (2.25%) {1.2} (2.36%) 

 Target brightness 600 ADU 
Average exposure time 102 ms 

% over exposed pixels 0.5% 
{2.2} (0.77%) {1.9} (2.36%) {1.4} (3.01%) 

Target brightness  800 ADU 
Average exposure time 130 ms 

% over exposed pixels 15% 
{8.6} (0.89%) {5.5} (4.25%) {4.9} (7.89%) 

 
Table 2.2 Table showing the number of iterations taken to reach the target brightness, and 
percentage deviation of the actual brightness from the target brightness. In curly brackets, the 
average number of iterations taken to reach the target brightness level, in curved brackets, the 
average percentage deviation of the actual brightness to the target brightness.  The number of 
repeats for each experiment was ten. 
 
As the percentage tolerance increased from 1% to 10%, the number of iterations 

required to reach the desired brightness decreased as was expected. When the desired 

exposure was set to a medium value (400 to 600 ADU) the autoexposure procedure 

required on average about 2-3 iterations to reach the desired brightness. For a low 

desired ADU, however, the number of iterations increased. The reason for this is most 

likely because the low desired ADU required very short exposure times (for an ADU 

100 the exposure times were 15 ms approximately) which have greater variability in 

image brightness when the Polilight® is used for illumination as discussed in Section 

2.5.2.4. This would affect the accuracy of the autoexposure calculation and increase 

the number of iterations required to reach the desired brightness. The number of 

iterations also increased when the desired average brightness was set to a high ADU. 

This was because as the average ADU increases, the number of saturated pixels 

increases and this causes a deviation from linearity between image brightness and light 

intensity and therefore the auto exposure calculation loses accuracy. For a target 

brightness of 800 ADU, approximately 15% of the pixels were overexposed. 
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2.5.3 Limit of detection towards blood 
The limit of detection of the QICAM and Canon D30 cameras towards blood in 

transmittance mode was determined by imaging a series of blood dilutions held in Petri 

dishes (solution depth 8 mm) placed on top of a glass photography table and measuring 

the absorbance of the individual solutions by appropriate processing of the acquired 

images. Plots of absorbance vs hemoglobin concentration (in mg L-1) were used to 

determine the limits of detection of blood in transmittance mode. The plot for the 

QICAM is shown in Figure 2.16. The limit of detection of the QICAM, Canon D30 

and other cameras towards blood in reflectance mode was determined by measuring 

the reflectance of individual pieces of filter paper that had been soaking in varying 

dilutions of blood. A plot of ( )
∞

∞−
r
r

2
1 2

 vs concentration (in mg cm-2 ) hemoglobin was 

used to determine the limit of detection of blood in reflectance mode.  The regression 

tool in Microsoft Excel© was used to calculate the upper 95% confidence level for the 

intercept of each plot as an estimate of the critical level of absorbance or Kulbelk-

Munk function where there is less than a 5% probability of a false positive. A 

confidence level for the concentration corresponding to the critical level was calculated 

using: 

( )
( )∑ −

+
++±= −

22

205.0
2 11.

rangeconfidence
xxb

yy
nmb

st sn   2.15 

 

where 
b

stn .05.0
2− is the Student’s t value for n-2 degrees of freedom at the probability level 

of 0.05, m = 1, n is the number of measurements defining the line, b is the slope of the 

line, a is the intercept, s is the standard error, y  is the absorbance mean, and x  is the 

mean concentration and the summation is over the points defining the line. The upper 

confidence limit of this range was used to estimate the limit of detection.  
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Figure 2.16 Absorbance vs hemoglobin concentration for transmittance experiments using the 
QICAM 
 

The limit of detection towards haemoglobin for the QICAM was 18.7 mg L-1, and the 

limit of detection for the D30 was 28.9 mg L-1 for the 8 mm path length solutions, 

which corresponds to a limit of detection of 6500 and 4200 times blood dilution 

respectively.  

The dilution level of blood was converted to mg cm-2 hemoglobin on filter paper. This 

calculation was based on the determination of the haemoglobin mass concentration on 

pieces of filter paper soaked in 5x, 10x, and 20x diluted blood, as summarised in Table 

2.3. 

121.5 g L-1 (heme in wet 
blood) 
1022 g L-1 (wet blood density) 
0.22 (fraction of blood solid in 
wet blood) 

5 x dilution  
 
Relative 
concentration 
(1) 

10 x dilution 
 
Relative 
concentration  
(0.5) 

20 x dilution 
 
Relative 
concentration  
(0.25) 

Mass of dry filter paper (mg) 140.3 141.2 144.8 
Mass of wet filter paper (mg) 142.7 142.4 145.5 
Mass of dry blood on filter 
paper (mg) 2.4 1.2 0.7 

Mass of haemoglobin on filter 
paper (mg) 2.04 1.02 0.60 

Mass of haemoglobin per cm2 
(mg cm-2) 0.14 0.07 0.04 

 
Table 2.3 Calculation of mass of hemoglobin on filter paper used to generate calibration graph in 
Figure 2.17 
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These results were then used to prepare a plot of relative concentration of blood vs 

concentration hemoglobin Figure 2.17. Values of mg cm-2 hemoglobin for the filter 

paper samples used in the limit of detection experiment were determined from this plot 

using a best fit line which passed through (0,0). 
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Figure 2.17 Plot relating relative concentration of blood in solution to concentration of 
hemoglobin in mg cm-2 on filter paper soaked in blood. 
 
 

The limit of detection in reflectance mode was calculated from a plot of ( )
∞

∞−
r
r

2
1 2

 vs 

mg cm-2 hemoglobin Figure 2.18.  
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Figure 2.18 Absorbance vs hemoglobin concentration for reflectance experiments using the 
QICAM 
 

The critical level was 0.002 mg cm-2 and the limit of detection for the QICAM was 

0.0060 mg cm-2 and the value for the D30 was 0.023 mg cm-2. 

 

 

Limit of detection 
transmittance 

mg L-1 
8 mm path length 

Limit of 
detection 

reflectance 
mg cm-2 

QImaging 
QICAM 28.9 0.0060 

QImaging 
Intensified Retiga  0.0062 

QImaging 
Rolera  0.0061 

Canon 
D30 56.3 0.0231 

Imaging Source 
DMK 21F04  0.0355 

Basler 
A301FC  0.0302 

             
Table 2.4 Limits of detection towards hemoglobin in transmittance mode and reflectance mode for 
the cameras available during this study. 
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The limit of detection for the other cameras available during this study are shown in 

Table 2.4. The limits of detection of the QImaging cameras were similar, however the 

limit of detection of the Imaging Source and Basler cameras were higher. These 

cameras have higher noise and poorer sensitivity parameters (Table 2.1) which could 

lead to a higher limit of detection for these cameras.  

 

2.6 Conclusions and overall evaluation 

Two imaging systems comprised of an LCTF and camera, and a filter wheel and 

camera, were constructed and evaluated. The imaging systems are controlled via a 

graphical user interface. The performance of the cameras used was evaluated using a 

photon transfer curve at 415 nm and was found to agree with the manufacturer’s 

specifications.  

 

Several issues which caused spatial non-uniformities to appear in images were 

identified. Some of these were exacerbated upon performing image operations such as 

division. In particular, images captured with the visible-VariSpec(LCTF) where the 

half angle of acceptance exceeded 7.5o by a significant amount displayed brightness 

non-uniformities which became enhanced when the image was divided by another 

image of a different wavelength. As most imaging conditions used in this study would 

involve exceeding a 7.5o half angle through the VariSpec, this was a potential concern. 

However the magnitude of these non-uniformities meant they were not detrimental to 

the interpretation of the images as required for our application. This is partly because 

our imaging targets have significant brightness variations that dominate over the other 

contributors to brightness non-uniformity. However, in situations where low 

concentrations of analyte are being imaged and require an increased contrast 

adjustment to visualise, these non-uniformities may lead to difficulties in interpreting 

the images. Similar issues were noted when interference filters which had degraded 

were used. 

 

The limit of detection for blood using single wavelength imaging for the main imaging 

system used were 18.7 mg L-1 hemoglobin for a 8 mm path length in transmittance 

mode and 0.006 mg cm-2 hemoglobin on filter paper in reflectance mode. These 
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corresponded to blood dilutions of 6500 and 2100 times respectively. These limits are 

controlled by factors such as read noise and sensitivity.  

 

These results showed that the camera and wavelength selection systems were 

performing within expected parameters, and so they were then used for the 

applications discussed later in this thesis. 
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3 Materials and methods 

This chapter discusses the preparation, chemical enhancement, and spectral imaging of 

the fingermarks and blood shoemarks investigated during this study. The imaging 

system used for the majority of this work was the QICAM+visible-VariSpec(LCTF) 

discussed in Chapter 2. 

 

3.1 Materials and reagents  

3.1.1 Chemicals used 
Basic yellow (Lighting Powder Company), benzo(f)ninhydrin (Fluka), cadmium 

chloride 2½H2O (BDH), crystal violet (BDH), 1-8 diazafluoren-9-one (Lumichem), 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (Merck), europium(III) chloride 

hexahydrate (99.9%, Aldrich), 1,1,1,5,5,5-hexafluoro-acetylacetone (99.0%, Acros), 

leucocrystal violet (Aldrich), leucomalachite green (Aldrich), Na2(EDTA.2H2O) 

(Scientific  Supplies), neodymium chloride hexahydrate (99.90%, Acros), Hungarian 

Red (Bureau voor Dactyloscopische Artikelen), ninhydrin (AppliChem),  

1,10-phenanthroline hydrate (Scientific Supplies), potassium ferricyanide (BHD), 

Rhodamine 6G (Riedel-deHaën), samarium(III) nitrate hexahydrate (99.9% Acros),  

5-sulfosalicylic acid (Riedel-deHaën), terbium(III) chloride hexahydrate (99.9%, 

Aldrich), thenoyltrifluoroacetone (Aldrich, 99.0%), zinc chloride anhydrous (BDH), 

HFE7100 (3M), chromatography paper: (Whatman 4, 92 g m-2, thickness 0.2 mm,  

47 x 56 cm). 

 

3.1.2 Bovine blood 
Bovine blood was collected from a local meat processing plant (Auckland Meat 

Processors, Auckland) in a 2 L Schott bottle containing 5 g Na2EDTA.2H2O to prevent 

coagulation. The hemoglobin concentration as determined by a standard method for 

human hemoglobin quantification (116) was 121.5 g L-1. The molar absorptivity of 

cyanomethemoglobin derived from bovine hemoglobin has been found to be 

comparable to cyanomethemoglobin derived from human hemoglobin (117), hence 

this method is acceptable for bovine hemoglobin quantification. Methemoglobin was 

prepared in a manner analogous to Zijlstra (118). Blood was first diluted 100 times by 

taking 1 mL blood and making up to 100 mL with water. This solution was diluted 10 

times in a volumetric flask with a 1 x 10-3 mol L-1 aqueous solution of K3Fe(CN)6 
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giving a 1000 times diluted blood solution. The volumetric flask was inverted several 

times to ensure complete formation of methemoglobin, then left for approximately  

30 min before obtaining a UV-vis spectrum. 

 

3.1.3 Preparation of Ruhemann’s  Purple complexes and selected metal 
derivatives 

Ruhemann’s Purple (ninhydrin) and Ruhemann’s Purple (benzo(f)ninhydrin) were 

synthesised by a method analogous to Lennard (119) which is a simplification of the 

method proposed by Moore and Stein (120). The metal complexes of Ruhemann’s 

Purple were prepared in an analogous method to Lennard (121). The nomenclature for 

the Ruhemann’s Purple complexes is adapted from Menzel (122).  

 

Ruhemann’s Purple (ninhydrin), RP(nin) 

Ninhydrin 100 mg (0.56 mmol) and L-alanine 30 mg (0.33 mmol) were refluxed in 

ethanol (20 mL) for 1 h. The reaction mixture was transferred to a 25 mL volumetric 

flask and made up to volume with ethanol to give a RP(nin) concentration of  

1.32 x 10-2 mol L-1 assuming a complete reaction. This solution was then diluted 300 

times to give a RP(nin) concentration of 4.4 x 10-5 mol L-1 prior to obtaining a UV-vis 

absorbance spectrum. 

 

Ruhemann’s Purple (Benzo(f)ninhydrin), RP(benzo(f)nin) 

Attempts to prepare RP(benzo(f)nin) at 80o C resulted in a brown product being 

formed so the temperature of the reaction was reduced to 40o C. Benzo(f)ninhydrin 10 

mg (0.04 mmol) and L-alanine 2.5 mg (0.03) mmol) were heated in ethanol (20 mL) 

for 1 h at 40o C. The reaction mixture was transferred to a 25 mL volumetric flask and 

made up to volume with ethanol giving a RP(benzo(f)nin) concentration of 1.2 x 10-3 

mol L-1 assuming a complete reaction. The solution was diluted 30 times with ethanol 

to give a RP(benzo(f)nin) concentration of 4.0 x 10-5 mol L-1 prior to obtaining a  

UV-vis absorbance spectrum.  

 

Metal derivatives 

Solutions of zinc chloride or cadmium chloride (both 5.0 x 10-5 mol L-1) were prepared 

in ethanol. The zinc and cadmium complexes of Ruhemann’s Purple were obtained by 

mixing equal volumes of the diluted Ruhemann’s Purple solutions with the zinc 
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chloride or cadmium chloride solutions and stirring at room temperature in a beaker  

for 1 h. This gave concentrations of Zn-RP(nin) and Zn-RP(benzo(f)nin) of  

2.2 x 10-5 mol L-1 and Cd-RP(nin) and Cd-RP(benzo(f)nin) of 2.0 x 10-5 mol L-1 

respectively assuming complete reaction. These solutions were used to acquire UV-vis 

absorbance spectra.  

 

3.1.4 Preparation of 9-(1,8-diazafluoren-9-ylidene)amino-1,8-
diazafluorene (DFYADF)  

DFO (0.05 g, 0.275 mmol), and L-alanine (0.012 g, 0.138 mmol) in 100:1 

ethanol:acetic acid (45 mL) was refluxed for 1 h. The solution was then transferred to a 

50 mL volumetric flask and made up to volume with ethanol to give a solution of 

DFYADF of 1.32 x 10-2 mol L-1 assuming complete reaction. This solution was diluted 

100 times with ethanol giving a DFYADF concentration of 1.32 x 10-4 mol L-1 prior to 

acquiring a UV-vis absorbance spectrum. 

 

3.1.5 Preparation of malachite green 
Malachite green was obtained by oxidation of leucomalachite green with  

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (123). Leucomalachite green  

(50 mg, 0.15 mmol) and DDQ (68 mg, 0.3 mmol) were stirred in acetonitrile (30 mL) 

for 1 h then the solution was transferred to a 50 mL volumetric flask and made up to 

volume with acetonitrile. This gave a concentration of malachite green of  

3 x 10-3 mol L-1 assuming complete reaction. The solution was diluted 10,000 times 

with ethanol to give a malachite green concentration of 3 x 10-7 mol L-1 prior to 

obtaining a UV-vis absorbance spectrum. 

 

3.1.6  Synthesis of lanthanide complexes 
Lanthanide complexes were prepared by a method analogous to Melby (124). The 

lanthanide salts used had a purity of at least 99.9%. In each case the lanthanide was 

added as the LnCl3.6H2O salt, except for samarium, which was added as 

Sm(NO3)3.6H2O. 
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3.1.6.1 Tris(4,4,4-trifluoro-1-(2-thienyl)-1,3-butanediono)aquo-

lanthanide(III): lanthanide = Eu3+, Sm3+, Nd3+ 

Thenoyltrifluoroacetone (1.33 g, 6 mmol) was dissolved in 95% ethanol (20 mL) at  

40o C. Aqueous solutions of Ln3+ (2 mmol, 5 mL) and NaOH (6 mL, 1 mol L-1) were 

then added concurrently (dropwise) to the ethanol solution while stirring. The pH of 

the solution was monitored with a pH meter and was kept below 7 and above 5 by 

addition of the lanthanide solution or hydroxide solution respectively (to encourage 

formation of the lanthanide complex and prevent formation of the lanthanide 

hydroxide species). Deionised water (100 mL) was added, then the mixture was heated 

for 1 h at 60o C and then cooled to room temperature. The solid precipitate was 

collected and recrystallized from toluene. The yields for the three lanthanide 

compounds were: Eu(TTA)3.2H2O 61%, Sm(TTA)3.2H2O 66%, Nd(TTA)3.2H2O 71%. 

 

3.1.6.2 Tris(4,4,4-trifluoro-1-(2-thienyl)-1,3-butanediono) 

monophenanthroline-lanthanide(III): lanthanide = Eu3+, Sm3+, Nd3+ 

Ln(TTA)3.2H2O (1 mmol) was dissolved in ethanol (30 mL)  at 65o C and  

1,10-phenanthroline (1 mmol) was then added. A milky suspension formed almost 

immediately and the solution was then left to cool to room temperature with stirring. 

The solid precipitate was filtered and recrystallized from 95% ethanol. The yields for 

the three lanthanide compounds were: Eu(TTA)3.2H2O 85%, Sm(TTA)3.2H2O 71%, 

Nd(TTA)3.2H2O 91%. 

 

3.1.6.3 Tris(propane-1-3-diono)( monophenanthroline)- terbium(III) 

Acetylacetone (0.6 g, 6 mmol) and 1,10-phenanthroline (0.4 g, 2 mmol) were 

dissolved in ethanol (40 mL) at 40o C. Aqueous solutions of TbCl3.6H2O  

(2 mmol, 5 mL) and NaOH (6 mL, 1 mol L-1) were then added concurrently (dropwise) 

to the ethanol solution while stirring. The mixture then left to cool with stirring and the 

solid was collected and recrystallised from 95% ethanol. 
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The four 1,10-phenanthroline-containing lanthanide compounds were further 

recrystallised from ethanol:water, dried under vacuum with P2O5 and submitted for 

elemental analysis to the Campbell Microanalytical Laboratory, University of Otago. 

 C calculated H calculated N calculated S calculated 

 C found H found N found S found 
43.42 2.02 2.81 9.66 Eu(TTA)3.phen 
43.60 2.05 2.94 9.66 
50.24 4.68 4.34  Tb(acac)3.phen 

(1/2 H2O) 50.15 4.69 4.40  
43.50 2.02 2.81 9.67 Sm(TTA)3.phen 
43.45 2.04 2.95 9.40 
43.76 2.04 2.83 9.73 Nd(TTA)3.phen 
43.78 2.01 2.89 9.89 

Table 3.1 Calculated and measured elemental data for the Ln(β-diketonate)3.phen complexes. 
 

3.1.7 Enhancement reagent formulations 
Solutions of the standard enhancement reagents were prepared according to literature 

methods (Table 3.2). A detailed description of the formulations can be found in 

Appendix one. 

 

Reagent Reference 
Leuco crystal violet (41) 

Leuco malachite green (125) 
Hungarian red BVDA 

Ninhydrin (126) 
Benzo(f)Ninhydrin (127) 

Zinc, Cadmium post spray for 
ninhydrin treated fingermarks 

(126) 

DFO (126) 
Basic Yellow (126) 

Rhodamine 6G (126) 
Eu(TTA)3.phen (128) 

Sm(TTA)3.phen 
Nd(TTA)3.phen 

1 g dissolved in 20 mL warm MEK, then made up to 
100 mL with 60:40 propanol:acetonitrile. 

Table 3.2 Enhancement reagent formulations used in this study. 
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3.2 Spectral characterisation 

 

3.2.1 UV-vis solution absorbance spectra 
All solution UV-vis absorption spectra were acquired with a Perkin Elmer Lambda 35 

UV-visible spectrophotometer using 1 cm quartz cuvettes.  

 

3.2.2 UV-vis solid state spectra 
All solid state UV-vis reflectance spectra were acquired with an S2000 Ocean Optics 

fibre optic spectrophotometer with a reflectance probe attachment. The light source 

was an LS-1 tungsten halogen lamp. A Labsphere® certified reflectance standard was 

used as the reflectance blank. This spectrophotometer has a 12-bit 2048 pixel linear 

CCD detector, with a range of 176 nm – 880 nm and 0.5 nm resolution. 

 

3.2.3 UV-vis solution fluorescence spectra 
All fluorescence spectra were taken with a Perkin Elmer LS 55 luminescence 

spectrometer using 1 cm quartz cuvettes. 

 

3.2.4 UV-vis solid state fluorescence spectra 
Unless otherwise stated, all solid state fluorescence spectra were acquired using the 

QICAM+visible-VariSpec(LCTF) imaging system described in Chapter 2. Samples of 

dye solutions were either pipetted onto filter paper or absorbed into a cyanoacrylate 

fingermark. A Polilight® was used for illumination. Fingermarks were deposited on 

glass microscope slides, fumed with cyanoacrylate, and then stained with the dye 

under investigation. A fluorescence image cube with a wavelength increment of 1 nm 

was acquired of the sample. V++ was used to measure the brightness through the image 

cube of a selection of pixels (>1000) from the area in the image comprising the analyte 

using the VPascal© ‘Extract spectrum from image cube’ procedure, Figure 3.1. After 

the region of interest had been selected and the start and end wavelengths had been 

entered, the procedure automatically measured the brightness values (ADU) for the 

same selection of pixels for each wavelength in the image cube, and imported the data 

into Microsoft Excel© for further analysis. 
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Figure 3.1 VPascal© algorithm for measuring spectra from an image cube. 
 

3.3 Methods of sample preparation and chemical 

enhancement 

3.3.1 Latent blood shoemark sample preparation 
A pair of sports shoes (Adidas®) were used to create bloody shoemark impressions. 

Reference shoeprints for the shoes used are in Appendix two. In most cases blood was 

diluted with deionised (Milli-Q®) water. A 1 mL aliquot of blood or diluted blood was 

pipetted onto the sole of the shoe and was spread evenly over the surface using a clean 

artists brush. The shoe was left with the sole facing upwards for about 5 min to allow 

the blood to become slightly tacky. The shoe was then put on and a slow step was 

made onto the substrate under investigation. 

 

3.3.2 Blood shoemark sample treatment with leuco crystal violet and 
leuco malachite green. 

The working solutions of LCV and LMG were placed into two 25 mL conical flask 

with a Quickfit spray adaptor and the adaptor was connected to a low pressure air or 

nitrogen supply using a piece of rubber hose. The spray head was kept approximately 

40 cm from the shoemark impression and was swept across the shoemark for 

approximately 5 s. Shoemarks treated with LCV or LMG were left for approximately 

30 min to fully develop before imaging.  

 

Procedure ‘Extract spectrum from image cube’ 
 
User generates a ROI around the section of the n- frame image containing 
the analyte and specifies the start and end wavelengths for the n-frame 
sample cube by entering the values into a text field. 
 
Initiate communication with Excel© 

Create empty sheet in Excel© 

n = 1 
Repeat 
Measure average brightness in ROI in frame n. 
Send wavelength to ‘column one’ ‘row n’ in Excel© 
Send brightness value to ‘column two’ ‘row n’ Excel©. 
n = n + 1 
Until all frames have been processed. 
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3.3.3 Blood shoemark sample treatment using acid fuchsin (Hungarian 
Red) 

Shoemarks were fixed using a 2% aqueous 5-sulfosalicylic acid solution prior to 

treatment with Hungarian Red. First, the edge of a piece of Whatman 4 

chromatography paper was dampened with the fixing solution and placed on the 

substrate surface near (but not touching) the shoemark. The rest of the chromatography 

paper was then gently laid over the shoemark and then fully dampened with the fixing 

solution. The chromatography paper was left covering the shoemark for about 20 min 

after which it was lifted away. Hungarian Red solution was pipetted onto the substrate 

until it covered the shoemark, then it was left covering the shoemark for about 20 min 

after which the unbound Hungarian Red was washed away under running water. The 

stained shoemark was left until fully dried.  

 

3.3.4  Deposition of fingermarks on porous surfaces 
An analogous method to that suggested by Wallace-Kunkel (129) was used to produce 

fingermarks on paper. A solution of L-alanine (1 x 10-3 mol L-1) in water was prepared. 

To produce a fingermark, a finger was cleaned with soap and water and then wiped 

with a cloth which had been dampened with ethanol. The L-alanine solution, 100 µL, 

was pipetted onto a forefinger using an Eppendorf pipette. The thumb and forefinger 

were rubbed together to spread the L-alanine then the finger (or thumb) was pressed 

onto the surface under investigation. 

 

The repeatability of this fingermark deposition method was determined by placing ten 

L-alanine fingermarks on separate pieces of copier paper (80 g m-2) and treating the 

fingermarks with ninhydrin. Reflectance images of the fingermarks were acquired at 

580 nm using the QICAM+visible-VariSpec(LCTF) imaging system. The sample 

images were divided by a reference image obtained using a blank piece of copier 

paper. The average brightness of a selection of 100 x 100 pixels from the centre of the 

fingermark pattern in each of the resulting images was measured with V++. The same 

area of the fingermark pattern and the same number of pixels were used for each 

image.  
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3.3.5 Treatment of fingermarks on porous surfaces: ninhydrin, 
benzo(f)ninhydrin, DFO 

The working solution of the enhancement reagent under investigation was poured into 

a large glass petri dish (20 cm diameter). The substrate was immersed in this solution 

and the petri dish was gently agitated for a period of 30 s. The substrate was air dried 

for 5 min and then placed in an oven at 80o C for 10 min. The substrate was removed 

from the oven and left for 1 h at room temperature before imaging. Fingermarks 

treated with ninhydrin or benzo(f)ninhydrin were in some cases subsequently treated 

with a metal salt. 

 

Metal Treatment of Ruhemann’s Purple (ninhydrin) and Ruhemann’s Purple 

(benzo(f)ninhydrin) 

Zinc or cadmium working solutions were placed in a 25 mL Quickfit conical flask with 

a Quickfit spray adaptor connected to a low pressure air or nitrogen outlet. The 

substrate was sprayed with the zinc or cadmium solution using a sweeping motion for 

10 s. The fingermarks were left to dry for 1 h before imaging. 

 

3.3.6 Deposition of fingermarks on non-porous surfaces 
 

A number of factors influence the degree to which fingermarks on non-porous surfaces 

are developed by cyanoacrylate fuming (130, 131). An analogous method for 

fingermark deposition to that used in Section 3.3.4 could not be employed, so it was 

more difficult to generate repeatable fingermarks on non-porous surfaces. Each 

substrate was cleaned before fingermark deposition by rubbing the surface with a cloth 

that had been dampened with ethanol. “Strong” fingermarks were deposited by rubbing 

the forehead with a finger and pressing onto the surface under investigation. To obtain 

“weak” fingermark depositions, the finger was first pressed several times on a clean 

glass plate without re-rubbing the forehead and then pressed down upon the substrate 

under investigation. The fingermarks were judged to be “weak” when it became 

difficult to see fingermark material on the glass plate. This usually required 8 to 10 

fingermarks to be applied to the plate before the “weak” sample fingermark was made. 
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3.3.7 Treatment of fingermarks on non porous surfaces: fuming and 
staining 

Fingermarks were fumed in a CyanosafeTM 300 fuming chamber for 18 min at a 

relative humidity of 80%. In some cases the fumed fingermark was cut in half 

following fuming to allow different dyes to be applied to each half. The working 

solution of the dye under investigation was poured into a large glass petri dish (20 cm 

diameter) giving a solution depth of approximately 1 cm. The fumed substrate was 

immersed in the dye solution, and the petri dish was gently agitated for a period of  

1 min, then the substrate was removed, washed under gently running cold water and 

left to dry.  

 

3.4 Methods of data capture 

The following section describes how the imaging systems described in Chapter 2 were 

used to acquire spectral imaging data from the shoemark and fingermark samples. 

Unless otherwise specified, all spectral images were acquired using the 

QICAM+visible-VariSpec(LCTF) imaging system described in Chapter 2. Control of 

the imaging system was achieved through the VPascal© control programs described in 

Section 2.3.2. A Polilight® was used for illumination. 

 

3.4.1 Colour images 
Colour images were taken with a Canon D30 camera, with a 24 - 85 mm zoom lens 

used for shoemarks and a 100 mm macro lens used for fingermarks. The exposure time 

and aperture were set using D30 Remote and images were captured in .crw format and 

saved to a hard drive. The .crw files were converted into 16-bit linear TIFF files using 

Photoshop® CS2 and stored in that format. Documentative colour images were in some 

cases acquired directly as high quality JPEG images using D30 Remote. 

 

3.4.2 Single wavelength reflectance and fluorescence  
Single images at a specified wavelength were captured using the ‘capture single 

image’ procedure discussed in Section 2.3.2.5. Exposure times for reflectance images 

were selected using the auto exposure procedure (Section 2.3.2.7) and exposure times 

for fluorescence images were selected using the ‘exposure times for fluorescence 

images’ procedure (Section 3.4.3.3). 
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3.4.3 Image cube: collection and storage 
In some cases spectral imaging data were collected in the form of an image cube. The 

start, end, and increment wavelengths, and exposure parameters were set in the 

graphical user interface (GUI) described in Section 2.3.2.4. After image capture was 

performed the data was saved automatically as an x,y,z Tiff image where x and y 

represented the width and height of the image in pixels and z represents the number of 

individual wavelength images. The wavelength range and the increment wavelength 

were selected based on the spectrum of the target analyte under investigation. 

 

3.4.3.1 Reflectance mode image cube 

Image cubes captured in reflectance mode were captured using the ‘auto exposure’ 

exposure mode described in Section 2.3.2.6. In most cases, the desired pixel brightness 

level was set to 50% of the maximum brightness afforded by the camera (where for the 

10-bit QICAM the desired brightness was set to 500 ADU). 

 

3.4.3.2 Flatfield correction cube 

A flatfield correction of an image cube was achieved by imaging a uniform white 

substrate under identical conditions of illumination and geometry. In the case of 

shoemark imaging, the reference was a piece of Whatman 4 chromatography paper, 

while for fingermarks on porous substrates the reference was a piece of white copier 

paper (80 g m-2). Image cubes of the reference substrate were acquired using the ‘Get 

from file’ exposure mode so that the exposure time at each wavelength was the same 

as that for the sample image cube. 

 

3.4.3.3 Fluorescence image cube 

Image cubes captured in fluorescence mode were captured using the ‘Constant 

exposure’ exposure mode. The exposure time was determined by setting the VariSpec 

(LCTF) wavelength to the wavelength of maximum emission of the target analyte. 

Single images were acquired at this wavelength and the exposure time was then 

adjusted so that no more than 0.05% of the pixels were overexposed at that 

wavelength. This process was automated in V++ using the VPascal© ‘Exposure time for 
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fluorescence images’ procedure Figure 3.2. The calculated exposure time was then 

used to capture an image cube in constant exposure mode. 

 
Figure 3.2 VPascal© algorithm for selecting the exposure time for fluorescence images 
 

3.5 Methods of data processing 

 

3.5.1 Relative reflectance cube (flatfield corrected cube) 
A relative reflectance cube was produced by dividing a sample image cube by a 

flatfield correction cube. Images in V++ were converted into 32-bit floating point prior 

to image cube division. Once the images had been ratioed, the processed image was 

multiplied by 32000 using the image math tool and then converted into 16-bit integer 

format. Performing the conversion from 16-bit to 32-bit sometimes caused an ‘Out of 

Memory’ error to occur in V++, especially when the number of frames in the image 

cube exceeded 100. A 1036 x 1360 x 100 image in 32-bit floating point mode requires 

approximately 550 Mb of memory which is the likely cause of the error. This issue 

was mitigated by using the ‘Create relative reflectance cube’ procedure described in 

Figure 3.3. 

Procedure ‘Exposure time for fluorescence images’ 
 
User sets the wavelength to the central wavelength and sets an initial shutter 
time. 
Capture Image 
Repeat 
Compute percentage of pixels whose ADU = 1023 (Maximum for 10-bit 
QICAM) 
If percentage is less than 0.05% then  
increase exposure time and capture another image 
 

If percentage is greater than 0.1% then  
decrease exposure time and capture another image 
until percentage of pixels at 1023 ADU is close to 0.05% 
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Figure 3.3 VPascal©  algorithm for creating a relative reflectance cube 
 

3.5.2 Background correction image processing 
In some cases images were subjected to a two or three wavelength background 

correction to remove substrate patterns (2). This process involved identifying a suitable 

‘central wavelength image’ which in most cases was the image taken at the spectral 

peak of the target analyte. Images at a higher or lower wavelength than the central 

wavelength image were then selected. Section 2.3.2.4 describes how a background 

correction was performed using images at three or two wavelengths using the 

VPascal© instrument control programs. The output from the procedures discussed in 

Section 2.3.2.4 was a single background-corrected image.  

 

A series of background-corrected images (a background-corrected image cube) was 

also generated in which each consecutive frame was a single background corrected 

image taken at different wavelength settings. This allowed the user to ‘play through’ 

the images using the image cube ‘sequence toolbar’ in V++. The goal for this operation 

was to achieve an appropriate balance between substrate pattern removal and analyte 

enhancement.  

 

Procedure ‘Create Relative Reflectance Cube’ 
 
Select n-frame Sample Image 
Extract the individual frames 1 to n and save them to a temporary folder. 
Close Sample Image 
Select n-frame Reference Image  
Extract the individual frames 1 to n and save them to a temporary folder. 
Close Reference Image 
Repeat 
Open frame 1 of sample image from temporary folder 
Open frame 1 of reference image from temporary folder 
Convert both images to 32-bit and perform division. 
Multiply image by 32000 then convert processed image to 16 –bit. 
Save processed image to a temporary folder. 
Close processed image. 
Until all frames have been processed. 
Recombine individual processed frames into an image cube. 
Save processed image cube. 
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3.5.2.1 Three wavelength background correction procedure 

A three wavelength background correction image cube was generated by first selecting 

a central wavelength-frame from the image cube of the sample under investigation. In 

most cases the central wavelength image was chosen to match the absorbance 

maximum of the analyte under investigation. The geometric mean of two images at 

wavelengths immediately longer and shorter than the central wavelength was 

calculated and this image was used to divide or was subtracted from the central image. 

Then another set of two images were chosen whose wavelengths were the next longer 

and shorter than the first set, and were treated the same way.  

 

If the original image cube is an n frame image cube with the target analyte having a 

peak absorption at frame λx then the processed image is a 
2

1−n  frame image cube 

where frame m is equal to 
mxmx

x

+− λλ
λ

*  for a reflectance image or 

2
mxmx

x
+− +

−
λλλ  for a fluorescence image.  

The VPascal© procedure for performing this operation is described in Figure 3.4. The 

procedure was initiated by a user button which prompted the user to select the sample 

image and enter the central frame number.  
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Figure 3.4 VPascal© algorithm for producing a three wavelength background corrected image 
cube. 
 

3.5.2.2 Two wavelength background correction procedure 

A two wavelength background correction image cube was generated by first selecting 

a ‘central wavelength image’ in the same way as for a three wavelength correction. 

Then this target wavelength image was divided by a single wavelength image which 

was either one wavelength-frame higher or lower, and this process was repeated for the 

other wavelengths. If the original image cube is an n frame image cube with the target 

analyte having a peak absorption at frame λx, (the middle frame in the image cube), 

then the processed image is a 
2

1−n  frame image cube where frame m is equal to 
mx

x

±λ
λ

 

for a reflectance image cube or ( )mxx ±− λλ  for a fluorescence cube. A two wavelength 

background correction cube was generated using an algorithm analogous to that for a 

three wavelength background cube described in Figure 3.4. 

 

3.5.3 Principal components analysis 
Principal components analysis (PCA) was performed using MultiSpec© (Purdue 

Research Foundation). The number of frames subjected to the PCA was decided prior 

to importing the image cube into MultiSpec© by removing the unwanted frames from 

Procedure ‘Create Background Corrected Image Cube’ 
 
User selects a n-frame Reflectance cube and specifies the central frame number (x) 
 

Create new image cube with 
2

1−n frames 

Repeat 
m = 1 
TempImage1 = Sample Reflectance Image Cube frame x+m 
TempImage2 = Sample Reflectance Image Cube frame x-m 
 

Temp corrected image = 
mxmx

x

+− λλ
λ

*  

Frame m of New Image = Temp corrected image. 
Clear all temp images 
m = m + 1 
Until all the frames in the sample image have been used. 
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the image in V++. The image cube was then saved in 16-bit unsigned integer (TIFF 

format) so that it could be opened in MultiSpec©. Image parameters such as the 

number of frames in the image cube and the image type were specified manually in 

MultiSpec© prior to the PCA. A PCA was performed on the image data and the 

eigenvalues and eigenvalues were saved to an external file. A new image cube 

representing the principal components was generated using the eigenvalues and 

eigenvectors to transform the original data. MultiSpec© scaled the pixel values to fit 

between 0 and 65535 so that they could be stored in a 16-bit TIFF image. The 

principal components image was then imported into V++ for viewing and to extract 

individual frames. 

 

3.6 Samples used for imaging  

The following section describes the preparation, data collection and data processing of 

the specific shoemark and fingermark samples used in this study. Unless otherwise 

stated, all shoemarks and fingermarks were deposited, chemically enhanced and 

imaged according to the methods described in Section 3.3. The shoemarks and 

fingermarks are given numerical labels and are in bold lettering. For some samples, 

only a small number of wavelength images were acquired and consequently only one 

or two processed images were then generated from the sample images. In other cases 

image cubes were acquired and a two or three wavelength background image cube was 

generated from these sample image cubes. 

 

3.6.1 Un-enhanced and enhanced blood shoemarks 
For shoemark imaging the QICAM+visible-VariSpec(LCTF) with a Pentax 16 mm 

lens was held by a camera tripod which allowed the camera to point down 

perpendicular to the shoemark. The Canon D30 with zoom lens was also held by the 

camera tripod when used for shoemark imaging. 

3.6.1.1 Blood shoemarks treated with leuco crystal violet (LCV) 

Shoemark one was a blood shoemark made on a piece of raw wood prepared with 50 

times diluted blood. A reflectance mode image cube of shoemark one was acquired 

between 415 nm and 440 nm in 5 nm increments. A two wavelength background 

correction cube was generated from the sample image cube of shoemark one with a 
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target wavelength of 415 nm and moving to higher wavelengths in 5 nm increments 

with division as the arithmetic operation. Shoemark one was subsequently treated 

with LCV and is referred to as shoemark one(b). A reflectance mode image cube of 

shoemark one(b) was acquired between 580 and 650 nm with 5 nm increments. A two 

wavelength background correction cube was formed from the image cube of 

shoemark one(b) with 590 nm as the target wavelength and moving to longer 

wavelengths in 5 nm increments with division as the arithmetic operation. 

 

Shoemark two and shoemark two(b) were prepared, imaged, and image-processed 

analogously to shoemarks one and one(b) using 500 times diluted blood and 

treatment with LCV. Shoemark three and shoemark three(b) were prepared and 

image-processed analogously to shoemarks one and one(b) using 5000 times diluted 

blood and treatment with LCV. Shoemarks four and shoemark four(b) correspond to 

a blood shoemark made on a piece of blue coloured cardboard which was prepared and 

image-processed analogously to shoemarks one and one(b) using 500 times diluted 

blood and treatment with LCV. 

3.6.1.2 Blood shoemark treated with leuco malachite green (LMG) 

Shoemark five was a blood shoemark made on a piece of raw wood with 500 times 

diluted blood. Shoemark five was imaged and image-processed analogously to 

shoemark one. Shoemark five was subsequently treated with LMG giving shoemark 

five(b). A reflectance mode image cube of shoemark five(b) was acquired between 

620 and 690 nm with 5 nm increments. A two wavelength background correction cube 

was applied to the image cube of shoemark five(b) with 650 nm as the target 

wavelength and moving to longer wavelengths at 5 nm increments with division as the 

arithmetic operation. 

3.6.1.3 Blood shoemark treated with acid fuchsin (Hungarian Red) 

Shoemark six was a blood shoemark made on a piece of varnished wood with 50 

times diluted blood. Shoemark six was imaged and image-processed analogously to 

shoemark one. Shoemark six was subsequently treated with Hungarian Red giving 

shoemark six(b). A reflectance mode image cube of shoemark six(b) was acquired 

between 580 and 640 nm at 5 nm increments. A two wavelength background 

correction cube was applied to the image cube of shoemark six (b) with 550 nm as the 
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target wavelength and moving to longer wavelengths with 5 nm increments with 

division as the arithmetic operation. 

3.6.1.4 Shoemark imaging using sunlight 

Three shoemarks were imaged out-of-doors using the sun as the only source of light. 

Imaging took place between 2-3 pm in mid-January (New Zealand) on sunny days 

with no cloud present. 

 

Shoemark seven was a blood shoemark made on a piece of raw wood with 50 times 

diluted blood. An image cube was acquired of shoemark seven between 415 nm and 

440 nm at 5 nm increments using the QICAM+visible-VariSpec imaging system. A 

two wavelength correction cube was generated from the image cube of shoemark 

seven with 415 nm as the central image and moving to a longer wavelength with 

division as the arithmetic operation. Two images were acquired with the 

Rolera+filterwheel imaging system at 415 nm and 450 nm.  

 

Shoemark eight was a blood shoemark made on a piece of raw wood using 500 times 

diluted blood. An image cube was acquired of shoemark eight between 415 nm and 

440 nm at 5nm increments using the QICAM+visible-VariSpec imaging system. A two 

wavelength correction cube was generated from the image cube of shoemark eight 

with 415 nm as the central image and moving to a longer wavelength with division as 

the arithmetic operation. 

 

Shoemark nine was a blood shoemark made on smooth asphalt car park with un-

diluted blood. An image cube was acquired of shoemark nine between 415 nm and 

480 nm with 5 nm increments using the QICAM+visible-VariSpec imaging system. A 

two wavelength correction cube was generated from the image cube of shoemark nine 

with 415 nm as the central image and moving to a longer wavelength with division as 

the arithmetic operation. 
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3.6.2 Fingermarks on porous surfaces 
For fingermark imaging the QICAM+visible-VariSpec(LCTF) or the Rolera+near-IR-

VariSpec(LCTF), each with a Pentax 25 mm lens, was held by a camera stand which 

allowed the camera to image perpendicular to the fingermark. The Canon D30 with 

100 mm macro lens was also held by the camera stand for fingermark imaging. 

3.6.2.1 Latent fingermark treated with ninhydrin 

A latent fingermark made by rubbing the forehead and pressing down on a section of 

coloured newsprint was sequentially treated with ninhydrin and then with zinc. 

Fingermark one is a colour image of the ninhydrin treated fingermark acquired before 

zinc treatment. After zinc treatment, fingermark one(b) was imaged using the visible-

VariSpec(LCTF) attached to the front of the 100 mm macro lens of the Canon D30, 

with the Polilight® in white light mode for illumination. The VariSpec control software 

and D30 Remote were used to acquire a reflectance mode image cube of fingermark 

one (b) between 420 nm and 550 nm at 5 nm increments. The exposure times for the 

images were selected by examining the histogram preview in D30 Remote and 

adjusting the exposure time until an adequate exposure had been achieved. Images 

were captured in .crw format and converted into linear TIFF files using Photoshop® 

CS2 with the white balance set to ‘flash’. Using the ‘channels’ tool in Photoshop® CS2 

the individual channels of the images were separated. The blue channel of images 

captured between 420 and 470 nm were then saved in 16-bit greyscale and the green 

channel of the images captured between 475 and 550 nm were also saved in 16-bit 

greyscale format. Photoshop® CS2 with additional plugin Fovea Pro (version 3.0 

Reindeer Graphics, Asheville, NC) was used to perform the image arithmetic (61). 

Two wavelength and three wavelength correction procedures were applied to the 

images using equations 1.3 and 1.1 respectively. In addition to these enhancement 

operations, a principal components analysis was also performed. A three frame image 

cube comprising of images taken at 470, 485 and 500 nm was imported into 

MultiSpec© to perform the PCA and the three principal component images were then 

imported into V++ to be examined and extracted.  
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3.6.2.2 Latent fingermark treated with benzo(f)ninhydrin and cadmium 

chloride 

Fingermark two was a latent fingermark deposited on a section of coloured newsprint 

and treated with benzo(f)ninhydrin. An image cube of fingermark two was acquired 

between 400 and 700 nm at 5 nm increments. The image cube was imported into 

MultiSpec© for principal components analysis. A subset image cube from this 60 

frame image cube comprising of images at 400, 440, 500, 600, and 700 nm also 

underwent a principal components analysis. The benzo(f)ninhydrin treated fingermark 

two was subsequently treated with cadmium chloride giving fingermark two(b). A 

reflectance mode cube of fingermark two(b) was acquired between 500 nm and 600 

nm at 5 nm increments. A three wavelength correction cube was generated from the 

sample image cube using 550 nm as the target wavelength and division as the 

arithmetic operation. Two two wavelength correction cubes were also generated with 

550 nm as the target wavelength for each cube and moving to higher and lower 

wavelengths in 5 nm increments respectively. 

3.6.2.3 Latent fingermark treated with DFO 

Fingermark three was a latent fingermark made on a section of yellow manila folder 

and treated with DFO. Two reflectance images were acquired at 570 and 605 nm, then 

two fluorescence images were acquired at 590 nm and 630 nm with the Polilight® set 

to 550 nm for the excitation illumination. A reflectance image of a piece of copier 

pager (80 g m-2) at 550 nm was also acquired and normalised by dividing each pixel 

brightness by the mean brightness for the image. A two wavelength division was 

performed by dividing the 605 nm reflectance image into the 570 nm reflectance 

image. A two wavelength subtraction was performed by subtracting the 630 nm 

fluorescence image from the 590 nm fluorescence image. A flatfield correction was 

also applied to the fluorescence images by dividing them by the normalised 550 nm 

reflectance image. The flat-field corrected fluorescence image at 630 nm was then 

subtracted from the flat-field corrected fluorescence image at 590 nm. 

 

3.6.3 Fingermarks on non-porous surfaces 
The conditions for imaging fingermarks on non-porous surfaces were analogous to 

those described in Section 3.6.2 for porous surfaces. All imaging of fluorescent 

samples was performed in a darkened room with all other lights turned off. In cases 
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where very long exposure times were required for weakly fluorescing samples, a black 

cardboard box enclosed the camera and sample to further reduce the amount of stray 

light. 

3.6.3.1 Latent fingermark dusted with Tb(acac)3.phen 

Fingermark four was a strong latent fingermark made by wiping the forehead and 

pressing on a soda can (V, Frucor© Beverages Ltd) and was not fumed. Tb(acac)3.phen 

was applied in solid form to the latent fingermark using a fingerprint brush (Aorangi 

Forensic Supplies Ltd, Wellington). Two colour fluorescence images of the soda can 

were taken with the Polilight® set to 300 and 350 nm for excitation, using the Canon 

D30. A fluorescence mode image cube of fingermark four was acquired between 525 

and 575 nm in 10 nm increments using the Polilight® (300 nm) for excitation with an 

exposure time of 1 min. Images at 545 and 555 nm were selected for further 

processing.  

3.6.3.2 Latent fingermark, fumed, and stained with Nd(TTA)3.phen 

Fingermark five was a strong fingermark made by wiping the forehead and pressing 

on a soda can (Coke®, Coca-Cola© company) and was cyanoacrylate fumed and treated 

with Nd(TAA)3.phen according to Section 3.3.7. A fluorescence mode image cube of 

fingermark five was acquired between 850 and 900 nm at 10 nm increments using the 

Rolera-IR camera and the Near-IR VariSpec with an exposure time of 3 min. A ‘dark’ 

image was acquired with the UV lamp switched off with an exposure time of 3 min. A 

processed sample cube was generated by subtracting the dark image from each frame 

of the sample image cube. Images at 860 and 870 nm from the processed image cube 

were chosen for further processing.  

3.6.3.3 Latent fingermark dusted with Nd(TTA)3.phen 

Fingermark six was a strong fingermark made by wiping the forehead and pressing 

on a soda can (Coke®, Coca-Cola© Company) and was not fumed. Nd(TTA)3.phen was 

applied in solid form to the latent fingermark using a fingerprint brush. A fluorescence 

mode image cube of fingermark six was acquired between 850 and 900 nm in 10 nm 

increments using the Rolera-IR (QImaging) camera and the Near-IR VariSpec with an 

exposure time of 30 s. Images at 860 and 870 nm from the processed image cube were 

chosen for further processing.  
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3.6.3.4 Latent fingermark, fumed, and stained with Sm(TTA)3.phen 

Fingermark seven was a strong fingermark made by wiping the forehead and pressing 

on a soda can (Fanta®, Coca-Cola© Company) that was cyanoacrylate fumed and 

treated with Sm(TTA)3.phen according to Section 3.3.7. A fluorescence mode image 

cube of the fingermark was acquired between 540 and 680 nm at 2 nm increments 

using the Polilight® (350 nm) for excitation and with an exposure time of 2.5 s. For 

each fluorescence peak of the Sm(TTA)3.phen complex (566 nm, 604 nm and 646 nm), 

a three wavelength background correction cube was generated. Both subtraction and 

division were used which resulted in six background corrected cubes for this sample. 

 

3.6.4 Split fingermarks: comparison of Eu(TTA)3.phen with Panacryl and 
Rhodamine 6G 

Fingermarks were deposited onto soda cans with each fingermark deposited on a 

separate soda can but in areas exhibiting similar background patterning. The 

performance of Eu(TTA)3.phen was compared directly to Panacryl and Rhodamine 6G 

by cutting the fingermarks in half after fuming and treating one half with 

Eu(TTA)3.phen and the other with Panacryl or Rhodamine 6G. The two halves were 

placed side by side for the purposes of imaging. The fingermark halves were first 

imaged under conditions optimized for Eu(TTA)3.phen and then imaged under 

conditions optimized for either Panacryl or Rhodamine 6G resulting in two image 

cubes per fingermark. Image processing was then performed using parameters 

optimized for Eu(TTA)3.phen for the first image cube and using parameters optimized 

for either Panacryl or Rhodamine 6G for the second image cube. Single processed 

images (exhibiting the best result for each fingermark half) were imported into 

Photoshop® CS2 where the Eu(TTA)3.phen-treated half fingermark was cropped from 

its optimised image and placed adjacent to the corresponding cropped half fingermark 

for the image optimised for Panacryl or Rhodamine 6G. Colour fluorescence images of 

the fingermark pairs were taken with a common excitation wavelength (365 nm) and 

are presented without further processing. 

3.6.4.1 Comparison of Eu(TTA)3.phen and Panacryl for a strong fingermark 

Fingermark eight was a strong fingermark made by wiping the forehead and pressing 

on a soda can which was cyanoacrylate fumed and then the left half was stained with 

Eu(TTA)3.phen and the other half stained with Panacryl. A fluorescence mode image 
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cube of fingermark eight was acquired between 580 and 640 nm at 5 nm increments 

with 2 s exposure with a UV lamp (Spectroline©, 365 nm) for excitation. Two three 

wavelength correction cubes were generated from this fluorescence cube with 615 nm 

as the target wavelength with subtraction and division as the arithmetic operations 

respectively. A second fluorescence mode image cube was acquired of fingermark 

eight between 450 and 550 nm at 5 nm increments with 1 s exposure time using the 

Polilight® set to 420 nm for excitation. Two three wavelength correction cubes were 

generated from this second fluorescence cube with 505 nm as the target wavelength 

with subtraction and division as the arithmetic operations. 

3.6.4.2 Comparison of Eu(TTA)3.phen and Panacryl for a weak fingermark 

Fingermark nine was a weak fingermark made by wiping the forehead and pressing 

down onto a glass plate until the fingermarks were judged to be weak and then 

pressing onto a soda can which was then cyanoacrylate fumed followed by the right 

half being stained with Eu(TTA)3.phen and the other half with Panacryl. The image 

capture and processing parameters for each fingermark half was analogous to those 

used for fingermark eight using 40 s exposure time for the Eu(TTA)3.phen-treated 

half and 10 s for the Panacryl-treated half. 

3.6.4.3 Comparison of Eu(TTA)3.phen and Rhodamine 6G for a weak 

fingermark 

Fingermark ten was a weak fingermark made by wiping the forehead and pressing 

down onto a glass plate until the fingermarks were judged to be weak and then 

pressing onto a soda can which was then fumed, with the right half being stained with 

Eu(TTA)3.phen and the other half with Rhodamine 6G. The image capture and 

processing parameters used for the Eu(TTA)3.phen half were analogous to those used 

for fingermark nine with an exposure time of 20 s. A second fluorescence mode cube 

was acquired between 550 and 600 nm with a 5 nm increment and 30 s exposure time 

and an excitation wavelength of 500 nm. Two two wavelength correction cubes were 

generated from the second fluorescence cube with 550 nm as the central wavelength 

and moving to longer wavelength and using subtraction and division as the arithmetic 

operations. 
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4 Results and discussion 

4.1 Introduction  

This chapter presents the results obtained from the imaging experiments described in 

Chapter 3. Each section focuses on a different target analyte in the order un-enhanced 

blood, enhanced blood, enhanced fingermarks on porous surfaces, and enhanced 

fingermarks on non-porous surfaces. Each section begins with a brief discussion of the 

spectral target of interest and presents UV-vis solution and solid state spectra. 

Particular attention is paid towards differences between solution and solid state spectra 

and how these might affect the approach taken to image the target analytes.  

 

The substrates that were used for shoemark and fingermark deposition in this study 

were chosen because they exhibited strong background colour or fluorescence 

patterning that would adversely affect standard methods for examining shoemarks or 

fingermarks. 

 

Spectral images referred to in this chapter are in a different font to the rest of the text 

and are labelled by wavelength setting used to acquire the image and whether the 

image was a reflectance or fluorescence image. For instance, 415r nm refers to a 

reflectance image taken at 415 nm, and (615f nm, 350ex nm) refers to an emission 

fluorescence image taken at 615 nm with an excitation wavelength of 350 nm. 

Processed images are labelled similarly with 415r /440r  referring to a 415r nm 

image divided by a 440r nm image and 615f-600f , 350ex referring to a 615f nm 

fluorescence image minus a 600f nm fluorescence image each taken with 350 nm 

excitation.  

 

The specific shoemark and fingermarks samples are referred to in bold text throughout 

this chapter. 

 

All of the images presented in this chapter have undergone a contrast enhancement 

using the levels tool in Photoshop® CS2 to obtain the best visualisation of the image. 

All images were saved in JPEG (high quality) format prior to incorporation in this 

thesis.  



 105

4.2 Un-enhanced and enhanced blood shoemarks 

Blood is a common type of trace evidence found at crime scenes and owes its dark red 

colour to the strong porphyrin Soret absorbance in the blue part of the spectrum and 

two smaller absorbance bands (α and β bands) in the green part of the spectrum. When 

blood is spilt, the hemoglobin converts to oxyhemoglobin (38) and then slowly begins 

to form methemoglobin which causes a hypsochromic shift of the Soret peak by about 

10 nm and also causes the α and β bands to disappear (38). Many enhancement 

reagents exist for visualizing small amounts of blood (62). Leuco dyes which have a 

colourless reduced form and undergo a catalytic oxidation reaction with blood in the 

presence of peroxide to form a highly coloured product are commonly used blood 

enhancement reagents in forensic science. The spectra of un-enhanced and enhanced 

blood were examined and spectral imaging procedures were developed based on these 

observed spectra. These procedures were then applied to the samples shown in Table 

4.1. 

Sample 
name Substrate Type of deposition Chemical 

Reagent 
Spectral image 
data collected 

Image

Shoemark 
one & 
one(b) 

Raw wood 
Blood shoemark made 
with 50 times diluted 

blood 
LCV 415→440  (5 nm inc) 

580 →650  (5nm inc) 

4.1, 

4.2 

Shoemark 
two & 
two(b) 

Raw wood 
Blood shoemark made 
with 500 times diluted 

blood 
LCV 415→440  (5 nm inc) 

580 →650  (5nm inc) 

4.1, 

4.2 

Shoemark 
three & 
three(b) 

Raw wood 
Blood shoemark made 
with 5000 times diluted 

blood 
LCV 415→440  (5 nm inc) 

580 →650  (5nm inc) 
4.3 

Shoemark 
four 

&four(b) 

Blue 
coloured 
cardboard 

Blood shoemark made 
with 500 times diluted 

blood 
LCV 415→440  (5 nm inc) 

580 →650  (5nm inc) 
4.3 

Shoemark 
five 

&five(b) 
Raw wood 

Blood shoemark made 
with 500 times diluted 

blood 
LMG 415→440  (5 nm inc) 

620→690  (5nm inc) 
4.4 

Shoemark 
six & six 

(b) 

Vanished 
wood 

Blood shoemark made 
with 50 times diluted 

blood 

Hungarian 
Red 

415→440  (5 nm inc) 
580→650  (5 nm inc) 

4.4 

Shoemark 
seven Raw wood 

Blood shoemark made 
with 50 times diluted 

blood 
none 

415→440  (5 nm inc) 
QICAM+VariSpec 

415nm 450 nm 
Rolera+filterwheel 

4.5 

Shoemark 
eight Raw wood 

Blood shoemark made 
with 50 times diluted 

blood 
none 

415→440  (5 nm inc) 
QICAM+VariSpec 

 
4.6 

Shoemark 
nine 

Smooth 
asphalt 

Blood shoemark made 
with un-diluted blood none 

415→480  (5 nm inc) 
QICAM+VariSpec 

 
4.6 

Table 4.1 Table of blood shoemark samples discussed in this section 
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4.2.1 Unenhanced blood shoemarks 
Blood shoemarks made using blood of varying dilution were deposited on sections of a 

wooden packing crate. The unenhanced shoemarks were imaged and the images 

processed to increase discrimination of the shoemark from the heavy grain. 

4.2.1.1 Solution and solid state spectra of unenhanced blood  

A solution of fresh blood diluted 1000 times with water gave an absorbance of 1.09 at 

415 nm. A solution of fresh blood diluted 1000 times with water and treated with 

K3Fe(CN)6 gave an absorbance of 1.51. Fresh blood was diluted 50 times with water 

and applied to filter paper using a pipette. A reflectance spectrum was acquired of the 

blood on the filter after it had dried (20 min approx). This was taken to represent a 

fresh blood stain. A reflectance spectrum was also taken of a piece of filter which had 

been prepared in the same way approximately 1 year previously to represent an aged 

blood stain. 
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Figure 4.1 (─) Absorbance spectrum of fresh blood; (---) absorbance spectrum of blood treated 
with K3Fe(CN)6, both 1000 times diluted with water. 
 
In solution the Soret peak of un-treated fresh blood, which should contain mainly 

oxyhemoglobin, is at 415 nm with a full width at half maximum (FWHM) of 

approximately 40 nm. In solution the Soret peak of K3Fe(CN)6-treated fresh blood 

which is mainly methemoglobin, is at 405 nm with a FWHM of 40 nm. The α and β 

peaks at 538 and 574 nm have also disappeared. 
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Figure 4.2 (---) Reflectance spectrum of blood on filter paper aged for one year, (─) reflectance 
spectrum of fresh blood on filter paper. Both prepared with blood diluted 50 times with water. 
 
The FWHM of the Soret peaks in the reflectance spectra of fresh blood on filter paper, 

and the aged sample, are broadened to approximately 60 nm, and there is no longer a 

large decrease on the short wavelength side of the peak. These features mean that a 

three wavelength background correction, equation 1.1, of the Soret peak of blood on a 

surface would be less sensitive than predicted from solution spectra. Furthermore, it is 

not possible to set the visible-VariSpec(LCTF) to wavelengths below 400 nm to 

acquire a short wavelength background estimate. Fortunately, a two wavelength 

correction, equation 1.3, with a wavelength centred at 415 nm and another at a longer 

wavelength has been shown to improve the visualization of blood on patterned 

substrates (2) although with increased risk of background interference. The dashed line 

in Figure 4.2 shows the reflectance of a piece of Whatman 1 (5.5cm) filter paper which 

had been soaked in blood of approximately 50 times dilution and then aged for 

approximately 1 year before the reflectance measurement was taken. The α and β 

peaks have disappeared from the reflectance spectrum which is consistent with the 

oxyhemoglobin being converted to methemoglobin. The Soret peak, however, is not 

altered significantly and thus should still be amenable to a two wavelength correction. 
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4.2.1.2 Imaging of un treated blood 

All of the results presented for un enhanced blood have been processed using a two-

wavelength correction of the Soret peak. The results obtained from imaging shoemark 

one and shoemark two (50 and 500 times blood dilution shoemarks respectively) are 

presented in Image 4.1. No shoemark pattern was visible upon imaging and processing 

of shoemark three (5000 times blood dilution) and thus the images are not presented 

here but are included in Appendix three. 

 
Image 4.1 Shoemark one (50 times blood dilution) and shoemark two (500 times blood dilution) on 
wooden packing crate: a) colour image of shoemark one; b) colour image of shoemark two; c) 415r 
nm image of shoemark one; d) 415r nm image of shoemark two; e) 415r / 440r nm image of 
shoemark one; f) 415r / 440r image of shoemark two 
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The shoemark patterns are difficult to see in the colour images of shoemark one and 

shoemark two due to the red-brown colour of the wood. The single wavelength 

images, 415r nm (Image 4.1c and 4.1d) which are obtained using an analogous 

procedure to that suggested by Etiologic (16), show some of the shoemark detail but 

there is still significant background patterning from the wood grain. For shoemark 

one and shoemark two the image which showed the best compromise between 

substrate pattern suppression and shoemark enhancement was the 415r / 440r ratio 

image. The processed image of shoemark one (Image 4.1e) (50 times diluted blood) 

exhibits good background pattern suppression and improved contrast of the shoemark 

pattern against the background. In order to visualize the shoemark pattern in shoemark 

two (500 times diluted blood) the contrast needed to be increased in the processed 

image (Image 4.1f) compared to Image 4.1e which caused the background pattern of 

the wood grain to be enhanced along with the shoemark. 

 

4.2.2 Blood shoemarks enhanced with leuco crystal violet 
Leuco crystal violet (LCV) is the colourless reduced form of crystal violet. Its use for 

the enhancement of blood shoemarks was reported by Bodziak (132). LCV has an 

affinity for proteinaceous materials and also undergoes a catalytic oxidation by 

peroxide in the presence of hemoglobin to form the dark purple product crystal violet. 

Crystal violet has also been found to exhibit weak near infra-red fluorescence (133) 

making it an attractive reagent for blood stain enhancement using either reflectance or 

fluorescence. 

4.2.2.1 Solution and solid state spectra of crystal violet 

Crystal violet has a broad absorbance feature in the visible spectrum with a molar 

absorptivity of 1.12 x 105 mol-1 L cm-1 in water at its absorbance peak of 580 nm 

(134). Figure 4.3 shows the solution absorbance spectrum of crystal violet and the 

reflectance spectrum from a part of shoemark one(b) where colour development of 

crystal violet was strong. The reflectance spectrum has a broad FWHM (≈ 100 nm) 

therefore it is unlikely that a three wavelength background correction would be 

successful if applied to crystal violet. A two wavelength background correction, with a 

central peak near 600 nm divided by an image taken at a longer wavelength, may be 

successful if applied to shoemarks enhanced using LCV. 
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Figure 4.3 (―) Absorbance of crystal violet (3.20 x 10-6 mol L-1 in water); (---) in situ reflectance 
measurement of shoemark one(b) from an area of the shoemark exhibiting strong colour 
development. 

4.2.2.2 Imaging of blood treated with leuco crystal violet 

The results obtained from imaging shoemark one(b) and shoemark two(b) (50 and 

500 times diluted blood on wood, treated with LCV) are shown in Image 4.2. The 

results from imaging shoemark three(b) (5000 times diluted blood on wood treated 

with LCV) and shoemark four(b) (500 times diluted blood on blue coloured 

cardboard treated with LCV) are shown in Image 4.3. 
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Image 4.2 Blood shoemark one(b) (50 times blood dilution) and shoemark two(b) (500 times blood 
dilution) each treated with LCV: a) colour image of shoemark one(b); b) colour image of 
shoemark two(b); c) 590r nm image of shoemark one(b); d) 590r nm image of shoemark two(b); e) 
590r / 630r image of shoemark one(b); f) 590r / 630r nm image of shoemark two(b). 
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Image 4.3 Blood shoemark three(b) (5000 times dilution on wood) and shoemark four(b) (500 
times dilution on blue cardboard) each treated with LCV: a) colour image of shoemark three(b); 
b) colour image of shoemark four(b); c) 590r nm image of shoemark three(b), d) 590r nm image of 
shoemark four(b) , e) 590r / 630r nm image of shoemark three(b); f) 590r / 630r nm image of 
shoemark four(b). 
 
 

The results obtained from imaging the LCV enhanced blood shoemarks, shoemark 

one(b) and shoemark two(b) were similar, with the shoemarks being clear in both the 

colour images and the single wavelength images. The corrected images suppress the 

background patterning compared to the single wavelength images, however this does 

not provide a significant improvement of shoemark visualization in the processed 

images compared to the single wavelength images or the colour images. In contrast, 

shoemark three(b), showed significant enhancement in the processed image 
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compared to the colour image or the single wavelength image. Although the 590r nm 

single wavelength image, Image 4.3c, shows increased contrast of the shoemark 

against the background compared to the colour image, there still exists significant 

background patterning. The 590r nm image is analogous to the photographic 

enhancement method suggested by Bodziak (41). The two wavelength ratio which 

showed the best shoemark enhancement was 590r / 630r, Image 4.3e. The results 

from imaging the LCV enhanced shoemarks, shoemark four(b) and shoemark 

three(b) were similar despite the ten-fold difference in blood concentration. This is 

due to the stronger background pattering at the wavelengths of interest in shoemark 

four(b) 

 

The colour image of shoemark four(b), Image 4.3b, exhibited stronger contrast of the 

shoemark against the substrate than the single wavelength image at 590 nm, perhaps 

because of the slightly different hues of crystal violet and the substrate. The processed 

image 590r/630r however, Image 4.3f, showed significantly improved visualisation 

of the shoemark pattern. 

 

4.2.3 Leuco malachite green (LMG) and acid fuchsin (Hungarian Red) 
Leuco malachite green (LMG) is the colourless form of malachite green and like LCV 

undergoes oxidation by peroxide to form a coloured product in the presence of blood. 

LMG was first reported as a blood visualization reagent in 1904 (62) and has been 

suggested as an alternative to LCV in situations where the green colour of malachite 

green would show greater contrast against the substrate than crystal violet (41). Acid 

fuchsin is a red coloured protein stain which is used to stain blood after a fixing step. 

4.2.3.1 Solution and solid state spectra of leuco malachite green (LMG) 

Malachite green has a broad absorbance feature in the visible spectrum with a molar 

absorptivity of 1.0 x 105 mol-1 L cm-1 at its absorbance maximum of 620 nm (134). A 

reflectance measurement was made from an area of a shoemark treated with LMG 

which exhibited strong colouration, Figure 4.4. The reflectance spectrum is broadened 

compared to the solution spectrum, however there is a steep drop in reflectance 

between 610 and 660 nm which may allow a two wavelength correction to be applied 

over this spectral range. 
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Figure 4.4 (―) Absorbance of malachite green (3.0 x 10-6 mol L-1 in ethanol); (···) in situ 
reflectance measurement from an area of shoemark five(b) exhibiting strong colour development. 
 

4.2.3.2 Solution and solid state spectra of acid fuchsin (Hungarian Red) 

Acid fuchsin has a weak fluorescence in the visible red part of the spectrum and is also 

easily lifted by gel lifters. Acid fuchsin has a broad absorption feature in the visible 

spectrum with a molar absorptivity of 3.75 x 104 mol-1 L cm-1 at its absorbance 

maximum of 545 nm. (135). A reflectance measurement was made of shoemark six(b) 

from an area which exhibited strong colouration (Figure 4.5). The reflectance spectrum 

was considerably broader than the solution spectrum, however a two wavelength 

correction utilising wavelengths between 600 and 650 nm may provide increased 

visualisation of Hungarian Red treated shoemarks on patterned surfaces. 
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Figure 4.5 (―) Absorbance of Hungarian Red (BVDA Cat. No. B-88001) 10,000 times dilution 
from stock. (2.0 x 10-5 mol L-1 in ethanol) (---) in situ reflectance measurement from an area of 
shoemark six(b) exhibiting strong colour development. 
 

4.2.3.3 Imaging of blood shoemarks treated with leuco malachite green 

(LMG) and Hungarian Red 

The substrate used to deposit a shoemark which was to be treated with Hungarian Red 

was a varnished section of wood. Initial attempts to deposit blood shoemarks made 

with 500 times diluted blood on this substrate resulted in too little blood deposition to 

be stained with Hungarian Red, therefore shoemarks for Hungarian Red staining were 

made with 50 times diluted blood.  

 

The results from imaging the un-enhanced shoemarks, shoemark five (500 times 

diluted blood) and shoemark six (50 times diluted blood) were analogous to 

shoemark two and shoemark one respectively and are included in Appendix three. 

The results from imaging the enhanced shoemarks, shoemark five(b) and shoemark 

six(b) are shown in Image 4.4 with the results from the LMG enhanced shoemark, 

shoemark five(b) being shown in Images 4.4a, 4.4c and 4.4e and the results from the 

Hungarian Red enhanced shoemark, shoemark six(b) being shown in Images 4.4b, 

4.4d and 4.4f. 
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Image 4.4 Blood shoemark five(b) (treated with LMG) and shoemark six(b) (treated with 
Hungarian Red): a) colour image of shoemark five(b); b) colour image of shoemark six(b); c) 650r 
nm image of shoemark five(b); d) 550r nm of shoemark six(b); e) 650r / 690r image of shoemark 
five(b); f) 550r / 580r nm image of shoemark six(b). 
 

The optimum arithmetic combination for the LMG treated shoemark, shoemark 

five(b) was 650r / 700r. For this substrate it was possible to have a 50 nm separation 

between the two wavelengths used for division, which provided strong contrast of the 

shoemark against the substrate. The optimum arithmetic combination for the 

Hungarian treated shoemark, shoemark six(b) was 550r / 580r. For this substrate it 

was only possible to have a 30 nm separation between the two wavelengths used for 
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division because the wood grain began to be enhanced when a larger wavelength 

separation was used.  

 

The results obtained from imaging shoemark five(b) (500 times blood dilution treated 

with LMG) Image 4.4e, and shoemark two(b) (500 times blood dilution treated with 

LCV) Image 4.2f, were similar, with a slightly better contrast of the shoemark pattern 

in Image 4.2f being observed compared to Image 4.4e. The results from imaging 

shoemark six(b) (50 times blood dilution stained with Hungarian Red) showed good 

enhancement of the shoemark pattern against the wood grain, but did not exhibit the 

same degree of contrast seen in the image of shoemark one(b), Image 4.2e, which was 

also made from 50 times diluted blood but treated with LCV. This could be due to the 

darker colour of the wood substrate used for shoemark six compared to shoemark 

one, however the molar absorptivity of Hungarian Red is 3.75 x104 mol-1 L cm-1 

compared to 1.12 x 105 mol-1 L cm-1 for crystal violet which supports the stronger 

contrast of processed images of shoemarks treated with LCV compared to Hungarian 

Red assuming similar amounts of coloured product are present. 

 

4.2.4 Imaging un treated blood shoemarks under sunlight 
Three un-treated blood shoemarks were imaged out-of-doors using the sun as the only 

source of light. Imaging took place mid afternoon in summer. The results obtained 

from imaging shoemark seven (50 times diluted blood on raw wood) using sunlight, 

Image 4.5, were similar to the results obtained for shoemark one (50 times diluted 

blood on raw wood using the Polilight® for illumination) (Image 4.1). In both these 

samples, the 415/440 processed image provided the best results. The exposure times 

for images at 415 nm and 440 nm for shoemark one (using the Polilight® indoors) 

were 130 s and 16 s respectively while the exposure times for the 415 nm and 440 nm 

images for shoemark eight (using sunlight out-of-doors) were 1.3 s and 200 ms 

respectively. The relative exposure time difference between 415 nm and 440 nm for 

the Polilight and the sun was 7.9:1 and 6.5:1 respectively. The absolute intensity 

difference between the sun and the Polilight® at a given wavelength will depend upon 

the area of illumination and parameters such as the time of day/year and the presence 

or absence of cloud. The relative difference in intensity between 415 nm and 440 nm 

will remain consistent for the Polilight® but for the sun it will depend upon the time of 

day/year and environmental conditions such as cloud cover.  
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Image 4.5 Blood shoemark seven, 50 times diluted blood, using the sun as the only source of light. 
a) colour image. b) 415 nm image taken using QICAM+visible-VariSpec(LCTF), c) 400 nm image 
using Rolera+filter wheel. d) 415/450 image (images taken with QICAM+visible-VariSpec(LCTF), 
e) 415/450 image(images taken with Rolera+filter wheel without registration, f) 415/450 
image(images taken with Rolera+filter wheel with registration. Arrowed shadow in b) is the 
camera tripod. 
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Shoemark seven was also imaged using the Rolera+filter wheel imaging system. Two 

images of shoemark seven were captured using this system at 415 nm and 450 nm. 

(the 440 nm interference filter was too degraded to be used for this imaging, Section 

2.5.2.3). The images showed vignetting due to the filter wheel being used with a 16 

mm lens, so the processed images are from the cropped image. 

 

Image 4.5e shows the 415r/450r image for the filter wheel system without pre- 

alignment of the individual images while Image 4.5f shows the 415r/450r image for 

this system following the alignment procedure described in Section 2.4.2.5. There is 

significant improvement in the contrast of the shoemark pattern in Image 4.5f 

compared to Image 4.5e. However a comparison of Image 4.5f (aligned filter wheel) 

with Image 4.5d (LCTF) suggests that even when only a subtle misalignment of the 

images exists, this can lead to decreased performance of the enhancement procedure. 

Image 4.5f has suppressed the larger scale (≈ cm2) wood grain pattern but the smaller 

scale (≈ mm2) texture in the wood has not been suppressed as efficiently in Image 4.5f 

compared to Image 4.5d. 

 

Shoemark eight was a blood shoemark made on raw wood with 500 times diluted 

blood, and imaged analogously to shoemark seven using only the QICAM+visible 

VariSpec imaging system. The results obtained from imaging this shoemark were 

similar to those for shoemark two (500 times blood shoemark on raw wood using the 

Polilight®). The wood substrate used for shoemark eight was lighter in colour than 

that used for shoemark two so the shoemark pattern is more easily seen in the 415 nm 

single wavelength image, Image 4.6a, for shoemark eight than the equivalent image 

for shoemark two, Image 4.1d. The 415r/440r image, Image 4.5f, provided the best 

compromise between substrate pattern suppression and shoemark pattern enhancement, 

in agreement with the observations for shoemark seven (Image 4.5d). 

 

These results show that the sun is an adequate source of blue light for imaging blood 

evidence. Under the conditions used in this study (i.e. imaging during summer when 

the sun was high with no cloud), shorter exposure times and smaller relative 

differences between the exposure times for the 415 nm image and the image at a longer 

wavelength were required compared to imaging with the Polilight®. 
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Image 4.6 a) Blood shoemark eight, 500 times diluted blood on raw wood and blood shoemark 
nine, raw blood on asphalt. a ) 415 nm image of shoemark eight b) 415 / 440 nm image of 
shoemark eight, c) colour image of shoemark nine, d) 415 nm image of shoemark nine,. e) 415 / 
440 nm image of shoemark nine, f) 415 / 460 nm image of shoemark nine. All spectral image were 
acquired with the QICAM+visible-VariSpec(LCTF) imaging system with the sun as the only 
source of light. 
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Shoemark nine was a blood shoemark on asphalt made with undiluted blood and 

imaged using sunlight. A colour image of this shoemark, Image 4.6c, shows the blood 

as dark red with specular highlights. The 415 nm single wavelength image, Image 

4.6d, exhibits significant specular reflection from the surface of the blood. In contrast 

to expectation, the ratio image 415r/440r, Image 4.6, shows the blood shoemark as a 

light pattern against the asphalt. The ratio image 415r/460r, also showed this effect. 

To ensure that this effect was not just due to time elapsed during the experiment 

affecting the reflected light or a general wavelength trend of the asphalt, the 

440r/460r was also calculated, Image 4.7. This showed almost no difference 

between asphalt and blood suggesting that the lighter appearance of the blood in the 

processed images in Image 4.6 is a real effect. A recent study of the specular 

reflectance from the surface of blood has shown that there is an increase in the 

observed specular reflectance due to the Soret peak around 415 nm (229). This is due 

to a change in the reflectance index of blood at the Soret peak. Thus, for specular 

reflection, blood shows increased reflection at the Soret in contrast to diffuse reflection 

from blood, which is more relevant to the other examples presented. 

 
Image 4.7 Shoemark nine, raw blood on asphalt. 440 / 460 nm image. 
 

4.2.5 Imaging of unenhanced and enhanced blood: summary of findings 
The most effective method for imaging unenhanced blood was to acquire an image 

near the spectral region of maximum absorbance for blood (≈ 415 nm) and then 

acquire a series of images from approximately 420 nm through to 440 nm in 5 nm 

intervals. Each one of the series of images was then used to divide the image taken 

near 415 nm. Images so obtained exhibit strong background suppression when the 
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wavelength separation is small (> 10 nm) but with poor blood enhancement. Processed 

images where the wavelength separation is greater show less substrate suppression but 

greater contrast of the blood marks against the substrate. For unenhanced blood, good 

shoemark enhancement for a shoemark made in 500 times diluted blood was seen on 

an interfering substrate using a ratio of a 415 nm image to a 440 nm image. An 

analogous procedure for imaging chemically enhanced blood was also used with 

wavelength settings optimised for the absorbance peaks of the dyes. For enhancement 

reagents LCV, LMG and Hungarian Red, the central wavelengths found to give best 

results were 590 nm, 650 nm, and 550 nm respectively. Shoemarks made with 5000 

times diluted blood and treated with LCV were effectively enhanced against a 

patterned substrate using a ratio of an image taken at 590 nm with another taken at 630 

nm. 
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4.3 Fingermarks on porous surfaces 

Controlled fingermark depositions were made on porous surfaces by pipetting 100 µL 

of 1 x 10-3 mol L-1 a solution of L-alanine onto a finger and pressing down on to the 

substrate. Ninhydrin, benzo(f)ninhydrin (and their metal treated derivatives) and DFO 

were used to enhance latent fingermarks. The ninhydrin and benzo(f)ninhydrin 

fingermarks were imaged in reflectance mode and DFO was imaged in both 

reflectance and fluorescence modes using the samples and conditions shown in Table 

4.2. 

Sample 
name Substrate Type of 

deposition 
Enhancement 

Reagent 

Spectral 
image data 
collected 

Image 

Fingermark 
one 

Coloured 
newsprint 

Strong 
sebaceous 
fingermark 

Ninhydrin none 4.5 

Fingermark 
one(b) 

Coloured 
newsprint 

Strong 
sebaceous 
fingermark 

Zn 420 →550 
(5nm inc) 

4.5 

Fingermark 
two 

Coloured 
newsprint 

Fingermark 
made from L-

alanine 
solution 

Benzo(f) 
ninhydrin 

400→700  
(5nm inc) 

4.6 

Fingermark 
two (b) 

Coloured 
newsprint 

Fingermark 
made from L-

alanine 
solution 

Cd 500→600  
(5nm inc) 

4.7, 4.8 

Fingermark 
three Yellow paper 

Fingermark 
made from L-

alanine 
solution 

DFO 

570r, 605r, 
550r 

590f, 630f  
550 nm ex 

4.9, 4.10 

Table 4.2 Table of fingermarks on porous surfaces used in this study 
 

4.3.1 Ninhydrin and benzo(f)ninhydrin and their metal complexes 
The use of ninhydrin as a latent fingermark enhancement reagent was first proposed in 

1954 (136) and it is the most common reagent used by forensic practitioners for 

fingermark enhancement on porous surfaces (137). The reaction between ninhydrin 

and amino acids produces a dark purple product named Ruhemann’s purple (RP) after 

the chemist who first described the reaction (138). Many derivatives of ninhydrin have 

been synthesized with the major aim of improving the absorbance or fluorescence 

properties. (139). Benzo(f)ninhydrin is an analogue of ninhydrin which forms a dark 

green complex with amino acids (abbreviated RP(benzo(f)nin)) that does not fluoresce 

significantly on its own (127). 
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The difficulty of detecting ninhydrin enhanced fingermarks on dark coloured surfaces 

led researchers to develop a second processing step involving treatment with certain 

metal salts to produce Ruhemann’s Purple-metal complexes (140, 121). Depending on 

the metal used, the metal-RP complexes display various colours, which differ from RP 

and thus can provide improved contrast on some substrates. Zinc and cadmium are 

most commonly used since these result in a fluorescent metal complex (141). Other 

salts such as europium have been applied (122) with the resulting emission spectra 

exhibiting the narrow emission band characteristic of europium complexes, although 

the emission was very weak (122). Although the fluorescent properties of metal-RP 

complexes have been the main focus of other researchers, this study focuses on the 

absorbance properties of the metal-treated RP and RP(benzo(f)nin) complexes. 

4.3.1.1 Solution and solid state spectra of Ruhemann’s purple complexes 

The absorption spectra of Ruhemann’s Purple in ethanol contains a peak near 400 nm 

and another near 580 with molar absorptivities of 22,400 and 20,000 mol-1 L cm-1 

respectively, Figure 4.6. (121). The peak at 580 nm is too broad to be successfully 

isolated using a two or three wavelength approach because the spectra of many 

background chromophores will also vary significantly over this wavelength range 

while the peak at 400 nm is at a wavelength too short to be accessible by the imaging 

system used in this study. The spectrum of RP(benzo(f)nin) is red (bathochromic) 

shifted compared to RP(nin) with similar molar absorptivities of the two peaks.  
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Figure 4.6 (─) Ruhemann’s Purple (ninhydrin) 4.4 x 10-5 mol L-1 in ethanol; (---) Ruhemann’s 
Purple (benzo(f)ninhydrin) 4.0 x 10-5 mol L-1 ethanol. Insert: the structure of Ruhemann’s Purple 
(nin). 
 

The shape of the reflectance spectra of RP and RP(benzo(f)nin) (Figure 4.7) are similar 

to their respective solution spectra, however the valley between the two spectral peaks 

is not as deep for the solid state spectra. The elevated spectral minima (at 450 nm for 

RP(nin) and 500 nm for RP(benzo(f)nin)) may be due to interactions between the 

compounds and the filter paper, however it is also possible that small amounts of a 

complexing metal present in the filter paper may have resulted in a small amount of 

metal-RP complex being formed, and such complexation can cause a change in the 

visible spectrum. (142). Figure 4.8a shows the colour of the product obtained when 

latent fingermark residue reacts with ninhydrin or benzo(f)ninhydrin. The arrow in 

Figure 4.8a indicates an area of the fingermark where the colour changed and became 

lighter compared to the surrounding fingermark. This could be due to contamination 

by a metal, and will likely result in difficulties if spectral imaging enhancement 

methods were applied. It may be possible to apply a two or three wavelength 

correction to the peak near 440 for fingermarks treated with benzo(f)ninhydrin because 

the peak is in a spectral region accessible by the imaging system used in this study. 

However if there is significant metal contamination then the performance of this type 

of background correction would be reduced. 
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Figure 4.7 (─) Ruhemann’s Purple (ninhydrin) (---) Ruhemann’s Purple (benzo(f)ninhydrin) on 
filter paper. Insert: the structure of Ruhemann’s Purple (benzo(f)nin). 
 

 
Figure 4.8 a) Latent fingermark on copier paper with the left side treated with ninhydrin and the 
right side treated with benzo(f)ninhydrin; b) latent fingermark on copier paper left side initially 
treated with ninhydrin and the right side initially treated with benzo(f)ninhydrin, then treated 
with a metal salt. Arrow in a) indicates area of the fingermark which has become lighter in colour. 

a b

Zn 

Cd 

Eu 
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4.3.1.2 Solution and solid state spectra of selected metal-RP(nin) and 

metal-RP(benzo(f)nin) 

Further treatment of fingermarks with metal salts following ninhydrin or 

benzo(f)ninhydrin causes a significant colour change to occur as shown in Figure 4.8b. 

Treatment of ninhydrin-enhanced fingermarks with zinc causes a peak near 480 nm to 

appear in the visible spectrum with a molar absorptivity near 57000 mol-1 L cm-1 

Figure 4.9 (121). For fingermarks treated with benzo(f)ninhydrin, subsequent 

treatment with Cd causes a peak near 550 nm to appear (Figure 4.9). The molar 

absorptivity of this peak is approximately 45000 mol-1 L cm-1. A 2.2 x 10-5 mol L-1 

solution of Cd-RP(nin) was found to have an absorbance maximum at 502 nm, and a 

2.0 x 10-5 mol L-1 solution of Zn-RP(benzo(f)nin was found to have an absorbance 

maximum at 530 nm. 
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Figure 4.9 (─) 2.2 x 10-5 mol L-1 Zn-RP(nin); (---) 2.0 x 10-5 mol L-1 Cd-RP(benzo(f)nin). Insert: a 
generalised structure of metal Ruhemann’s Purple complex proposed by Lennard (121) 
 

Fingermarks enhanced with Zn-RP(nin) and Cd-RP(benzo(f)nin were used for imaging 

in this study and their reflectance spectra are presented in Figure 4.10. The measured 

reflectance spectrum of Zn-RP(nin) was broader than the corresponding solution 

spectrum. The measured reflectance spectrum of Cd-RP(benzo(f)nin) was similar to 

the solution spectrum. It is possible that either a three wavelength or two wavelength 
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correction may be successful if applied to fingermarks which have been enhanced with 

either ninhydrin or benzo(f)ninhydrin followed by a metal salt. 
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Figure 4.10  (─) Reflectance spectrum of Zn-RP(nin); (---) reflectance spectrum of Cd-
RP(benzo(f)nin). 

4.3.1.3 Repeatability of fingermark depositions 

A number of factors influence the amount of fingermark residue left on a surface when 

touched by a person. Variations in the secretions from one donor and variations 

between donors make the repeatability and reproducibility of fingermark deposition 

difficult. Some authors have suggested manufacturing a fingermark stamp and using 

amino acid solutions of known concentrations to produce reproducible and repeatable 

fingermark impressions (129). 

 

Ten fingermarks were generated, each by pipetting 100 µL of 1 x 10-3 mol L-1  

L-alanine onto a finger and pressing down onto white copier paper, and then treating 

with ninhydrin. A reflectance image of each of the fingermarks at 550 nm was 

acquired with an exposure time of 500 ms. A blank image of a clean piece of copier 

paper was also acquired at 550 nm with a 500 ms exposure time under the same 

lighting conditions. Ten reflectance images were generated by dividing each 

fingermark image by the blank image. The mean pixel value from a consistent 
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selection of pixels from the centre of the fingermark was measured for each reflectance 

ratio image. The mean pixel value across the ten fingermarks was 0.76 ± 0.15 which 

showed the method of fingermark deposition used in this study was repeatable to 

within 20%. 

4.3.1.4 Imaging of fingermarks treated with ninhydrin+ zinc 

An image cube of a section of newsprint which had two fingermarks that had been 

treated with ninhydrin and subsequently treated with zinc, was acquired using the 

Canon D30 and visible-VariSpec(LCTF). A colour image of fingermark one, after 

treatment with ninhydrin but before treatment with zinc is shown in Image 4.8a. A 

single wavelength image of the fingermark after zinc treatment, fingermark one(b), 

taken at 485 nm is shown in Image 4.8b. Images 4.8c and 4.8d show the result of 

three-wavelength corrections using a centre wavelength of 485 nm and wavelengths 15 

nm from the peak, Image 4.8c and 25 nm from the peak, Image 4.8d while Image 4.8e 

and 4.8f are two wavelength are two wavelength corrections to the long and short 

wavelength sides respectively.  
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Image 4.8 Fingermark one(b) Zn-RP(nin): a) Colour image of fingermark one before zinc 

treatment; b) 485 nm image, c)
500470

485*2

+
; d)

510460

485*2

+
; e) 485/550; f) 485/420; g) Principal 

component image 2; h) enlargement from f, i) enlargement from g. 
 

For this sample, a two wavelength correction, 485r/420r, Image 4.8f, provided the 

best compromise between substrate suppression and fingermark enhancement. A 

principal components analysis also resulted in good enhancement of the fingermark 

against the substrate for this sample, Image 4.8g. An enlargement of the same region 

from Images 4.8f and 4.8g are shown in images 4.8h and 4.8i respectivly, indicating 

that the fingermark is clearly defined. For this example, a consumer grade, colour 

digital camera (Canon D30) was used to acquire the images and a commonly used 

software package (Photoshop® CS2, with additional plugin, Fovea Pro) was used to 

process the images. A tuneable filter was used to acquire the images at the specific 

wavelengths for this example, however, it may also be possible to use separate 

bandpass filters to acquire the necessary wavelength images. 
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4.3.1.5 Imaging of fingermarks treated with benzo(f)ninhydrin 

Fingermark two was made by pipetting 100 µL of 1 x 10-3 mol L-1 L-alanine onto a 

finger, pressing on a section of coloured newsprint, and enhancing with 

benzo(f)ninhydrin. A colour image of fingermark two is shown in Image 4.9a. A 

reflectance image cube was acquired of fingermark two between 400 and 700 nm at 5 

nm increments. 

 

The fingermark pattern exhibited strong contrast against the substrate near 440 nm 

(Image 4.9b), and slightly weaker contrast near 600 nm, which are the wavelengths of 

maximum absorption of RP-benzo(f)nin. However, the strong background pattern 

made visualization of the fingermark detail difficult in these single wavelength images. 

A three wavelength correction image, 440/((400+480)/2), Image 4.9c, was 

generated from the image cube. Image 4.9c shows some improvement of fingermark 

pattern visualisation compared to the fingermark pattern in Image 4.9b, however there 

is still strong patterning from the substrate visible in Image 4.9c. This could be due to 

the 80 nm separation between the two bracketing wavelengths. 

 

The section of the image containing the fingermark was cropped prior to subsequent 

image processing. The cropped 60 frame image cube (400 to 700 nm, 5nm increments) 

was imported into MultiSpec© to perform a principal components analysis (PCA). The 

principal component images which displayed the best contrast between the fingermark 

and the substrate were principal components 4, 5 and 6 and these are shown in Images 

4.9d, 4.9e and 4.9f respectively. A three channel colour image comprising of principal 

component images 4, 5 and 6 in the blue, green and red respectively is shown in Image 

4.9g. The composite colour image showed improvement over the single wavelength 

image, Image 4.9b and showed a similar level of fingermark pattern enhancement as 

the three wavelength correction, Image 4.9c. 
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Image 4.9 Fingermark two RP(benzo(f)nin, principal components analysis: a) colour reflectance 
image, b) reflectance at 440 nm, c) 

480*400
440 , d) PC 4 from 60 frame input image, e) PC 5 from 

60 frame input image, f) PC 6 from 60 frame input image, g) colour image generated from d, e, 
and f, h) PC 5 from 5 frame subset image taken from 60 frame image cube (400, 440, 500, 600, 700 
nm) i) colour image generated from PC 3 PC 4 and PC 5 from 5 frame input image. 
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Images at 400, 440, 500, 600, and 700 nm from the 60 frame image cube were also 

imported into MultiSpec© for a principal components analysis. These wavelengths 

represent two spectral peaks and three valleys for RP-benzo(f)ninhydrin, as shown in 

Figure 4.7. Principal component 5 (Image 4.6h) from this PCA showed the best 

contrast of the fingermark pattern against the substrate. A three colour image from 

principal components 3, 4, and 5 from this PCA, Image 4.9i, shows a similar amount 

of fingermark enhancement as Image 4.9g and Image 4.9c. Similar enhancement 

results were thus obtained for a PCA on a 60 frame input image, PCA on a five frame 

input image, and a three wavelength background correction.  

4.3.1.6 Imaging of fingermarks treated with benzo(f)ninhydrin + cadmium 

Treatment of the benzo(f)nin fingermark, fingermark two, with cadmium was chosen 

based on the substrate spectral features. Several reflectance measurements were taken 

of the newsprint using a fibre optic spectrophotometer, and these measurements are 

presented in Figure 4.11. The spectra of the pigments on the newsprint varied 

significantly between 400 and 700 nm. The shape of the background spectra near 550 

nm exhibited the least amount of curvature, so this spectral region was targeted for 

background suppression. The cadmium complex of benzo(f)ninhydrin exhibits a peak 

near 550 nm, so the benzo(f)ninhydrin treated fingermark, fingermark two, was thus 

treated with cadmium to give fingermark two(b).  
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Figure 4.11 Reflectance spectra of colours from the newsprint substrate used for fingermark two 
and the reflectance spectrum of Cd-benzo(f)nin taken from Figure 4.9. Newsprint substrate is 
printed using a four colour printing process. 
 

An image taken at the peak wavelength for Cd-RP(benzo(f)nin is shown in Image 

4.10a. A three wavelength correction procedure around the 550 nm peak was applied 

to images of fingermark two(b). Images 4.10b through to 4.10i show the result of a 

three wavelength (division) correction where the image used to divide the central 

image was the average of two images taken at wavelengths progressively longer and 

shorter than the central image. Image 4.10c shows good suppression of the substrate 

patterning, as was expected, because the wavelengths used to divide the central image 

are 15 nm longer and shorter respectively, but it does not show significant contrast of 

the fingermark against the substrate. Image 4.10i shows good fingermark contrast but 

also shows strong patterning from the substrate. 

 

Two wavelength corrections were also investigated for the 550 nm peak for 

fingermark two(b). Images 4.11a through 4.11e show the results of a two wavelength 

correction where the image used to divide the central image was at a shorter 

wavelength, while Images 4.11f through 4.11i. are an analogous series where the 

background image was at a longer wavelength. 
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Image 4.10 Fingermark two(b) Cd-RP(benzo(f)nin) enhanced using a three wavelength 
correction: a) 550 nm image b) 

545*555
550 , c) 

535*565
550 , d) 

530*570
550 , e 

525*575
550 , f) 

520*580
550 , g) 

515*585
550 , h) 

510*590
550 , i) 

505*595
550  
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Image 4.11 Fingermark two(b) Cd-RP(benzo(f)nin): Enhanced using a two wavelength 
correction.: a) 550/505 nm; b) 550/515 nm; c) 550/525 nm; d) 550/535 nm; e) 550/545 nm; f) 
550/555 nm; g) 550/565 nm; h) 550/575 nm; i) 550/585 nm. 
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For both image sets, (Images 4.10 & 4.11) there is a trade-off between fingermark 

enhancement and substrate suppression. For this substrate, the three wavelength 

correction provided a better fingermark enhancement over the substrate than the two 

wavelength enhancement because it was not possible to suppress all of the substrate 

pattern using only one image to divide the 550 nm image. There was significant 

contrast between the orange and yellow, and the blue and green pigments on the 

substrate when one image was used to divide the central image. For instance, Image 

4.11c shows the blue and green pigments to be dark when 500r/525r  was applied 

whereas Image 4.11i shows the yellow and orange pigments to be dark when 

550r/585r was applied. Image 4.10e, however, shows good suppression of the entire 

substrate pattern and good fingermark contrast when rr 570*530/550  was the 

formula used.  

 

The reason for the improved behaviour of the three wavelength correction can be 

understood by examining the spectra of the pigments for this substrate and comparing 

them to the spectrum of Cd-RP(benzo(f)nin), Figure 4.11. Over the spectral range that 

was used for imaging of this sample (505 to 595 nm) all of the background spectra 

exhibit a positive slope except for the yellow and orange pigments which exhibit 

negative slope. If a two wavelength division is applied, using the ratio of the 550 nm 

image to that of a shorter wavelength, then the pigments whose spectra exhibit a 

positive slope will look dark in the processed image along with Cd-RP(benzo(f)nin) 

whose spectrum also exhibits positive slope between 550 and 505 nm. Conversely, if a 

two wavelength division is applied using the ratio of the 550 nm image to that of a 

longer wavelength then those pigments exhibiting a negative slope over this region 

will look dark in the processed image, along with Cd-RP(benzo(f)nin), whose 

spectrum also exhibits a negative slope between 550 and 585 nm. 

 

To overcome the problem of having background spectra which exhibit both negative 

and positive slopes over the range of the target spectral peak, one can take the average 

of two images taken at wavelengths higher and lower than the wavelength peak of the 

target compound (in this case Cd-RP(benzo(f)nin at 550nm). Doing so suppresses 

those spectra with only a positive or negative slope (over the range of the two 

bracketing wavelengths) and enhances those spectra which exhibit a negative curvature 
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over that range. The wavelength range of the two bracketing wavelengths used in 

Image 4.10e was 525 to 575 nm, and over this spectral range the only chromophore 

with a significant negative curvature was Cd-RP(benzo(f)nin  

 

The spectral range over which the background in Image 4.10i was estimated was 505 

to 595 nm. Over this range the spectra of the red and pink pigments also exhibited 

negative curvature and so these also look dark in Image 4.10i. Furthermore, in this 

image the yellow and orange pigments are lighter than the remainder of the image 

since they show positive curvature in the spectral range 505 to 595 nm. 

 

Image 4.12 shows a comparison between the results obtained using an arithmetic 

average in accordance with equation 1.2 with that obtained using a geometric average 

in accordance with equation 1.1. Image 4.12c shows a ratio of the processed image 

using a geometric mean to that of a processed image using an arithmetic mean. Image 

4.12a appears noiser than image Image 4.12b especially at the bottom left corner, 

however, measurements of the standard deviation of the pixel values in this area were 

very similar for the two images. 

 
Image 4.12 Fingermark two(b),  Comparison between geometric and arithmetic average  

a) 
530*570

550 , b) 
530570

550*2
+

,c) ratio of images: 
b
a

11.4
11.4

 

 
In cases where the individual pixel values of the images at 570 nm and 530 nm are not 

equal, the geometric mean calculation for those pixels will be lower than the arithmetic 

mean. A division of the background corrected image obtained with the geometric mean 

by that obtained using the arithmetic mean will result in an image with pixel values of 
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1 where the two mean estimates are identical and values of more than 1 where the 

arithmetic mean exceeds the geometric mean. The bright areas in Image 4.12c 

correspond to the green/blue colours in the image; it is these colours that show a steep 

change in reflectance over the region 530 to 570 nm (Figure 4.11). Image 4.12c has 

been contrast-adjusted to exaggerate the difference. The mean pixel brightness value 

for Image 4.12c is 1.02 ± 0.03, with a minimum pixel value of 1 and a maximum pixel 

value of 1.21 showing that the arithmetic and geometric means are similar for most of 

the substrate. As a geometric mean may not be available in some image processing 

software applications, these results show that an arithmetic mean is an acceptable 

alternative.  

 

The results from imaging fingermark two and subsequently fingermark two(b) 

illustrate the importance of knowing the spectral properties of not only the target 

analyte but also of the substrate. The observed background suppression seen in Image 

4.10 may not have been possible if spectral measurements had not first been made of 

the substrate which then led to the choice of which metal to use for further 

enhancement.  

 

4.3.2 DFO 
The product obtained upon reaction of 1,8-diazafluorene-9-one (DFO) and latent 

fingermark residue displays both colour and fluorescence (45). Although its colour is 

relatively weak compared to Ruhemann’s Purple, its strong fluorescence has seen DFO 

become a dominant reagent for the enhancement of latent fingermark residue (143). 

4.3.2.1 Spectra of the product obtained from DFO and amino acids 

(DFYADF) 

The DFO amino acid product DFYADF, shows a broad absorption across most of the 

visible spectrum (Figure 4.12). The steep drop in absorbance between 570 and 600 nm 

means that a two wavelength correction in absorbance mode could be applied to this 

compound in this spectral range. The emission spectrum of DFYADF, Figure 4.13, 

exhibits a steep drop in intensity between 580 and 625 nm, which means that a two 

wavelength correction in fluorescence mode could be applied to this compound over 

this spectral range. 
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Figure 4.12 (─) Absorbance and (---) reflectance spectra of DFYADF 
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Figure 4.13 (---) Excitation and (―) emission spectra of DFYADF 2.76 x 10-6 mol L-1 in ethanol. 
(emλ = 625 nm, exλ = 480 nm) (─  ) emission of DFYADF on filter paper. Insert: structure of 
DFYADF. 

4.3.2.2 Imaging of fingermarks treated with DFO 

A latent fingermark was deposited on a yellow manila folder and treated with DFO, 

fingermark three. Other authors have discussed difficulties when using DFO to 

enhance fingermarks on yellow coloured substrates due to strong background 
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fluorescence from the paper interfering with the fluorescence of the fingermark (4) 

Reflectance images were acquired at 570 nm, which is the wavelength of the 

absorbance peak of DAYADF and at a longer wavelength (605 nm) where DFYADF 

absorbs less strongly (Images 4.13a and 4.13b respectively). A two wavelength 

correction in reflectance mode was calculated, 570r / 605r (Image 4.13c). 

 
Image 4.13 Fingermark three: a) 570 nm reflectance image b) 605 nm reflectance image; c) 
570r/605r 

 

There is significant interference from the grain of the yellow cardboard (manila folder) 

in the single wavelength images. This grain structure is suppressed in Image 4.13c 

making the fingermark detail much easier to discern.  

 

Two fluorescence images of the DFO treated fingermark were acquired at 580 and 630 

nm with 550 nm excitation. A reflectance image at 550 nm, Image 4.14c, was acquired 

of a section of white copier paper and this shows how the intensity of the excitation 

light is spatially distributed. This image was taken with the lens slightly out of focus to 

reduce the grain pattern of the paper. Image 4.14d shows a two wavelength subtraction 

(580f – 630f) while Image 4.14e shows a two wavelength division (580f / 630f). To 

correct for the non-uniform light intensity distribution, Image 4.14c was divided by its 

mean brightness and then Image 4.14d was divided by the resulting image to give 

Image 4.14f. This type of arithmetic combination is analogous to that performed in 

microscopy to reduce the effects from non-uniform excitation intensity (144). 
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Image 4.14 Fingermark three a) 580 nm fluorescence image; b) 605 nm fluorescence image; c) 550 
nm reflectance image of a section of copier paper ; d) (580f-630) fluorescence images; e) (580f/630f) 
fluorescence images; f )(580f-630f)/(550r) 
 

In cases where the background does not exhibit significant spatial variation in emission 

intensity, a subtraction of one fluorescence image from another does not significantly 

improve the fingermark detail. A division of an image at a spectral region of high 

emission intensity by another at a region of lower intensity, however, does improve the 

visualization of the fingermark by reducing spatial intensity variations caused by 

uneven distribution of the fluorophore (in this case DFYADF). A comparison of Image 

4.14f with 4.14d shows the effect of compensating for the excitation non-uniformity. 

There is some improvement in fingermark visualization in Image 4.14f compared to 

Image 4.14d. For instance the intensity of the top right portion of the fingermark 

pattern in Image 4.14f is similar to the rest of the fingermark unlike the same region in 

Image 4.14d. A comparison of Image 4.14f with Image 4.14e, however, suggests that 

there is a greater contribution to fingermark non-uniformity from uneven distribution 
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of DFYADF than from uneven excitation illumination, since the intensity of the 

fingermark fluorescence is less uniform across Image 4.11e than in Image 4.11f. 

 

4.3.3 Enhancement of fingermarks on non porous surfaces: summary of 
findings. 

Enhancement procedures were developed for imaging fingermarks on porous surfaces 

in absorbance mode, after they had been enhanced with ninhydrin and 

benzo(f)ninhydrin, zinc-treated Ruhemann’s Purple and cadmium-treated Ruhemann’s 

Purple derived from benzo(f)ninhydrin, and also DFO. The most successful results 

were for those fingermarks that had been enhanced with the metal-Ruhemann’s Purple 

complexes because these exhibited narrow spectral features in their absorbance 

spectra. There was only limited success in enhancing fingermarks which had only been 

treated with ninhydrin or benzo(f)ninhydrin, because the spectra of Ruhemann’s Purple 

(ninhydrin) and Ruhemann’s Purple (benzo(f)ninhydrin) exhibit very broad features 

and thus are not readily amenable to the background correction algorithms. 

 

The approach used to attain the best visibility of fingermarks enhanced with the  

metal-Ruhemann’s Purple complexes was to acquire an image at the absorbance 

maximum of the metal-Ruhemann’s Purple complexes and then a series of images at 

longer and shorter wavelengths. The geometric mean of two images taken at 

wavelengths equidistant from the central wavelength was generated and used to divide 

the central image. Images so obtained showed significant improvement in selectivity 

and sensitivity toward the fingermark pattern in the image. The results obtained with 

Cd-RP(benzo(f)nin) enhanced fingermarks showed the value in selecting the best 

chemical enhancement reagent based on spectral examination of the underlying 

substrate. 

 

The product formed between DFO and amino acid residues, DFYADF, exhibited a 

steep change in absorbance near 580 nm which allowed it to be successfully enhanced 

using a division of two images in absorbance mode. DFO-treated fingermarks were 

also enhanced in fluorescence mode by performing a division of a fluorescence image 

at the DFYADF emission maximum by another where DFYADF exhibited less 

emission. Images so obtained showed improved fingermark detail by reducing the  
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non-uniform fluorescence intensity distribution across the fingermark caused by spatial 

variations in the amount of fingermark development. 

 

4.4 Enhancement of fingermarks on non-porous surfaces 

The use of cyanoacrylate ester to improve visualization of latent fingermarks was 

developed at the Japanese National Police Agency in 1978 (137). Soon afterwards it 

was reported that staining the fingermark with a chromogenic or fluorogenic dye 

greatly improved the contrast of the developed fingermark (145), and since then, 

cyanoacrylate fuming followed by staining has become a well established method for 

visualizing fingermarks on non-porous surfaces (126). 

 

Rather than a chemical reaction, the dye is absorbed into the cyanoacrylate polymer 

matrix. This meant that many possible dyes could be used to stain cyanoacrylate fumed 

fingermarks and many dyes have been suggested (146-148). Fluorescent dyes are more 

sensitive than absorbance dyes and hence are used almost exclusively (148). The 

substrate upon which a fingermark is deposited can also fluoroesce and this can lead to 

decreased contrast and level of detection (149) (150). 

 

Research into techniques for background fluorescence suppression have focused upon 

time and phase resolved imaging techniques (150). Often this requires expensive 

equipment and also requires fluorophores with long luminescence decay lifetimes.  

 

The dye used to stain a cyanoacrylate fumed fingermark is chosen to maximise the 

contrast with the substrate. This is usually performed ‘by eye’ but some authors have 

suggested a more rigorous approach to choosing a dye and suggest measuring the 

emission spectrum  from the substrate first and selecting a dye which will provide the 

greatest contrast to that particular substrate (149). Other authors have suggested 

selecting dyes which exhibit near-IR luminescence, which is outside the region of most 

commonly encountered background fluorophores (151). 

 

This section focused on enhancing fingermarks using lanthanide complexes since these 

have narrow spectral features suited to the background correction method. The 

fingermark samples are listed in Table 4.3. 
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Sample 
name Substrate Type of 

deposition 
Enhancement 

Reagent 
Spectral image data 

collected 
Image

Fingermark 
four 

Soda can 
V 

Strong 
sebaceous 
fingermark 

Dusted with 
Tb(acac)3.phen 

525→575  (5nm inc) 
300 nm ex 

4.11 

Fingermark 
five 

Soda can 
Coke© 

Strong 
sebaceous 
fingermark 

Fumed with CA 
and stained with 
Nd(TTA)3.phen 

840→940  (5nm inc) 
365 nm ex 

4.12 

Fingermark 
six 

Soda can 
Coke© 

Strong 
sebaceous 
fingermark 

Dusted with 
Nd(TTA)3.phen 

840→940  (5nm inc) 
365 nm ex 

4.13 

Fingermark 
seven 

Soda can 
Fanta© 

Strong 
sebaceous 
fingermark 

Fumed with CA 
and stained with 
Sm(TTA)3.phen 

540→680  (2nm inc) 
365 nm ex 

4.14 

Fingermark 
eight 

Soda can 
Fanta© 

Strong 
sebaceous 
fingermark 

Fumed with CA 
and stained with 
Eu(TTA)3.phen 

Panacryl 

580→640  (5 nm inc) 
365 nm ex 

450→550 (5 nm inc) 
420 ex 

4.15 

Fingermark 
nine 

Soda can 
Fanta© 

Weak sebaceous 
fingermark 

Fumed with CA 
and stained with 
Eu(TTA)3.phen 

Panacryl 

580→640  (5 nm inc) 
365 nm ex 

450→550 (5 nm inc) 
420 ex 

4.16 

Fingermark 
ten 

Soda can 
Fanta© 

Weak sebaceous 
fingermark 

Fumed with CA 
and stained with 
Eu(TTA)3.phen 
Rhodamine 6G 

580→640  (5 nm inc) 
365 nm ex 

550→600 (5 nm inc) 
520 ex 

4.17 

Table 4.3 Table of fingermarks on non-porous surfaces used in this study. 
 

4.4.1 Enhancement of fingermarks using common fluorophores 
Rhodamine  6G and Basic yellow 40 (coumarin 540 or Panacryl) are two common 

dyes used for staining cyanoacrylate fingermarks (148). Image enhancement of these 

was compared with that for the lanthanide dyes. 

4.4.1.1 Solution and solid state spectra of Panacryl and Rhodamine 6G 

The solution and solid state fluorescence spectra of Panacryl and Rhodamine 6G are 

shown in Figures 4.14 and 4.15 respectively. 
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Figure 4.14 (---) Excitation and (―) emission spectra of Panacryl 1.27 x 10-5 mol L-1 in ethanol 
(emλ = 525 nm, exλ = 400 nm) (·····), emission from Panacryl-stained fingermark measured with 
QICAM+visible-VariSpec(LCTF), exλ = 400 nm with Polilight©. Insert: structure of Panacryl.  
 

Panacryl exhibits an excitation band near 420 nm and an emission band near 510 nm. 

each with a FWHM of approximately 80 nm. The Stokes shift for Panacryl is 

approximately 70 nm. The large Stokes shift means that when Panacryl was excited at 

its excitation maximum (420 nm) an emission image could be captured at a wavelength 

shorter than the maximum emission wavelength. This allows a three wavelength 

correction to be applied to Panacryl; however, the FWHM of 80 nm could be too wide 

to selectively enhance Panacryl against background emission. 
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Figure 4.15 (---) Excitation and (―) emission spectra of Rhodamine 6G 1.8 x 10-7 mol L-1 in ethanol 
(emλ = 575 nm, exλ = 500 nm) (····), emission from a Rhodamine 6G-stained fingermark 
QICAM+visible-VariSpec(LCTF) imaging system, exλ = 500 nm with Polilight©. Insert: Structure 
of Rhodamine 6G. 
 

Rhodamine 6G exhibits excitation and emission maxima near 525 and 550 nm 

respectively. The Stokes shift of Rhodamine 6G (ca. 20 nm) is much smaller than 

Panacryl. This would make performing a three wavelength correction on Rhodamine 

6G difficult because an excitation wavelength much shorter than the excitation 

maximum would need to be used to allow an emission image at a wavelength shorter 

than the maximum to be captured. A two wavelength correction may be successful 

using an excitation wavelength slightly shorter than the maximum, and capturing an 

image at the emission maximum and another image at a longer wavelength. 

 

4.4.2 Enhancement of fingermarks using lanthanide dyes 
Lanthanide ions with organic ligands have been used to stain cyanoacrylate fumed 

fingermarks (128). Several advantages of the lanthanide dyes over the traditional dyes 

have been suggested including their large Stokes shift and non-visible excitation which 

allows the excitation light to be filtered without sacrificing emission intensity. The 

main feature of interest in this study, however, is their very narrow emission profiles, 

with some lanthanide complexes having emission FWHM as narrow as 5 nm (152).  
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Nearly all the lanthanides exhibit some degree of fluorescence, however not all 

lanthanides fluoresce with the same intensity. Their emission intensity is related to the 

efficiency of energy transfer from the organic ligand to the lanthanide ion. Lanthanide 

emission can occur over a range of wavelengths extending to the infrared and some 

lanthanides exhibit more than one emission band. Europium is the most widely studied 

and utilized lanthanide due largely to the significantly higher luminescence of its 

complexes compared to other lanthanides (153). The narrow emission bands of the 

lanthanide (and actinide) complexes are a consequence of the shielding of the inner 4f 

electrons responsible for the electronic transitions. This shielding protects the 4f 

orbitals of the lanthanide ion from the effect of surroundings which are a major 

contributor to emission band broadening of fluorescent compounds. Therefore 

lanthanide compounds retain the spectral features typical of atomic spectra (153).  

 

Europium(III) and terbium(III) have excited states with energies lying slightly below 

that of the triplet state of many common organic ligands and hence often fluoresce 

more strongly than other lanthanides for a given ligand set. Other lanthanides such as 

samarium(III) and dysprosium(III) are also known to fluoresce appreciably in the 

visible region (154). An emission quantum yield of 0.69 has been reported for 

Eu(TTA)3.phen, and similar quantum yields have been reported for terbium complexes 

(155). However, the Tb(acac)3.phen complex used in this study has a lower emission 

quantum yield than other Tb complexes because the triplet energy level of 

acetylacetone lies slightly below that of Tb3+ which reduces the efficiency of energy 

transfer (153). The emission efficiencies of most samarium and neodymium complexes 

are very low in comparison to europium (153). However Sm(TTA)3.phen exhibits 

three narrow emission peaks in the visible spectrum and Nd(TTA)3.phen exhibits a 

peak in the near-IR and these features make these compounds attractive in a spectral 

imaging context. 

4.4.2.1 Solution and solid state spectra of lanthanide complexes 

The solution luminescence spectra of three of the lanthanide complexes studied in this 

thesis are shown in Figure 4.16. Eu(TTA)3.phen is the strongest emitter with a single 

emission band at 615 nm. Sm(TTA)3.phen exhibits three emission bands between 550 

and 650 nm while Tb(acac)3.phen exhibits two emission bands between 450 and 550 

nm. 
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Figure 4.16 Excitation and emission of lanthanide complexes in ethanol: 
(─)Tb(acac)3.phen (4.39 x 10-4 mol L-1) (excitation wavelength used to acquire emission spectrum = 
300 nm, emission wavelength used to acquire excitation spectrum = 500 nm); (─)Sm(TTA)3.phen  
(1.39 x 10-4 mol L-1) (excitation wavelength used to acquire emission spectrum = 400 nm, emission 
wavelength used to acquire excitation spectrum = 570 nm); (─)Eu(TTA)3.phen (9.61 x 10-6 mol L-1) 
(excitation wavelength used to acquire emission spectrum = 340 nm, emission wavelength used to 
acquire excitation spectrum = 615 nm). Insert: a generalized structure of a lanthanide tris-
βdiketonate with 1,10-phenanthroline. 
 
The excitation maxima for these lanthanide complexes are all in the near-UV with a 

large Stokes shift (ca. 200 nm). There is a significant broadening of the emission 

spectrum of Eu(TTA)3.phen when measured using the QICAM+visible-VariSpec. 

imaging system. This is due to convolution with the bandpass of the filter, as shown by 

the comparison of a solution spectrum measured with a spectrofluorometer (2.5 nm 

bandpass) with the emission spectrum from Eu(TTA)3.phen in cyanoacrylate measured 

with the QICAM+visible-VariSpec (bandpass ca. 15 nm) (Figure 4.17). The bandpass 

of the LCTF is also wavelength-dependent as discussed in section 2.5.2.2. 
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Figure 4.17 (─) Emission spectrum of Eu(TTA)3.phen in solution measured using a 
spectrofluorometer,  (····) emission spectrum of cyanoacrylate fingermark stained with 
Eu(TTA)3.phen measured with the QICAM+visible-VariSpec(LCTF) imaging system exλ 365 
Polilight©. 
 

The spectrofluorometer available for use during this study could not measure emission 

wavelengths longer than 800 nm so the Rolera + near-IR LCTF was used to measure 

the solution emission of Nd(TTA)3.phen. A 2.4 x 10-4 ethanolic solution of 

Nd(TTA)3.phen was placed in a 1 cm glass cuvette and the cuvette was set on a 

photography stand. A UV lamp was placed next to the cuvette and the Rolera+near-IR 

LCTF imaged the front of the cuvette perpendicular to the UV lamp. A piece of black 

card was placed between the UV lamp and the LCTF port to prevent stray light from 

the lamp entering the LCTF. The spectrum of Nd(TTA)3.phen measured in this way is 

shown in Figure 4.18. 
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Figure 4.18 Emission of Nd(TTA)3.phen (2.40 x 10-4 mol L-1 in ethanol) measured with Rolera + 
near-IR-VariSpec(LCTF) (3 min integration time per wavelength measurement) Excitation at 350 
nm. 
 
The emission band of Nd(TTA)3.phen was found to be wider than for the other 

fluorophores used in this study and agrees with solution spectra reported in the 

literature (235). However, the spectra still exhibited a steep change in emission 

intensity between 850 and 880 nm and so a two wavelength correction may be 

successfully applied over this region. The emission intensity of Nd(TTA)3.phen, 

however, is much weaker than the other fluorophores. 

 

4.4.3 Imaging of fingermarks on non-porous surfaces 
All fingermarks in this section were deposited by wiping the forehead with a finger 

and then pressing down onto the substrate. Fingermarks are described as strong if the 

finger was pressed directly onto the substrate after wiping the forehead. Fingermarks 

are described as weak if the thumb or finger was pressed several times onto a clean 

section of glass before deposition on the substrate. 

4.4.3.1 Imaging of fingermarks dusted with Tb(acac)3.phen 

Fingermark four was a strong fingermark on a soda can that was not fumed. 

Tb(acac)3.phen was very insoluble in the solvent system used for the Ln(TTA)3.phen 

complexes so it was difficult to stain fumed fingermarks with this complex. Therefore, 

solid Tb(acac)3.phen powder was applied to the latent fingermark using a fingerprint 
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brush. Tb(acac)3.phen has an excitation wavelength maximum near 300 nm. At this 

excitation wavelength there was only weak fluorescence from the soda can at 555 nm. 

When the excitation wavelength was set to 350 nm, background emission from the 

soda can was stronger. Images 4.15b and 4.15c show the fluorescence of the sample 

with 300 and 350 nm excitation respectively. 

 

 
Image 4.15 Fingermark four, strong fingermark (not fumed) dusted with Tb(acac)3.phen: a) 
colour reflectance image,  b) colour fluorescence image (ex 300 nm); c) colour fluorescence image 

(ex 365 nm); d) emission at 550 nm, e) 
2

560540550 +
− , f) 

560540
550*2
+

. 

An image of the fluorescence at 555 nm using an excitation of 300 nm (Image 4.15d) 

shows a significant variation in fluorescence intensity across the fingermark, but does 

not exhibit significant background fluorescence. Under these conditions of low 

background fluorescence, image subtraction does not significantly improve the quality 

of the fingermark (Image 4.15e), which is an analogous result to that for DFO 

enhanced fingermarks (Image 4.14d). In contrast, image division improves the quality 

of the fingermark image by reducing the spatial variation in image brightness caused 
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by uneven distribution of the dye across the fingermark (Image 4.15f) in an analogous 

manner to the result seen for DFO enhanced fingermarks (Image 4.14e). Similar results 

were obtained when the emission peak at 500 nm was used. However, emission at this 

shorter wavelength peak is weaker than at 550 nm and longer exposure times were 

required to obtain an adequate image. 

4.4.3.2 Imaging of fingermarks treated with Nd(TTA)3.phen 

Fingermark five was a strong fingermark deposited on a soda can, fumed with 

cyanoacrylate, and stained with Nd(TTA)3.phen. Images from this sample are shown in 

Image 4.16. Due to the weak fluorescence of Nd(TTA)3.phen compared to 

Eu(TTA)3.phen, the concentration of the dye was 10 times higher for Nd(TTA)3.phen 

than for Eu(TTA)3.phen. At these concentrations a solid began to precipitate out of 

solution about 10 min after preparation, so the fumed fingermarks were treated with 

Nd(TTA)3.phen as soon as the dye solution had been prepared. 

 
Image 4.16 Fingermark five, strong fingermark stained with Nd(TTA)3.phen a) emission at 880 
nm; b) fixed pattern noise(FPN) for 3 min exposure time; c) emission at 880 nm image - FPN 
image; d) emission at 850nm - FPN e) 880 nm – 850 nm(corrected for FPN); f) 880 nm/850 nm 
(corrected for FPN) 
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The very weak emission of Nd(TTA)3.phen necessitated long exposure times (3 min) 

which resulted in images with low pixel brightness values and a high amount of noise 

even at the maximum emission wavelength of 880 nm, Image 4.16a. This image 

showed some non uniformity due to fixed pattern noise (FPN) discussed in Section 

2.5.2.3 and is shown in Figure 2.12a for the QICAM. This non-uniformity can be seen 

in the top and bottom right corners of Images 4.16a and 4.16b. Subtraction of the dark 

image from each frame of the sample image cube removed most of this non-uniformity 

as can be seen by comparing Image 4.16c to Image 4.16a. Image 4.16d is an emission 

image at 850 nm (at the short wavelength base of Nd(TTA)3.phen) which has also been 

corrected for FPN. Images 4.16e and 4.16f show the result of subtraction and division 

operations respectively using the images at 880 and 850 nm. Image 4.16e shows that 

subtraction has led to a small amount of improvement compared to Image 4.16a. The 

division image (Image 4.16f), however, is very noisy and does not offer improvement 

over the single wavelength image. Due to the very low emission observed in the above 

experiments, Nd(TTA)3.phen was also dusted onto a fingermark in an analogous 

manner to that described for Tb(acac)3.phen. The results are shown in Image 4.17. 

Once again, the emission maximum was at 880 nm while the background image was 

acquired at 850 nm. 

 

Fingermark six was a strong fingermark deposited on a soda can and was not fumed. 

The images of the fingermark which had been dusted with Nd(TTA)3.phen powder 

showed significant improvement over those which had been fumed and stained with 

Nd(TTA)3.phen solution. This is likely because a higher amount of Nd(TTA)3.phen 

was deposited on the fingermark during dusting than was absorbed during the staining 

process. 
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Image 4.17 Fingermark six strong fingermark (not fumed) dusted with Nd(TTA)3.phen excitation 
365 nm: a) colour image b) 880 nm . c) 880 nm – 850 nm, d) 880 nm / 850 nm) 
 

The exposure times for the image cube for fingermark six were 30 s compared to 3 

min for fingermark five. At this exposure time there was a small amount of emission 

from the soda can at 880 nm as can be seen in Image 4.17b. There was also less FPN at 

an exposure time of 30 s compared to 3 min so a dark correction was not required. The 

results from the image subtraction and image division procedures were similar to those 

from the fingermarks treated with Tb(acac)3.phen. The subtraction image did not 

provide significant improvement over the single wavelength image. In contrast, the 

division image suppressed the spatial non-uniformity due to uneven dye distribution, 

providing better visibility of the whole fingermark. 

4.4.3.3 Imaging of fingermarks treated with Sm(TTA)3.phen 

Fingermark seven was a strong fingermark deposited on a soda can, fumed with 

cyanoacrylate and stained with Sm(TTA)3.phen. Sm(TTA)3.phen exhibits three 

emission bands at 566, 604, and 646 nm at an excitation of 400 nm with similar 

intensities. An emission image cube was acquired at 5 nm increments, and the 

optimum wavelength settings for background correction for each emission peak were 

determined by examination of the corrected images. A three wavelength background 
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correction procedure was applied to each spectral peak using both subtraction and 

division with the results shown in Image 4.18. 

 
Image 4.18 Fingermark seven:  Sm(TTA)3.phen treated fingermark on soda can: a) 566 nm image; 

b) 
2

586546566 +
− ; c) 

586546
566*2
+

; d) 604 nm image, e)  
2

624584604 +
− , f) 

624584
604*2
+

 g) 646 

nm image,  h) 
2

666626646 +
− ; i) 

666626
646*2
+

, the square in e) represents the area used for the 

spectral measurement shown in Figure 4.19 
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The images utilizing the emission peaks at wavelengths 566, 604 and 646 nm are 

shown in the top, middle and bottom rows of Image 4.18 respectively. There is 

significant background emission of the soda can over the range 550 to 650 nm at an 

excitation of 365 nm. In particular, the substrate emission was not suppressed 

following subtraction for the peak at 604 nm (Image 4.15e). Figure 4.19 shows a 

comparison between the emission spectrum of Sm(TTA)3.phen and the area of the soda 

can represented by a square in Image 4.18e. The spectrum for the specified region of 

the soda can exhibits negative curvature over the range used for the arithmetic 

combination for the peak at 605 nm and thus was enhanced along with the fingermark. 

The background spectrum is, however, approximately linear near 565 nm and 650 nm 

(the other two emission peaks for Sm(TTA)3.phen) and therefore when a three 

wavelength correction is applied in these spectral regions the emission from the soda 

can is successfully suppressed. 
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Figure 4.19 (─) Emission spectrum of Sm(TTA)3.phen; (---) emission  spectrum of an area of the 
soda can represented by a square in Image 4.18e. Both spectra acquired by LCTF. 
 



 158

4.4.3.4 Imaging of fingermarks treated with Eu(TTA)3.phen: comparison 

with commonly used fingermark stains 

The performance of Eu(TTA)3.phen was compared to the commonly used fingermark 

stains Panacryl and Rhodamine 6G. Fingermarks were deposited onto replicates of a 

soda can which exhibited strong orange fluorescence. The position of the fingermark 

on each soda can was the same for the three fingermarks. After fuming, the 

fingermarks were cut in half and each half was treated with a separate reagent. For 

comparison purposes, images of each half of the fingermark taken under optimal 

excitation and emission conditions for that half were stitched together using 

Photoshop® CS2. 

 

Comparison of Eu(TTA)3.phen and Panacryl for a strong fingermark 

Fingermark eight was a strong fingermark deposited on a soda can and fumed with 

cyanoacrylate. The left side was treated with Eu(TTA)3.phen and the right side was 

treated with Panacryl. The reflectance and fluorescence images of the fingermark are 

shown in Images 4.16a and 4.16b respectively. The left side of Image 4.19c shows the 

emission of the Eu(TTA)3.phen treated half fingermark at 615 nm while the right side 

of Image 4.19c shows the emission of the Panacryl treated half fingermark at 505 nm, 

these being the optimum emission wavelengths for these dyes. 
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Image 4.19 Fingermark eight, left side treated with Eu(TTA)3.phen, right side treated with 
Panacryl: a) colour reflectance image, b) colour fluorescence image (ex 365 nm), c) single 

wavelength image, Eu = 615 nm, Panacryl = 510 nm, d) Eu = 
2

625605615 +
− , Panacryl = 

2
535485510 +

− ;e)  Eu = 
625605

615*2
+

, Panacryl = 
535485

510*2
+

; f) Eu = 
625605

615*2
+

 Panacryl = 

545475
510*2
+

 

 
Image 4.19d shows the result of a subtraction operation on each half of the fingermark. 

As there is little background emission relative to the emission from the fingermarks, 

subtraction does not offer significant improvement over the single wavelength images 

in Image 4.19c. Images 4.19e and 4.19f show the result of a three wavelength 

background correction using a division operation. The wavelengths are the same for 

the Eu(TTA)3.phen treated half fingermark in both images but the background 

wavelengths for the Panacryl half are separated by 50 and 70 nm respectively. The 

division operation reduced the effects from non-uniform dye distribution as was 

expected, but it did not improve the visualisation of the Panacryl treated fingermark. 

This is likely because the wavelengths chosen for division were further from the 

central wavelength than the wavelengths used for the Eu(TTA)3.phen correction, which 

may enhance the substrate emission if the substrate emission spectrum exhibits a 

negative curvature over this region. 
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Comparison of Eu(TTA)3.phen and Panacryl for a weak fingermark 

Fingermark nine was a weak fingermark (made by wiping the forehead and pressing 

several times on a glass plate before deposition on the substrate) on the same brand of 

soda can as used for the previous example and fumed with cyanoacrylate, with the 

right side treated with Eu(TTA)3.phen and the left side treated with Panacryl. 

Reflectance and fluorescence images of this sample are shown in Images 4.20a and 

4.20b respectively. The left side of Image 4.20c shows the emission of the 

Eu(TTA)3.phen treated half fingermark at 615 nm while the right side of Image 4.20c 

shows the emission of the Panacryl treated half fingermark at 510 nm, these being the 

optimum wavelengths for these dyes.  

 

 
Image 4.20 Fingermark nine, left side treated with Panacryl, right side treated with 
Eu(TTA)3.phen, a) colour reflectance image, b) colour fluorescence image (ex 365 nm) c) single 

wavelength image, Eu = 615 nm, Panacryl = 510 nm, d) Eu = 
2

625605615 +
− , Panacryl = 

2
535485510 +

− , e)Eu = 
625605

615*2
+

, Panacryl = 
535485

510*2
+

, f) enlargement of images c, d and e 

where the area of enlargement is indicated by a rectangle in each image.  
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The decreased emission of the fingermarks relative to the substrate compared to the 

previous example means that the fingermark detail is harder to discern in the single 

wavelength image (Image 4.20c) than in Image 4.20c. Images 4.20d and 4.20e show 

the result of three wavelength background correction using subtraction and division 

operations respectively. Image 4.20f shows magnified regions of images 4.20c, 4.20d 

and 4.20e, each of which has been subjected to an increased contrast adjustment. A 

comparison of these magnified images shows that there is little improvement in the 

Panacryl treated fingermark (left hand sides) when subtraction is applied. However, 

when subtraction was applied to the Eu(TTA)3.phen treated fingermark (right hand 

sides), an increased contrast of the fingermark against the substrate could be seen. 

Image 4.20e shows that background correction using division has led to an increase in 

substrate interference especially for the Panacryl treated fingermark. 

 
Comparison between Eu(TTA)3.phen and Rhodamine 6G for a weak fingermark 

Fingermark ten was a weak finger mark deposited on the same brand of soda can as 

in the previous example, and fumed with cyanoacrylate, with the right side treated with 

Eu(TTA)3.phen and the left side treated with Rhodamine 6G. A colour fluorescence 

image of this sample is shown in Image 4.21a, while single wavelength emission 

images at the emission maxima are shown in Image 4.21b. The right side of Image 

4.21c shows the emission of the Eu(TTA)3.phen treated half fingermark at 615 nm 

while the left side of Image 4.21c shows the emission of the Rhodamine 6G treated 

half fingermark at 560 nm using an excitation wavelength of 500 nm. 
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Image 4.21 Fingermark ten, left hand side treated with Rhodamine 6G, right hand side treated 
with Eu(TTA)3.phen a) Colour fluorescence image; b) single wavelength image, Eu = 615 nm 

Rhodamine 6G = 560 nm, c) Eu = 
2

625605615 +
− , Rhodamine 6G = 560 - 590 , d) Eu = 

625605
615*2
+

, Rhodamine 6G = 560/590. 

 
The fingermark in Image 4.21b can be seen against an interfering background from the 

soda can fluorescence, as was observed in Image 4.20c. The images of the half 

fingermark treated with Eu(TTA)3.phen were processed analogously to those in Image 

4.20. The wider emission spectrum of Rhodamine 6G compared to Panacryl meant that 

a greater separation between the central wavelength, 560 nm and the wavelength used 

for background correction was required. The wavelength of the background image 

which offered the best compromise between substrate suppression and fingermark 

enhancement for Rhodamine 6G was 590 nm, however neither subtraction nor division 
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using this wavelength image offered significant improvement over the single 

wavelength image for this combination of dye and sample. 

 

4.4.4 Enhancement of fingermarks on non-porous surfaces: summary of 
findings.  

Enhancement procedures were developed for fingermarks on non-porous surfaces 

which had been enhanced using fluorogenic dyes. In particular, several lanthanide dyes 

were investigated and were found to exhibit very narrow peaks in their emission 

spectra. These spectral features allowed a three wavelength correction to be used to 

enhance the fingermark. The approach which gave the best results was to acquire an 

image near the emission maxima of the lanthanide dye, and also acquire a series of 

images at longer and shorter wavelengths at 5 nm increments. The arithmetic mean of 

two wavelength images which had an equidistant spectral separation from the central 

wavelength were divided into the central wavelength image. Images so obtained 

exhibited significant substrate suppression compared with the single wavelength 

images and also showed reduced fingermark pattern non-uniformity.  

 

This investigation also showed that fluorophores which do not have a particularly 

strong emission can be useful if their spectral features lie in a region where few 

background fluorophores emit or are excited. This was shown to be the case with 

Tb(acac)3.phen, which had an excitation maximum near 300 nm that did not excite 

significant fluorescence from the substrate, and also for Nd(TTA)3.phen, which had 

near-IR fluorescence which is not as common as visible fluorescence. Having more 

than one narrow emission peak was also shown to be an advantage. Sm(TTA)3.phen 

exhibited three narrow peaks in its visible spectrum. One of these peaks overlapped 

with an emission peak from the substrate which meant a three wavelength correction 

was not successful when applied to this peak. Moving to either of the other two peaks, 

however, did allow a three wavelength correction to be successfully applied because 

the background spectra were linear over the range of these peaks. The three 

aforementioned compounds are weak emitters compared to traditional dyes such as 

Rhodamine 6G, but their spectral properties allowed them to be successfully used in 

conjunction with spectral imaging methods to visualise fingermarks on interfering 

backgrounds. Eu(TTA)3.phen has an emission intensity comparable to Rhodamine 6G 

and Panacryl and exhibits a single narrow emission peak in the visible spectrum. 
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Fingermarks enhanced using Eu(TTA)3.phen were subjected to a three wavelength 

correction and the images so obtained exhibited greater discrimination of the 

fingermark from the background compared to Rhodamine 6G and Panacryl. 

 

4.5 Overall Conclusions 

The results presented in this chapter illustrate the benefits of developing targeted 

spectral imaging procedures for specific analytes. In particular, the methods developed 

allowed visualization of forensic analytes deposited on substrates that exhibited 

significant background coloration or fluorescence and patterning. Targeted spectral 

imaging procedures were developed for unenhanced and enhanced blood, and 

enhanced fingermarks on porous and non-porous surfaces in absorbance and 

fluorescence modes. A key component in developing the procedures was the 

availability of a spectral imaging system which allowed spectral images to be acquired 

between 400 and 1100 nm. This flexibility enabled a precise selection of spectral 

images to be acquired which were tailored towards a specific target analyte.  

 

The approach used throughout this study was to first measure the spectrum of the 

target analyte, eg blood, and then to look for spectral regions in the analyte spectrum 

which exhibited steep changes in absorbance or fluorescence over a small wavelength 

range. A series of spectral images were acquired over this predetermined spectral 

range. The most useful enhancement procedure was to take an image at a wavelength 

setting near the analyte absorption or emission maximum and another at a longer or 

shorter wavelength where the absorbance or emission was less. This latter image was 

then divided into or subtracted from the first image which resulted in an image 

showing increased specificity and selectivity of the target analyte and suppressed 

substrate patterning. This operation was most useful when the target analyte exhibited 

a steep shoulder in its spectrum such as crystal violet. In some cases it was found that 

averaging two spectral images that bracketed a narrow spectral feature, and using this 

image to divide the central image (a three wavelength correction) provided better 

results than a two wavelength correction.  
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5 Development of enhancement reagent for 
shoemarks in soil 

5.1 Introduction 

Shoemark impressions made of or in soil are an important form of impression evidence 

found at crime scenes (41). Enhancement procedures for soil shoemarks fall into three 

main categories; physical, chemical and photographic (41). Photographic methods 

often involve techniques such as oblique lighting to provide greater contrast between 

the shoemark and the background and are attempted first since they are non-

destructive. (41). Physical methods transfer the shoemark onto a plain coloured 

substrate and use an electrostatic or gel lifter leading to a greater contrast between the 

shoemark and its new substrate. Chemical methods treat the shoemark with a reagent 

which reacts with one or more of the components of soil to produce a colour that 

improves the contrast of the shoemark against the background. Chemical enhancement 

is usually performed insitu but may be performed following physical lifting. 

 

Of all the media that impression evidence may comprise, soil is perhaps the most 

variable. It is not even easy to define ‘soil’ other than to say it is a highly 

heterogeneous, highly variable, naturally occurring substance comprising of organic 

and inorganic matter which is found in abundance all over the surface of the earth 

(156). This variability can be useful when the transfer and persistence or uptake of the 

components of soil are used to help connect a certain person or item of evidence with a 

certain geographical location (157, 158). However it creates difficulties when trying to 

develop an enhancement protocol, especially a chemical one, that can be applied to a 

variety of soil ‘types’. 

 

An enhancement reagent that would form a highly coloured product with one or more 

of the common components of soil and whose reaction product also exhibited a narrow 

spectral feature was sought in this study. Such a reagent would ideally be colourless to 

prevent significant background staining, and quickly form a stable product at room 

temperature. A product which exhibits fluorescence would also be desirable as it 

would provide increased sensitivity over compounds which only exhibited absorbance.  
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The common constituents of soil were the first considered. Iron was chosen as a target 

as it is a commonly occurring component of soil and there exists an abundance of iron 

sensitive reagents. However, Fe2+ and Fe3+ have partially filled d-electron orbitals 

which cause strong fluorescence quenching (159) (160). Direct fluorescence detection 

of iron is therefore unlikely although sensors based on fluorescence quenching by iron 

have been developed (161). 

 

Iron is the most abundant metal in soils (156). The fraction of iron in soil can vary 

dramatically, ranging from less than 1% to over 50%, but the average is around 4% 

(156, 162). Iron is present in soil mainly as iron oxides (163). There are approximately 

16 different iron oxides of varying abundance and stability in the upper lithosphere or 

pedosphere (163). The most common of these are the yellow oxide-hydroxide goethite 

(α-FeOOH) and secondly the red oxide hematite (α-Fe2O3) due to their thermodynamic 

stability (156, 163). Another commonly found oxide is ferrihydrite which is found 

around areas with recent volcanic activity (164). When iron(II) is released by 

weathering of iron-containing minerals such as pyrite, it is rapidly oxidized by oxygen 

to form the more stable iron(III) oxides, thus the major oxidation state of iron in soil is 

iron (III)(156, 163). 

 

A reagent which is selective towards iron (III) and reacts to form a stable, strongly 

coloured product at room temperature is an obvious candidate for a reagent to enhance 

impression evidence made in or of soil. Thiocyanate was used to enhance muddy 

shoemark impressions as early as 1963 (41). Thiocyanate reacts with iron(III) to form 

iron thiocyanates  ( )( )+−x
xSCNFe 3  which are dark red due to a very broad absorption 

band in the blue-green part of the spectrum. Other reagents have been suggested to 

target iron in soil (165) but none appear to have been as widely adopted as thiocyanate 

(41, 166). The reported effectiveness of thiocyanate to enhance footwear impressions 

is not consistent. Some authors have found it to be effective (41) (167) while others 

have reported little colouration (168). These differences could be due to the relative 

abundance of iron in the respective soils investigated by these researchers.  

 

Several considerations must be made when formulating a reagent to enhance 

depositions made of or in soil. If iron is targeted for enhancement an important issue is 
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accessing the iron from within the soil matrix. Owing to their strong lattice energy, the 

solubilities of the iron oxides in neutral aqueous conditions are extremely low. At 

neutral pH, the solubilities of ferrihydrite and goethite are around 10-9 mol L-1 and 10-11 

mol L-1 respectively. (163). The main parameters affecting the dissolution (and hence 

the availability) of the iron oxides in soils are pH, the presence of reducing agents, 

organic complexing agents, anions such as chloride or phosphate which form soluble 

ionic species with iron(III) and iron(II),  and also the properties of the iron oxide lattice 

(163).  

 

The three main processes affecting dissolution of iron oxides can be summarized as 

follows: (169) 

  

Protonation:        FeOOH(s) + H+ → Fe(OH)2
+

(aq)    5.1 

Reduction:          FeOOH(s) + e- + 3H+  →  Fe2+ + 2H2O   5.2 

Complexation     FeOOH(s) + nL-  + 3H+  → [FeLn]3-n
(aq) + 2H2O  5.3  

 

A chemical formulation for the enhancement of soil shoemarks should maximize the 

amount of iron available to react with the chosen reagent. One or more of the above 

processes can assist in that dissolution process. In addition to freeing the iron, the other 

important consideration in developing a reagent for enhancing muddy shoemarks is 

colour development. The product of the reaction between the iron and the reagent 

should form a stable strong colour in order to provide contrast between the enhanced 

shoemark and the substrate. The d-d transitions in iron complexes lead to UV-visible 

spectral bands with low molar absorptivities. Thus, most intensely coloured iron 

complexes have charge transfer transitions or are a result of the iron perturbing ligand 

transitions. There appear to be more highly coloured iron(II) complexes exhibiting 

metal to ligand charge transfer (MLCT) transitions than there are complexes of 

iron(III) exhibiting intensely coloured ligand to metal charge transfer (LMCT) 

transitions. Examples of iron(III) complexing agents include those containing the 

functional groups hydroxamic acid, catechol, or α-hydroxycarboxylic acid (170). 8-

hydroxyquinoline reacts with iron(III) and also reacts with calcium, magnesium and 

aluminum forming a fluorescent product with the latter three ions. At least one report 

of the successful application of this ligand to shoemark enhancement has been made 

(41). 
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The molar absorptivity of siderophores (naturally-occuring iron(III) binders) are 

between 102 and 103 mol-1 L cm-1 and these are very stable complexes (170). However, 

iron(III) complexes are not commonly used for spectrophotometric determination of 

iron, with the iron usually being reduced to iron(II) before complexation with the 

appropriate reagent (171, 172).  

 

Iron (II) can be complexed to a variety of reagents, including those with the α-di-imine 

group such as 1,10-phenanthroline and 2,2:6,2-terpyridine (terpy) (173). A series of 

reagents containing the 1,2,4-triazine functional group have been studied in solution 

and were evaluated as potential iron (II) chromophores for detecting traces of iron on 

the hands of suspects suspected of firing a gun (174). 3-(2-pyridyl)-5,6-diphenyl-1,2,4-

triazine (PDT) was particularly effective in visualizing traces of iron on the hands of 

suspected firearms users (171).  

 

The rigid structure and the strong metal to ligand charge transfer energy of the 

complex of iron(II) with the tridentate ligand 2,2’:6’,2”-terpyridine (terpy) and its 

associated derivatives make terpy an attractive structural foundation for the 

development of strongly coloured iron(II) chromophores. Such studies have been 

expanded to ligands such as bzimpy, shown in Figure 5.1 (1, 175). Figure 5.1 shows 

the structures of the key iron complexes from the above discussion. 
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Figure 5.1 Structures of iron (II) chromophores discussed in this section 
 

All these complexes are strongly coloured and will bind strongly to iron(II) at room 

temperature but none exhibit a narrow absorption feature which is required for a 

successful two or three wavelength background correction (2). Modification at the para 

position of the central pyridine ring of bzimpy produced a series of ligands with 

varying electronic properties (1). One of these ligands, (2,6-bis [1-(3,5-diethoxybenzyl) 

benzimidazol-2-yl]-4-[4’-(diethylamino) phenyl]pyridine) was reported to produce an 

iron(II) complex with a strong (ε = 50,000 mol-1 L cm-1) narrow (FWHM ≈ 40 nm) 

peak centered at 615 nm. These features of the electronic spectrum make this particular 

compound amenable to a two or three wavelength spectral enhancement procedure (2). 

In contrast, the molar absorptivities of the iron thiocyanates are around 5000 mol-1 L 

cm-1 and exhibit broad (FWHM = 150 nm) absorbance features in the visible spectrum. 

 

5.1.1 Aims 
This part of the project aimed to develop an enhancement reagent which would form a 

highly coloured reaction product with iron and exhibit a narrow (< 50 nm) peak in its 

absorbance spectrum. These spectral features would allow a two or three wavelength 
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background correction enhancement procedure to be applied to shoemarks treated with 

the reagent. This reagent should be easily formulated into a spray which could be 

applied to muddy shoemarks in the same way thiocyanate is used. Practical 

considerations such as reagent sequencing were also considered.  

 

A literature survey identified on potential candidate that was reported to bind to 

iron(II) to form a complex with an intense narrow charge transfer band in the visible 

region. This compound was (2,6-bis [1-(3,5-diethoxybenzyl) benzimidazol-2-yl]-4-[4’-

(diethylamino) phenyl]pyridine) (1). 

 

The iron chromophore chosen for this study was the dimethyl analogue of the above 

diethyl compound, 2,6-bis [1-(3,5-dimethoxybenzyl) benzimidazol-2-yl]-4-[4’-

(dimethylamino) phenyl]pyridine (BBIDMAPP)  which was synthesised in a method 

analogous to Bochet (1) (Figure 5.2). Initial development of the spray formulation of 

BBIDMAPP was done using ferrihydrite as the source of iron in simulated shoemarks. 

Soil was then used to make muddy shoemark impressions which were treated with the 

reagent solution. Enhancement procedures based upon multi-wavelength imaging 

procedures were applied to the chemically enhanced shoemarks. The performance of 

the formulation was compared to a standard formulation of potassium thiocyanate, 

both with and without spectral enhancement. 
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Figure 5.2 Reaction scheme for BBIDMAPP,  reproduced from Bochet (1) 
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5.2 Materials 

5.2.1 Chemicals used 
Laboratory grade solvents: acetone, ethanol, aluminum oxide, Merck; ammonia, 

Riedel-De Haen; ammonium acetate, Prolabo (Rectapur); ascorbic acid, Merck; 

chloroform; chromium trioxide, BDH (AnalaR); 4-dimethylaminobenzaldehyde, Ajax 

FineChem (Unilab); dichloromethane; dimethoxybenzyl bromide, Aldrich (95%); 

ethanol, ferric nitrate, BDH (AnalaR); ferrous ammonium sulphate, BDH (AnalaR); 

glacial acetic acid, Ajax FineChem (UnivaR); hydrochloric Acid BDH (Aristar); 

hydrogen peroxide, AjaxFineChem (Unilab); hydroxylamine hydrochloride; iron 

powder; lactic acid; nitric acid 69% BDH (Aristar); 1,10-phenanthroline (Scientific 

supplies); o-phenylenediamine Merck; potassium thiocyanate Prolabo (Normapur); 

piperidine, May and Baker Ltd (98%); polyethylene glycol (Aldrich, average Mn 

ca.400); p-toluenesulfonic acid monohydrate, Acros; pyridine, APS FineChem 

(Univar); silica, Scharlau; sulphuric acid BDH (Analar); sodium hydride 50% oil 

dispersion (Koch-light Ltd); sodium hydroxide, (Merck); sodium sulphate, BDH 

(Analar); toluene Scharlau. Deuterated solvents: acetone-d6, CDCl3, DMSO-d6, 

(Cambridge Isotope Laboratories (99.9%)  

 

Chromatography paper: (Whatman 4, weight 92 g m-2, thickness 0.2 mm)  

Filter paper:(Whatman 1, 5.5 cm diameter), Whatman 4, 7.0 cm diameter) 
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5.2.2 Synthesis of 2,6-Bis [1-(3,5-dimethoxybenzyl) benzimidazol-2-yl]-4-
[4’-(dimethylamino) phenyl]pyridine (BBIDMAPP) 

 

1) 2-1-hydroxyethylbenzimidazole 

N

N
H

OH
H1

H2

H3
H4

H5

H8

H7

H6

 
Compound 1 was synthesised according to Phillips (176). A solution containing  

1,2-diaminobenzene (2 g, 0.018 mol), lactic acid (3 g, 0.033 mol) and HCl (20 mL  

2 mol L-1) was refluxed for 30 min. The solution was neutralised with ammonia then 

the solid obtained was filtered and recrystallised from water. Yield 2.1 g, 70%. 

 1H-NMR (300 MHz acetone-d6 in ppm) 10.52 (s, 1H (H5)), 7.48-7.49 (m, 2H 

(H1&H4)), 7.08-7.14 (m, 2H (H2&H3)), 5.02-5.09 (m, 1H (H6)), 2.85 (s, 1H(H8)), 

1.55-1.57 (d, J = 6.6 Hz, 3H, (H7)) 

 

2) 2-Acetylbenzimidazole 

N

N
H

O
H1

H2

H3
H4

H5

H6

 
Compound 2 was synthesised according to Cheeseman (177). 

CrO3 (1.5 g) in 5 mL water was added dropwise to compound 1 (3 g, 0.018 mol) in 15 

mL glacial acetic acid at 90o C. The mixture was refluxed for 5 min then poured into 

200 mL water with stirring. A flocculent precipitate was filtered off and the filtrate was 

extracted with several portions of chloroform. The chloroform extracts were combined, 

dried with Na2SO4, then the solvent was evaporated. The solid obtained was 

recrystallised from toluene. Yield 1.70 g 59% 1H-NMR (300 MHz CDCl3 in ppm) 

10.51(s, 1H (H5)), 7.89-7.91 (d, J = 8.1 Hz, 1H (H4)),   7.53-7.55 (d, J = 7.8 Hz, 1H 

(H1)), 7.33-7.44 (m, 2H(H2&H3)), 2.82 (s, 3H (H6)). 
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3) 1-{[(Benzimidazol-2-yl)carbonyl]methyl}-1-pyridinium iodide 

N

N
H

O

N

H1
H2

H3

H4
H5

H6&7

H12 H11

H10

H9H8
 

Compound 3 was synthesised according to Bochet (1).  

2-Acetylbenzimidazole (2 g 0.012 mol) and I2 (3.20 g 0.0126 mol) 

were dissolved in dry pyridine (40 mL) and refluxed under nitrogen at for 15 h. The 

brown precipitate was washed several times with pyridine/ethanol 1:1 and then with 

ethanol alone. The dried product was recrystallised from dichloromethane/methanol. 

Yield 1.85g 65% 1H-NMR (300 MHz DMSO-d6 in ppm) 13.75 (s,1H (H5)), 9.05-9.07 

(d, J = 5.48 Hz, 2H(H8&H12)), 8.73-8.78 (t, J = 7.74 Hz 1H (H10)), 8.27-8.32 (t, J = 

6.68 Hz, 2H (H11&H9)), 7.90 (s, 1H (H4)), 7.66 (s, 1H (H1)), 7.43 (s, 1H (H2)),7.16 (s, 

1H (H3)), 6.54 (s, 2H  (H6&H7)). 

 

4) 2-[3-[p-(dimethylamino-phenyl)acryloyl]benzimidazole 

N

H
N

O

N

H1 H2

H3

H4

H5
H6

H7

H8

H9

H10

 
Compound 4 was synthesised according to Zoorob (178).  

2-Acetylbenzimidazole (2 g 0.012 mol) and 4-dimethylaminobenzaldehyde 

(1.86 g 0.125 mol) were dissolved in 30 mL methanol. Four drops of piperidine were 

added and the mixed was heated under reflux for 6 h. The solid was removed by 

filtration, then dissolved in dichloromethane (DCM) and applied to a silica gel column. 

The column was eluted with a DCM:ether (30:1) solvent system. Three main bands 

were collected. The first and third bands corresponded to 4-

(dimethylamino)benzaldehyde and 2-acetylbenzimidazole respectively. The second 

band, isolated as a red fraction, was confirmed to be 2-[3-[p-(dimethylamino-
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phenyl)acryloyl]benzimidazole by 1H-NMR. Yield (1.79g, 51%) 1H-NMR (300 MHz 

CDCl3 in ppm) 10.25 (s, 1H (H5)), 8.02-8.07 (d, J = 15.68 Hz, 1H (H6), 7.92-7.95 (d, J 

= 8.12 Hz, 1H (H1)), 7.86-7.91 (d, J = 15.70 Hz, 1H (H7)), 7.65-7.68 (d, J = 8.94 Hz, 

2H (H8)), 7.32-7.42 (m, 2H(H2&H3), 6.70 (d, J = 8.97 Hz, 2H (H9)), 3.06 (s, 6H 

(H10)). 

5) 2,6-Bis(benzimidazol-2-yl)-4-[4’-(dimethylamino) phenyl]pyridine 

N

N

H
N

H
N

N

N

H1 H2

H3

H4

H5

H6

H7

H8

H9

H10

 
Compound 5 was synthesised analogously to Bochet (1). 

Compound 4 (1 g, 0.0035 mol), compound 3 (0.85 g, 0.0035 mol) and 

ammonium acetate (20 g, 0.260 mol) were refluxed in glacial acetic acid at 90o C. 

After 1 h the reaction turned from red to orange. The disappearance of compound 4, 

monitored by TLC (CH2Cl2:MeOH, 9:1), occurred over 6 h. The mixture was poured 

into water (150 mL) and the precipitate was filtered and washed with water then 

recrystallised from methanol. (Yield 0.670 g 45%.) 1H-NMR (300 MHz CDCl3 in ppm) 

12.98 (s 1H (H10) 8.54 (s, 2H (H6)), 7.87-7.90 (d, J = 8.84 Hz, 2H (H7)), 7.78-7.80 (dd, 

J = 3.16, 6.00 Hz, 4H, (H2&H3)), 7.35-7.37(dd, J = 3.08,6.04 Hz) 4H (H1&H4)) 6.88-

6.09, (d, J = 8.92 Hz, 2H (H8)), 3.02 (s 6H (H9)). 
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6) 2,6-Bis [1-(3,5-dimethoxybenzyl) benzimidazol-2-yl]-4-[4’-(dimethylamino) 

phenyl]pyridine (BBIDMAPP) 

N

N

NN

N

N

OMe

OMeMeO

MeO

H1 H2

H3

H4

H5
H8&9

H6

H7

H13

H12

H11

H10

 
 

Compound 6 was synthesised analogously to Ruettimann (1992) (179). Compound 5 

(1 g, 0.0023 mol ) was reacted with  sodium hydride (60% oil dispersion washed with 

xylene) (0.2 g 0.008 mol) in 15 mL dry DMF at 0o C for 1 h. 3,5-dimethoxybenzyl 

bromide (1.38 g 0.006 mol) was then added and the mixture was stirred for 18 h at 

room temperature. The mixture was poured into water (150 mL), then the solid 

obtained was filtered, redissolved in DCM, and dried over NaSO4 before application to 

an alumina column made up in DCM. The column was eluted with DCM:MeOH 

(99:1) to give three bands. The second and third bands correspond to compound 5 and 

3,5-dimethoxybenzyl bromide respectively, while the first band was confirmed to be 

compound 6 by 1H-NMR. Yield (1.14 g 68%) 1H-NMR (300 MHz CDCl3 in ppm) 8.59 

(s 2H(H5)), 7.80-7.89, (dd, J = 11.56, 20.41 Hz 4H (H1&H6)), 7.22-7.35 (m, 6H 

(H2&H4&H3)), 6.78-6.80 (d, J = 8.80 Hz, 2H (H7)), 6.27 (s, 2H (H11)), 6.00 (s, 4H 

(H10)), 5.58 (s, 4H (H8&H9)), 3.52 (s 12H  (H12)), 3.05 (s 6H (H13)) 

 

The chromatographed 6 was recrystallised from ethanol and analysed by mass 

spectrometry. MS: FAB+ (using m-nitrobenzyl alcohol as matrix) Found MH+ 

731.3345 calculated for C45H43N6O4 731.3345 (0.1 ppm). 

 

The purified product was dried over P2O5 at 100o C and sent for elemental analysis.  

C45H42N6O4.1/2(H2O) Calculated: C 73.05%  H 5.86%  N 11.36% Found: C 73.36%  

H 6.09%  N 11.08%. 
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5.2.3 Synthesis and characterisation of [Fe(OH2)6][OTs2] 
Hexaquoiron(II) bis-p-toluenesulfonate [Fe(OH2)]6][OTs]2 was prepared according to 

Coucouvanis (180). Iron powder (2.02 g, 0.036 mol) and p-toluenesulfonic acid 

monohydrate (8.0g, 0.04 mol) in 15 mL of water were refluxed for 5 min under 

nitrogen. The mixture was filtered while hot through celite and the residue washed 

with water (3 x 10 mL). The combined solution was left to cool under nitrogen 

overnight and the resulting pale blue-green crystals were collected by filtration. Yield 

7.23 g (68%). The mass fraction of iron in [Fe(OH2)]6][OTs]2
 was confirmed by 

preparing Fe(phen)3
2+ using a known mass of [Fe(OH2)]6][OTs]2.The absorbance of 

this solution was compared to the absorbance of a set of standards containing 

Fe(phen)3
2+ from 1.3 x 10-4 mol L-1 to 1.3 x 10-3 mol L-1 prepared from ferrous 

ammonium sulphate and 1,10-phenanthroline. The concentration of the sample 

solution calculated from the calibration curve was lower that that predicted from the 

mass by a factor of 0.96. Therefore the calculated concentrations of all solutions of 

[Fe(OH2)]6][OTs]2 that were prepared from this study were multiplied by 0.96. 

 

5.2.4 Synthesis and characterisation of ferrihydrite 
Ferrihydrite was prepared as described by Schwertmann (181) by stirring 0.02 mol L-1 

of ferric nitrate under N2, slowly adding conc. nitric acid to lower the pH to below 2, 

then raising the pH of this solution to 8.0 by the addition of 5 mol L-1 NaOH solution 

to precipitate ferrihydrite. The suspension was centrifuged and the supernatant was 

decanted, then the solid was dried in a vacuum desicator overnight. The iron content of 

the ferrihydrite was found by dissolving 2 g of ferrihydrite in 100 mL of 9 mol L-1 

nitric acid and diluting the solution 10 times with water. A set of ferrous ammonium 

sulphate standards in the range 500 to 3000 mg L-1 were made up in 1.0 mol L-1 nitric 

acid. The diluted ferrihydrite solution and standards were analysed by flame atomic 

absorption spectroscopy (Perkin Elmer AAnalyst 200) at the 392.0 nm line (0.2 nm 

bandpass). 

 

5.2.5 Characterisation of soil sample 
Soil was collected from a local park. The level of iron in the soil sample was analysed 

by a method based on USEPA method 3050B (182). A portion of the soil sample was 

placed in an oven at 80o C for about 3 h and then cooled and left in a dessicator 

overnight. The soil was then ground with a mortar and pestle and sieved with a 1 mm2 
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mesh sieve. Three 1 g samples of soil were each weighed into 50 mL conical flasks. To 

each flask was added 10 mL of 1:1 conc. HNO3:H2O, then the flasks were fitted with a 

cold finger condenser and heated at about 95o C for 15 min. A further 5 mL of conc. 

HNO3
 was then added to each flask and each flask was heated at reflux for 

approximately 1 h. Each flask was left to cool and then 2 mL of water and 2 mL of 

hydrogen peroxide (30%) were added. Each flask was put back to reflux and a further 

3 mL of hydrogen peroxide was added to each flask over about 10 min. Each flask was 

then left to reflux for a further hour, before being cooled and then having 10 mL of 

conc. HCl added. The flasks were then put back to reflux for a further 15 min. After 

cooling, the entire contents of each flask were transferred to three 100 mL volumetric 

flasks. A 10 times dilution was performed on each solution and a portion of each 

diluted sample was filtered through Whatman 4 (7.0 cm) filter paper. A set of ferrous 

ammonium sulphate standards were prepared in the range 20 mg L-1 to 100 mg L-1. 

The standards and samples were analysed by flame atomic absorption spectroscopy 

(PerkinElmer AAnalyst 200) at the 372.0 nm line (0.2 nm bandpass). 

 

5.2.6 Characterisation of soil shoemark 
The soil was sieved to below 125 μm, placed in a tray and made slightly damp. A 

shoemark was made by standing in the tray and then stepping on a piece of Whatman 4 

chromatography paper. The paper was then dried at approximately 80o C for 30 min. 

Several 4 cm2 (2 cm x 2 cm) sections of the chromatography paper which contained the 

deposited shoemark were cut out and weighed. The mass of a blank 5 cm2 piece of 

chromatography, which did not contain a shoemark, was also weighed and subtracted 

from the average mass of the filter paper plus shoemark samples to determine the 

approximate mass of soil deposited per cm2 of a shoemark. 

 

5.2.7 Reagent spray formulations 

5.2.7.1 Potassium thiocyanate 

The working solution of potassium thiocyanate was prepared according to Bodziak 

(41). To 120 mL of acetone and 15 mL water was added 15 g of KSCN. To this was 

added 8.5 mL of 2 mol L-1 sulphuric acid. The milky precipitate was filtered off, and 

the filtrate was stored in a 250 mL conical flask. 
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5.2.7.2 BBIDMAPP 

The working reagent solution of BBIDMAPP was made up as follows: 30 mg  

(4.1 x 10-5 mol) BBIDMAPP + 16 mg (9.0 x 10-5 mol) ascorbic acid in 50 mL 

EtOH:H2O:acetic acid (2:1:1). 

 

5.3 Methods 

All solution spectra were measured with a Perkin Elmer Lambda 35 UV-visible 

spectrophotometer using quartz 1 cm cuvettes. All reflectance spectra were measured 

using an Ocean Optics S2000 fibre optic spectrophotometer with reflectance probe by 

the method discussed in Section 3.2.2. All pH measurements were performed with a 

glass pH electrode (TPS Pty Ltd 121207) which was calibrated using pH 4.0, 7.0 and 

9.2 buffers. Observed pH values were converted to pH* for a 70% (v/v) ethanolic 

aqueous solution by adding 0.27 to the measured pH as recommended by Perrin (183). 

The 7:3 ethanol water solvent system is similar to the solvent system used in the 

reagent spray formulation (Section 5.2.7.2), and has also been employed by other 

authors when investigating protonation constants of the related compound bzimpy 

(184). All colour images were acquired with a Canon D30 (24-85 mm zoom lens), and 

all spectral images were acquired using the QICAM+visible-VariSpec(LCTF) imaging 

system discussed in Chapter 2. 

 

5.3.1 pKâ determination of BBIDMAPP 
Acid dissociation constants for BBIDMAPP were obtained by pH titration with UV-vis 

spectrophotometric analysis. Two initial experiments were performed with 

BBIDMAPP (3.12 x 10-5 mol L-1) in 100 mL 7:3 ethanol:water at low ionic strength, 

varying the pH from 6.0 to 1.5 for one solution and 6.0 to 12 for the other solution by 

titrating with HCl and NaOH respectively and measuring the absorbance from 500 to 

200 nm. Samples were removed for spectrophotometric analysis every 0.5 pH units. 

After the pH range over which the spectral changes occurred was determined, another 

pH titration was performed with constant ionic strength and controlled temperature. 

BBIDMAPP (3.12 x 10-5 mol L-1) and NaCl (0.1 mol L-1) in 100 mL 7:3 ethanol:water 

were kept at 25o C. A set of solutions containing BBIDMAPP (3.12 x 10-5 mol L-1) and 

NaCl (0.1 mol L-1) and varying amounts of HCl were used to make eight separate 25 

mL solutions with varying pH having HCl concentrations ranging from 0.01 mol L-1 to 
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2 mol L-1 and these were also kept at 25o C. The pH of the 100 mL solution was 

lowered from 5.38 to 1.48 by the dropwise addition of HCl. Samples were removed for 

spectroscopic measurement every 0.15 pH units approximately and replaced after 

measurement. The pH and absorbance of the eight 25 mL solutions was also measured. 

The pH of the 100 mL solution was then raised to 6.14 by the dropwise addition of 

NaOH, with samples being removed for spectrophotometric analysis every 0.5 pH 

units. 

 

5.3.2 Binding constant of [Fe(II)(BBIDMAPP)2]2+ 

5.3.2.1 Determination of binding constant by pH titration 

A binding constant for [Fe(II)(BBIDMAPP)2]2+ was obtained by pH titration with  

UV-vis spectrophotometric analysis. Two titrations were performed with the source of 

Fe2+ being FeSO4.7H2O and Fe(OH2)6OTs2 for the first and second titrations 

respectively. Fe(OH2)6OTs2 was chosen as the source of iron in addition to 

FeSO4.7H2O because the tosolate is weakly bound to the iron and [Fe(OH2)6][OTs]2 is 

more soluble in non-aqueous solvents than FeSO4.7H2O. The compositions of the 

titration solutions are described in Table 5.1. 

 

 Titration 1 Titration 2 

BBIDMAPP 4.89 x 10-5 mol L-1 5.56 x 10-5 mol L-1 

FeSO4.7H2O 9.45 x 10-6 mol L-1  

[Fe(OH2)6][OTs]2  1.06 x 10-5 mol L-1 

hydroxylamine 2.8 x 10-4 mol L-1 2.24 x 10-5 mol L-1 

NaCl 0.099 mol L-1 0.099 mol L-1 

Table 5.1 Composition of the titration solutions used to determine the binding constant of 
[Fe(II)(BBIDMAPP)2]2+ 
 

The temperature of the titration solutions were held at 25o C during the titration. The 

pH of the solutions were decreased by the dropwise addition of HCl starting with a 

concentration of 1 x 10-2 mol L-1 and moving to a more concentrated solution  

(1 mol L-1) to obtain low pH. Samples were removed approximately every 0.15 pH 

units for absorbance measurement and were replaced into the solution following each 
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measurement. The pH was then increased by the dropwise addition of NaOH starting 

with a concentration of 1 mol L-1 and moving to a more dilute solution  

(1 x 10-2 mol L-1) as the pH increased. Samples were removed for absorbance 

measurements every 0.5 pH units approximately as the pH was raised. 

5.3.2.2 Determination of binding constant using solutions of varying 

BBIDMAPP concentration 

The binding constant was also determined by measuring the absorbance of a series of 

solutions with a constant Fe2+ concentration and increasing ligand concentration in a 

7:3 ethanol:water solvent system. The temperature of the solutions was adjusted to 25o 

C by immersing the solutions in a water bath for 10 min prior to taking the absorbance 

measurement. An analogous set of solutions (but without NaCl) were prepared using 

7:3 acetonitrile:water as the solvent system. Table 5.2 and Table 5.3 show the 

composition of the solutions used to measure the binding constant of 

[Fe(II)][(BBIDMAPP)2]2+ in ethanol:water and acetonitrile:water respectively. The pH 

of all the solutions was between 4.1 and 5.0. 

 

 Fe(OH2)6[OTs]2 

mol L-1 

BBIDMAPP 

mol L-1 

Hydroxylamine 

mol L-1 

NaCl 

mol L-1 

Solution 1 1.29 x 10-5 2.10 x 10-4 1.59 x 10-4 0.99  

Solution 2 1.29 x 10-5 1.05 x 10-4 1.59 x 10-4 0.99  

Solution 3 1.29 x 10-5 5.27 x 10-5 1.59 x 10-4 0.99  

Solution 4 1.29 x 10-5 2.64 x 10-5 1.59 x 10-4 0.99  

Solution 5 1.29 x 10-5 1.32 x 10-5 1.59 x 10-4 0.99  

Table 5.2 Composition of the solutions used to determine the binding constant of 
[Fe(II)(BBIDMAPP)2]2+

 in 7:3 ethanol:water 
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 Fe(OH2)6[OTs]2 

mol L-1 

BBIDMAPP 

mol L-1 

Hydroxylamine 

mol L-1 

Solution 1 9.59 x 10-6 2.07 x 10-4 1.46 x 10-4 

Solution 2 9.59 x 10-6 1.06 x 10-4 1.46 x 10-4 

Solution 3 9.59 x 10-6 5.18 x 10-5 1.46 x 10-4 

Solution 4 9.59 x 10-6 2.59 x 10-5 1.46 x 10-4 

Solution 5 9.59 x 10-6 1.23 x 10-5 1.46 x 10-4 

Table 5.3 Composition of the solutions used to determine the binding constant of 
[Fe(II)(BBIDMAPP)2]2+

 in 7:3 acetonitrile:water 
 

5.3.3 Spectral broadening of Fe(II)(BBIDMAPP)2
2+ on filter paper 

A 1 x 10-3 mol L-1 solution of [Fe(II)(BBIDMAPP)2]2+ in ethanol was prepared, then 

100 µL was pipetted onto a piece of Whatman 1 (5.5 cm) filter paper and allowed to 

dry. Several 100 µl aliquots of [Fe(II)(BBIDMAPP)2]2+ solutions prepared in ethanol 

with 5 to 20% polyethylene glycol (Aldrich average, Mn ca.400) were also pipetted 

onto filter paper. The reflectance of the [Fe(II)(BBIDMAPP)2]2+ complexes on filter 

paper was measured by a fibre optic spectrophotometer with a reflectance probe. 

 

5.3.4 Reagent spray formulation 
As most of the iron present in soil is present as iron(III), a suitable reductant is 

necessary to reduce the iron to iron(II) so that it may complex with the ligand. Also, as 

with the thiocyanate formulation, the working solution needs to be sufficiently acidic 

to free the iron(III) and make it available for complexation. Acetic acid was chosen to 

lower the pH of the working solution while ascorbic acid was chosen as the reducing 

agent as it has good reduction potential with respect to iron(III) is non-toxic and is not 

dangerous to the environment. The standard reduction potentials are: 

Eo (Fe3+/Fe2+) = + 0.74 V (186) Eo (dehydroascorbic acid/ascorbic acid) = - 0.240 V 

(187, 188). 

To optimise the ligand formulation, a series of twenty ligand solutions were prepared 

with varying amounts of BBIDMAPP and ascorbic acid. The concentration of 

BBIDMAPP was varied between 2.5 x 10-3 and 3.0 x 10-4 mol L-1 while the 

concentration of ascorbic acid was varied between 1 x 10-3 and 1 x 10-4 mol L-1. The 

solvent system was fixed at 1:1:2 acetic acid:water:ethanol. Filter paper was dipped 
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into a suspension of 20 g L-1 ferrihydrite in a beaker, left to dry, and then weighed to 

determine the mass of ferrihydrite deposited. Each BBIDMAPP solution (200 µL) was 

then pipetted onto a separate piece of the ferrihydrite treated filter paper. The twenty 

pieces of filter paper were attached to an A4 piece of grey card. A reflectance image 

for the twenty test patches was generated by imaging the patches at 620 nm using the 

QICAM and VariSpec imaging system and dividing this image by a reference image 

taken of a large piece of Whatman 4 chromatography paper. A selection of 

approximately 100 pixels from the centre of each patch was selected and their average 

pixel value measured with V++ (Digital Optics Ltd, Auckland). 

 

5.3.5 Controlled shoemark depositions 
An attempt was made to perform repeatable shoemark depositions using ferrihydrite as 

a source of iron and enhancing the shoemark with thiocyanate. Ten shoemarks were 

made by coating the sole of a shoe with 2 mL of 20 g L-1 ferrihydrite suspension then 

stepping onto a large piece of Whatman 4 chromatography paper. The shoe was 

cleaned between each shoemark deposition. Each shoemark was sprayed with a 

solution of thiocyanate, prepared according to Section 5.2.7.1. A reflectance image of 

each shoemark at 490 nm was generated using the QICAM + VariSpec imaging 

system by imaging the shoemark at 490 nm and dividing this image by a reference 

image taken at 490 nm of a blank piece of chromatography paper. The mean and 

standard deviation of a selection of pixels containing the shoemark in the reflectance 

image were calculated for each shoemark using V++. 

 

5.3.6 Application of enhancement reagents 
Working solutions of potassium thiocyanate and BBIDMAPP were prepared according 

to Section 5.2.7.2. The working solutions were applied to the shoemarks using a 

Quickfit spray adaptor connected to a low pressure air supply. The spray head was 

swept across the shoemark for approximately 10 s. 

 

5.3.7 Comparison of BBIDMAPP with thiocyanate 
Experiments were carried out to compare the colour development of iron(III) 

thiocyanate to [Fe(II)(BBIDMAPP)2]2+ and to determine if thiocyanate and 

BBIDMAPP could be used in sequence. The amenability of the iron thiocyanate and 

[Fe(II)(BBIDMAPP)2]2+ complexes to a two or three wavelength background 
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correction was determined by placing ferrihydrite and soil shoemarks on coloured 

substrates and performing the spectral imaging procedures described in Section 

5.3.8.1. 

5.3.7.1 Sequencing 

A ferrihydrite shoemark (Section 5.3.5) was made on Whatman 4 chromatography 

paper and sprayed with BBIDMAPP working solution (Section 5.2.7.2). Another 

ferrihydrite shoemark on filter paper was treated with a solution of thiocyanate. After 

approximately 1 h, the shoemark that had been initially treated with thiocyanate was 

sprayed with BBIDMAPP working solution and the shoemark that had initially been 

treated with BBIDMAPP was sprayed with thiocyanate solution. 

 

5.3.8 Amenability of [Fe(II)(BBIDMAPP)2]2+ and iron(III)thiocyanate to 
spectral imaging methods 

5.3.8.1 Data recording and processing 

Colour images of each shoemark were taken using the Canon D30 (Canon zoom lens 

EF 24-85 mm). Colour images were acquired in RAW format and converted to TIFF 

using Photoshop® CS2. Spectral image cubes were acquired using the QICAM-

VariSpec imaging system. A Polilight® in white light mode was used as the 

illumination source for all types of imaging. Several enhancement procedures were 

attempted on the treated shoemark depositions. V++ (Digital Optics) was used to 

perform image arithmetic such as a two wavelength division (equation 1.3). 

MultiSpec© 3.1 (Purdue Research Foundation) was used to perform principal 

components analysis. 

 

Single wavelength image with contrast enhancement 

The simplest enhancement procedure was a single wavelength image taken at 480 nm 

for thiocyanate and at 620 nm for BBIDMAPP followed by a contrast enhancement to 

obtain the best image.  

Multi wavelength enhancement method for iron(III)thiocyanate 

For the shoemark treated with thiocyanate, a two wavelength correction procedure and 

principal components analysis (PCA) were also performed. The first (peak) 
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wavelength that was chosen for the thiocyanate images was 480 nm. A two wavelength 

background correction cube (Section 3.5.2.2) was obtained by successively dividing 

the 480 nm image by images whose wavelength ranged between 500 to 700 nm at 5 

nm intervals. The ratioed image which exhibited the best combination between 

background suppression and shoemark enhancement was then selected for comparison. 

The two images chosen for the ratio were also subjected to a principal components 

analysis using MultiSpec© 3.1. 

 

Multi wavelength enhancement method for [Fe(II)(BBIDMAPP)2]2+ 

The BBIDMAPP treated shoemarks were subjected to a two and three wavelength 

background correction as well as principal components analysis. The peak image for 

the two and three wavelength correction was taken at 620 nm. A two wavelength 

background correction cube (Section 3.5.2.2) was obtained by successively dividing 

the 620 nm image by images whose wavelength ranged from 630 to 650 nm at 5 nm 

intervals. The image which exhibited the best combination of background suppression 

and shoemark enhancement was again selected. A three wavelength correction was 

also attempted on those shoemarks which were treated with BBIDMAPP. The three 

wavelengths that were chosen were 595 nm, 620 nm, and 645 nm. Principal 

components analysis was also performed using the same wavelengths used for the two 

and three wavelength correction using MultiSpec© 3.1. The principal component image 

which exhibited the best shoemark image was selected for comparison. 

5.3.8.2 Sample preparation 

Three substrates were chosen for the comparison; a coloured section of newsprint, a 

coloured section of wrapping paper and a section of polished wooden flooring. 

Shoemarks were sprayed with either thiocyanate or BBIDMAPP formulations (Section 

5.2.7). 

 

Sample one: section of coloured newsprint 

A ferrihydrite shoemark (Section 5.3.5) was made on the coloured newsprint and 

treated first with thiocyanate (Section 5.2.7.1), imaged according to Section 5.3.8.1 for 

a thiocyanate treated shoemark, and then the same shoemark was treated with 
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BBIDMAPP (Section 5.2.7.2) and imaged again according to the procedure for a 

BBIDMAPP treated shoemark.. 

Sample two section of wooden flooring 

A soil shoemark was made on a section of wooden floor by standing in a tray of damp 

soil (Section 5.2.6), and stepping onto the section of floor. The shoemark was treated 

first with thiocyanate (Section 5.2.7.1), imaged, and then the same shoemark was 

treated with BBIDMAPP (Section 5.2.7.2) and imaged again. 

Sample three: section of coloured wrapping paper 

A soil shoemark was made on a section of coloured wrapping paper in the same way as 

the section of floor and treated with BBIDMAPP and imaged. 

 

5.4 Results and discussion 

5.4.1 Synthesis of 2,6-Bis[1-(3,5-dimethoxybenzyl) benzimidazol-2-yl]-4-
[4’-(dimethylamino) phenyl]pyridine (BBIDMAPP) 

The ligand 2,6-Bis [1-(3,5-diethoxybenzyl) benzimidazol-2-yl]-4-[4’-(dimethylamino) 

phenyl]pyridine) (BBIDMAPP) was prepared in a similar manner to the analogous 

diethylamino derivative reported by Bochet (1). The synthesis of compound 4 in the 

reaction scheme (Figure 5.2) was initially attempted according to Hammouda (189) 

using sodium acetate as base but this was found to be unsuccessful with the 1H-NMR 

showing only the presence of the starting material. The preparation of compound 4 

according to Zoorob (178) using piperidine as base was successful. The molar 

absorptivity of the diethylamino complex Fe(L)2
2+ reported by Bochet (1) was 

approximately 51000 mol-1 L cm-1.  In comparison the molar absorptivity of 

Fe(II)(BBIDMAPP)2
2+ was found to be approximately 51250 mol-1 L cm-1. 

BBIDMAPP was found to be soluble in acetonitrile, acetone, and dichloromethane, but 

insoluble in water and methanol. It was found to be fairly soluble in ethanol upon mild 

heating. 
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5.4.2 Spectral broadening of [Fe(II)(BBIDMAPP)2]2+ on filter paper 
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Figure 5.3 Molar absorptivity of [Fe(II)(BBIDMAPP)2]2+ in ethanol (―), molar absorptivity of 
iron(III)thiocyanate (---) , -log(1/R) of [Fe(II)(BBIDMAPP)2]2+ on filter paper (– – –) 
 

The absorbance peak of the Fe(II)(BBIDMAPP)2
2+

  complex on filter paper appeared 

at about 620 nm, a similar position to that seen in solution. However the full width at 

half maximum (FWHM) of the peak had broadened from approximately 35 nm in 

solution to 52 nm when adsorbed on filter paper (Figure 5.3). The broader peak would 

make a three wavelength correction less likely to be successful and attempts were 

therefore made to mitigate the effect. It was possible to delay the onset of peak 

broadening by including polyethylene glycol (PEG) in the solution. Thus, a solution 

containing 2% PEG delayed the onset of broadening by about 5 minutes while 20% 

PEG delayed it by about 15 min. Although it would be possible to photograph a 

shoemark treated with BBIDMAPP within 15 min, it would be desirable to have more 

time. Modification of the structure of BBIDMAPP might help prevent broadening of 

the peak at 615 nm and attempts have been made by others in our laboratory to achieve 

this result (190). 

 

5.4.3 Determination of pKâ values for BBIDMAPP 
In preliminary experiments it was noted that application of the BBIDMAPP reagent did 

not give a coloured complex with iron if the pH was below 3. To characterise this 

behaviour in more detail, the acid-base properties of BBIDMAPP and its complexation 

with iron were investigated in similar solution conditions to that used for the reagent 
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spray. When a solution of BBIDMAPP in ethanol:water (7:3 v/v) containing  

0.1 mol L-1 NaCl at 25o C was acidified, the spectral changes shown in Figure 5.4 were 

observed. Raising the pH from 1.48 to 6.14 caused the spectrum to return to its initial 

shape. The spectrum exhibited an isosbestic point at 395 nm between pH 5.38 and 2.31 

which was then lost from pH 2 to pH < 1. The spectral behaviour suggested that a two 

proton loss was involved over this range. 

 

H2BBIDMAPP2+ H+ + HBBIDMAPP+  
 

Ka1 = 
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The speciation constants α0, α1, α2, for [BBIDMAPP], [HBBIDMAPP]+ and 

[H2BBIDMAPP] respectively were defined as:  
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The theoretical absorbance was then defined as: 

 Acalc = A0α0 + A1α1 + A1α 2  5.9 

where A0, A1, and A2 are the absorbances that would be observed for [BBIDMAPP],  

[HBBIDMAPP]+ [H2BBIDMAPP]2+ respectively at a concentration of 4.18 x 10-5 mol 

L-1. A0 and A2 were obtained from the experimental data at high and low pH 

respectively. The theoretical absorbance (Acalc) was calculated for each pH 

measurement and the sum of the squares of the differences between the measured and 
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calculated absorbances were minimised by varying Ka1, Ka2 and A2 using Microsoft 

Excel© Solver and Kaleidagraph (Synergy Software) with parameter errors being 

estimated from the latter program. The optimised values determined using data at 370 

nm were 1.51 ± 0.04 for pKa1 and 3.00 ± 0.03 for pKa2 (Figure 5.5). Modeling the 

spectral changes at the isobestic point for pKa2 (395 nm) gave a similar value for pKa1. 

Data from shorter wavelengths (<300 nm) were found to less reliable. 
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Figure 5.4 Spectra of BBIDMAPP 3.12 x 10-5 mol L-1 in ethanol:H2O (7:3) at five pH* values (0.1 
mol L-1 NaCl, 25o C) 
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Figure 5.5 Experimental and calculated absorbance values at 370 nm for pH titration of 
BBIDMAPP in ethanol:H2O (7:3) (0.1 mol L-1 NaCl, 25o C) 
 

5.4.4 Determination of binding constant of [Fe(II)(BBIDMAPP)2]2+ 

5.4.4.1 Binding constant determination from pH titration 

A binding constant for [Fe(II)(BBIDMAPP)2]2+ was obtained by UV-vis 

spectrophotometric analysis of a solution of [Fe(II)(BBIDMAPP)2]2+ while it was 

titrated  with HCl. Two titrations were performed with the source of Fe2+ being 

FeSO4.7H2O and Fe(OH2)6[OTs]2 for the first and second titrations respectively.  

 

A least squares method for calculating the binding constant was applied, assuming that 

only the 2:1 ligand:metal complex has formed. 

[Fe2+] + [Fe(BBIDMAPP)2] = [Fe2+]T  5.10      

[BBIDMAPP]UB + 2*[Fe(BBIDMAPP)2] = [BBIDMAPP]T 5.11    

β = 22
2

]][BBIDMAPP[Fe
]PP)[Fe(BBIDMA

F
+  5.12 
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β’ = 22
2

]][BBIDMAPP[Fe
]PP)[Fe(BBIDMA

UB
+  5.13   

where [BBIDMAPP]UB is the total concentration of the unbound ligand, 

[BBIDMAPP]F is the concentration of free unprotonated BBIDMAPP, [Fe2+]T is the 

total concentration of Fe2+
, [BBIDMAPP]T is the total concentration of BBIDMAPP, 

and β and β’ are the true and conditional formation constants of  

[Fe(II)(BBIDMAPP)2]2+ respectively.  

 

Titration one: [FeSO4.7H2O]T = 0.95 x 10-5 mol L-1, [BBIDMAPP]T =  

4.89 x 10-5 mol L-1 

Titration  two: [Fe(OH2)6[OTs]2]T = 1.06 x 10-5 mol L-1,[BBIDMAPP]T =  

5.56 x 10-5 mol L-1 

 

Dividing equation 5.13 by equation 5.12 gives β’ = β * α0
2 where α0 is the fraction of 

free BBIDMAPP present in the unprotonated form. Substituting equations 5.10 and 

5.11 into equation 5.13 gives equation 5.14: 

2
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)2)(( xaxb
x
−−

=β   5.14 

where x is equal to [Fe(II)(BBIDMAPP)2]2+, b is equal to 1.89 x 10-5 and a is equal to 

4.89 x 10-5. Rearranging equation 5.14 gives a cubic of the form: 
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  5.15 

Equation 5.15 has one real solution and was solved using standard methods (191). The 

calculated concentration of [Fe(II)(BBIDMAPP)2]2+ at each pH was used to calculate 

the theoretical absorbance using a value of 51250 mol-1 L cm-1 for the molar 

absorbtivity (as obtained from the set of solutions with excess ligand). The sum of the 

squares of the differences between the measured and calculated absorbances was 
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minimised by varying the value of β using Microsoft Excel© Solver, to give a value of 

log β = 9.22 ± 0.01 (FeSO4.7H2O) and log β = 8.91 ± 0.01 (Fe(OH2)6[OTs]2) where the 

method recommended by Billo (192) using Solver.Stats was used to estimate the error 

in log β. 

 

A second method to calculate the binding constant was a direct method recommended 

by Billo (192), again assuming that only the 2:1 ligand:metal complex has formed. 

Microsoft Excel© was used to calculate the average binding constant over the pH range 

5.62 to 1.42, using the ligand dissociation constants obtained previously from the 

ligand titration experiment (pKâ1 = 1.50, pKâ2 = 3.00.) An error for the binding 

constant for this method was found by taking the standard deviation of the log β values 

over the range 5.62 to 1.42, giving log β = 9.27±0.07 (FeSO4.7H2O) and log β = 

8.91±0.01 (Fe(OH2)6[OTs2]). 
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Figure 5.6 Measured ( o ) and least squares fit for [Fe(II)(BBIDMAPP)2]2+ titration using 
FeSO4.7H2O as the source of Fe3+ 
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Figure 5.7 Measured ( o ) and least squares fit for [Fe(II)(BBIDMAPP)2]2+ titration using 
Fe(OH2)6[OTs]2 as the source of Fe3+. 
 

In all these experiments [Fe(II)(BBIDMAPP)2]2+ began to dissociate when the pH 

dropped below 3.5. The pH of a solution used for enhancing muddy shoemarks should 

be as low as possible to facilitate the dissolution of iron as is the case with the pH of a 

solution of thiocyanate used for enhancing muddy shoemarks. The dissociation of 

[Fe(II)(BBIDMAPP)2]2+
 at low pH was taken into consideration when formulating the 

reagent spray (Section 5.2.7.2). 

 

5.4.4.2 Binding constant determination using solutions containing 

BBIDMAPP 

[Fe2+] + [Fe(BBIDMAPP)2] = [Fe2+]T 5.10 

[BBIDMAPP]UB + 2*[Fe(BBIDMAPP)2] = [BBIDMAPP]T 5.11 

β = 22
2

]][BBIDMAPP[Fe
]PP)[Fe(BBIDMA

F
+  5.12      

  

Rearranging equations 5.10, 5.11, and 5.12 gives a cubic of the form: 

dcxbxx +++ 23  5.16 
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where x = FBBIDMAPP][  

b = TBBIDMAPPFe ][][2 2 −+  

c = 
β
1  

d = 
β

TBBIDMAPP][−
 

Equation 5.16 has one real solution and was solved using standard methods 

[Littlewood, 1950 #1102]. The concentration of [Fe(II)(BBIDMAPP)2]2+was then 

found from equation 5.10 and the calculated absorbance for each solution was 

calculated by: ])([* 2BBIDMAPPFeAcalculated ε=  using a value of ε = 51250 mol-1 L 

cm-1 for the ethanol:water solutions and ε = 36703 mol-1 L cm-1 for the 

acetonitrile:water solutions. The sum of the squares of the differences between the 

measured and calculated absorbances was minimised by varying the value of K using 

Microsoft Excel© Solver. 
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Figure 5.8 Experimental and calculated absorbance values for solutions of 
[Fe(II)(BBIDMAPP)2]2+ 

 in 7:3 ethanol:water 
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Figure 5.9 Experimental and calculated absorbance values for solutions of 
[Fe(II)(BBIDMAPP)2]2+

 in 7:3 acetonitrile:water 
 

The slight decrease in absorbance of the experimental values compared to the 

calculated values could indicate a small amount of ligand precipitated out of solution, 

however, this was not observed during the experiment. Previous authors have reported 

varying molar absorptivities for Fe(bzimpy)2 in different solvent systems (193). The 

apparent molar absorptivity of Fe(II)(BBIDMAPP)2
2+in acetonitrile:water (7:3) ( 3.7 x 

104 mol L-1 cm-1) is 30% less than that observed in ethanol:water (7:3). 
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Solvent system 

Estimated 
molar 

absorptivity 
mol-1 L cm-1 

Log10 β error in  
Log10 β 

varying pH one 
(FeSO4.7H2O) 

least squares method 
7:3 Ethanol:water 51250 9.22 0.01 

varying  pH two 
(Fe(OH2)6[OTs]2) 

least squares method 
7:3 Ethanol:water 51250 8.91 0.01 

varying pH one 
(FeSO4.7H2O) 
Billo’s method 

7:3 Ethanol:water 51250 9.27 0.07 

varying  pH two 
(Fe(OH2)6[OTs]2) 

Billo’s method 
7:3 Ethanol:water 51250 9.12 0.32 

varying ligand 
concentration 7:3 Ethanol:water 51250 9.05 0.02 

varying ligand 
concentration 7:3 Acetonitrile:water 36703 10.43 0.18 

 
Table 5.4 Calculated binding constants for [Fe(II)(BBIDMAPP)2]2+ 

 
The average binding constant for [Fe(II)(BBIDMAPP)2]2+ in 7:3 ethanol:water as 

determined by averaging the five values obtained from Table 5.4 is 9.12 ± 0.14. 

 

5.4.5 Analysis of iron content of soil and ferrihydrite shoemarks 
The fraction of iron in the soil sample was found to be (4.52 ± 0.35%) by mass which 

is slightly above the global average of 3.8% (156). The average mass of the soil 

present on 4 cm2 samples of filter paper covered with shoemarks was 40 ± 3 mg or 

8 mg cm2 of filter paper. For the soil used in this study, this gave an iron concentration 

of approximately 0.4 mg cm-2 of filter paper.  The iron content of the ferrihydrite was 

found to be 61 ± 8% by mass. When a piece of Whatman 1 (5.5 cm) filter paper was 

dipped into 100 mL of a stirred 20 g L-1 aqueous suspension of ferrihydrite, 3 - 5 mg of 

ferrihydrite was deposited onto the filter paper. This gave a ferrihydrite concentration 

of approximately 0.35 mg cm-2 corresponding to ~ 0.2 mg Fe cm-2. Filter paper treated 
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in this way thus contains a similar mass concentration of iron to that of a shoemark 

made from soil containing an average amount of iron oxide. 

 

5.4.6 Reagent spray formulation 
The BBIDMAPP reagent spray formulation was optimised using filter papers 

containing approximately 0.2 mg Fe cm-2, present as ferrihydrite. The solvent was 

fixed at 1:1:2 acetic acid:water:ethanol while the ascorbic acid and BBIDMAPP were 

varied over the concentration ranges 0.0011 - 0.01135 mol L-1 and 0.0025 – 0.0003 

mol L-1 respectively. 

 

When solutions containing BBIDMAPP and ascorbic acid in 1:1:2 acetic 

acid:water:ethanol were applied on filter paper impregnated with ferrihydrite (0.35 mg 

cm-2), a pale green spot appeared within 30 seconds and continued to darken over 

several minutes. There was an increase in colour development going from lower to 

higher BBIDMAPP concentration (Image 5.1, Table 5.5). The intensity did not vary 

much with concentration of ascorbic acid, however there was a drop in colour 

development for the highest concentration of ascorbic acid tested. 

 

The reflectance measurements supported the observation that too much ascorbic acid 

interfered with colour development, with 2 x 10-3 mol L-1 ascorbic acid being sufficient 

to give maximal colour for ferrihydrite. BBIDMAPP began to precipitate out of 

solution at the highest ligand concentration tested (0.0025 mol L-1) and stained the 

filter paper yellow (which can be seen in Image 5.1), so the ligand concentration 

should not exceed 2 x 10-3 mol L-1. 
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BBIDMAPP concentration molL-1 

 

0.0025 0.002 0.0013 0.0008 0.0003 

0.01135 0.487 0.446 0.449 0.511 0.584 

0.008 0.409 0.442 0.471 0.558 0.599 

0.0045 0.404 0.415 0.456 0.557 0.612 

A
sc

or
bi

c 
ac

id
 

co
nc

en
tra

tio
n 

1

0.0011 0.419 0.423 0.486 0.557 0.627 

Table 5.5 Reflectance values of filter paper dipped in ferrihydrite and treated with BBIDMAPP 
 

 
Image 5.1 Reflectance image at  615 nm of the 20 pieces of filter paper as dipped in ferrihydrite 
and treated with BBIDMAPP and ascorbic acid; layout according to Table 5.5. The numbers on 
the filter paper are for identification purposes only. 
 

The working reagent solution thus contained approximately 2 x 10-3 mol L-1  

BBIDMAPP and 2 x 10-3 mol L-1 ascorbic acid in EtOH:H2O:acetic acid (2:1:1). The 

pH of this solution is approximately 3.5, which satisfies the criterion that the pH 
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remain above 3 to prevent dissociation of the ligand complex, as discussed in Section 

5.4.4. 

 

5.4.7 Controlled shoemark depositions 
Reflectance images were generated for ten ferrihydrite shoemarks (section 5.3.5) and 

the mean and standard deviation of a selection of pixels from the reflectance images 

were recorded. The location and area of the shoemark sample chosen for pixel 

measurement was the same for each shoemark (ca. 500 pixels), as indicated by the 

rectangle in shoemark one of Image 5.2. The pixel brightness (ADU) for this region of 

ten shoemarks made with a 20 g L-1 ferrihydrite solution and treated with thiocyanate 

was 0.62 ± 0.095 ADU. Thus the shoemark deposition was repeatable to within about 

15%. 

 

5.4.8 Comparison of BBIDMAPP with thiocyanate 

5.4.8.1 Sequencing 

It was predicted that BBIDMAPP could be applied following thiocyanate if the 

BBIDMAPP formulation could reduce the iron(III) thiocyanate complex.  In contrast, it 

was expected that application of thiocyanate following BBIDMAPP would not lead to 

formation of the iron(III) thiocyanate complex as the BBIDMAPP  formulation should 

have reduced the iron(III) to iron(II), thus making it unavailable for complexation with 

thiocyanate. These predictions were tested using the thiocyanate formulation (Section 

5.2.7.1) and the BBIDMAPP formulation (Section 5.2.7.1). 

 

Image 5.2 shows two ferrihydrite shoemarks; the left shoemark (shoemark one) has 

been treated with thiocyanate and the right shoemark (shoemark two) has been treated 

with BBIDMAPP spray solution. Image 5.3 shows the same two ferrihydrite 

shoemarks as Image 5.2. The left shoemark (shoemark one) has been sprayed with 

BBIDMAPP solution following initial enhancement with thiocyanate while the right 

shoemark (shoemark two) has been sprayed with thiocyanate after initial treatment 

with BBIDMAPP. 
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Image 5.2 Two ferrihydrite shoemarks; shoemark one has been treated with thiocyanate and 
shoemark two has been treated with BBIDMAPP spray solution. The dashed square on shoemark 
one shows the area used to measure the average reflectance of the ferrihydrite shoemark 
depositions as discussed in section 5.4.7. 
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Image 5.3 Same two ferrihydrite shoemarks as in Image 5.2; shoemark one has been subsequently 
treated with BBIDMAPP spray solution and shoemark two has been subsequently treated with 
thiocyanate spray solution 
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As expected the highly acidic thiocyanate solution caused the [Fe(II)(BBIDMAPP)]2
2+ 

complex to dissociate and lose its colour. However, immediately upon application of 

thiocyanate to the BBIDMAPP treated shoemark, the dark red colouration associated 

with iron thiocyanate appeared. This could mean that not all the iron present dissolved 

upon application of BBIDMAPP, the ascorbic acid did not completely reduce the 

dissolved iron, or that fairly rapid oxidation occurred upon contact with the thiocyanate 

spray which converted the iron(II) to iron(III) thus allowing complexation with 

thiocyanate. Other researchers have shown that in the presence of significant amounts 

of organic solvents such as acetone, iron(II) can be completely oxidized to iron(III) 

(194). As the thiocyanate spray solution contains nearly 90% acetone, oxidation of 

iron(II) back to iron(III) is the most likely reason that thiocyanate can be successfully 

applied following BBIDMAPP. As was expected, the BBIDMAPP formulation was 

able to reduce iron(III) to iron(II), making it available for complexation with 

BBIDMAPP. A comparison of Image 5.2 with Image 5.3 suggested that slightly 

stronger colouration of BBIDMAPP occurs when thiocyanate is applied first compared 

to just spraying a shoemark with BBIDMAPP solution. This could be due to the acidic 

thiocyanate solution dissolving more of the iron oxide than was possible with the 

BBIDMAPP formulation and thus more iron was available to complex with 

BBIDMAPP when it was the second spray. 

 

5.4.8.2 Shoemarks on coloured substrates 

Sample one: Coloured newsprint 

Colour images of a shoemark on coloured newsprint, treated with thiocyanate, and 

subsequently treated with BBIDMAPP, are shown in images 5.4a and 5.4b 

respectively. The single wavelength images taken for thiocyanate, (490 nm), and 

BBIDMAPP  

(620 nm), Images 5.4c and 5.4d, respectively, do not show a significant improvement 

over the colour images taken with white light. Indeed, the colour images provided 

better results as the additional component of hue causes greater contrast of the 

shoemark against the background. Image 5.5a shows a two wavelength ratio image for 

thiocyanate using 480 nm and 550 nm images. These wavelengths gave the best 

compromise between substrate suppression and shoemark enhancement. Image 5.5b 

shows a two wavelength ratio for BBIDMAPP using 620 nm and 640 nm images, 
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which gave the best shoemark enhancement for this substrate. The second principal 

component image for the 480-550 nm pair (thiocyanate) and the 620-640 nm pair 

(BBIDMAPP) are shown in Images 5.5c and 5.5d respectively. The principal 

components transform did not offer any improvement over the ratio image for either 

the thiocyanate treated shoemark or the BBIDMAPP treated shoemark. The second 

principal component image was very similar to a subtraction image as expected. A 

three wavelength background correction image did not offer any improvement over the 

two wavelength correction for the BBIDMAPP shoemark on this substrate. 

Comparison of Images 5.5a and 5.5b shows that the ratio image of BBIDMAPP has 

removed more of the background information, so that the shoemark is more clearly 

located. However, spraying the shoemark a second time caused some loss in shoemark 

detail. The arrow in image 5.5b indicates where the tread pattern in the top of the 

shoemark has become smudged. This is undesirable in a forensic context as any 

degradation of the shoemark detail reduces the probative value of the shoemark. 
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Image 5.4 Image set of a single shoemark treated first with thiocyanate (left) and then with 
BBIDMAPP (right). (a) White light image of shoemark treated with thiocyanate, (b) White light 
image of shoemark treated with BBIDMAPP after thiocyanate (c) single wavelength image (480 
nm) (d) Single wavelength image (620 nm) of BBIDMAPP treated shoemark. 
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Image 5.5 Image set of a single shoemark treated first with thiocyanate (left) and secondly with 
BBIDMAPP (right). (a) Two wavelength division of thiocyanate shoemark (480/550 nm) (b) Two 
wavelength division of BBIDMAPP treated shoemark (615/640), arrow shows where loss of detail 
has occurred. (c) second principal component image of thiocyanate treated shoemark (d) second 
principal component image of BBIDMAPP treated shoemark. 
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Sample two: Polished wooden floor section 

Colour images of a soil shoemark on wood, treated with thiocyanate, and subsequently 

treated with BBIDMAPP are shown in Images 5.6a and 5.6b respectively. Once again, 

the single wavelength images for thiocyanate (490r nm) and BBIDMAPP  

(620r nm), (not shown) did not offer significant improvement over the white light 

image. A two wavelength correction using 480r nm and 580r nm images for the 

thiocyanate treated shoemark (Image 5.7a) showed some improvement over the white 

light image (Image 5.6a) but was unable to remove the entire wood grain pattern 

without removing the shoemark also. A two wavelength correction of the thiocyanate 

shoemark using 480r nm and 525r nm images (Image 5.7c) removed more of the 

wood grain but produced a noisier image with less shoemark detail. For the 

BBIDMAPP treated shoemark a three wavelength correction using 600r nm, 620r 

nm, and 640r nm images (Image 5.7d) removed the majority of the wood grain 

pattern and retained a significant amount of detail in the shoemark. A two wavelength 

correction using 620r nm and 640r nm images, (Image 5.7b), removed less wood 

grain but gave greater contrast of the shoemark. As with the previous example, 

spraying the shoemark a second time caused some loss in detail in the tread pattern 

which is most obvious in the top of the shoemark. The semi-porous nature of the 

polished wood contributed more to the loss of detail than the porous shoemark did in 

the previous example, probably because the second spray solution caused the 

shoemark to run across the surface of the wood. 
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Image 5.6 Image set of soil shoemark on polished wooden floor. (a) Shoemark treated with 
thiocyanate. (b) shoemark treated with BBIDMAPP. 
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Image 5.7 Image set for a shoemark on polished wooden floor treated first with thiocyanate and 
then with BBIDMAPP. (a) Two wavelength correction (480/580) for thiocyanate shoemark. (b) 
Two wavelength correction (620/640) for the BBIDMAPP treated shoemark.. (c) Two wavelength 
correction of thiocyanate treated shoemark (480/525). (d) Three wavelength correction of 
BBIDMAPP treated shoemark (620/((600+640)/2)). The arrow in b shows where loss of detail has 
occurred 
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Sample three: Coloured wrapping paper 

A colour image of a shoemark on wrapping paper after enhancement with BBIDMAPP 

is shown in Image 5.8a. As with the wood pattern, the 615r nm single wavelength 

image at of the shoemark, Image 5.8b did not offer any improvement over the colour 

image. A two wavelength correction (620r / 640r nm, Image 5.8c), gave the best 

enhancement of the shoemark against the background. The three wavelength correction 

using the 620r nm, 590r nm, and 640r nm images (Image 5.8d), also provided 

good enhancement of the shoemark but did not completely suppress the background. 

In particular, a red pigment on the wrapping paper, indicated by an arrow in Image 

5.8a, showed high contrast against the rest of the substrate when the three wavelength 

correction was applied. Spectrophotometric measurement showed that the spectrum of 

the red pigment displayed negative curvature over the region used for the background 

correction (Figure 5.9), and thus this pigment appeared brighter in the processed 

image. It is possible that the broadening of the peak of [Fe(II)(BBIDMAPP)2]2+ 

contributed to the high contrast exhibited by the red pigment as the broadening 

necessitated selecting a wavelength further away from 615 nm in order to achieve good 

contrast of the shoemark against the rest of the background. As the shoemark has only 

been sprayed once, there was less distortion of the tread pattern for the BBIDMAPP 

image than occurred in the previous two examples where BBIDMAPP was applied as a 

second treatment. 
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Image 5.8 Image set for a shoemark on colour wrapping paper treated with BBIDMAPP only. (a) 
White light image of shoemark (arrow shows example of pigment which shows high contrast with 
a three wavelength correction). (b) Single wavelength of shoemark (620 nm). (c) Two wavelength 

correction (620/640) (d) Three wavelength correction
640*590

620
. 
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Image 5.9 –log(1/R) of red pigment on wrapping paper, indicated by an arrow in figure 5.8a 
 

5.5 Conclusions 

2,6-Bis[1-(3,5-diethoxybenzyl)benzimidazol-2-yl]-4-[4’-(dimethylamino) 

phenyl]pyridine) (BBIDMAPP) was synthesised and found to be a successful reagent 

for enhancing muddy shoemarks when used in conjunction with spectral imaging 

methods such as image division. However, the green colouration of 

[Fe(II)(BBIDMAPP)2]2+ offers improved contrast against substrates which are brown 

or red in colour, such as a wooden floor, compared to thiocyanate (Image 5.6), without 

the need for further image enhancement. 

 

The suppression of background patterning by image division was found to be superior 

when BBIDMAPP was used as the chemical enhancement reagent, compared to 

thiocyanate. The narrow absorbance peak of [Fe(II)(BBIDMAPP)2]2+ enabled a two 

wavelength division to be applied on images whose wavelengths were separated by 

approximately 30 nm. A narrow separation of wavelengths was not possible when 

thiocyanate was used and this meant that suppression of background patterning was 

not as successful for this reagent. The [Fe(II)(BBIDMAPP)2]2+ complex was found to 

dissociate below pH 3. The inability to have a highly acidic spray solution as with 

thiocyanate may mean that not all the iron present in a muddy shoemark will be 
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dissolved. It was found that BBIDMAPP could be applied after thiocyanate, which may 

make more iron available and lead to increased colouration. However spraying a 

shoemark a second time was found to degrade the quality due to runs and blurring. 

Currently, the synthesis of BBIDMAPP requires six steps. Although the reagents are 

not expensive, there may be considerable cost in producing BBIDMAPP in large 

quantities, which would lessen the likelihood of BBIDMAPP being used routinely. 

Instead, it may be used only in situations where its green colour, or its amenability to 

background suppression via image division, would offer a considerable improvement 

over using thiocyanate. This type of approach to reagent selection is similar to the way 

benzo(f)ninhydrin is used to complement ninhydrin where the former more expensive 

reagent is used only when the colour of its reaction product (green) is deemed to have 

enough of an advantage over the colour of the reaction product of the cheaper 

ninhydrin (purple) to justify its use (127). Further development of iron sensitive 

reagents for shoemark impressions should focus upon reagents whose iron complexes 

are stable at low pH (<1), and whose spectra exhibit similar properties to BBIDMAPP, 

such as a narrow absorbance peak and high molar absorptivity.  

 

There is enormous evidential value in being able to individualise shoemarks found at a 

crime scene to the shoe which produced them (41). In cases where the detail in a crime 

scene shoemark is obscured by the underlying substrate, the evidential value of that 

shoemark is decreased, especially if the investigator testifies that there is only a 

general (class characteristics) similarity to a reference shoe. However if an 

enhancement procedure is able to reveal more detail, i.e. individualising 

characteristics, then the evidential value of the evidence is greatly increased. 
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6 Near-real time snapshot blood imaging camera 

6.1 Introduction 

Searching for trace evidence such as blood at crime scenes is a task commonly 

undertaken by forensic investigators. Alternate light sources have been developed to 

assist investigators locate latent biological evidence (16, 195). However, even with 

alternate light sources it is sometimes necessary to use chemical enhancing reagents. 

(196). It may be possible to employ real-time spectral imaging technologies to assist 

investigators in locating blood at crime scenes without the need for chemical 

enhancing reagents.  

 

Real-time image capture is often considered to be ‘video rate’ image capture which 

means images are acquired at a rate of 12 to 30 frames (images) per second. Real-time 

imaging may only involve image capture or it may also involve image processing. One 

definition of real-time image processing and display states that the image data is 

processed and displayed in the same time it takes to acquire the data (197). The overall 

speed at which the data gets processed is dictated by the amount of input data, the 

complexity of the algorithm, and the performance of the hardware and software (197).  

 

Real-time imaging is employed in a number of quality inspection and product sorting 

applications where it is often referred to as machine vision (197). In situations where 

the speed of quality inspection is of great importance, such as when vast volumes of 

fresh produce or meat has to be processed and sold before spoiling, it is often too slow 

to have significant human involvement in the quality inspection process (198). Until 

recently, most machine vision algorithms have operated in the spatial domain, where 

they look for shapes or brightness variations in a single greyscale image that are 

indicative of a certain property or feature of the item being imaged (197). RGB 

trichromatic cameras have recently been implemented since the improvement to 

feature identification gained from the additional component of hue offsets the extra 

processing required (197). Real-time multispectral or hyperspectral image capture and 

processing is less well established than the traditional methods such as those described 

by Davies (197), and techniques for the implementation of real time spectral imaging 

in quality inspection applications have only recently been developed (199, 200). When 

applying real-time imaging to food grading applications, both rapid image capture and 
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image processing are required (198). Because of this, many of the more advanced 

multivariate data analysis methods cannot be used as they require high-performance 

instrumentation and too much computational time to be of practical use (201). 

However, advancements in the design of the algorithms and hardware used to process 

them are beginning to make real-time multivariate image processing a reality (202). 

 

Another application of real-time imaging techniques is imaging microscopy of live 

cells (203). The ability to observe cellular activity in real-time offers researchers 

considerably more information than single images can offer (203). One of the most 

commonly employed real-time microscopic techniques is live cell fluorescence 

imaging (203, 204) where a fluorescent agent such as green fluorescent protein (GFP) 

is introduced into the cell and its uptake and distribution is monitored in real-time 

(203). As with quality control applications, live cell imaging has traditionally 

employed single wavelength imaging. However, recent developments have meant that 

multispectral imaging techniques can be employed in real-time live cell imaging 

applications (204). Unlike quality inspection applications, live cell imaging 

applications do not necessarily require real-time image processing and display because 

the information acquired from the imaging process is not required immediately. 

Therefore image processing is not hampered by the need for fast computational 

capabilities (204). 

  

The development of real-time spectral imaging methods across most disciplines has 

focused on optimizing the number of spectral bands used so that the data collection 

and processing time is kept to a minimum (201, 205), and on improving the data 

collection process. Spectral optimization is often achieved by first performing a 

detailed hyperspectral analysis of the analyte of interest and then finding a small 

number of key spectral bands to incorporate into a real-time system. Development of 

image capture systems has focused upon novel optical and sensor systems which offer 

very fast sequential imaging, or more commonly, simultaneous image capture at many 

wavelengths. The following describes some of the imaging systems which have been 

developed for real-time data capture. 

 



 215

6.1.1 Review of real-time spectral imaging systems and applications 
One method of capturing multi-spectral data in real-time is to capture the images at 

different wavelengths very rapidly in sequence. This could use a rapidly spinning filter 

wheel to select the required wavelengths (206-208). A spinning filter wheel has been 

used to monitor changes in intracellular calcium in real-time using a fluorescent 

calcium marker (206). A filter wheel containing two excitation filters and spinning at 

15 revolutions per second was used to excite a calcium fluorophore at two different 

excitation wavelengths. The filter wheel was synchronised with a CCD camera and 

images were acquired at a rate of 30 frames per second with 100 µs exposure. In this 

application the images were stored to disk, and later a ratiometric combination of the 

images was performed to monitor the movement of the calcium in the living cell (206). 

Some electro-optic and acousto-optic tuneable filters are able to alter wavelengths in 

millisecond time orders and so could be used in a similar manner (209) (210). 

However, in sequential imaging, if there is significant relative movement between the 

sensor and the object in between exposures then the images would need to be 

registered, which places additional demands upon the processing hardware. 

 

An alternative approach for real-time spectral image capture is to acquire the images 

simultaneously. Where a small number of wavelengths are required, separate cameras 

can be used to simultaneously image the subject(211) (212). This method has the 

disadvantage that the subject is imaged from slightly different angles and this requires 

alignment of the images or spatial binning to minimize the effect from the 

misalignment. However if the object is a fixed distance from the imaging system then 

a single alignment solution can be applied to each successive sample. This approach 

has been used in on-line quality inspection of chicken carcasses (213), using two 

cameras with bandpass filters to simultaneously record two reflectance images at 540 

nm and 700 nm. A ratio of 540 nm / 700 nm is performed and the ratioed image is 

reduced to 256 x 240 pixels and further segmented into blocks of 16 x 16 pixels which 

are then evaluated for the health of the carcass. The system can operate at a rate of ‘91 

birds per minute’ and the data is processed in real-time so that unhealthy carcasses can 

be sorted from healthy ones (213). 

 

A more common approach to simultaneous image capture employs an optical system 

often referred to as a ‘common aperture’ (214) (105) system. Common aperture 



 216

systems use a single imaging optic at the front end of the imaging system and then split 

the light into several wavelength bands, the images corresponding to these bands are 

projected either onto separate sections of a single sensor (215, 216) or onto separate 

sensors (217, 218). Images captured in this way may require some preprocessing steps, 

such as distortion correction or alignment, before subsequent image processing steps 

are applied. (217). The Quad-View© system from MAG Biosystems™ is a common-

aperture multi-spectral adaptor which uses beamsplitters to separate incoming light 

into four sections, each of which can be individually filtered before each ‘copy’ of the 

image is projected onto four sections of a single sensor (219). A related product, Dual 

View©, projects the incoming image onto two sections of a sensor. To detect 

contamination on apples, researchers used pulsed laser excitation at 355 nm and four 

emission filter incorporated into the Quad View© imaging system. The four images 

were projected onto a 1280 x 1024 pixel CCD with very fast (< 20 ns) exposures to 

simulate the high throughput of fruit sorting applications. The filters used were all in 

the visible to near IR region (450 – 730 nm), each with a bandpass of 30 to 40 nm. The 

authors used ratio imaging of red band to blue band images, combined with edge 

detection and threshold algorithms, to highlight areas of contamination (214). 

 

The Dual-View© system has been used to monitor intracellular calcium signaling in 

living cells at two emission wavelengths in the visible region (220). The emission of a 

protein which exhibits fluorescence wavelength changes in the presence of Ca2+ was 

monitored at 480 nm and 535 nm simultaneously using the Dual-View™ system. 

Images were captured at an integration time of 50 ms every 60 s for a period of 10 min. 

A ratio of the two images was performed following image capture using image 

processing software. (220) 

 

The Quad-View™ and Dual-View™ systems have the advantage of rigid optical 

components resulting in a consistent solution for distortion correction and image 

alignment. However the spatial resolution is reduced by a factor of four and two 

respectively and very careful selection of filters and/or lighting conditions must be 

made to make the best use of the dynamic range of the sensor because all ‘images’ 

share the same integration time. This contrast can be mitigated upon by adjusting the 

exposure time to avoid overexposure of the brightest section of the chip and then using 

temporal averaging to improve the signal to noise ratio of the least exposed section. 
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However, this would mean making a sacrifice in the rate of data capture and could lead 

to mis-registration between the images to be averaged.  

 

A similar common-aperture-common-sensor system using four adjustable mirrors to 

individually focus four copies of a scene onto a single sensor has been used in the 

fluorescence imaging of diseased tissue (215). This instrument has similar advantages 

and disadvantages to the Quad-View system. 

 

Other attempts to achieve real-time multispectral images using many wavelengths have 

used computed-tomography combined with a computer generated holographic 

dispersion grating (221-223). An image is focused upon a two dimensional diffraction 

grating which then projects copies of the image across the area of the image sensor. 

Each copy is a linear combination of first, second, and third order diffracted images at 

different wavelengths. An iterative process is then applied to reconstruct the spectral 

images from the original image. Such a system was used to image a human retina 

between 450 nm and 750 nm at 10 nm intervals in 3 ms exposure time with each 

wavelength image being 64 x 64 pixels (221). This system has also been used to 

spectrally and temporally resolve physiological processes occurring in living 

biological specimens using fluorescence imaging (222). The authors note that the main 

advantage of this technology is the capacity to image many wavelengths and hence to 

employ multiple fluorophores (222). However these systems have significantly 

decreased spatial resolution, more so than the Quad-View™ system, and all ‘images’ 

must share the same exposure time, which requires careful light source calibration in 

reflectance imaging (221) and careful control over fluorescence probe concentration 

and excitation illumination in fluorescence imaging (222).  

 

Other common aperture systems use different sensors to capture each image (105, 217, 

218). Beamsplitters together with separate sensors to capture images have been 

incorporated into professional grade video cameras for some time. These video 

cameras are often referred to as ‘3-CDD’ cameras and boast higher quality colour 

rendition because each colour channel is acquired at the full spatial resolution of the 

CCD and as such they don’t need the colour interpolation step required by single 

sensor cameras. Some manufacturers of ‘3-CCD’ cameras offer the ability to specify 

the filters incorporated into the cameras (105). The major advantage of this system is 
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that the three sensors can be used at different gain settings and integration times (105). 

A common aperture imaging system for astronomical observations was constructed 

using 15 separate CCD sensors and several dichroic beamsplitters and collimating 

optics to capture 15 spectral images simultaneously (218). Exposure times on the order 

of 1 h were required for this system.  

 

A disadvantage to common aperture systems using multiple sensors is that the intensity 

of the incoming image is split between the sensors. This requires a significant increase 

in illumination intensity and/or gain of the sensor to achieve a good exposure (105, 

217), especially if the exposure times must be kept low to satisfy real-time constraints. 

Most common aperture systems which employ one or more beamsplitters have an 

imaging optic at the front and use collimating optics to relay the image to the separate 

imaging sensors (217, 218). This can introduce distortion into the image that must be 

corrected, especially if geometrical measurements of the images will be used for 

classification or sorting (217). In addition to image distortion resulting from the relay 

optics, the images may suffer from a slight mis-registration which also needs to be 

corrected (217). If the imaging system remains steady and there is a constant distance 

between the camera and the subject, meaning the camera does not need to be 

refocused, then there should be a consistent correction function for distortion and 

misalignment (217). The need for refocusing or movement of the camera, however, 

may result in inconsistent distortion or mis-registration which will require a unique 

solution for each image set which is unfeasible for real time applications. Although 

there are commercially available common aperture imaging systems such as the Dual-

View© or the MS3100 from MAG Biosystems, many systems are custom built to meet 

specific needs. 

 

The success of real-time spectral imaging in the food sorting industry has relied upon 

the selection of a small number of wavelengths which can isolate the desired spectral 

features. A system which employed a commercially available three-CCD camera with 

incorporated filters at 565 nm, 517 nm, and 802 nm was used to detect fecal 

contamination on poultry (224). The processing algorithm consisted of two reflectance 

ratios, 802 nm/517 nm, and 565 nm/517 nm, for detecting contaminants and for 

checking for false positives, respectively. A mask was applied to the 565 nm/517 nm 

and a brightness threshold was used to determine the amount of fecal matter present 
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(224). A similar system, developed by the same authors, was a purpose-built two 

sensor/wavelength camera using a beam splitter and collimating optics. A ratio of 

images at 565 nm and 517 nm was used to provide increased contrast of the fecal 

matter against the skin of the chickens (217). All processing for both systems was 

performed with desktop or portable personal computers. Both systems required 

considerable lighting, with the former requiring six 50 W tungsten halogen bulbs and 

the latter requiring eight. The requirement for lighting was reduced somewhat because 

the wavelengths were in the green part of the spectrum where the camera sensors are 

most sensitive.  

 

6.1.2 Aim 
This project aimed to develop a handheld spectral imaging camera capable of 

acquiring and processing images in near real-time which would provide rapid 

presumptive screening of blood at crime scenes. Such a handheld camera would 

require very rapid or simultaneous image capture to minimize blurring caused by 

motion of the operator. It would also need to be used in an environment with 

extraneous natural or artificial lighting which necessitates filtering at the camera.  

The imaging system described in the preceding chapters would not be suited to a hand- 

held real-time application because the time taken to record images in the blue would be 

too long, and the sequential natures of the visible-VariSpec(LCTF) and filter wheel 

would also result in too much time taken to acquire the images.   

The initial prototype needed to be constructed with ‘off the shelf’ components and 

require minimal additional engineering. To allow processing by a portable PC, as 

opposed to a dedicated hardware board, a snapshot camera design which took single 

images was decided upon as opposed to a video system operating at many frames per 

second. The processed image would be evaluated by the user as a means to identify 

potential areas of blood staining.  

 

As the camera was to be handheld, the total exposure time for the snapshot camera 

should stay below 30 ms to minimize motion blur. As forensic investigators need to 

image over a range of working distances and fields of view, it was desired to have this 

flexibility built into the camera design. The potential degradation in image quality as a 

result of having a non-standard optical design was a consideration. However, as no 

physical measurements were going to be taken from the image, and as an experienced 
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human operator was going to be analyzing the image as opposed to a computer, a 

certain degree of image distortion may be tolerated. As the spectral imaging was to be 

performed in the far-blue where the quantum efficiency of CCD cameras are low, and 

as the exposure times must be kept below 30 ms, a high intensity blue light source 

would be required. Finally the computational time was desired to be as short as 

possible. Ideally this would be instantaneous, however a computational time of a few 

seconds was considered acceptable. Previous experience had shown that a two 

wavelength ratio of 415 nm / 435 nm was effective in detecting blood staining and 

reducing background patterning (2). This met the criteria demanded by a real-time 

imaging application that the data capture be kept to a minimum and data processing be 

as simple as possible.  

 

Thus the aim was to construct a snap-shot blood imaging camera which could detect 

blood stains by capturing two images simultaneously at 415 nm and 435 nm, 

performing a ratio of these images and displaying the result in near-real time.  

 

 

6.2 Materials 

The following is a list of materials and software used in the construction and operation 

of the dual imaging camera: 

Cameras 

QICAM (cooled) (1360 x 1036 pixels) CCD QImaging, see Chapter 2 

Retiga (un-cooled) (1360 x 1036 pixels) CCD QImaging, see Chapter 2 

 

Optical components 

2 x Mounted Achromat Pair: focal length 50 mm Edmund Optics W55-272 

50:50 plate beamsplitter with C-mount housing Edmund Optics W54-824 

C-mount female-male adaptor ring Edmund Optics 

C-mount fine threaded focus tube Edmund Optics W03-625 

C-mount Iris Diaphragm Barrel Edmund Optics W03-623 

C-mount 30mm diameter achromat thick lens mounts Edmund Optics W56-354 

C-mount extension tubes 15 mm and 10 mm W54-630/W54-629 

415 nm 24.15 mm diameter interference filter Edmund Optics W43-106 
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436 nm 24.15 mm diameter interference filter Edmund Optics W43-109 

2 x Pentax 16 mm C-mount lens  

 

Light Emitting Diodes (LEDs) 

415 nm diode 5 mm round epoxy moulding, part No HL-415R5304 Bratic  

435 nm diode 5 mm round epoxy moulding part No LED-435-12-30 Roithner 

 

Software 

QCapture (QImaging) 

V++ (Digital Optics) 

MATLAB® with Image Processing Toolbox and Image Acquisition Toolbox  (The 

Mathworks) 

 

Computer 

The computer used to control the cameras was a Dell Latitude D820 laptop running 

Microsoft Windows XP, Intel Core Duo 2.16GHz, 2.00 GB RAM, 120GB hard drive. 

The computer had a single four pin Firewire connector. An additional powered 

Firewire hub (Belkin) was necessary to operate two Firewire cameras simultaneously. 

6.3 Initial design and performance considerations 

6.3.1 Cameras 
It was not possible to acquire more than one image within 30 ms with either the 

QICAM or the Retiga camera as their data transfer rate (20 MHz) meant that 

approximately 100 ms was required for image transfer to the computer. This could be 

improved by spatial binning, however this would reduce the resolution. For this 

reason, acquiring two or three images in rapid succession with one camera was ruled 

out. Therefore a simultaneous image capture system comprising two cameras was the 

most feasible design. This required that the two cameras be synchronized to achieve 

simultaneous image acquisition, and a pulsed light source was used which also 

required synchronisation. When the camera exposure is initiated using V++ or 

QCapture via Firewire, there is a slight delay before the exposure starts and thus it was 

not possible to use software commands to synchronize the camera exposures with each 

other or with external events such a light source flash. Therefore it was necessary to 
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utilize the cameras’ external sync control together with the ‘external trigger mode’ 

option to begin the exposure. 

 

6.3.2 Lighting 
A number of factors meant that the amount of light detected by the cameras would be 

significantly limited. The cameras would be imaging in the far blue part of the 

spectrum where the sensors had decreased quantum efficiency, the design required 

narrow bandpass filters which further restricted the amount of light, a beam splitter 

was to be used which would halve the amount of light reaching each detector, and 

finally a maximum exposure of 30 ms was specified. These considerations meant that 

an evaluation of the available light sources should be made to assess how much blue 

light they could provide. 

 

6.3.3 Software 
The control of the cameras and processing of the images needed to be performed by 

commercial software and a laptop computer. V++ was unable to control two cameras 

simultaneously and thus an alternative software solution was sought which could 

control the cameras and perform the necessary image processing steps such as image 

registration and image division.  

 

6.4 Design concepts for dual camera 

The design strategy was to use two cameras placed at 90o to each other with a beam 

splitter to split and direct the incoming light to each camera simultaneously. A light 

source which can provide significant amounts of blue light was constructed from light 

emitting diodes. 

 

6.4.1 Concept one 
The first design would have an imaging lens for each camera with a beam splitter at 

the front to direct the light to each camera. This design would only suffer from a 50% 

drop in image intensity at each camera and would not suffer from significant 

degradation in image quality as the only additional optical components would be a 

beam splitter and bandpass filters. However this design would require that two lenses 
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be focused, which is unpractical and may lead to some loss in image registration if the 

cameras and beam splitter are free to move relative to each other. 

 

6.4.2 Concept two 
The second design would have a single imaging lens placed at the front of the beam 

splitter, and a relay lens in front of each camera to relay the image formed by the 

imaging lens onto each sensor. The advantage to this design would be that only the 

front imaging lens would need to be focused and that the two cameras and beam 

splitter would be held rigid relative to each other. However there may be some 

additional loss of light throughput from the relay optics and some degradation in image 

quality with this design. 

 

6.4.3 Lighting 
Light emitting diodes (LEDs) were identified as the most promising portable blue light 

source. LEDs have several properties which make them applicable as a powerful 

portable light source. They are light-weight, have low power consumption, and they 

can be run continuously or they can be pulsed at high currents to provide a bright flash. 

Also the intensity of the light source is scalable by adding more LEDs. Two different 

LEDs were required, one with a peak wavelength of 415 nm and another with a peak 

wavelength of 435 nm. LEDs come in a number of different ‘packages’, the most 

popular of which is the 5 mm round epoxy package. Although less powerful than other 

packages such as the chip-on-die packages, the 5 mm round epoxy type LEDs are less 

expensive individually and do not require as much thermal management as the chip-

on-die LEDs. The spatial distribution of light would need to be very similar between 

the 415 nm LEDs and the 435 nm since any spatial differences in illumination would 

be enhanced by image division. 

 

6.5 Design and construction of dual camera systems 

The two camera designs were mainly constructed from ‘off-the-shelf’ optical 

components, however it was necessary in some cases to machine components to 

complete the system integration. The two cameras which were available for use were a 

10-bit QICAM and a 12-bit Retiga, both from QImaging. Each camera has a ½” CDD 
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with 1360 x 1036 pixels, which simplified the system integration because each 

provided the same field of view and resolution for a given lens. 

 

6.5.1 Optical configuration for design one 
 

The first design has a 16 mm C-mount imaging lens mounted on the front of each 

camera in the conventional way. A 10 mm C-mount extension tube was attached to the 

front of each imaging lens by means of a custom-made threaded adaptor ring. A 

bandpass filter was placed inside the extension tube and was held in place by an 

adapter ring. Each C-mount extension tube was attached to the C-mount beamsplitter 

housing at 90o to each other. A 50/50 plate beamsplitter was held inside the housing so 

that light would be directed to each camera simultaneously. The cameras and 

beamsplitter were mounted to an L-shaped 4 mm thick aluminum plate to provide 

structural rigidity. This design had the disadvantage that each lens would need to be 

focused separately as the distance between the camera and subject changed. An 

advantage, however, was that there would only be a 50% loss of light at each camera 

which would reduce the demands placed on the lighting system. Because the length of 

the C-mount housing changes as the lenses were focused, it was necessary to focus 

each lens prior to securing the cameras and beam splitter to the plate because once 

these components were secure, the lenses could not be re-focused. This meant that the 

camera to subject distance had to be decided upon prior to the construction of design 

one. Figure 6.1 shows a schematic of the optical layout for design one and Figure 6.2 

shows how the cameras, lenses and beam splitter are integrated. 
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Figure 6.1 Diagram of optical configuration of design one 
 

 
Figure 6.2 Image of optical configuration of design one 
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6.5.2 Optical configuration for design two 
The second design involved placing a 16 mm C-mount imaging lens at the front of the 

beamsplitter housing and using a relay lens to relay the image formed by the imaging 

lens though the beam splitter housing and onto the camera sensor. In order that the 

image formed at the camera was a 1:1 magnification of the image formed by the 

imaging lens it was necessary to calculate where the image would be formed from the 

front imaging lens, and where the relay lens would need to be placed. The relay optic 

design also had to incorporate a bandpass filter in front of each camera. An advantage 

to this design is that only the front image lens needs to be focused as the subject-to-

camera distance changes. This more closely resembles conventional photography and 

thus will be more familiar to investigators. A disadvantage to this design is that the 

inclusion of the relay lens will mean that some light intensity is lost and also the 

quality of the relayed image may be inferior to that formed by the imaging lens at the 

front of the system. 

 

A conventional C-mount forms an image 17.526 mm behind the lens mount, which 

would be formed inside the beamsplitter housing. The position of the image inside the 

beamsplitter could be adjusted by placing a spacer ring between the lens and the 

beamsplitter. The image formed by the front imaging lens is illustrated as image 1 in 

Figure 6.3. 

 

A relay lens comprised of two lenses of focal lengths f1 and f2 separated by distance d 

has an effective focal length of 

dff
ff

f effective −+
=

21

21  

The relay lens assembly consisted of two 50 mm achromat lenses spaced 3.01 mm 

apart which had an effective focal length of 25.96 mm. In order to achieve a 1:1 

magnification between image 1 and image 2 (the image formed at the camera sensor), 

a distance of 51.92 mm (2x effective focal length) was required between image 1 and 

the centre of the relay lens housing, which then formed image 2 (at the camera sensor), 

51.92 mm on the other side of the relay lens housing. It was not necessary for this 

application to achieve a precise magnification of 1:1, therefore the required distance 

were only approximated during the construction of the camera system. 
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To achieve a distance of approximately 50 mm between image 1 and the center of the 

relay lens, a 10 mm extension tube was placed between the beam splitter housing and 

the relay lens. To achieve a distance of approximately 50 mm between the center of the 

relay lens and the camera sensor, a 15 mm extension tube was placed between the 

relay lens and the camera. Fine focusing of Image 2 on the camera sensor was 

achieved by holding the imaging lens and relay lens constant relative to each other and 

adjusting the distance between the relay lens and the camera. This was achieved by 

rotating the camera in 180o degree increments relative to the relay lens. Although there 

is 0.4 mm of lateral adjustment per 180o degree turn this enabled sufficient focusing of 

image 2 at the camera sensor. The bandpass filter for this design was placed inside the 

10 mm extension barrel. 

 

Aperture Stop 

This design also included an aperture stop which was held inside the 15 mm extension 

tube by a threaded retaining ring. Four pairs of aperture stops were made which had 

holes of 1, 2.5, 5 and 10 mm respectively in disks of 26 mm diameter and 1 mm 

thickness. The size of the aperture used had an effect upon image quality and exposure 

level as is discussed in Section 6.9.3. The cameras and beamsplitter were mounted to 

an L-shaped 4 mm thick aluminum plate for stability. Figure 6.3 shows how the 

cameras, lenses and beam splitter are integrated. The top of Figure 6.3 also shows how 

the image is relayed through the optical components and onto the camera sensor. 
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Figure 6.3 Diagram of optical configuration for design one 
 

 
Figure 6.4 Image of optical configuration of design one 
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6.5.3 Construction of light emitting diode (LED) light source and camera 
trigger 

Two different 5 mm round epoxy LEDs with peak wavelengths of 435 nm and 415 nm 

respectively were used to construct the light source. The LEDs had similar output 

intensities, however the reduced camera response at 415 nm compared to 435 nm 

necessitated twice as many LEDs at 415 nm (100) than at 435 nm (50). The LEDs 

were mounted in a 200 mm diameter, 4 mm thick piece of aluminium plate with 

approximately 300 drilled 5 mm holes. The epoxy moulding of the LEDs was tapered 

between about 5 and 5.5 mm and this allowed the LEDs to be pressed inside the 5 mm 

holes and to be held there by a small amount of heat sink (Dow Corning® 340). To 

ensure an even coverage of light at the two wavelengths, the individual 415 nm and 

435 nm LEDs were distributed evenly across the area of the aluminium plate. 

 

LED driver and camera trigger circuitry  

The two different LEDs had very similar electrical specifications and were treated 

equivalently in the design of the driver circuitry. The LED light source was configured 

to run in two different modes. The first mode was ‘continuous mode’ where both types 

of LED were run at their maximum continuous forward current (30 mA 

approximately). The second mode was ‘synchronized flash mode’ where both types of 

LED were pulsed at a higher current (100 mA approximately) simultaneously while 

synchronized with the two cameras. The cables provided a +5 V signal which dropped 

to 0 V when the user pushed the trigger button, causing the cameras to begin their 

exposure. The LED flash time could be varied from 12 to 40 ms via an adjustment on 

the circuit board. Each type of LED could be switched on or off individually for 

calibration purposes. The LEDs were powered by a 16 V power supply connected to 

mains power. A circuit diagram for the LED light source is included in Appendix 

three. A front-on image of the LEDs in the mount is shown in Figure 6.5. The driver 

circuitry for the LED array was placed inside a plastic electronics project box and 

mounted to the side of the aluminum plate. The LED mount was attached to the 

aluminium plate via a L-shaped bracket which can be seen in Figures 6.6 and 6.7.  
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Figure 6.5 Image of LED light source mounted to the front of the dual camera system (design two) 
 

6.6 System integration and operation 

The integration and operation of the dual camera system was consistent between the 

two dual camera designs. One of the cameras was powered by an external power 

supply unit and the other camera was powered through an external Firewire hub 

(Belkin). Each camera was connected to the Firewire hub and the Firewire hub was 

connected to a laptop (Dell). This is illustrated diagrammatically in Figure 6.6 and a 

photograph of the assembled camera system is shown in Figure 6.7. 

 

Matlab® with the Image Acquisition and Image Processing Toolboxes was used to set 

camera parameters such as exposure time and camera gain, and perform the necessary 

image processing operations such as image registration and division through two 

MatLab ‘M-files’ called ‘CameraSetup’ and ‘ImageCapture’. 
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Figure 6.6 Schematic of dual camera systems. (Schematic is the same for design one and design 
two) 
 
 

 
Figure 6.7 a) Dual camera (design two) showing with all components assembled b) Dual camera 
being operated by hand (design one) 
 

6.6.1 Image registration 
A mis-registration correction function had to be created which could then be used to 

correct the images before division was applied. An A4 sheet of paper with printed 

horizontal and vertical lines was used as the target for image registration. The image 
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captured by the QICAM camera (415 nm) was used as the reference image and the 

image captured by the Retiga camera (435 nm) was the target image. The image 

alignment was performed using the image registration tool in Matlab® (Image 

Processing Toolbox) by selecting pixels in both the reference and target images which 

corresponded to the same position on the printed target. 10 points were selected and 

the ‘polynomial’ transformation type was selected. The transformation function was 

saved to disk and later accessed by the ‘ImageCapture’ M-file. 

 

6.6.2 System operation 
The first step in the procedure was to run ‘CameraSetup’ from the MatLab command 

prompt. The next step was to run ‘ImageCapture’ from the MatLab command prompt, 

which placed the cameras into ‘waiting for trigger’ mode. The user then pointed the 

camera at the desired target and pushed the trigger button which triggered the flash and 

cameras simultaneously. The images were then automatically downloaded to MatLab 

which performed image registration, image division, and displayed the processed 

image with an 80% contrast adjustment. The individual raw (unprocessed) images at 

415 nm and 435 nm and the processed image were saved to disk. The algorithm for the 

procedure is outlined in Figure 6.8. 

 
Figure 6.8 Algorithm for image capture with dual camera systems 
 

The time taken between the button press and the appearance of the corrected image on 

the screen was approximately 5 seconds. 

Run ‘CameraSetup’ 
         Initiate contact with Camera 1 (QICAM) 
         Initiate contact with Camera 2 (Retiga) 
 
Run ‘ImageCapture’ 
          
Press Trigger Switch 
         Download Image 1 
         Download Image 2 
         Mirror Image 2 
         Apply registration function to Image 2 
         Convert images to 32-bit floating point 
         Perform division (Image1/Image2) 
         Adjust contrast of divided image  
         Display processed image 
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6.7 Initial assessment and calibration: methods 

The intensity of the LED light source, the synchronization between the two cameras, 

and the synchronization between the cameras and the LED light source were identical 

for the two camera designs and were therefore evaluated first. The attenuation of light 

intensity, and the image quality needed to be evaluated separately for each design. 

Some of the performance parameters were compared to a ‘standard configuration’ 

which consisted of a 16 mm Pentax C-mount lens mounted to the front of the QICAM 

camera in the standard way with no additional optical components. 

 

6.7.1 LED light source 

6.7.1.1 Relative spectral output of the 415 nm and 435 nm LEDs 

The relative spectral outputs of the two LEDs types were measured using an Ocean 

Optics fiber optic spectrometer in irradiance mode (see Section 2.4.2.6 for a 

description of the procedure) 

6.7.1.2 Illumination intensity of LED light source compared to Polilight® 

The brightness of the LED light source was compared to the Polilight® operating in 

white light mode using the QICAM with the 16 mm lens. The Polilight® output was 

shone at a piece of semi-opaque diffuse paper so that the output formed a circle of light 

of approximately 200 mm diameter. The camera was placed on the opposite side of the 

filter paper so that the illuminated circle could be imaged. The exposure time of the 

camera was set to 500 ms and the aperture of the camera lens was set to 16. Two 

exposures were made with a 415 nm or 436 nm bandpass filter in front of the camera 

respectively and the average brightness of the 415 nm and 435 nm images was 

recorded using V++. The LED light source was put in place of the Polilight® so that the 

size of the light spot formed on the paper was comparable to the spot formed by the 

Polilight®. The camera position was unaltered and the exposure time was set to 30 ms. 

Two images were captured of the LED light source running in continuous mode using 

the 415 nm and 436 nm filters on front of the camera respectively. Two images were 

also acquired of the LED light source in flash mode (30 ms flash) using the 415 nm 

and 436 nm filters respectively. This experiment was performed in a darkened room 

where the only source of light was the LED flash which was triggered during the 1 

second exposure. 
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6.7.1.3 Uniformity of light between wavelengths 

The spatial uniformity of the LED light source was assessed by imaging an A4 size 

sheet of white paper. Individual images at 415 nm and 435 nm were taken as well as a 

processed image (415 nm / 435 nm) using design one. Each camera was exposed to an 

average brightness of 50% of its maximum ADU using the auto exposure procedure 

which was 512 ADU for the 10-bit QICAM (435 image) and 2048 ADU for the 12-bit 

Retiga  (415 nm image). The 415 nm image was divided by four so that its mean ADU 

would equal that of the 435 nm image. A ratio of 415 nm / 435 nm was then performed 

using the image math tool in V++. 

 

6.7.2 Synchronisation between cameras and flash 
The synchronization between the two cameras was tested using design one. The 

exposure times for each camera were set to 0.1 ms and the bandpass filters were 

removed to allow as much light through as possible. The Polilight® was used to 

illuminate a stopwatch (DickSmith Electronics) as it counted upwards and images were 

taken using the external trigger assembly. This was repeated 10 times. 

 

The synchronization between the LED flash and the two cameras was also tested. For 

the first part of this experiment, the cable connecting the cameras to the LED flash was 

disconnected and each camera was controlled separately using QCapture. The LED 

flash time was set to 30 ms, and the exposure times of the cameras were set to 10 s. 

In a darkened room, the exposure was started using QCapture and the LED flash was 

triggered using the trigger switch during the 10 s exposure. This image was captured 

and stored to the hard disk. This experiment was performed using both the QICAM 

and the Retiga cameras. The mean brightness for each image was measured and 

recorded using V++. The trigger cable was then connected to each camera, the camera 

exposure times were set to 30 ms, and the cameras were put into ‘external trigger 

mode’ using QCapture. The LED flash and camera exposures were initiated with the 

trigger switch and an image was captured. The mean brightness for each the image was 

measured and recorded using V++.  
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6.7.3 Image quality 
There are five basic types of image aberration which are caused by imperfect geometry 

of lenses or mirrors in (monochromatic) imaging systems and they are referred to as 

the Seidel aberrations (109). Aberrations can lead to a blurring or defocusing of the 

image (e.g. spherical aberration, astigmatism or field curvature), or it can lead to a 

distortion of the image ( e.g. barrel or pincushion distortion) (109). Some aberrations 

can be mitigated by using non spherical (aspherical) lenses or by including multiple 

lens elements with opposing contributions to aberration which when placed together 

cancel out much of the aberration. In simple optical systems, an effective way to 

mitigate aberration is to include an aperture stop, however this reduces the light 

throughput. 

 

The level of distortion caused by the additional optical components in both designs 

was assessed by imaging a printed A4 size target comprising of narrowly spaced 

vertical lines. The images acquired by the two optical designs were compared to a 

reference image taken with the standard lens configuration (lens aperture of 8.0). For 

design two, a C-mount adjustable iris diaphragm was put in place of one of the 15 mm 

extension tubes to determine if an improvement in image quality could be obtained by 

including an aperture stop after the relay lens. The size of the aperture varied between 

1 mm and 10 mm. Four aperture sizes were evaluated which corresponded to four f-

numbers where  

 

aperture
length focalnumber -f =  

 

The focal length of the relay lens was 25.96 mm which gave approximate f-numbers of 

26, 10.5, 5.0, and 2.5. The Polilight® was used as the illumination source. An exposure 

time was chosen so that the average brightness reached 50% of maximum ADU (500 

ADU approximately). 

 

6.7.4 Light attenuation 
The additional optical components in the light path such as a beamsplitter, relay lens, 

and aperture stop caused an attenuation of light energy compared to the standard 

configuration (lens aperture of 8.0). The degree of attenuation of the two designs 
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compared to the reference configuration was determined by noting the exposure time 

required to reach an average exposure level of 50% maximum ADU (512 ADU 

approximately) for the images acquired for the image quality experiments. 

 

6.8 Assessment of camera systems using blood control 

samples: methods 

The performances of the two dual camera systems were evaluated using controlled 

blood dilutions and a blood shoemark on a piece of wood. 

 

6.8.1 Preparation of blood dilution series 
A blood dilution series consisting of filter paper soaked in blood of varying dilutions 

was prepared in a manner analogous to that described in Section 2.4.3.2. The range of 

the blood dilutions was 50 times to 5000 times dilution. 

6.8.1.1 Presentation of blood dilution images 

The mean brightness of the images of the blood dilutions were adjusted to 128 ADU 

using the image tool in V++. The image were then converted to 8-bit and saved in Joint 

Photographic Experts Group (JPEG) format (using V++) with maximum image quality 

for presentation in this thesis. The images were saved without any contrast adjustment, 

where the images have a pixel brightness range of 0 to 255 ADU. 

 

6.8.2 Preparation of blood shoemark sample 
A blood shoemark made from blood which had been diluted 10 times was deposited on 

a section of wooden floor in a manner analogous to that described in Section 3.3.1. 

 

6.8.3 Auckland Boxing Association Stadium 
A boxing ring was provided to us for examination by the Auckland Boxing 

Association (ABA). The ring canvas contained blood staining that had accumulated 

from boxing bouts, despite being regularly cleaned and disinfected using commercial 

cleaning products. Several stains were identified by visual examination. Colour images 

of the stains were obtained with the Canon D30 (zoom lens), and dual camera design 

one was also used to image the stain. For comparison, the stains were also imaged with 

the filter wheel imaging system. 
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6.8.4 Image capture of blood samples 
Images of the blood controls were acquired for the two camera designs and reference 

images were also captured using the QICAM+visible-VariSpec(LCTF) imaging 

system. The reference images were two wavelength divisions using 415 nm / 435 nm 

using the Polilight® for illumination. Design two was the first design tested. Design 

one was tested about two weeks later, after modifications were made to the LED light 

source and beamsplitter (vide infra Section 6.9.3). 

 

For the dual camera systems, the distance from the camera to the samples was about 75 

cm which for a 16 mm lens provided a field of view such that a piece of A4 paper (or a 

shoemark) could be imaged. Each camera system was focused upon the subject using 

the live feedback feature in QCapture, before switching to V++ or MatLab for image 

capture. For design one, each lens had to be focused, the cameras secured to the plate, 

and an alignment function generated prior to imaging the samples. For design two, 

only the alignment function was required prior to sample imaging because the focusing 

could be achieved without affecting the alignment of the cameras. For both camera 

designs a separate alignment function was necessary each time the camera system was 

dismantled and reassembled.  Images from each of the dual camera designs were 

captured under two different modes, benchtop mode and handheld mode. 

 

Benchtop mode 

The first mode was ‘bench top mode’ where the dual camera systems were left on a 

bench top and the LED light source was set to run continuously. In this mode the 

exposure times for the QICAM and the Retiga were varied until each camera reached 

50% of its maximum pixel brightness which is approximately 500 ADU for the 

QICAM and 2000 ADU for the Retiga. V++ was used to capture the images from each 

camera separately using the autoexposure procedure discussed in Section 2.3.2.7. A 

division of the Retiga image (415 nm) by the QICAM image (435 nm) was performed 

using the image math dialogue in V++.  

 

Handheld mode 

The second mode was ‘hand held mode’ where the camera was hand held, Figure 

6.8b) and the LED light source was set to flash for 30 ms. For this mode the cameras 
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were controlled using MatLab and the exposures were initiated by the user pushing the 

trigger button.   

 

Design One Image capture. 

At the distance used for this experiment, the LED flash provided too much light which 

meant that either the f-stop of each lens needed to be increased or the exposure times 

needed to be reduced to prevent overexposure. As the cameras were at a fixed focus, 

increasing the f-stop would help prevent image blur caused by the camera-to-subject 

distance changing due to motion of the user (perpendicular to the image plane) because 

the depth of field would be increased. This is particularly useful because the present 

design gave no live feedback from the cameras to allow the user to determine when an 

image is in focus. Alternatively, reducing the exposure time would also help reduce 

image blur due to motion of the user (parallel to the image plane). An exposure time of 

20 ms with an f-stop of 5 was used. 

 

Design two image capture 

The results from the light attenuation experiments with design two showed that it was 

necessary to have a large aperture to obtain a reasonable exposure within 30 ms which 

meant making a sacrifice in image quality. An aperture of 5.0 mm was placed in each 

15 mm extension barrel (Figure 6.3) which was equivalent to an f-stop of 5.0 for the 

lens used in this system. The aperture of the 16 mm C-mount Pentax imaging lens at 

the front of the system was adjusted to 2.0. 

 

6.9 Initial assessment and calibration: results 

6.9.1 LED light source: spectral output and illumination intensity 

6.9.1.1 Relative spectral output 

The relative spectral outputs of the two LED types were measured using a fiber optic 

spectrophotometer. Five LEDs of each type were measured and the peak output 

wavelengths were found to be within 2 nm for both the five 415 nm LEDs and for the 

435 nm LEDs. The spectral output was close to the specified output, with the 415 nm 

LEDs having a peak output at 417 nm and the 435 nm LEDs having a peak output at 

438 nm (Figure 6.9).  
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Figure 6.9 Relative spectral output of LEDs: (─) 415 nm LED dashed line (---) 435 nm LED 
 

6.9.1.2 Illumination intensity compared to Polilight® 

The output intensity of the Polilight® was measured with the QICAM at 415 nm and 

435 nm by imaging a diffuse screen illuminated by the Polilight®. A 500 ms exposure 

with an aperture of 16 gave mean brightnesses of 435 ADU at 415 nm and 505 ADU at 

435 nm. The LED light source running in continuous mode at an exposure time of 30 

ms gave the mean brightnesses at 415 nm and 435 nm of 270 ADU and 320 ADU 

respectively, which meant the LED light source was approximately 10 times brighter 

than the Polilight® at 415 nm and 435 nm. The mean brightness of the images at 415 

nm and 435 nm of the LED in flash mode were 820 ADU and 980 ADU respectively, 

which meant that the LED light source was approximately three times brighter in flash 

mode for both wavelengths, which was expected as the current used to drive the LEDs 

is increased by a factor of three when running in pulsed mode.  

6.9.1.3 Uniformity of light between wavelengths 

The spatial uniformity of the LED light source was assessed by imaging an A4 size 

white sheet of paper (Figure 6.10a). The light is more intense at the center of the paper, 

with the brightness of the pixels in the centre of the image being approximately 150 

ADU decreasing to 50 ADU near the edges. The patterns of light formed by the 435 

nm LEDs and the 415 nm LEDs were very similar. A ratio of 415 nm / 435 nm is 
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shown in Figure 6.10b which has been contrast adjusted to highlight any spatial 

differences. The strong intensity gradient has been removed by the division process as 

expected. However the division has highlighted subtle differences between the spatial 

patterns of the 415 nm and 435 nm LEDs. The pixels near the center of the ratio image 

had an average pixel brightness of approximately 0.85 ADU whereas the pixels near 

the edges had a brightness of approximately 1.15 ADU. The mean brightness of the 

division image was 1.04 with a standard deviation of 0.16. 

 

 
Figure 6.10 a) Pattern formed by 415 nm LEDs.  b) Ratio (415 nm / 435 nm) contrast adjusted to 
highlight differences in the spatial pattern between 415 nm and 435 nm. 
 

6.9.2 Synchronisation 

6.9.2.1 Synchronisation between cameras 

The synchronization between the two cameras was tested by setting the camera 

exposure times to 0.1 ms and imaging a stopwatch as it counted upwards. The stop 

watch counter displayed the time in 10 ms increments. In each of ten replicate pairs the 

stopwatch showed the same time, indicating that the two cameras were synchronized 

within 10 ms. 
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Figure 6.11 a) Image of stopwatch counting upwards taken with a) QICAM, b) Retiga (mirrored) 
showing synchronisation between the two cameras 

6.9.2.2 Synchronisation between cameras and flash 

The synchronization between the cameras and the flash was tested by first exposing the 

cameras for 10 s in a darkened room and triggering a 30 ms flash during that time. The 

average brightness of each image obtained with an exposure of 10 s and a 30 ms LED 

flash as the only source of light was 356 ADU for the QICAM and 1250 ADU for the 

Retiga respectively. The average brightness of each image obtained with an camera 

integration time of 30 ms and synchronized with a 30 ms flash was 349 ADU for the 

QICAM and 1210 for the Retiga. The similarity of the results obtained under these two 

conditions meant that the LED flash and the cameras were synchronized. 

 

6.9.3  Evaluation of image quality 
The qualities of the individual, unprocessed images were assessed by imaging an A4 

printed target consisting of vertical lines. There was no difference in quality between 

the two images taken with the different cameras for either design, therefore, only one 

image from each image pair (the transmitted image) was used as a comparison. The 

quality was compared to an image taken of the target using the standard configuration. 

For design two, a C-mount adjustable iris was put in place of the 15 mm extension 

barrel. 

 

 

 

 



 242

Design1 

There was no noticeable image degradation in the images using design one compared 

to the image acquired using the standard configuration. The only additional optical 

element in this design is a plate beam splitter which did not appear to adversely affect 

the image quality compared to the reference image. There was, however, significant 

vignetting caused by the beam splitter housing and the back of the LED mount which 

removed about 60% of the pixels as illustrated in Figure 6.12a. The vignetting was 

prevented by removing the front wall of the beam splitter housing and also enlarging 

the center hole in the LED mount as illustrated in figure 6.12b. These adjustments 

were made after the assessment of design two was complete, as removing the front of 

the beamsplitter meant that design two could no longer be assembled. 

 
Figure 6.12 a) Vignetting caused by beamsplitter and LED mount.  b) Image showing front of 
design one showing increased hole in LED mount (compared to Figure 6.5) and beamsplitter with 
front plate removed. 
 

Design 2 

The images of the printed targets revealed there was significant aberration of the image 

for design two. Figure 6.13 shows images of printed vertical lines at four different f-

stops. Figure 6.13a (f = 26) was equivalent in quality to the reference image, while 

Figure 6.13d (f = 2.5) shows a significant amount of blurring towards the edges of the 

image. As the imaging lens at the front of this design is focused from infinity to 0.3 m 

the blurring moves to the centre of the image and the focus of the outside edges 

improves. This type of distortion is consistent with field curvature, where rays which 

are focused through the edges of the relay lens are focused at a different plane to rays 

which pass though the centre of the lens (109), and as the plane of the image moves, 

the areas of the image which are in focus also move. Increasing the f-stop mitigated the 

blurring to a large extent, however a significant loss of light resulted, which is 
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discussed in detail in Section 6.9.4. Varying the f-stop of the front imaging lens did not 

have a significant effect upon the image quality. It did, however, reduce the light 

intensity through the system which meant the aperture of the imaging lens was set to 

2.0 for the remainder of the study. It was also noticed that dust resting upon the beam 

splitter could be seen in the captured images. This was expected because the image 

formed by the imaging lens is very close to the beam splitter and therefore an image of 

dust resting on the beamsplitter will be relayed to the camera sensor. Cleaning the 

beamsplitter before construction of the camera mitigated this effect to a large extent. 

 
Figure 6.13 Image of an A4 size printed target at four different f-stops: a) f = 26, b) f = 10, c) f = 
5.0, d) f = 2.5.  
 
6.9.4 Light attenuation 
The amount of light attenuated through each design was assessed by recording the time 

taken to reach a mean ADU of 500 for the QICAM when imaging a printed target  

of horizontal lines for a given level of illumination. The exposure time required to 

reach an ADU of 500 for the reference design was 150 ms. The amount of light 

attenuated by design 1 was 50% compared to the reference configuration, which was 

expected as the inclusion of a beam splitter halved the intensity of light received by 

each camera. The amount of light attenuated by design 2 depended upon the f-stop. 
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The degree to which light was attenuated for f-stops of 2.5, 5.0, 10.0 and 26.0 was 13, 

40, 213, and 813 times respectively. 

 

6.9.5 Image registration 
A significant amount of mis-registration was present between the two images for both 

design one and design two. The image registration tool in MatLab© (Image processing 

toolbox) was used to generated a correction function to correct the mis-registration. A 

slight bump of the camera system was sufficient to cause the cameras to become 

misaligned. 

 

6.10 Assessment of imaging systems using blood control 

samples: results 

The following section presents the results from the blood imaging experiments. The 

results from the reference imaging system (QICAM+visible-VariSpec(LCFT)) are 

presented first, followed by the results obtained using camera design one and the 

results obtained using camera design two. All of the images have been contrast 

adjusted in Photoshop® CS2 to assist in visualizing the images. An area of the 

shoemark images has been extracted and enlarged to emphasize how the shoemark 

detail is visualized with the different imaging systems. 

 

6.10.1 Presentation of blood dilution images 
The images of the blood dilution series taken with the reference configuration and the 

dual camera designs are presented with the contrast adjusted to obtain the best 

visualisation of the image. 

 

6.10.2 Presentation of blood shoemark images 
The images of the shoemarks taken with the dual camera designs have been cropped 

and enlarged from the original images, and have been contrast adjusted to obtain the 

best visualistion of the shoemark pattern.  
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6.10.3 Reference images 
A single wavelength image (415 nm) of the blood dilution series taken with the 

QICAM+visible-VariSpec(LCTF) imaging system is shown in Image 6.1, while a two 

wavelength division (415 nm / 435 nm) taken with this system is shown in Image 

6.2. A colour image of the 10 times diluted blood shoemark on wood taken with the 

Canon D30 (24-85 mm zoom lens) is shown in Image 6.3. A single wavelength image 

(415 nm) of the blood shoemark taken with the QICAM+visible-VariSpec(LCTF) 

imaging system is shown in Image 6.4. A two wavelength division (415 nm / 435 

nm) taken with this system is shown in Image 6.5. 
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Image 6.1 415 nm image of blood dilutions taken with QICAM+visible-VariSpec(LCTF) imaging 
system, 16 mm lens f = 5.0 exp = 1172 ms. Dilutions as shown in Image 6.2 
 

 
Image 6.2 Two wavelength division of blood dilutions on filter paper, (415 nm/ 435 nm) taken with 
QICAM+visible-VariSpec(LCTF) imaging system, the numbers refer to the dilution level  
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Image 6.3 Colour image of shoemark in 10x diluted blood on wood taken with Canon D30 (24-85 
mm zoom lens) 
 

 
Image 6.4 415 nm image of shoemark in 10x diluted blood on wood taken with QICAM+visible-
VariSpec(LCTF) imaging system. Insert shows tread pattern superimposed over the wood grain 
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Image 6.5 Two wavelength division (415 nm / 435 nm) of shoemark in 10x diluted blood taken 
with the QICAM+visible-VariSpec(LCTF) imaging system. Insert shows tread pattern in good 
focus and a reduction in the wood grain pattern. 
 

The highest level of blood dilution that can be distinguished from the background in 

the reference processed image of the blood dilutions (Image 6.2) is approximately 

2000 times. The reference processed image of the shoemark (Image 6.5) removed most 

of the wood grain pattern that could be seen in the single wavelength image. 

 

6.10.4 Design one images 

A processed image (415 nm / 435 nm) of the blood dilution series taken in 

benchtop mode (Section 6.8.4) with design one is shown in Image 6.6. At an aperture 

of 8.0 for each lens, the exposure times required to reach 50% maximum ADU for the 

QICAM and Retiga were 83 ms and 65 ms respectively. The results are similar to the 

reference processed image with the highest blood dilution level discernable being 

approximately 2000 times dilution. Initial experiments operating the camera in 

handheld mode were performed with a low aperture for each lens (f-stop = 2.0) and 

short exposure times (5 ms approximately). Although these settings resulted in a 

similar level of exposure to an f-stop of 8.0 and exposure time 83 ms, it was very 
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difficult to obtain a focused image because small changes in the distance to the subject 

caused significant blurring owing to the reduced depth of field. 

 

Using an f-stop of 4.0 and an exposure time of 20 ms resulted in an increased depth of 

field and reduced blurring in the processed image. There was residual blurring, which 

may be due to motion by the user or a lack of proper focus of the lenses. A processed 

image (415 nm / 435 nm) taken in handheld mode with an f-stop of 4 and 

exposure time 20 ms is shown in Image 6.7. The results are similar to the reference 

processed image and the benchtop mode image, with blood being discernable to 

approximately 2000 times dilution. 
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Image 6.6 Image of blood dilutions design one ‘bench top mode’. Arrows point to non-uniformity 
in illumination caused by differences in 415 nm and 435 nm LED pattern. exp = 20 ms. Dilutions 
as shown in Image 6.2 
 

 
Image 6.7 Image of blood dilutions design one handheld exp = 20 ms. Dilutions as shown in Image 
6.2. 
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When imaging the shoemark in 10x diluted blood at an aperture of 8.0 for each lens in 

benchtop mode, the exposure times required to reach 50% maximum ADU for the 

QICAM and Retiga was 260 ms and 185 ms respectively. A processed image of the 

shoemark (415 nm / 435 nm) taken in benchtop mode is shown in Image 6.8. The 

processed image in benchtop mode is again similar to the reference processed image, 

with the wood grain pattern being suppressed to a similar degree and no loss in tread 

detail compared to the reference image. The exposure times for each camera in 

handheld mode were 30 ms, and each camera had an aperture of approximately 3.0. 

The reduced f-stop number required for the shoemark sample compared to the blood 

dilutions meant that it was difficult to acquire a focused image. Several attempts had to 

made, which involved moving the camera towards and away from the shoemark, 

before reasonable focus was obtained. This focusing could be more readily 

accomplished if a live preview were available immediately prior to image capture. The 

processed image of the shoemark obtained from design one in handheld mode (Image 

6.9), exhibited a level of background suppression similar to that of the reference 

image. A small amount of blurring, however, resulted in a small loss in resolution in 

the tread pattern of the shoemark. 
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Image 6.8 Image of shoemark in 10x diluted blood on wood design one ‘bench top mode’ insert 
shows tread detail is in good focus. f = 4.0 exp = 20 ms 
 

 
Image 6.9 Image of shoemark in 10x diluted blood on wood design one ‘handheld mode’ insert 
shows tread detail is slightly out of focus. f = 4.0 exp = 20 ms 
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6.10.5 Design two images 
An aperture stop of 5.0 (for the relay lens) was used for all images taken with the dual 

camera (design two). A processed image of the blood dilutions from the dual camera, 

(design two) taken in ‘bench top mode’ is shown in Image 6.10. To reach 50% of the 

maximum exposure level the QICAM needed 1900 ms and the Retiga needed 1500 ms. 

A processed image from the dual camera (design two) operated in ‘hand held mode’ is 

shown in Image 6.11 with exposure time 30 ms, Pentax imaging lens f-stop = 2.0. 
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Image 6.10 Two wavelength division (415 nm/ 435 nm) taken with design two in bench top mode.   
f = 5.0, exp for QICAM = ms, exp for 1900 Retiga = 1500 ms. Dilutions as shown in Image 6.2. 
 

 
Image 6.11 Two wavelength division (415 nm/ 435 nm) taken with design two in handheld mode    
f = 5.0 exp = 30 ms. Dilutions as shown in Image 6.2. 
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The blood dilutions image from design two captured in ‘bench top mode’ shows 

similar results to the reference division image. There is some non-uniformity due to 

differences in the LED light source patterns which differ from the images taken from 

design one. This because the arrangements of the individual LEDs on the LED plate 

are different for the two designs (see Figures 6.5 and 6.12b), however the highest 

blood dilution level discernable is similar to the reference image, i.e. 2000 times. For 

design two running in hand-held mode there was significant blurring of the processed 

image and increased noise compared to the reference processed image and the 

processed image running in benchtop mode. The overall decrease in image quality led 

to reduced contrast and as such the most dilute blood level that could be discerned was 

approximately 1600 times dilution. 

 

A processed image of the 10x diluted blood shoemark on wood using design two, 

taken in ‘bench top mode’ is shown in Image 6.12. To reach 50% of the maximum 

exposure level, the QICAM needed 2800 ms and the Retiga needed 2200 ms. A 

processed image from the dual camera (design two) operated in hand held mode is 

shown in Image 6.13.  
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Image 6.12 Image of blood shoemark in 10x diluted on wood ‘design two’ benchtop insert shows 
tread pattern in reasonable focus.  Lower arrow indicates effect of slight misalignment of images.  
f = 5.0 exp for QICAM = 2800ms, exp for  Retiga = 2200 ms. 
 

 
Image 6.13 Image of blood shoemark in 10x diluted blood on wood ‘design two’ handheld.  Insert 
shows that tread pattern is very out of focus.  f = 5.0 exp = 30 ms 
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Overall the processed image from design two operating in ‘bench top mode’ was 

comparable to the reference division image. There is some shading due to 

misalignment of the two images which is apparent in the detail at the tip of the 

shoemark on the right side (Image 6.12). The degree to which the background pattern 

of the wood grain has been suppressed in Image 6.12 is comparable to the reference 

processed image. The processed image of the shoemark from design two in ‘hand held 

mode’, Image 6.13, was considerably poorer than the reference division image )Image 

6.5). There was significant blurring and loss of definition of the shoemark due to both 

motion blur and distortion caused by the relay lens. 

 

6.10.6 Boxing-ring canvas blood stain imaging 
A colour image of a blood stain on the canvas of the boxing ring is shown in Image 

6.14. A single wavelength image of the same area of the boxing ring taken with a 

Rolera + filter wheel at 415 nm is shown in Image 6.15 while a ratio (415 nm / 435 

nm) taken with this system is shown in Image 6.16. 
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Image 6.14 Colour image of a boxing ring blood stain.  Taken with Canon D30 (zoom lens) 
 

 
Image 6.15 415 nm image of blood stain taken with Rolera + filter wheel system. The white square 
represents the area used to measure pixel brightness values 
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Image 6.16 Two wavelength division 415 nm / 435 nm taken with Rolera + filter wheel system 
 

 
Image 6.17 Two wavelength division 415 nm / 435 nm taken with Dual camera system design one 
f= 4.0 exp =20ms. 
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The processed images from the dual camera system (Image 6.17) and the filter wheel 

system (Image 6.16) did not offer improvement over the single wavelength image at 

415 nm (Image 6.15). This could be due to degradation of the hemoglobin in the blood 

due to the age of the blood stain or cleaning of the canvas. The mean brightnesses of a 

selection of pixels from a suspected bloodstain from the boxing ring images 

(represented by a white square in Image 6.15) were measured for the 415 nm and 435 

nm filter wheel images using V++ and were found to be 767 ADU and 781 ADU 

respectively, which is why the division process did not enhance that region in the 

image. The results obtained from the bloodstain shown in Image 6.14 were 

representative of the other stains examined from the boxing canvas. 

 

6.11 Conclusions 

Two designs of a near-real-time dual wavelength snapshot camera for imaging blood 

were constructed and evaluated. Both designs utilized a beamsplitter to split the 

incoming light and direct it towards two cameras simultaneously. A pulsed LED light 

source was constructed to provide enough blue light to reach an adequate exposure 

level when the exposure times of the cameras were kept at or below 30 ms. The 

cameras and LED flash were synchronized using external circuitry and the image 

capture and processing was performed with a laptop computer and MatLab image 

processing software. The image processing comprised a division of a 415 nm image by 

a 435 nm image. The main concern for both designs was light throughput, which had a 

direct impact on the minimum exposure time that could be used, and, as a result, the 

overall image quality of the processed image. When imaging finely detailed forensic 

evidence with a handheld device it would be desirable to have exposure times less than 

30 ms to ensure the detail is not adversely affected by motion blur, however this would 

place further demands on the lighting system.  

 

Imaging systems such as those described in this chapter are designed to assist 

investigators locate areas of possible blood staining. Therefore the loss of detail in the 

images acquired with the systems is not necessarily detrimental to their intended 

application. In situations where high detail is required, such as when shoemark 

imaging is performed for evidential purposes, it more likely that imaging systems such 

as those described in chapter 2 would be employed. 
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Design one resulted in the highest amount of light throughput, however the integration 

of the components meant that the imaging system could not be focused once it had 

been constructed, which would cause severe limitations if it were to be used to search 

for blood at a crime scene. This could be mitigated to a degree by increasing the f-stop, 

which would result in a larger depth of field, but this reduced the light throughput.  

 

Design two resulted in a significant reduction in light throughput compared to design 

one and also a significant loss in image quality. The image quality could be improved 

by including an aperture stop after the relay lens, however this further reduced the light 

throughput. The advantage to this design, however, was that the camera could be 

focused using a single image which is how conventional photography is performed.  

 

Several improvements to the dual imaging system would need to be made before it 

could be successfully applied as a hand-held snapshot blood imaging camera. 

Necessary features would include a live preview prior to image capture to ensure the 

image was in focus. It is also desirable to be able to focus the camera using one 

adjustment to make operation of the camera similar to conventional cameras. This 

might be via a single imaging optic at the front of the imaging system in a design 

similar to design two, however an alternative relay system would need to be designed 

to improve the image quality and light throughput. An improved relay system could be 

achieved by using aspherical lenses, or by combining several lenses together to reduce 

image aberration and therefore allow a larger aperture with improved light throughput. 

An alternative design could employ a Nikon F-mount lens which has a back focal 

length of 46.5 mm, that would be long enough to incorporate a beam splitter and an 

interference filter in between the F-mount lens and the camera sensor. It may be 

necessary, however, to manufacture an integrated mount for the beam splitter and 

interference filter, which also attached the lens and camera, in such a way as to ensure 

a maximum distance of 46.5 mm between the camera sensor and the back of the F-

mount lens is maintained. This design would not require additional relay optics and as 

such would provide good image quality and no additional loss of light. It may also be 

possible to use motorized ‘ganged’ focusing for the two lenses for design one, though 

the lenses would need to remain at a fixed length while focusing (so that they could be 

firmly attached to the beamsplitter housing). 
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The mass of the two camera designs was approximately 3 kg, which led to fatigue 

when trying to hold the camera steady. Most of the mass was in the cameras, and this 

meant that even with the aluminium plate and retaining bolts, their momentum 

sometimes led to the cameras becoming misaligned. A lighter camera system would 

thus be desirable to allow it to be used over extended periods of time and reduce the 

likelihood of misalignment. The Flea®2 (Point Grey Research) is one example of such 

a camera. The Flea®2 dimensions are 29 x 29 x 30 mm, the camera weights 58 g and it 

can be synchronized with external shutter events. The Flea®2 is available with a 0.3  

mega-pixel CCD. As the camera would likely be used to image areas of only a few 

meters and because a high level of detail is not required, a lower spatial resolution 

would suffice. Also the reduced image resolution of the Flea®2 compared to the 

QICAM would mean that camera alignment would not be as critical and the speed of 

data transfer and image processing would be quicker. Hardware processing of the 

images would allow for images to be captured, processed, and displayed in ‘real-time’. 

For a blood screening application, a rate of 10-15 frames would suffice. 
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7 Conclusions 

This study investigated the use of spectral imaging to locate and spatially resolve 

analytes of forensic interest. In particular, methods were developed to visualise 

evidence such as shoemarks or fingermarks against interfering backgrounds. The 

approach used was to develop spectral imaging protocols which target an analyte based 

upon its UV-visible spectrum. A key aim was to develop protocols which required 

capturing a small number of images and using simple arithmetic combinations of the 

images such as subtraction or division to achieve enhancement of the evidence. Such 

constraints reduce the hardware and software required to implement these protocols. 

However, these simple protocols work best with analytes with clear spectral 

differences from the substrate. When more subtle differences in spectra exist, more 

complicated hyperspectral methods are required.  

 

The spectral imaging protocols were evaluated using forensic analytes that are 

commonly encountered by forensic investigators, such as blood, chemically enhanced 

blood, and chemically enhanced fingermarks. A new chemical enhancement reagent 

and associated spectral imaging protocol was developed for the enhancement of muddy 

shoemarks.  

 

Two spectral imaging systems were constructed to acquire spectral images. Both 

systems were frame sequential, using a scientific grade digital camera. The band-

selection method differed, with one system using an LCTF while the other had a six 

position filter wheel. 

 

The imaging systems were controlled via a graphical user interface which allowed the 

user to operate the spectral enhancement protocols without specialist knowledge 

imaging systems. The performance and limitations of these imaging systems were 

evaluated. These imaging systems could be used to enhance evidence which has been 

located by a visual examination but whose spatial detail is obscured by a highly 

coloured or patterned substrate. They can also be used to locate evidence that is too 

dilute for visual identification on a given substrate. 
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An imaging system was also developed to assist investigators locate blood evidence at 

crime scenes or on large items of evidence. This system was a hand held imaging 

system which acquired two images at different wavelengths simultaneously, processed 

the images and displayed a ratio image in approximately 5 s making the system 

feasible as a search tool. 

 

7.1 Imaging systems performance overview 

The imaging systems with a LCTF could acquire individual images at a specified 

wavelength or a series of images over a specified wavelength range and increment. 

They also had an automated procedure to calculate two or three wavelength targeted 

enhancement images for specific analytes such as blood or crystal violet. One LCTF 

was able to capture images between 400 and 720 nm and the other between 650 and 

1100 nm, which allowed a wide range of forensic analytes to be targeted. These 

systems could potentially generate significant amounts of data with large file sizes 

which demand significant computational resources and thus would be well suited to a 

forensic laboratory where time could be taken to achieve the best possible 

enhancement of the evidence.  

 

The imaging system utilising the filter wheel had a predefined set of filters with which 

to target a specific type of evidence. As a common type of evidence found at crime 

scenes is blood, the filter wheel imaging system used in this study contained filters 

which targeted blood. This system would collect smaller amounts of data and require 

less computation resources and hence offers a low cost alternative to the LCTF and 

would suit crime scene investigation as well as laboratory investigation.  

 

The QICAM + VariSpec imaging system had low sensitivity towards blue light (<450 

nm), which is the part of the spectrum used to target blood. When imaging fingermarks 

with the output of the Polilight® focused on a small area this was not a problem, but 

when imaging blood with areas the size of a shoemark or greater, image acquisition 

times on the order of minutes were sometimes required. This time could be reduced by 

employing light sources with a greater amount of blue light such as a blue fluorescent 

tube or light emitting diodes. This imaging system did not suffer from image mis-

registration. 



 265

 

Images captured using the QICAM + filter wheel imaging system exhibited artefacts 

due to mis-registration of the images, however these artefacts could be reduced by 

applying an image registration procedure before image processing. This imaging 

system was more sensitive towards blue light than the LCTF system and could be used 

to image blood over greater areas. 

 

Building an imaging system from component parts and developing software for 

controlling the individual components allowed for a great amount of flexibility in the 

design and operation of the imaging system. Building an imaging system may also be 

less expensive than purchasing an integrated imaging system which may make it 

appear more accessible to law enforcement laboratories. In-house development may 

help the chain of custody of the images because every step in the enhancement 

procedure, from image capture through to image processing and storage, would be 

under full control by the user and this would also allow for easier submission of the 

processed images in court. However, such development also requires a substantial 

investment of time and expertise so that commercially available integrated systems 

may be more appropriate for a forensic laboratory. 

 

7.2 Analyte enhancement by suppressing substrate 

patterning 

The main approach to enhancement was to acquire spectral images of an analyte and 

apply arithmetic procedures to the images to selectively enhance the analyte and 

suppress substrate patterning. The most useful arithmetic operation was image division 

using an estimated background image, however image subtraction was sometimes used 

for fluorescence images. The approach which gave the best results was to acquire a 

spectral image in a region where the target analyte exhibited strong absorbance and 

then acquire a series of images at progressively longer or shorter wavelengths, or both. 

Then the longer or shorter wavelength images were divided into or subtracted from the 

central wavelength. The series of processed images so obtained exhibited strong 

substrate suppression where the separation between the target wavelength and the 

background wavelength(s) was small, and strong analyte enhancement when the 

separation was greater. The combination of images which offered the best compromise 
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between analyte enhancement and substrate suppression was dependent on the spectral 

features of both the target analyte and the substrate. 

 

The target spectra which were most desirable for this approach were those with large 

changes in molar absorptivity or emission intensity over a short wavelength range (≈ 

50 nm). Analytes which exhibit a steep shoulder, such as the product from the 

oxidation of certain leuco dyes in the presence of blood, were amenable to a two 

wavelength correction procedure, with the target wavelength image being divided by a 

single wavelength background image. Analytes which exhibited a narrow peak such as 

the lanthanide dyes were amenable to a three wavelength correction where the central 

wavelength image was divided by the average of two wavelength images bracketing 

the central wavelength image. This three wavelength method suppressed background 

chromophores with both positive and negative slope and was found to be more 

effective than the two wavelength method for some substrates. 

 

This approach to analyte enhancement was made easy through the use of the spectral 

imaging system which provided the necessary wavelength selection capability to 

acquire the initial data set. If a two or three wavelength arithmetic combination of 

images was shown to provide good analyte enhancement, a principal components 

analysis of the same images was, in some cases, shown to give comparable results. 

These results suggest that the most important aspect when attempting analyte 

enhancement is a careful selection of wavelength parameters and having the 

instrumentation to acquire the data. 

 

7.3 Complementing enhancement reagents with imaging 

methodologies 

The observation that analytes with narrow spectral features are particularly amenable 

to spectral enhancement led to the development of a new chemical enhancement 

reagent, and associated spectral enhancement procedures, for muddy shoemarks. This 

involved the formulation of a spray containing a ligand which exhibited a narrow 

absorption peak upon complexation with iron. A common enhancement reagent for 

muddy shoemark impressions is thiocyanate. Spraying muddy shoemarks with 

thiocyanate results in the formation of iron thiocyanates which have very broad 
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absorption features in their visible spectrum and therefore are not amenable to a two or 

three wavelength background enhancement procedure. However, the processed 

spectral images of shoemarks treated with the new enhancement spray exhibited 

increased specificity and sensitivity towards the shoemarks compared to the traditional 

iron reagent, thiocyanate.  

 

As the synthesis of the BBIDMAPP ligand requires several steps it is unlikely that it 

could be used on a regular basis. However it could be used in situations where a 

muddy shoemark was deposited on a substrate that would interfere with iron 

thiocyanate such as a red or brown coloured substrate or a substrate exhibiting strong 

background patterning. The results from this investigation illustrate the advantage in 

developing new enhancement reagents for existing types of trace evidence, such as 

muddy shoemarks, which complement the spectral imaging procedures to achieve the 

maximum enhancement of the evidence. In particular the results show that it is not 

necessary to apply enhancement reagents which result in products that exhibit strong 

colouration to the unaided eye. The iron chromophore [iron(II)(BBIDMAPP)2] 

appeared more weakly coloured to the unaided eye than iron thiocyanate did on the 

substrates used in this study, but its spectra allowed an enhancement procedure to be 

applied that could not been applied to iron thiocyanate. 

 

Reagents whose products do not exhibit spectral features amenable to simple 

arithmetic spectral imaging enhancement, such as ninhydrin, may benefit from the 

development of more complex multivariate spectral imaging methods discussed in 

Section 1.3.3. The multivariate methods have been employed mainly by the remote 

sensing community (68,69), although the methods are beginning to be applied to 

mesoscale imaging applications (228). Principal components analysis has already 

begun to be applied to forensic samples (4) but more work needs to be done to 

optimise the number and wavelength setting of the input images. Classification 

techniques have also been applied to the imaging of layered paint chips (91), however 

in this example each layer contained a unique spectrum and the spectra between layers 

were not mixed.  

 

More complex algorithms may be required if the spectrum of the evidence is mixed 

with the spectrum of the substrate. This could be the case where a weak fingermark has 
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been treated with ninhydrin and imaged, which results in pixels which contain 

information about the fingermark, i.e. Ruhemann’s Purple, mixed with the spectrum of 

the underlying substrate. In these cases it may be necessary to use spectral unmixing 

techniques to separate the overlying spectral components (233). Spectral unmixing 

algorithms try to extract information about the constituent materials in a mixture as 

well as the proportions in which they appear (233). Unmixing algorithms can be un-

supervised where the ‘pure’ spectral components are determined by the algorithm itself 

or they can be supervised where the user provides the reference spectra for the 

algorithm to use. When using the supervised methods the user must be confident about 

the shape of the spectrum of the target compound. This study has shown that the shape 

of the reflectance spectrum can differ from the solution spectrum, and for Ruhemann’s 

Purple, the reflectance spectrum could become distorted in the presence of a 

complexing metal which may affect the performance of a supervised classification 

based on a reference spectrum of Ruhemann’s Purple.  These issues may be able to be 

overcome by careful supervision (training) of the classification algorithm or they may 

be overcome by the further development of unsupervised classification algorithms. 

 

7.4 Development of real time imaging systems for location of 

blood staining at crime scenes 

Enhancing blood staining using the QICAM+visible-VariSpec(LCTF) imaging system 

involved first acquiring an image of the blood at its absorption maximum (415 nm) and 

dividing this image by another at a longer wavelength (420-450nm) This approach was 

incorporated into a hand-held near-real-time imaging system which acquired both 

images simultaneously (in 30 ms approximately) using two cameras and two bandpass 

filters centred at 415 and 435 nm. The time from initiation of image capture, through 

image processing, to display was approximately 5 s which would make this system 

feasible for searching for blood staining at crime scenes. The most challenging aspect 

was obtaining a sufficient amount of blue light to keep the exposure times of the 

cameras below 30 ms to minimise the amount of motion blur associated with a hand- 

held camera. This system could allow investigators to locate potential areas of blood 

staining while remaining at a distance away from the crucial areas of the crime scene. 

This could reduce amount of contamination associated with the investigator moving 

around the crime scene looking for blood. This system may also reduce the need to use 



 269

chemical methods to locate areas of blood staining which further reduces the amount 

of contamination of the evidence and may reduce the cost of decontaminating a crime 

scene. 

 

This system used an array of approximately 150 LEDs to illuminate the target. Areas 

the size of a shoemark could be imaged under these conditions. Further development 

of this system would involve increasing the light throughput by improving the optical 

configuration or further developing the LED lighting system. Optical systems such as 

the Dual View, discussed in Section 6.1.1 could be investigated for this purpose. This 

system could be further developed by using smaller lighter cameras with faster transfer 

rates and using a digital processing board to capture and process the images which may 

allow the system to be operated at video rates (25 to 30 frames per second). 

 

7.5 Human interpretation of spectral imagery: a forensic 

science perspective. 

This thesis focuses mainly on the image acquisition and initial image processing 

component of the overall evidence analysis process. Many of the established spatial 

filtering procedures such as those discussed by Russ (75) may be applied to further 

enhance the processed image. A critical component of the overall evidence analysis 

process is the human interpretation of the processed imagery and the conclusions 

drawn from them. 

 

Spectral imaging systems, and associated image processing procedures, can provide 

investigators information about a crime scene or item of evidence that would otherwise 

not be discernable. However, the investigator must be able to interpret the processed 

imagery, which may no longer be a literal representation of the evidence, like a 

documentative photograph.  

 

The ability to place spectral measurements into a spatial context is important to the 

successful analysis of spectral images. This requires an understanding of the artefacts 

which may arise from the imaging process itself, an understanding of the spectral 

behaviour of the target analyte (and if possible the substrate) and finally it requires 

some knowledge of how the analyte might be distributed throughout the image. In 
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situations where a shoemark or fingermark has been initially located by a visual 

examination, the examiner will have a priori knowledge of what to expect in the 

processed image, and this may provide the spatial context to tell the difference 

between shoemark or fingermark detail and an image artefact (false positive). This is 

because shoemarks and fingermarks have a well-defined shape, size and form which 

assist investigators in analysing them. Having a reference shoeprint, or fingerprint, for 

comparison provides further spatial context for the spatial features seen in the 

processed image.  

 

Images acquired of more generalised blood staining may be more difficult to interpret 

as the investigator may not be aware of the spatial extent of the blood stain, and will 

not have a reference spatial pattern to compare with and thus will not have the spatial 

context to assist in the interpretation of the image. 

 

A situation may arise, where a shoemark has been identified using spectral imaging 

with wavelengths that are targeted towards blood, but the shoemark tests negative for 

blood using traditional chemical and biological testing. This may require a carefully 

worded statement during interpretation of the shoemark evidence, eg, “The shoemark 

was visualised using ratio imaging in the far blue part of the spectrum. Such an image 

is consistent with the stain being blood but could also be due to other materials with 

similar spectral features.” 

 

A challenging situation might be where blood has been deposited on a dark or 

patterned substrate which makes visualisation of the blood difficult and a question has 

arisen whether an attempt was made to clean the blood or whether it had been left 

alone. This type of analysis may require an expert knowledge of the spatial pattern of 

blood staining formed when blood is spilt and knowledge of the patterns formed when 

attempts are made to clean up spilt blood. In this situation there is some spatial context 

because the investigator knows to look for blood droplets or a smear of blood 

consistent with blood being wiped, but less than a blood shoemark and therefore the 

investigator’s experience in the behaviour of blood provides the spatial context which 

will help in the interpretation of the image. However, as no reference pattern is 

available, the investigator must be very confident that the imaging process itself does 

not lead to artefacts which appear to be blood droplets or wiped blood. This confidence 
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can only come from rigorous validation of the imaging process and the strict adherence 

to standard operating procedures which govern the process. 

 

7.6 Incorporation of imaging procedures into standard 

operating procedures (SOPs) for forensic science 

laboratories. 

For spectral imaging methods to be incorporated into standard operating procedures 

(SOPs) in forensic laboratories, two key issues need to be addressed. The first of these 

is economics. How much will it cost to purchase and maintain the required equipment 

and train staff to use it effectively? There are no consumables involved in spectral 

imaging other than those used in standard photography such as rulers, bulbs etc, and 

thus most of the cost would be initial capital expenditure. However, unlike a 

centralised DNA laboratory where samples can be acquired throughout the country and 

sent to one location, spectral imaging systems would likely be distributed to many 

laboratories which would increase costs. It may be possible to have a centralised 

imaging system which uses an LCTF for wavelength selection, where samples are 

carefully packaged and sent for imaging analysis. Systems which use a filter wheel 

could be distributed to more laboratories as these systems are cheaper. This issue is 

directly related to the value of having SOPs for spectral imaging methods for evidence 

enhancement. As the research forensic science community continues to refine and 

improve methods and as the cost of instrumentation drops, and integrated spectral 

imaging systems such as the Condor (ChemImage Corp) become readily available, 

then cost/benefit ratio may favour the incorporation of spectral imaging methods into 

SOPs.  

 

The second issue is compliance. The spectral imaging systems and methods developed 

in this study could be used in different capacities in a forensic investigation. The real 

time blood imaging system discussed in Chapter 6 would likely be used as a screening 

tool to identify areas of possible blood staining which would then be tested chemically 

by conventional means such as the Kastle-Meyer reagent. Under these conditions, the 

results obtained from the imaging system have no direct evidential value and thus its 

use would not be challenged. However, if the imaging technology were to be used to 

enhance a shoemark, and thus provide support for expert testimony, then the criteria 
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for the admissibility of the expert’s testimony is more stringent. A widely cited set of 

criteria for the admissibility of expert testimony based upon a scientific analysis of 

forensic evidence are the Daubert criteria (225). The Daubert criteria can be 

summarised as follows. 

 

1. Has the method been subjected to peer review? 

2. Has the method achieved general acceptance among the scientific community? 

3. Has the scientific method been subjected to validation and testing? 

4. What are the known error rates?  

 

Narrow band spectral imaging has been used in forensic science for some time for the 

visualisation of blood and semen staining (16) and for increased contrast in images of 

LCV treated blood shoemarks (41). The use of image arithmetic for UV-visible images 

has not been widely adopted in the forensic science community. For instance, the 

Scientific Working Group on Imaging Technologies (SWGIT) does not mention image 

arithmetic as a means to enhance photographic evidence. However, image arithmetic is 

used regularly in the remote sensing and imaging microscopy communities and this 

will assist in its acceptance by the forensic science community. A first step in gaining 

acceptance is the publication of research in spectral imaging in peer-reviewed forensic 

science journals and several such papers have already been published (3, 4, 98, 89-91, 

93-94, 96-97). 

 

Once the science behind spectral imaging is accepted it is then the task of the 

individual laboratories who wish to apply it, to formulate and adhere to operating 

standards. These may include a validation or quality control program where the 

imaging system and enhancement procedures are tested using a variety of samples 

prepared under controlled conditions. It would be expected that this process would 

help investigators understand the conditions under which a false negative or false 

positive is likely to occur. It was found in this study, for instance, that blood staining 

which has been subjected to heavy cleaning may cause a false negative response to the 

imaging process as was seen on the surface of the boxing ring in Chapter 6. Imaging of 

undiluted fresh blood on non-absorbing substrates where the blood formed droplets on 

the surface was also a problem because of specular reflections from the surface of the 

blood.  



 273

 

The Environmental and Scientific Research Ltd (ESR) guidelines (232) for validation 

of methods adhere to the quality control procedures outlined in the International 

Standards Organisation ISO/IEC 17025:2005: “General requirements for the 

competence of testing and calibration laboratories” (230) as well the American Society 

of Crime Laboratory Directors/ Laboratory Accreditation Program, ASCLD/LAB 

(231) which supplements ISO 17025. These could be used to provide a framework 

with which to develop SOPs for spectral imaging. The ESR guidelines state that the 

requirements for the validation of qualitative methods are less regimented than for 

those methods which provide a quantitative analysis, but that qualitative methods must 

still be validated (232).  

 

The following describes how the ISO standard and/or the ASCLAD/LAB supplement 

could be used to validate the spectral imaging methods so that they could be used in 

forensic case work. Procedures are described for the spectral enhancement of un-

treated blood shoemarks but the discussion extends to other types of evidence such as 

chemically enhanced fingermarks. Section 5.4.5.2 of ISO standard 17025 (230) states 

that: “The techniques used for the determination of the performance of a method 

should be one of, or a combination of, the following” 

 

• calibration using reference standards or reference materials. (230). 

The spectral imaging procedures discussed in this thesis could be validated by using 

reference samples prepared under controlled conditions. These could be a shoemark 

made with a shoe of known tread pattern and wear characteristics. The shoemark 

should be made in blood of known dilution level and shoemarks should be made with 

blood of varying dilution levels. The tread pattern which is visualised by the 

enhancement technique should then be compared to a reference shoeprint of the 

control shoe to confirm the enhancement procedure results in an image which is a fair 

and accurate representation of the shoemark pattern. 

 

• systematic assessment of the factors influencing the result (230). 

To determine what factors affect the outcome of the enhancement procedure, the 

control shoemarks should be deposited on a variety of substrates that are commonly 
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encountered in a forensic investigation such as carpet or concrete for instance. 

Situations which may lead to a false negative or a false positive such as specular 

reflections from concentrated blood, or a highly degraded blood mark, respectively, 

should be tested under controlled conditions and the results obtained fully 

characterised and recorded so that they can be referred to. In addition, instrumental 

factors which lead to spatial artefacts, such as image mis-registration when using a 

filter wheel or patterns arising from having an angle of incidence greater than 7.5 

through a LCTF, should also be tested and their effects documented. 

 

• assessment of the uncertainty of the results based on scientific understanding of 

the theoretical principles of the method and practical experience (230). 

Persons who are carrying out the enhancement procedure should understand the 

spectroscopic principles behind the background correction method and be able to 

explain the observations seen in the processed images, i.e. a shoemark pattern or an 

image artefact based upon these spectroscopic principles. Users should be kept up-to-

date with scientific publications relating to the area of spectral image enhancement, 

and protocols should in place if new research or observations require modification of 

the stand operating procedure. 

 

This thesis gives preliminary data on all these aspects, and the protocols developed 

could be used by laboratories intending to validate similar systems. 
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Appendix one: Enhancement reagent formulations 
 
Thiocyanate Bodziak (41) 

15 g of potassium thiocyanate was added to 120 mL acetone and 15 mL water in a 200 

ml beaker. To this was added 10 mL 3.0 mol L-1 sulfuric acid and a milky suspension 

was formed immediately and settled to the bottom of the beaker after 10 min. The clear 

solution was decanted into a 150 mL conical flask and stoppered. This solution was 

used within 24 h of preparation. 

 

BBIDMAPP 

70 mg of BBIDMAPP and 16 mg of ascorbic acid was added to 50 mL 

EtOH:H2O:acetic acid (2:1:1). 

 

Leuco crystal violet Bodziak (41) 

5 g of 5-sulfosailicylic acid was added to 250 mL 3% hydrogen peroxide. To this was 

added 500 mg of leuco crystal violet and 2.2 g of sodium acetate. This solution was 

used within 24 h of preparation 

 

Leuco malachite green Theewen (125) 

1 g of leuco malachite green was added to 70 ml diethyl ether. To this solution was 

added 0.5 mL of glacial acetic acid and 300 µL of 30% hydrogen peroxide. This 

solution was used within 24 h of preparation 

 

Ninhydrin Home Office Police Scientific Development Branch (126) 

Stock solution:  

5 g of ninhydrin was added to 50 mL ethanol. To this was added 2 mL of ethyl acetate 

and 5 mL of acetic acid. 

 

Working solution: 

10 mL of ninhydrin stock solution was added to 200 mL of HFE 7100 (3M). 

Toning solution Home Office Police Scientific Development Branch (126) 

Three toning solutions using ZnCl2, CdCl2.2½H2O and EuCl3.6H2O were prepared 

analogous to the PSDB formulation. 1 gram of salt was added to 10 mL ethanol. To 
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this was added 2 mL propan-2-ol and 2 mL acetic acid. Once dissolved the solution 

was added to 50 mL HFE 7100 (3M). 

 

Benzo(f)ninhydrin Almog (127) 

10 mg of benzo(f)ninhydrin (Fluka) was added to 4 mL of (99:1) ethanol:acetic acid. 

This solution was used once per fingermark and then disposed. 

 

DFO Lee (137) 

Stock 

250 mg of DFO (Lumichem) was added to 45 mL of methanol and 5 mL acetic acid.  

 

Working solution 

10 mL of stock solution was added to 8 mL acetone, 2 mL propan-2-ol, 10 mL xylene 

and 140 mL petroleum ether. 

 

Basic Yellow Home Office Police Scientific Development Branch (126) 

500 mg of basic yellow (Lightning Powder company) was added to 250 ml ethanol 

 

Rhodamine 6G (based on Home Office Police Scientific Development Branch (126)) 

500 mg Rhodamine 6G  

 

Eu(TTA)3.phen 

100 mg Eu(TTA)3.phen was added to 20 mL warm methyl ethyl ketone (MEK). To 

this was added 80 mL of 6:4 propanol:acetonitrile 

 

Eu(TTA)3.phen 

1 g Sm(TTA)3.phen was added to 20 mL warm methyl ethyl ketone (MEK). To this 

was added 80 mL of 6:4 propanol:acetonitrile A white precipitate began to within 10 

min, so samples were treated immediately following preparation of the solution. 

 

Nd(TTA)3.phen 

1 g Nd(TTA)3.phen was added to 20 mL warm methyl ethyl ketone (MEK). To this 

was added 80 mL of 6:4 propanol:acetonitrile. A white precipitate began to within 10 

min, so samples were treated immediately following preparation of the solution.
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Appendix two: Reference shoeprints  

 
 
Reference shoeprints for the adidas© shoes used to make shoemarks for this study. 
a) left shoe, b) right shoe  
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Appendix three: digital data 
 
Chapter one: 
(no data is included from chapter one)  
 

Chapter two 
Excel files 

Camera charaterisation data 
Light source charterisation data 

Blood dilutions data 

 

Chapter three 
(no data is included from chapter three)  

 

Chapter four 
 Excel files: 

 Figure 4.1: Blood solution spectra 

 Figure 4.2: Blood reflectance spectra 

 Figure 4.3 Crystal violet spectra 

 Figure 4.4 Malachite green spectra 

 Figure 4.5 Hungarian red spectra 

 Figure 4.6 Ruhemann’s purple solution spectra 

 Figure 4.7 Ruhemann’s purple reflectance spectra 

 Figure 4.9 Zn(RP(nin) & Cd(RP(benzo(f)nin) solution spectra 

 Figure 10 Zn(RP(nin) & Cd(RP(benzo(f)nin) reflectance spectra 

 Figure 4.11 Spectra of pigments from newsprint susbstrate. 

 Figure 4.12 DFYADF solution and reflectance spectra 

 Figure 4.13 DAYADF solution and solid state fluorescence spectra 

 Figure 4.14 Solution and solid state Basic Yellow 40 fluorescence spectra 

 Figure 4.15 Solution and solid state Rhodamine 6G fluorescence spectra 

 Figure 4.16 Fluorescence spectra of Lanthanide complexes 

 Figure 4.17 Solution and solid state emission spectra of Eu(TTA)3.phen 

 Figure 4.18 Solid state emission spectra of Nd(TTA)3.phen 
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 Figure 4.19 Emission spectra of Sm(TTA)3.phen and Soda can 

          Image files 

 Shoemark one  50 times blood (415 → 440 nm at 5 nm inc) 

 Shoemark one(b)  50 times blood with LCV (580 → 650 nm at 5 nm inc) 

 Shoemark two 500 times blood (415 → 440 nm at 5 nm inc) 

 Shoemark two(b) 500 times blood with LCV (580 → 650 nm at 5 nm inc) 

 Shoemark three 5000 times blood (415 → 440 nm at 5 nm inc) 

 Shoemark three(b) 5000 times blood with LCV (580 → 650 nm at 5 nm inc) 

 Shoemark four 500 times blood (415 → 440 nm at 5 nm inc) 

 Shoemark four(b) 500 times blood with LCV (580 → 650 nm at 5 nm inc) 

 Shoemark five 500 times blood (not included) 

 Shoemark five(b) 500 times blood with LMG (620 → 690 nm at 5 nm inc) 

 Shoemark six  50 times blood (415 → 440 nm at 5 nm inc) 

 Shoemark six 50 x blood w Hungarian Red (580 → 650 nm 5 nm inc) 

 Shoemark seven  50 times blood with (415 → 480 nm at 5 nm inc) 

 Shoemark eight 500 times blood with (415 → 440 nm at 5 nm inc) 

 Shoemark nine Raw blood with (415 → 480 nm at 5 nm inc) 

 

 Fingermark one  RP(nin) Colour image only 

 Fingermark one(b) Zn-RP(nin) (420→550 nm at 5 nm inc) 

 Fingermark two  RP(benzo(f)nin) (400→700 at 5 nm inc) 

 Fingermark two(b) Cd- RP(benzo(f)nin) (400→700 at 5 nm inc) 

 Fingermark three DFO: 5 images as labeled. 

 Fingermark four Tb(acac)3.phen (dusted) (525→575 at 10 nm inc) 

 Fingermark five Nd(TTA)3.phen (850→950 10 nm inc) 

 Fingermark six Nd(TTA)3.phen (dusted) (850→900 10 nm inc) 

 Fingermark seven Sm(TTA)3.phen (540→680 2 nm) 

 Fingermark eight Eu(TTA)3.phen/Panacryl: 

  Eu cube (580→640 at 5 nm inc) 

  Panacryl cube (450→550 at 5 nm inc)  

 Fingermark nine Eu(TTA)3.phen/Panacryl:Six images as labled  

 Fingermark ten Eu(TTA)3.phen/Rhodamine 6G 

  Eu cube (580→640 at 5 nm inc) 

  Rhodamine 6G cube (550→600) 
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Chapter five 
 Excel files 

 Figure 5.3 Spectra of [Fe(II)(BBIDMAPP)2]2+ and Iron thiocyanate 

 Figure 5.4 BBIDMAPP pH titration data 

 Figure 5.5 Excel spreadsheet for calculating pKa from titration experiment 

 Figure 5.6 [Fe(II)(BBIDMAPP)2]2+ pH titration data using FeSO4.7H2O 

 Figure 5.6 [Fe(II)(BBIDMAPP)2]2+ pH titration data using Fe(OH2)6[OTs]2 

Figure 5.8 Absorbance data for solutions of [Fe(II)(BBIDMAPP)2]2+ in   

EtOH:water 

 Figure 5.9 Absorbance data for solutions of [Fe(II)(BBIDMAPP)2]2+ in    

Acnt:water 

 Figure 5.9 Spectra of red pigment on wrapping paper 

 

 Images 

 Image 5.2 Ferrihydrite shoemarks one and two 

 Image 5.3 Ferrihydrite shoemarks one and two (after sequencing) 

 Image 5.4a) Ferrihydrite shoemark on coloured newsprint thiocyanate 

 Image 5.4b) Ferrihydrite shoemark on coloured newsprint BBIDMAPP 

 Image 5.6 Ferrihydrite shoemark on polished wood thiocyanate 

 Image 5.6(b) Ferrihydrite shoemark on polished wood BBIDMAPP 

 Image 5.8 Muddy shoemark on coloured wrapping paper BBIDMAPP 

 

Chapter six 
Circuit diagram for LED light source 

Images 

Image 6.1 Blood dilutions single wavelength image 

Image 6.2 Blood dilutions processed reference image 

Image 6.3 Colour image of shoemark  

Image 6.4 Single wavelength image of shoemark 

Image 6.5 Processed reference image of shoemark 

Image 6.6 Processed blood dilutions: design one bench top mode 

Image 6.7 Processed blood dilutions: design one handheld mode 

Image 6.8 Processed shoemark image design one bench top mode 
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Image 6.9 Processed shoemark image design one hand held mode 

Image 6.10 Processed blood dilutions: design two bench top mode 

Image 6.11 Processed blood dilutions: design two hand held mode 

Image 6.12 Processed shoemark image design two bench top mode 

Image 6.13 Processed shoemark image design two hand held mode 

Image 6.14 Colour image of boxing ring blood stain 

Image 6.15 Single wavelength image (415 nm) of boxing ring stain 

Image 6.16 Processed image using filter wheel system, boxing ring stain  

Image 6.17 Processed image using dual camera system, boxing ring stain 

 

Chapter seven 
(no data is included from chapter seven) 
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