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Abstract
This thesis presents a new lancet-free method of capillary blood collection for blood glucose concentration measurement, using a needle-free jet injector. Needle-free jet injection
is a drug delivery technique that uses a high-speed stream of fluid drug to penetrate the skin
and deliver the fluid into underlying tissues. In this thesis, jet streams of different shapes
were used to penetrate skin and disrupt blood vessels, releasing blood for capillary blood
sampling.
Six custom-made nozzles were studied, including ‘slot nozzles’ with rectangular outlets to
mimic the narrow wound resulting from a lancet prick. The shape and speed of fluid jets
were predicted using computational fluid dynamics. The fluid dispersion patterns in tissue
resulting from various jet shapes were investigated. Two slot nozzles showed their potential
for performing shallow injections, within the standard penetration depth of a lancet prick,
using low-volume and slightly divergent jets. Jet injection with a slot nozzle was tested on
living porcine ear, and directly compared to the current common practice, lancet pricks.
The slot nozzle demonstrated its ability to penetrate the skin and release blood, which might
be mixed with the injectate upon collection, although the average volume of blood samples
retrieved was less than one-third of that from lancet pricks. Jet injection with the slot nozzle
was revealed, by microCT imaging, to create a wound shape i.e., a narrow, non-cylindrical
channel across the dermis, similar to that of a lancet prick.
Tissue disruption and estimated blood volume resulting from skin penetration by a circular
jet, a slot-shaped jet and a lancet prick were investigated by staining vascular endothelium
in post-mortem tissue. This slot nozzle was designed to have a larger outlet aspect ratio and
area, aiming to release more blood. The slot-shaped jet disrupted more vascular endothelium in the tissue but was predicted to result in less blood release than jet injection with the
circular jet, mainly due to its small wound volume.
The efficacy of jet injection with three various-shaped nozzles for capillary blood collection
was then evaluated on the fingertips of 20 living participants in a human study. The results
showed that a jet injector was able to effectively release blood from human fingertips, with
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no significantly different skin reactions compared to a lancet prick. The use of a jet that
mimics the wound shape resulting from a lancet prick increased the blood volume released,
with no difference in pain compared to a circular jet. Additionally, increasing the outlet
length of the nozzle also increased the volume of blood collected. 92 % of the fluid samples
collected following jet injection contained at least 50 % blood.
This work has revealed new knowledge that will assist in the development of a lancet-free
blood sampling device that can be used in a clinical setting. It is hoped that the development
of a single lancet-free device for capillary blood sampling and insulin delivery based on the
glucose measurement will be achieved through the above novel contributions. Ultimately,
this will lead to an improvement in human healthcare, especially in the management of
diabetes.
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CHAPTER 1
Introduction

1.1 Motivation
Diabetes is a serious, chronic condition that occurs when the glucose levels in a person’s
blood increase due to insufficient insulin produced by the body or ineffective use of the
insulin (International Diabetes Federation, 2019). Diabetes is among the top 10 causes of
death globally: it causes disabling and life-threatening health complications such as cardiovascular diseases, nerve damage, kidney damage, and eye disease. In 2019, the International Diabetes Federation estimated that 463 million adults aged 20 years to 79 years
worldwide (9.3 % of all adults in this age group) are currently living with diabetes; one in
two adults living with diabetes (overwhelmingly predominantly type 2 diabetes) are undiagnosed (International Diabetes Federation, 2019).
Diabetics typically perform capillary blood sampling, measure blood glucose levels, and
deliver an appropriate amount of insulin multiple times per day to manage their blood glucose levels. Capillary blood sampling usually involves the use of a spring-loaded lancet to
pierce the skin up to 2.4 mm deep and release sufficient blood for glucose measurement.
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There are some issues associated with lancet pricks, such as sharps waste, accidental needle-stick injury, and needle phobia (Nir, Paz, Sabo, & Potasman, 2003). To address these
issues and improve patient compliance with current capillary blood sampling, a controllable, reversible jet injector may be used to break the skin, disrupt blood vessels, collect blood
samples, and deliver an appropriate amount of insulin based on the glucose measurement
made from the blood samples.
Needle-free jet injection is a well-developed technique for drug delivery into skin. In this
procedure, a device pressurises and accelerates a liquid drug through a narrow hole to a
sufficiently high speed (typically > 100 m/s) for skin penetration and drug delivery in the
underlying tissue. Unlike commercial jet injectors which are mostly powered by spring and
gas and lack dynamic control over pressure, a Lorentz-force (voice-coil) actuated jet injector is able to propel a controlled volume of liquid drug to a controlled depth by adjusting
fluid pressure over time (Taberner, Hogan, & Hunter, 2012).
While blood sampling using a needle-free jet injection device has not previously been explored, a voice-coil actuated jet injector has been used to extract interstitial fluid from live
rats (Chang, Hogan, & Hunter, 2015). After skin penetration using the jet injector, the injector piston was reversed to create a vacuum inside the ampoule, extracting a sample that
contained approximately 1 % interstitial fluid (Chang, Hogan, & Hunter, 2015). The total
volume of fluid extracted from the injection site ranged between 8 µL and 30 µL. Minimal
to no bleeding was observed during and after the extraction of interstitial fluid (Chang,
Hogan, & Hunter, 2015).
The motivation for this thesis is to develop techniques in which a clinically appropriate jet
injection device is used to penetrate skin, and release a quantity of blood sufficient for
performing a blood glucose test. The objectives of this thesis include understanding the
working principle of a lancing device and a glucose meter, and common techniques to collect blood and measure glucose. This thesis aims to develop custom shaped nozzles based
on the geometry of a lancet wound. This work will focus on understanding the effects of
nozzle shape on the jet shape, penetration and dispersion of the jet in the tissue, and blood
release from live animals and humans. Blood may be diluted by the injectate, therefore, this
work will also emphasise the blood dilution of fluid samples collected following jet injection.

1.2 Thesis outline
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1.2 Thesis outline
Chapter 2 describes background information related to capillary blood sampling and
needle-free jet injection. The novel work of developing a needle-free jet injection system
for capillary blood sampling and testing it in a clinical trial is reported in chapters 3 to 5.
Chapter 3 presents the design of custom nozzles, various jet shapes, and dispersion patterns
in the tissue resulting from these nozzles. Chapter 4 demonstrates the wound geometry in
the tissue induced by a lancet prick, and jet injection with a non-circular nozzle. In addition,
Chapter 4 analyses the tissue disruption caused by lancet pricks and jet injection with both
circular and non-circular nozzles. Chapter 5 investigates the ability of jet injection with
different shaped nozzles on fluid released from human fingertips, and compares the results
to lancet pricks. Chapter 6 provides a summary of this work, its novel contributions, and
future work. The following flow chart (Figure 1-1) presents the outline and connection of
the work done in chapters 2 to 6:
Chapter 2

Chapter 3
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Chapter 5

Chapter 6
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study

Conclusions

Figure 1-1 Flow chart showing the delineation of chapters 2 to 6 and their connections.

1.2.1 Chapter three: nozzle development
This chapter begins with the development of six custom nozzles of various shapes: one
cylindrical nozzle, one conical nozzle, and four nozzles with rectangular exit areas. The
cylindrical and conical nozzles were designed to create a collimated jet and a dispersing
conical jet, respectively. The slot nozzles were intended to generate a narrow incision in
the skin in a manner similar to that of a lancet prick. Custom nozzle designs were simulated
prior to construction. Constructed nozzles were evaluated by their jet shapes in the air, and
the fluid dispersion patterns resulting from jet injection through the nozzles into post-mortem porcine skin. This work reveals slot nozzle designs with the potential of achieving
intradermal injections, within the standard penetration depth of a lancet prick, using lowvolume and slightly divergent jets. This work sets a foundation for exploring the use of
different shaped nozzles to release capillary blood on live pigs and in humans, as reported
in Chapters 4 & 5.
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1.2.2 Chapter four: tissue disruption and blood release in pigs
This chapter begins with an in vivo pig study in which jet injection was performed, via a
slot-shaped nozzle, into porcine ear. The study evaluates the feasibility of jet injection using
the slot nozzle to penetrate skin and release blood. This study contrasts the volume of fluid
samples released after jet injection and a lancet prick. This chapter then presents an investigation through microCT imaging, into the three-dimensional wound shape caused by a
lancet prick and jet injection with the slot nozzle in post-mortem porcine skin. An additional
jet injection with the slot nozzle was performed using a contrast medium to reveal the dispersion pattern in the tissue.
The disruption of porcine skin tissue induced by jet injection with a custom slot nozzle is
compared to that caused by jet injection with a standard circular nozzle and lancet prick,
by histology. The comparisons include the geometry of the wound and the disruption to the
vascular endothelium. Two methods are used to calculate the expected blood volume. One
method is based upon the area of disrupted vascular endothelium across depth, and the other
method uses the number and inner diameter of arterioles, capillaries, and venules per cutaneous unit across depth, and wound area measured previously in this chapter. This study
aims to provide a deeper understanding of the effect of nozzle shape on tissue disruption,
especially of blood vessels.

1.2.3 Chapter five: capillary blood collection from human fingertips
Based on the knowledge gained about the effect of nozzle shape and jet parameters from
the previous chapters, this chapter explores the feasibility of using needle-free jet injection
to perform capillary blood sampling from human fingertips while accounting for blood dilution. Four interventions are performed on the ring and middle fingers of each hand on
each participant. Thus, the participants act as their own control in the clinical trial. The
design of the two slot nozzles described in chapter 3 is used in the trial: one has an outlet
length of 200 µm, and the other has the same area as a 200 µm standard circular nozzle.
The volume and dilution of blood samples collected from jet injection with two slot-shaped
nozzles and a standard circular nozzle are compared to that from a lancet prick.
As summarised in Chapter 6, the above novel contributions provide insight into the impact
of nozzle shape and jet parameters on the volume and dilution of fluid samples retrieved
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from human fingertips. This work enables the development of a lancet-free blood sampling
device by jet injection, which is the foundation for developing a single device for capillary
blood sampling and insulin delivery based on a glucose measurement.
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This chapter covers the background knowledge essential for understanding capillary blood
sampling and needle-free jet injection. The chapter starts with an overview of the skin anatomy and its functions, especially skin vasculature (microcirculation) and innervation which
primarily focuses on pain sensation. It is followed by the introduction and justification of
a suitable animal model for jet injection and capillary blood sampling. It also presents the
use of lancing devices for capillary blood sampling of people with diabetes. The dependence of lancing parameters on blood volume and pain level is discussed. In addition, the
wound shape resulting from lancet pricks, the alternative methods for capillary blood sampling, and the patients’ perceived barriers to skin pricks, are discussed. This chapter also
provides a brief history of jet injection, current research, and applications of jet injection
using voice-coil motors. Furthermore, the chapter highlights current knowledge of the effect of nozzle geometry on jet shape and tissue injection, and background information relevant to the expected site reaction to jet injection.
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Background

2.1 Skin anatomy and function
The skin is the largest organ of the mammalian body with an estimated average mass of
3.86 kg and a surface area of around 2 m2 for adult humans (Goldsmith, 1990;
Summerfield, Meurens, & Ricklin, 2015). It not only provides physical and immunological
protection against injury and infection, but also plays an important role in thermoregulation,
transmission of stimuli, storage/synthesis of vitamin D, and absorption. The skin contains
various structures such as hair follicles, sweat glands, sebaceous glands, nerves, blood vessels, and lymphatics.
The purpose of this section is to illustrate the anatomy of the skin and define the function
of its anatomical structures. It highlights the anatomy of the skin vasculature and innervation, and identifies a potential animal model for the purpose of blood sampling.

2.1.1 Layers of the skin
The skin comprises three main layers: epidermis, dermis and subcutis, a fatty subdermal
layer (Figure 2-1). The thickness of skin varies over the surface of the body, from less than
1 mm thick on eyelids to more than 5 mm thick on the back (Ross & Pawlina, 2015).
The epidermis is an avascular superficial layer. It is composed of stratified squamous epithelium in which four distinct layers can be identified in thin skin, and an additional fifth
layer is observed in thick skin (Ross & Pawlina, 2015). The additional layer in thick skin is
known as stratum lucidum which protects against ultraviolet ray damage from the sun. The

Figure 2-1 Structure of the skin including microvasculature. Adapted from (Tortora, 2012).
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outer layer of epidermis called stratum corneum is a non-living, abrasion resistant and waterproof layer (Young, O’Dowd, & Woodford, 2013). Of all five layers, the stratum
corneum varies most in thickness, and constitutes the principal difference between the epidermis of thick and thin skin. The stratum corneum in thick skin becomes thicker when
large amounts of friction are applied, due to the formation of calluses, such as those that
can form on the palms of the hands and the fingertips (Ross & Pawlina, 2015). The epidermis varies in thickness from 40 µm on the eyelids to more than 1 mm on the palms
(Caspers, Lucassen, Wolthuis, Bruining, & Puppels, 1998). In the fingertip, however, the
epidermal layer often reaches a thickness of 200 µm to 400 µm (Nilsson, Tenland, &
Oberg, 1980).
Cells known as keratinocytes originate in the inner layer of epidermis (stratum basale or
basal cell layer), migrate towards the surface of the epidermis and produce protective proteins known as keratins which adhere cells together, producing a relatively rigid barrier.
Melanocytes, located in the basal cell layer, produce and distribute melanin pigment into
keratinocytes to protect skin from ultraviolet irradiation. Langerhans cells are antigen-presenting cells involved in signalling immune system. Merkel’s cells are associated with sensory nerve endings and function in touch sensation.
The epidermis is tightly attached to the underlying dermis by a specialised basement membrane. It has numerous finger-like connective tissue protrusions named dermal papillae
which project upwards into the bottom of epidermis, and parallel arrangements called epidermal ridges that extend into the superficial dermis (Ross & Pawlina, 2015; Young et al.,
2013). These finger-like protrusions increase the area of attachment between epidermis and
dermis, which increases durability to shearing.
While the epidermis is an effective barrier protecting the body, the dermis provides strength
and elasticity to that barrier, with fibrous components consisting of collagen and elastic
fibres embedded in an amorphous matrix. The dermis is divided into two distinct compartments. The thinner upper layer of the dermis, known as the papillary dermis, is characterised by a loose network of thin collagen fibres and thin elastin fibres (Figure 2-2). These
collagen fibres are predominantly composed of type III collagen, forming a relatively open
network in which no regular arrangement is apparent (Brown, 1972). The tough deeper part
of the dermis, termed the reticular layer, consists principally of thick and coarse type I
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Figure 2-2 The structure of dermal collagen and elastic fibres. Adapted from (Tortora,
2012).

collagen bundles. They are closely packed and organised in a ‘basket weave’ fashion, forming a three-dimensional irregular, interwoven network that is parallel to the skin surface
(Albanna & Holmes IV, 2016). This dense network provides resistance against tensile
forces in the tangential plane.
Elastic fibres, which form a network around collagen fibre bundles, also play an important
role in skin. Unlike the weave configuration of collagen fibre bundles which provides tensile strength of skin, elastic fibres are wavy and branching which allows them to restore to
their original state by sliding, stretching, and recoiling. Collagen and elastin work together
to support skin with strength and elasticity.
Extrafibrillary matrix or ground substance fills the space between fibres to facilitate the
movements of fluids, cells, etc. and resist compression. Extrafibrillary matrix is a gel-like
structure that comprises glycosaminoglycans (GAGs), glycoproteins, and water. One of the
most common and important components of GAGs in human skin is hyaluronic acid, which
attracts and binds to water up to 1,000 times its own volume (Fitzpatrick, Fitzpatrick, &
Eisen, 1983). Therefore, the dermal extrafibrillary matrix is a reservoir of water, providing
moisture or hydration for skin.
The subcutis or hypodermis is composed of adipose tissue with supporting fibrous bands
(septa) travelling from dermis to the fascial fibrous tissue layer which underlies the subcutis. It acts as a shock absorber and provides thermal insulation and fat store. In some areas
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of the skin, the subcutis contains the deeper parts of anagen hair follicles (e.g., scalp), apocrine sweat glands (e.g., axilla and groin) and eccrine sweat glands (e.g., palms and soles)
(Young et al., 2013).
2.1.1.1 Fingertip skin thickness
Skin can be categorized as thick or thin, based on the thickness of the epidermis. Thick skin
is usually hairless and has a thicker epidermis than thin skin. It develops on areas of the
body that receive a lot of wear and tear, such as fingertips, the palms of the hands, and the
soles of the feet (Colville & Bassert, 2015).
In the fingertip the epidermal layer reaches a mean thickness of 0.369 mm with a standard
deviation of 0.112 mm (Whitton & Everall, 1973). The average epidermal thickness on the
dorsum of the middle phalanx of fingers is 0.296 mm ± 0.044 mm (Moore, Lunt,
McManus, Anderson, & Herrick, 2003). The dermal thickness of the dorsum of fingers is
1.51 mm ± 0.26 mm, and the total skin thickness is 1.80 mm ± 0.26 mm (Moore et al.,
2003). Female skin is generally thinner than male skin, and the dermal thickness of female
fingers is approximately 1.3 mm (Snyder, 1974). The average tissue thickness (including
subcutaneous tissue) at the middle phalanx of the index finger is 2.96 mm ± 0.7 mm measured by ultrasound (Pejović‐Milić, Brito, Gyorffy, & Chettle, 2002).

2.1.2 Vasculature and innervation of skin
The skin dermis contains 8 % to 10 % of the total blood flow in a resting adult at room
temperature, serving as a blood reservoir (Tortora, 2012). The vascular system supplies
tissue with nutrients and oxygen through diffusion, and maintains body temperature
through regulation of blood flow. The vascular network in human dermis comprises a large
network of arterioles, capillaries, and venules. The arteries supplying the skin are located
deep in the subcutis, from which they branch into smaller vessels to form arterioles ascending vertically to a network of capillaries for nutrient exchange. The capillaries are drained
by venules which descend vertically and join to form veins in the subcutis.
The skin is a highly sensitive organ with a high density of sensory nerve endings. The
epidermis and dermis incorporate innervation that provides protective sensation for the
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body, including tactile sensations (touch, pressure, vibration, tickle, and itch), thermal sensations, and pain sensations (Tortora, 2012). The process of sensation begins in a sensory
receptor, which responds to a particular kind of stimulus. Sensory receptors in the skin
include mechanoreceptors (tactile receptors), thermoreceptors, and nociceptors (pain receptors) (Tortora, 2012). Thick skin, such as that on the fingertips, has a higher density of
sensory receptors than thin skin.
2.1.2.1 Dermal plexuses
The cutaneous microcirculation is organized as two horizontal plexuses: a superficial
plexus located just beneath the dermal papillae in the papillary dermis, and a deeper plexus
located at the dermal-subcutaneous interface, as illustrated in Figure 2-1 (Braverman,
1989). Both plexuses are formed by arterioles and venules, whose branching network, together with capillaries, constitutes the microcirculation bed.
The superficial horizontal plexus, also known as subpapillary plexus, is located approximately 1 mm to 2 mm below the skin surface at the junction of the papillary and reticular
dermis (Braverman, 1997). The subpapillary plexus is located 0.3 mm to 0.6 mm from the
skin surface of the fingertip and 1 mm to 1.5 mm below the skin surface of forearm
(Braverman, 2000; Cengiz & Tamborlane, 2009). Arterial capillaries ascend from terminal
arterioles in the subpapillary plexus to the epidermal-dermal junction to form finger-like
capillary loops1 that provide nutrients to the dermal papillae (Braverman, 1989). Venous
capillaries descend downwards to venules in the subpapillary plexus. The capillaries lie
parallel to skin surface and run vertically connecting from arterioles and to venules in the
subpapillary plexus.
The deep horizontal plexus is also known as subdermal plexus, which is fed by large arteries from the underlying subcutaneous fat and muscle. It connects and supplies the subpapillary plexus by vertically oriented arterioles and venules, which furnish hair follicles and
sweat glands en route. It also supplies underlying subcutaneous fat and muscle.

1

The capillary loops in the dermal papillae are also called subepidermal plexus, papillary plexus and papillary

loops (Braverman, 1989). All dermal papillae encompass capillary loops.
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2.1.2.2 Microvascular segments
The microcirculation is composed of terminal arterioles, metarterioles, capillaries, and
postcapillary venules. The terminal arterioles in the papillary dermis have an outside diameter from 17 µm to 26 µm (Yen & Braverman, 1976). The innermost layer of the wall consists of endothelium which is formed by a continuous layer of flattened and polygonal endothelial cells. The arteriolar wall also has one to two layers of smooth muscle cells
(Braverman, 2000). By contracting these muscle fibres, the arterioles regulate the flow of
blood into the capillary network.
The arterioles connect to capillaries directly, and in tissues such as the skin, they connect
to capillaries through metarterioles (10 µm to 20 µm in diameter) (Pappano & Wier, 2013).
At the junction of metarterioles and capillaries, precapillary sphincter (the last band of
smooth muscle) regulates the blood flow through the capillary network (Tortora, 2012). In
skin, metarterioles can bypass capillaries to regulate the blood flow and hence body temperature.
The capillaries are the smallest blood vessels in the skin, with an outside diameter of
5 µm to 10 µm, which only allows one red blood cell to pass at a time (Tortora, 2012). The
capillary walls consist of a single layer of endothelial cells and their basal lamina. Their
ultra-thin wall allows a bidirectional fluid exchange between blood and tissue (Tortora,
2012). Capillary blood carries oxygen and metabolites from arteries to the tissue and takes
carbon dioxide and waste products from the tissue for exchange. The average density of
capillaries is about 112 per mm2 in the dorsum of fingers (Antonios, Singer, Markandu,
Mortimer, & MacGregor, 1999).
The deoxygenated blood, which enters the venous end of capillaries, is received by the
postcapillary venules. As the smallest venules, they have external diameter of 10 µm to
50 µm (Tortora, 2012). Postcapillary venules have a much thinner wall and a larger lumen
than arterioles, providing the exchange of nutrients and wastes and white blood cell migration. Blood then flows into muscular venules, which serve as reservoirs for accumulating
large volumes of blood (Tortora, 2012).
Blood pressure is the hydrostatic pressure that blood exerts on the vessel wall (Tortora,
2012). Blood pressure decreases as the blood passes from arteries through arterioles, and
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into capillaries. Blood pressure in the capillaries is about 5 kPa (Tortora, 2012), and decreases as blood flows into venules and then veins. The blood pressure at the venous end
of capillaries reduces to approximately 2 kPa (Tortora, 2012).
The velocity of blood flow in these vessels has an inverse relationship with the cross-sectional area. The velocity of blood flow decreases from arteries to capillaries, and increases
as blood exits capillaries and enters venules and then veins. As the arteries branch into
arterioles, the total cross-sectional area increases, leading to a decrease in the velocity of
blood flow. The trend is opposite when the venules join to form veins. The velocity of
blood flow in these vessels is less than 1 mm/s which provides time for the exchange of
materials between blood and tissue (Tortora, 2012).
2.1.2.3 Innervation
The neural and vascular network in the human body exhibits parallel branching patterns
(Vesalius, 1543). As the most extensive sensory receptor of the body, skin contains nerves
in both epidermal and dermal layers. Large sensory nerve bundles located in the deep reticular dermis and subcutaneous fat form a dermal nervous plexus at the junction of dermis
and subcutis that is parallel to the skin surface (McGlone & Reilly, 2010; Orchard &
Nation, 2014). Smaller nerve bundles ascend vertically in the dermis, forming a horizontal
subepidermal neural plexus (SNP).
The fine branches that arise from this superficial plexus are free nerve endings. They either
penetrate the dermal-epidermal basement membrane, ascend between keratinocytes to
reach the stratum corneum (except in fingers where they may end up in stratum granulosum) and branch freely (send ramifications in all directions) in the basal layer of epidermis, or terminate in the superficial dermis. The free nerve endings are therefore located in
either papillary dermal compartments or epidermal ridges. They are the most numerous
neuronal receptors in the epidermis. Free nerve endings can detect multiple sensory modalities including pain (events associated with tissue damage), temperature, and fine touch
without apparent morphologic distinction.
Nociceptors, or ‘pain receptors’, are free nerve endings which present in all body tissue
except brain, as demonstrated in Figure 2-3 (Tortora, 2012). There are two types of pain:
fast and slow. The perception of fast pain happens within 0.1 s after a stimulus is applied
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Figure 2-3 Structure and location of sensory receptors in the skin and subcutis. Adapted
from (Tortora, 2012).

(Tortora, 2012). Fast pain is referred to as acute, sharp, or pricking pain which occurs in
the shallower tissues of the body, and is the form of pain most commonly experienced
during finger-pricking (Tortora, 2012). The perception of slow pain starts one second or
more after a stimulus is applied. Slow pain is described as chronic, burning, aching, or
throbbing pain which takes place in the skin, deeper tissues, and internal organs (Tortora,
2012). The difference in onset of both types of pain is perceived when a body part such as
a toe is acutely injured; sharp sensation of fast pain occurs immediately following the stimulus and the more diffuse, aching sensation of slow pain occurs after a delay and persists
longer (Tortora, 2012).
Mechanoreceptors or tactile receptors in the skin or subcutis include Merkel discs, Meissner, Ruffini, and Pacinian corpuscles, and free nerve endings (Tortora, 2012). Merkel discs
are free nerve endings located in the superficial dermis beneath the epidermal ridges. They
are sensitive to fine touch and pressure. Meissner’s corpuscles are localized within dermal
papillae in the upper dermis and serve as touch, pressure, and vibration receptors. Both
Meissner’s corpuscles and Merkel discs are abundant in the fingertips. Ruffini corpuscles
are touch receptors, located deep in the dermis of hands and mostly of soles. They are most
sensitive to stretching during the movement of limbs or digits. Pacinian corpuscles in the
subcutis provide perceptions to deep pressure and high-frequency vibrations (Tortora,
2012).
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2.2 Animal models of jet injection and blood sampling
The low availability of freshly excised human skin is challenging for many in vitro studies
that require skin. The pig is considered as a suitable animal model in many fields of biomedical research, including needle-free jet injection, since it shares a number of anatomical, physiological, and immunological characteristics with human (Avon & Wood, 2005).
Systems in the pig that are most commonly cited as being suitable models of the corresponding human system include the cardiovascular, urinary, integumentary, and digestive
systems (Swindle, Makin, Herron, Clubb, & Frazier, 2012). Pig skin is well suited for dermatological studies, and wound investigation (Debeer et al., 2013; Vardaxis, Brans, Boon,
Kreis, & Marres, 1997). Pig skin has been shown to be similar to human skin mainly due
to its tight attachment between the skin and subcutaneous connective tissue (Summerfield
et al., 2015).
Pig skin has similar epidermal thickness, dermal–epidermal thickness ratios, and skin thickness to human skin. Complete epidermis thickness varies from 30 μm to 140 μm in pigs
compared to 50 μm to 120 μm in humans (Summerfield et al., 2015). The stratum corneum
thickness in pigs has also been reported to be comparable to what is observed in humans
(Summerfield et al., 2015). The dermal-epidermal ratio of pig skin varies from 10:1 to 13:1
which is again very similar to that of human skin (Avon & Wood, 2005). Pigs also have a
similar number of cell layers in their epidermis. The dermal papillae and epidermal ridges
show similar organisation and structure in both species. Porcine skin (approximately 2 mm
thick) is similar in total thickness to human skin (1 mm to 1.5 mm thick on average)
(Kobayashi et al., 2014).
As with human skin, the dermis of pig skin also consists of 2 layers: an upper papillary
layer, and a lower reticular layer. Pigs contain dermal collagen and elastic content that is
more similar to humans than other mammalian species (Swindle et al., 2012). Both human
and pig have about 95 % collagen and 2 % elastin fibres in their extracellular matrix
(Branski et al., 2008). Since elastic components play an important role in wound contraction, pigs have been used as the animal model for research on wound healing (Branski et
al., 2008). In addition, collagen 𝛼1 and 𝛼2 chains in both pig and human dermis are remarkably similar (Avon & Wood, 2005).

2.2 Animal models of jet injection and blood sampling
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Pig skin also has a comparable vascular organization in the dermis, except that human skin
receives a greater blood supply than pig skin. The vascular anatomy of pig skin is similar
to that of human where it possesses a subpapillary plexus at the junction of the papillary
and reticular dermis and a deeper plexus at the dermal-subcutaneous interface. However,
the capillary network in the dermal papillae of pig skin is less dense than in humans
(Vardaxis et al., 1997). It has also been reported that subpapillary plexus in pig skin is not
as well developed as in human skin (Ingram & Weaver, 1969). The absence of eccrine
sweat glands in pig skin makes its thermoregulation rely more on evaporation via the respiratory route than on the regulation of blood flow for heat dissipation (Mayorga, Ross,
Baumgard, Renaudeau, & Ramirez, 2018). Both species use abundant subdermal fatty tissue instead of fur as the main components for insulation (Avon & Wood, 2005).
Freshly excised porcine skin has been shown to be a more suitable model for living human
skin than frozen or preserved human skin (Ranamukhaarachchi et al., 2016). Nevertheless,
freshly excised pig tissue is difficult to store, especially for experiments requiring repeatability tests. Therefore, excised pig skin is commonly frozen at -80 °C to minimize the impact of ice-crystal formation on the skin (Ranamukhaarachchi et al., 2016). Frozen porcine
skin is used extensively in jet injection studies because of its similarity to human skin and
easy accessibility which provides a larger number of tissue samples for jet injection experiments.
Even though differences are seen between pig and human skin with respect to micro-morphology and function, pig skin has important similarities in morphology, cellular composition, and immunoreactivity to human skin. The cutaneous blood supply and sequence of
events in wound healing have made the pig a standard model of wound healing and reconstructive surgical treatments. Pigs also have similar physical and molecular responses to
various growth factors. The pig is therefore often chosen as an appropriate animal model
for needle-free jet injection experiments.

2.2.1 Post-mortem porcine abdominal skin
Abdominal skin is the most commonly used region of post-mortem porcine skin in studies
of needle-free jet injection. The abdominal region provides sufficient skin samples for large
numbers of injections. Age and anatomical sites have a major effect on puncture difficulty,
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hence must be considered when performing percutaneous puncture. The Young’s modulus
of porcine abdominal skin from 3-month to 4-month-old pigs (0.5 MPa ± 0.09 MPa) is similar to that of human abdominal skin (0.3 MPa) (Baxter & Mitragotri, 2005). In addition,
the threshold jet velocity required to penetrate into both human and pig skin is found to be
similar (Schramm & Mitragotri, 2002).
Subcutaneous abdominal vein, ear vein, jugular vein, tail vein etc., have been used to collect
venous blood samples (Holtgrew-Bohling, 2014; Hu, Cheang, Retnam, & Yap, 1993). Approximately 5 ml to 20 ml of blood samples can be collected from the abdominal vein (Hu
et al., 1993). For the ear vein and tail vein, smaller blood samples (< 5 ml) are typically
obtained (Holtgrew-Bohling, 2014).

2.2.2 Porcine ear skin
Porcine ear skin is used as a substitute for human skin in studies of percutaneous absorption,
and intradermal vaccine delivery, mainly due to its similarities to human skin in follicular
structure (Jacobi et al., 2007). The histology of porcine ear skin also shows many similarities to human skin.
The rate of subcutaneous blood flow varies between regions of pig skin: the highest blood
flow occurs in the pig outer ear (Monteiro-Riviere & Riviere, 2005), where the capillary
density approaches that of humans. Although the capillary density in pig ear skin is less
than that of human fingertips, it is similar to most parts of human body skin (Antonios et
al., 1999; W. Meyer, Kacza, Zschemisch, Godynicki, & Seeger, 2007). The structure of
capillary loops and their cellular components in the porcine outer ear skin is similar to the
human cutaneous microvasculature (W. Meyer et al., 2007). The porcine ear is thus a suitable site for topical immunization, including delivery of intradermal vaccines for animals,
and capillary blood sampling.

2.3 Capillary blood sampling
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2.3 Capillary blood sampling
Diabetics require injections of insulin multiple times per day to regulate their blood glucose
concentration. The appropriate dose of insulin is determined by measuring the glucose
concentration in blood, and is usually achieved through a fingerprick test, using a lancet.
Most commercially-available lancing devices use a spring-loaded stainless steel lancet. The
lancet typically penetrates the skin to a depth of less than 2.4 mm within a few milliseconds,
allowing > 3 μL of blood to be released from the subpapillary venous plexus through the
wound channel (World Health Organization, 2010). The patient then squeezes or milks the
finger near the puncture site until a sufficient volume of blood is available for glucose
measurement. In general, capillary and/or venous blood pressure is sufficient to keep the
wound channel open and release a blood sample of 3 µL to 5 µL from the puncture site
(Feldman et al., 2000). The blood sample contains unknown proportions of blood from
venules, arterioles, and capillaries, along with interstitial and intracellular fluids.

2.3.1 Lancets
2.3.1.1 Blood volume and pain
The volume of blood released from a lancet prick is dependent upon both the lancet diameter and penetration depth. Increasing lancet diameter and/or increasing penetration depth
will raise the volume of blood collected (Fruhstorfer, Schmelzeisen-Redeker, & Weiss,
1999). Usually a blood sample of 3 µL to 5 µL is required for glucose measurement using
conventional test strips. Small volume glucose test strips are developed as part of the TheraSense FreeStyle (Abbott) blood glucose monitoring system for which only 0.3 µL of
blood is required to provide accurate glucose measurement (Feldman et al., 2000).
The lancing process is associated with pain as the lancet hits pain nerve receptors, in addition to small blood vessels in the skin. The pain experienced during blood sampling reflects
the neural and vascular network’s parallel branching patterns in the human body (Vesalius,
1543), and is a major reason for poor patient compliance to finger stick tests (Kim, 2010).
Pain receptors or free nerve endings located in the subepidermal plexus, respond to changes
in pain, temperature, and touch. As the lancet penetrates up to the papillary dermis, it may
hit the nerve receptors such as Merkel cells in the epidermis and Meissner’s corpuscles in
the papillary dermis which have functions of touch sensation instead of pain (Kim, 2010).
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However, there is a trade-off between the blood volume and pain caused by a lancet prick
because the pain is also correlated with the size of the puncture wound. The frequency and
intensity of pain increase with penetration depth. Capillary blood sampling targets the subpapillary venous plexus to release a sufficient volume of blood without going deeper to the
reticular dermis where abundant pain nerve fibres are present. In addition to lancet penetration depth, lancet diameter is also related to pain sensation (Fruhstorfer et al., 1999;
Kocher, Tshiananga, & Koubek, 2009). However, thicker lancets only induce more pain
when they penetrate unnecessarily deeply into the skin. For example, pricking with thicker
lancets leads to no difference in pain at a depth of 0.9 mm but more pain at 1.2 mm, where
a higher lateral density of nerves is present. (Fruhstorfer et al., 1999).
Lancing pain is also related to factors such as the lancet shape, surface area, lateral movement, and penetration speed (Kocher et al., 2009). Lancets have a pointed tip and three
surfaces with two cutting edges to facilitate tissue penetration. This sharp point at the tip
reduces the insertion force into tissue and associated pain. A smooth lancet surface and
lancet movement decrease the lancing pain by reducing friction between the lancet and
tissue, and vibrations of the lancet in the tissue, respectively. A faster speed of puncture
and withdrawal also reduces lancing pain. The incision speed of a spring loaded lancing
device is about 1 m/s to 6 m/s (Fritz et al., 2003). At lower speeds, the lancet tends to move
laterally which produces more pain (Fruhstorfer, 2000).
2.3.1.2 Wound shape
It has been reported that a lancet blade penetrates a foil by generating a straight cut (C. H.
Meyer, Kaymak, Liu, Saxena, & Rodrigues, 2014). This result is supported by a study
which demonstrated a planar crack following skin penetration by a sharp-tipped punch
(Shergold & Fleck, 2004). The crack faces are wedged open by the advancing punch and
closed after the punch has been removed, resulting in a planar crack (Shergold & Fleck,
2004). It has also been reported that lancet pricking results in a “C-shaped” wound in skin
due to the faceted cutting edges of the lancet (Verdonk & Lum, 2001).
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2.3.2 Other methods
A one-step, fully-automated, and low-cost capillary blood collection device (TAP Blood
Collection System, Seventh Sense Biosystems) has been developed to simplify the workflow of finger-stick sampling (Richards, 2018). The device penetrates skin using a ring of
30 solid microneedles, and collects capillary blood from upper arm while the blood is actively mixed with an anticoagulant. A novel microfluidic extraction process has been developed to withdraw blood. This device collects 100 µL of blood, and is able to collect
more blood at a flow rate of 350 µL/min (Richards, 2018).
Capillary blood sampling methods that don’t use a blade, needle, canula, or lancet, have
also been developed. One method uses a high-speed micro-particle to penetrate skin, and
collect blood using negative pressure (Peeters & Smith, 2020). The micro-particle can be
metallic, biodegradable, or composed of water, and is accelerated by pressurised gas. This
device is proposed to have a small size and wearable (e.g., a smartwatch). The patent including various designs of the device has been filed by Google LLC in 2014.
The other method uses a short high-power laser pulse to create a small hole in the skin and
release blood. The laser lancing device (LMT-3000, LaMeditech Co., Ltd) is portable and
uses a battery-powered infrared laser beam, resulting in a puncture diameter of 0.5 mm on
average, and a penetration depth between 0.6 mm and 0.9 mm (Yoo, Min, Chung, & Woo,
2020). This device has demonstrated comparatively lower pain than the conventional lancet
prick on fingertips (Yoo et al., 2020).

2.3.3 The problem with current methods
Lancet prick can cause problems such as pain, anxiety, local skin damage, and risk of infection, leading to poor adherence to a regular testing regime. The use of microneedles fails
to allow adjustment of the penetration depth for individuals with different skin thicknesses.
Moreover, the tip of the microneedle may break off after penetration, and remain within
the skin. Blood sampling using micro-particles is still in development, and requires more
information such as the cost, safety, and the level of pain compared to other methods
(Peeters & Smith, 2020). The disadvantages of using a laser lancing device include the cost,
and site reaction. One adverse event of granuloma was observed at the puncture site in one
out of 40 participants, which required dermatological treatment (Yoo et al., 2020).
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There is thus an evident need to develop a lancet-free blood sampling technique for blood
glucose testing on the fingertip. The use of a controllable and reversible needle-free jet
injection system could be a suitable alternative method to penetrate skin and collect blood
for glucose sampling.
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2.4 Needle-free jet injection
The most common method for subcutaneous drug delivery is by needle and syringe. In this
method, a needle delivers the entire volume of drug to a predetermined depth, constrained
by its length. In contrast, a needle-free jet injection device can propel a controlled volume
of liquid drug to a controlled depth by adjusting fluid pressure over time. Needle-free jet
injection has been developed mainly to address problems such as needle phobia, needlestick injuries, and contamination due to needle re-use (Moradiafrapoli & Marston, 2017).
As mentioned in Section 2.3.2, skin pricking by a lancet poses some drawbacks that lead
to poor patient compliance. Needle-free jet injection has been used to extract interstitial
fluid from skin by retracting the piston to create a vacuum inside the ampoule, following
skin penetration using a high-speed fluid jet (Chang, Hogan, & Hunter, 2015). Needle-free
jet injection may provide a potential lancet-free blood sampling technique for blood glucose
testing on the fingertips. This technique requires shallow penetration into skin (< 2.4 mm)
with a small volume of liquid jet targeting the subpapillary plexus located at around 1.5 mm
deep in the skin, releasing blood samples for glucose measurement.
This section covers the brief history of jet injection development and mechanisms of various jet injection techniques. It emphasizes the use of voice-coil actuated injection systems
in drug delivery and extraction of interstitial fluid, and their advantages over other techniques. Furthermore, this section introduces the effect of nozzle geometry on the jet shape
and corresponding jet injection, and site reaction after receiving the jet injection.

2.4.1 Historical perspective
The origin of jet injection dates back to the late 1800s when a technique called ‘aquapuncture’ was used to deliver water and other liquids except vaccines, for treating diseases such
as uncontrolled neuralgia (Mitragotri, 2006). Needle-free drug delivery was first developed
in 1936 with one of the key patents filed by Lockhart (Patwekar, Gattani, & Pande, 2013).
Higson and others developed high pressure “guns” using a fine liquid jet to pierce the skin
and deliver the drug, particularly insulin, to underlying tissue, in the early 1940s.
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Multiuse nozzle jet injectors (MUNJIs) were developed for mass immunisation in the
1950’s. Several types of MUJIs were developed and widely used in mass vaccination applications in patients suffering from smallpox, polio, and measles (Baxter & Mitragotri,
2006). Gas powered MUNJIs were popularised by the US military for rapid vaccination of
up to a thousand subjects per hour (Moradiafrapoli & Marston, 2017). However, these devices suffered from issues of contamination of blood-borne pathogens between subjects.
Person-to-person transmission of hepatitis B was reported to occur between injections in
the 1980s. A small volume of blood or interstitial fluid was splashed back on the nozzle,
including one design in which the device had no direct contact with skin (Mitragotri, 2006;
Voelker, 1999). MUNJIs were therefore banned in 1997 and single-use, disposable cartridge jet injectors (DCJIs) were determined to be a better approach (Moradiafrapoli &
Marston, 2017).

2.4.2 Jet injection mechanisms
2.4.2.1 Current marketed technology
Most commercial DCJIs use either a spring-loaded mechanism or a gas cartridge to deliver
drugs into subcutaneous or intramuscular regions. The jet injection mechanism involves
the use of a power source to actuate a plunger, which pressurises and accelerates the liquid
drug through a narrow hole to a sufficiently high speed (typically > 100 m/s) for skin penetration and drug delivery into the underlying tissue. The typical jet diameter ranges from
76 µm to 360 µm, which is smaller than the outer diameter of a standard hypodermic needle
or lancet used in routine blood collection (Mitragotri, 2006).
The impulsive action of the plunger creates sufficient and sustained injection pressure to
deliver medication or vaccine at the desired depth to maximize its efficacy. However, these
spring- and gas-powered needle-free jet injectors have no real-time control over pressure,
making the injection volume and depth difficult to control.
2.4.2.2 Lab-based technology
Alternative approaches for needle-free drug delivery have been developed. Laser-based jet
injection uses highly focused microjets to deliver a small volume of liquid drug in the tis-
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sue. A high-energy laser pulse is focused into a liquid-filled capillary tube, leading to immediate generation of a vapor bubble (Tagawa, Oudalov, El Ghalbzouri, Sun, & Lohse,
2013). The abrupt expansion of this vapor bubble accelerates the liquid to produce a
high-speed microjet (more than 200 m/s). The resulting jet has a diameter of 30 µm and a
volume in the order of 10 nL (Tagawa et al., 2013). The jet velocity and thus penetration
depth can be controlled by manipulating the laser power, the contact angle between the
glass tube and liquid, the distance between the laser focus and free surface, and the diameter
of the tube (Tagawa et al., 2013).
Another recent development in jet injection systems uses the principle of piezo-electric
actuators. Electrically pulsed piezo-electric actuators can be used to deliver small volumes
of fluid (up to 650 nL) with small jet diameters at constant velocities of up to 160 m/s
(Stachowiak et al., 2007). An improved version of piezo-electrically actuated jet injector
was developed to provide dynamic control over the injection. In this device, a piezo-electric
stack actuator was placed within a mechanical flexure, creating a mechanically amplified
piezoelectric actuator which was attached firmly to the piston. The expansion of the actuator was controlled by a predefined voltage profile to dynamically control the jet velocity.
However, it was still limited by its stroke length and delivery volume (<10 µL)
(Stachowiak, Li, Arora, Mitragotri, & Fletcher, 2009).
Voice-coil actuated jet injections deliver liquid drug of up to 250 µL to a maximum penetration depth of 16 mm with jet speed up to around 180 m/s and orifice diameter of 220 µm
(Taberner, Hogan, & Hunter, 2012). The jet injector is powered by a voice-coil motor
which has a permanent magnet as the core, and surrounding coil as the moving actuator
(Figure 2-4). When current is passed through the coil, it interacts with the magnetic field to
produce a force to push the piston forward and pressurize the fluid within the ampoule. The
liquid jet is ejected through the orifice at a speed that is high enough to penetrate skin, with
motor position feedback provided by a linear potentiometer (Taberner et al., 2012). The
linear Lorentz-force (voice-coil) motor generates a force that is proportional to an electrical
current. By applying a variable voltage profile to the motor, the force to drive the piston
can be dynamically controlled and the injector can generate a time-varying pressure profile.
The advantage of this technique is the possibility of dynamic control of the jet velocity
through an integrated feedback system. The voice-coil actuated injector is able to continuously monitor and modulate jet speed and regulate the injectate volume and penetration
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Figure 2-4 Illustration of jet injection into skin by using a voice coil motor. The motor generates a Lorentz-force which pushes the piston forward and pressurises the fluid within the
ampoule to create a high-speed liquid jet to penetrate skin and deliver drug.

depth during the time-course of an injection using a feedback control algorithm (Taberner
et al., 2012). A custom, portable power amplifier and control system is also used to drive
the jet injector (Ruddy, Dixon, Williams, & Taberner, 2017) and monitor and correct any
errors in real time to consistently produce a velocity profile, once appropriate jet speed
parameters are known.

2.4.3 Physical mechanisms of jet penetration into skin
The penetrability of skin varies among locations across an individual and between individuals. Stiffer skin requires a higher threshold velocity or pressure for a jet to penetrate. For
a voice-coil actuated jet injection device, impingement of a piston on the fluid reservoir
induces pressures up to 20 MPa, which propels liquid through a nozzle at a velocity of
typically 200 m/s. This is based upon the incompressibility of the liquid. A threshold pressure of 14 MPa is required for a liquid jet of 0.34 mm diameter to penetrate human skin
(Shergold, Fleck, & King, 2006). The required pressure increases with smaller jet diameters.
The impinging jet penetrates the skin through a fracture mechanism which initiates formation of a hole. The dimensions of the hole are established at an early stage of jet injection.
Continued impingement of the jet increases the penetration depth. When the volumetric
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rate of hole formation is less than that of a jet impinging the skin, some of the jet splashes
back towards the injector (Baxter & Mitragotri, 2005). Jet velocity decreases as liquid travels through the hole and is further reduced by the backflow from the hole. Stagnation of jet
fluid at the end of the stroke causes the remaining liquid to disperse into the skin in a nearspherical shape (Mitragotri, 2006).
Shergold et al. demonstrated that a liquid jet penetrated skin through the formation and
opening of a planar crack (Shergold et al., 2006). The penetration depth was expected to be
dependent on the shear modulus, strain hardening exponent, and toughness of the skin
(Shergold et al., 2006). Furthermore, it has been shown that penetration depth and completeness of jet injection decrease with an increase in Young’s modulus (Baxter &
Mitragotri, 2005). However, a more recent study showed a different fracture mechanism of
liquid injection into adipose tissue with micro-crack formation (Comley & Fleck, 2011). A
hydraulic fracture model was created to evaluate the toughness associated with the formation of micro-cracks during liquid delivery. It is believed that the pressurised liquid follows the least resistant pathways in the skin between lobules of adipocytes (Comley &
Fleck, 2011), which was later observed in transverse histological sections of jet-induced
porcine skin (Chang, 2014).

2.4.4 Extraction of interstitial fluid
The voice-coil actuator is inherently bidirectional, enabling the applied pressure to be controlled and reversed when necessary. A controllable voice-coil actuated jet injector has been
used to extract interstitial fluid from a jet injection site (Chang et al., 2015). In this technique, the jet injection penetrated the skin in the form of a high-speed liquid jet, which then
mixed with the interstitial fluid in the tissue. The piston was retracted to create a vacuum
inside the ampoule before the injectate completely dispersed into the surrounding tissue.
By using this method, a jet injector was able to extract a sample containing 3.5 % interstitial
fluid within 3.1 s from post-mortem tissue (Chang, Hogan, & Hunter, 2013). This method
was finally tested in living rats, revealing that the sample extracted by the jet injector was
diluted by a factor of approximately 1:111 (Chang et al., 2013).
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2.4.5 Nozzle geometry and jet shape
The shape of the nozzle through which the jet is created has an impact on the jet shape, and
on the shape of the resulting tissue incision (Park, Modak, Hogan, & Hunter, 2015). The
shape of jet stream represents the direction of fluid coming out of the orifice. The jets with
the same jet speed and nozzle diameter, but with different shapes, might result in a different
jet dispersion pattern. A dispersed jet stream creates a bowl-shaped, shallow injection,
whereas a collimated jet stream with the same speed and similar nozzle diameter results in
greater tissue penetration and smaller cavity width than a dispersed jet stream (Park et al.,
2015). The velocity of a collimated jet has only an axial component whereas a dispersed jet
has both radial and axial components which transfers less power in the injection direction.
Jet shape is therefore also one of the determinants of jet penetration and dispersion.
The turbulence within the jet stream is one of the factors affecting the dispersion of a jet
stream. Such turbulence increases the interaction between the liquid at the surface of the
jet stream and air boundary next to the jet stream, leading to jet dispersion into surrounding
air (Thomas & Geller, 1976). A major potential source of turbulence is the nozzle configuration and the contouring of the converging walls leading to the nozzle. The surface roughness of the internal wall of the nozzle and the flow characteristics of the liquid upstream of
the nozzle can also influence the turbulence of the jet (Thomas & Geller, 1976).
The inner passageway of the nozzle in jet injectors often includes a taper with an angle of
10° to 20°, which reduces nozzle wear at the upstream section and affects the shape of the
jet exiting the nozzle (Higgins, 1979). The turbulence increases and the jet stream is more
dispersed with an increase or a sudden change in the slope of the taper, assuming that the
total length of the nozzle remains the same. In addition, sharp edges induce cavitation as
the liquid may break away from the nozzle wall at high velocity, creating a separated
boundary layer. A long taper can also increase the possibility of turbulence near the outlet
and produce a dispersive jet stream. A continuous and monotonically decreasing taper angle i.e., a gradually reduced slope over the passageway with an appropriate path length, is
able to produce a highly collimated jet at a high speed (Kojic, Hunter-Jones, & Hunter,
2019).
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2.4.6 Site reaction
One of the significant limitations of jet injection is pain perception from patients, which is
related to the dimensions of the jet stream exiting from the nozzle and its penetration depth.
Patients show mixed acceptance of jet injection, based on their experience of pain, bruising,
and bleeding from both jet injection and needle injection. A lower level of pain resulting
from jet injection compared with needle injection has been reported in some studies
(Bremseth, Pharm, & Pass, 2001; Cooper, Bromley, Baranowski, & Barker, 2000; Verrips
et al., 1998). However, some studies have shown that participants have developed a poor
acceptance of jet injection due to its adverse reactions, including less immediate pain but
more delayed pain and more bleeding than needle injection (Houtzagers, Visser, Berntzen,
Heine, & Van der Veen, 1988; Worth, Anderson, Rtaylor, & Alberti, 1980).
Bruising and bleeding have been reported in about 30 % of insulin jet injections, with less
bleeding observed with the use of smaller orifices (Bremseth et al., 2001). One hypothesis
is that pain and bruising originate from deep penetration of jets into skin leading to their
interactions with nerves and capillaries. Interestingly, minimal bleeding has been reported
in a study where anaesthetic fluid was jet injected into palms (Benohanian, 2009). It is
anticipated that jet injection increases local hydrostatic tissue pressure at the injection site,
which compresses blood vessels resulting in reduced bleeding (Benohanian, 2009). Despite
the ambiguous site reaction, jet injection demonstrated a higher rate of insulin absorption
in the tissue, possibly due to better dispersion of insulin at the injection site (Engwerda,
Tack, & De Galan, 2013; Taylor, Home, & Alberti, 1981). In a 15-year study, 70 % of
participants preferred to take insulin by jet injector (Denne, Andrews, Lees, & Mook,
1992).
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2.5 Concluding remarks and discussion
Diabetic patients typically perform capillary blood sampling several times a day to monitor
their blood glucose levels. Capillary blood sampling involves the use of a lancing device to
penetrate skin (< 2.4 mm) and disrupt subpapillary plexus, collecting blood (> 3 μL) released from the puncture site and measuring blood glucose concentration. Diabetes patients
can develop poor compliance with skin punctures due to needle phobia, perceived pain, and
local skin damage. Patients also lack adherence to insulin treatment and the most common
barriers include injection site reactions, injections being time-consuming, and interference
with physical activity (Sarbacker & Urteaga, 2016). Therefore, there is a need to develop a
single device for lancet-free blood sampling and subsequent insulin delivery at the same
site.
Jet injection was the first commercial needle-free method for insulin delivery prior to the
development of inhaled insulin. Besides delivery of hormones, vaccines, and anaesthetics,
jet injection followed by suction has also allowed the extraction of interstitial fluid from
live animals. The voice-coil actuated injector has the advantage of being bidirectional, allowing reversal of the direction of motor actuation to collect fluid samples from the injection site. It also allows the regulation of jet velocity in real-time, facilitating precise control
over penetration depth and injection volume. Therefore, voice-coil actuated jet injection,
followed by suction, is a potential solution for capillary blood sampling and insulin injection.
The aim of this thesis is to use a controllable jet injector to disrupt blood vessels and collect
a sufficient volume of fluid samples for a subsequent glucose assay. This thesis focuses on
the development of a needle-free jet injection technology to penetrate the skin and deliberately target and disrupt a large number of capillaries by using a high-speed small-volume
liquid jet. To fulfil this goal, the effect of various shapes of nozzles on jet injection is investigated in the following chapter.
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Conclusions

This chapter includes substantial content from the article “Development of Jet-injection
Nozzles for Blood Release” which was published in the proceedings of the 2018 IEEEEMBS Conference on Biomedical Engineering and Sciences (IECBES), (Xu, Ruddy,
Nielsen, & Taberner, 2018).
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3.1 Introduction
Patients with diabetes perform regular skin prick tests using lancets to penetrate the skin to
a depth of up to 2.4 mm, access the dermal capillary plexus, and obtain blood samples.
However, skin pricking can cause problems such as pain, anxiety, local skin damage, and
risk of infection, leading to poor adherence to a regular testing regime. There is thus an
evident need to develop a lancet-free blood sampling technique for blood glucose testing
on the fingertip. Others have previously used controllable jet injectors to extract interstitial
fluid from a jet injection site (Chang, Hogan, & Hunter, 2015). I propose to use a
controllable jet injector to produce a high-speed fluid jet, which deliberately targets and
disrupts blood vessels, providing sufficient blood mixture for a subsequent glucose assay.
The same device can later be used to deliver an adequate amount of insulin.
There are several ways in which capillary blood collection for diabetes management may
provide more benefit from using a needle-free jet injection than a lancet prick. Firstly, in
some studies a lower level of pain was experienced from jet injection than needle injection
(Cooper, Bromley, Baranowski, & Barker, 2000; Verrips et al., 1998). In addition, jet
injection enhances patient compliance for people with needle phobia, and eliminates
accidental needle sticks which result in injuries and possible infections. Furthermore, the
maximum cross-sectional area of a lancet, which correlates to tissue injury, was shown to
disrupt tissue at a shallower position than the sharp tip (which reaches the entire penetration
depth). This may lead to inefficient deep penetration for a certain volume of blood to be
collected, whereas jet injection with a jet shape similar to a lancet-pricked wound may
disrupt blood vessels in a more efficient manner. Finally, capillary blood sampling by jet
injection contributes to the overall aim of collecting blood samples, measuring glucose
levels, and delivering an adequate dose of insulin using a single jet injection device. This
is useful because two fluid jets may generate the same hole in skin, reducing the wound
volume. This may also reduce the total procedure time for capillary blood collection and
insulin delivery.
An injection delivered with a needle-free device will penetrate skin to a depth determined
by the size, shape, and speed of the fluid jet (Schramm-Baxter & Mitragotri, 2004). The
shape of the fluid jet is determined primarily by the geometry of the injection nozzle, while
the speed of the jet can be readily controlled by fluid pressure. The fluid penetration and
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subsequent tissue disruption are also dependent on the jet shape, which reflects the direction
of fluid coming out of the nozzle (Park, Modak, Hogan, & Hunter, 2015). If the injection
penetrates into or through the vascular bed, blood may subsequently be released from the
capillary network, and pass through the injection site to the skin surface for sampling and
blood glucose measurement.
In this chapter, the effect of nozzle shape and jet speed on the resulting jet shape and tissue
penetration was explored, with the aim of creating shallow penetrations into skin in a
manner similar to that of a finger-prick. Initial measurements were conducted on a lancet,
determining lancet geometry, and penetration speed and extent. From these results, four
custom nozzles were designed in a variety of shapes that have the potential to penetrate
skin and open capillaries in the dermis layer. The effect of nozzle geometry on jet shape
was examined, using computational fluid dynamics (CFD) modelling to predict jet shape,
and high speed video of jet injection through custom nozzles into air to confirm model
predictions.
Low-volume jet injections were then performed through the nozzles into post-mortem
porcine tissue. The resulting fluid patterns in the tissue were analysed to investigate
whether jet injection with these nozzles resulted in consistent and appropriate penetration
depth in the skin. Injection parameters (jet speed and volume) were adjusted to a level that
demonstrated consistent penetration. A subset of these nozzles was used in a study of skin
disruption and blood release in the pig ear, as detailed in Chapter 4. Others were used for a
study of blood release in human fingertips, as reported in Chapter 5.
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3.2 Methods
3.2.1 Lancet geometry and its travel in air
A lancet (Accu-Chek Safe-T Pro Plus lancet, Roche Diagnostics, USA) with an outer
diameter of 0.64 mm (23 gauge) was examined under a light microscope to determine its
geometry, as shown in Figure 3-1. The lancet tip, also known as “lancet point”, has three
bevelled faces: a primary bevel and two side bevels on each side of the primary bevel. The
three bevel faces together form the sharpest point available for hypodermic needles (Meyer,
Kaymak, Liu, Saxena, & Rodrigues, 2014), reducing the force required to cleave the tissue.
A high-speed video was captured of a lancet being propelled by its spring into air, with a
depth setting of 2.3 mm. The maximum extension of the lancet was 1.92 mm, as shown in
Figure 3-1. The velocity of the lancet penetration varied with respect to time, reaching a
maximum of 4.8 m/s. The maximum speed of lancet retraction was 2.4 m/s. The wound
geometry arising from a lancet prick in post-mortem porcine skin is discussed in the next
chapter.

Primary bevel
Side bevels

Figure 3-1 Left: A microscopic image of a lancet. Right: A high speed video frame showing
the maximum travel distance of a lancet during a prick.

3.2.2 Nozzle designs
As mentioned in Chapter 2, fluid jets through circular nozzles have been widely used to
deliver drugs to the tissue, but they have not been previously used to extract blood.
Non-circular nozzles may have the potential to release blood due to the three bevelled faces
of the lancet tip and the non-circular wound on the skin surface created by a lancet prick,
as described in Chapter 2.
Throughout the studies reported on in this thesis, six different nozzle designs were
investigated: cylinder 1, cone, small slot 1, small slot 2, medium slot, and large slot. A
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standard cylinder 2 nozzle (Comfort-inTM ampoule) was also studied. Some were designed
for initial exploratory work on post-mortem tissue (cylinder, cone, small slot, and large
slot); this work then led to further designs that were used in studies on live pigs and in
humans.
The geometries of the corresponding nozzles are illustrated in Figure 3-2. The cylinder 1
nozzle was designed to create a collimated jet, a shape commonly used in jet injection. The
inner passageway of both cylinder 1 and cylinder 2 nozzles decreased to 200 µm in
diameter, leading to a cylindrical fluid passageway up to the exit. The cylinder 2 nozzle
allowed comparison of tissue disruption resulting from the lancet prick, and jet injection
with the large slot and cylinder 2 nozzles, as described in Chapter 4. The cylinder 2 nozzle
was also used to investigate its potential to extract capillary blood from human fingertips,
as reported in Chapter 5. The modelling of fluid flow exiting the cylinder 2 nozzle was not
performed; the jet shape and velocity at the exit were assumed to be similar to that of the
cylinder 1 nozzle. The cone nozzle was designed to produce a dispersing conical jet, which
may potentially disrupt more blood vessels with a small wound on the skin surface. The
cylinder 1, cylinder 2, and cone nozzles had a circular outlet and were 200 µm in diameter;
this size is commonly used in commercial jet injectors.

Figure 3-2 The internal geometries of the six nozzles considered. The outlet is placed
against the skin surface.

Skin penetration by a sharp-tipped punch results in a planar crack (Shergold & Fleck,
2004). Lancet pricking has been reported to result in a “C-shaped” wound in skin due to
the faceted cutting edges of the lancet (Verdonk & Lum, 2001). A slot-shaped wound was
also observed in lancet-pricked skin by microCT imaging and histology, as described in the
next chapter. The four slot-shaped nozzles were designed to have an exit surface with an
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approximately rectangular shape, which may generate a narrow incision in the skin in a
manner similar to a lancet prick.
The long axis of the small slot 1 and small slot 2 nozzles was designed to be around 200 µm
to allow comparison with the circular nozzles. These two slot-shaped nozzles have slightly
different dimensions due to manufacturing variations. The short axis was designed to be
around 70 µm, which ought to be large enough to avoid clogging. Jet injection with a 76 µm
diameter nozzle penetrated the dermis at a jet velocity of 160 m/s (Baxter & Mitragotri,
2006). The small slot 2 nozzle was later used to collect blood from living porcine ears (Xu,
McKeage, Ruddy, Nielsen, & Taberner, 2020), as described in Chapter 4. A similar design
was also used in a human trial for collecting capillary blood samples from fingertips, as
described in Chapter 5.
The large slot nozzle was designed to generate a linear wound in the skin with dimensions
similar to that of a lancet prick. The long axis of the large slot nozzle was designed to be
similar to the outer diameter (0.64 mm) of a lancet. The area of the nozzle was required to
be reasonably small for minimizing the wound area and for a jet injector to drive effectively.
Hence the dimension of the nozzle was designed to be around 0.75 mm for the long axis
and 0.12 mm for short axis, with an area equivalent to that of a 0.34 mm diameter circular
nozzle. The large slot nozzle was used to investigate the disruption of tissue, especially
capillaries, in the pig skin after jet injection, as described in Chapter 4. The large slot nozzle
was also used in the pre-trial testing of the human study for collecting blood from fingertips,
as reported in Chapter 5.
The medium slot nozzle was designed based on the information building on the knowledge
of the small slot and large slot nozzles. The medium slot nozzle was designed to have a
cross-sectional area equivalent to that of the cylinder 1 nozzle (200 µm in diameter). The
long axis and short axis were designed to be approximately 450 µm and 70 µm,
respectively. The medium slot nozzle was used to release capillary blood from human
fingertips, as reported in Chapter 5. The potential of the medium slot nozzle to result in
consistent and appropriate penetration was solely tested on fingertips. The modelling of
fluid flow in the medium slot nozzle, high speed video capture of injection into air, and
post-mortem tissue injection was not performed.
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The length of all nozzles was designed to be between 1.5 mm and 2.5 mm, and the inlet
diameter of the cone nozzle was approximately 1 mm. The cylinder 1 and cone nozzles
were constructed of brass and all slot-shaped nozzles of stainless-steel. Both materials resist
corrosion and have high tensile and yield strength to endure fluid with a high pressure e.g.,
20 MPa.

3.2.3 Modelling
A commercial computational fluid dynamics (CFD) package (ANSYS FLUENT 16.0,
ANSYS Inc., Canonsburg, PA, U.S.A.) was used to predict the pressure and flow patterns
in four nozzle geometries during jet injection. Two-dimensional (2D) axisymmetric models
were generated for the cylinder 1 and cone nozzles. Quarter-symmetry models of the
three-dimensional (3D) geometry were simulated for the small slot 2 and large slot nozzles.
The same boundary conditions were defined for all geometries following meshing. The
boundary conditions of the geometry of the cylinder 1 nozzle are indicated in Figure 3-3.
A ‘wall’ boundary condition was set along the inside wall of the nozzle. The wall was
considered adiabatic, so no heat transfer across the wall was allowed. The no-slip condition
was applied to the wall, meaning zero velocity of fluid at the wall. A gauge pressure of
10 MPa was used to define the inlet boundary condition. The outlet boundary condition
was defined by setting the relative pressure as zero. These inlet and outlet boundary
conditions were applied to the fluid in each model. An axis boundary condition was used
along the centerline of the axisymmetric geometry. A shear stress transport (SST) k-omega
turbulence model and energy equation were included in all the simulations, as described in
(Williams, 2016). The fluid flow with different shapes at velocities demonstrated in Table

0.5 mm

Wall
Inlet
Symmetry axis
Outlet

Figure 3-3 Fluid mesh for the cylinder 1 nozzle, showing the boundary conditions.
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3-IV was turbulent since the Reynolds number was larger than 4000 for all experiments,
as calculated by the following equation:
𝑅𝑒 =

4𝜌𝑣𝐴
𝜇𝐶

Equation 3-1

where 𝜌 is the fluid density, 𝑣 is the mean jet velocity, 𝐴 is the area of the nozzle outlet, 𝜇
is the dynamic viscosity of the fluid, and 𝐶 is the perimeter of the nozzle outlet. For circular
geometries, the hydraulic diameter was the same as the diameter of the nozzle. Computation
of cavitation effects was also enabled in the solve routine. The RMS (root mean square)
residual target for the solver was set to 10-6.

3.2.4 Nozzle construction
Both cylinder 1 and cone nozzles were machined using a lathe. The small slot 1 and
small slot 2 nozzles were constructed by compressing the tips of 30-gauge hypodermic
tubes around small samples of shim stock (80 μm thickness for small slot 1, and 60 μm
thickness for small slot 2) using a vice. The hypodermic tubes were then soldered into a
stainless-steel orifice (Precision orifices type ZMNS-SS-V, O’Keefe controls Co.), as
shown in Figure 3-4. The orifices were then inserted into a custom jet injector system, as
described in the following Section.

Figure 3-4 A side-view annotated X-ray image of a slot-shaped nozzle, showing hypodermic
tube soldered into an orifice.

The medium slot and large slot nozzles were constructed by compressing the tips of
hypodermic tubes (25-gauge for medium slot, and 21-gauge for large slot) between small
sheets of shim stock (0.35 mm thickness for medium slot, and 0.45 mm thickness for
large slot). An additional procedure was included in the construction of the medium slot
and large slot nozzle: the tips of the tubes were firstly heated by a hydrogen flame (Arizona
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hydrogen manufacturing Inc, USA) before compression. The right-angle corners of the vice
were ground to rounded corners before compression (Figure 3-5). Both the annealing of the
tube, and the rounded corner of the vice-jaw resulted in a smooth transition from the circular
to rectangular regions of the nozzles.

Figure 3-5 Illustration of compression of hypodermic tube for constructing slot-shaped
nozzles.

The slot-shaped nozzles were cleaned in an ultrasonic bath with a 1:1 98 wt% isopropyl
alcohol:deionised water solution to remove any residual debris left on the inside wall and
outlet surface. Ten repeated ejections of water at a volumetric jet velocity of approximately
130 m/s were performed through the nozzles to remove any residual debris. The
consistency of the outlet geometry was confirmed by measuring the area of the outlet before
and after injection. During the injection, the pressure at the nozzle outlet was low according
to the Bernoulli's principle, and hence the deformation of the nozzle was negligible. The
interior of all nozzles, except the medium slot nozzle, was visualized using microCT
imaging (Bruker, Belgium). The dimensions of all nozzles were estimated under a light
microscope (Nikon SMZ18).

3.2.5 Injector description
The jet injector used in these studies comprised a custom-made moving-coil actuator
(Taberner, Hogan, & Hunter, 2012) coupled to a stainless-steel piston and ampoule and
driven by a voltage amplifier. The 6-layer coil, surrounding a neodymium magnet of
25.4 mm outer diameter, was constructed by winding 0.356 mm (28 AWG) enamelled
copper wire onto a bobbin of 27 mm outer diameter. A linear potentiometer (ALPS
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RDC1032RB) was attached to the bobbin and calibrated to measure the coil position. The
force constant of the actuator ranged from 8.4 N/A to 11.4 N/A along its stroke. The
housing of the actuator was connected to a vertical linear stage which provided adjustable
contact force between the injector and tissue. The linear stage was attached firmly to a
vertical optical breadboard, which was tightly mounted to a horizontal optical breadboard
to maintain the position of the injector during jet injection, as illustrated in Figure 3-6. In
order to gain extra freedom to optimise the jet parameters for longer jet travels while
achieving small penetration depth, an angled injection set up was developed. Unlike the
circular nozzles which were difficult to arrange at an angle to the skin, the external
geometry of the slot-shaped nozzle enabled the injector to be set up at an angle. The jet
injection system with the large slot nozzle was modified to bring the nozzle to the surface
of the skin at 45° to the skin surface (Figure 3-6). This was to constrain the absolute
penetration depth and avoid penetrating too deep beyond the capillary-rich dermis.
However, the angled injection could not be implemented for all nozzles and would be too
complicated to use in a human trial; it was therefore not used in further studies.
Linear stage
Potentiometer
Potentiometer
Adapted nozzle nut
holding circular nozzles
Jet force sensor

Slot-shaped nozzle
End plate
Force sensor

Figure 3-6 Left: Jet injection setup to measure jet force for the cylinder 1 and cone nozzles.

Right: Jet injection system used for the large slot nozzle. The inset shows the positioning of
the jet injection system and tissue. The view corresponding to the short axis of the large slot
nozzle.

A custom-made stainless-steel piston with two O-rings sealed the fluid within the ampoule.
After the ampoule was filled with injectate, the piston was connected to the front of the coil
bobbin and the ampoule was connected to the housing of the actuator through a front plate.
The ampoule head incorporated a threaded compartment at the tip to fit stainless-steel
O’Keefe orifices, typically with an inner diameter of 200 µm. When a current was applied
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through the coil, a Lorentz force (proportional to the current) was generated to move the
coil, propel the piston forward, and pressurise the fluid within the ampoule, creating a high
speed fluid jet to penetrate skin and deliver fluid into the tissue.
Two measurements of jet speed are used in this thesis. The volumetric jet speed was
calculated based upon the conservation of volumetric flow rate: the volume of fluid
expelled by the piston per unit time was the same as the volume of jet exiting from the
nozzle per unit time. Assuming the jet stream at the exit had the same size as the nozzle
outlet, the jet speed was calculated based upon the following equation,
𝑣𝑗 =

𝑣𝑝 ∙ 𝐴𝑝
𝐴𝑗

Equation 3-2

where 𝑣𝑝 is the velocity of the piston, 𝐴𝑝 is the cross-sectional area of the piston, and 𝐴𝑗 is
the area of the jet stream i.e., nozzle outlet. The piston and coil were directly attached,
hence the piston velocity was assumed to be the same as the coil velocity, which was
derived from the coil position. This method was based upon the assumption of constant
fluid density and no compliance in the system. However, as the ampoule tends to expand
under high pressure, fluid compressibility and ampoule compliance affected the calculation
of volumetric jet speed, especially at the beginning of the injection as shown in
Section 3.3.4. Therefore, the volumetric jet speed represented the average jet speed at only
steady state.
While volumetric jet velocity is obtained from the coil position, dynamic jet velocity was
acquired from the force that was developed as a high speed fluid jet impinges on the centre
of the acrylic plate which was attached to the force sensor (PCB Piezotronics 208C01). The
jet force measurement of jet speed was based upon the conservation of momentum of fluid
(Shergold, Fleck, & King, 2006). Assuming that there was no splash back of jet from the
plate and the jet diameter remained the same as the outlet diameter of the nozzle, the jet
velocity was calculated by the following equation (Shergold et al., 2006),

𝑣𝑗 = √

𝐹
𝜌 ∙ 𝐴𝑗

Equation 3-3
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where 𝐹 is the jet force measured by the force sensor, ρ is the density of the fluid and 𝐴𝑗 is
the area of the fluid jet hitting on the plate of the force sensor. The jet force measurement
provided dynamic information of jet speed.
A tissue mounting system for post-mortem tissue injection included a square container to
hold the tissue, and a calibrated load cell (Futek LSB200) with 4.5 N capacity to measure
the contact force between the injector and tissue.
All of the jet injection experiments conducted in this thesis were performed in ‘open loop’,
with the voltage generated by the controller at a sample rate of 20 kHz. The output voltage
and pulse duration were specified in the real-time user interface to generate a pulse which
was sent to and saved in field-programmable gate array (FPGA) memory. This output
voltage was amplified 40 times by a pair of series-bridged power amplifiers (AE Techron
7224) to drive the motor with the desired output voltage. The actual voltage sent by the
amplifier across the coil, current feedback, coil position and force measured from the load
cell were acquired via the analogue input channels and processed in the FPGA with a loop
rate of 10 kHz. The data were transferred to and saved by a real-time processor. The control
system for driving the injector was also configured to provide feedforward and feedback
control for jet injection, if required.

3.2.6 High speed video capture of jet injection
To perform jet injections, voltage pulses were applied to the jet injector motor, as described
in Section 3.2.8. High speed video recordings (Phantom Micro LC 110 camera) of a jet
injection were captured to reveal the jet shape as water was ejected from a nozzle into the
air. A mirror was placed at approximately 45° to simultaneously show both the front and
side views of the fluid jet exiting a slot-shaped nozzle (see Figure 3-7).
The jet shape emitting from the cylinder 2 nozzle was revealed by taking high speed videos
of jet injection into air using a Comfort-inTM injector (Mika Medical). This spring powered
injector produces peak pressure for the fluid at the nozzle at the beginning of the injection,
resulting in jet speed of around 200 m/s, and rapid fluctuations in pressure over the initial
moments of injection. The jet shape from this spring-powered injector was therefore
comparable to the jet shape produced by a Lorentz force actuated injector.
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Figure 3-7 A top-view illustration of the setup for the high speed video capture of jet
injection with a slot-shaped nozzle into air. The dotted line indicates the mirror-reflected
view of a slot-shaped nozzle captured by the camera.

3.2.7 Determining injection parameters
Throughout these studies, the intention for each injection was to create shallow penetrations
that pierced the skin to the depth of the capillary bed in the dermis – a depth of
approximately 2.4 mm, while limiting the ejection volume to 50 μL. In this thesis, a fixedspeed jet injection was used for all the nozzles. A rectangular voltage pulse was used instead
of a controlled injection trajectory; a rectangular voltage pulse accelerates the piston more
quickly to perforate skin, but requires a small volume of injectate than conventional jet
injections. Since the injection begins and stops abruptly, a rectangular pulse also helps
reduce the residual fluid that remained on the skin surface after injection.
The appropriate voltage and pulse period required to achieve shallow and small-volume
injections were determined for each nozzle. The appropriate voltage was determined by
performing repeated injections incrementing the voltage by 20 V each time until consistent
skin penetration was observed. A voltage resulting in a jet speed of around 130 m/s was
used initially, because jet speed ranging from 125 m/s to 150 m/s has been reported to result
in shallow penetration in post-mortem pig skin (Taberner et al., 2012). The duration of the
voltage pulse, particularly the duration of the peak velocity, was modulated until
penetration in the dermis layer was observed, and a delivered volume of less than 50 µL
was consistently achieved. The ejection volume and efficiency of drug delivery are not
critical parameters in this study because the liquid jet is used only to deliberately penetrate
the skin and disrupt blood vessels instead of delivering drugs into underlying tissue. The
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final jet parameters were determined once the jet penetrated the same layer i.e., the dermis
of skin, for 5 repeated injections. For all nozzles, repeated jet force measurement was taken
to ensure the repeatability of the jet injection.

3.2.8 Tissue injection protocol
Porcine skin was harvested, post-mortem, from 9-week-old to 12-week-old crossbred pigs
raised in New Zealand, from the Faculty of Medical and Health Sciences at the University
of Auckland. These animals had previously been studied by other researchers, and then
euthanised, at the end of a separate ethically-approved study. Skin with muscle was excised
from the abdominal region of the pig within two hours of death. The skin was immediately
flash-frozen at −80 °C in vacuum sealed packages. Before injection, the tissue was thawed
to room temperature for approximately three hours and cut into 25 mm × 25 mm square
samples.
Each porcine skin sample was placed into a sample holder, with a contact force sensor
connected underneath it to provide real time feedback of contact force between injector and
porcine skin. A spacer was positioned around a slot-shaped nozzle in contact with the skin
surface to prevent laceration of the skin surface from the sharp edges of the nozzle before
injection. The contact force between the injector and the skin was approximately 0.8 N for
the three circular nozzles and the large slot nozzle, and 1.5 N for the two small slot nozzles.
Blue dye (0.2 % Brilliant Blue FCF, Queen New Zealand Pty. Ltd.) or green tissue marking
dye (TMDTM, Triangle Biomedical Sciences Inc.) was added to the injectate. Voltage pulses
of 220 V, 250 V, 300 V, 280 V, 260 V, and 345 V amplitude, with durations of 20 ms,
7 ms, 20 ms, 20 ms, 2 ms, and 6 ms, were selected for injections through the cylinder 1,
cone, small slot 1, small slot 2, large slot, and cylinder 2 nozzles, respectively (Table 3-I).
The jet force measurements for all nozzles were performed using the same voltage pulse as
used for tissue injection.
Following jet injection, each tissue sample was immediately chilled at −80 °C for
15 minutes before being cut through the injection site and splayed for photography. For
slot-shaped nozzles, the tissue was cut along the long axis of the nozzle through the
injection site, exposing the sides containing the dye injectate. Photographs of each half
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were taken to demonstrate the dispersion pattern. The penetration depth and the width of
dispersion were measured.
Table 3-I Parameters used for tissue injection
Nozzle type
Cylinder 1
Cone
Small slot 1
Small slot 2
Large slot
Cylinder 2

Voltage (V)
220
250
300
280
260
345

Pulse length (ms)
20
7
20
20
2
6
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3.3 Results and discussion
3.3.1 CFD modelling of designed nozzles
CFD modelling of the cylinder 1 and cone nozzles was performed to predict the velocity
contours within the nozzle, and the velocity vectors of fluid as it exits the nozzle (Figure
3-8). For each nozzle design of cylinder 1, cone, small slot 1, and small slot 2, the average
jet speed at the outlet of the nozzle was predicted to be approximately 140 m/s.
The velocity vectors predicted for the cylinder 1 nozzle were parallel to the nozzle axis.
There was a sudden decrease in the pressure at the corner formed at the inlet of the nozzle.
This negative gauge pressure implies the existence of cavitation, and corresponds to a local
increase in the velocity magnitude up to 149 m/s as shown in Figure 3-8. The velocity
vectors exiting the cone nozzle suggest the creation of radial components of velocity, with
an angle of 14.4° (Figure 3-8). Even though the simulation suggests a ‘focused’ jet at the
nozzle exit, the radial components of the exit velocity may lead to divergence soon after its
emergence from the nozzle. There was no evidence of cavitation occurring in the cone
nozzle.
The shape of the jet emitted from the small slot 2 nozzle reflects the slot profile, as shown
in Figure 3-9. The velocity vectors at the exit predict that the jet will diverge along the long
axis and flow towards the centre of the nozzle along the short axis. However, the

[m/s]

Figure 3-8 Velocity contour within cylinder 1 nozzle (top left) and cone nozzle (bottom left)
and a close-up view of the velocity vectors (top right and bottom right) at the exit.
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constructed nozzles have slight divergence along both axes, as demonstrated in the next
section.
The predicted velocity contours within the large slot nozzle, and the velocity vectors of the
fluid as it exits the nozzle, are demonstrated in Figure 3-10. The shape of the jet emitted
Short axis
Long axis

[m/s]

Figure 3-9 Quarter symmetrical simulation of the small slot 2 nozzle. An orthographic
projection from a cross-sectional view of velocity vectors exiting the nozzle (Top). Velocity
contour within the nozzle and velocity vectors at the exit along the short axis (middle) and
long axis (bottom).
Short axis
Long axis

Figure 3-10 Quarter symmetrical simulation of the large slot nozzle. An orthographic

projection from a cross-sectional view of velocity vectors exiting the nozzle (Top). Velocity
contour within the nozzle and velocity vectors at the exit along the short axis (middle) and
long axis (bottom).
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from the nozzle also reflects the slot profile. The velocity vectors at the exit predict that the
jet will diverge along the long axis and slightly diverge along the short axis. The jet close
to the wall of the short axis of the nozzle was also predicted to flow towards the centre of
the nozzle along the short axis. The average jet speed at the outlet of the nozzle was
predicted to be approximately 104 m/s. The magnitude of turbulence kinetic energy within
the nozzle and at the exit of the nozzle is displayed in Figure 3-11. The turbulence loss was
mainly focused near the wall along the slot-shaped end of the nozzle approaching the exit.
The simulations demonstrated that the four nozzle designs produced the jet shapes that
corresponded to the design purpose (described in Section 3.2.2), and were thus constructed
and further tested.
Short axis
Long axis

Figure 3-11 An orthographic projection from a cross-sectional view of turbulence kinetic
energy at the exit of the large slot nozzle (Top). Turbulence kinetic energy within the nozzle
along the short axis (middle) and long axis (bottom).

3.3.2 Imaging of constructed nozzles
After construction, the cylinder 1, cone, cylinder 2, small slot 1, small slot 2, and large slot
nozzles were examined in a microCT scanner to determine the contour of the inner flow
passageway (Figure 3-12). Both cylinder 1 and cylinder 2 nozzles have a cylindrical inner
passageway. The outlet areas of all circular nozzles were measured under a light
microscope, as reported in Table 3-II.
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1 mm

Cylinder 1

Cone

Small slot 1

Small slot 2

Large slot

Cylinder 2

Figure 3-12 CT images showing the contours of the cylinder 1, cone, and cylinder 2 nozzles.
Side views of the small slot 1, small slot 2, and large slot nozzles showing both axes.
Table 3-II Outlet size of circular nozzles
Nozzle type
Cylinder 1
Cone
Cylinder 2

Diameter (mm)
0.203
0.237
0.203

Area (mm2)
0.032
0.044
0.032

The small slot 1 nozzle received slightly uneven compression on the tube during
construction, resulting in an asymmetric inner passageway, but with approximately the
desired internal dimensions. Additional slot-shaped nozzles were constructed, but only
those with the best outlet surface finish by visual inspection were used for studies presented
in Chapters 4 & 5. Both small slot 1 and small slot 2 nozzles exhibit a slightly divergent
profile when viewed through the long axis. The large slot nozzle demonstrated a smooth
transition from circular to rectangular shape, with a roughly symmetric inner passageway.
The outlet areas of all four slot-shaped nozzles measured from both microscope and
microCT are shown in Table 3-III. The outlet surface of the four slot-shaped nozzles and
Table 3-III Outlet size of slot-shaped nozzles
Nozzle type
Small slot 1
Small slot 2
Medium slot
Large slot

Length (mm) × Width (mm) (microscope)
0.19 × 0.08
0.22 × 0.06
0.45 × 0.07
0.78 × 0.12

Area (mm2) (microCT)
0.016
0.012
0.032
0.087
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the cylinder 2 nozzle is shown in Figure 3-13. The cylinder 2 nozzle demonstrated a
circular exit hole.
Long axis
Short axis

A

B

C

D

Figure 3-13 End view of the small slot 2 (A), medium slot (B), and large slot (C) nozzle

showing the two axes of the nozzle. End view of the cylinder 2 nozzle (D).

3.3.3 Jet measurements conducted on custom nozzles
Images of the jet streams from all nozzles except the medium slot nozzle were captured to
investigate the jet shape. Examples of the jet streams of the small slot 2, large slot, and
cylinder 2 nozzles at steady state are shown in Figure 3-14. The jet speed and jet dispersion
angle for all nozzles except the medium slot nozzle are displayed in Table 3-IV.
A
A

C

B

1 mm

Figure 3-14 Jet shape from the small slot 2 nozzle (A), large slot nozzle (B), and the

cylinder 2 nozzle (C). The dispersion angle, θ is measured from the high-speed video
capture when the jet is at steady state.
Table 3-IV Jet properties in air
Jet shape Jet speed (m/s)
Cylinder 1
Cone
Small slot 1
Small slot 2
Large slot

103
173
142
152
140

Jet dispersion angle, θ (˚)
Long axis
Short axis
2.4
8.6
0.9
1.5
2.9
1.7
3.0
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It was found that jet streams exiting these nozzles showed some dispersion in air, with the
cone nozzle creating the most dispersing jet. The jet dispersion angle of the jet stream from
the cone nozzle measured from the high-speed video was approximately 60 % that of the
model prediction. Jet streams from the two small slot nozzles diverged in both axes of the
outlet. The jet stream dispersed more markedly through the small slot 2 nozzle than the
small slot 1 nozzle, possibly due to its higher outlet aspect ratio. Nevertheless, the
dispersion angle measurements from the high-speed video may not be precise enough to
make a further comparison because the estimated uncertainty in the angle of 0.5° was on
the same order of the angle measurement for all nozzles except the cone nozzle. This
uncertainty arose from the spatial resolution of images. The jet stream through the
small slot 2 nozzle split into two main streams along the long axis, as shown in Figure 3-14.
The jet stream along the long axis of the large slot nozzle maintained its dimension over
the first 2 mm of its travel distance. Nevertheless, the jet stream along the short axis
dispersed more markedly than the long axis. The jet stream from the cylinder 2 nozzle
remained relatively collimated, even over the 2 mm of its travel (Figure 3-14).
Since the constructed nozzles are not exactly the same as those modelled, the shapes of the
jet streams as shown in the high-speed video recordings are similar but not identical to the
simulated results. For example, the small slot 2 nozzle model has slight divergence along
the long axis but not the short axis, whereas the constructed small slot nozzles have
divergence along both axes. It is therefore not surprising that the model showed no
divergence along the short axis of the nozzle outlet, but the experimental results did. The
inconsistency of jet speed between the simulation and the experiment may be due to the
frictional loss on the internal walls of the nozzles due to machining roughness, and to the
sudden contraction in diameter at the interface between O’Keefe orifice and slot -shaped
nozzle.
The models simulate fluid flow in the nozzles and predict the jet shape at the exit. The
simulations suggest that jet injection with various shaped nozzles can produce various jet
shapes in accordance with the design purpose, as described in Section 3.2.2. and produce
jet shapes. However, the shapes of jet streams in air may be different than the prediction.
Future CFD modelling, such as of the jet stream into air from the actual nozzle shapes, may
be useful in evaluating the effect of nozzle shapes on jet streams. Modelling can only be
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used as a guide to assist design nozzle shapes. The investigation of jet injection through
various nozzles into tissue is more important, and is described in the next section.

3.3.4 Post-mortem tissue injection
3.3.4.1 Jet injection parameters
The volume of fluid expelled through the cylinder 1, cone, and two small slot nozzles as a
function of time during tissue injection is shown in Figure 3-15. The ejected fluid volume,
volumetric jet speed and dynamic jet speed during jet injection with the large slot and
cylinder 2 nozzles is demonstrated in Figure 3-16. The ejected volumes across all injections
ranged from approximately 35 μL to 60 μL.

Figure 3-15 Volume of ejected fluid calculated from the coil position for the cylinder 1,
cone, small slot 1, and small slot 2 nozzles during jet injection into tissue.

Figure 3-16 Left: Injection trajectory of a jet stream through the large slot nozzle. Right:
Injection trajectory of a jet stream through the cylinder 2 nozzle: volumetric jet velocity
(grey dash-dot lines), jet force velocity (continuous lines) and volume (dashed lines).

3.3 Results and discussion

53

The cone nozzle and large slot nozzle expelled the total volume of fluid over a shorter
period of time than the other four nozzles. Jet injection with these four nozzles showed a
sudden increase in coil position at the beginning of each injection, which arose from the
compliance of ampoule and fluid. (Figure 3-15 & Figure 3-16). The cylinder 2 nozzle is
constructed of polycarbonate and thus anticipated to slightly expand as the fluid is subjected
to high pressure, causing oscillations of jet speed at the start of injection. The jet force
measurement thus provided more accurate jet speed than the volumetric measurement
during the early stage of the injection. A corresponding small recoil in coil position at the
end of each injection using the cylinder 1, small slot 1, small slot 2, and cylinder 2 nozzles
was observed.
The average volumetric jet speed and dynamic jet speed resulting from jet injection with
all nozzles are displayed in Table 3-V. The dynamic jet velocity resulting from jet injection
with all nozzles, except the large slot nozzle, was no more than 30 % higher than the
volumetric jet velocity. This slight difference is similar to that reported in (Mckeage, 2018).
However, the dynamic jet speed for the large slot nozzle was only around 70 % of the
volumetric jet velocity. The volumetric measurement for this nozzle may not be reliable
due to the short duration (2.5 ms) of the voltage pulse (Figure 3-16). The large slot nozzle
has a much larger cross-sectional outlet area, thus it takes a longer period of time, and a
larger volume of injectate to reach the peak pressure than the other nozzles. Additionally,
the dynamic jet velocity lagged behind the volumetric jet velocity by less than 1 ms, as
shown in Figure 3-16. This lag is mainly due to a time delay between the piston movement
and jet impingement on the force sensor.
The difference between volumetric jet velocity and jet force velocity is an indication of
pressure loss, which is dependent on the geometry of the fluid passageway, predominantly
from the friction that the jet experiences along the passageway. Most of the friction loss is
due to the effect of viscosity experienced by the fluid, with a smaller friction loss from the
change of velocity in bends, valves etc. Annealing of the large slot nozzle during
manufacture facilitates a smooth transition for the fluid passageway between the circular
and rectangular regions of the nozzle, and thus minimised pressure loss. However, turbulent
loss is still predicted to occur, mainly close to the wall along the slot-shaped end of the
nozzle approaching the exit, as is shown from the simulation of fluid flow inside the nozzle.
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The fluid jet passes from a cylindrical region of the orifice into the slot-shaped nozzle,
which creates a sudden contraction, leading to recirculation and losses, which cause flow
to spread and diffuse downstream. The difference in pressure loss between long and short
axis may lead to the spreading of the jet.
3.3.4.2 Fluid dispersion in skin
Jet injection through each nozzle penetrated the dermis and subcutaneous fat to a depth of
between 2.2 mm and 4 mm, as shown in Figure 3-17 & Figure 3-18. The results show that
the cone nozzle exhibits the most divergent jet dispersion among all nozzles considered,
resulting in a fan-like fluid distribution in porcine skin. This suggests that this nozzle design
might provide a large area of dermal tissue disruption through a relatively small portal
through the skin. The jet shape of cone nozzle, therefore, demonstrates a more recognizable
influence on the dispersion pattern in tissue. Jet injection through this nozzle also created
the deepest penetration into subcutaneous fat. However, the penetration was unnecessarily
deep for capillary blood sampling. Jet injection with this nozzle on humans might induce
more pain. The cone nozzle was thus not explored further in the subsequent studies in this
thesis.
A

B

C

D

Figure 3-17 Photographs of post-mortem tissue injection of coloured dye using the
cylinder 1 nozzle (A), cone nozzle (B), small slot 1 nozzle (C), and small slot 2 nozzle (D).

The view is normal to the long axis of the slot-shaped nozzles. Scale bars are 5 mm.
A

B

C

Figure 3-18 Photographs of post-mortem tissue injection of coloured dye, injected
perpendicular to the skin surface (A), and at 45° to the skin surface (B) using the large slot

nozzle. Photographs of tissue injection using the cylinder 2 nozzle (C). The view is normal
to the long axis of the slot-shaped nozzle. The dashed blue lines indicate the boundary
between the dermis and subcutis. Scale bars are 5 mm.
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For the two small slot nozzles and the large slot nozzle, jet injection at a jet velocity from
148 m/s to 163 m/s was shown to penetrate porcine skin to a penetration depth of less than
2.6 mm (Table 3-V). The cylinder 1 and small slot 1 nozzles generated tissue injections
with dispersion patterns of similar depth and width. The small slot 2 and large slot nozzles
both exhibited the shallowest injection, mainly into the dermis layer, but the small slot 2
caused a much wider dispersion pattern than the large slot nozzle. Jet injection with the
large slot nozzle at an angle of 45° to the skin surface resulted in intradermal injection with
penetration depths of approximately 1.8 mm (Figure 3-18).
Table 3-V Tissue injection results
Nozzle type
Cylinder 1
Cone
Small slot 1
Small slot 2
Large slot
Cylinder 2

Volumetric jet
speed (m/s)
81
176
142
152
211
122

Dynamic jet
speed (m/s)
105
182
157
163
148
140

Fluid Depth
(mm)
2.5
4.0
2.55
2.24
2.25
3.02

Fluid Width
(mm)
4.3
3.2
4.36
3.97
1.61
2.89

The small slot 2 nozzle produced a jet stream with a larger dispersion angle along its long
axis, as predicted in the model. However, the dispersed jet stream along the long axis had
no obvious effect on the dispersion pattern in tissue. This result suggests that the jet shape
in air does not always have a direct relationship with the fluid dispersion pattern in tissue,
perhaps due to the nonlinear, anisotropic, and viscoelastic nature of skin, and fluid
interacting with itself via backflow. In addition, a more dispersing jet stream in air does not
necessarily result in a more dispersed fluid pattern in tissue. Another example is the
cylinder 1 nozzle which was predicted to have velocity vectors parallel to the skin surface.
Although this prediction implies that this jet would likely penetrate tissue with minimal
tissue disruption, the dispersion pattern of the dye delivered in the tissue was similar to the
two small slot nozzles which are predicted to have divergent jet streams. This result may
be due to the fact that after passing the primary barrier formed by the stratum corneum, the
fluid faces negligible resistance to diffusion in the relatively aqueous dermis (McDougal,
Pollard, Weisman, Garrett, & Miller, 2000). Further investigation of dispersion patterns in
post-mortem porcine skin by microCT imaging could be performed using gold
nanoparticles, which exhibit much lower diffusion following injection than iodine-based
contrast agents (Chang et al., 2015).
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The predicted flow of the jet at the exit of the large slot nozzle indicates dispersion along
the long axis and slight divergence along the short axis, according to the simulation results
in Section 3.3.1. However, the jet stream exiting from the constructed nozzle has more
divergence along short axis, and contraction along the long axis as it travels in the air, as
shown in Section 3.3.3. The shape of the jet travelling in the air recorded by the high-speed
video correlates with the narrow dispersion pattern in the skin.
The variation in tissue injection results was due to the nozzle shape, not the minor
variability of skin properties, although one injection was made for each nozzle as presented
in Table 3-V. My previous experiments of tissue injections to determine the jet parameters
for each nozzle showed that the results of repeating injections are quite consistent in a
particular piece of skin. The variability in fluid dispersion due to inhomogeneity of skin
properties was considered later in Chapter 4 where three repeated injections were
performed for each nozzle.
Lancet penetrations typically penetrate skin by 1.6 mm to 2.2 mm in order to disrupt
capillaries and a few deeper blood vessels, including arterioles and venules (Yum & Roe,
1999). According to World Health Organisation guidelines, lancet penetration from a
finger-prick should not go beyond 2.4 mm (World Health Organization, 2010). The
small slot 2 nozzle satisfies this requirement while also producing a reasonably wide
dispersion with a small amount of fluid delivered in the tissue. Thus, the small slot 2 nozzle
was used to investigate its potential to release blood from porcine ears and human
fingertips, as described in the next two chapters. The large slot nozzle which has the largest
outlet area, and results in shallow penetration, was used to discover tissue disruption, as
reported in Chapter 4. It is thus involved in testing blood sampling from fingertips in the
pre-trial testing in Chapter 5.
However, jet injection beyond 2.4 mm into the subcutaneous layer with a reasonably small
volume of fluid may still be used to test its potential for blood sampling, since jet injection
of medication such as insulin into fat has been broadly used. The fluid seems to follow the
weakest path and presents a sponge-like dispersion pattern in the fat (Chang, 2014). The
collimated jet stream through the cylinder 2 nozzle resulted in the second deepest
penetration into the shallow subcutaneous layer across all nozzles, with a relatively small
dispersion width (Table 3-V). The cylinder 2 nozzle was thus used to investigate its ability
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to disrupt tissue, especially blood vessels, as reported in Chapter 4. It is also used to test its
potential to extract blood from fingertips in Chapter 5.
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3.4 Conclusion
An initial step towards establishing a lancet-free blood sampling technique by using a jet
injector was to develop nozzles with the potential to penetrate skin and disrupt blood
vessels in a manner similar to that of a finger-prick. Thus, various slot-shaped nozzles were
designed to mimic the wound shape produced by the lancet. This chapter introduces the use
of the large slot nozzle, which is designed to enhance the blood collection following jet
injection compared to the small slot nozzles. The cylinder and cone nozzles were also
studied, to investigate the effect of nozzle shape on the resulting jet shape and tissue
penetration. The various nozzle geometries explored created various jet shapes which were
able to penetrate porcine skin and resulted in different dispersion patterns in tissue.
Additionally, this work has demonstrated the potential for performing shallow injections,
within the standard penetration depth of a lancet prick, using low-volume and slightly
divergent jets through small slot 2 and large slot nozzles. The collimated jet through the
cylinder 2 nozzle penetrated porcine skin up to the shallow subcutaneous layer, with a small
dispersion width. This opens the possibility of creating shaped fluid jets for the purpose of
blood release. This technique may prove to be a more acceptable alternative to the lancetprick blood collection method.
The efficacy of jet injection using the small slot 2 nozzle for capillary blood collection is
also evaluated on living porcine ear, as described in Chapter 4. Since the aim of this work
is to induce blood release, it is important to understand the disruption of jet injection to the
tissue, especially blood vessels. The tissue disruption following a lancet prick, and jet
injection with the cylinder 2 and large slot nozzles, is investigated extensively in Chapter 4.
A human trial is conducted to examine the possibility of using various shapes of jets to
penetrate skin and release blood from human fingertips, as described in Chapter 5. Four
nozzles i.e., the small slot 2, cylinder 2, medium slot, and large slot nozzles are included in
the pre-trial testing.

CHAPTER 4
Tissue disruption and blood release in
pigs
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The following chapter includes substantial content from the articles “Blood Collection from
The Porcine Ear Using a Jet Injector” (Xu, McKeage, Ruddy, Nielsen, & Taberner, 2020)
and “Jet-Induced Tissue Disruption for Blood Release” (Xu, McKeage, Ruddy, Nielsen, &
Taberner, 2022).
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4.1 Introduction
A key step towards a single needle-free device for glucose testing and insulin delivery is
establishing whether a jet injection can be used to release sufficient capillary blood for a
glucose test. While capillary blood retrieval has never been performed using a needle-free
jet injector, observations of bleeding and bruising post injection have been reported in some
delivery trials (Mitragotri, 2006).
In Chapter 3, circular and rectangular nozzles were constructed to investigate the effect of
nozzle shape on the resulting jet shape and tissue penetration. The small slot 2 nozzle was
designed to mimic the wound shape of a lancet prick, and produced shallow penetration
into skin, with a relatively wide dispersion pattern compared to other nozzles. In
Section 4.2, the small slot 2 nozzle is thus used to explore the possibility of blood collection
from living porcine ear using a jet injector.
The porcine outer-ear is chosen as a model of human fingertip because it has the highest
rate of subcutaneous blood flow among various regions of pig skin (Monteiro-Riviere &
Riviere, 2005), and similar capillary density to that of humans. The structure of capillary
loops and their cellular components in the porcine outer-ear skin are similar to the human
cutaneous microvasculature (Meyer, Kacza, Zschemisch, Godynicki, & Seeger, 2007). The
skin thickness of porcine ear is about 1 mm (Turner, Pezzone, & Badylak, 2014), and 2 mm
including perichondrium (Jacobi et al., 2007). The porcine ear is thus a suitable site for
topical immunization, including delivery of intradermal vaccines for animals.
The potential of using jet injection with the small slot 2 nozzle to mimic the lancet prick
can also be evaluated by using X-ray microtomography (microCT). MicroCT can obtain
3D information of whole animal tissues non-destructively at a high resolution. It has been
used to visualise structures of human skin and gunshot wounds on human skin (Giraudo et
al., 2016; Walton et al., 2015). It has also been used to determine the dispersion patterns of
the injectate in porcine tissue following jet injection using an iodine-based CT contrast
solution or X-ray radiopaque dye such as gold nanoparticles as the injectate (Chang, 2014;
Li, Ruddy, & Taberner, 2016).
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In Section 4.3, microCT imaging is used to evaluate the wound geometry induced by a
lancet prick and jet injection with the small slot 2 nozzle. It is also used to reveal the fluid
dispersion pattern in the tissue following jet injection with the small slot 2 nozzle.
Histological analysis of tissue samples can reveal more detailed information about
components such as blood vessels. Histology is commonly performed on thin (e.g., 10 µm)
sections cut from formalin fixed and paraffin embedded samples or snap-frozen tissue
samples. Endothelial cells of blood vessels such as arterioles, capillaries, and venules in the
porcine skin can be stained with antibodies specific to CD31 to reveal the vasculature in
the dermis (Debeer et al., 2013; Sauter, Foedinger, Sterniczky, Wolff, & Rappersberger,
1998). This is a more appropriate method for visualizing blood vessels than injection
techniques because CD31 allows collapsed or blocked capillaries to be seen.
In Section 4.4, histological analysis is used to investigate the disruption of tissue including
blood vessels, resulting from the lancet prick and jet injection with the cylinder 2 nozzle
and the large slot nozzle. Image analysis is performed on CD31 stained sections to evaluate
the disruption to the vascular endothelium and predict the volume of blood released via
three techniques.
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4.2 Study on blood release in a porcine model
In this section, a new lancet-free method of capillary blood collection for the measurement
of blood glucose concentration using a needle-free jet injector is presented. This technique
is tested on living animals and is directly compared to the current best practice, lancet prick.
Shallow jet injection into porcine outer-ear was performed using a portable needle-free jet
injector with the small slot 2 nozzle. The jet injections used about 25 µL of injectate to
penetrate porcine skin to a depth of about 1.4 mm, which is within the WHO standards for
capillary blood sampling (World Health Organization, 2010). The blood and fluid released
by the jet injections and lancet pricks were collected, and the volume and colour of these
samples were analysed.

4.2.1 Methods
4.2.1.1 Jet injection and lancing systems
The injector comprises a stainless-steel ampoule with a capacity of 60 μL, terminated with
a small slot 2 nozzle (as presented in Chapter 3), 60 μm wide by 220 μm long. The nozzle
was surrounded by an end cap to prevent the nozzle itself from applying excessive pressure
to the skin. Filling of the ampoule was accomplished by applying positive pressure to an
injectate-filled syringe pressed over the orifice. This technique was found to avoid the
inclusion of air bubbles in the injectate. The jet injection system (Figure 4-1) used in this
study, apart from the nozzle, has been described previously (Ruddy et al., 2019).
Fluid within the ampoule was ejected through the nozzle by propelling a stainless-steel
piston using a custom voice coil motor, with motor position feedback provided by a linear
potentiometer. The injector controlled the depth or volume of injectate delivered by
imposing a time-varying pressure profile on the drug volume (Taberner, Hogan, & Hunter,
2012). A custom, portable power amplifier and control system was used to drive the jet
injector (Ruddy, Dixon, Williams, & Taberner, 2017). For these experiments, I delivered
injections in ‘pulse mode’, where a constant voltage was supplied to the motor for a set
period of time.
Lancet skin penetrations were performed with a depth setting of 2.3 mm and a lancet
diameter of 0.63 mm.
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4.2.1.2 Experimentation
All experimental procedures were approved by the University of Auckland Animal Ethics
Committee as protocol #001933, and were conducted in accordance with the New Zealand
Animal Welfare Act 1999.
Four female pigs (mass of 37.0 kg ± 0.6 kg) were anesthetized using Zoletil with isoflurane
for the duration of the experiment (Ruddy et al., 2019). Their ears were cleaned with soapy
water, dried, and injection sites were preselected and marked by transilluminating the ear
and identifying sites that avoided large blood vessels (Figure 4-2). Injection sites for lancet
pricks and jet injections were selected to be adjacent to each other. After the experiments
were completed, the animals were euthanized by pentobarbital overdose.

Figure 4-1 The hand-held miniaturized jet injector (reproduced from (Ruddy et al.,
2019)) (A). Power amplifier (reproduced from (Ruddy et al., 2019)) (B). Illustration of
blood vessel disruption from jet injection (C).

Figure 4-2 Marking of injection and lancet prick sites on the left ear of Pig #2. Major
vessels (highlighted in red) were located by transillumination, and avoided.

64

Tissue disruption and blood release in pigs

Pigs received 58 lancet pricks and any blood released to the skin surface was collected with
a capillary tube (Kimble, 50 μL) which had an inner diameter of 0.9 mm. The length of the
blood column within these capillary tubes was measured against a visual length scale, and
converted to the equivalent volume. The minimum volume that was collectable by this
method was 0.16 μL.
The injection parameters (voltage, period) required to achieve shallow penetrations (1 mm
to 2 mm) were predetermined by performing repeated injections in post-mortem intact
porcine ear. Green tissue marking dye (TMDTM, Triangle Biomedical Sciences Inc.) was
added to the injectate, and jet injections were performed at increasing voltage until skin
penetration was observed. The injected sample was then sectioned to reveal the injection
depth and dispersion pattern of the dye in the tissue. The pulse period was then fine-tuned
until the desired injection depth was consistently achieved.
Jet injections (n=58) into in vivo ear skin were performed using the parameters determined
from the post-mortem trials: 110 V for a duration of 5 ms. The injectate included a
fluorescent dye (indocyanine green, AK Scientific) at a concentration of 10 mg/L in
distilled water. This dye can be used to measure the degree to which the injected fluid
dilutes the blood released from the injection site, as described elsewhere
(Madadkhahsalmassi, McKeage, Ruddy, & Taberner, 2020). The instrument currently used
to perform this measurement requires samples of at least 20 µL in volume.
The injector nozzle was held gently against the skin, using the weight of the injector to
provide a consistent contact force (1.5 N). Following injection, the fluid released at the
injection site was collected and analysed similarly to the lancet experiments. If the collected
fluid volume was less than 20 μL, only those samples that were yellow to red in colour
were considered to contain blood.
Tissue samples were collected from three of the penetration sites and fixed in 10 % buffered
formalin. The samples were then embedded in paraffin and sectioned in plane with the skin
surface at depths of 200 μm, 500 μm, and 700 μm below skin surface. The sections were
stained with Van Gieson solution and imaged using a digital microscope camera (Lecia
ICC50 W).
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4.2.2 Results
4.2.2.1 Jet injection parameters
The jet parameters required to penetrate to a particular depth are different for different jet
injection systems. Appropriate parameters were required to be determined, since a different
actuator and ampoule were used, compared to the desktop jet injection system that was
involved in Chapter 3. With an applied voltage of 110 V and a period of 5 ms, about 23 μL
of fluid was ejected from the nozzle in one jet injection; the slope of the steady-state coil
displacement plot implied an average steady state jet velocity of 170 m/s.
As the voltage and the period of pulse increased, the jet penetrated deeper into the tissue.
The jet injection of tissue marking dye into post-mortem intact pig ear achieved a desired
penetration depth of around 1.4 mm ± 0.3 mm (n=4), as shown in Figure 4-3. Due to the
cartilage underneath the skin, instead of going deeper into the tissue, the jet then spread
along the top surface of the cartilage.

Figure 4-3 Cross section through four jet injections of green tissue marking dye in ear
skin of an intact pig, showing consistent penetration depth of less than 2.4 mm.

4.2.2.2 The proportion of experiments resulting in blood release
Despite the anticipated suitability of the pig ear as a model of human skin, only some lancet
penetrations or jet injections resulted in the release of blood. The proportions of lancet
pricks and jet injections that resulted in blood release were 0.33 ± 0.15 and 0.29 ± 0.16
(mean ± standard deviation), respectively. The highest proportion of successful blood
extractions was observed in pig #3, as shown in Table 4-I. Pig #2 and #3 both exhibit a
slightly higher proportion of blood collection from jet injections than from lancet pricks.
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Table 4-I The proportion of injections that resulted in blood collection
Sampling method
Lancet prick
Jet injection

Pig #1
0.47
0.20

Pig number
Pig #2
Pig #3
0.28
0.44
0.33
0.50

Pig #4
0.14
0.14

4.2.2.3 The volume of blood mixture collected
The volume of blood or fluid collected both from lancet pricks and jet injections was less
than 1 µL on average; the volumes of blood mixture retrieved from lancet prick and jet
injection were 0.76 µL ± 1.94 µL (n=58) and 0.24 µL ± 0.43 µL (n=58) (mean ± standard
deviation), respectively. The lancet pricks generated more bleeding than jet injections on
average, with a larger variation in blood volume resulting from lancet pricks. No statistical
significance in the blood volume was found between different techniques of blood
collection and individual pig (two-way ANOVA; p > 0.01 for both independent variables),
as illustrated in Table 4-II.
Table 4-II. Summary of analysis of variance for the effect of pig and sampling method on
blood volume
Source
Pig
Method

Degree of freedom
3
1

Sum of squares
6.914
7.967

Mean square
2.305
7.967

F value
1.16
4.02

P value
0.332
0.050

Moreover, the fluid collected from the jet injection sites was a mixture of blood and
injectate, as shown in Figure 4-4. Blood was diluted to various concentrations among
different jet injections. However, the volume of the sample was too low to accurately
measure the degree to which the blood had been diluted by the injectate, since the

Figure 4-4 An example of bleeding after a jet injection into pig #1 (A). Corresponding
blood mixture collected in the capillary tube with a volume of 0.95 µL (B). The colour
of blood samples collected from pig #2 and #3 shows different concentrations of blood
and indocyanine green within the samples collected as a result of jet injection (C, D &
E). Scale bars are 10 mm in (A) and 5 mm for the rest.
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instrument currently used to perform this measurement requires samples of at least 20 µL
in volume.
4.2.2.4 Tissue effects
Figure 4-5 shows a histological section taken parallel to the surface of porcine ear skin after
performing a jet injection and blood collection. The van-Gieson-stained section exhibits
collagen fibres in red, and red blood cells and muscle in yellow. Picric acid, one of the
components of this stain, penetrates all types of tissues rapidly due to its small molecules.
However, small picric acid molecules are only retained in red blood cells and muscle since
they have a fine, close texture. Collagen fibres with larger pores allowed picric acid to be
displaced with another component of the stain. The zoomed-in histological image shows
haemorrhage in yellow, corresponding to an injection in which 0.64 µL of blood mixture
was collected. Little disruption was observed around the injection site.

Figure 4-5 Horizontal histological section taken parallel to surface of porcine ear skin
at 700 µm depth, after performing a jet injection on pig #2, showing haemorrhage
(yellow) around the injection site.
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At shallow depths (up to 500 µm below skin surface), minimal or no disruption was
observed. At 700 µm below the skin surface, some disruption of collagen fibres and blood
vessels was observed.

4.2.3 Discussion
This preliminary in vivo pig study demonstrates that it is feasible to release blood samples
from porcine ear skin by jet injection with a slot-shaped nozzle. This is the first reported
case of blood sampling with a jet injector on living animals, which represents an important
step toward needle free blood sampling and insulin delivery with a single device. While the
pig ear did not provide the volume of blood release I had anticipated, in many cases I was
able to retrieve blood from the lancing or injection site. The proportion of experiments in
which blood was released from lancet pricks was about 1.5 times higher than those from
jet injections among all four pigs. The rate of success varied across the pigs; pig #3 provided
a higher proportion of successful blood collection than the other three pigs.
Jet injections typically resulted in lower volumes of blood samples collected than did lancet
pricks. Moreover, both methods released blood samples of less than 1 μL, which is not
sufficient for a typical consumer glucose test that usually requires a 3 μL to 5 μL blood
sample (Feldman et al., 2000). Additionally, this volume was too small to allow
quantification of blood dilution. However, lancet pricks did not always result in a higher
proportion of blood collection than jet injections. For example, pigs #2 and #3 both exhibit
a slightly higher proportion of blood collection from jet injections than from lancet pricks.
This site-to-site variation could be due to the non-uniformly distributed vasculature
underneath the skin. Given the small number of injection sites available on porcine ear,
another suitable blood rich region with comparable skin properties may need to be
identified.
Previous studies showed that the liquid jet from jet injection typically does not penetrate
blood vessels in subcutaneous tissue and muscle, and instead follows the least resistant path
and spreads along the connective tissues surrounding blood vessels (Bennett, Mundell, &
Monheim, 1971; ElGeneidy, Bloom, Skerman, & Stallard, 1974). This might suggest that
blood retrieval using a jet injector is unlikely to be possible. However, the measurements
of bleeding and haemorrhage observed from the histology, as shown in Figure 4-5,
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demonstrate that some capillaries were ruptured from jet injection. Capillaries, as the
smallest blood vessels, have ultra-thin walls comprising only one layer of cells. The
absence of middle and outer layers, found in larger blood vessels, could be one of the main
reasons why jet injection is able to disrupt capillaries and retrieve blood. The resulting
wider dispersion of injectate, which provides greater efficacy of drug delivery, may provide
the possibility of capillary disruption at a larger scale.
The histological study demonstrated haemorrhage in the dermis at injection sites where
measurable blood release had occurred. Very little trauma was observed around the
injection site at shallow depths, which may aid wound-healing. As the jet penetrates the
skin, the tissue component is forced to deform, and split apart. Elastic fibres help the skin
to recoil back to its original shape after injection, especially in living animals. Formalin
fixation may also have an impact on the minimal trauma observed, as it leads to a 4.6 %
tissue shrinkage compared to fresh specimens (Tran et al., 2015). Disruption of collagen
fibres and blood vessels were mostly observed at 700 µm below the skin surface, at sites
where blood can be collected. This is not surprising, since the disruption of a larger blood
vessel deeper in the skin is likely to result in more bleeding.
The extent of haemorrhage and unwanted tissue damage is determined by the size of the
injury, i.e., the penetration area and depth for lancet pricks (Heinrich Fruhstorfer,
Schmelzeisen-Redeker, & Weiss, 1999), and 3-D jet disruption surface for jet injections. It
has been reported that a larger lancet diameter and penetration depth promotes bleeding
(Heinrich Fruhstorfer et al., 1999). As a lancet cleaves the skin, the prick results in a wound
that is smaller than the lancet’s dimensions. Jet injections with the small slot 2 nozzle
produced penetration to a depth of around 1.4 mm, which is shallower than the lancet
pricks. However, the jet dispersed laterally in the tissue, in this case along the surface of
the cartilage. It is therefore very difficult to predict and compare the volume of
haemorrhage caused by the two methods without performing further in vivo studies based
on live animals and/or humans.
This study has revealed that pig skin, specifically pig outer-ear skin, is not a good model
for blood collection from human fingertips. However, other regions of the pig may still be
a good model for blood sampling from other body sites. Although the capillary density in
pig ear skin is less than that of human fingertips, it is similar to most parts of human body
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skin (Antonios, Singer, Markandu, Mortimer, & MacGregor, 1999; Meyer et al., 2007).
Furthermore, porcine skin is the closest animal model to human skin in its other mechanical
properties, and porcine outer-ear skin is the preferred site for blood sampling due to its high
blood flow. Therefore, blood sampling from the porcine ear may be similar to blood
sampling from other body sites as they have similar capillary density. However, the pigs
were anesthetized during the experiment, which is likely to decrease the mean arterial
pressure and leads to a decreased blood flow to ear skin (Frink, Morgan, Coetzee, Conzen,
& Brown, 1992). This strengthens the need to conduct an in vivo human study to investigate
the performance of needle-free jet injections compared to lancet pricks for capillary blood
sampling from fingertips.

4.2.4 Conclusions
This work has demonstrated the feasibility of lancet-free blood sampling using a jet
injector. The jet injection system presented here was able to achieve a consistent
penetration depth shallower than a lancet prick, with an injectate volume of less than 25 µL.
Blood release resulting from these injections was shown to occur at a rate similar to that
resulting from standard lancet pricks. Histology of the jet injected tissue provided
additional evidence that this needle free technique was able to cause bleeding within the
tissue. This is the first reported case of blood sampling with a jet injector on living animals
which represents an important step toward needle free blood sampling and insulin delivery
with a single device.
While these findings are very promising, the volume of the blood samples collected
following both the lancet pricks and jet injections were too low for standard blood glucose
measurement. This can be attributed largely to differences between the porcine ear model
and the human fingertip, which emphasises the need to trial this technique in situ.
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4.3 MicroCT of lancet pricked and jet injected skin
To obtain 3D high-resolution information about the wounds resulting from skin
penetration, an additional lancet prick and injection with the small slot 2 nozzle were
performed into post-mortem porcine skin. The samples were then stained and scanned using
microCT imaging. MicroCT offers good contrast of mineralized tissue at a high resolution
(Metscher, 2009), and staining provides better contrast of low-absorbing features such as
fat against denser structures such as epidermis (Buytaert, Goyens, De Greef, Aerts, &
Dirckx, 2014; Silva et al., 2015). The most broadly used stains, based on inorganic iodine
and phosphotungstic acid (PTA), are easier to handle and much less toxic than osmium
(Metscher, 2009). PTA binds to collagens, fibrils, various proteins, and connective tissue,
providing strong X-ray contrast of soft tissues (Zikmund et al., 2016).
An additional jet injection was performed using a contrast medium to visualise the threedimensional fluid dispersion pattern in the tissue. This provides a better understanding of
the requirement of the penetration depth and, more importantly, the shape and size of
penetrating object (i.e., high-speed fluid jet for needle-free jet injection) for creating a
wound that disrupts blood vessels and releases capillary blood.

4.3.1 Methods
4.3.1.1 Sample preparation
Pig skin purchased from a butcher was used to test the experiment procedures and compare
the iodine and PTA staining results. Once the staining solution was chosen, and the
procedure developed, unmodified pig skin was obtained for visualizing the wound induced
by a lancet prick and jet injection. The porcine skin was harvested and prepared for
experiments as described in Section 4.3.1.
After defrosting at room temperature, one skin sample was pricked by a lancet with a depth
setting of 2.3 mm, and then stained. One injection with the small slot 2 nozzle was
performed using a rectangular pulse as described in Section 4.3.1, and the injected sample
was then stained before performing a microCT scan. Another injection was performed
using 15 % of an iodine-based contrast medium (0.647 kg/L iohexol, Omnipaque 300), and
the injected sample was then scanned.
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The wound was marked under a reflection microscope, using a mixture of glue (Tacky table
adhesive C.C.G. Industries, NZ) and ink, which was retained through the fixation and
staining process. The skin surrounding the wound was then cut into cylindrical samples
using a 3-mm skin punch biopsy (Paramount sterile dermal biopsy punch, Paramount
Surgimed LTD, New Delhi, India). The cylindrical shape helped stain tissue evenly and
allowed even penetration of X-rays from all directions. The underlying muscle layer was
removed.
4.3.1.2 Staining methods
Samples were chemically fixed in 10 % neutral buffered formaldehyde in phosphate buffer
solution for 24 hours before dehydration and staining. 10 % neutral buffered formalin was
used for tissue fixation, because it caused less swelling of skin samples than 4 % formalin,
especially for subcutaneous fat. It is believed that higher concentration penetrates the
sample faster, which prevents more cellular organelles from being lost, and reduces
artefacts introduced by drying. During each staining step, the sample was oscillated on a
mixer to ensure even coverage. A graded series of ethanol solutions was used to prevent
further and abrupt shrinkage of the fixed samples. The sample was immersed in 30 % and
50 % ethanol for 7 hours each. Next, the sample was dehydrated in two changes of 70 %
ethanol for 2 hours, and another 2 days, subsequently. Following this, the samples were
stained in either 1 %, 0.5 % PTA or 1 % wt. iodine with potassium iodide in 70 % ethanol
for two days.
4.3.1.3 Sample mounting
The sample was embedded in solidified cocoa butter and placed in a tube to avoid
movement artefacts during X-ray computed tomography scanning. A brass mount was used
to hold the tube in the micropositioning stage of a microCT scanner. A polypropylene
straw, which had a similar diameter as the brass mount, was cut into a tube and slid over
the exterior of the mount. Pure cocoa butter, melted at 57 ℃, was poured into the
polypropylene tube, leaving space for the sample, and solidified in cold water. Using cocoa
butter as the mounting medium makes it easy to separate the tissue from background since
cocoa butter absorbs relatively little radiation and is radiolucent compared to other
biological tissues such as epidermis and dermis. It also prevents drying and dimensional
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changes in samples, hence improving sample stability. The sample was placed as close as
possible to the middle of the polypropylene tube on top of the cocoa butter so that the Xray beam penetrated the sample evenly. More liquid cocoa butter was poured into the tube
and solidified in cold water.
4.3.1.4 MicroCT imaging systems
X-ray tomography imaging of the lancet-pricked wound in pig skin was carried out using
a microCT scanner (Brucker Skyscan 1172, Brucker microCT, Billerica, MA, U.S.A.)
which employs a 10 W X-ray source to emit X-rays and an 11 Mpixel cooled CCD camera
to detect and record projections after X-rays travel through the sample. The X-ray source
was pre-heated and took about 10 minutes to stabilize. Mounting of biological samples was
conducted during this period. A flat-field correction was taken to improve digital imaging
quality, and a 0.25 mm aluminium filter was placed in front of the source. This filter was
used to attenuate low-energy X-ray radiation before reaching the sample, minimizing
nonlinear X-ray absorption.
For samples that had been stained to investigate the wound resulting from a lancet prick
and jet injection, a voxel size of 1.22 µm was chosen. These samples were imaged using a
source voltage of 77 kV, a source current of 124 µA, and an exposure time of
1.09 s/projection. The sample was rotated in 0.2° increments and a projection was recorded
every time the sample was rotated. Each frame was an average of two images. Random
movements of four pixels were applied at the acquisition phase to minimize the ring
artefact. A series of 1802 images resulted, each with a resolution of 4000 pixels ×
2664 pixels, and a pixel size of 1.22 µm.
For the sample that had been injected with the contrast medium to investigate the dispersion
pattern, a voxel size of 3.49 µm was achieved. This sample was imaged using a source
voltage of 64 kV and a current of 155 µA. The same setting of frame averaging, and random
movements were applied. During the 360° scan, an image was taken every 0.4°. A series
of 2050 images resulted, each with a resolution of 4000 pixel × 2664 pixel, and a pixel size
of 3.49 µm.
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4.3.1.5 MicroCT post-processing
Dataviewer (SkyScan, Kontich, Belgium) was used to properly align the wound or the
dispersion pattern in case the position of the sample was distorted, and obtain the sections
of the sample in three planes (transverse, coronal and sagittal). This series of images was
then reconstructed into a 3D volume using NRecon reconstruction software. The
reconstructed transverse images were segmented to visualise the wound using ImageJ
Trainable Weka Segmentation, which is based on classifier training. Regions of interest
were manually annotated and assigned to different classifiers (e.g., wound and skin) in a
few images in order to train the classifiers and segment the remaining data automatically.
The 3D view of segmented lancet-pricked, and jet-injected wound in porcine skin was
demonstrated in ImageJ 3D Viewer. The dispersion pattern of the contrast medium within
the reconstructed volume was visualised using CTVox.

4.3.2 Results
Denser tissue such as epidermis transmitted fewer X-rays and appeared darker than other
tissue, as shown in Figure 4-6. The minimum percent value of the X-rays transmitted
through the iodine stained sample within the dermal slice (shown as the blue line in Figure
4-6) was 16.5 %. Nevertheless, for the PTA stained sample, there was at least 5.9 % X-ray
transmission through the dermal slice selected. Initial experiments showed that PTA
outperformed iodine solution for staining the porcine skin; the staining of the adipose tissue
occurred more strongly with PTA than iodine solution as illustrated in Figure 4-6. Hence

Figure 4-6 The transmission images obtained from sample stained with iodine solution (left)

and 1 % PTA solution (right) using microCT. The blue dashed lines show the selected slice
within the dermis region of sample. The red line illustrates the intensity of X-rays
transmitted through the blue slice.
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PTA was a preferred staining solution for the morphometric microCT study of wound shape
in porcine skin. The sample stained with PTA also showed the boundaries more clearly.
However, staining with 1 % PTA was found to be too opaque, and thus 0.5 % PTA staining
solution was used when fresh skin was obtained. The porcine sample stained with 0.5 %
PTA yielded better contrast with a 9 % minimum transmission, as illustrated in Figure 4-7.

Figure 4-7 An X-ray projection image of porcine skin that is fixed with 10% formalin and
stained with 0.5% PTA solution. The blue dashed line on the graph shows the slice selected
across the different layers of sample. Red plot illustrates the intensity of X-rays transmitted
through the slice in the sample.

The CT data of the lancet-pricked sample were rotated and aligned to obtain sections of the
sample in three planes (transverse, coronal, and sagittal), as shown in Figure 4-8, in
preparation for further data processing. The wound shape, as viewed from the skin surface,
corresponded well with the tri-face shape of lancet; a large needle arc and two side bevels
on each side of the primary bevel, as illustrated in Figure 4-9.
The depth that the lancet penetrated, according to the CT scan, was approximately
1.04 mm. At the top of the cut, the distance along the long axis and short axis was about
350 µm and 160 µm, respectively. At the bottom of the cut, the distance along the long axis
and short axis was approximately 250 µm and 110 µm, respectively. It is also notable that
the surface of pig skin had many wrinkles which affected the segmentation result of the
slices near the sample surface. These slices were therefore avoided during the
segmentation.
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Figure 4-8 A screenshot of alignment of the CT data in three planes using Dataviewer.

Figure 4-9 The side view (left) and top view (right) of microCT images of a 10 % formalin
fixed and 0.5 % PTA stained porcine skin sample, showing the wound introduced by the
lancet, marked by the white ovals. The red dashed line indicates the location of the

segmented slice demonstrated in Figure 4-10 (~0.52 mm deep in the tissue).
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A total of 382 transverse slices were selected for post processing. The segmentation of an
example slice of the wound is shown in Figure 4-10. The 3D view of the reconstructed
wound demonstrated that the lancet produced an approximately slot-shaped wound with an
aspect ratio of slightly over two.
A circular hole with a diameter of approximately 150 µm was observed on the skin surface
of a sample that had been injected with the small slot 2 nozzle, as shown in Figure 4-11.
The wound resulting from jet injection was approximately 1.15 mm deep and 0.56 mm
wide, similar to that of a lancet prick. A moderately narrow channel of tissue disruption
from the slot-shaped jet was observed across the dermis of the sample, as demonstrated in
Figure 4-11 & Figure 4-12. This wound shape was similar to that of a lancet prick. Two
A

B

100 µm

Figure 4-10 An example slice, which was segmented by classifier training, illustrates the

lancet-prick wound represented by white pixels (A). The location of the segmented slice is
indicated in Figure 4-9 with red dashed line. The 3D segmented result (B) was visualised
in ImageJ 3D Viewer.

Long axis

Figure 4-11 The side view (left) and top view (right) of microCT images of a 10 %
formalin fixed and 0.5 % PTA stained porcine skin sample, showing the wound
introduced by jet injection with the small slot 2 nozzle, marked by the white ovals.
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anecdotal images of stained porcine skin wound geometry are shown here; these were
typical of what I observed across several lancet pricks and jet injections into skin.
Jet injection using the contrast medium formed a blister on the skin surface, and showed
significant dispersion in the dermis, as shown in Figure 4-13. The rendered structures were
displayed in false colour to enhance the visual perception of the injectate against the tissue.
The dispersion pattern of the contrast medium injected into the tissue was approximately
1.91 mm deep and 2.97 mm wide, comparable to that reported in Chapter 3. The injectate

Figure 4-12 3D segmented wound within a porcine skin sample caused by jet injection

with the small slot 2 nozzle.

Long axis

Dermis

Subcutaneous
fat

Figure 4-13 The side view (left) and top view (right) of microCT images of a porcine skin
sample, showing the dispersion pattern introduced by jet injection with the small slot 2

nozzle using the contrast agent, marked by the blue pixels. The side view of the dispersion
pattern was taken through the injection site. The top view of the dispersion pattern was
taken at 0.4 mm below the skin surface (indicated by the white dashed line).
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had been diffused into the tissue, forming an oblate spheroidal dispersion pattern, unlike
the wound shape observed from the lancet prick.

4.3.3 Discussion
MicroCT scanning of a porcine skin sample stained with 0.5 % PTA revealed the skin
layers and wound geometry induced by a lancet prick and jet injection with the small slot 2
nozzle. Both methods resulted in a narrow non-cylindrical channel of tissue disruption
across the dermis with similar depth and width. The reconstructed micro-CT scan of a tissue
sample following jet injection by the contrast medium demonstrated comparable
dimensions of dispersion pattern as reported in Chapter 3. The injectate diffused into the
surrounding tissue, which may be mixed with blood after jet injection, leading to a diluted
blood sample being collected.
The wound, as viewed from the skin surface, had an arc shape and two symmetrical edges
(Figure 4-9), which corresponded well with the tri-face shape of the lancet. Three face bevel
lancets use two edges to push the skin apart in order to disrupt blood vessels and create a
space into which blood can be released. Beneath the skin surface, the skin sample pricked
by a lancet exhibited a slightly curved slot-shaped wound which has an aspect ratio of
around two. This wound shape acquired from the microCT imaging presented more
information about the wound than the literature, where a “C-shaped” wound in skin has
been reported to be observed (Verdonk & Lum, 2001). The observation of the two
symmetrical edges of the wound by microCT imaging could be due to the faceted cutting
edges of the lancet. The arc shape observed from the skin surface was predominantly
formed from the outside of the needle arc when inserting the lancet tip into the skin. This
microCT based method revealed a better wound geometry due to the fixation of the skin
sample directly after the prick, preserving the wound shape, and the micron level resolution
of the microCT scanner.
The wound resulting from a lancet prick exhibited a depth of approximately 1.04 mm,
which is shallower than its designed penetration depth of 2.3 mm. This could be due to the
tautness of the skin when a lancing device is pressed against the skin surface (Verdonk &
Lum, 2001). The lancet may travel an extra distance before penetrating the skin, resulting
in a shallower penetration in the less taut skin. The width of the lancet cut (350 µm at the
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skin surface) was also much smaller than the lancet’s outer diameter (640 µm).
Additionally, the wound resulting from jet injection was smaller than the dispersion pattern.
The smaller than expected dimensions may result either from the mechanical properties of
the porcine skin or the change of tissue shape due to the chemical reactions during fixation
and staining. The mean percentage of shrinkage of cutaneous tissue post-fixation in length
and width was 21 % and 12 %, subsequently (Kerns et al., 2008). This suggests that the
wound may have a larger depth of 1.32 mm and a width of approximately 400 µm at the
skin surface.
The Young’s modulus of porcine abdominal skin from 3-month to 4-month-old pigs
(0.5 MPa) is similar to that of human abdominal skin (0.3 MPa) (Baxter & Mitragotri,
2005). However, the Young’s modulus of the porcine stratum corneum increases after
freezing, indicating more stress is required for frozen pig skin to achieve the same amount
of strain compared to fresh pig skin (Ranamukhaarachchi et al., 2016). In addition, pig skin
that has been through the freeze-thaw cycle yields a decrease in stiffness, and an increase
in work required to break the stratum corneum of the skin (Ranamukhaarachchi et al.,
2016). These changes of mechanical properties due to freezing suggest that the lancet may
blunt the tip more when being inserted in frozen porcine skin, and result in a shallow and
incomplete incision, increasing the tendency of the needle to flex. Furthermore, each step
of tissue preparation, such as freezing, fixation, and ethanol dehydration could introduce
artefacts which result in the change of shape of biological samples and cell alteration or
distortion (Buytaert et al., 2014). This might also have contributed to the skewing of wound
as demonstrated in Figure 4-9.
A lancet with a diameter of 0.64 mm and a jet with a length of 0.22 mm is large enough to
disrupt the capillary wall (4 µm to 10 µm in diameter) and cover the space between the
capillaries (mean separation of ~40 µm between adjacent capillaries). However, the skin
sample imaged by the microCT showed a loss of resolution and was unable to reveal details
of the capillary network, possibly due to the dense epidermis blocking X-ray transmission.
Perfusion of contrast media in the blood vessels would improve the quality of imaging of
skin vasculature. However, challenges remain in accessing the systemic vascular perfusion
of pigs. Histology could be an effective method to visualize the disruption of skin
vasculature with relative ease.
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4.3.4 Conclusions
The lancet wound shape demonstrates that an asymmetrical jet might be useful to penetrate
skin and disrupt blood vessels in the dermis of the skin. A slot-shaped fluid jet with a length
of around 200 µm is able to create a wound with similar shape and dimensions to a lancet
across the dermis. Jet injection with the small slot 2 nozzle thus has the potential to release
capillary blood in a manner similar to a lancet prick. The injectate diffused into the tissue,
creating a fluid dispersion pattern larger than the dimensions of the wound. This may
explain the process of blood dilution by the injectate following jet injection. To obtain
further information about the disruption of blood vessels, histology of skin samples
following a lancet prick and jet injection with nozzles that have the potential to disrupt
capillaries will be performed.
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4.4 Histology of tissue disruption from lancet pricking and jet
injection
The results of blood release from porcine ear demonstrated that jet injection with the
small slot 2 nozzle resulted in a much smaller volume of blood mixture than a lancet prick.
In order to increase the rate of blood release, and the volume of blood samples, a large slot
nozzle was developed to improve disruption of blood vessels, as described in Chapter 3.
This section compares the disruption of porcine skin induced by three techniques of
retrieving capillary blood samples: jet injection with a standard circular cylinder 2 nozzle
and a large slot nozzle, and current best practice, lancet prick. The comparisons include the
size and geometry of the wound and the disruption to the vascular endothelium. The
disruption of tissue, including blood vessels, is studied by performing histology image
analysis after staining the vascular endothelium in the samples that have been injected.
Here, the analysis of the wound caused by both methods is focused on the tissues up to
1.4 mm beneath the skin surface, because the subpapillary venous plexus is about 1 mm to
1.5 mm below the skin surface (Braverman, 1997). This depth also marks the boundary
between the papillary and reticular dermis. We investigate the disruption of the vascular
endothelium observed in jet injected and lancet pricked samples to estimate and compare
the volume of blood that could be released from a jet injection and a lancet prick.

4.4.1 Materials and methods
4.4.1.1 Tissue experiments
The frozen and thawed porcine skin samples were prepared, as described in Section 3.2.7,
to visualise the wound on the skin surface following a lancet prick. The expected puncture
region of the skin was marked with an 8 mm circle on the surface. Drop(s) of green tissue
marking dye was applied inside the expected puncture region. The lancet device was
opened to provide access to the lancet before the puncture. The lancet tip was dipped in
green tissue marking dye and carefully assembled back to the lancet device, making sure
each drop of dye was present at the lancet tip. The lancet device was then placed against
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the skin surface over the circular mark and triggered to create a skin incision. The lancing
device had an outer diameter of 0.64 mm and a depth setting of 2.3 mm.
The frozen and thawed porcine skin was also prepared to visualise the wound on the skin
surface resulting from jet injection. Jet injection with the large slot nozzle was performed
using the rectangular voltage pulses as described in Section 3.2.7. Jet injection with the
cylinder 2 nozzle was performed using a Comfort-inTM injector, creating a circular jet
travelling at 200 m/s for a duration of approximately 2 ms. Distilled water was used as the
injectate.
Following a lancet prick or jet injection, further drops of dye were applied over the puncture
site after the perforation, and the skin near the puncture site was gently massaged to allow
additional dye to flow into the wound. The wound images at skin surface were captured by
a digital microscope (5MP USB 2.0 Digital Microscope, QC3199, DigiTech®).
The fresh porcine skin was used for histological examination of tissue disruption. The skin
was cut into square samples and given lancet pricks and jet injections within 2 hours after
collection from pigs that had been recently sacrificed. Jet injection using the circular and
slot-shaped jets was performed as described in last sub-section. Each of the three methods
was repeatedly performed on three samples for histological examination of wound
geometry and damage to the vascular endothelium.
4.4.1.2 Histological section preparation for examining tissue properties
Lancet pricked and jet injected porcine skin samples were cut into 6 mm diameter samples,
followed by snap-freezing in a cooling bath of dry ice mixed with acetone. The samples
were then embedded in O.C.T. (Optimum Cutting Temperature) Compound (ScigenTM) and
sectioned transversely using a microtome (CM1950, Leica Biosystems). The 10-µm-thick
sections were collected at 100 µm intervals from 300 µm to about 1400 µm. Transverse
images of the samples were taken while sectioning the sample that had been pricked by a
lancet. The sections were stained with CD31 (ab28364; Abcam; dilution 1:50) for the
vascular endothelium and counterstained with haematoxylin for nuclei. Sections were
imaged using the VSlide (MetaSystems GmbH, Altlussheim, Germany) automated slide
scanning microscope, at the Biomedical Imaging Research Unit at the University of
Auckland.
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4.4.1.3 Image processing
All of the brightfield images were processed using Fiji (ImageJ) as demonstrated in Figure
4-14. In this study, a wound was defined by the extent of tissue disruption arising from

lancet pricks and jet injections, including tissue marking dye and voids (i.e., the space
resulting from tissue displacement). Following the definition of a region of interest (ROI)
selection and background subtraction, colour deconvolution was performed to extract the
brown pixels (from CD31 staining) that indicate capillaries, and green pixels representing
the extent of the tissue marking dye (Figure 4-14). Thresholding was then performed to
isolate the extracted coloured pixels from the background (other tissue).
Voids caused by the jet injection were segmented by thresholding (Figure 4-14). The
resulting images representing voids and tissue marking dye were combined to determine
the boundary (i.e., convex hull) of the wound, which was outlined in yellow as shown in
Figure 4-14. The brown pixels (capillaries) that intersected with the voids and green pixels
(tissue marking dye) were extracted through morphological reconstruction. This method
reconstructs a marker image (showing the voids and tissue marking dye) by constraining it
to a mask (exhibiting the capillaries). The markers propagate within the mask until they fill

Figure 4-14 An illustration of image processing of a histological image to determine the

wound boundary (outlined in yellow) and area of vascular endothelium that was intersected
with the wound. The final rendering (right) shows the disrupted vascular endothelium
scaled up by a factor of 2 for better visualisation of the sparse data.
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the selected regions. Wound characteristics such as depth, perimeter, and area of tissue
disruption were measured as described in the following subsection.
4.4.1.4 Wound metric definition and calculation for analysis
The perimeter of the wound was measured as the circumference of the convex hull of
wounds, including dye and voids resulting from the tissue displacement. The wound
perimeter represents the boundary between unaffected tissue, and tissue displaced by the
lancet or jet. The wound area was measured by the area of the convex hull of the wound
and reflects the extent of tissue displaced and disrupted by the lancet and jet. The wound
surface area was calculated by integrating inside the wound perimeter at each depth.
Additionally, the wound volume was calculated by integrating the wound area across depth.
The ratio of void area to wound area was also calculated. The wound aspect ratio was
determined as the ratio of major axis to the minor axis of the wound.
Within the range of depths chosen for histological sections (i.e., up to 1.4 mm), most
endothelium that stained brown was associated with capillaries. The intersected capillary
area was measured as the area of stained vascular endothelium that intersected with green
tissue marking dye and voids. The volume of capillaries intersecting with the wound was
also calculated by integrating the intersected capillary area across depth.
The intersected capillary area was divided by the capillary density of each section and the
result was integrated across depth to achieve the scaled intersected capillary volume. In this
thesis, the capillary density was defined as the area ratio of vascular endothelium within
the selected ROI which was outside the wound boundary to its corresponding ROI. The
intersected capillary disruption volume induced by skin puncture was then predicted based
upon the capillary density of 5 % at palm from (Pasyk, Thomas, Hassett, Cherry, & Faller,
1989) —scaled intersected capillary volume in porcine samples multiplied by the capillary
density, and integrated across depth.
Assuming that all of the disrupted vascular endothelium belongs to capillaries, the
estimated volume of blood released from the blood sampling at hand was calculated using
the following equation:
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𝑉 = 𝐴𝑣𝑡

Equation 4-1

In which 𝐴 is the cross-sectional area of disrupted capillaries, 𝑣 is the blood flow velocity
in capillaries (i.e., 1 mm/s in fingers from (Noon, Haynes, Webb, & Shore, 1996)), and 𝑡 is
the collection time of 30 s. The cross-sectional area of disrupted capillaries was calculated
from the intersected capillary disruption volume (as calculated above) and the length of
capillaries (i.e., 0.15 mm in hands from (Davis & Lawler, 1958).
Another method of estimating blood volume was also based upon Equation 4-1, where 𝐴
is the total cross-sectional area of blood vessels available for disruption within the wound
area, 𝑣 is the blood flow velocity in capillaries (1 mm/s), and arterioles and venules
(2.94 mm/s from (Cheung, Perez, & Chen, 1999)), and 𝑡 is the collection time of 30 s. The
total cross-sectional area of vessels was calculated based upon the wound area, the number
of vessels present within each cutaneous unit at each 100 µm up to 1.4 mm deep in the skin,
and the cross-sectional area of an individual vessel at different depth (Cevc & Vierl, 2007).

4.4.2 Results and discussion
4.4.2.1 Wound resulting from lancing and jet injection
A typical skin condition at the injection site induced by jet injection of coloured dye into
post-mortem porcine skin surface is illustrated in Figure 4-15. With the bleb formation at
the injection site, it is hard to visualise the wound at the skin surface. A crater-like erosion
of epidermis was observed around the wound resulting from jet injection with the large slot
nozzle as demonstrated in Figure 4-15. Jet injection with the cylinder 2 nozzle with onethird the area of the slot nozzle generated a smaller wound on the skin surface (Figure 4-15).
The lancet prick into pig skin resulted in a relatively small cut on the skin surface (Figure
4-15).
Transverse images of the tissue block that had been pricked by a lancet are illustrated in
Figure 4-16 at depths of 410 µm, 540 µm, and 730 µm. The lancet prick induced a slitshaped wound with a high aspect ratio. As the lancet penetrated deeper to around 500 µm,
the wound shape became slightly triangular which correlated with its tri-bevelled tip. The
wound regained its slit shape as the lancet penetrated at a depth of around 600 µm. The
aspect ratio of the wound reduced with depth. Disruption of capillaries was observed in a
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lancet-pricked pig skin sample at around 610 µm below skin surface, where the
subpapillary plexus locates in the human fingertip skin.
4.4.2.2 Histology characterisation
Wound depth, perimeter, area, volume, and shape resulting from lancet pricks and jet
injections were analysed. Wound analysis focused on the tissue penetration from 0.3 mm
to about 1.4 mm under the skin surface, since the sub-papillary venous plexus, the target to
be reached by a lancet for sufficient blood collection, is located 1 mm to 1.5 mm below the
skin surface (Braverman, 2000).
A

B
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Figure 4-15 Photograph of the surface of post-mortem porcine skin (A) after jet injection
of coloured dye using the large slot nozzle. The red dashed ellipse indicates the formation
of a skin bleb, with raised skin at the injection site. Photographs of skin surface after jet
injection of water using the (B) large slot and (C) cylinder 2 nozzles, and after a (D) lancet
prick, followed by dye diffusion on the skin surface. The red dashed path illustrates a
crater-like erosion following jet injection.

1 mm
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Figure 4-16 Images of wound induced by a lancet prick at depths of 410 µm, 540 µm and
730 µm in the skin.
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4.4.2.3 Histological images of capillary disruption
The potential vessel disruption for blood sampling was illustrated as green dye presenting
in the cavity of the vessel (Figure 4-17) and jet (green dye) or lancet rupturing along the
wall of vessels (Figure 4-18). The surrounding connective tissue and the vascular
endothelium (marked in brown colour) was disrupted by the lancet. The lancet prick
cleaved tissue and vessels apart, resulting in an approximately linear-shaped wound as
shown in Figure 4-18. Space between the tissue was observed predominantly around the
green dye that was injected in the samples.
A

B

C

Figure 4-17 Dye presenting in the lumina of vessels following jet injection into a porcine
skin sample at a depth of 790 µm (A), 890 µm (B), and 990 µm (C).
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Figure 4-18 (A) A transverse microscopic skin image of wound induced by a lancet prick

at 610 µm below skin surface. (B), (C) & (D) Examples of capillary disruption from jet
injection. Circles indicating locations of possible capillary disruption arising from a
liquid jet.
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Wound depth
The lancet penetrated 1.94 mm ± 0.22 mm (n=3) into porcine skin, which correlated with
the protrusion length of 1.92 mm found from the high-speed video capture. The depth of
penetration from jet injection with the large slot nozzle into porcine samples was
1.53 mm ± 0.32 mm (n=3). The penetration depth of jet injection into porcine samples with
the cylinder 2 nozzle was 3.37 mm ± 0.12 mm (n=3).
Wound perimeter
A high degree of consistency in wound dimensions was seen across the repeated injections
using each method. The average perimeter of the wound up to 1.4 mm deep in the tissue
was largest (~13 mm) for the wounds induced by the circular jet, lower (~6.5 mm) for
wounds induced by the slot-shaped jet, and lowest for a lancet-pricked wound (~1 mm)
(Figure 4-19). The lancet prick induced a wound with a perimeter about 6 times smaller
than the wound generated by a slot-shaped jet. The circular jet penetrated skin
approximately two times deeper than the slot-shaped jet, with about twice the average
perimeter of the wound produced by a circular jet up to 1.4 mm. The wound perimeter of
lancet-pricked samples decreased in deeper tissues under the skin. There was no obvious
difference in wound perimeter with depth (up to 1.4 mm) for samples injected with the slot
nozzle (Figure 4-19). Furthermore, there was an increase in the wound perimeter for
samples injected with the circular nozzle as tissue depth increased from 0.3 mm to 1.4 mm.
Wound area
The area of the wound resulting from all three techniques exhibited a similar trend with
depth as wound perimeter. The wound of lancet pricked samples showed a slight decrease
in an area deeper in the tissue, whereas the area of the wound caused by the slot-shaped jet
did not show any significant trend across depth. The consistent wound area with depth
indicated that the wound induced by a slot-shaped jet was relatively focused. Similar to the
trend of wound perimeter, the wound area caused by the circular jet increased as the jet
penetrated into the dermal layer (up to 1.4 mm), indicating a dispersing penetration pattern
in the tissue. The circular jet penetrated about twice as far into the skin than the slot-shaped
jet, creating a wound area that was 4 times larger.
The average ratio of void area to entire wound area was similar (more than one-fifth) for
lancet-pricked samples and samples injected by using a slot-shaped jet. No obvious trend
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of the ratio with depth was observed. However, the ratio for jet injection with the circular
nozzle increased at depths from 0.3 mm to 0.6 mm, and leveled off to a similar ratio to
other two techniques as going deeper in the skin.
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Figure 4-19 (A) Wound perimeter of three lancet-pricked samples across depth. (B)

Wound perimeter of three samples injected by slot-shaped jets through the large slot
nozzle. (C) Wound perimeter of three samples injected by circular jets through the
cylinder 2 nozzle. The symbols represent each of the three samples.
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Wound aspect ratio
Lancet pricks induced slit-shaped wounds with the largest aspect ratio (maximum of around
five amongst all samples) and the largest variance among the three techniques. The aspect
ratio of the wound induced by lancing decreased to just below two deeper in the tissue. The
jet injected samples exhibited wounds that were more circularly shaped than those of the
lancet pricked samples. The wound maintained its slot shape with an aspect ratio of two up
to a depth of 500 µm in one sample that was jet injected with the slot nozzle. Beyond the
depth of 500 µm, the wound became more circular with a decrease in aspect ratio to a little
over one. In the other two samples that were jet injected with the slot-shaped jet, the wounds
remained circular with aspect ratios of slightly over one at all depths which was similar to
the wounds that were jet injected with the circular nozzle.
Wound surface area & volume
Jet injection with the circular nozzle induced the greatest wound surface area, about twice
the surface area resulting from the slot-shaped jet, which in turn was more than six times
larger than the surface area caused by lancet pricks (Table 4-III). With less than 40 µL of
liquid jet used to penetrate skin and disrupt the tissue, the wound volume resulting from jet
injection was dramatically larger than that from lancet pricks: 55 times larger for the slotshaped jet and 250 times larger for the circular jet (up to 1.4 mm), as shown in Table 4-III.
Table 4-III Characterisation of wound induced by lancet prick and jet injection

n=3
Lancet
Large slot
Cylinder 2

Wound
Wound
depth surface area
(mm)
(mm2)
1.94
1.53
3.37

0.828
5.59
11.9

Wound
volume
(mm3)
0.0431
2.38
10.7

Intersected
Scaled intersected
capillary volume capillary volume
(mm3)
(mm3)
0.000587
0.0246
0.0207

0.031
0.859
1.202

Estimated blood
volume from the
hand (µL)
0.3
9
13

Capillary disruption and blood volume
The measures of intersected/disrupted capillary volume allow the prediction of estimates
of vessel disruption resulting from the different penetration techniques. As demonstrated
in Table 4-III and Figure 4-20, jet injection with the slot-shaped jet disrupted the greatest
volume of vascular endothelium among the three techniques: slightly more than jet
injection with the circular jet, and around 40 times more than lancet prick across depth. Jet
injection with the circular nozzle disrupted deeper into the skin with a larger wound
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volume, but not necessarily disrupting more capillaries (up to 1.4 mm deep in the skin) in

Area of intersected capillaries (mm2)

comparison with jet injection through the slot nozzle.
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Figure 4-20 (A) Area of intercepted capillaries in three lancet pricked samples. (B) Area
of intercepted capillaries in three samples injected by slot-shaped jets. (C) Area of
intercepted capillaries in three samples injected by circular jets.
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The scaled capillary disruption volume was calculated as an estimate of the predicted
capillary disruption volume and blood volume resulting from blood sampling by jet
injection and lancet prick. The scaled capillary disruption volume of samples injected with
the circular jet and the slot-shaped jet was 40 times and 30 times the disruption volume of
the samples pricked by a lancet, respectively. Assuming that these blood collection
techniques were applied on the hand, which had a capillary density of 5 % (Pasyk et al.,
1989), the estimated volume of disrupted capillary was calculated up to 1.4 mm below skin
surface. The estimated volume of disrupted capillaries in the skin of hand resulting from
the lancet prick is 0.002 mm3. Jet injection with the slot and circular nozzle was estimated
to disrupt capillary volumes of 0.060 mm3 and 0.050 mm3 (up to 1.4 mm), respectively.
The estimated blood volume collected from hand following jet injection and lancet prick
was also estimated based upon capillary disruption volume up to 1.4 mm deep in the skin.
The circular jet injected was estimated to induce the greatest blood volume (13 µL) among
all three techniques, with the second greatest blood volume (9 µL) generated from jet
injection with the slot-shaped jet and the least blood volume (0.3 µL) resulting from the
lancet prick. The ratio of the estimated disrupted volume and blood volume between the
three techniques remained the same as the scaled capillary disruption volume. The
estimated blood volume produced by lancing was about one tenth of the blood volume
(3 µL) required for glucose testing. If 9 µL of blood was released at the hand by a
slot-shaped jet, the blood would be diluted around 6 times at most, given that around 40 µL
of fluid was used for jet injection.
Assuming one cutaneous unit occupies an area of more than 0.5 mm2 in human skin, around
4.5 blood vessels (i.e., 1.5 arterioles and 3 venules) are located at 0.5 mm deep in the skin
(Cevc & Vierl, 2007). Only part of an arteriole and 2 venules are thus available to be
disrupted at a depth of 0.5 mm for samples pricked by a 0.64 mm lancet. The wound area
of jet injected samples is used to estimate the number of blood vessels within the wound
area before injection. Around 50 and 23 arterioles and venules in total at a depth of 0.5 mm
have the possibility of being disrupted by the circular jet and slot-shaped jet, respectively.
When the lancet of 0.64 mm diameter penetrates perpendicularly into the subpapillary
venous plexus and deeper in the tissue up to 1.4 mm, a total of 89 capillaries, 11 arterioles,
and 12 venules are available to be disrupted. Assuming that blood flow velocities in
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capillaries are 1 mm/s (H Fruhstorfer, Müller, & Scheer, 1995) and 2.94 mm/s in arterioles
and venules (Cheung et al., 1999), the blood released from arterioles, capillaries and
venules in 30 s is estimated to be around 0.6 µL. Similarly, the volume of blood released
from the disruption of arterioles, capillaries and venules by the circular jet and slot-shaped
jet is estimated to be around 21 µL and 5 µL when penetration is up to 1.4 mm in the skin.

4.4.3 Discussion
This study examined the disruption of porcine tissue resulting from three interventions:
lancet prick, and jet injection with the large slot nozzle and cylinder 2 nozzle. The
slot-shaped jet was anticipated to mimic the slit-shape of the wound caused by the lancet
prick and release blood in a way similar to the lancet prick. The comparisons of tissue
disruption resulting from the three techniques focused on the geometry of the wound, and
the disruption to the vascular endothelium. The estimated blood volume released following
jet injection of the circular jet was the greatest among the three techniques. Jet injection
with the slot-shaped jet was estimated to result in less blood being collected, whereas lancet
prick was estimated to release the least blood volume (lower than the volume required for
glucose measurement). Collectively these findings demonstrate that jet injection has the
possibility to release capillary blood and provide sufficient blood for glucose measurement.
4.4.3.1 The comparison of wound geometry among three techniques
Wound shape
The wound shape, as viewed from the skin surface, shows that jet injection resulted in a
non-circular wound shape at the skin surface, while a lancet-induced puncture caused a
small slit-shaped cut. The slot-shaped jet resulted in a larger wound size at the skin surface
than the circular jet, since the cross-sectional area of the slot-shaped jet is almost three
times larger than the area of the circular jet. Furthermore, the larger size of the slot nozzle
means it requires more volume of fluid to be ejected to reach the penetrating velocity, which
may explain the crater-like erosion of epidermis around the injection site.
The high aspect ratio slot-shaped jet led to non-circular wound shapes just below the skin
surface but failed to maintain this shape deeper in the skin. The high-speed liquid jet cleaves
a path through tissue by pushing or tearing tissue apart, following the path of least resistant

4.4 Histology of tissue disruption from lancet pricking and jet injection

95

into the tissue (Bennett et al., 1971; ElGeneidy et al., 1974). Only one of the three samples
of tissue jet injected with the slot nozzle retained the slot-shaped wound with an aspect
ratio of two up to a depth of 500 µm. The anisotropic skin with anisotropic mechanical
property may prevent the jet shape from retaining its shape as it penetrates. The Langer’s
lines, corresponding to the natural orientation of collagen fibres, may also contribute to the
difficulty of maintaining the jet shape in the tissue. If the long axis of the slot-shaped jet
was aligned with the Langer’s lines, minimal tension across wound would be induced and
the jet shape might be better preserved in the skin. Additionally, the jet does not necessarily
create a single hole in the tissue. Instead, it follows the least resistant path and causes tissue
to be displaced. The diffusion of the jet in the skin at the end of jet injection and generation
of smaller voids near the edge of the wound also contributes to a round profile which may
over-represent the wounding.
Definition of wound boundary and wound size
The analysis of wound geometry and tissue disruption includes considering perfusion of
the dye through tissue, and voids (deformed tissue such as collagen fibres and vessels)
resulting from the injection of the high-speed liquid jet and lancet prick. The voids could
be caused by the formation of microcracks following jet injection and lancet prick, or
uneven freezing rates between the tissue and liquid dye injected. Microcracks are formed
by excessive tissue deformation during the penetration in the neighbourhood of the lancet
tip throughout the tissue (Comley & Fleck, 2011). The similar ratio of void area to wound
area among three techniques implies that green dye injected into the skin was not
responsible for all the voids in the samples, given that the jet injection introduced
high-speed liquid jet into the skin, unlike the lancet prick. Jet injection therefore is expected
to result in greater tissue deformation, greater diffusion of the dye, and hence more voids
than the lancet prick. Although the lancet is much larger than the size of the circular and
slot fluid jets, the lancet uses its sharp tip to cleave the tissue, inducing a much smaller
wound compared to the jet injections (Figure 4-19 & Table 4-III).
The decrease in wound area of lancet pricked samples with depth correlates with its small
wound volume. Jet injection into skin with the circular nozzle induced a nearly five times
greater wound volume and was anticipated to cause more tissue displacement than jet
injection with the slot nozzle. This is not surprising, given that the circular jet with a smaller
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area penetrated skin twice as far as the slot-shaped jet at a similar speed. The compliance
at the beginning of jet injection with the circular nozzle may have led to the formation of a
hole deeper in the skin before the hole goes deeper as the jet continues to impinge.
Nevertheless, a penetration depth of 3 mm in the early subcutaneous layer still allows
meaningful investigation of tissue disruption for potential capillary blood sampling. In the
future, the pulse length could be shortened to reduce the penetration depth for human tests.
4.4.3.2 Wound volume is not directly correlated with the number of vessels
disrupted by jet injection
The porcine samples were harvested from the same region in different pigs, of similar age
and weight, to minimize the variance of capillary density between skin samples. Assuming
that the capillary density within and outside the wound boundary is the same, the capillary
disruption volume already holds information about capillary density at different depth. The
lancet pricks induced smaller wounds and less disruption of vascular endothelium than jet
injection. Blood flow, and hence blood volume, are dependent upon the size of injury
caused by lancet prick i.e., lancet diameter and penetration depth (Heinrich Fruhstorfer et
al., 1999).
However, wound volume is not directly correlated with the number of vessels disrupted by
jet injection. Jet injection using the circular nozzle disrupted a lower volume of vascular
endothelium than jet injection with the slot nozzle, although it resulted in a much larger
wound volume. The circular jet might not target the subpapillary plexus where a high
density of arterioles and venules present and should be aimed at for capillary blood
sampling. Further disruption into the reticular dermis with lower blood vessel density could
result in inefficient disruption of blood vessels even with a larger wound area. After the
initial hole formation, the jet reduces in velocity and hence momentum due to jet expansion.
Towards the end of the injection, the jet velocity becomes lower than the threshold velocity
to penetrate further in the skin. Further incoming jet is then distributed into the surrounding
tissue, instead of disrupting the tissue for hole formation. Moreover, the potential formation
of ice crystals in the tissue is likely to over-estimate the area of voids within the wound,
and hence the volume of disrupted vascular endothelium.
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4.4.3.3 Two methods of estimating the volume of blood collected following three
potential blood collection techniques
The blood volume, estimated from the area of stained vascular endothelium that is disrupted
by jet injection, with either nozzle is larger than that by lancet prick. The scaled capillary
disruption volume of samples injected with the circular jet and the slot jet was 40 and 30
times the volume of the samples pricked by a lancet. As reported in the previous in vivo
pig study, the volume of blood collected at porcine ear by lancet prick was approximately
three times greater than that by jet injection with a small slot 2 nozzle with an area of more
than 20 times smaller than the lancet (Xu et al., 2020). Compared to the small slot 2 nozzle,
the large slot nozzle with a larger outlet area in this study created a relatively small
dispersion and wound volume but increased the chance of disrupting vessels with relatively
thin walls such as arterioles, capillaries, and venules. The possibility of using the high
aspect ratio slot-shaped jet through the large slot nozzle to cleave tissue, and increase the
volume of blood samples requires further investigation such as performing jet injection on
live animals, or humans.
The estimated blood volume, based on the area of stained vascular endothelium across
depth, differs from that calculated based on the blood vessel properties and the measured
wound area. The blood volume predicted using the first method was lower for samples
pricked by a lancet and injected with the circular jet, and higher for samples injected with
the slot-shaped jet, than the volume predicted using the second method. This is primarily
because the stained vascular endothelium is assumed to be ascribed to only capillaries,
which have lower blood flow than arterioles and venules. However, the calculation of blood
volume based on the area of stained vascular endothelium used the capillary density of
palm which is higher than most other parts of the body, except for fingertips.
Jet injection with both shapes of jets, and especially lancet prick at fingertips, were
anticipated to release more blood than the estimated blood volume achieved in this study.
Firstly, the resultant penetration of a lancet and circular jet was beyond 1.4 mm, where the
number of capillaries reduced dramatically, with most vessels being arterioles and venules.
This finding also suggests that a large proportion of blood volume could be dependent on
the number of arterioles and venules being disrupted for sufficient blood volume to be
collected and to measure the glucose level. Also, capillary blood sampling commonly
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involves milking of fingertips and typically requires around 3 µL of blood to be collected
for glucose measurement, compared to estimated blood volume of 0.3 µL and 0.6 µL
extracted in this study. Furthermore, both methods of blood volume estimation used the
parameter of hand or major areas of skin, other than fingertip, which is likely to cause more
bleeding due to its higher capillary density.
The disruption of capillaries by jet injection with either the slot-shaped jet or the circular
jet may release sufficient blood volume for glucose measurement, according to the
estimated blood volume estimated using both methods. However, voids may be produced
by either jet injection, the freezing artifacts, or both. The formation of voids due to the
freezing artifacts might overestimate the estimated blood volume. Furthermore, jet
injection introduces fluid in the tissue leading to the disruption of vascular structures, and
more importantly, the dilution of blood samples. The volume of diluted blood samples
required to produce an accurate measurement of the glucose concentration depends on the
degree of dilution, which cannot be determined in this ex vivo study. Although the green
dye travelling along the wall of arterioles and venules was occasionally observed in the
sections, it is still challenging to determine whether these vessels had been disrupted
without visualizing the vessels before and after the injection.
4.4.3.4 Future work
A human study is necessary in order to investigate the feasibility of using the jet injection
technique to puncture skin and collect enough blood for measuring glucose concentration
and blood dilution. Such a trial should first focus on extracting blood from the fingertips
since blood sampling from fingertips is expected to have the greatest chance of blood
release. In vivo jet injection is likely to cause a smaller wound than ex vivo injection, as
few voids were observed at the jet injected wound in living animals. However, any void
generation from the jet injection may contribute to a slower wound recovery which also
needs to be investigated in a human study, along with the pain sensation and site reaction.

4.4.4 Conclusions
We present a large slot nozzle that has the potential to be used with a needle free jet injector
for the purpose of capillary blood collection for monitoring the blood glucose
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concentration. Intradermal injection into porcine skin by using the large slot nozzle resulted
in half the penetration depth and one-fifth the wound volume of the jet injection with the
cylinder 2 nozzle up to 1.4 mm deep in the tissue. Nevertheless, the slot-shaped jet
disrupted more vascular endothelium in the tissue and can be expected to release more
blood than the circular jet. The wound volume does not directly correlate with the volume
of vascular endothelium being disrupted. The use of jet injection with the large slot nozzle,
to mimic a lancet-pricked wound and release enough blood and determine the dilution for
the glucose measurement, is next investigated in an in vivo human study.
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4.5 Conclusions
The small slot 2 nozzle resulted in a shallow and low-volume injection in the post-mortem
tissue, while producing a reasonably wide dispersion, as summarised in Chapter 3. The
small slot 2 nozzle was thus used to test the possibility of lancet-free blood collection using
a jet injector on living porcine ears. The results show that jet injection with a narrow
slot-shaped is a feasible technique for capillary blood sampling. Jet injection was able to
achieve a consistent penetration depth shallower than a lancet prick, with an injectate
volume below 25 µL. Some disruption of collagen fibres and blood vessels were observed
at 700 µm below the skin surface, corresponding to a certain volume of blood mixture
collected from the penetration site.
The wound shape caused by a lancet prick suggests that an asymmetrical jet might be useful
to penetrate skin and disrupt blood vessels in the dermis using microCT imaging. Jet
injection with the small slot 2 nozzle created a similar wound shape i.e., a narrow,
non-cylindrical channel across the dermis, compared to a lancet prick. The length and width
of the wound resulting from both methods were also similar to each other. Jet injection with
the small slot 2 nozzle, thus, has the potential to release capillary blood in a manner similar
to a lancet prick.
The results of the pig study also showed that jet injection resulted in a smaller volume of
blood samples retrieved from pig ears than a lancet prick. In order to increase the rate of
blood release, and the volume of blood samples, a large slot nozzle was developed to
increase the disruption of blood vessels, as described in Chapter 3. Intradermal injection
into porcine skin using the large slot nozzle disrupted more vascular endothelium in the
tissue than the cylinder 2 nozzle, although the large slot nozzle resulted in smaller
penetration depth and wound volume. Jet injection was estimated to release more blood
than a lancet prick. The cylinder 2 nozzle was anticipated to extract more blood than the
large slot nozzle.
Future investigations of blood sampling from human fingertips using custom nozzles such
as small slot 2 and large slot nozzles will be conducted. A precise measurement of blood
dilution for a low volume (< 1 µL) sample will also be investigated, in addition to the
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measurements of the blood glucose concentration. The blood volume, perceived pain, and
site reaction resulting from jet injection will be compared to that of a lancet prick.
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CHAPTER 5
Capillary blood collection from human
fingertips
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Conclusions

The following chapter includes substantial content from the article “Jet-Induced Blood Release From Human Fingertips: A Single-Blind, Randomized, Crossover Trial” (Xu,
McKeage, Ruddy, Nielsen, & Taberner, 2021).
This chapter presents the results of performing capillary blood sampling from human fingertips using jet injection, and measuring the blood dilution and glucose concentration of
the extracted fluid. This is an important step towards the final goal of using a single jet
injector to collect capillary blood samples in order to deliver an appropriate dose of insulin
based on a glucose measurement. The volume and dilution of fluid samples collected after
jet injection with two slot-shaped nozzles and a circular nozzle were compared to those
from a lancet prick, which acted as the control for this study. The perceived level of pain
and site reaction were also investigated.
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5.1 Introduction
There is an evident need to develop a needle-free capillary blood collection method as an
alternative to the finger prick for glucose measurement, as described in Section 3.1. Previously, a needle-free voice-coil actuated jet injector had been used to extract interstitial fluid
through the same orifice through which a jet is formed to break the skin (Chang, Hogan, &
Hunter, 2015). However, measurement of glucose concentration in blood is more accurate
than that in interstitial fluid, which typically lags blood glucose by around 5 minutes
(Kulcu, Tamada, Reach, Potts, & Lesho, 2003). The two glucose measurement results can
also differ considerably during rapid changes in glucose concentration (e.g., exercise)
(Siegmund, Heinemann, Kolassa, & Thomas, 2017). It takes around 3 seconds for a jet
injector to break the skin and extract a sample containing up to 3.5 % interstitial fluid from
post-mortem porcine tissue, and less than 1 % interstitial fluid from live rats (Chang et al.,
2015). The concentration of interstitial fluid extracted using a jet injector is remarkably
low, suggesting a very low glucose concentration in the extracted fluid.
It is thus anticipated that blood dilution could be a dominant factor in capillary blood sampling using jet injections, where injectate is introduced into the tissue and mixed with body
fluids during collection. The body fluids or capillary blood samples obtained from a lancet
pick consist of unknown proportions of blood from venules, arterioles, and capillaries,
along with interstitial and intracellular fluids. The glucometer may provide glucose measurement for diluted blood samples. When a droplet of blood or a glucose solution is placed
at the end of a glucose test strip, an electrochemical reaction occurs, producing an electrical
current proportional to the glucose concentration (Shin, Park, Cho, Nam, & Lee, 2014).
The glucometer uses this current to determine the glucose concentration. The glucometer
(CareSens N Brand of Meters, i-Sens) measures glucose concentrations between
1.1 mmol/L and 33.3 mmol/L to an accuracy of within 15 %. It can thus detect the glucose
concentration of solutions containing greater than 28 % of blood, given that the range of a
normal fasting blood glucose level for non-diabetic adults is between 3.9 mmol/L and
5.5 mmol/L. To collect sufficient fluid samples for glucose detection using a jet injector, a
fluid sample with at least 0.5 µL (Appendix C) and 28 % blood are required.
In this Chapter, the red blood cell concentration will be inferred from the red colour intensity of fluid samples. The red colour of blood is due to haemoglobin iron. Haematocrit
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measures the volume of red blood cells relative to total blood volume. The red blood cell
concentration is thus dependent on both haemoglobin concentration and haematocrit. In
this thesis, the blood concentration is defined as the percentage of red blood cells in fluid
samples, relative to the percentage of red blood cells in the blood samples collected during
the first 15 s after a lancet prick. This first collection following a lancet prick was assumed
to contain 100 % blood.
Colourimetry has been used to determine the concentration of solutions with coloured solutes (Buysse & Merckx, 1993; Kulka, 1956); colourimetry is proposed to be used in this
study to measure the concentration of human capillary blood samples. For an inhomogeneous medium such as whole blood, light scattering takes place at the plasma-cell membrane
interface leading to a more complicated optical process (Kaiwa et al., 1999). Light transmittance through blood is highly dependent on haemoglobin, which has high optical absorbance in the visible wavelength range, particularly from 400 nm to 600 nm (Bashkatov
et al., 2018). The transmitted light intensity decreases exponentially with an increase in the
haematocrit level. The sensitivity at a haematocrit level ranging from 25 % to 45 % is low,
as reported in (Kaiwa et al., 1999; Madadkhahsalmassi, McKeage, Ruddy, & Taberner,
2020). This is probably due to the increased scattering of red blood cells at higher haematocrit levels.
Porcine blood has been used as a model of human blood in many studies due to its similarity
to human blood and availability in large volumes. The composition of porcine blood and
human blood is similar, despite porcine red blood cells being larger in number but around
30 % smaller in volume compared to human erythrocytes (Klaus, Körfer, Mottaghy, Reul,
& Glasmacher, 2002). The typical red blood cell life span, the haemoglobin content and
structure, and other factors such as aggregation kinetics and adhesive forces, are also similar between the two species (Miller et al., 1961; Sanderson & Phillips, 1981; Weng,
Cloutier, Pibarot, & Durand, 1996). Both the haemoglobin concentration and haematocrit
are lower in porcine blood than in humans. The normal human haemoglobin concentration
is 8.7 mmol/L to 11.2 mmol/L for males and 7.5 mmol/L to 10.0 mmol/L for women
(Billett, 1990), while conscious pigs used in biomedical research have a haemoglobin concentration of 4.5 mmol/L to 6.3 mmol/L (Hannon, Bossone, & Wade, 1989). The normal
haematocrit level for men is 40 % to 54 %, and for women it is 36 % to 48 % (Billett, 1990),
whereas porcine haematocrit ranges from 24 % to 33 % (Hannon et al., 1989). Although
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pig blood has a lower concentration of haemoglobin and haematocrit, pig blood will be
used to develop the relationship between red pixel value of blood and blood dilution. The
method of estimating blood dilution will be later validated using human blood.
Unlike interstitial fluid extraction, which can be tested on living rats, capillary blood collection is best tested on human fingertips. Although post-mortem porcine tissue has been
extensively used in jet injection studies to determine the jet parameters that target the desired depth, porcine ear was demonstrated to be an unsuitable model for capillary blood
collection in Chapter 3. Human fingertip is thus a preferred site for testing the feasibility
of using a jet injector to collect capillary blood samples. It is a preferred site for capillary
blood sampling for monitoring glucose levels because it has a high density of blood vessels,
which increases the likelihood that sufficient blood is released. However, the fingertip vascular bed is highly innervated, causing more pain following lancet prick than alternative
sites (Yum & Roe, 1999). Fingertip has an additional layer in the epidermis and thicker
stratum corneum (approximately 297 µm) compared to other non-load-bearing body sites
and porcine abdominal region (approximately 20 µm), contributing to extra toughness during skin penetration.
Eventually a single jet injection device could be used to perform capillary blood sampling,
provide glucose measurement, and deliver an adequate amount of insulin for people with
diabetes. The study reported in this chapter will only focus on the first part of this goal,
which is to investigate the possibility of using a high-speed fluid jet to release blood from
human fingertips. Our research aims for this human study are to pierce the skin with a small
volume of a fluid jet (i.e., sterile isotonic saline) using a needle-free jet injector, and collect
and analyse fluid samples for blood dilution and glucose concentration.
As a pilot study aiming to assess the feasibility of using a jet injector to retrieve blood
samples, this technique of blood release will be compared to the current common practice
where the skin is pricked by a lancet. The pre-trial testing investigated the ability of four
various shaped nozzles to penetrate the fingertips, confirming the use of three nozzles appropriate for the human study. Jet injection will be performed with a standard circular nozzle, and two custom slot-shaped nozzles, to test the effect of nozzle shape on blood release.
The slot-shaped nozzles are designed to mimic the wound shape caused by a lancet prick.
The slot nozzle is hypothesised to release more fluid than a circular nozzle, because jet
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injection with the slot-shaped jet disrupted more vascular endothelium with a smaller
wound than the circular jet, as shown in Chapter 4.
Here, a measure of blood release is performed, combining the effects of blood concentration and fluid volume of samples collected following each intervention. As mentioned previously, the blood concentration used here is defined as a measure of redness of fluid, normalised to the first collection of lancet samples (i.e., the most concentrated samples with
the highest red colour intensity). This provides a theoretical blood volume; more blood in
the fluid samples may provide a better quality of blood glucose measurement.
The following research questions will be answered in the human trial:
1. What volume of fluid is released by each intervention over 60 seconds?
2. What is the blood-concentration of fluid released by each intervention over 60
seconds?
3. How does the blood-concentration of fluid released change over time?
4. After accounting for any dilution, what is the estimated total volume of blood
released by each method over 60 s?
5. What is the resolution to which blood glucose concentration can be estimated
from the diluted blood samples?
6. What level of pain does each intervention evoke, and is this related to the volume of blood released?
7. Does jet injection result in a significantly different site reaction compared to a
lancet prick?
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5.2 Research methods
This study was approved by Health and Disability Ethics Committees (Ethics ref:
19/NTB/168, study title: Using Needle-free Jet Injection to Measure Glucose Concentration in Capillary Blood for Diabetes). The protocol can be referred to Appendix A.

5.2.1 Pre-trial testing
Pre-trial testing provided valuable information regarding the difference in penetrability between porcine abdominal skin and human fingertip skin, measures of which could not be
found in the literature. After receiving approval from Health and Disability Ethics Committees, preliminary testing was performed on fingertips to determine appropriate jet parameters.
Three slot nozzles (medium slot, large slot, and small slot 2 nozzles) and a cylinder 2 nozzle were used in the pre-trial testing. The medium slot nozzle and cylinder 2 nozzle were
proposed to be used in the human trial in order to determine any effect of nozzle shape on
blood release. The large slot nozzle was also selected for the preliminary test, since the
histology analysis in Chapter 4 demonstrated its potential ability to release more blood. The
small slot 2 nozzle was used to establish whether the length of the slot outlet influences
blood release: a smaller slot nozzle may release sufficient blood while creating only a small
wound.
There is no literature reporting on the threshold jet speed required for fingertip penetration,
nor any previous study of jet injection into the fingertips of living humans. Thus, the required jet speed parameters and injector voltage settings were discovered experimentally
by conducting at least three injections through each nozzle. A rectangular voltage pulse
was used for fingertip injection with a handheld jet injector that was described in Section
5.2.5. A pulse duration of 2 ms was used for jet injection with all four nozzles in order to
minimise the volume of saline injected. The voltage was increased gradually from 260 V
(as used in post-mortem porcine skin injection in Chapter 4), until three repeated bleeding
events from fingertip skin that received jet injections were observed, regardless of blood
volume released.
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The rectangular voltage pulse of 330 V for 2 ms was used for both the cylinder 2 nozzle
and medium slot nozzle which have the same outlet area. All three jet injections with each
nozzle penetrated the fingertips consistently.
Jet injection with the large slot nozzle using the same voltage pulse resulted in a jet speed
of around 230 m/s to 250 m/s (higher than that used to break porcine skin in Chapter 4).
Three out of six jet injections through this nozzle penetrated the fingertip and resulted in
bleeding; two of them released a sufficient amount of blood for collection and measurement
but induced a high level of acute pain (pain score > 7). The portable amplifier used to drive
the injector could not provide sufficient power for generating a higher speed of fluid jet
through this nozzle to penetrate the fingertip. This nozzle was therefore omitted from the
human study.
Instead, the small slot 2 nozzle was proposed to be used in the human trial. This nozzle was
included in testing whether the length of the slot outlet influences blood release. A smaller
slot nozzle may release sufficient blood with a minimal wound. All three jet injections
penetrated fingertip skin at 260 V.
This pre-trial testing helped to provide critical information for the human study; the study
design was updated, and a corresponding amendment of the study ethics approval was also
obtained.

5.2.2 Study design overview
Each participant in the study received four interventions on the ring and middle fingers of
each hand: a lancet prick, a jet injection with a standard circular nozzle, and two jet injections with different-sized custom slot nozzles. A small volume (< 25 µL) of sterile isotonic
saline was delivered in each jet injection. The volume of extracted fluid samples was measured from the microscope images of capillary tubes containing the samples. The concentration of blood in samples collected from participants was determined by colourimetry.
Glucose measurement was performed using a glucometer when a sufficient volume sample
was collected. The pain score reported following the lancet prick served as the baseline for
pain analysis. This study was designed to be single-blinded: the participant was blinded to
the order and the identity of which intervention is performed at each site. The participants
were aware of the structure of the study and served as their own control, as each participant
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received the lancet-based sampling. Thus, this study is a single-blind, randomized, controlled, crossover trial contrasting four interventions in each subject (Table 5-I).
Table 5-I. An example of the study design in the randomized, controlled, crossover trial.
Participant no Finger no Intervention
1
1
Lancet
2
Cylinder 2
3
Medium slot
4
Small slot 2
2
1
Medium slot
2
Lancet
3
Cylinder 2
4
Small slot 2
…
…
…
20
1
Medium slot
2
Small slot 2
3
Cylinder 2
4
Lancet

The study was conducted in the Ground floor laboratory space (G20) of Auckland Bioengineering House (70 Symonds St, Auckland, New Zealand). Each participant was booked
for a 45-minute session where the interventions took place. A trained phlebotomist was
employed to oversee the blood sampling procedures. The participants were asked about the
level of pain and any swelling or bruising they had perceived immediately after each intervention. They were also asked to complete a short questionnaire (Appendix B) 24 hours
after the interventions and send to the researchers a photograph of each wound on the fingertips. The questionnaire included rating of pain levels 24 hours following interventions,
and the amount of time for which pain or discomfort remained.

5.2.3 Recruitment and eligible criteria
This study was advertised within the Auckland Bioengineering Institute and Department of
Engineering Science at the University of Auckland, with the aim of achieving age, gender,
and ethnic representation approximately in proportion with the greater New Zealand population. A copy of the participant information sheet and consent form was provided in response to expressions of interest.
The participants were required to meet the following criteria to be eligible for the study:
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Aged between 20 years and 60 years old. (Human skin thickness is relatively constant
for people between 20 years and 60 years, and is reduced outside of this range
(Diridollou et al., 2001).

•

Ability to communicate in English.

•

Ability to give full informed consent (i.e. no neurological impairment).

The exclusion criteria of participants were:
•

Insulin-dependent diabetes. (Due to regular finger-prick testing, these individuals may
have scarring of their fingertips, which may affect blood release.)

•

Haemophilia (or other bleeding/clotting disorders).

•

Carrier of blood-borne infectious agent (e.g. HIV, HBV).

•

Amputation affecting a number of fingertips.

5.2.4 Sample size & participants
The sample size required to achieve 90 % power at a significance level of 5 % in this study
was 20 participants. With an anticipated standard deviation of 1 µL in the volume of fluid
collected in the study population, this sample size allowed us to observe differences in the
mean volume of blood mixture to a lower limit of 0.84 µL. With an anticipated standard
deviation of 0.6 mmol/L in the glucose concentration measured using the glucometer in the
study population, the sample size allowed us to observe differences between groups whose
mean dilution differs by as little as 10 %.
Twenty healthy subjects (5 females, 15 males; mean age 33 years, range 20 - 51 years;
16 right hand dominant, 4 left hand dominant) took part in this study. Subjects provided
their informed consent.

5.2.5 Materials of jet injection system
The custom jet injection system used in the human study included a hand-held jet injection
device that is driven by a portable power amplifier and control system. This injection system has been designed in accordance with medical electrical equipment safety standard IEC
60601-1. The jet injections were delivered in ‘pulse mode’ where a constant voltage was
supplied to the motor for a set period of time. The jet injector includes an electric motor
which is momentarily (< 0.1 s) supplied with a voltage up to 330 V to perform the injection.
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The control system communicated with the injector by using a terminal application on the
laptop, which also had LabVIEW software to acquire images through USB microscope
cameras.
The nozzles and ampoules used with the injector were sterilised, as they would be brought
into contact with the participant and the injectable fluid. The ampoules with standard circular nozzles came in sterile packaging and were single-use. The custom slot nozzles and
ampoules were constructed at the Auckland Bioengineering Institute and reused throughout
the trial. This equipment was cleaned according to AS/NZS 4187:2014, and sterilised using
a class B autoclave prior to each use. Similar to standard medical syringes, a small drop of
medical grade silicone lubricant was used to lubricate the interior of the ampoules.

5.2.6 Interventions
Each participant was subjected to four interventions: a standard lancet prick, a jet injection
with a cylinder 2 nozzle, a jet injection with a small slot 2 nozzle, and a jet injection with
a medium slot nozzle with a ‘nozzle area’ equivalent to that of the cylinder 2 nozzle (Figure
5-1). The use of the same nozzle area with different shapes was aimed to reveal any influence of the nozzle shape alone on capillary blood collection. The dimensions of the lancet
and three nozzles are demonstrated in Table 5-II.
A

B

C

D

Figure 5-1 A: Side view of a lancet tip. B: End view of a 200 µm cylinder 2 nozzle. C: End

view of a small slot 2 nozzle with a length of approximately 200 µm. Right: End view of a
medium slot nozzle with an area equivalent to that of a 200 µm circular nozzle.
Table 5-II. Dimensions of the lancet and nozzles
Injection type
Lancet
Cylinder 2 nozzle
Medium slot nozzle
Small slot 2 nozzle

Length (mm) × Width (mm)
0.45 × 0.07
0.20 × 0.07

Diameter (mm)
0.64
0.20
-

Area (mm2)
0.322
0.031
0.032
0.013
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These interventions were performed on the side of the fingertip of the middle (3 rd finger)
and ring finger (4th finger) of each hand. The order of interventions and the identity of
fingers that receive these interventions were randomised. The participants were blinded by
an opaque barrier that prevented them from observing the procedure but allowed them to
communicate with the practitioner.
5.2.6.1 Lancet
A lancet prick was performed in accordance with the “WHO guidelines on drawing blood”
(World Health Organization, 2010), by piercing the skin to a depth of 2.3 mm. The lancing
was performed using a standard, commercially available device (Accu-Check, Safe-T-ProPlus).
5.2.6.2 Jet injection
The voltage pulses used to power these three nozzles achieved a similar peak jet speed
ranging from approximately 200 m/s to 220 m/s, as shown in Figure 5-2. The parameters
of the voltage pulse, the resulting jet speed (mean ± standard deviation, n = 3), and volume
(mean ± standard deviation, n = 3) for all three nozzles are reported in Table 5-III. The jet
speed required for penetrating fingertip skin was higher than that required for penetrating
post-mortem porcine skin, probably because fingertip has thicker stratum corneum than
porcine abdominal skin (Maiti et al., 2020; Turner, Pezzone, & Badylak, 2014).

Figure 5-2 The jet velocity trace for rectangular pulse injection with all three nozzles.
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Table 5-III Injection parameters
Injection type

Equivalent
diameter (µm)
Lancet prick
640
Cylinder 2 nozzle
200
Medium slot nozzle
203
Small slot 2 nozzle
124

Settings

Peak jet speed (m/s) Ejection
volume (µL)
2.3 mm
330 V for 2 ms
193.0 ± 6.4
9.8 ± 0.3
330 V for 2 ms
223.2 ± 5.7
20.7 ± 0.4
260 V for 2 ms
218.0 ± 4.8
3.8 ± 0.4

Jet injections, each of less than 25 µL of sterile isotonic saline at approximately 200 m/s,
were performed to pierce the skin. The jet injections were designed to target a similar depth
in the dermis as the lancet prick. The jet injector based blood sampling was done as closely
as possible to the WHO guidelines, although collection at each 15 s interval and the use of
a jet injector is not within these guidelines, as this is novel to this study.

5.2.7 Sample collection
The fluid released at the intervention site was collected in round capillary tubes (VitroTubesTM , VitroCom, NJ, USA) at four time points following the intervention: 15 s, 30 s,
45 s, and 60 s. Massaging or squeezing of fingers was performed in accordance with the
“WHO guidelines on drawing blood” before each collection (World Health Organization,
2010). The amount of massaging or squeezing of fingers was independent of the volume of
blood observed at the intervention site. Each intervention was associated with four blood
samples (a total of 16 blood samples per participant). Blood collection in this way allowed
us to observe the time-related behaviour of blood release and glucose concentration following breaking the skin.
After each intervention had been applied, and the associated blood samples were collected,
the participants were given a 5 minute ‘break’ before performing the next intervention.
Following the completion of all four interventions, the participants were shown the jet injector and lancing device.

5.2.8 Measurements
5.2.8.1 Fluid, and blood volume, and blood dilution
After each collection, the capillary tube containing the sample of extracted fluid was imaged under a digital microscope (Digitech QC3199) with a transmission light source, as
shown in Figure 5-3. The camera was controlled via LabVIEW so that each image was
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Figure 5-3 The digital microscope and backlight stage

taken using the same settings, e.g., exposure time, brightness, and contrast, etc. The sample
volume was calculated from the inner diameter (0.6 mm) of the capillary tube, and the
length of the tube that was filled with the sample, which was measured by performing image analysis in ImageJ. Colour thresholding was used to segment red pixels representing
blood from the background. The length of the fluid column was determined by using the
bounding rectangle function in Image J on the red pixels. The minimum volume that was
collectable by this method was approximately 0.03 µL. The meniscus at the end of the fluid
was observed in some blood samples, as shown in Figure 5-4, and was compensated for.
The compensation assumed that the meniscus was axisymmetric. The length of the fluid
column was thus determined by taking the area of the fluid column divided by its width.
The accuracy of the volume measured using this approach was 4.3 %. This was determined
by comparing the volume measurement of 5 blood samples to their actual volume (each
sample contained 2 µL of blood).
An estimate of the blood concentration was determined from the mean red pixel value
[0,255] of the image containing the blood sample. First, the relationship between red pixel
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10 %

20 %

40 %

60 %
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Figure 5-4 The microscope images of blood samples of 0 %, 10 %, 20 %, 40 %, 60 %, 80 %,
and 100 % blood concentration.

value and blood dilution was predetermined by conducting the following calibration experiment.
Fresh porcine blood from two different pigs, with haematocrit levels of 32 % and 31 %,
respectively, was diluted with 0.9 % saline to give 0 %, 10 %, 20 %, 40 %, 60 %, 80 %,
and 100 % of blood in each sample. The mean red pixel (Rp) value was measured from
images of samples of fluid at each level of dilution (Figure 5-4). Although the haematocrit
level is the most dominant factor of the absorption and scattering properties, blood with the
same haematocrit level can have different optical properties due to other blood parameters
(Meinke, Müller, Helfmann, & Friebel, 2007). An exponential decay function was thus fit
to the data for each pig, as shown in Figure 5-5. Each function was of the form:
𝑅𝑝 = 𝐼 𝑒 −𝑐∙𝐵𝑝 + 𝐼0

Equation 5-1

where 𝐼 is a scaling coefficient, 𝑐 is the exponent coefficient, 𝐵𝑝 is the known blood percentage of each sample, and 𝐼0 is an offset. I, 𝐼0 and c were the free parameters of the leastsquares fit. The mean value of the exponential coefficients (c) from this fit (0.027) was then
assumed for subsequent estimates of blood percentage from samples with an unknown mixture of blood and saline. The standard deviation of residuals obtained from this
least-squares fit of was 1.33 for pig 1 and 1.08 for pig 2.
Second, the blood dilution was estimated using the inverse of the exponential function that
was used to fit to the data with a fixed exponential coefficient (c). The mean red pixel
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Figure 5-5 The mean red pixel value of blood samples with different blood percentage from
two pigs. The dashed lines indicate the fitted exponential curve for the data.

intensity of saline i.e., (0 % blood), and undiluted (i.e., 100 %) blood samples was measured. An exponential decay function was fit to the data based on Equation 5-1, with an
exponential coefficient (c) set to 0.027. The exponential coefficient was not included as a
free parameter because only two measurements were taken for each participant in the trial,
which were insufficient to provide a good estimate. I and 𝐼0 were the free parameters of
this least-squares fit. The result of applying this process to the two sets of diluted porcine
blood is shown in Figure 5-6. The root mean squared error between the blood percentage
predicted from this least-squares fit and the prescribed blood percentage was 4.47 % for
pig 1 and 3.45 % for pig 2. The blood percentage in any diluted sample from any participant
can then be estimated from the measured red pixel value using the following equation:
𝐵𝑝 = ln((𝑅𝑝 − 𝐼0 ) /𝐼)/(−0.027)

Equation 5-2

A strong linear relationship (r = 0.99, p < 0.05) exists between the predicted blood percentage and the prescribed blood percentage of the pig blood samples (Figure 5-7). The root
mean squared error between the predicted percentage and prescribed blood percentage was
3.51 %.
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Figure 5-6 The mean red pixel value of porcine blood samples with blood percentage. The
dotted line indicates the predicted exponential curve based on the mean red pixel value of
samples with 0 % and 100 % blood (filled circles), and an exponent coefficient of 0.027.

Figure 5-7 The predicted blood percentage of porcine blood samples against the actual
blood percentage. The dotted line indicates the unity line.
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In order to validate this technique using human blood, samples of undiluted human capillary blood were collected following a lancet prick on three participants. These were then
diluted to create samples of 10 %, 25 %, 33 %, 50 %, and 75 % concentration. Due to the
small volume of blood available for creating diluted samples, the measurement of concentration of human blood is expected to result in larger uncertainty than for porcine blood.
Values for 𝐼0 and I for each participant were fit to data obtained from the analysis of images
of the undiluted blood and saline, with an exponent coefficient (c) of 0.027, as described
above. The blood percentage in any diluted sample from any participant was estimated from
the measured red pixel value, using the inverse of the fitted exponential function i.e., Equation 5-2. A linear equation was fit to the estimated blood percentage. The mean absolute
error in any blood percentage estimate was calculated.
The volume of blood in each fluid sample was estimated from the volume and blood percentage of each fluid sample. The total volume of blood released by each intervention was
thus calculated using the following equation:
𝑉𝑇𝐵 = ∑(𝑉𝑖 × 𝐵𝑝𝑖 )

Equation 5-3

where 𝑉𝑇𝐵 is the total blood content, 𝑉𝑖 is the fluid volume of individual human fluid samples, and 𝐵𝑝𝑖 is the blood percentage of individual human fluid samples.
5.2.8.2 Glucose concentration
Immediately after microscope imaging of each sample-containing capillary, fluid was
ejected from the capillary tubes onto single-use glucose test strips. The glucose concentration of each sample was then measured using a CareSens N point of care glucometer (approved and funded by Pharmac, the New Zealand publicly-funded health care regulatory/funding body). The CareSens N blood glucose monitoring system has a rated accuracy
of 0.83 mmol/L for glucose concentration < 5.55 mmol/L and 10 % for glucose concentration ≥ 5.55 mmol/L, and repeatability within 0.6 mmol/L (Appendix C). The minimum
sample volume required to conduct a glucose measurement in a test strip is 0.5 µL. 9 participants had glucose measurements from both a lancet prick and a jet injection.
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The blood glucose level of any participant was estimated from the glucose concentration
of a diluted blood sample, and the estimated fraction of blood in that diluted sample, using
the following equation:
𝑐𝑔 =

𝑐𝑑
𝑓

Equation 5-4

where 𝑐𝑔 is the predicted blood glucose concentration of a participant, 𝑐𝑑 is the glucose
concentration of a fluid (i.e., diluted blood) sample, and 𝑓 is the fraction of blood in a fluid
sample. The relationship between the predicted and measured blood glucose level was determined by fitting a linear function to the data, using the least-squares approach.
All samples and capillary tubes were disposed of as medical waste following collection and
measurement.
5.2.8.3 Perceived pain
After each intervention and its associated blood collection, the participant was asked to
score the pain associated with the intervention on a numeric rating scale (NRS). Each participant was asked to rate the pain experienced as an integer ranging from 0 to 10, with 0
representing no pain, and 10 representing extremely severe pain (Jensen, Turner, Romano,
& Fisher, 1999). Participants were asked to complete a questionnaire 24 hours after the
interventions, and to reassess the level of pain and any swelling, redness, bruising, or soreness they currently perceived at each intervention site.
5.2.8.4 Site reaction
After blood samples were collected for each intervention, tissue wipes (Kimtech ScienceTM
Precision Wipes, Kimberly-Clark Worldwide, Inc, U.S.) were applied until the bleeding
stopped. A microscope image of the intervention site was taken immediately after the
bleeding had stopped. Whether each intervention site resulted in a visible wound was also
recorded. The participants were asked to take a photograph of each of the intervention sites
24 hours after receiving the interventions.
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5.2.9 Statistical analysis
The research questions were investigated by analysing the data using the Statistical Product
and Service Solutions (SPSS) platform Build 1.0.0.1447 (IBM corporation, NY, USA). The
significance tests were performed on the volume and blood concentration of fluid samples
collected over 60 s, and pain score following each intervention. The estimated blood volume was calculated based on the two measurements: fluid volume and blood percentage, it
includes errors from both measurements. The significance tests were thus not performed
on estimated blood volume. The significant tests were also performed to compare the means
of the two continuous variables (i.e., fluid volume and blood percentage in each sample)
between collection time (15 s, 30 s, 45 s, and 60 s) and intervention (4 levels).
The within subject study design requires measurements from each intervention for each
participant. 8 out of 20 participants have missing data in at least one of the measurements.
8 cases will be dropped from the analysis due to listwise deletion using models such as
repeated measures ANOVA (analysis of variance). If the data are not missing completely
at random, the results using this model would be biased. To avoid listwise deletion for
missing data (where no fluid was released), a linear mixed model (LMM) was used. This
model assumes that there is a systematic relationship between the propensity of missing
values and the observed data, but not the missing data. Because each subject was measured
in each condition (i.e., intervention), the analysis calculated means for each participant,
collapsed across the conditions (lancet, cylinder 2, medium slot, and small slot 2). The analysis then estimated the portion of the total variance that was explained by these subject
means.
In order to meet the assumptions for the LMM, the distributions of the continuous variables
(e.g., the volume and blood concentration of fluid samples, and pain score) were screened
for normality. The Shapiro-Wilk test was used to test the normality of the data; it is a more
appropriate method for small sample sizes (< 50 samples), but can also handle a larger
sample size (Mishra et al., 2019). A square-root transformation was applied to the volume
of fluid samples so that they were normally distributed for using the LMM.
The LMM coupled with pairwise comparisons was used to compare the means of the volume and blood percentage of fluid samples in pairs from 4 interventions. The comparisons
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were made within each participant. The correlation between the total volume of fluid samples and pain score was assessed by Pearson correlation coefficients. The correlation between the initial and post-intervention pain scores was also assessed. The significance of
differences among regression lines, or between mean values, of the two groups was tested
and declared when p < 0.05.
There was only one fluid sample collected at the third and fourth time point following jet
injection with the small slot 2 nozzle. These two samples were thus excluded when comparing the means of fluid/blood volume and blood percentage of samples collected at these
two time points among 4 interventions.

5.3 Results
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5.3 Results
All lancet interventions resulted in blood release. 51 out of 60 jet injections penetrated
fingertip skin and released a measurable volume of fluid; those that did not (i.e., no penetration) were excluded from further analysis: 3 jet injections with the cylinder 2 nozzle, 2
injections with the medium slot nozzle, and 4 injections with the small slot 2 nozzle. The
criteria to determine no penetration included no wound observation under the microscope,
and no fluid release when massaging the fingertip. 9 out of those 51 jet injections released
insufficient fluid for collection: 1 jet injection with the cylinder 2 nozzle, and 8 jet injections with the small slot 2 nozzle.

5.3.1 Fluid release
5.3.1.1 Fluid volume over time
The mean and standard deviation of volume of fluid samples collected at every time point
is illustrated in Figure 5-8 and listed in Appendix D. The lancet prick released significantly
more fluid than jet injection with the cylinder 2 and small slot 2 nozzles at every time point
(p < 0.05). There was no significant difference between the fluid volumes obtained from a

Figure 5-8 An interaction plot showing the relationship between the intervention and the average fluid volume depending on the collection time period.
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lancet prick and jet injection with the medium slot nozzle at the first time point. The volume
of fluid samples collected after a lancet prick was significantly greater than that after jet
injection with the medium slot nozzle at the last three time points (p < 0.05). Jet injection
with the medium slot nozzle resulted in a significantly higher volume of fluid samples than
jet injection with other nozzles during any collection time period (p < 0.05).
The average volume of fluid collected at the second time point was higher than that at other
time points, for both lancet prick and jet injection with the medium slot nozzle (Figure 5-8).
For the lancet prick, the fluid volume collected at the second time point was significantly
larger than that collected at the first time point (p < 0.05). For the medium slot nozzle, a
significantly higher volume of fluid samples was obtained at the second time point than the
third time point (p < 0.05). The fluid volume collected at the last time point was significantly lower than that at previous three time points for both cylinder 2 and medium slot
nozzles (p < 0.05.
The volume of fluid released in each time period after jet injection with the cylinder 2 nozzle decreased from 0.3 µL to 0.1 µL over time. The volume of fluid released after jet injection with the small slot 2 nozzle was the lowest among the four interventions, and slightly
decreased with time. A large variability in the extracted fluid volume of individual samples
was observed following all four interventions (Appendix D).
5.3.1.2 Fluid volume collected over 60 s
The mean and standard deviation of total volume of fluid samples collected over 60 seconds
is shown in Table 5-IV & Figure 5-9. Jet injection with the medium slot nozzle released
significantly larger fluid volume than jet injection with the cylinder 2 nozzle (p < 0.05, as
presented in Appendix D). A lancet prick released significantly more fluid than jet injection
(p < 0.05). The small slot 2 nozzle released significantly less fluid than the other three interventions (p < 0.05).
Table 5-IV. The total volume of fluid collected following 4 interventions
Injection type

N

Lancet
Cylinder 2 nozzle
Medium slot nozzle
Small slot 2 nozzle

20
17
18
16

Total volume
Mean (µL) Std dev (µL)
4.52
3.37
0.81
0.73
2.02
2.28
0.14
0.17
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Figure 5-9 A boxplot showing the effect of intervention on the total volume of fluid collected.
The bottom and top edges of the box indicate the intra-quartile range, which is the range of
values between the first and third quartiles. The marker inside the box indicates the mean
value. The line inside the box indicates the median value. The vertical lines issuing from the
box extend to the group minimum and maximum values. Four extreme observations were
marked with plus signs.

All 20 lancet pricks, 16 (out of 18) jet injections with the medium slot nozzle, 10 (out of
17) jet injections with the cylinder 2 nozzle, and 0 jet injections with the small slot 2 nozzle
released at least 0.5 µL of fluid (the minimum volume required for glucose measurement)
over 60 s.
A few outliers are evident in Figure 5-9. These may be due to individual variation in skin
properties such as skin thickness and toughness, and density and blood flow rate of blood
vasculature in the skin. The statistical analysis accounted for within subject variability, so
these extreme observations were retained for analysis.

126

Capillary blood collection from human fingertips

5.3.2 Blood concentration
5.3.2.1 Validation
The method of blood concentration prediction was validated using lancet-extracted samples
of human blood: a strong linear relationship (r = 0.99, p < 0.05) was confirmed between
the predicted blood percentage and the prescribed blood percentage of human samples, as
demonstrated in Figure 5-10. Blood concentration of the samples is expressed as a percentage with respect to undiluted blood. The maximum absolute error was approximately 20 %
(Figure 5-10). The root mean squared error across all these estimates of blood concentration
was 6.65 %.

Figure 5-10 The predicted blood percentage of human blood samples from three participants

against the actual blood percentage. The dotted line indicates the unity line.

5.3.2.2 Blood concentration over time
For each participant, the first collection following a lancet prick was assumed to contain
100 % blood; all other samples from that participant were normalised to the mean red pixel
value of this sample. The average blood concentration obtained at each time point is plotted
against time in Figure 5-11. The mean and standard deviation of blood concentration of
samples collected at each time point is shown in Appendix D.
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Figure 5-11 An interaction plot showing the effect of intervention and collection time period
on the average blood percentage.

Fluid samples resulting from the lancet prick were significantly more concentrated than
those arising from jet injection with the cylinder 2 nozzle at the first three time points
(p < 0.05). The blood concentration of fluid samples collected at the first two time points
following a lancet prick was significantly higher than that following jet injection with the
medium slot nozzle (p < 0.05). There was no significant difference in blood percentage of
fluid samples obtained at the third time point between lancet prick and jet injection with
the medium slot nozzle. No significant difference in blood concentration of fluid samples
obtained at the last time point was observed across four interventions.
Lancet pricking resulted in significantly decreasing concentration in fluid samples with
time (p < 0.05). There was no significant difference in the blood concentration of the samples obtained at each time point within each jet injection. The sample collected at the first
time point following a lancet prick had a significantly higher blood concentration than the
second sample (p < 0.05). These two collections contained significantly more concentrated
blood than the following two samples (p < 0.05).
Fluid collected after jet injection with the cylinder 2 nozzle and the medium slot nozzle
exhibited a mean blood concentration of approximately 80 %. Blood concentration of fluid
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samples became less variable with time; the standard deviation of blood concentration decreased by at least 30 % from the first collection to the second collection (Appendix D).
All 78 fluid samples collected following a lancet prick consisted of at least 75 % blood, as
illustrated in Figure 5-12. More than 60 % of fluid samples resulting from jet injection with
the cylinder 2 nozzle and the medium slot nozzle were composed of greater than or equal
to 75 % blood. 5 fluid samples that were at least 4 times diluted, were collected at the first
time point; 2 of those were from jet injection with the medium slot nozzle and 3 samples
from jet injection with the small slot 2 nozzle.
A

B

C

D

Figure 5-12 Frequency distribution of blood concentration for each intervention: the lancet
prick (A), jet injection with the cylinder 2 nozzle (B), the medium slot nozzle (C), and the
small slot 2 nozzle (D).

5.3.2.3 Blood concentration collected over 60 s
The blood samples released over 60 s by lancet pricking were slightly diluted, but more
concentrated than samples collected following jet injection (Table 5-V). There was no significant difference in the blood concentration of fluid samples collected over 60 s across
three nozzles. A lancet prick released significantly more concentrated blood in the fluid
samples collected (p < 0.05).
Table 5-V. The blood concentration of samples collected over 60 s
Injection type

N

Lancet
Cylinder 2 nozzle
Medium slot nozzle
Small slot 2 nozzle

20
17
18
16

Blood concentration
Mean (%) Std dev (%)
90.7
4.5
81.5
11.2
84.7
20.0
71.4
24.3
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5.3.2.4 Estimated blood content of extracted fluid
The blood concentration measurements allow estimation of the time-course of blood release
by each intervention during each 15 s interval (Figure 5-13). The values to the right of the
Figure 5-13 illustrate the total volume of blood extracted by each method over the entire
60 s interval, as described in the next section. The estimated volume of blood collected at
the first time point following lancet prick is greater than that for jet injection. Jet injection
with the medium slot nozzles released more blood on average than jet injection with other
nozzles at any of the four time points. A large variability in the extracted blood volume of
individual samples was observed following all four interventions. The trend of the extracted
blood volume with time was the same as the trend of extracted fluid volume with time, as
described in Section 5.3.1.1.

4.10 µL

1.71 µL
0.66 µL
0.10 µL

Figure 5-13 An interaction plot showing the relationship between the intervention and the
average blood volume depending on the collection time period. The notes next to the plot
indicate the average total blood volume released following each intervention.

5.3.2.5 Estimated blood volume collected over 60 s
The mean and standard deviation of estimated blood volume collected over 60 s following
each intervention is shown in Table 5-VI. Jet injection with the medium slot nozzle was
estimated to release more blood on average than jet injection with the cylinder 2 nozzle, as

130

Capillary blood collection from human fingertips

shown in Figure 5-14. Jet injection with the small slot 2 nozzle released a lower estimated
blood volume than the other three interventions. The lancet prick released a significantly
higher total volume of fluid and blood than jet injection.
Table 5-VI. The estimated blood content of samples collected following each intervention
Injection type

N

Lancet
Cylinder 2 nozzle
Medium slot nozzle
Small slot 2 nozzle

20
17
18
16

Estimated blood volume
Mean (µL) Std dev (µL)
4.10
3.07
0.66
0.62
1.71
2.08
0.10
0.14

Figure 5-14 A boxplot showing the effect of intervention on the total volume of blood collected.

5.3.3 Blood glucose estimation
The blood glucose levels of samples obtained after lancet prick from five participants did
not show any significant change over time (a mean percentage variation of 4.8 %), except
for one participant where approximately 1 mmol/L variation in blood glucose concentration
was observed between the second and third collection. 9 jet-released fluid samples were of
sufficient volume to enable glucose measurement in the glucometer.
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Blood glucose levels were estimated for 3 participants that received jet injection with cylinder 2 nozzle and 3 participants that received jet injection with the medium slot nozzle. 4
fluid samples collected after jet injection with the cylinder 2 nozzle and 5 fluid samples
collected after jet injection with the medium slot nozzle were used for glucose measurement. Blood glucose levels were estimated from the glucose levels and blood concentration
of fluid samples collected following jet injection. The mean absolute percentage error was
24.5 % (Figure 5-15). The root mean squared error across all estimates of blood glucose
was 1.79 mmol/L, with the fitted line being constrained to fit the origin. The slope of the
fitted line for blood glucose concentration was 0.96 ± 0.32 (mean ± standard error). The
offset of the fitted line was 0.02 ± 1.70. 3 out of 6 participants (participants #16, #17, and
#19) had a relatively consistent estimation of glucose levels from two fluid samples (within
0.73 mmol/L difference). The blood glucose level was underestimated in most participants.

Figure 5-15 A scatter plot with line of best fit showing the predicted blood glucose levels of
samples collected after jet injection plotted against the measured glucose levels of blood samples following lancet prick.

5.3.4 Pain
The pain score rated by participants immediately after each intervention is shown in Table
5-VII & Figure 5-16. The participants reported a pain level of 5.2 ± 2.0 (mean ± standard
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deviation), and 4.8 ± 2.1 from jet injection with the medium slot nozzle and cylinder 2 nozzle, subsequently. Both nozzles caused a significantly higher level of pain than the lancet
prick (p < 0.05), and jet injection with the small slot 2 nozzle (p < 0.05), as detailed in Appendix D.
Table 5-VII. The pain score sensed by participants following 4 interventions
Injection type
Lancet
Cylinder 2 nozzle
Medium slot nozzle
Small slot 2 nozzle

N
20
17
18
16

Mean
3.4
4.8
5.2
2.5

Pain
Std dev
1.7
2.1
2.0
1.7

Figure 5-16 A boxplot showing the effect of intervention on the levels of pain perceived by the

participants.

53 (i.e., 75 % of the total) interventions were reported to result in a pain score of ≤ 5: 18
lancet pricks, 11 jet injections with the medium slot nozzle, 9 jet injections with the cylinder 2 nozzle and 15 jet injections with the small slot 2 nozzle. 16 (i.e., 23 %) interventions
were reported to cause pain levels of 6 to 7: 2 lancet pricks, 6 jet injections with the medium slot nozzle, 7 jet injections with the cylinder 2 nozzle, and 1 jet injection with the
small slot 2 nozzle. Only one participant reported severe pain levels of above 7; these arose
following jet injection with the circular jet (9) and the medium slot-shaped jet (10). There
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was no correlation between the total fluid volume and pain score for all interventions
(p > 0.05).
There was a weak positive linear relationship between the pain score perceived during jet
injection and 24 hours after injection (r = 0.39, p < 0.05). No correlation was observed
between initial and post-intervention pain score for the lancet prick. In 10 cases, the intervention site remained painful after 24 hours: 7 (1 lancet prick, 3 jet injections with the
cylinder 2 nozzle, and 3 jet injections with the medium slot nozzle) of these reported a pain
score of 1, and 3 (one each for lancet prick, jet injection with the cylinder 2 and the medium slot nozzle) of them showed pain scores above 3. Of 20 participants, all but one reported that the pain or discomfort resulting from the application of interventions had little
or no effect on them completing routine tasks.
There was no statistically significant difference between the time for which pain or discomfort remained around the penetration sites following any interventions. On average, pain or
discomfort lasted for about 50 minutes following jet injection with the medium slot nozzle.
Lancet prick and jet injection with the cylinder 2 nozzle caused pain or discomfort for a
similar duration (average period of fewer than 30 minutes). Pain or discomfort lasted for
an average of 5 minutes following jet injection with the small slot 2 nozzle.

5.3.5 Skin reaction
The lancet-pricked fingertip site consistently exhibited a slit shape wound immediately after the intervention, as mentioned in Chapter 4 (Figure 5-17). It was notable that the

Figure 5-17 Examples of images of fingertip intervention sites taken soon after receiving

(A) lancet prick, participant #3, (B) jet injection with the circular nozzle, participant #3,
(C) jet injection with the medium slot nozzle, participant #20, and (D) jet injection with the
small slot 2 nozzle, participant #11.
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crater-like wound induced by jet injection into the post-mortem pig skin as shown in Chapter 4 was not observed on the human fingertip. Jet injection with the cylinder 2 nozzle and
the medium slot nozzle resulted in a shorter but slightly wider wound than lancet prick. The
wound induced by jet injection with the small slot 2 nozzle was the smallest among the four
interventions. The tension of skin and underlying tissue of intact skin from living human
assisted in wound closing and may result in a different jet injection penetration mechanism
from other skin sites. Epidermis erosion, without dermis penetration was observed, especially when the slot-shaped jet failed to penetrate the skin. No other site reaction nor any
significant difference in wound healing was observed in the pictures taken after 24 hours.
10 cases (out of 71) of bruising on fingertips after 24 hours were reported: 5 from lancet
pricks, 2 from jet injection with the cylinder 2 nozzle and 3 from jet injection with the
medium slot nozzle (Figure 5-18). Three participants bruised from two interventions each.
5 cases of swollen intervention sites were reported; one from lancet prick and two each
from jet injection with the cylinder 2 and the medium slot nozzle. Of the 5 cases, one participant experienced swelling at the intervention sites from three interventions.

A

B

C

Figure 5-18 Images showing bruising following (A) a lancet prick, participant #6, (B) jet injection with the cylinder 2 nozzle, participant #15, and (C) jet injection with the medium slot
nozzle on participant #15 (C).
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5.4 Discussion
This human study investigated the use of a needle-free jet injection device to obtain a capillary blood sample for a glucose measurement. The research questions were investigated
by performing four interventions: a lancet prick and jet injection with three differently-shaped nozzles on the human fingertips. The fluid samples resulting from each intervention were collected at four time points, and the blood volume and blood glucose levels
in each collection were determined.
The results of this study demonstrate that jet injection can release a capillary blood sample
that is sufficient for performing a blood glucose measurement. Jet injection with the medium slot nozzle released significantly more fluid than jet injection with other nozzles.

5.4.1 A jet injector released sufficient fluid for glucose measurement
The measurements of fluid volume in the samples indicated that jet injection effectively
released blood. Most of the fluid samples collected over 60 s following jet injection with
the medium slot and cylinder 2 nozzles were of sufficient volume for conducting a glucose
measurement. The medium slot nozzle was more effective at penetrating the fingertip skin,
and released a significantly higher volume of fluid than the cylinder 2 nozzle. The results
showed that the shape of the nozzle outlet influenced the volume of fluid released; jet injection with the medium slot nozzle verified the design purpose of mimicking the wound
caused by a lancet prick to release sufficient fluid for glucose measurement.
For the lancet prick, the fluid volume collected at the second time point was significantly
larger than that collected at the first time point. It may take time for blood to be released
from the blood vessels after the disruption of vessels by an intervention, possibly due to the
low blood pressure in the capillaries. For the medium slot nozzle, a significantly higher
volume of fluid samples was obtained at the second time point than the third time point.
The fluid volume collected at the last time point was significantly lower than the previous
three time points for both cylinder 2 and medium slot nozzles. This may be because the
blood had started to coagulate, decreasing the blood outflow approximately 30 s after the
intervention.
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5.4.1.1 Comparison to the volume of blood released predicted from histology
Jet injection with the cylinder 2 nozzle resulted in a smaller volume of blood than the estimated blood volume which was predicted based on the disruption of capillaries estimated
by the histological analysis, as presented in Chapter 4. The discrepancy between the two
sets of results could be mainly due to the longer pulse that was used for jet injection into
the post-mortem skin to estimate blood volume. This may result in a higher volume of jet,
deeper penetration depth, and hence a larger wound area in pig skin than that in fingertips
as presented in this chapter. The over-estimation of capillary disruption, and wound area
may also result from the formation of voids in the tissue, partly due to the freezing artifacts
or tissue rupture during the sectioning.
The blood volume predicted to be released by jet injection with the large slot nozzle was
9 µL, as noted in Chapter 4. However, jet injection with this nozzle penetrated fingertips
inconsistently and caused more pain, mainly due to the large length and width of the nozzle
outlet. The small slot 2 nozzle was used instead and released fluid in 16 out of 20 interventions. Jet injection with the small slot 2 nozzle demonstrated a lower probability of skin
penetration than the other two nozzles. The total estimated volume of fluid released using
this nozzle was significantly lower than the other three interventions. None of the injections
with the small slot 2 nozzle released a sufficient total volume of fluid (i.e., at least 0.5 µL)
for glucose measurement. Therefore, not only the shape but also the area of the nozzle
outlet has an influence on the probability of skin penetration, and the resulting fluid volume.
The average fluid volume collected following a lancet prick was within the range typically
reported for lancet pricking (3 µL to 5 µL) (Feldman et al., 2000). The volume of blood
released following a lancet prick was higher than the predicted volume, as described in
Chapter 4. This may be because the vascular disruption in the analysis in chapter 4 ascribed
blood release only to capillaries. Nevertheless, the capillary blood sample contains a mixture of blood from arterioles, capillaries, and venules, and a major proportion of blood is
from the arterioles and arterial limb of the capillaries (Burnett et al., 1994). Another reason
for the difference is that the physiological parameters of capillaries in regions of skin other
than fingertip was used, underestimating the blood volume.

5.4 Discussion

137

5.4.2 Jet-released blood was diluted
Blood dilution was observed in all four interventions. Lancet pricking resulted in significantly more highly concentrated blood samples than jet injection. There was no significant
difference in blood percentage of samples obtained following jet injection over 60 s across
three nozzles. The nozzle shape and the length of the slot nozzle had no significant influence on the blood dilution. No significant difference was observed in the blood percentage
of fluid samples collected at the last time point across lancet prick and jet injection with the
cylinder 2 and medium slot nozzles. The fluid samples obtained at the last time point contained very concentrated blood.
All 78 fluid samples collected following a lancet prick consisted of at least 75 % blood, but
the blood concentration of the fluid samples decreased significantly with time. A possible
reason for this apparent time-related dilution is that samples may have been diluted by extracellular fluid during squeezing (‘milking’) (Lenicek Krleza, Dorotic, Grzunov, &
Maradin, 2015). The blood sample collected after lancet pricking thus may contain unknown proportions of blood from venules, arterioles, and capillaries, along with interstitial
and intracellular fluids (Lenicek Krleza et al., 2015).
Jet injection with the cylinder 2 nozzle and the medium slot nozzle demonstrated no significant difference in the dilution of fluid samples at any time point. Both of these two interventions released more concentrated blood on average than those resulting from jet injection with the small slot 2 nozzle. More than 60 % of fluid samples from jet injection with
either the cylinder 2 nozzle or the medium slot nozzle contained at least 75 % blood – similar to that released by the lancet during the last 15s. In contrast, only 36 % samples resulting from jet injection with the small slot 2 nozzle also had a blood percentage of at least
75 %.
There was a large variation in the blood concentration of fluid samples collected after the
first 15 s following jet injection with the two slot nozzles. Both slot nozzles resulted in
diluted fluid samples collected during the first 15 s compared to the lancet prick; two samples from the medium slot nozzle and three from the small slot 2 nozzle were at least 4
times diluted. The larger volume of saline used for jet injection with the medium slot nozzle
may contribute to the dilution of the fluid samples. The injectate i.e., sterile saline may not
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be fully dispersed in the underlying tissue immediately following injection, leading to dilution of blood samples. Collecting blood at a later time point following intervention might
avoid the effects of dilution; jet injection with all three nozzles resulted in samples consisting of at least 75 % blood on average at the second time point.
Despite the low absolute error in any blood percentage estimate, the sensitivity of blood
dilution was lowest at a haematocrit level ranging from 25 % to 45 %; the exponential relationship fitted for the red pixel value with blood percentage makes it difficult to differentiate between samples containing 80 % blood and 100 % blood (Figure 5-5). This could be
the primary limitation of estimating dilution using this method. The porcine blood samples
were more precisely mixed than human blood samples due to the availability of porcine
blood, leading to a slightly larger mean difference of 9.8 % between the prescribed and
estimated blood concentrations in the human blood samples. The prediction of blood concentration was, therefore, less accurate in human blood samples compared to porcine blood
samples.

5.4.3 Glucose concentration can be estimated from the fluid samples.
The blood glucose level predicted from fluid samples collected after jet injection was
within, on average, 24.5 % of the actual concentration of undiluted blood from the same
participant. This method provides important insight into the initial investigation of glucose
measurement from the jet-released fluid samples. It also produces an accuracy approaching
that of the US Food and Drug Administration (FDA) guidance on the accuracy for glucose
meters; 99 % of glucose concentration results must be within 20 % of the true value (Food
and Drug Administration, 2020).
In most participants, the blood glucose concentration was underestimated, suggesting that
blood dilution in samples extracted post jet injection may have been systematically underestimated. This may be due to the uncertainty in the calibration of the blood dilution measurement, as described in the last Section. Another possible factor is the repeatability (4.8 %)
of the glucose measurement using the glucometer.
A larger number of samples, and a more accurate method of measuring blood dilution that
takes into account the biological variability of blood, will be required to improve the accuracy of the blood glucose prediction for diluted blood samples. Otherwise, techniques of
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achieving undiluted blood samples using a jet injector need to be developed for accurate
blood glucose measurement.

5.4.4 Jet-induced blood release causes slightly more pain than a lancet
Blood release by jet injection into the fingertip seems to be associated with a modest increase in pain compared to the use of a lancet. The mean pain scores for the cylinder 2 and
medium slot injections were significantly greater than that for the lancet. These results correlate with studies where participants have reported more pain from jet injection than needle injection (Houtzagers, Visser, Berntzen, Heine, & Van der Veen, 1988; Worth,
Anderson, Rtaylor, & Alberti, 1980). On the other hand, a lower level of pain resulting
from jet injection compared with needle injection has been reported in some studies
(Bremseth, Pharm, & Pass, 2001; Cooper, Bromley, Baranowski, & Barker, 2000; Verrips
et al., 1998).
There was no statistically significant difference between the level of pain caused by the
medium slot nozzle and the cylinder 2 nozzle. Hence, no effect was observed of nozzle
shape on the level of pain from jet injection. However, the medium slot nozzle released
significantly more fluid than the cylinder 2 nozzle, and no significant difference in blood
concentration of fluid samples was observed between these two nozzles. The slot shape is
therefore a better design to obtain a blood sample for glucose measurement.
The medium slot nozzle and cylinder 2 nozzle were associated with higher levels of pain
than the small slot 2 nozzle, which has a much smaller length and thus aspect ratio. A larger
injury (i.e. a deeper or wider penetration hole) is likely to cause an increase in the level of
pain, as more nerve receptors are struck by the jet.

5.4.5 A jet injection invoked no significantly different skin reactions relative to a lancet prick
19 out of 20 participants reported that the pain or discomfort resulting from the application
of interventions after 24 hours had little or no effect on them completing routine tasks.
There was no statistically significant difference between the time for which pain or discom-
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fort remained at penetration sites following the interventions. The medium slot nozzle resulted in a longer duration of pain or discomfort on average than the lancet prick and jet
injection with the cylinder 2 nozzle, but all pain had dissipated within an hour.
Bruising and swelling around the intervention site were occasionally observed for both lancet pricks and jet injection. Lancet pricking is likely to cause more bruising but less swelling than the jet injection, although a higher prevalence of bruises had been observed with
jet injections than with needle injections in a previous study (Verrips et al., 1998). Jet injection delivered fluid in the tissue, increasing the chance of swelling. These results suggest
that multiple observations of bruising are likely to be observed on the same participant, but
this would be required to be confirmed by a study with a larger sample size.
In summary, this study has found no consistent evidence that a jet injection leads to significantly different skin reactions at the intervention site relative to a lancet prick.
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5.5 Conclusion
This study has demonstrated the viability of using a jet injector to release blood from human
fingertips, while evoking no significantly different skin reactions than a lancet prick. The
influence of nozzle shape and outlet size on blood collection was investigated by using
three different shaped nozzles. The medium slot nozzle released significantly more fluid
than the cylinder 2 nozzle, with no significant difference in blood dilution, and pain score.
This finding suggests that the use of the slit-shaped nozzle is preferable over a circular
nozzle. Overall, jet injection with the medium slot nozzle was able to achieve its design
purpose.
A lancet prick released a significantly larger volume of fluid than a jet injection, and evoked
a significantly lower level of pain than jet injection with the medium slot and cylinder 2
nozzles. This is the main disadvantage of this jet-based technique. However, the average
fluid volume for the two nozzles were sufficient for glucose measurement. Jet injection has
the advantage of addressing problems such as needle phobia, needle-stick injuries, and contamination due to needle re-use. Jet injection has the potential of controlling the penetration
depth based on individual skin thickness. Another advantage of using the jet-based technique is the potential development of an all-in-one device in which skin penetration, blood
release, glucose measurement, and insulin delivery are performed at the same intervention
site. Jet injection with the techniques to assist blood sampling from an alternate site may
increase the blood volume while reducing pain.
Most of the fluid samples resulting from jet injection with the cylinder 2 nozzle and the
medium slot nozzle were of similar concentration as the samples obtained after lancet prick.
92 % of fluid samples collected following all jet injections were not diluted to below 50 %.
The method for blood dilution measurement demonstrated a mean absolute error of 24.5 %.
This method had limitations from the variation of the decay coefficients arising from different haematocrit levels. It was also limited by the repeatability of the glucometer. A
method of providing a more accurate and precise measurement of blood dilution is required;
jet injection of fluid with a marker, such as fluorescent dye, may be investigated in the
future.
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Conclusions

The aim of this work was to explore the use of a single jet injection device to perform blood
sampling and provide the glucose measurement for diabetes patients. In this work, I developed a method to release capillary blood using a jet injector for glucose measurement and
tested the feasibility of this needle-free method against the current best practice, lancet
prick. In order to achieve this aim, I developed nozzles with rectangular outlet opening that
mimics the wound geometry resulting from lancet prick. A preliminary study of jet injection with a slot nozzle into living porcine ear showed that jet injection was effective at
releasing blood. The blood volume expected to result from jet injection and lancet pricking
was predicted based on the tissue disruption caused by intervention on post-mortem porcine
skin. Capillary blood sampling was then performed using a jet injector with a circular nozzle and two slot nozzles on human fingertips. The results showed that jet injection released
blood without inducing a significant site reaction, although a lower volume of blood was
obtained from jet injection than following a lancet prick. The human study showed that jet
injection with a slot-shaped nozzle increased the volume of blood released with a comparable level of pain compared to jet injection with the circular nozzle.
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6.1 Thesis summary
Six custom nozzles with various shapes were developed to investigate the effect of nozzle
shape on the jet shape and dispersion pattern in the tissue. The custom nozzles included a
cylinder 1 nozzle and a cone nozzle, which were designed to create a collimated jet and a
dispersing conical jet, respectively. The four nozzles with rectangular exit surfaces were
intended to generate a narrow incision in the skin in a manner similar to a lancet prick. The
cone nozzle exhibited the most divergent jet among the nozzles considered, resulting in a
fan-like fluid distribution in porcine skin. Jet injection with the small slot 2 and large slot
nozzles created low-volume and slightly divergent jets, resulting in shallow injections
within the standard penetration depth of a lancet prick and relatively wide dispersion.
The feasibility of blood sampling using a jet injector with the small slot 2 nozzle was then
tested on the ears of each living pig. This nozzle has an outlet length of 200 µm, which is
the same as the diameter of a standard circular nozzle. Jet injection achieved a consistent
penetration depth of around 1.4 mm, shallower than a lancet prick, with an injectate volume
of less than 25 µL. Blood release resulting from jet injection occurred at a rate of approximately 30 %, similar to that resulting from a lancet prick. The volume of the blood samples
collected following the lancet pricks and jet injections were about 0.76 µL and 0.24 µL,
which were insufficient for measuring blood glucose using a glucometer. This can be attributed largely to the differences between the porcine ear model and the human fingertips,
which emphasises the need to trial this technique in situ. Some disruption of collagen fibres
and blood vessels were observed at 700 µm below the skin surface, corresponding to a
certain volume of blood mixture collected from the penetration site. Histology of the jet
injected tissue provided additional evidence that this needle free technique was able to
cause bleeding within the tissue.
The wound geometry resulting from a lancet prick and jet injection with the small slot 2
nozzle was then investigated by microCT imaging. The results demonstrated that an asymmetrical jet might be useful to penetrate skin and disrupt blood vessels in the dermis of the
skin. The small slot 2 nozzle created a wound with similar shape and dimensions as a lancet
across the dermis. Therefore, jet injection with the small slot 2 nozzle may be able to perforate skin and release blood in a way similar to a lancet prick. The fluid dispersion pattern
resulting from jet injection using a contrast medium had larger dimensions than the wound
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due to the diffusion of injectate in the tissue. This may cause dilution of blood by the injectate after jet injection.
Histology of skin samples following a lancet prick and jet injection with the large slot and
cylinder 2 nozzles was performed to gain further information about the tissue disruption
including blood vessels. Disruption of capillaries was observed in pig skin following a lancet prick at around 610 µm below skin surface, where the subpapillary plexus is located in
the human fingertip skin. Intradermal injection into porcine skin using the large slot nozzle
resulted in half the penetration depth and one-fifth the wound volume of the jet injection
with the cylinder 2 nozzle up to 1.4 mm deep in the tissue. Nevertheless, the slot-shaped
jet disrupted more vascular endothelium in the tissue and was expected to release more
blood than the circular jet. The wound volume therefore did not directly correlate with the
amount of vascular endothelium being disrupted. Jet injection with the slot-shaped jet was
estimated to result in less blood being collected than jet injection with the circular jet,
whereas a lancet prick was estimated to release the least blood volume, lower than the volume required for using a glucometer. Collectively these findings demonstrate that jet injection has the possibility to release capillary blood and may provide sufficient blood for glucose measurement.
Ultimately, the efficacy of these proposed methods for capillary blood collection was evaluated on the fingertips of 20 participants. Four interventions were performed on the middle
and ring fingers of each hand for each participant: a lancet prick, jet injection with the
small slot 2, medium slot, and cylinder 2 nozzles. In this within subject design of the trial,
each participant act as their own control. The results showed that a jet injector was able to
release blood containing fluid from human fingertips, with a significantly lower volume of
fluid and no significantly different skin reactions compared to a lancet prick. Jet injection
with the medium slot nozzle, released a significantly higher volume of fluid than jet injection with the cylinder 2 nozzle. Therefore, a rectangular shaped fluid jet that mimics the
wound shape resulting from a lancet prick increases the volume of blood obtained after jet
injection. Jet injection with the medium slot nozzle also released more fluid than jet injection with the small slot 2 nozzle. An increase in the length of the slot nozzle outlet resulted
in a higher volume of fluid collected following jet injection.
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The method of estimating blood dilution of low volume (~ 1 µL) fluid samples was based
on the measurement of red pixel value of fluid samples. Fluid samples obtained after a
lancet prick was significantly diluted with time, possibly due to the release of interstitial
and intracellular fluids. More than 60 % of fluid samples collected from jet injection with
the cylinder 2 or the medium slot nozzle contained at least 75 % blood. No significant difference was observed in the blood concentration of fluid samples between a lancet prick
and a jet injection at the last 15 s interval. Furthermore, 92 % of fluid samples collected
following jet injection were less than two times diluted. This method of measuring blood
dilution demonstrated a mean absolute error of 24.5 %. Jet injection with the medium slot
nozzle resulted in more fluid being released with a similar level of pain compared to jet
injection with the cylinder 2 nozzle. Overall, jet injection with the medium slot nozzle is
able to release blood containing fluid samples and outperforms the other two nozzles.

6.2 Future work
The findings suggest that a slot-shaped nozzle, instead of a circular nozzle, shall be used
for injection intended to release fluid, if the two nozzles have the same outlet area. This
jet-based blood extraction technique requires more refinement to increase fluid volume and
reduce pain before it can be adopted for practical use.
The custom slot nozzles constructed as shown in Chapter 3 had good precision of the outlet
dimensions, however, the annealing, compression, and soldering of the hypodermic tubes
is not a suitable manufacturing technique for future ampoules for clinical use. Other ways
to produce slot nozzles could be investigated.
The work in Chapter 4 showed that the jet injection with the large slot nozzle resulted in a
slot-shaped wound at shallow skin depth, but as the jet penetrated deeper into the tissue the
wound became more circular, similar to the shape of wound caused by jet injection with
the cylinder 2 nozzle. This could be predominantly due to the anisotropic mechanical properties of the skin. Any effect of the axis position of the slot nozzle outlet relative to the
Langer’s lines or fingertip ridges on the resultant wound shape and blood release would
need to be investigated on both post-mortem tissue and living humans. Maintaining the
slit-shaped wound in the skin might assist in retrieving capillary blood samples.
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The human study presented in Chapter 5 demonstrated the advantages of using a medium slot nozzle to penetrate skin and release blood containing fluid from fingertips, compared to a cylinder 2 nozzle. A higher level of pain was experienced during jet injection of
the medium slot and cylinder 2 nozzles than lancet prick. The level of pain sensed by the
participant seems directly correlated with the size of injury i.e., the volume of injectate
delivered and the penetration depth, which may limit the usefulness of the technique. Ways
to measure the delivered injectate volume and penetration depth following jet injection in
living humans need to be developed.
The volume of fluid injected should preferably be minimised to decrease blood dilution
while penetration depth resulting from jet injection needs to be similar to that caused by a
lancet prick. Jet injection using a smaller-diameter piston would be advantageous, because
a small piston pressurizes the fluid with a large mechanical advantage, resulting in high
pressure and jet speed while sweeping a small fluid volume.
The penetration depth resulting from jet injection is affected by a few parameters. The applied weight of the lancing device and jet injector (i.e., the contact force between the device
and skin) may have an effect on the volume of blood released following each intervention.
Higher contact force may cause skin elevation around the intervention site, potentially affecting penetration depth and bleeding. The effect of variability in skin thickness on penetration depth may be reduced if the skin thickness can be determined prior to jet injection,
and injection parameters varied accordingly.
While jet injection with the slot nozzles was effective in releasing fluid, the volume of fluid
collected following jet injection was less than that retrieved after lancet prick. Methods of
enhancing blood release using a jet injector would be the principal focus of future investigation. Techniques identified in the literature review, for example, heating the intervention
site before injection, or applying vacuum combined with skin stretching before and after
penetration, can be incorporated with the jet injector to improve blood release.
The volume of injectate delivered and the penetration depth in fingertip might also have an
influence on the dilution of blood. The human study demonstrated a method of predicting
blood dilution based on the red pixel value of fluid samples and dilution factors of < 2 had
been observed in most samples. By acquiring the glucose level and blood dilution of fluid
samples following jet injection, the blood glucose level can be estimated. To improve the
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accuracy of blood glucose estimation, a more accurate method of measuring blood dilution
in the fluid samples, especially at high blood percentage, needs to be developed. Additionally, a more accurate method of measuring the glucose level of diluted samples could be
developed.
Another method of measuring blood glucose level is to monitor the blood dilution of the
fluid samples following jet injection during vacuum extractions, and only start collecting
the samples when they appear to be no longer diluted. The blood glucose level can then be
measured using a glucometer directly. A potential drawback of this method is that a larger
volume of blood needs to be extracted, which may lead to the presence of welts and bruising
from the suction. An additional method to measure blood glucose levels directly using a
glucometer is to use the injectate that is immiscible with water for jet injection. Glucose is
present only in the aqueous (water) phase, so it will not diffuse into the injectate upon
collection. The fluid samples collected could then be used to directly determine the blood
glucose levels using a glucometer.
Capillary blood sampling using a jet injector in the clinical environment would also require
an ergonomic end cap of the jet injector, better sample collection techniques, etc.
Finally, while sufficient blood can be extracted from the fingertip for measuring glucose,
blood sampling from alternative sites will be considered to achieve the overall aim of capillary blood sampling and insulin delivery based on blood glucose measurement using a
jet injector.

6.3 Novel contributions
The work presented in this thesis has broadened the application of jet injection for capillary
blood sampling from porcine ear and human fingertips. This study is the first reported case
of blood sampling using a jet injector on living animals and humans which is an important
step toward needle-free blood sampling and insulin delivery using a single device.
Custom nozzles with slot-shaped outlets mimicking the wound shape caused by a lancet
prick provide significant insight into jet injection with non-circular nozzles. The histology
analysis of porcine tissue that received jet injection led to a greater level of understanding
of the effects of nozzle shape on the geometry of the wound and the disruption to the
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vascular endothelium. This understanding was of significant benefit in informing the
estimated amount of blood released following jet injection with a circular and a slot-shaped
nozzles. No other studies appear to have explored the use of non-circular nozzle outlets.
The work in this thesis provided information about the feasibility of using a jet injector to
penetrate skin and release blood from living porcine ears, despite a lower volume of blood
being collected following jet injection than resulting from a lancet prick. The results of the
human study presented here highlighted the advantages of using jet injection with a slot
nozzle over jet injection with a circular nozzle that had the same outlet area to release blood.
Jet injection with a slot shaped nozzle penetrated skin with a similar level of pain, but
released a higher volume of fluid than jet injection with the circular nozzle. No significant
difference in blood concentration was observed between lancet prick and jet injection
during the last 15 s of sample collection, and during the whole 60 s collection period. The
insight into the effect of nozzle shape and intervention between jet injection and lancet
prick will be helpful to future investigation into the improvement of capillary blood sampling using a jet injector for blood glucose testing.
The intent of this work was to contribute to the scientific understanding of jet injection with
various shapes of nozzles, and more importantly, to contribute to the development of a
lancet-free blood sampling device that can be used in a clinical setting. It is hoped that the
development of a single lancet-free device for capillary blood sampling and insulin delivery
based on the glucose measurement will be achieved through the above novel contributions.
Ultimately, this will lead to an improvement in human healthcare, especially in the quality
of diabetes care.
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I was involved in drafting a review paper on capillary blood sampling methods that is being
prepared to be submitted to an academic journal.

APPENDIX A
Human study protocol

This section presents the protocol of the human study “Needle-free Sensing of Blood
Glucose” that was submitted for ethics application.
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APPENDIX B
Questionnaire

This section presents the questionnaire of the human study “needle-free sensing of blood
glucose” that the participants were asked to complete 24 hours after the interventions.
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APPENDIX C
Manual of the glucose monitoring system

This section presents the manual of the CareSens N blood glucose monitoring system that
was used in the human study. It shows the accuracy, precision, and repeatability of the
glucometer, and the minimum volume of blood required by a test strip to provide glucose
measurement.
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APPENDIX D
Human study results

This section presents the volume of all fluid samples, and their blood content. It also
demonstrates the results of the significance tests to evaluate the difference in fluid volume
and blood concentration across the four interventions. Microscope images of all intervention sites that were taken post interventions are presented here.
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Table D-I. The volume of all fluid samples

Injection type

Lancet
Cylinder 2
Medium slot
Small slot 2

1st Collection
Mean Std dev
(µL)
(µL)
0.9
1.0
0.3
0.2
0.6
0.5
0.1
0.1

The volume of fluid samples
2nd Collection
3rd Collection
4th Collection
Mean Std dev Mean Std dev Mean Std dev
(µL)
(µL)
(µL)
(µL)
(µL)
(µL)
1.4
1.3
1.1
0.9
1.0
1.0
0.2
0.2
0.2
0.3
0.1
0.2
0.8
1.0
0.5
0.7
0.2
0.3
0.05
0.08
0.01
0.03
0.005
0.02

Table D-II. The blood percentage in each sample
Injection type

Lancet
Cylinder 2
Medium slot
Small slot 2

1st Collection
Mean Std dev
(%)
(%)
100
0.0001
82.5
16.7
76.5
30.5
53.4
42.2

Blood percentage in each sample
2nd Collection
3rd Collection
4th Collection
Mean Std dev Mean Std dev Mean Std dev
(%)
(%)
(%)
(%)
(%)
(%)
93.3
7.1
85.5
5.9
85.6
8.1
79.6
10.8
75.4
9.8
82.3
5.7
81.1
20.6
80.8
20.5
81.8
21.1
81.3
14.9
60.6
0
60.4
0

Table D-III. The volume of all blood sample
Injection type

Lancet
Cylinder 2
Medium slot
Small slot 2

1st Collection
Mean Std dev
(µL)
(µL)
0.9
1.0
0.2
0.2
0.4
0.4
0.1
0.1

The volume of blood samples
2nd Collection
3rd Collection
4th Collection
Mean Std dev Mean Std dev Mean Std dev
(µL)
(µL)
(µL)
(µL)
(µL)
(µL)
1.3
1.1
0.9
0.7
0.9
1.0
0.2
0.2
0.2
0.2
0.1
0.2
0.7
1.0
0.4
0.7
0.2
0.3
0.04
0.07
0.004
0.02
0.003
0.01

Human study results

171

Table D-IV. Results (p-value) of the pairwise comparisons for total fluid volume
95% Confidence Interval for
(I) Interven-

(J) Interven-

tion

tion

1

2

.778*

.122

20.387

.000

.523

1.032

3

.406*

.114

20.034

.002

.168

.644

4

1.137*

.130

10.351

.000

.849

1.426

1

-.778*

.122

20.387

.000

-1.032

-.523

3

-.372*

.103

15.047

.003

-.591

-.152

4

.360*

.136

13.470

.019

.068

.652

1

-.406*

.114

20.034

.002

-.644

-.168

2

.372*

.103

15.047

.003

.152

.591

4

.731*

.119

14.259

.000

.477

.986

1

-1.137*

.130

10.351

.000

-1.426

-.849

2

-.360*

.136

13.470

.019

-.652

-.068

3

-.731*

.119

14.259

.000

-.986

-.477

2

3

4

Mean Differ-

Std. Er-

ence (I-J)

ror

Difference
df

Sig.

Lower Bound Upper Bound

*. The mean difference is significant at the .05 level.

1: Lancet

2: Cylinder 2 3: Medium slot

4: Small slot 2

Table D-V. Results (p-value) of the pairwise comparisons for blood concentration in samples
collected over 60 s
95% Confidence Interval for
(I) Interven-

(J) Interven-

tion

tion

1

2

.141*

.027

16.100

.000

.084

.198

3

.117*

.042

17.014

.013

.028

.207

4

.220*

.083

8.665

.027

.031

.408

1

-.141*

.027

16.100

.000

-.198

-.084

3

-.024

.051

15.170

.646

-.132

.084

4

.079

.083

7.423

.371

-.115

.272

1

-.117*

.042

17.014

.013

-.207

-.028

2

.024

.051

15.170

.646

-.084

.132

4

.103

.081

8.137

.241

-.084

.289

1

-.220*

.083

8.665

.027

-.408

-.031

2

-.079

.083

7.423

.371

-.272

.115

3

-.103

.081

8.137

.241

-.289

.084

2

3

4

Mean Differ-

Std. Er-

ence (I-J)

ror

Difference
df

*. The mean difference is significant at the .05 level.

1: Lancet

2: Cylinder 2

3: Medium slot

4: Small slot 2

Sig.

Lower Bound Upper Bound
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Table D-VI. Results (p-value) of the pairwise comparisons for pain score
95% Confidence Interval for

(I) Interven-

(J) Interven-

tion

tion

1

2

-1.345*

.410

18.817

.004

-2.204

-.485

3

-1.868*

.296

19.237

.000

-2.486

-1.249

4

.736

.469

18.564

.134

-.248

1.720

1

1.345*

.410

18.817

.004

.485

2.204

3

-.523

.281

18.128

.079

-1.113

.067

4

2.081*

.505

20.047

.001

1.027

3.135

1

1.868*

.296

19.237

.000

1.249

2.486

2

.523

.281

18.128

.079

-.067

1.113

4

2.604*

.507

19.279

.000

1.544

3.664

1

-.736

.469

18.564

.134

-1.720

.248

2

-2.081*

.505

20.047

.001

-3.135

-1.027

3

-2.604*

.507

19.279

.000

-3.664

-1.544

2

3

4

Mean Differ-

Std. Er-

ence (I-J)

ror

Difference
df

Sig.

Lower Bound Upper Bound

*. The mean difference is significant at the .05 level.

1: Lancet

2: Cylinder 2

3: Medium slot

4: Small slot 2

Table D-VII. Results (p-value) of the pairwise comparisons for fluid volume with time within a lancet prick
95% Confidence Interval for DifferMean Difference
(I) time
1

2

3

4

(J) time

(I-J)

ence
Std. Error

Sig.

Lower Bound

Upper Bound

2

-.239*

.070

.003

-.386

-.092

3

-.095

.112

.409

-.330

.140

4

-.017

.103

.872

-.232

.199

1

.239*

.070

.003

.092

.386

3

.144

.111

.210

-.088

.376

4

.222

.114

.067

-.017

.462

1

.095

.112

.409

-.140

.330

2

-.144

.111

.210

-.376

.088

4

.078

.062

.221

-.051

.207

1

.017

.103

.872

-.199

.232

2

-.222

.114

.067

-.462

.017

3

-.078

.062

.221

-.207

.051

*. The mean difference is significant at the .05 level.
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Table D-VIII. Results (p-value) of the pairwise comparisons for fluid volume with time within the cylinder 2 nozzle
95% Confidence Interval for DifferMean Difference
(I) time

(J) time

1

2

.064

.036

.092

-.012

.141

3

.108

.069

.135

-.038

.253

4

.253*

.065

.001

.115

.391

1

-.064

.036

.092

-.141

.012

3

.043

.058

.467

-.080

.167

4

.188*

.056

.004

.069

.308

1

-.108

.069

.135

-.253

.038

2

-.043

.058

.467

-.167

.080

4

.145*

.041

.003

.059

.231

1

-.253*

.065

.001

-.391

-.115

2

-.188*

.056

.004

-.308

-.069

3

-.145*

.041

.003

-.231

-.059

2

3

4

(I-J)

ence
Std. Error

Sig.

Lower Bound

Upper Bound

*. The mean difference is significant at the .05 level.

Table D-IX. Results (p-value) of the pairwise comparisons for fluid volume with time within
the medium slot nozzle
95% Confidence Interval for DifferMean Difference
(I) time

(J) time

1

2

-.081

.063

.213

-.213

.051

3

.098

.082

.249

-.075

.272

4

.295*

.085

.003

.116

.475

1

.081

.063

.213

-.051

.213

3

.179*

.064

.012

.044

.314

4

.376*

.082

.000

.202

.550

1

-.098

.082

.249

-.272

.075

2

-.179*

.064

.012

-.314

-.044

4

.197*

.056

.003

.079

.315

1

-.295*

.085

.003

-.475

-.116

2

-.376*

.082

.000

-.550

-.202

3

-.197*

.056

.003

-.315

-.079

2

3

4

(I-J)

ence
Std. Error

*. The mean difference is significant at the .05 level.

Sig.

Lower Bound

Upper Bound
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Table D-X. Results (p-value) of the pairwise comparisons for fluid volume with time within
the small slot 2 nozzle
95% Confidence Interval for DifferMean Difference
(I) time

(J) time

1

2

.057

.054

.310

-.059

.173

3

.143*

.063

.037

.010

.277

4

.162*

.061

.019

.031

.292

1

-.057

.054

.310

-.173

.059

3

.086*

.040

.047

.001

.170

4

.104*

.044

.032

.010

.199

1

-.143*

.063

.037

-.277

-.010

2

-.086*

.040

.047

-.170

-.001

4

.018

.015

.238

-.014

.051

1

-.162*

.061

.019

-.292

-.031

2

-.104*

.044

.032

-.199

-.010

3

-.018

.015

.238

-.051

.014

2

3

4

(I-J)

ence
Std. Error

Sig.

Lower Bound

Upper Bound

*. The mean difference is significant at the .05 level.

Table D-XI. Results (p-value) of the pairwise comparisons for fluid volume at the first time
point
95% Confidence Interval for
(I) Interven-

(J) Interven-

tion

tion

1

2

3

4

Mean Difference

Std.

(I-J)

Error

Difference
df

Lower Bound

Upper Bound

2

.096 20.701 .000

.231

.628

3

.191

.118 20.575 .120

-.054

.437

4

.699*

.105 18.795 .000

.479

.918

1

-.429*

.096 20.701 .000

-.628

-.231

3

-.238*

.079 16.254 .008

-.405

-.071

4

.269*

.080 21.397 .003

.102

.436

1

-.191

.118 20.575 .120

-.437

.054

2

.238*

.079 16.254 .008

.071

.405

4

.507*

.080 18.262 .000

.340

.675

1

-.699*

.105 18.795 .000

-.918

-.479

2

-.269*

.080 21.397 .003

-.436

-.102

3

-.507*

.080 18.262 .000

-.675

-.340

*. The mean difference is significant at the .05 level.

1: Lancet

Sig.

.429*

2: Cylinder 2

3: Medium slot

4: Small slot 2
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Table D-XII. Results (p-value) of the pairwise comparisons for fluid volume at the second
time point
95% Confidence Interval for
(I) Interven-

(J) Interven-

tion

tion

1

2

.727*

.118 20.425 .000

.482

.972

3

.336*

.147 20.315 .034

.029

.643

4

.995*

.109 20.188 .000

.768

1.222

1

-.727*

.118 20.425 .000

-.972

-.482

3

-.391*

.094 18.678 .001

-.587

-.195

4

.268*

.075 20.807 .002

.112

.424

1

-.336*

.147 20.315 .034

-.643

-.029

2

.391*

.094 18.678 .001

.195

.587

4

.659*

.119 19.537 .000

.410

.908

1

-.995*

.109 20.188 .000

-1.222

-.768

2

-.268*

.075 20.807 .002

-.424

-.112

3

-.659*

.119 19.537 .000

-.908

-.410

2

3

4

Mean Difference

Std.

(I-J)

Error

Difference
df

Sig.

Lower Bound

Upper Bound

*. The mean difference is significant at the .05 level.

1: Lancet

2: Cylinder 2

3: Medium slot

4: Small slot 2

Table D-XIII. Results (p-value) of the pairwise comparisons for fluid volume at the third
time point
95% Confidence Interval for
(I) Interven-

(J) Interven-

tion

tion

1

2

.620*

.128 20.259 .000

.354

.887

3

.376*

.134 18.852 .011

.096

.657

4

.931*

.085 18.929 .000

.754

1.109

1

-.620*

.128 20.259 .000

-.887

-.354

3

-.244*

.091 18.574 .015

-.434

-.054

4

.311*

.069 18.704 .000

.166

.456

1

-.376*

.134 18.852 .011

-.657

-.096

2

.244*

.091 18.574 .015

.054

.434

4

.555*

.094 17.370 .000

.357

.753

1

-.931*

.085 18.929 .000

-1.109

-.754

2

-.311*

.069 18.704 .000

-.456

-.166

3

-.555*

.094 17.370 .000

-.753

-.357

2

3

4

Mean Difference

Std.

(I-J)

Error

Difference
df

*. The mean difference is significant at the .05 level.

1: Lancet

2: Cylinder 2

3: Medium slot

4: Small slot 2

Sig.

Lower Bound

Upper Bound
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Table D-XIV. Results (p-value) of the pairwise comparisons for fluid volume at the fourth
time point
95% Confidence Interval for
(I) Interven-

(J) Interven-

tion

tion

1

2

.699*

.132 20.237 .000

.422

.975

3

.500*

.142 19.663 .002

.203

.797

4

.869*

.111 19.827 .000

.637

1.101

1

-.699*

.132 20.237 .000

-.975

-.422

3

-.199*

.054 20.196 .001

-.311

-.086

4

.170*

.047 19.656 .002

.073

.268

1

-.500*

.142 19.663 .002

-.797

-.203

2

.199*

.054 20.196 .001

.086

.311

4

.369*

.069 18.802 .000

.225

.513

1

-.869*

.111 19.827 .000

-1.101

-.637

2

-.170*

.047 19.656 .002

-.268

-.073

3

-.369*

.069 18.802 .000

-.513

-.225

2

3

4

Mean Difference

Std.

(I-J)

Error

Difference
df

Sig.

Lower Bound

Upper Bound

*. The mean difference is significant at the .05 level.

Table D-XV. Results (p-value) of the pairwise comparisons for blood percentage with time
within a lancet prick
95% Confidence Interval for Differ(I) Collection-

(J) Collection-

No

No

1

2

.067*

.019 .001

.028

.105

3

.145*

.019 .000

.106

.183

4

.144*

.020 .000

.104

.183

1

-.067*

.019 .001

-.105

-.028

3

.078*

.019 .000

.040

.117

4

.077*

.020 .000

.038

.117

1

-.145*

.019 .000

-.183

-.106

2

-.078*

.019 .000

-.117

-.040

4

-.001

.020 .962

-.040

.039

1

-.144*

.020 .000

-.183

-.104

2

-.077*

.020 .000

-.117

-.038

3

.001

.020 .962

-.039

.040

2

3

4

Mean Difference (I-

Std. Er-

J)

ror

*. The mean difference is significant at the .05 level.

ence
Sig.

Lower Bound

Upper Bound
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Table D-XVI. Results (p-value) of the pairwise comparisons for blood percentage with time
within the cylinder 2 nozzle
95% Confidence Interval for
(I) Collection-

(J) Collection-

No

No

1

2

2

3

4

Mean Difference

Std.

(I-J)

Error

Difference
df

Sig.

Lower Bound

Upper Bound

.037

.030 13.808 .245

-.028

.103

3

.058

.037 15.117 .136

-.020

.136

4

.003

.047 15.210 .956

-.098

.103

1

-.037

.030 13.808 .245

-.103

.028

3

.021

.024 10.572 .409

-.033

.075

4

-.034

.027 14.161 .219

-.092

.023

1

-.058

.037 15.117 .136

-.136

.020

2

-.021

.024 10.572 .409

-.075

.033

4

-.055

.027 12.994 .064

-.114

.004

1

-.003

.047 15.210 .956

-.103

.098

2

.034

.027 14.161 .219

-.023

.092

3

.055

.027 12.994 .064

-.004

.114

Table D-XVII. Results (p-value) of the pairwise comparisons for blood percentage with time
within the medium slot nozzle
95% Confidence Interval for
(I) Collection-

(J) Collection-

No

No

1

2

2

3

4

Mean Difference

Std.

(I-J)

Error

Difference
df

Sig.

Lower Bound

Upper Bound

-.046

.047 18.000 .343

-.144

.053

3

-.052

.043 17.475 .247

-.142

.039

4

-.014

.062 14.807 .822

-.146

.118

1

.046

.047 18.000 .343

-.053

.144

3

-.006

.043 16.125 .891

-.097

.085

4

.031

.046 14.858 .502

-.066

.129

1

.052

.043 17.475 .247

-.039

.142

2

.006

.043 16.125 .891

-.085

.097

4

.037

.036 14.193 .322

-.041

.116

1

.014

.062 14.807 .822

-.118

.146

2

-.031

.046 14.858 .502

-.129

.066

3

-.037

.036 14.193 .322

-.116

.041
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Table D-XVIII. Results (p-value) of the pairwise comparisons for blood percentage with
time within the small slot 2 nozzle
95% Confidence Interval for Differ(I) Collection-

(J) Collection-

No

No

1

2

-.279

.199 .191

-.723

.165

3

-.072

.364 .847

-.883

.739

4

-.070

.364 .852

-.880

.741

1

.279

.199 .191

-.165

.723

3

.207

.373 .591

-.624

1.038

4

.209

.373 .587

-.621

1.040

1

.072

.364 .847

-.739

.883

2

-.207

.373 .591

-1.038

.624

4

.002

.481 .996

-1.070

1.075

1

.070

.364 .852

-.741

.880

2

-.209

.373 .587

-1.040

.621

3

-.002

.481 .996

-1.075

1.070

2

3

4

Mean Difference (I-

Std. Er-

J)

ror

ence
Sig.

Lower Bound

Upper Bound

Table D-XIX. Results (p-value) of the pairwise comparisons for blood percentage at the first
time point
95% Confidence Interval for
(I) Interven-

(J) Interven-

tion

tion

1

2

.184*

.042 12.236 .001

.092

.276

3

.237*

.071 17.408 .004

.088

.387

4

.452*

.143 12.133 .008

.141

.762

1

-.184*

.042 12.236 .001

-.276

-.092

3

.054

.077 22.111 .491

-.105

.212

4

.268

.146 12.052 .090

-.049

.585

1

-.237*

.071 17.408 .004

-.387

-.088

2

-.054

.077 22.111 .491

-.212

.105

4

.214

.153 12.765 .184

-.116

.545

1

-.452*

.143 12.133 .008

-.762

-.141

2

-.268

.146 12.052 .090

-.585

.049

3

-.214

.153 12.765 .184

-.545

.116

2

3

4

Mean Difference

Std.

(I-J)

Error

*. The mean difference is significant at the .05 level.

Difference
df

Sig.

Lower Bound

Upper Bound
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Table D-XX. Results (p-value) of the pairwise comparisons for blood percentage at the second time point
95% Confidence Interval for Dif(I) Interven-

(J) Interven-

tion

tion

1

2

.138*

.047 57 .005

.043

.233

3

.123*

.044 57 .008

.034

.211

4

.120

.068 57 .083

-.016

.256

1

-.138*

.047 57 .005

-.233

-.043

3

-.015

.049 57 .754

-.112

.082

4

-.018

.071 57 .803

-.160

.124

1

-.123*

.044 57 .008

-.211

-.034

2

.015

.049 57 .754

-.082

.112

4

-.003

.069 57 .971

-.140

.135

1

-.120

.068 57 .083

-.256

.016

2

.018

.071 57 .803

-.124

.160

3

.003

.069 57 .971

-.135

.140

2

3

4

Mean Difference

Std. Er-

(I-J)

ror

ference
df

Sig.

Lower Bound

Upper Bound

*. The mean difference is significant at the .05 level.

Table D-XXI. Results (p-value) of the pairwise comparisons for blood percentage at the
third time point
95% Confidence Interval for Dif(I) Interven-

(J) Interven-

tion

tion

1

2

.101*

.048 48 .041

.004

.198

3

.047

.043 48 .278

-.039

.134

4

.249

.132 48 .065

-.016

.513

1

-.101*

.048 48 .041

-.198

-.004

3

-.054

.050 48 .291

-.155

.047

4

.148

.134 48 .276

-.122

.418

1

-.047

.043 48 .278

-.134

.039

2

.054

.050 48 .291

-.047

.155

4

.202

.132 48 .135

-.065

.468

1

-.249

.132 48 .065

-.513

.016

2

-.148

.134 48 .276

-.418

.122

3

-.202

.132 48 .135

-.468

.065

2

3

4

Mean Difference

Std. Er-

(I-J)

ror

*. The mean difference is significant at the .05 level.

ference
df

Sig.

Lower Bound

Upper Bound
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Table D-XXII. Results (p-value) of the pairwise comparisons for blood percentage at the
fourth time point
95% Confidence Interval for Dif(I) Interven-

(J) Interven-

tion

tion

1

2

.033

.056 41 .559

-.080

.146

3

.038

.047 41 .428

-.057

.133

4

.252

.136 41 .070

-.022

.526

1

-.033

.056 41 .559

-.146

.080

3

.005

.059 41 .938

-.114

.123

4

.219

.140 41 .126

-.064

.502

1

-.038

.047 41 .428

-.133

.057

2

-.005

.059 41 .938

-.123

.114

4

.214

.137 41 .125

-.062

.490

1

-.252

.136 41 .070

-.526

.022

2

-.219

.140 41 .126

-.502

.064

3

-.214

.137 41 .125

-.490

.062

2

3

4

Mean Difference

Std. Er-

(I-J)

ror

ference
df

Sig.

Lower Bound

Upper Bound
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P6

Figure D-1 Images of fingertip intervention sites taken soon after receiving lancet prick (A),
jet injection with the cylinder 2 nozzle (B), jet injection with the medium slot nozzle (C), and
jet injection with the small slot 2 nozzle (D) on participants #1 to #6.
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P12

Figure D-2 Images of fingertip intervention sites taken soon after receiving lancet prick (A),
jet injection with the cylinder 2 nozzle (B), jet injection with the medium slot nozzle (C), and
jet injection with the small slot 2 nozzle (D) on participants #7 to #12.
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P17

P18

Figure D-3 Images of fingertip intervention sites taken soon after receiving lancet prick (A),
jet injection with the cylinder 2 nozzle (B), jet injection with the medium slot nozzle (C), and
jet injection with the small slot 2 nozzle (D) on participants #13 to #18.
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A

B

C

A

B

C

D

P19

P20

Figure D-4 Images of fingertip intervention sites taken soon after receiving lancet prick (A),
jet injection with the cylinder 2 nozzle (B), jet injection with the medium slot nozzle (C), and
jet injection with the small slot 2 nozzle (D) on participants #19 & #20. Jet injection with the
small slot 2 nozzle was not performed on participant #20 due to technical difficulty.
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