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Abstract 
The intent of neuromonitoring is to guide treatment modalities by detecting potentially 

harmful physiologic events in a timely manner.  Two clinical applications in urgent need 

of sensing solutions are the monitoring of patients suffering from traumatic brain injury 

in the acute setting and the long-term monitoring of patients with hydrocephalus. The 

purpose of this thesis was the development of a multimodal sensor for the management 

of traumatic brain injury and hydrocephalus. Improved technologies will pave the way 

for patient specific treatments, and a reduction in patient morbidity and mortality. 

Traditional approaches in multimodal sensing technology have integrated several 

transducers on a single silicon chip or packaged several sensing elements within a 

biocompatible catheter. Thermal and electrical cross-talk between sensors, time-lag 

between parallel measurements, lower yields associated with the increased complexity, 

and restrictions on the minimum size are challenges presented by these approaches. In 

this thesis an alternative method is proposed. Multiple signals are obtained from a 

single solid state transducer by exploiting the multi-parameter sensitivities of silicon. 

Obtaining multiple parameters from a single transducer goes a considerable way 

towards overcoming challenges of the prior art. 

A novel method for the simultaneous measurement of both temperature and pressure 

from a single catheter-tip pressure sensor is described. The system which is designed 

for intracranial monitoring in patients of traumatic brain injury was demonstrated to 

conform to the accuracy requirements of the international standard for clinical 

thermometers. The mean difference between temperature measurements made from 13 

sensors and those made from the reference sensor was less than 0.2 °C over 28 days of 

continuous operation. The temperature measurement has a sensitivity of 85.08 mV/°C, 

across the measurement range 20 - 45 °C and a time constant of the 610 ms ± 55 ms. A 

method described compensates for errors caused by cross-sensitivity to pressure 

reducing errors to within ± 0.04 °C after calibration. 

Multimodal data (temperature, pressure and heart rate) obtained, for the first time, from 

the sensor located within the abdominal aortas of five rats is presented. The catheter-tip 

sensor was interfaced with a fully implanted and inductively powered telemetry device 
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capable of operating for the lifetime of the animal. Results of this study demonstrated 

the accuracy of core temperature measurement with a mean difference in measurement 

from the reference sensor of  0.03 °C ± 0.02 °C (n=5, 7 days). Real-time data obtained 

in the undisturbed rat, revealed fluctuations (associated with the rest-activity cycle) in 

temperature, mean arterial pressure and heart rate. The ability to obtain multiple signals 

from a single ultraminiature transducer allows the temporal relationships between the 

various parameters to be accurately related. 

Finally, a novel method of obtaining flow measurements from the solid-state transducer 

is described. The flow measurement system, which is designed to monitor shunt 

patency in hydrocephalus patients, is capable of measurements in the range 0- 

35 ml/hour, typical of the fluid flow rates through a hydrocephalus shunt. The 

resolution of the measurement is 2 ml/hour in the flow range 0-14 ml/hour and is 

5 ml/hour for flows above 16 ml/hour. The flow signal is independent of ambient 

temperature. The maximum local heating of the fluid is 0.65 ± 0.02 °C. The sensor is 

suitable for implantation in the shunt body to allow detection of the flow rate of fluid 

through it, enabling the measurement of shunt patency in real time. 

The contribution of this PhD research is to provide a new approach in the 

miniaturisation of sensing technology for medical applications. For the first time 

temperature, pressure and flow rate measures have been obtained from a single solid 

state pressure sensor.       
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Chapter 1 

 Introduction 1
 

Brain injury is a leading cause of morbidity and mortality and may arise from aetiologies 

as varied as head trauma, cerebrovascular accident and congenital and acquired 

disorders of the brain such as hydrocephalus.  

Whilst permanent brain damage may result from the primary injury, the secondary 

effects of these neurological injuries place the brain at further risk of injury. Medical 

intervention, in the form of neuromonitoring at this stage is crucial for positive patient 

outcomes. The ability to detect the secondary effects of brain damage allows for the 

targeting of interventions to protect the brain from further injury. The aim of 

neuromonitoring is to detect harmful physiologic events in a timely manner so as to 

guide effective treatment modalities.  
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Two clinical applications in need of sensing solutions are:  

a) the monitoring of patients suffering from traumatic brain injury (TBI) in the 

acute setting; and 

b) the long-term monitoring of patients with hydrocephalus.  

While modern medicine has markedly improved the outcomes for patients with these 

neurological disorders, in recent years clinical gains have stalled [1-4]. 

Patients suffering a serious traumatic brain injury experience raised intracranial pressure 

(ICP) as well as raised intracranial temperature (ICT). The recommended routine 

monitoring of TBI patients involves direct measurement of ICP [5] as raised 

intracranial pressure can lead to secondary brain damage due to the compression of 

brain tissue.  Raised intracranial temperature also can lead to accelerated secondary 

brain damage and is a potentially avoidable risk factor [6]. As there can be a significant 

difference in brain and core temperatures [7-9] experts in the area of TBI have called 

for the direct measurement of brain temperature alongside intracranial pressure 

measurement in the routine monitoring of TBI patients [6, 10]. A single intracranial 

sensor which measures temperature, in addition to pressure, would provide valuable 

information for critical care monitoring and therapeutic intervention without proposing 

changes to current medical practice. 

Hydrocephalus is caused by a build-up of fluid in the ventricles of the brain. Current 

treatment involves the placement of a prosthetic shunt to divert the excess fluid to 

another cavity of the body where it can be absorbed. Unfortunately the high rate of 

shunt failure (most often due to shunt obstruction) necessitates several shunt revisions 

in a lifetime.  In addition, the non-specific nature of the symptoms of shunt failure 

makes diagnosis difficult and an individual may undergo many clinical investigations for 

‘false alarms’. Experts in the area of hydrocephalus agree that the frequent 

complications ,high  rates of shunt failure and poor quality of life for patients mean  

that current methods of diagnosis, treatment and routine monitoring of patients need 

improvement [11]. The challenge, experts claim, is to develop diagnostic procedures 

that predict treatment failure or allow timely intervention before permanent injury 

occurs. Neurological monitoring of variables such as pressure, flow and pulsatility are 
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required in order to improve patient outcomes [11]. A multimodal sensor measuring 

pressure, temperature and flow rate would allow shunt dynamics to be monitored in 

real-time, allowing the prediction and detection of shunt obstructions as well as the 

detection of over-drainage. 

The intention of this thesis was the development of a multi-modal sensor for the 

management of TBI and hydrocephalus. The sensor builds on the state-of-the-art 

pressure sensing technology currently in use in the acute monitoring of intracranial 

pressure of TBI and hydrocephalus patients. 

In this chapter, challenges in the treatment of TBI and hydrocephalus are discussed and 

the clinical need for implantable multi-modal sensing solutions is outlined. The value of 

pressure, temperature and flow measurement in the care of patients with TBI and 

hydrocephalus is introduced. 

1.1 Traumatic brain injury 

Traumatic brain injury (TBI) is a major cause of death and disability worldwide [3, 12, 

13]. The incidence of TBI in developed countries including Australia and the United 

Kingdom is 200 to 300 annually per 100,000 people [13]. With an estimated  incidence 

in New Zealand of 790 new cases per 100,000 per year (or a total of 36,000 new 

traumatic brain injuries each year ) this rate is unmatched in any other part of the 

developed world [14].  

The incidence of TBI is rising globally. The World Health Organization estimates that 

by 2020 TBI will be the third highest cause of early death for all age groups [3, 13, 15]. 

Despite major advances in the understanding of this condition in the last 15 years, care 

for TBI patients remains largely supportive [3, 4].  

TBI may occur as a consequence of an external impact to the head, an internal impact 

(concussion) as a result of sudden acceleration/deceleration forces within the cranium 

or a combination of both. In addition to the injury caused at the moment of impact, a 

cascade of events that takes place in the minutes and days following the injury lead to 

the development of secondary injury. These processes cause alterations in cerebral 

blood flow, intracranial pressure and intracranial temperature. TBI can cause an array of 
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cognitive, social, emotional, behavioural and physical effects, with outcomes ranging 

from complete recovery to permanent disability or death. 

1.1.1 Post-traumatic hyperthermia 

Post-traumatic hyperthermia is a common secondary effect of traumatic brain injury 

(TBI). The incidence of hyperthermia (core body temperature of 38°C or warmer) in 

the initial 72 hours following a head trauma has been reported to be as high as 68% 

[16]. It remains uncertain whether the acute rise in temperature following TBI is 

attributable to the initial response to inflammation and trauma or whether the rise in 

temperature is a consequence of injury to the central thermoregulatory centre and 

pathways [17]. The deleterious effects of raised brain temperature are well known. 

Raised brain temperature is associated with worsened patient outcomes [9, 18-23]. In 

the acute phase following an insult, even small elevations in brain temperature can 

result in perturbations in the metabolic, inflammatory, circulatory and neural functions 

of the brain, ultimately leading to brain damage [24]. A recent study of the effects of 

mild hyperthermia in rats with mild TBI found significant increases in contusion 

volume and neuronal damage in the brains of rats held at 39°C for 15 minutes prior to 

trauma and again at 39 °C for 2 hours following trauma [25]. Elevated brain 

temperatures, in excess of 40 °C, have been shown to cause damage to neural, glial and 

endothelial cells as well as to the cerebral microvasculature [26].  

1.1.2 Neuro-protective treatment 

The primary objective of the initial treatment of TBI is to avoid or limit the extent of 

secondary damage [26]. Moderate to mild hypothermia is known to mitigate the 

temperature dependent destructive processes that occur in the brain following an insult 

[27]. Therapeutic hypothermia has been suggested to improve the outcome of TBI 

patients [28-30]. The therapy has shown to be neuro-protective by slowing the 

inflammatory response and attenuating the cascade of damaging processes that occur in 

the injured brain [24, 30-33]. These injury mechanisms include apoptosis, excitoxicity, 

inflammation, free radical generation, genetic responses to injury and blood brain 

barrier breakdown [24, 30-33]. Other authors, on the other hand, advocate the control 

of normothermia [20, 24]. While debate still exists however as to whether hypothermia 
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or normothermia is most beneficial to patients, there is general agreement that 

hyperthermia should be prevented [34, 35].  

1.1.3 Measuring intracranial temperature (ICT) 

Increasingly, attention is being drawn to the value of intracranial temperature 

monitoring of TBI patients. The importance of measuring brain temperature 

throughout the critical period following TBI has been highlighted by several studies 

which point out the risk of underestimating brain temperature when other temperature 

measures (rectal, bladder and tympanic) are used [7-9]. In traumatic brain injury, brain 

temperature is often significantly elevated when compared with core body temperature 

[7]. In these cases brain temperature has been shown to be between 0.5°C to 1°C 

higher than rectal temperature [36, 37]. In severe cases however, the reverse may be 

true with intracranial temperature dropping below the core body temperature [8, 38]. 

Moreover, a considerable gradient has been demonstrated to exist between tympanic 

and intracranial temperatures with a mean difference of 0.64°C [8].  

Manipulation of body temperature in neuro-critical care patients carries some risk. It is 

therefore important that the process is performed accurately. While the goal of the 

treatment is to lower brain temperature, other vital organs are inevitably cooled in the 

process. It is important that these are not cooled beyond what is required for neuro-

protection [27]. When brain temperature is inferred from a measurement made at 

another site in the body there may be a significant time delay between the actual brain 

temperature reaching the target therapeutic temperature and the sensor reaching that 

target. By this time the brain and other organs may have been overcooled [27]. Utilising 

brain temperature measurement reduces this risk. Patient outcomes are improved when 

brain temperature is used to guide therapeutic management [34]. 

When administering therapeutic hypothermia, brain temperature monitoring should be 

used to control the cooling [9, 39]. Furthermore, a slow and controlled re-warming 

phase, following an extended hypothermic period, is essential in maintaining the 

beneficial effects of post-traumatic hypothermia [40, 41]. Monitoring and controlling 

the rate of re-warming reduces the risk of sudden increases in temperature; thereby 

reducing the risk of causing spikes in raised intracranial pressure [42, 43]. 
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The site of the measurement, when intracranial temperature measurements are made, is 

another important consideration. Considerable temperature gradients may exist inside 

the brain itself and these can be as great as 0.9 °C between the cortex and central brain 

[44]. A standard probe placement site would ensure consistency when comparing 

patients and prove valuable for clinically oriented research into the condition.  

1.1.4 Measuring intracranial pressure (ICP) 

Elevated ICP is another common secondary effect of TBI and while the relationship 

between intracranial temperature and ICP is complex, increases in ICP have been 

associated with raised intracranial temperature [7]. Elevated ICP, too, has profound 

effects on the patient outcome and the importance of ICP monitoring in TBI patients 

is well recognised. Guidelines provided by the Brain Trauma Foundation recommend 

the placement of an ICP monitor in “all salvageable patients” suffering from a 

substantial traumatic brain injury [5]. In these cases the benefits of an invasive 

monitoring device are considered to outweigh the attendant risks.  

1.1.5 Prior art sensors 

A number of intracranial temperature sensors are currently commercially available. 

While some function as stand-alone temperature sensing devices, others form part of a 

multimodal measuring device. Stand—alone temperature sensors include the 

Neurotrend temperature probe (Codman & Shurtleff), a thermocouple element with 

reported accuracy of 0.1 °C and the Licox temperature sensor (Integra Neurosciences) 

a thermocouple element of 0.8 mm diameter with reported accuracy of 0.2 °C.  

Probes which monitor multiple parameters utilise an independent temperature sensing 

element, typically a thermistor or thermocouple. They include the Camino 110-4BT 

(Integra Neurosciences), a 1.35 mm fibre optic pressure and temperature sensor with 

reported accuracy of 0.3 °C in the measurement range 30 °C to 40 °C, the Neurovent-P 

Temp ICP probe (Raumedic) with 0.5 mm diameter by 5.5 mm length thermistor 

element and reported accuracy of 0.1 °C, the Neurotrend Multi-parameter sensor 

(Codman & Shurtleff), of 0.5 mm diameter comprising a thermocouple (distal to the tip 

of the probe) with reported accuracy of 0.1 °C in addition to a pH, a PCO2, and a PO2 

optical sensor. 
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A temperature sensor for integration with a multi-modal smart catheter has been 

recently reported [45]. In this work the authors demonstrated a time constant of 

180 milliseconds, a resolution of 0.06 °C and a mean accuracy of 0.1 °C after 5 days of 

continual recording from 20 sensors. 

1.2 A multi-modal implantable sensor for acute TBI  

While basic science has, over the past fifteen years made important advances in the 

understanding of TBI, these advances have not translated into treatments of clinically 

proven benefit [3]. One explanation for this is that interventions in the ICU are often 

undertaken in the absence of accurate measures of brain and body temperature. 

Inevitably then, clinicians make decisions based on what they estimate the brain 

temperature to be, a less than ideal situation in the neurocritical care setting where the 

brain is susceptible to temperature-related secondary injury [6, 46]. 

The benefits of intracranial pressure monitoring in TBI patients are well understood 

and the technique is well utilised in the management of TBI. However, while the 

harmful effects of raised intracranial temperature have been well known for some time 

[9, 18-23], intracranial temperature monitoring, is not yet widely used. This is in part 

due to a lack of consensus in the medical community as to the value of intracranial 

temperature monitoring and common misconceptions surrounding the suitability of 

body temperature measurements for the approximation of brain temperature [6]. An 

(understandable) reluctance to implant multiple probes may also play a part. All this 

serves to highlight a need for multimodal sensors. 

A meeting, convened in 2010, debated the consequences of raised intracranial 

temperature following a TBI as well as the importance of temperature measurement in 

the management of TBI patients. A number of neurological specialist clinician –

scientists in attendance produced a summary of recommendations and a consensus 

statement was subsequently published [10].  

Recommendations included a need for improved reliability in the measurement of 

temperature and a need for multi-modality monitoring both of which would enable 

treatment to be both more prescriptive and more individualised [10]. There was 

consensus among delegates that standardisation in the measurement of temperature 
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should be a priority for the future. Delegates also agreed that intracranial temperature 

monitoring should be encouraged as the “gold” standard in cases where intracranial 

monitoring is justifiable. 

The first aim of this thesis is to develop a novel method of temperature measurement 

from an ultra-miniature pressure sensor tip catheter, the state of the art in intracranial 

pressure sensing. The multi-parameter sensor will make a particular contribution to the 

management of patients suffering from a traumatic brain injury (TBI). 

The benefits accrued from intracranial monitoring are important in both clinical and 

research settings. Alongside conventional ICP measurements in the clinical setting, it 

provides important information about the progression of the patient’s condition 

enabling patient specific neuro-protective interventions to be managed with an 

increased level of accuracy. As a data gathering tool it is invaluable for clinically 

orientated research. 

1.2.1 Temperature sensitivity in pressure sensors 

ICP monitoring is endorsed by consensus procedures for head injury management [5] 

and is accepted as a reasonably low-risk, high-yield and value for money intervention 

[47]. Consequently many institutions routinely employ ICP monitoring in their 

management of TBI patients. 

State-of-the-art pressure sensors used in ICP probes operate on the resistive strain 

gauge principle. Temperature sensitivity is a common side effect in pressure 

measurement systems and indeed any transducer which utilises resistive components as 

sensing elements. This temperature sensitivity of the pressure measurement (often 

referred to as cross-sensitivity), is a recognised source of measurement error, and in 

normal circumstances is considered to be a highly undesirable effect. Indeed, a variety 

of methods are employed by sensor designers to minimise the effect of temperature on 

the pressure signal. 

In this instance, however, an apparently undesirable occurrence has been found to 

present an exciting possibility for multimodal sensing. This cross-sensitivity may 

provide the opportunity for simultaneous measurement of pressure and temperature. 



 CHAPTER 1 

41 
 

1.2.2 Resistive and piezoresistive strain gauges 

A common form of pressure transducer is the resistive strain gauge. These sensors 

involve resistive elements, such as film resistors and metal alloys, which lie on the 

surface of a flexible substrate. Changes in pressure cause mechanical deformation of the 

flexible sensor, inducing a resistance change as the resistors are also deformed. The 

change in resistance is a function of the geometrical change undergone by the resistive 

element. A resistor under longitudinal loading will be stretched lengthwise, resulting in 

a decrease in cross sectional area. The change in resistance which accompanies this 

change in dimensions can be measured using a Wheatstone bridge circuit (discussed in 

the following section).  

With the advent of silicon micromachining technology, the miniaturisation of many 

transducers has been made possible. Ultra-miniature pressure sensors (surface area in 

the order of 1 mm2) are usually constructed from monocrystalline silicon and also 

operate on the resistive principle. The resistive elements of these sensors are integrated 

in monocrystalline silicon using semiconductor technology. Silicon micro-machined 

pressure sensors offer a number of advantages including miniature and precise 

geometries, (important for many biomedical applications), good dimensional control 

(resistors produced within narrow tolerance limits) and high pressure sensitivity. The 

high pressure sensitivity of ultraminiature pressure sensors is made possible by the 

piezoresistive property of silicon, in which bulk resistivity is a function of strain [48]. 

This means that the resistance of a silicon resistor is determined by not only the 

dimensions but also the amount of strain induced on its crystal structure. The resistance 

change experienced by such integrated silicon resistors is several orders of magnitude 

greater than that experienced by standard strain gauges, in which resistance changes are 

attributable to geometrical changes alone. Instead, the resistance of these integrated 

resistors is highly influenced by the piezoresistive effect where a change in inter-atomic 

spacing within the crystal structure (caused by very small mechanical deformations of 

the sensor, compressive or tensile) can cause a substantial change in resistance [49, 50]. 
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1.2.3 Wheatstone bridge circuits for pressure measurement 

Wheatstone bridge circuits are used to measure an unknown resistance and are based 

on the parallel resistive network demonstrated in Figure 1.1. The bridge circuit of 

Figure 1.1 comprises a resistor (Rx) of unknown resistance, and three arms of known 

resistance values; fixed resistors (R1 and R2), and an adjustable resistor (R3). By applying 

a voltage across the bridge, resistance changes are converted into a differential voltage 

(between points A and B). The bridge is considered balanced when the differential 

voltage is zero. This involves adjusting R3 such that the following ratiometric condition 

is met: 

               (1-1)

           

Hence it can be seen that by balancing the bridge, the value of Rx can be found by 

rearrangement of equation 1-1. 

 

Figure 1.1 Wheatstone bridge circuit, commonly used to measure an unknown resistance, Rx. 

 

Wheatstone bridge circuits are commonly used in instruments such as resistive pressure 

sensors, where dynamic measurements are needed. In these applications, the 

unbalanced operation of the Wheatstone bridge is utilised. Here, changes in the 

transducer element (Rx) are quantified by the differential voltage output of the bridge.  

Piezoresistive pressure sensors employ a Wheatstone bridge circuit in which 

piezoresistive transducer elements comprise either two arms of the bridge (half-bridge) 

or all four arms of the bridge (full-bridge). In half-bridge designs, fixed resistors are 
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required to complete the bridge. In half-bridge circuits the positions of the two 

piezoresistors are chosen such that, in response to a change in pressure, the resistance 

of one will increase while the resistance of the other will decrease. The result is to 

induce a differential voltage across the bridge. In full-bridge designs, four piezoresistors 

are positioned on the membrane such that in response to a change in pressure, the 

resistances of one pair of piezoresistors will increase in resistance response to a change 

in pressure while the resistance of the other pair decreases. Full-bridge designs normally 

utilise symmetry to ensure that the magnitude change in resistance is the same for each 

piezoresistor in a pair.  

1.2.4 A novel method of simultaneous pressure and temperature 

measurement 

The inherent characteristics of piezoresistive pressure sensors give rise to sensitivity to 

changes in temperature also [51, 52]. Most pressure sensing systems employ various 

approaches to reduce the pressure error caused by sensitivity to changes in temperature.  

While pressure variations induce a differential change in resistance, temperature 

variations experienced by the sensor cause the resistance values of the piezoresistive 

elements to move in the same direction. This behaviour offers the ability of the sensor 

to detect temperature at the same time as making conventional pressure measurements.  

This thesis presents a novel method of temperature measurement which can be 

obtained simultaneously to pressure measurement. While pressure measurements are 

made from the differential voltage across the bridge, temperature measurements can be 

made by utilising the common-mode voltage from both sides of the bridge. Common-

mode voltage refers to the instantaneous algebraic mean of the two signals on either 

side of the bridge, referenced to a common reference. A schematic of the measurement 

method is shown in Figure 1.2. 
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Figure 1.2 Schematic of simultaneous measurement of temperature and pressure from a half-
bridge piezoresistive pressure sensor. Pressure measurements (VPRESSURE) are made from the 
differential voltage across the bridge while temperature measurements (VTEMPERATURE) are made 
from the common mode voltage from either side of the bridge. 

 

1.3 Hydrocephalus 

Hydrocephalus is another life threatening and debilitating neurological disorder in 

which there is an apparent need for improved monitoring tools. Reports of 

hydrocephalus date back as far as 466-377 BC with the first scientific record of 

hydrocephalus attributed to Hippocrates who described headaches, vomiting and 

disturbed or double vision as symptoms of the condition [53]. Historically the 

prognosis for hydrocephalus patients was dire with a mere 46% 10 year survival rate for 

untreated hydrocephalus [54]. With an incidence of 1 in 500 people [55] it is the single 

most common paediatric neurosurgical problem [56-58] and may be congenital, or 

acquired as a consequence of intracranial haemorrhage, infection, or tumours [57].  

Hydrocephalus is caused by an inability of the brain to absorb cerebrospinal fluid (CSF) 

at the rate at which it is produced. CSF resides in the ventricles of the brain and plays 

an important role in the regulation of the health of the central nervous system. It serves 

to absorb vascular shock waves as well as cushioning the brain from insults to the head 

[59]. In healthy individuals CSF helps to regulate intracranial pressure (ICP) by 

adjusting its volume to accommodate changes in cerebral perfusion. The volume of 
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CSF is controlled such that an increase in cerebral blood flow leads to a reduction in 

the volume of CSF, whilst a decrease cerebral blood volume leads a corresponding 

increase in CSF volume [59]. The composition of CSF is precisely regulated. Serving as 

a route for molecular transport and the removal of waste, it also provides a medium for 

molecular communication whilst maintaining the metabolic balance of the brain [59]. 

In the hydrocephalic brain, accumulation of the fluid in the ventricles causes dilation of 

the ventricles and increased intracranial pressure leading to structural, vascular and 

metabolic changes in the brain (Figure 1.3). The dilating ventricles cause compression 

of the white matter and other structures of the brain and in doing so arteries, veins and 

capillaries are also compressed causing a reduction in blood flow to the periventricular 

white matter [60]. Along with the possible injury caused by compression of the brain 

structures, hypoperfusion may also cause damage to neurons and glia [57]. Inevitably, 

brain metabolism is altered due to the reduced oxygen and glucose transport to the 

brain. Motor, cognitive, behavioural and visual impairment may be the result of raised 

intracranial pressure [61, 62]. 

 

 

Figure 1.3 Comparison of a) normal and b) hydrocephalic ventricles. In hydrocephalus a build-
up of CSF causes enlargement of the ventricles which in turn increases the intracranial pressure 
and can cause damage to the brain. Image from Nielsen et al, 2013 [57] 



INTRODUCTION 

46 
 

1.3.1 Neuro-protective treatment: managing intracranial pressure 

The principal objective of hydrocephalus management is the restoration of intracranial 

pressure to within normal limits. The advent of ventriculo-distal shunting in the 1950s 

brought greatly improved preservation of neurological function with 10 year survival 

rates rising from less than 50% to 87.6% [63]. Shunting, which involves draining excess 

CSF (via a prosthetic shunt) to another cavity of the body where it can be absorbed 

remains the mainstay of hydrocephalus management. 

Ventriculo-peritoneal shunts which terminate in the abdominal cavity are preferred 

over shunts which terminate in the heart (ventriculo-atrial) and pleural cavity 

(ventriculo-pleural). There are two reasons for this. First, the capacity of the abdominal 

cavity to accommodate a large amount of tubing, affords an allowance for the growth 

of the child thus minimising the need for shunt revisions. Secondly, in the event of an 

infection developing, the potential for the dissemination of the infection is much less 

than is the case for the ventriculo-atrial shunt [57]. 

Ventriculoperitoneal (VP) shunts operate by draining CSF from the ventricles of the 

brain to the peritoneal (abdominal) cavity. The shunt comprises three main 

components: the proximal (ventricular) catheter, the valve/reservoir, and the distal 

(peritoneal) catheter (Figure 1.4). Shunt catheters are normally constructed from 

silicone and have an internal diameter in the range of 1.1–1.3 mm [64]. 
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Figure 1.4 Photo of the three main components of a shunt: Ventricular and distal catheters as 
well as the shunt valve. Image from Nielsen et al, 2013 [57] 

 

The tip of the VP proximal catheter is generally placed in a region of the ventricle 

where choroid plexus tissue is not present, typically the frontal or occipital horn. The 

extraventricular end of the proximal catheter connects to a one-way valve which in turn 

connects to the distal catheter which runs subcutaneously across the chest, ending in 

the peritoneal cavity (Figure 1.5) [65].  
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Figure 1.5. Ventriculoperitoneal shunt. The VP shunt diverts CSF from the ventricles in the 
brain to the abdominal cavity.  

 

1.3.2 Shunt complications 

Use of the VP shunt, is not without complications. While shunts have been refined 

over the years they are widely accepted to be associated with more complications than 

any other neurosurgical intervention [2, 66]. Reported failure rates are on average 

31.3% in the 1st year after surgery for children and 16.2% for adults and approximately 

5% annually thereafter [2, 66]. Shunts are prone to obstruction, infection, over drainage 

and migration of the distal catheter. 

Obstruction 

Obstruction is the most common cause of shunt malfunction, occurring most often at 

the ventricular end [67-70], it comprises approximately 50% of all shunt complications 

[70]. Proteinaceous material including brain parenchyma, choroid plexus, or tumour 

cells in the CSF is responsible for the formation of plugs in the catheter lumen [69]. 

Obstructions in the distal catheter may be a result of adhesions within the peritoneum, 

formation of CSF pseudocysts, infection or migration of the catheter into the viscera of 

the abdomen [65, 69].  
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Hydrocephalus shunt occlusions can occur acutely or may occur over a longer period. 

In either circumstance, the severity of the patient’s symptoms will be contingent on the 

extent of their dependence on their shunt. In cases where the shunt becomes occluded 

over a longer period of time however, the gradual development of mild symptoms can 

go undetected, this gradual increase in ICP carrying with it a greater risk of significant 

mental deterioration [71]. 

Infection 

Infections are another significant cause of shunt malfunction. A recent 5 year 

retrospective study of 7071 children (0–18 years of age) with uncomplicated initial CSF 

shunt placement found infections to occur in approximately 12% of patients within 24 

months of a shunt placement [56]. The majority of shunt infections occur within the 

first six months of implantation [71] and are more common in patients with 

hydrocephalus caused by intracerebral haemorrhage [68]. Contamination of the site by 

skin flora is the most common cause of infection but infections in and near the shunt 

can develop as a result of seeding at the proximal end from meningitis or at the distal 

end from peritonitis [65]. 

Typical signs of infection such as raised temperature, irritability and swelling or redness 

along the shunt line. If allowed to spread to the ventricles, the patient is at risk of brain 

damage. Once an infection is detected the shunt is removed under antibiotic cover. 

While the infection is clearing, a temporary external catheter is placed; a replacement 

shunt being implanted when the patient is cleared of the infection [65]. 

Over-drainage 

Over-drainage of the ventricles can occur if the valve is set inappropriately or if the 

condition of the patient changes. Older children who have a shunt placed for the first 

time carry a higher risk of over-drainage [70]. Following shunt placement, if the 

ventricles decompress too quickly, fragile vessels on the surface of the brain tear as the 

cortex is pulled away from the dura. Subdural hematomata are caused by the bleeding 

that results from these torn vessels [70]. 

Slit ventricle syndrome is another possible consequence of over-drainage. Affecting an 

estimated 10% of patients with implanted shunts [66], it often develops a number of 
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years after shunt implantation [69]. Over-drainage of the ventricles leads to low ICP 

and over time will also lead to a permanent reduction in the volume of the ventricles. 

As a result of slit ventricle syndrome the brain loses compliance and the shunt is at risk 

of becoming obstructed by the collapsed ventricles. These collapsed ventricles fail to 

respond to rises in ICP and are termed “slit ventricles”. The effects of slit ventricle 

syndrome are irreversible and patients require proactive monitoring [72]. 

Imaging studies alone are insufficient to diagnose shunt occlusions in patients with slit 

ventricle syndrome. Whilst compliant ventricles demonstrate an increase in ventricular 

volume when the shunt becomes occluded, such an increase is not demonstrated in the 

case of slit ventricles [73, 74]. 

Other failure modes 

Less common reasons for shunt failure include disconnection, breakage and intra-

abdominal complications. Figure 1.6 shows the failure rates from all aetiologies. Since 

obstruction it is the most common, and logically the first target for an early detection 

strategy, a solution for the detection of obstruction is the focus of this thesis. 

 

Figure 1.6 Representation of causes for shunt failure over an average follow-up of 20 years. 
Adapted from Stone et al, 2013 [70].  
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1.3.3 Evolution of shunt technology 

The evolution of ventricular shunt technology is characterised by a history of efforts to 

prevent common shunt complications [75]. While some advances have been made in 

shunt technology since the introduction of ventriculo-distal shunting in the 1950s, 

shunt failure rate has not improved appreciably since 1960 [2, 66]. The main areas of 

advancement in shunt technology are valves and antibiotic impregnated shunts. Despite 

these advances, the operation of hydrocephalus shunts is still plagued by occlusions, 

infection and over-drainage. 

Valves 

The early one-way valve mechanisms operated on the differential pressure principle. 

Differential pressure (DP) valves operated on one of four main mechanisms; ball and 

cone, diaphragm, proximal slit, and distal slit [53]. Once a fixed opening pressure was 

exceeded in the ventricles, the valve would open releasing CSF from the ventricles. The 

flow rate of fluid through the shunt would be determined by CSF input and output 

pressures and the resistance of the shunt system. When upright, due to the hydrostatic 

column between input and output, a large pressure differential between ventricles and 

peritoneum (or other site) exists. This, added to a mismatch in the draining capacity of 

the shunt, and the CSF secretion rate, and led to over-drainage in many cases [64, 76]. 

The ideal mechanical valve should decrease the risk of over-drainage, while at the same 

time preventing under-drainage. In the case of DP valves, however, this is problematic 

as increasing the opening pressure of the valve to prevent over-drainage in the upright 

individual can increase the risk of under-drainage when the individual is supine [76]. 

The next generation shunts aimed at solving the problems of over-drainage faced by 

DP valves. The introduction of adjustable pressure valves improved upon the DP 

valve. The opening pressure of these DP valves could be “calibrated” to a patients 

drainage needs. In 1973 S. Hakim published a design which allowed the valve’s opening 

pressure to be adjusted transcutaneously via a magnet [77]. The concept of this valve 

was refined in the Sophy SU3 valve which had three positions in the range to 60-160 

mmH2O and the more recent SU8 a smaller valve with 8 positions in the range 30-

200 mmH2O [53]. The Medos-Hakim valve was introduced in 1989. This 

“programmable” valve had 18 positions in the range 30- 200 mmH2O [64]. 
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Autoregulating valves constitute another improvement on the original DP valves. These 

valves limit flow rate by changing their resistance in response to differential 

pressure[78]. The premise of these valve designs is that since the CSF secretion rate is 

approximately constant, the CSF flow rate should also be approximately constant, 

regardless of postural changes, activity or rapid eye movement sleep [78]. The goal is to 

design valves that vary their resistance in order to maintain a constant flow rate.  

The Orbis-Sigma valve aimed to achieve this by using a three stage valve.  

 Stage 1 was a simple low resistance DP valve (opening pressure of 4 – 6 mmHg) 

 Stage 2 was a flow regulator with variable resistance (to regulate flow rate 

between 25 ml/hour and 35 ml/hour); and  

 Stage 3 was a safety valve which allowed the shunt to operate with low 

resistance when ICP exceeded 30 mmHg. One limitation of this device was that 

the resistance level was set to regulate flow rate at the mean CSF secretion rate 

[78]. This meant potential over- drainage for patients who were not fully shunt 

dependent. In addition the opening pressure of such valves needs to be adjusted 

for the patient’s change in height [78]. 

Another approach to minimise over-drainage was the anti-siphoning device (ASD) 

which used the effect of gravity to compensate for the large differential pressure in an 

upright patient. The first antisiphon device was the Heyer-Schulte ASD, was located in 

the distal shunt, and involved a switching membrane and a hydrostatic column [79]. As 

the patient moved from the supine to the upright position the increasing hydrostatic 

column would actuate the membrane to move towards the closed position [79]. Anti-

siphon devices may form one component of the valve, or may be an additional 

component, located below the valve. One problem of ASDs is the susceptibility of the 

switching diaphragm to changes in external tissue pressures [80]. Gravitational valves 

operate on a similar concept, using small metallic balls or other controlling weights in 

place of the hydrostatic column. 

It is apparent that while some valves demonstrate a superior ability to prevent over-

drainage, failure rates (primarily due to obstruction) are approximately uniform across 

the range of different shunt technologies [81]. A randomised study of three different 
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valves (a standard DP valve; an antisiphon combination valve, and an autoregulating 

valve) found no significant difference in “failure-free” duration between the three 

valves [81]. Other studies have also concluded that a superior flow control and reduced 

rates of over-drainage do not translate to a reduction in shunt revisions [82]. 

Antibiotic impregnated shunts 

Shunt systems infused with antibiotics have been designed to prevent infection in the 

early postoperative period. While they may lower infection rates [83-85], evidence from 

well-designed multi-centre randomised controlled trials is lacking [86, 87]. 

The grim reality 

Despite a number of innovations in shunt technology over the years, the shunt failure 

rate has not improved considerably since 1960 [2, 66]. Figure 1.7 shows the results of 

92 studies of paediatric shunt failure rates from 1955 to 2003. The percentage decrease 

per year of 0.004% for revisions within the first year of shunt placement was not 

statistically significant [2]. 
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Figure 1.7 Bubble diagrams of paediatric shunt failure rates in the 1st-year following shunt 
placement (upper) and in later years ( >1 year, lower ). Each bubble represents a single 
reported study; the centre of the bubble representing average shunt failure rate (x axis) in the 
average year of shunt insertion (y axis) in the study. Bubble size is proportional to the number 
of patients in the study. The fitted gradient (solid line) and the 95% confidence interval (dotted 
line) are shown. From Stein and Guo, 2008 [2]. 

 

1.3.4 Detecting shunt malfunction: conventional methods 

Without further investigation, symptoms of shunt failure such as headaches, 

drowsiness, nausea, dizziness and visual impairment are difficult to differentiate from 

those of common paediatric conditions such as urinary tract infection, ottis media or 

even constipation [86]. In the absence of a universal approach to diagnose shunt failure, 

neurosurgeons develop their own protocols based on their individual experience [65]. 

In general, a multimodal approach is employed, utilising imaging, radionuclide studies 

and ICP studies. However, no one test alone is both conclusive and without risk. 
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Computed tomography and magnetic resonance imaging 

Diagnosis most commonly involves imaging of the ventricles by a computed 

tomography (CT) scan or magnetic resonance imaging (MRI). A shunt malfunction 

diagnosis will be made in symptomatic patients with increased ventricle size. The 

reliance on imaging to confirm shunt malfunction, however, can be problematic and 

imaging alone is insufficient [72-74]. A recent study of 177 hydrocephalus patients with 

VP shunts found 9% of paediatric patients presenting with symptomatic shunt 

malfunctions lacked evidence of ventricular dilation on the imaging studies [73].  

Furthermore, a shunt may be fully functional while still causing chronic and 

unphysiological overdrainage of CSF. Many patients suffering from CSF overdrainage 

experience headaches, nausea, and other ongoing symptoms. Chronic overdrainage 

causes a loss in compliance of the ventricles. These “slit ventricles” tend not to dilate 

with increased pressure. Therefore, imaging techniques which rely on increased 

ventricle size alone as an indicator for raised intracranial temperature may fail to detect 

increased intracranial pressure in these particular patients [73]. 

Another drawback of computer tomography is the exposure to ionising radiation. 

Repeat CT scanning carries an attendant increased risk of patients developing cancer. 

For those exposed to CT in childhood or adolescence, the increased risk is as high as 

24% [88]. 

In addition to the clinical limitations of imaging, CT and MRI scanning are expensive 

diagnostic tools. Due to the non-specific nature of the symptoms of shunt failure, CT 

or MR imaging studies are performed in most cases in order to avoid harm due to 

“failure to diagnose” [11]. 

Radionuclide shuntogram 

Shuntograms were once considered the gold standard method of shunt malfunction 

detection. Shuntograms are performed on patients with symptoms indicative of shunt 

failure, but whose results from radiological studies are inconclusive.  

Radionuclide shuntograms involve injecting of radiopaque compounds into the 

reservoir of the shunt system and filming the compounds as they flow through the 

shunt. The shuntograms are used to assess the integrity of the shunt and confirm that a 



INTRODUCTION 

56 
 

continuous flow path exists. They may be used to measure the flow rate through the 

shunt. 

In 1959, Bell used a Geiger counter to assess the clearance of radioisotopes injected 

into shunt system [89]. Harbert et al in 1974 (later Chervu [90]) proposed an improved 

method for quantitative evaluation of flow rate [91]. Their method involved injecting a 

small amount of radioisotope into the shunt reservoir (prechamber) and monitoring its 

journey through the shunt using a scintillation camera. Along with the undesirable 

exposure to radiation, this method requires shaving of the head and careful preparation 

of the skin to avoid infection. The requirement for puncture of the reservoir and the 

attendant risk of mis-injection can cause misleading results. For accurate determination 

of the flow rate, the method also required a separate calibration for each shunt system 

due to the differing volumes of the reservoirs of varying shunts. Shunt flow can be 

evaluated over a 10 to 20 minute interval only, and under artificial conditions. 

While shuntograms have been considered to be sensitive and specific [92, 93], a study 

in 2003 found the procedure to have a false negative rate of 14% [94].  

Shunt tap 

A shunt tap is another method that may be employed if radiological studies are 

inconclusive for a patient presenting with symptoms indicative of shunt failure. The 

procedure involves inserting a needle into the shunt reservoir and assessing the opening 

pressure and flow rate. A small amount of CSF is usually aspirated for analysis. High 

opening pressure (>18 mmHg) is in 90% of cases suggestive of distal shunt occlusion 

[95], while low flow is suggestive of proximal shunt occlusion in greater than 90% cases 

[95, 96]. 

The procedure carries a small risk of infection if skin flora is introduced into the shunt. 

In addition, particularly in the case of slit ventricle syndrome, rapid aspiration can cause 

the ventricles to collapse. These collapsed ventricles can, in turn, lead to shunt blockage 

if choroid plexus is drawn into the ventricular end of shunt. There is also a small risk of 

puncturing the shunt at an incorrect location or rupturing blood vessels and creating a 

subdural hematoma. 
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Continuous ICP monitoring 

Failing a conclusive radiological result, ICP monitoring is another method of assessing 

shunt function and its value is well recognised. Unlike other methods, continuous ICP 

monitoring has the benefit of recording the full range of ICP variations during 

wakefulness, sleep, or postural changes. It can also provide information regarding the 

nature of the shunt malfunction and can indicate if under-drainage or overdrainage is 

occurring. The main limitation of this method is that it requires a surgical procedure to 

place the monitor. Patients must remain in hospital for the duration of the ICP 

monitoring. 

1.3.5 Detecting shunt malfunction: CSF flow sensing prior art 

Since the widespread introduction of ventriculo-distal shunting in the 1960s, various 

technologies aimed at measuring shunt patency have been proposed or developed. 

These technologies can be classified as either invasive or non-invasive. 

Non-invasive methods 

Non-invasive methods include MR phase imaging, the “cold transfer” method and the 

ultrasonic doppler method. 

MR phase imaging 

Martin et al, 1989 [97] introduced the concept of MR phase imaging and a flow-

sensitive pulse sequence to measure shunt flow. This method provides an accurate 

measure of flow rate non-invasively. Measurements, however, are restricted to the 

supine position and are limited in very low flow conditions. 

Cold transfer method 

The idea of a non-invasive evaluation of CSF flow through a hydrocephalus shunt 

using the cold-transfer method was first proposed by Go et al in 1968 [98]. The cold-

transfer method involves holding a cube of ice to the skin over the top of the valve. 

Next a thermo-sensitive device is placed on the skin’s surface over the shunt 

(downstream of the valve), while the valve is cooled.  

This idea has been developed further by NeuroDx development and is marketed as a 

product named Shunt Check. The technique is susceptible to false negatives and is 
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limited in its ability to make quantitative measurements. This is due to variability in the 

thickness of the tissues over the catheter as well as variability in the perfusion of the 

skin [99].  

Ultrasonic Doppler probes 

Hara and Kadowaki, 1983 [100] developed a method to provide a 24-hour flow meter 

record. Their method involved producing gas bubbles in the CSF shunt and using 

ultrasonic Doppler probes to the “time-of-flight” of the bubbles. Hara and Kadowaki’s 

results enhanced the understanding of CSF flow rate in a range of conditions. The 

authors noted: 

a) all patients demonstrated significant circadian variation in flow rate with flow 

rates widely scattered between 0.6 ml/h and 116 ml/h; 

b) long periods when the shunt flow rate was very low (in the order of 1–

5 mL/hour) — much lower than the rate of CSF production of approximately 

20 mL/hour; 

c) shunt flow rate was found to be highest during the REM sleep phases as well as 

during “nocturnal ICP crises” and their results were in correlation with long 

term measurements of ICP; 

d) the increase in flow observed during the night was not caused by increased 

secretion of CSF, but by cerebral vasodilation leading to increased blood content 

of the brain and elevated ICP; and 

e) the ability to measure flows in the range 1.98 mL/hour to 60 mL/hour. 

The method is limited by the required complex shunt apparatus and, due to the nature 

of Doppler ultrasound technique, the required moving target (the bubble).  

Invasive methods 

Several methods for the evaluation of CSF flow through a hydrocephalus shunt have 

been described in the literature and or have been patented. None of the invasive flow 

measurement methods described in the literature, however, are supported by in-vivo 

data. 

The general idea of an implantable flow sensor to measure the flow rate of CSF 

through a shunt is described in Tom Saul’s 2004 patent application (US 20040068201 
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A1, Integra Life Sciences). The flow sensor would be positioned in the lumen of the 

flow channel and could be from a number of flow sensing methods including: thermal, 

positive displacement, differential pressure, angular momentum, turbine meter, dye 

release or accumulation [101]. The two primary invasive methods of flow measurement 

are thermal and ultrasonic. 

Thermal flow sensing 

In their 2010 paper, Bork et al report an implantable flow sensor (see US Patent No. 

7181963 B2:2007, Codman Neurosciences) with accuracy of ± 10 % for flows in the 

range of 2 - 40 ml/hour at an ambient temperature of 37 °C [102]. The implantable 

transducer consists of three main parts: a thermal flow sensor, a microcontroller and a 

RF section. The flow sensor itself is a calorimetric flow sensor based on the thermal 

anemometer principle and is produced by Sensirion (US Patent No. 6813944:2004) 

[103]). The sensor is realized on a CMOS silicon chip which integrates the sensor 

together with signal processing electronics (ADC, linearization, amplification, 

temperature compensation and calibration memory). The transducer uses passive 

telemetry at 13.56 MHz to supply the implant with power and to acquire the flow rate 

measurement to an external reader. The external reader is coupled to a Bluetooth 

transceiver which transmits the data to a computer for processing, display and storage 

of data. 

Patent application US 20090204019 A1:2009 (Codman Neurosciences) describes a 

“combined pressure and flow sensor integrated in a shunt system”. The shunt includes 

a pressure sensor for measuring ICP, a flow sensor for measuring CSF flow rate 

through the shunt and telemetry circuitry. The flow sensor employs a thermal flow 

measurement method [104]. A remote reader with an antenna is provided to acquire 

data and provide inductive power to the implanted shunt. 

Ultrasonic and lazer doppler flow sensors 

Ryder et al, 1993 [105] describe a method for quantifying CSF flow in a hydrocephalus 

shunt using transit time ultrasonic flow measurement. The technique measures flow 

from the outside wall of the shunt tubing at a transparent section of tubing. It requires 

implantation of a small transducer and inductive coil. Power and signals are transferred 
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transcutaneously between the implant and an external device. Patent application 

(US 2009/0143673 A1) has been filed by Transonic Systems [106]. 

In a patent application filed by Medtronic (US 20060020239 A1), an implantable 

“Cerebral Spinal flow sensing device” utilising a laser Doppler flow sensor is described 

[107]. In this system, an optical sensor (in particular a laser Doppler sensor) is 

incorporated into the shunt system. The Doppler sensor includes an optical emitter, 

reflector and receiver as well as processing circuitry to sense flow based on the 

difference between the frequency of light emitted and the frequency received. 

 

While the value of flow measurement is readily recognised by many, including the large 

neurocritical care companies such as Codman, to date no active flow measuring shunts 

have come to market. 

 

1.3.6 Treating shunt malfunction 

Back-flushing is a technique that has been used to clear blockages. The CSF present in 

the system is used to remove the obstructing matter. The technique is commonly 

ineffective due to the limited volume of liquid available in the system. In the main, 

shunt failures require surgical revision. In the year 2000 surgery for revision of 

malfunctioning shunts accounted for 42.8% of all 5574 ventricular shunt related 

admissions in the United States [108]. 
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1.4 A multi-modal sensor for chronic hydrocephalus 

management 

While there is a clear need for routine monitoring of hydrocephalic patients with 

ventricular shunts, a standard follow-up protocol has not yet been defined [109]. 

Current methods of shunt malfunction detection still rely on the patient first presenting 

with symptoms, by which time brain injury may have already occurred. The 

consequences of undetected shunt failure are the risk of neurological damage and, in 

some cases, death [11, 110-113]. There is an urgent need for improved and more 

sensitive diagnostic methods to detect both suboptimal treatment and treatment failure 

[11]. 

The outcomes of a workshop held to discuss the future priorities of hydrocephalus 

research were recently published in the Journal of Neurology. The report concluded 

that the challenge was to develop diagnostic procedures to detect shunt failure 

promptly or better still to predict such failure in order to allow timely intervention and 

prevent permanent injury [11]. 

Intracranial pressure and shunt flow rate are valuable measures for clinicians 

monitoring the status of hydrocephalus patients. Both measures are required in order to 

truly control and optimise shunt performance [114]. At the same NIH workshop held 

in 2007, it was remarked that while there was a need for real time monitoring of 

pressure and flow rate in hydrocephalus shunts, no such solution was available for the 

outpatient setting [11]. Delegates agreed that the development of monitoring devices 

would be integral to improving treatment results in the short- and long-term [11]. It 

appears that any advancement in the management of patients with hydrocephalus is 

contingent on the development of real-time monitoring for the out-patient setting. Not 

unlike a peak-flow measurement which informs management of a patient with asthma, 

a CSF flow measurement would inform the patient of the operation of their shunt. 
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1.4.1 Thermal flow sensing 

Thermal flow sensing methods can be broadly grouped into three general techniques:  

1. Thermal anemometry 

2. Calorimetric methods 

3. Thermal tracing 

In all three techniques, the sensor output is determined by the thermal interaction of 

the sensor and fluid flow. 

1. Thermal anemometry 

The heat loss, due to forced-convection, of a heated element increases with increasing 

flow rate. Thermal flow sensors which employ this principle quantify the cooling of a 

heated element in order to infer the flow rate of the fluid. Such sensors are usually 

termed hot-wire and hot-film sensors. There are a number of ways in which thermal 

anemometric measurements may be made. While some sensors involve heating the 

sensor to a constant temperature [115-120], others use a constant current [121, 122], 

voltage [123, 124] or power dissipation [125, 126] to heat the sensor. Further still, some 

methods maintain a constant temperature difference between the sensor and the fluid 

[127, 128].  

The concept of using an electrically-heated wire to measure fluid flow was first 

introduced by L. Weber in 1894 and A. Oberbeck in 1895. Further investigation of this 

concept was carried out by Louis Vessot King who, in 1914, published his work on the 

convective heat transfer from small platinum wires and its application to flow 

measurement [120]. In this work, King coined the term ‘hot-wire anemometry’ to 

describe the thermal dispersion method of flow measurement. The term ‘anemometry’ 

is derived from the Greek word anemos, meaning wind. 

Ling (1955) developed the ‘hot-film anemometer’. Constructed from thin platinum film 

(50 to 100 Angstroms in thickness) fused to the surface of a supporting glass head 

form, this flow meter was operated with a constant temperature [119, 129]. The sensor 
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was cited to possess several advantages over the hot-wire anemometer including the 

ability of the hot-film to be adapted to a range of probe shapes, and its improved 

robustness which allowed the measurement of velocity in liquids. Ling and Atabek 

(1968) adapted Ling’s hot-film sensor for biological use and for the first time applied 

hot-film anemometry to the study of blood flow [130].  

The output of a thermal (hot-wire or hot-film) anemometer depends on the velocity, 

the thermal transfer characteristics, and the ambient temperature of the fluid. 

Therefore, traditional thermal anemometers require calibration of the probe in a sample 

of the same fluid at the same temperature under which the measurements are to be 

taken. The thermal anemometric method is most effective for flow measurement in 

isothermal fluids. 

A number of authors proposed improving the accuracy of the thermal anemometer by 

measuring the fluid temperature with a separate unheated temperature sensor [131, 132] 

(see Figure 1.8). Such methods are able to compensate for temperature sensitivity in the 

flow measurement and as such offer greater accuracy in the flow measurement in non-

isothermal fluid flows. 

 

 

Figure 1.8 Thermal anemometric flow sensing technique. Adapted from Ashauer et al, 1999 
[125]. 

 

Pulsed heating of the anemometer is another avenue of temperature compensation 

explored by a number of authors. Okulan et al (2000) describe a pulsed thermal flow 
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sensor for microfluidic applications. The sensor which measures liquid flow in the 

range 0.01 to 10 ml/min comprises two elements, an ambient temperature sensing 

element and a heating element. The sensing element is pulsed with constant current for 

a fixed time period of 50 - 100 ms at a rate of 2 - 4 pulses/s. During a heat pulse, the 

resistance of the element increases, leading to a voltage drop across the resistor (for a 

fixed current). The flow signal can be represented by the voltage drop across the 

heating resistor or the time constant of the heating response.  

Oliveira et al (1997) describe a hot-wire anemometer employing a single thermoresistive 

sensor for both heating and temperature sensing. The heating provided to the sensor is 

pulsed periodically and it was proposed that the sensor provides a flow signal which is 

independent of ambient temperature. No experimental results were presented [133]. 

Ferreira et al (2000, 2001) report a pulsed thermal anemometer which involves a single 

element for both heating and sensing [134, 135]. Air velocity measurements are made 

by utilising a method which involves switching the temperature of the heater between 

two temperature values. The method provides a flow signal which is independent of 

ambient temperature.  

2. Calorimetric methods

Calorimetric flow sensors typically comprise of a heater element with two temperature-

sensing elements, one on either side of the heater (Figure 1.9).  

Figure 1.9  Calorimetric thermal flow sensing technique. Adapted from Ashauer et al, 1999 
[125]
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The measurement technique allows flow rate and flow direction to be determined from 

the temperature distribution around the heater element [116]. Heat is transferred to the 

fluid, which is carried away by convection, thus heating the downstream temperature 

sensor. The temperature difference between the two sensors is proportional to the mass 

flow rate.  Figure 1.10 shows a schematic of the temperature distribution of a 

calorimetric flow sensor. 

 

Figure 1.10 Schematic cross-section of a calorimetric flow sensor with plot of temperature 
distributions along the membrane. From Kohl et al, 2003 [115] 

 

The technique was proposed by Blackett et al (1930) who employed it for the 

measurement of the specific heat of gases [136]. The method was later adopted by 

Brown (1947) who used it to measure the flow rate of fluids [137].  

Grayson (1952) and Linzell (1953) applied the technique to the measurement of blood 

flow rate in various organs [138, 139]. Today the technique is applied in many 

miniaturised sensors [103, 115, 125, 138, 140-142].  

3. Thermal tracing methods 

Thermal tracing flow measurement systems involve measuring the transport of heat in a 

flow by timing the movement of a heat pulse over a known distance [116]. Such 

measurements are often referred to as time-of-flight measurements. The heat pulse, 

created by the heating element, is carried downstream (by forced convection) to the 
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downstream sensor. The velocity profile of the flow causes the pulse to deform while 

diffusion causes the pulse to broaden. Figure 1.11 shows the thermal tracing method.  

The use of heat as a tracer was initially proposed by Huber (1932) for the measurement 

of sap flow velocity in trees (although he attributed the idea to Wilhelm Schmidt of 

Vienna)[143, 144]. The surface of a 4 mm diameter stem was heated for a length of 

time between 1-5 s and the duration of time from heat application to the first indication 

of a temperature rise at 4-31 cm downstream (usually 4 cm) was recorded. Sap velocity 

was then obtained by dividing the distance between the heater and thermocouple by the 

measured time. 

 

Figure 1.11 Thermal time-of-flight sensor. From Ashauer et al, 1999  [125] 

 

An improved method was reported in 1937 by Huber and Schmidt. This  approach 

involved using two temperature measurements, one taken upstream and one 

downstream of the heater [145]. A heat pulse was created and the time at which the 

temperature difference between the up and downstream sensor reached its peak in the 

negative direction was recorded. In the same year Dixon described an approach similar 

to that of Huber and Schmidt but with both temperature measurement points 

positioned downstream of the heater [146]. Dixon's method required significantly 

longer time periods to make a measurement (as long as an hour, compared with around 

5 min for Huber and Schmidt's technique).  
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Marshall (1958) conducted a theoretical analysis of Hubers’ 1932 measurement 

configuration (with implanted rather than surface heater and temperature sensor). His 

mathematical analysis provided a firm theoretical foundation for the measurement of 

xylem sap flow. By deriving an analytical solution to the diffusion equation with 

coupled convective transport by sap he then computed the heat pulse velocity by 

solving with various time-temperature combinations. Sap flux was then computed from 

the rate of sap flow per unit area of xylem, the wood moisture content, wood bulk 

density and heat pulse velocity [147].  

Bauer (1965) proposed a method (similar to that of Huber, 1932) for the direct 

measurement of fluid velocity in which two parallel wires were employed: one to 

produce square wave heating pulses and the other to detect the downstream heated 

wake [148]. The time taken for the heat pulse to travel from the first wire to the second 

determines the velocity. The system was designed for measurements in laminar flows.  

By introducing a more complex signal it is possible to improve the performance of a 

time-of-flight sensor. Berthet et al (2010) report a time-of-flight sensor for lab-on-chip 

applications. A pseudo-stochastic signal is generated at the heater element and the 

heated wake is detected by a temperature sensing element. Cross-correlation is 

performed on the heat-pulse signal and the detected signal in order to measure the 

thermal time-of-flight from heater to detector. The authors report the ability to 

calculate flow velocity over a range greater than two orders of magnitude [149].  

Combining methods 

By employing more than one method at the same time it is possible to gain more 

information about the fluid flow. For example,  by using  the thermal tracing method 

alongside the calorimetric method, it is possible to obtain information regarding the 

material properties of the fluid at the same time as making fluid velocity measurements  

[150].  

Ashauer et al (1999) used a combination of time of flight and calorimetric methods 

[125]. They demonstrated that by doing so they were able to extend the measurement 

range of their flow sensor. Their miniature flow sensor which realized using 
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thermopiles on a silicon nitride membrane, was capable of measuring both liquid and 

gas flow.  

 

1.4.2 Temperature sensing component  

In this thesis, temperature measurements obtained from the sensor are employed in a 

thermal dispersion method of flow measurement. Having designed and characterised 

temperature measurement from a piezoresistive solid state sensor it is then feasible that 

this measurement is a suitable component of a thermal flow measurement system.  

Thermal flow sensing methods are based on the relationship between the flow rate of a 

fluid and the rate of heat transfer from a heated surface in contact with the fluid flow 

[151]. In most cases, the rate of heat loss increases with increasing flow rate. Many 

thermal flow sensors utilise a heating element and two temperature detector elements. 

The first temperature detector measures the ambient temperature of the fluid, while the 

second measures the velocity-dependent temperature of the fluid in the thermal plume 

generated by the heater element (Figure 1.9). 

 

1.4.3 Heating component 

Resistors are known for their self-heating properties; integrated silicon resistors are no 

exception. In general, it is good engineering practice to minimise the self-heating of the 

strain-gauge by careful selection of the bridge excitation voltage. A compromise is 

ultimately made between the sensitivity of the bridge (higher at higher excitation 

voltages) and the self-heating of the resistive elements (also higher at higher excitation 

voltages). 

While in pressure sensing applications, it is desirable to minimise self-heating effects, 

the self-heating behaviour of the resistive sensing elements provides an opportunity for 

thermal flow sensing applications. By increasing the excitation voltage of the bridge, a 

silicon resistive element can be used as a heater element. In principle this element could 

then be used to generate the heat required to make thermal flow measurements. 
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1.4.4 A novel method of flow measurement from a pressure sensor 

In section 1.2.4, a method of obtaining simultaneous measures of temperature and 

pressure from a piezoresistive pressure sensor was introduced. This temperature signal 

forms an important component of the proposed flow measurement system being used 

to quantify the velocity dependent temperature of the fluid flowing past the sensor. The 

self-heating effect of resistive elements is also exploited to achieve the heating 

component of the flow sensor. 

This new method of flow measurement involves utilising the self-heating characteristic 

of the silicon resistors to produce a heat pulse. The sensor itself is heated by exciting 

the bridge with a higher voltage than that used in pressure and temperature sensing. As 

the temperature of the silicon resistive elements increases, a corresponding change in 

resistance is experienced by these thermo-resistive elements. The temperature rise is 

detected by the temperature circuit. Fluid moving past the sensor dissipates a (velocity 

dependent) portion of heat away from the sensor, and thus acts to cool the sensor. The 

rate at which the temperature of the sensor increases is a function of the flow rate, the 

excitation voltage and the temperature of the fluid. Figure 1.12 shows a proposed 

schematic of the circuit intended to obtain pressure, temperature and flow 

measurements from the sensor. Pulsed heating of the resistive elements (by applying 

VHEAT to excite the bridge) allows flow measurements to be made. Ambient 

temperature measurements are made when the bridge is excited by VEXC. 
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Figure 1.12 Method used to obtain flow measurements from a piezoresistive pressure sensor. 
Pressure (and temperature) sensitive elements RA and RB form a half-bridge. Ambient 
temperature of the fluid is measured when the bridge is excited with VEXC. Flow rate data 
(VFLOW) is obtained periodically when the bridge is excited with VHEAT. Flow rate measurements 
are made by quantifying the heat loss from the heated sensor, which is a function of flow rate. 
Temperature and flow measurements (VTEMPERATURE and VFLOW) are obtained from the common 
mode output of the bridge. 

 

1.5 Objective and scope 

In this chapter, challenges in the treatment of TBI and hydrocephalus were discussed. 

For these neurological disorders, in particular, there is a need for improved monitoring 

tools of greater sensitivity to improve individualised care, detect treatment failure and 

identify suboptimal treatment [11]. The quality of information provided from 

implantable sensors surpasses that of other conventional diagnostic and monitoring 

methods. Multi-modal sensors are able to provide more information without the need 

for more probes. 

The first objective of this thesis is to develop and characterise a novel method of 

simultaneous measurement of temperature and pressure from a single pressure sensor. 

Temperature measurement is obtained by utilising the thermoresistive properties of the 
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sensor. The dual sensing probe is targeted for measurement of both intracranial 

temperature and pressure in patients suffering a traumatic brain injury.  

The second objective of this thesis is to describe a new method of thermal flow 

measurement from the same piezoresistive pressure transducer. The ability of the 

sensor to measure temperature provides one component of the flow measurement 

system. The self-heating property of the resistive sensing elements provides the heating 

component of the flow sensor. It is proposed that the method of flow measurement 

will use the principles of thermal dispersion in which the rate of cooling of a heated 

element is proportional to the flow rate. The flow measurement system described in 

this thesis is designed to monitor the patency of a hydrocephalus shunt by measuring 

the flow of fluid through it.  

This thesis is organised as follows 

Chapter 2 introduces piezoresistive type pressure sensing. The materials and physical 

properties of piezoresistive pressure sensors are discussed, as are the mechanisms by 

which pressure is measured. The thermoresistive properties of the sensor, which makes 

possible the measurement of temperature, are then described.  

Chapter 3 describes the design and realisation of novel circuitry which allows the 

simultaneous measurement of temperature and pressure. The temperature sensing 

characteristics are described and compared to the international standard for clinical 

thermometers. 

Chapter 4 describes the development of an implantable telemeter to test the 

temperature measurement in-vivo. Core-body temperature data captured in a rodent 

model is collected from the catheter-tip pressure sensor. This data is compared to a 

reference sensor in-vivo. Circadian and ultradian data are presented. 

Chapter 5 describes the development of a method to enable flow measurement from 

the sensor. Miniaturised flow sensors are described, as are the design features of the 

prior art. It will be seen that piezoresitive pressure sensors possess many of the 

important design features of a micro-thermal flow sensor. Using these common 

features of pressure sensors and flow sensors, it will be demonstrated that the 
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piezoresistive pressure sensor can be used to measure pressure, temperature and flow 

rate. The requirements and design specifications of a thermal flow sensor (with 

application to the measurement of CSF flow through a hydrocephalus shunt) are 

described. The measurement method, circuit design and flow sensing algorithm are 

described and the flow measurement is characterised.  

Chapter 6 concludes this thesis by summarising the outcomes of this PhD project. It 

includes achievements and contributions made in this thesis and describes a potential 

future direction of this research topic. 

 



 

 
 

 

 

 

Chapter 2 

 Silicon micro-machined pressure 2

sensors and their temperature 

sensitivity 
 

Silicon micromachining technology has made possible the miniaturisation of many 

types of transducers designed for use in a variety of applications. Ultra-miniature 

pressure sensors (with surface area in the order of 1 mm2) are usually constructed from 

monocrystalline silicon and operate on the resistive principle. The resistive elements of 

these sensors are integrated in the monocrystalline silicon using semiconductor 

technology.   

Silicon micro-machined pressure sensors offer a number of benefits including: 

 Miniature and precise geometries, a quality which is important in a number 

of applications, particularly biomedical applications.  
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 Accurate dimensional control, which allows mechanical structures and 

sensing elements to be produced within narrow tolerance limits. 

 High pressure sensitivity;  and  

 Low power consumption 

A by-product of resistive sensors and indeed piezoresistive pressure sensors is a cross-

sensitivity to temperature. This chapter provides an overview of the fundamentals of 

piezoresistive pressure sensing and the properties of piezoresistive sensors which give 

rise to temperature sensitivity. While temperature sensitivity is often considered to be 

an undesirable characteristic of piezoresistive pressure sensors, this chapter will 

introduce the opportunity to use this cross-sensitivity to obtain simultaneous 

measurements of pressure and temperature. 

2.1 Piezoresistive pressure sensors 

Piezoresistive pressure sensors are arguably the most versatile products of micro-

electromechanical (MEMS) technology and their uptake is still increasing in automotive, 

aerospace, automation, process control and  biomedical applications [152]. 

Piezoresistive pressure transducers, in general, comprise three main components: the 

bulk silicon die, a thin deformable silicon membrane and a number of piezoresistive 

sensing elements which are embedded in the membrane (Figure 2.1). 

The thin membrane is fabricated by etching away the bulk silicon in a defined region of 

the die until the desired thickness is reached. The piezoresistors (strain sensitive 

resistors) are made by diffusing dopants into areas of the membrane, typically those 

areas which experience maximum stress [153].  The thin membrane acts to amplify the 

mechanical stress.  

In a silicon micro-machined pressure sensor, the silicon performs not only as a 

substrate for the diffused resistors but also as an elastic material [154]. Changes in 

pressure cause deformation of the membrane and of the piezoresistors embedded in it. 

Strain on the crystal lattice of silicon induces a change in resistivity of the piezoresistors 

[155, 156].  Pressure transducers fall into one of two categories: differential pressure 

sensors and absolute pressure sensors. 
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Differential pressure sensors 

Differential pressure sensors measure one pressure with respect to another. Membrane 

based pressure sensors measure the difference between the pressures on each side of 

the membrane. Gauge pressure sensors are a class of differential pressure sensor in 

which one side of the membrane is exposed to atmospheric pressure. Figure 2.1 shows 

an example of a typical membrane-based gauge pressure sensor. 

 

Figure 2.1 Example of a membrane-based gauge pressure sensor. Gauge pressure sensors are a 
class of differential pressure sensor. 

 

Absolute pressure sensors 

Absolute pressure sensors measure a pressure relative to a vacuum. Membrane based 

absolute pressure sensors utilise a vacuum sealed cavity below the membrane. Figure 

2.2 shows an example of a typical membrane-based absolute pressure sensor. 
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Figure 2.2 Example of a membrane-based absolute pressure sensor. Pressure measurements 
are made with respect to a reference vacuum-sealed cavity beneath the membrane.  

 

2.1.1 The Millar 2 French Mikro-tip pressure sensor 

The Millar 2 French (0.67 mm) Mikro-tip sensor pressure sensor is a catheter-tip 

pressure sensor designed for use in biomedical applications (Figure 2.3). Commonly the 

sensor is utilised for the measurement of arterial pressure in small laboratory animals. 

 

Figure 2.3 Photo of the Millar 2 Fr solid state absolute pressure sensor and micrograph of the 
sensor die.  

 

The sensor is protected from direct contact with biological tissues and fluids by a 

flexible silicone film through which ambient pressure changes are conducted to the 
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silicon membrane.  The tubular metal (stainless steel) casing provides strength to the 

system. The sensor is electrically insulated from the internal walls of the metal casing, 

again using flexible RTV silicone. The metal casing is also insulated from the 

surrounding fluid by a thin layer of epoxy resin. Figure 2.4 illustrates the cross-section 

of a fully-assembled catheter-tip sensor. All information regarding the sensor packaging 

was sourced from US Pat. No. 5,902,248. 

Figure 2.4 Millar IPR-002 catheter tip pressure sensor (diagram adapted from US Pat. No. 
5,902,248). The sensor’s membrane is protected/insulated from body tissues and fluids by the 
flexible RTV silicone layer which allows the diaphragm to remain sensitive to external 
pressures. 

The Millar sensor is an absolute pressure transducer, measuring the applied pressure 

with respect to a sealed vacuum cavity (directly underneath the membrane). The sensor 

is comprised of the main silicon die, a Pyrex glass back-plate and bonding pads. A thin 

silicon membrane is formed in the silicon die by etching away an oblong section of the 

silicon die. Two longitudinal piezoresistors are formed in the membrane by diffusion of 

dopant ions. Beneath the membrane lies a vacuum cavity, sealed by the Pyrex glass 

back-plate. Metallization on the surface of the silicon die allows wires to be bonded to 

the die. Figure 2.5 shows the topology of the transducer.  
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Figure 2.5 Geometry of the piezoresistive pressure sensor. The silicon die has a thin membrane 
(approximately 10 μm thick) and two piezoresistive elements (approximately 2 μm thick), 
shown in red, on the membrane surface. The piezoresistors are positioned at points on the 
membrane such that one will experience maximum tensile stress while the other experiences 
maximum compressive stress [50]. When exposed to a change in pressure, the resistance of 
one piezoresistor increases and the value of the other decreases. 

 

2.2 Piezoresistance 

The strain sensitive resistors of membrane based pressure sensors allow changes in 

pressure to be converted into an electrical signal. Deflection of the membrane causes 

deformation of the piezoresistors, inducing a resistance change. By configuring the 

piezoresistors of the pressure sensor in a Wheatstone bridge circuit resistance changes 

can be converted into an electrical voltage.  

2.2.1 Piezoresistors: geometry and piezoresistance effects 

As a piezoresistor undergoes strain, it will experience a change in resistance due to two 

effects: 

a) the resulting geometry change; and 

b) the strain-induced change in resistivity (piezoresistivity).  

Equation 2-1 defines the total resistance change, due to both geometric and 

piezoresistive effects of an object under conditions of strain. 

∆ ∆ ∆
                       (2-1) 
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Geometry effect 

The change in resistance caused by geometry changes is defined in equation 2-2.   

∆ 1 2                   (2-2) 

Poisson’s ratio, , relates the reduction in the cross-sectional area to the axial strain, 

.  

For most metals, the Poisson’s ratio ranges from 0.2 to 0.35 [50], while for anisotropic 

silicon, the range is 0.06 to 0.36, depending on the direction of the strain [157, 158]. 

Piezoresistance effect 

Strain-induced changes in conductivity were first reported in the mid 1800s by William 

Thomson whose experiments involved copper and iron wires of identical geometry. His 

results demonstrated that, for a given elongation length, the induced change in 

resistance was different for each type of metal. He attributed this effect to variations in 

the electrical conductivities of the two metals [50]. Cookson (1935) later described this 

effect, coining the term ‘piezoresistance’ [159]. Derived from the Greek word for press, 

piezen, the term was used to describe the strain-dependent changes in resistivity 

(separate from the changes in resistance caused by geometrical changes). 

The fractional change in resistivity  of metals is small and typically near 0.3 [50, 160]. 

Silicon, on the other hand experiences much greater changes in resistivity, at least one 

order of magnitude higher than that of metals [49]. In certain directions,  may be 

between 50 and 100 times larger than the change in resistance due to dimensional 

changes [50, 156].  

In recent years, the piezoresistance phenomenon in silicon has been utilized in a 

multitude of applications and has become an integral feature in the development of 

microelectromechanical devices (MEMS).  
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2.3 Sensor material: why silicon? 

The Millar Mikro-tip sensor die is fabricated from single crystal silicon. Silicon has a 

number of favourable mechanical characteristics which make it eminently suitable to 

pressure sensing applications. It has a high modulus of elasticity (Youngs Modulus) 

which is the same as that of steel (around 180 GPa), and a high tensile yield strength 

(around 7000 MPa), which is stronger than that of structural steel. It has a low density, 

comparable to that of aluminium, but a hardness comparable to that of quartz. It 

exhibits near perfect elasticity with no mechanical hysteresis and has a high sensitivity 

to physical variables such as strain and temperature [161]. 

In addition to its notable mechanical properties, silicon also possesses some interesting 

electrical properties. As an intrinsic semiconductor, its conductivity resides between 

that of a conductor and that of an insulator. Since its band gap is smaller than that of an 

insulator, large numbers of electrons are able to be excited to cross the band gap at 

room temperature resulting in an increase in the conductivity of the material. The 

conductivity of silicon is influenced by mechanical loading effects (piezoresistivity) and 

temperature effects (thermoresistivity) as well as the concentration of impurity ions or 

dopants (which introduce additional charge carriers) [50]. The piezoresistivity of silicon 

varies depending on the magnitude and direction of the loads with respect to the crystal 

lattice, the dopant concentration, the direction of the current, and the temperature.  

2.3.1 Silicon crystallography and piezoresistivity 

The crystal and atomic structure of silicon gives rise to its piezoresistive properties. 

Crystalline silicon takes on a diamond-cubic structure, with each silicon atom covalently 

bonded to four other silicon atoms (Figure 2.6).  
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Figure 2.6 The diamond cubic crystal structure of silicon, adapted from Doll and Pruitt, 2013 
[160].  

 

The diamond lattice of silicon is very sensitive to the symmetry-breaking effect of strain 

on the lattice. As strain disrupts the symmetry of the crystal lattice, the energy band 

structures become warped as they accommodate the altered crystal symmetry [162].  

Warping of the energy bands causes energy levels to split, thus altering the scattering 

rates of charge carriers (electrons and holes). Ultimately the carrier mobility and device 

resistance become altered [162]. This effect is known as the piezoresistive effect.  

Silicon has an anisotropic energy band structure which means that the piezoresistance 

effect of silicon varies with crystal orientation [155]. Due to its cubic structure it has 

three main crystal directions ([100], [010], [001]) and three independent piezoresistive 

coefficients [163]. Microelectromechanical systems exploit this anisotropy in order to 

optimize the sensitivity of the device. Figure 2.7 shows the commonly-used wafer 

surface orientations (100), (110) and (111).  

 

Figure 2.7 Main crystallographic planes of silicon, adapted from Doll and Pruitt, 2013 [160].  
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The membrane surface of a pressure transducer is usually fabricated on a (100) plane 

(Figure 2.7A) with the edges of a (conventionally-etched) membrane positioned in the 

<110> directions. These edges coincide with the intersections of (100) and (111) planes 

[49, 155].  

2.3.2 Enhancing the piezoresistivity of silicon: doping 

The conductivity of silicon can be enhanced by the addition of impurities (or ‘dopants’) 

into its crystal lattice [164]. This also leads to increased sensitivity to changes in 

environmental factors (pressure, temperature, electric field) [156]. 

By introducing charge carriers (holes or electrons) to the crystal lattice of silicon, the 

number of partially filled states is increased. The mobility of these charge carriers is 

influenced by strain (piezoresistance) and temperature (thermoresistance). The 

piezoresistance effect in silicon is a function of dopant concentration [164]. 

P-type piezoresistors 

The piezoresistors of the Millar Mikro-tip pressure transducer are formed by the 

introduction of the dopant boron into select regions of the silicon membrane. 

Pure silicon has four valence electrons per silicon atom. These valence electrons are 

involved a covalent bond between the silicon atom and its four adjacent neighbours. 

The dopant boron, on the other hand, has three valence electrons. When implanted in 

the silicon lattice, each boron atom introduces one ‘hole’ (absence of an electron) 

(Figure 2.8). The introduction of ‘holes’ (positive charge carriers) into the silicon lattice 

creates a positive semiconductor, often referred to as p-type. The piezoresistors of 

most MEMS pressure transducers are p-type, formed by the implantation of boron into 

the specified regions on the silicon sensor die.  
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Figure 2.8 Illustration of the effect of the addition of boron atoms into the crystal structure of 
silicon.  Silicon has four valence electrons, each of which form a bond with the four silicon 
atom neighbours in the crystal structure. The substitution of some silicon atoms with boron 
atoms (which each have only three valence electrons) serves to create positively charged ‘holes’ 
where electrons are missing. The mobility of these ‘holes’ is influenced by both strain and 
temperature.  

 

N-type piezoresistors 

Phosphorus (P-) is another dopant which is also used to create silicon piezoresistive 

elements. Phosphorus has five valence electrons. When implanted in the crystal lattice 

of silicon, phosphorus acts as an electron donor, introducing an extra electron (negative 

charge carrier). The addition of phosphorus thus creates a negative semiconductor (n-

type). 

2.4 Piezoresistor orientation  

The resistivity change of a piezoresistor may be resolved two components: that induced 

by longitudinal stress, and that induced by transverse stress (equation 2-3).  

∆ 	               (2-3)

         

Where 	and  denote the longitudinal and transverse stress components and	  and 

	and denote the transverse and longitudinal piezoresistive coefficients.  

A longitudinal stress, , is one which is applied in the direction of current flow. A 

transverse stress, , is one which is applied perpendicular to the direction of current 

flow [155]. Figure 2.9 shows two piezoresistors; one in which current is longitudinal to 

the direction of stress and one in which current is transverse to the direction of stress. 
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In some orientations, the stress longitudinal to the current flow may be much greater 

than the stress transverse to the current flow and vice versa [162]. 

 

Figure 2.9 Two piezoresistor orientations with respect to the direction of applied stress: A) 
Current longitudinal to stress. B) Current transverse to stress. Adapted from Sun, 2010 [162]. 

 

2.4.1 Optimising sensitivity  

MEMS pressure sensors typically employ two piezoresistors or two piezoresistor pairs 

as sensing elements. The pressure measurement is derived from the differential change 

in resistance of the two resistors (or resistor pairs) in response to a pressure change. 

Wheatstone bridge circuits, used to measure this differential resistance change, are 

introduced in the following section.  

The locations and orientation of each piezoresistor is carefully selected such that, with 

deformation of the membrane, the response of each resistor (or resistor pair) is 

maximal, equal and opposite to the response of the other. This ensures maximal 

sensitivity of the device.  

The membrane surface of the pressure transducer is usually fabricated on a (100) plane 

with the edges of a (conventionally etched) membrane positioned in the <110> 

directions. These edges coincide with the intersections of (100) and (111) planes [49, 

155]. P-type (boron-doped) piezoresistors are most often used in pressure transducers 

because the direction of their maximum sensitivity, <110>, coincides with the edges of 

the membrane [156].  
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To ensure that the response of one piezoresistor (or piezoresistor pair) is maximal, 

equal and opposite to the response of other (or other pair) one of the following 

approaches may be taken: 

a) Piezoresistors may be placed on the membrane such that the current through 

one (or one pair) is longitudinal to the direction of applied stress and the current 

through the other (or other pair) is transverse to the direction of applied stress; or 

b) Piezoresistors may be placed on the membrane such one (or one pair) 

experiences maximal tensile stress while the other (or other pair) experiences 

maximal compressive stress. 

Employing longitudinal and transverse piezoresistors 

Longitudinal and transverse piezoresistive coefficients of p-type silicon in the (100) 

plane are equal in magnitude and opposite in polarity. A piezoresistor oriented 

longitudinally to the direction of applied stress will increase in resistivity, while a 

piezoresistor oriented transversely to the direction of applied stress will decrease in 

resistivity [155]. Figure 2.10 shows that for p-type silicon the maximum piezoresistive 

coefficients occur in the <110> directions. N-type piezoresistors exhibit different 

direction-dependent piezoresistivity magnitudes to p-type piezoresistors. The 

orientation function for piezoresistance in n-type silicon can be found in Kanda 1982 

[155]. 

In order to maximise device sensitivity, pressure sensors often exploit the piezoresistive 

symmetry of p-type silicon in the (100) plane, employing longitudinal and transverse 

piezoresistors oriented in the <110> directions. Since pressure changes are measured 

using the differential change in resistance of the two resistors, the sensitivity of the 

device is optimised by ensuring maximal differential variation in resistance between the 

longitudinal and transverse resistors. 
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Figure 2.10 P-type piezoresistive coefficients of silicon in the (100) plane. The longitudinal 
coefficients,  (shown in red) are represented as positive values, since resistivity increases with 
tensile stress. Conversely, the transverse coefficients 	(shown in blue) are represented as 
negative values to indicate that resistivity decreases with tensile stress. Adapted from Kanda, 
1982 [155]. 

 

Employing tensile and compressive stresses 

Device sensitivity may also be maximised by employing the equal and opposite 

responses of two longitudinal (or transverse) resistors to tensile and compressive stress. 

Figure 2.11 shows that the response of a longitudinal (or transverse) resistor 

undergoing tensile strain is equal and opposite to its response when undergoing a 

compressive strain of the same magnitude. Thus, placement of one longitudinal resistor 

in a region of compressive stress and the other longitudinal resistor in a region of 

tensile stress also acts to maximise the sensitivity of the transducer.  
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Figure 2.11 Schematic diagram demonstrating the resistance change with tensile and 
compressive stress in the longitudinal and transverse directions. Adapted from Suzuki et al, 
1984  [165]. 

 

The Millar sensor utilises two longitudinal piezoresistors as gauges. One is placed in the 

centre of the membrane and one is placed on the edge of the membrane (Figure 2.12). 

In response to a positive pressure the membrane is deflected inwards. The piezoresistor 

located at edges of the membrane experience maximum longitudinal tensile stress and 

while the piezoresistor at the centre of the membrane experiences longitudinal 

compressive stress [166]. This configuration ensures that, in response to a change in 

pressure, the response of the resistors is both equal and opposite. As the membrane is 

deflected inwards, R1 experiences tensile stress leading to an increase in resistance and 

R2 experiences compressive stress leading to a decrease in resistance (Figure 2.12). 
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Figure 2.12 Micrograph of the Millar Mikro-tip pressure sensing die with the positions of the 
two longitudinal resistors marked in green. R1 is placed in the centre of the long edge of the 
membrane where tensile stress is maximal (shown on the finite element model in red). R2 is 
placed in the centre of the membrane where compressive stress is maximal (shown on the 
finite element model in cyan). This configuration ensures that, in response to a change in 
pressure, the response of the resistors is both equal and opposite. Finite element model from 
Tian et al, 2009 [167]. 

 

2.5 Measuring Pressure: Wheatstone bridge circuits 

A Wheatstone bridge circuit is used to measure the differential change in resistance of 

the two resistors (or resistor pairs). By applying a voltage across the bridge, resistance 

changes can be converted to a measurable voltage. Sensors employing two resistor pairs 

are configured as a full Wheatstone bridge while sensors employing only two resistors 

are configured as the top-half of a Wheatstone bridge circuit. 

Full bridge configuration 

Often four p-type piezoresistors are formed in the silicon membrane, at regions of 

maximum stress, such that two are positioned longitudinally and two are positioned 

transversely to the direction of applied stress. Figure 2.13 shows a sensor die and the 

accompanying Wheatstone bridge circuit. R1, R2, R3 and R4 are of equal resistance in 

the unstressed state. In the stressed state, longitudinal resistors R1 and R3 increase in 

value by ΔR and transverse resistors R2 and R4 decrease in value by ΔR. Pressure 

measurements are made by exciting the bridge with a constant voltage and measuring 

the differential voltage across the bridge. 
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Figure 2.13 Typical piezoresistive pressure sensor with two longitudinal resistors (R1 and R3) 
and two transverse resistors (R2 and R4) configured in a Wheatstone bridge circuit with voltage 
excitation, VEXC. Because the p-type diffused resistors lie on the Si-(100) plane in the <110> 
directions, the piezoresistive response (ΔR) of the longitudinal and transverse resistors is equal 
and opposite. The differential voltage across the bridge (V1-V2) constitutes the pressure 
measurement. 

 

Half-bridge configuration 

The Millar Mikro-tip pressure sensor is an active half-bridge sensor. Two active 

semiconductor strain gauge elements R1 (at the edge of the membrane) and R2 (at the 

centre of the membrane) constitute the top half of a Wheatstone bridge. The remaining 

half of the bridge consists of resistors R3 and R4 which are mounted on the main 

printed circuit board. In the unstressed state, R1 and R2 are of equal resistance. In the 

stressed state, longitudinal resistor R1 experiences tensile stress and increases in value 

by ΔR. R2 experiences compressive stress and decreases in value by ΔR. Pressure 

measurements are made by exciting the bridge with a constant voltage and measuring 

the differential voltage across the bridge. 
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Figure 2.14 Millar Mikro-tip piezoresistive pressure sensor. Two longitudinal resistors (R1 and 
R2) on the senor die form the top-half of a Wheatstone bridge circuit with voltage excitation, 
VEXC. The bridge is completed by R3 and R4 which are located on the off-chip circuitry. The p-
type resistors lie on the Si-(100) plane in the <110> direction. With deformation of the 
membrane R1 experiences tensile strain, R2 experiences compressive strain. The piezoresistive 
response (ΔR) of the two longitudinal resistors is equal and opposite. The differential voltage 
across the bridge (V1-V2) constitutes the pressure measurement. 

 

2.6 Temperature sensitivity of piezoresistive pressure sensors 

Silicon piezoresistors are remarkably sensitive to changes in temperature [51]. In fact, 

the change in resistance due to thermal sensitivity, α, of a silicon piezoresistor is often 

greater than the change in resistance due to  strain sensitivity [51]. Sensitivity of both 

the band gap and the mobility of the charge carriers to temperature leads to an overall 

sensitivity to temperature. The effect of temperature on the resistivity of a device is 

termed thermoresistivity. 

Band Gap 

The energy band structure of silicon is sensitive to variation in temperature [156, 168, 

169]. Figure 2.15 shows the temperature dependence on the energy band gap of silicon. 
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Figure 2.15 Temperature dependence of the energy band gap of intrinsic silicon. Reproduced 
from Bludau et al, 1974 [169].  

 

Charge Carriers 

The mobility of the charge carriers (electrons and holes) within the silicon lattice is also 

temperature-dependent [168, 170]. Figure 2.16 shows the relationship between 

temperature and hole mobility for p-type silicon of different dopant densities. 

 

Figure 2.16 Calculated curves of the temperature sensitivity of hole mobility for boron-doped 
(p-type) silicon. Each line represents a different dopant density. Reproduced from Li, 1978 
[170]. 
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Dopant concentration 

The thermoresistive response of a device is proportional to dopant concentration [171-

173]. Figure 2.17 illustrates the thermoresistivity of p-type silicon diffused layers at a 

number of dopant concentrations. Here it can be seen that p-type silicon demonstrates 

a positive temperature coefficient of resistance (TCR). Over a small range, and 

depending on dopant concentration, the TCR may be approximated by a linear 

relationship for temperatures above 0 °C.  

 

Figure 2.17 Fractional change in resistivity of p-type silicon layers with respect to temperature. 
Resistance is normalized to the resistance at 0 °C. Reproduced from Tufte and Stelzer [173] 

 

2.6.1 Temperature sensitivity of piezoresistive pressure sensors 

Unlike pressure related changes in resistivity, the effect of temperature is non-

directional. Thus, for a silicon resistor of given dimensions and dopant concentration 

the thermoresistivity is the same regardless of its orientation on the membrane. P-type 

silicon has a positive temperature coefficient of resistance (TCR) where an increase in 

temperature causes an increase in resistance.  

Figure 2.18A shows a typical piezoresistive pressure sensor with four p-type resistors of 

equal resistance (R1, R2, R3 and R4) implanted in the surface of a (100)-Si membrane. 
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The resistors are arranged to form a balanced Wheatstone bridge. When the membrane 

is at rest, the differential voltage (pressure output voltage) will be equal to zero.  

An increase in the temperature of the sensor will cause an increase in the resistance of 

each resistor. Assuming all four resistors are identical in dimensions and doping 

concentration, the resistance change will be the same in each. Figure 2.18B shows this 

with the resistance-temperature relationship of resistors R1 and R2 being approximately 

equal [174]. In practice there will be a slight difference in the thermoresistivity of the 

two resistors due to process variations in the dopant concentration and dimensions of 

the two resistors.  

 

Figure 2.18 Experimental points and theoretical curves for the change in resistance of 
transverse resistor, R1 and longitudinal resistor, R2 in the <110> directions of the p-type silicon 
in the (100) plane. Adapted from Boukabache et al 2000 [174]. 

 

Equation 2-4 characterises the change in resistivity of a diffused resistor in response to 

a change in pressure and temperature. 

           (2-4) 

The parameter  denotes the temperature coefficient of resistivity while ΔT denotes 

the change in temperature.  
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2.6.2 Temperature sensitivity of the pressure measurement 

Changes in temperature affect both the offset and the sensitivity of the pressure 

measurement. The temperature sensitivity of the pressure measurement originates from 

two sources: the temperature coefficient of sensitivity (TCS) and the temperature 

coefficient of resistance (TCR). 

The temperature coefficient of sensitivity (TCS) refers to the temperature related 

change in piezoresistivity and is related to dimensional and stiffness changes in the 

sensor with temperature changes.  

1 ∆           

 2-5 

The thermal coefficient of resistivity (TCR) describes the change in the resistance of a 

piezoresistor with temperature. The TCR of a p-type resistor is positive (i.e. resistance 

of the piezoresistor increases with increasing temperature). 

1 ∆           

 2-6 

The temperature coefficient of offset (TCO) is the sensitivity of the pressure offset to 

changes in temperature. This occurs when the one piezoresistor is more sensitive to 

changes in ambient temperature than the other (i.e. different TCRs), causing a pressure 

offset which is proportional to ambient temperature.  

2.6.3 Temperature compensation strategies 

Temperature errors are an inevitable and undesirable by-product in all applications of 

MEMS pressure sensing. Pressure sensing systems employ various strategies to reduce 

the errors caused by the thermoresistivity of the device. The performance level of the 

sensor is usually dictated by the efficacy of the temperature compensation techniques 

applied [175]. Methods fall into two main groups: those that are implemented post-

fabrication on the sensor chip, and those that are implemented on the peripheral 

circuitry. 

On chip compensation 
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Some piezoresistive pressure sensors minimise the cross sensitivity to pressure by 

placing all piezoresistors of the full Wheatstone bridge on the membrane/diaphragm 

[51]. In theory, this allows the temperature effects to be cancelled out (since a change in 

the environmental temperature would cause all piezoresistors to change by the same 

proportion and polarity). This temperature compensation method rests on the 

assumption that all resistors possess the same temperature coefficient of resistivity 

(exact same doping concentration) and same resistance (exact same dimensions). It also 

assumes provided the four piezoresistors are fully matched, the output voltage must be 

equal to zero. This, in practice, is near impossible [174]. The reader is referred to 

Boukabache et al for the mathematical equations which demonstrate the cancellation of 

temperature sensitivity when a fully matched full-bridge is implemented [174]. 

Since it is difficult to achieve tight electrical tolerances of the silicon chip during 

manufacture, an additional circuit and/or software is often required to compensate for 

any residual temperature-related errors on the pressure signal. 

Off chip compensation 

Half bridge sensors such as the Millar Mikro-tip pressure sensor utilise off chip 

balancing resistors to complete the Wheatstone bridge. These completion resistors are 

not exposed to the same temperature conditions experienced by the piezoresistors and 

do not possess the same temperature coefficient of resistivity. For this reason, off-chip 

completion resistors do not provide the same degree of temperature compensation 

than that provided by on-chip piezoresistors of identical resistance and resistivity.    

Esashi et al 1982 employ a half bridge sensor (Figure 2.19) and describe a simple 

method of temperature compensation which cancels the temperature dependent 

pressure offset (TCO). In Section 2.6.2 it was explained that the TCO is caused by a 

slight mismatch in the temperature sensitivity of the bridge resistances. 

Esashi’s method involves one temperature stable compensation resistor R 	which is 

placed in parallel with the more temperature sensitive of the two piezoresistors. R  

effectively acts to  counteract the difference in temperature coefficient of resistivity 

between the two resistors. It does so by shunting an increasing amount of excitation 

current away from the more temperature sensitive resistor as the temperature rises. 
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The value of R 	 is chosen such that, for a given pressure, Vout1  remains the same 

regardless of ambient temperature.	R 	 acts to cancel the linear component of the 

temperature sensitivity of the sensor and thus decreases the overall sensitivity of the 

pressure measurement to changes in ambient temperature. 

The temperature compensation method employed by Esahsi et al is explained as 

follows. The resistance of each piezoresistor  and  is measured at temperatures  

and . The resistance of  is denoted 	and  at  and , respectively. The 

resistance of  	 is denoted similarly. The value of  is chosen and connected such 

that the ratio of 	 to 1/ 	 1/  is the same at both temperatures. 

/ 	 / / 	 /
                 2-7 

Therefore, 

                  2-8 

If  is positive it is connected in parallel to .  If it is negative it is connected in 

parallel to .  and  complete and balance the bridge. They are also used to adjust 

the offset voltage. 
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Figure 2.19 Circuit diagram of a half-bridge sensor and off-chip temperature compensation 
resistor R0. Rt and Rr are the radial and tangential piezoresistors, respectively. R1 and R2 are the 
off-chip balancing resistors. Adapted from Esashi et al, 1982 [176]. 

 

2.7 Exploiting the temperature sensitivity  

While pressure variations induce a differential change in resistance, temperature 

variations experienced by the sensor cause the resistance values of the piezoresistive 

elements to move in the same direction [174].  

The effect of temperature on a half-bridge pressure sensor is greater than its effect on a 

full-bridge sensor since half-bridge sensors involve completion resistors on the 

peripheral circuitry that do not experience the same temperature environment as the 

piezoresistors. The Millar Mikro-tip pressure sensor utilises one such transducer.  A 

change in temperature will act to increase or decrease the resistance of both 

piezoresistors and a temperature-related offset will be introduced to the differential 

voltage and common mode voltage alike. 

Off-chip temperature compensation methods reduce the effect of temperature of the 

differential voltage of the bridge. The temperature sensitivity of the common mode 

signal, however, remains. This behaviour offers the ability of the sensor to detect 

temperature at the same time as making conventional pressure measurements.  
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The following chapter describes a novel method of obtaining simultaneous 

measurements of temperature and pressure from a half-bridge pressure sensor. 

Conventional pressure measurements are made by measuring the differential voltage 

across the bridge while temperature measurements are made by measuring the 

common-mode voltage across the bridge (Figure 2.20). 

  

Figure 2.20 Schematic illustrating a novel method of obtaining simultaneous measurement of 
temperature from a piezoresistive pressure sensor. 
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2.8 Summary 

Piezoresistive pressure sensors are sensitive to both temperature and pressure changes. 

By utilising a deformable membrane with implanted strain sensitive resistive elements, 

changes in pressure are converted into changes in resistance. In response to a change in 

pressure the resistance of one piezoresistor (or piezoresistor pair) will increase, while 

the resistance of the other (or other pair) will decrease, both to the same degree. The 

piezoresistive sensing elements are configured in a Wheatstone bridge circuit and an 

excitation voltage is applied across the bridge. The change in resistance of the 

piezoresistors is quantified by measuring the differential voltage across the bridge. 

Temperature changes, also, affect the electronic properties of silicon. The consequence 

of this is an inevitable and (most often) undesirable cross-sensitivity of a pressure 

sensor to temperature. The temperature response of all piezoresistors is determined by 

the TCR and thus, regardless of orientation on the membrane, will be (near) equal. 

Thus, in response to a change in temperature either all resistors will increase in 

resistance or all will decrease in resistance.  

Various approaches are employed by sensor designers to mitigate the effects of 

temperature on a pressure sensor. One such method is to use a full bridge sensor 

configuration. In this configuration, the Wheatstone bridge is comprised of four 

piezoresistors of equivalent resistance all positioned on the membrane of the pressure 

sensor. In theory, a change in temperature will affect the resistance of all piezoresistors 

to the same degree. This means that the differential voltage of the bridge becomes 

immune to changes in temperature. It is important to note that the common mode 

voltage of the bridge also becomes immune to changes in temperature.  In practice 

however, it is very difficult to achieve resistors of identical resistance since inaccuracies 

are introduced by the fabrication process. Therefore, even a full-bridge sensor will 

see/show some effect of temperature. 

Half-bridge sensors involve completion resistors on the peripheral circuitry. These 

peripheral resistors do not experience the same temperature environment as the 

piezoresistors and can be assumed to be temperature stable [177].  
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Since half-bridge sensors possess a Wheatstone bridge circuit in which only the top half 

is (significantly) sensitive to changes in temperature, the effect of temperature on a half-

bridge sensor is greater than that of a full-bridge. A change in temperature will act to 

increase (or decrease) the resistance of both piezoresistors and a temperature-related 

offset will be introduced to the differential voltage and common mode voltage alike. 

The temperature-related offset in the differential voltage can be mitigated by off-chip 

compensation circuitry. The common-mode signal, however, remains sensitive to 

changes in temperature.   

This presents an interesting opportunity to use the common mode signal (of a half-

bridge pressure sensor) to measure temperature at the same time as obtaining 

conventional pressure measurements from the differential voltage of the bridge. 

Chapter 3 will describe a novel method of simultaneous measurement of temperature 

and pressure which utilizes both the differential signal and the common mode signal 

from a piezoresistive active half-bridge pressure sensor.   

 



 

 
 

 

 

 

Chapter 3 

 Simultaneous temperature and pressure 3

measurement from a single transducer 
 

In chapter 1, challenges in the treatment of TBI were discussed and the clinical need 

for an implantable multi-modal sensor was outlined. It has long been recognised that, 

the primary injury having occurred, secondary injury results from increased intracranial 

pressure (ICP). More recently it has also been widely accepted that evidence points to a 

harmful effect of raised intracranial temperature following a traumatic brain injury [9, 

18-23].  A novel method of simultaneous measurement of temperature and pressure 

from a single pressure sensor is first introduced. The dual sensing probe is targeted for 

measurement of both intracranial temperature and pressure in patients suffering a 

traumatic brain injury. 
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The multi-parameter sensor will make a particular contribution to the management of 

patients suffering from a traumatic brain injury (TBI).   

This chapter forms the basis of a paper published in the IEEE Sensors Journal, “A 

New Tool for the Neurointensive Care Unit: Simultaneous Measurement of 

Temperature From a Catheter-Tip Pressure Sensor” Volume 15, Issue 3, 2015 [178]. 

3.1 Multimodal sensors for clinical applications 

Exciting new research in the areas of multimodal sensing technology and sensor 

miniaturisation are making possible implantable sensors of increased sensitivity, 

improved response times and lower power consumption. 

Advanced miniature sensors are currently being developed for medical applications. 

Implantable sensors are already being used in the hospital environment for short-term 

monitoring. One such example is intracranial pressure monitoring. Miniature 

multimodal sensing technology, however, will mean the implantation of a single 

miniature probe, reducing the complexity of the procedure while minimising attendant 

risks.  

Commercially available multi-modal probes designed for clinical applications utilise 

separate sensing elements. They include the Integra Neurosciences Camino 110-4BT, a 

1.35 mm diameter fibre optic pressure and temperature sensor with reported accuracy 

of 0.3 °C in the measurement range 30 °C to 40 °C; the Raumedic Neurovent-P Temp 

ICP probe with thermistor element (0.5 mm diameter by 5.5 mm length) with a 

reported accuracy of 0.1 °C; the Codman & Shurtleff Neurotrend multi-parameter 

sensor (0.5 mm in diameter) comprising a thermocouple with reported accuracy of 0.1 

°C which is located distal to the tip of the probe as well as each of a pH, a PCO2; and a 

PO2 optical sensor. 

A number of multi-modal sensing systems have also been reported in the literature. An 

implantable telemetric device for the measurement of blood pressure and temperature 

has been described [179]. Separate pressure and temperature sensing elements are 

integrated on the 3.5 mm2  sensor die [180] 
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Tanase et al (2002) report a multi-parameter sensor to measure intravascular blood 

flow, pressure and oxygen saturation level [181]. The three parameters are each 

measured by separate transducers integrated on the 0.9 mm by 7 mm silicon die. 

Li et al (2008) report a ‘lab-on-a-tube’ sensing array which measures temperature, flow 

and glucose concentration [182]. The three sensing elements are packaged together in 

the same catheter. The complete catheter is 1.19 mm in diameter. 

This chapter describes the measurement of multi-modal data from a half-bridge 

pressure sensor. The ultra-miniature sensor simultaneously measures pressure and 

temperature, utilising a single transducer element comprised of two diffused resistors 

coupled to a deformable membrane. By exploiting the multi-parameter sensitivities of 

the silicon-diffused membrane resistors, simultaneous measures of temperature and 

pressure are obtained from the single transducer. 

This technology offers a number of advantages over the state of the art in multimodal 

sensing: prior art multimodal sensors either integrate multiple sensing elements on the 

same chip or package multiple sensing elements together in the same catheter.  

Utilising a single transducer avoids the thermal and electrical cross-talk problems 

associated with integrated systems of multiple transducers [45]. The technology has the 

advantage of reducing the size requirements of the sensor and ensures there is no time-

lag between measurements (a consideration for current art multimodal sensors which 

involve multiple transducers with varying time constants). From a manufacturing 

perspective, sensors with multiple transducers on the same chip require more process 

steps in their fabrication. This often leads to lower yields [183].  

 

3.2 Design: simultaneous temperature and pressure 

measurement 

The Millar pressure gauge forms the top half of an active Wheatstone Bridge. In 

conventional pressure sensing, the piezoresistive half bridge is connected to balancing 

resistors on the printed circuit board (PCB), to form a full Wheatstone bridge circuit. 
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The wires which connect the top-half of the bridge to the balancing resistors and 

excitation voltage tunnel down a 2 Fr silicon catheter.  

Pressure measurements are made from the differential voltage across the bridge while 

temperature measurements are made simultaneously by utilizing the common mode 

voltage from the bridge. Temperature related changes in gauge resistance are amplified 

by a custom built circuit. An excitation voltage of 1.25 V is applied to the bridge. 

3.2.1 Circuit development 

Figure 3.2 shows the concept of simultaneous temperature and pressure measurement. 

The differential voltage is sampled from each side of the bridge. Changes in this 

voltage, VPRESSURE are proportional to changes in the ambient pressure seen by the half-

bridge sensor and thus, VPRESSURE forms the pressure signal. The common-mode 

voltage is sampled from each side of the bridge and summed together using R3 and R4. 

The common-mode voltage is referenced to ground. Changes in this voltage, 

VTEMPERATURE are proportional to changes in the ambient temperature seen by the half-

bridge sensor and thus, VTEMPERTURE forms the temperature signal. 

The unity gain buffer amplifiers, U1 and U2 serve to minimise the loading to the bridge. 

Due to the high input impedance of the buffer operational amplifiers, very little current 

is drawn from the bridge and so series resistors R3 and R4 are effectively not ‘seen’ by 

the bridge. This is important for simultaneous measurement of differential and 

common-mode signals since it prevents a loading effect on VPRESSURE due to 

VTEMPERATURE. The operational amplifier which was chosen to be used as a unity gain 

buffer amplifier in the prototype circuit was single supply OPAMP, OPA365 (Texas 

Instruments). This component was chosen for its small size (SOT23-5 package), low 

power consumption and suitable voltage supply range (2.2 V to 5.5 V). 

The ability to determine the operating range of the temperature measurement is 

enabled by the addition of two components: Voltage reference, VREF and differential 

amplifier U3. VREF is used to select the mid-point of the operating range of the 

temperature measurement. In order to select VREF for a given catheter-tip sensor, a 

voltage divider circuit with central potentiometer is used. By matching VREF to the 

common-mode signal at the desired mid-point temperature, the voltage output at this 
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temperature becomes zero volts. This allows for bi-directional voltage output about the 

mid-point temperature voltage. U3 is a differential amplifier which is used to amplify 

the temperature signal, and thus determines the maximum and minimum values in the 

operating range of the temperature measurement.  

U4, also a differential amplifier, is used to amplify the pressure signal.  

For the prototype circuit shown in Figure 3.2 instrumentation amplifier, INA333 

(Texas Instruments) was chosen to be used as a differential amplifier for components 

U3 and U4. It was selected for its high common mode rejection, small size (DFN-8 

package, 3 mm x 3 mm), low power consumption and suitable voltage supply range (1.8 

V to 5.5 V). 

The power consumption of the temperature sensing circuit (Figure 3.2) is 0.046 W 

(13 mA). The additional power consumption due to the additional pressure sensing 

circuit is 0.014 W (4.36 mA). 

 

Figure 3.1 Method used to obtain temperature measurement from the pressure and 
temperature sensitive elements RA and RB. Temperature (VTEMPERATURE) is a common mode 
output while pressure (VPRESSURE) is a differential output when the bridge is excited with VEXC. 
Buffer amplifiers U1 and U2 improve the circuit by preventing a loading effect on the bridge. 
Differential amplifiers U3 and U4 amplify the temperature and pressure signals, respectively. 
VREF is used to determine the midpoint in the temperature range. The value of VREF is chosen 
to match the common-mode output from the bridge corresponding to the midpoint 
temperature. 
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Figure 3.2 Schematic diagram from Altium Designer showing temperature and pressure circuit. 
Buffer amplifiers BUF1 and BUF2  prevent a loading effect on the bridge. UT amplifies the 
difference between the common mode temperature signal and a constant reference voltage. UP 
amplifies differential pressure signal. Gain resistors, Rg_T and Rg_P determine the gain of the 
amplifiers (according to G= 1+ 100kΩ/Rg). A voltage divider is used to set the voltage which 
represents midpoint in the temperature range (V_REF). The potentiometer is used to adjust 
the value of V_REF such that V_REF is equal to the common-mode output from the bridge 
when the catheter-tip sensor is at the 32.5 °C. 
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3.2.2 Measurement range and amplification 

The mean voltage from both sides of the bridge is generated from a passive averager 

circuit which produces the common mode voltage of the bridge (Figure 3.1). A fixed 

voltage reference is subtracted from this common mode voltage and a suitable gain 

(amplification of 201 times) is applied. The gain is chosen to allow the output voltage 

range 0 to 2.4 V to be mapped onto the temperature range 20 °C to 45 °C. 

3.2.3 User interface 

A program written in LabVIEW is used to log data from the Millar sensors and 

reference probes (details given later) via National Instruments USB 6210 data 

acquisition cards (with stated accuracy of 88.5 µV).  

Continual measurements are made via a user controlled while loop. The user controls 

the measurement frequency as well as the number of terms used in averaging. Measured 

data are output to a spreadsheet file with each execution of the loop. 

3.3 Standards for clinical thermometers 

The accuracy standards of clinical thermometers are specified in BS EN ISO 80601-2-

56:2012 the international standard governing the performance criteria of clinical 

thermometers.  The standard recognises that temperature is an important vital sign in 

assessing overall health, typically in conjunction with blood pressure and pulse rate. It 

identifies that the purpose of a clinical thermometer is to measure the “true 

temperature” of a “reference body site”. The ‘reference body site’ may be internal or 

external  and may include (but not exclusively to) the “pulmonary artery, distal 

oesophagus, sublingual space in the mouth, rectum, ear canal, axilla (armpit), or 

forehead skin” [184]. The requirements for ‘laboratory accuracy’ of a clinical 

thermometer are stipulated in clause 201.101.2. Across the entire operating range of the 

sensor the error must not exceed 0.4 °C. However, in the clinical range of the sensor, 

the accuracy must be no greater than 0.2 °C [184]. 

The clinical accuracy of a clinical thermometer is verified by comparing the output 

temperature with that of a reference thermometer which has a specified uncertainty for 

measuring true temperature. 
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The error of the temperature measurement is defined by equation 3-1. 

            (3-1) 

Where TTUT is the output temperature of the clinical thermometer under test (TUT) 

and TREF is the corresponding temperature measured by the reference thermometer, 

when both are measuring the reference temperature source. 

3.4 Sensor characteristics 

3.4.1 Sensor response curve, sensitivity and linearity 

Voltage-to-temperature calibration data of thirteen sensors were obtained by placing 

Millar sensors in a water bath held at a constant (± 0.1 °C) temperature for 40 minutes 

at each of the following set-point temperatures: 30 °C; 33 °C; 36 °C; 39 °C; and 42 °C. 

The temperature of the bath was measured using the reference probe; GE Sensing 

CSP60BA103M-H/2-90, a 4- wire Thermistor Probe (calibration traceable to IST-90) 

interfaced to Fluke 1504 Digital Thermometer Readout (calibration traceable to NIST). 

The combined short-term accuracy of sensor and readout is at least 0.004 °C. The one-

year drift of the thermistor probe is less than ± 0.01 °C. Mean steady-state voltage 

output from the temperature-sensing circuit of each Millar probe was recorded along 

with the reference temperature. Data were collected at 1 Hz. 

The mean common mode voltage output of the 13 sensors increases proportionally 

with increases in environmental temperature. Mean sensitivity was obtained by fitting a 

reference straight line to the mean sensor response curve. In the range 30 °C to 42 °C 

the mean sensitivity of the 13 sensors was found to be 85.08 ± 0.14 mV/°C (Figure 

3.3). 
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Figure 3.3 Mean Linear Sensitivity. Common mode voltage across the sensor bridge plotted 
against sensor environment temperature within the measurement range 30 °C to 45 °C. On 
average the sensors exhibit a near linear voltage relationship with changes in temperature. Each 
point is the mean calibration point obtained from 13 sensors at a given temperature; calibration 
points being an average of 2400 samples over a 40 minute interval. The dotted line represents 
the linear fit to the mean sensitivity curve. 

 

While the mean voltage-to-temperature response of the 13 sensors is fairly linear 

(correlation coefficient of 0.9999), some sensors are more linear than others. In order 

to determine the most appropriate type of calibration curve the accuracy of three 

different interpolation models were compared.   

Table I documents the accuracy of each sensor at 36.24 °C with each of three different 

calibration equations: A generic linear equation, a linear fit and a second order 

polynomial fit. The generic linear equation is calculated from the least-squares linear fit 

to the mean (13 sensors) sensor response curve. The maximum departure from the 

reference temperature with each of the following calibration equations: a generic linear 
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equation, an individual linear fit and an individual second order polynomial fit was, 

0.231 °C, 0.060 °C and 0.017 °C respectively.  

  

TABLE I.  ACCURACY AS A RESULT OF APPLYING A GENERIC LINEAR EQUATION TO ALL SENSORS, 
AN INDIVIDUAL  LINEAR FIT TO EACH SENOSR OR AN INDIVIDUAL SECOND ORDER POLYNOMIAL FIT 
TO EACH SENSOR. 

Sensor 
Accuracy at 36.24 °C (°C) 

Generic linear Linear Fit Polynomial fit 

1 -0.182 -0.032 0.017 

2 0.011 -0.048 0.009 

3 0.039 -0.046 0.002 

4 -0.092 -0.040 0.007 

5 -0.138 -0.046 0.006 

6 0.037 -0.038 0.007 

7 -0.231 -0.043 0.007 

8 -0.050 -0.048 -0.007 

9 0.061 -0.043 -0.003 

10 0.050 -0.030 0.006 

11 -0.168 -0.041 0.002 

12 0.030 -0.041 0.000 

13 0.077 -0.060 -0.014 

Max absolute error 0.231 0.060 0.017 

Min absolute error 0.011 0.030 0.000 

Mean absolute error 0.090 0.043 0.007 

Standard deviation 0.107 0.008 0.008 

 

 

Figure 3.4 shows the absolute mean accuracy of each interpolation equation at each of 

the five calibration points. The grey points represent the absolute mean departure of 

the real measured curves of each of the 13 sensors from the generic equation. The red 

and black points represent the same for an individual linear fit and an individual second 

order polynomial fit respectively. The individual polynomial fit provides the most 
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accurate interpolation model with approximation errors of less than 0.02 °C, this is 

followed by the individual linear fit with approximation errors of less than 0.05 °C. The 

generic linear equation provided an approximation with errors less than 0.3 °C. 

 

Figure 3.4 Accuracy three interpolation models. Representation of the absolute mean accuracy 
for a generic linear equation (based on the mean of all 13 sensors), an individual linear equation 
and an individual 2nd order polynomial equation of the voltage to temperature response. The 
accuracy is expressed as the mean accuracy of 13 sensors, error bars represent the standard 
deviation. 

 

The accuracy standards of clinical thermometers are specified in BS EN ISO 80601-2-

56:2012 the international standard governing the performance criteria of clinical 

thermometers. It specifies that a clinical thermometer should have a maximum 

permissible error of 0.2 °C within the rated output range [184]. In order that sensors 

satisfy this requirement, while allowing room for error due to other sources, the second 

order polynomial calibration approximation was chosen (equation 3-2).   
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           (3-2) 

Where T is the temperature, VT is the voltage signal from the temperature circuit, α2 is 

the coefficient of the non-linear component of thermo-resistivity, α1 is the linear 

component of the thermo-resistivity and α0 is the min temperature in the measurement 

range. 

3.4.2 Temporal response 

The temporal response of each of 13 sensors was described by both the response time 

and time constant. Data were logged at a sampling rate of 1 kHz as the sensors were 

individually transferred from a water bath held at 21 °C ± 0.2 °C to a second water 

bath held at 41 °C ± 0.2 °C and then returned to the 21 °C water bath. Response time 

was defined as the time elapsed between the step change in temperature and the sensor 

measuring within 0.5 % of its final asymptotic value.  Time constant was defined as 

time elapsed before the sensor measured 63.2 % of its final asymptotic value, following 

the step change. Response time and time constant were computed for the cooling 

response, the slower of the two response curves. The response time of the Millar 

sensor’s temperature response was found to be 1270 ms ± 180 ms and the time 

constant was found to be 610 ms ± 55 ms. Figure 3.5 shows the sensor’s temporal 

response to the step change in temperature. 
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Figure 3.5 Temporal response: Heating and cooling responses of the catheter-tip sensor. The 
13 Millar sensors were moved from 21°C  to 41°C and then back to 21 °C. The mean cooling 
response is plotted in navy blue with dotted lines representing the one standard deviation from 
the mean. The time constant mean was found to be 1270 ± 180 ms,  while the response time 
mean was found to be 368 ms ± 55 ms. The heating response is also plotted (in red) with 
response time and time constant noted for this curve also. 

 

3.4.3 Cross-sensitivity to pressure 

We can expect the temperature signal to demonstrate a cross-sensitivity to pressure. In 

order to quantify sensitivity of the temperature signal to changes in ambient pressure, 

the sensors were held in a temperature controlled environment and the ambient 

pressure was modulated within the typical arterial pressure range (0-180 mmHg). 

Pressure measurements were made with the Mensor CPT 6100 Absolute Digital 

Pressure Transducer with total uncertainty of 0.010% across the full measurement scale 

(calibration traceable to NIST) and stated accuracy of at least 0.03 mmHg.  The 

pressure transducer was interfaced to software written in National Instrumentsʼ 

LabVIEW 11.0. 
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The 13 Millar sensors and a reference temperature sensor were each placed inside a 

water-filled 2 mL polyethylene test tube (Figure 3.6). Sensors were held in place by 

Tuhoy-Borst seals, and hydrophobic filters were fitted at right angles to prevent water 

loss from the test tube via evaporation; while allowing the sensors to be exposed to 

changes in pressure. All test tubes were placed in an aluminium dry block with 15 wells; 

each well being designed to accommodate a 2 mL test tube. The purpose of the dry 

block was to provide a large thermal mass in order to minimize temperature 

fluctuations during the experiment. 

 

Figure 3.6 Catheter-tip sensor held in water-filled test tube. A Tuhoy-Borst connection was 
used to seal around the catheter and hydrophobic filter to prevent water loss from the tube 

 

A custom-built pressure chamber was constructed from an acetyl cylinder (100 mm 

internal diameter, 260 mm length, 5 mm wall thickness) with two aluminium end plates. 

Bulkhead connectors were placed in the rear end plate, allowing electrical connections 

to pass through the wall while maintaining the seals. Two pneumatic fittings were 

screwed in place: one to allow the internal pressure of the chamber to be measured via 
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the reference pressure sensor and one to allow the pressure in the chamber to be 

increased using a Thermo Scientific Air Cadet Pressure Pump (model 420-4902-00FK). 

The sensors, their circuits and two data acquisition cards were placed inside the 

pressure chamber (Figure 3.7). The pressure chamber and pressure pump were placed 

inside the Sanyo MCO-17A1 Incubator with stated temperature uniformity of 

± 0.02 °C, control range of ± 0.01 °C (stated values measured with incubator 

controlled to 37 °C with ambient room temperature of 20 °C). The temperature 

stability at 37 °C was measured independently, prior to testing, and was found to be ± 

0.01 °C. The incubator was set to 38 °C and was allowed to reach steady state 

temperature. This was measurement from the Fluke reference sensor, when the value 

was within 0.05 °C of the set point. Once steady state had been achieved, the pressure 

in the chamber was increased from atmospheric pressure (approximately 760 mmHg) 

to 940 mmHg. The pressure in the chamber was then allowed to return to atmospheric 

pressure via a controlled leak in the chamber (20 minutes). Three pressure cycles were 

carried out 37 °C. The experiment was repeated at 29 °C and 41 °C. 
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Figure 3.7 Sensors, electronics, pressure chamber and pump shown above. All are located 
inside temperature controlled incubator. 

The error in the temperature measurement of each sensor, and each ambient 

temperature, was plotted as a function of pressure. Figure 3.8 shows the sensor 

response of one sensor to changes in pressure. The temperature error was found to 

vary linearly with changes in pressure. 
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Figure 3.8 Cross-sensitivity to Pressure: Temperature signal response of a single sensor to 
changes in pressure in the 0- 50mmHg above atmospheric pressure. The temperature 
measurement system demonstrates a cross-sensitivity to pressure which can be approximated 
by linear relationship in the range: 760 mmHg (atmospheric) to 810 mmHg. The same 
relationship applies to temperatures within the physiological range. 

Table II documents the measured pressure cross-sensitivity of the temperature signal of 

each sensor at three ambient temperatures. Pressure cross-sensitivity is defined as the 

gradient of the straight line approximations to the temperature error versus pressure 

plots (with units °C/mmHg). The variation in the pressure cross-sensitivity of the 13 

sensors was considerable; ranging from -179.1 m°C/mmHg to + 0.35 m°C/mmHg 

(mean of 0.81 ± 0.87 m°C/mmHg) at 37°C and in the pressure range 760 mmHg to 

920 mmHg. 

Since the Millar sensor is able to simultaneously measure temperature and pressure we 

can actively compensate for errors in the temperature measurement induced by changes 

in pressure. The proposed active pressure compensation method utilizes the pressure 

signal, VP to directly compensate for pressure cross-sensitivity in the temperature 

measurement. 
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Using the linear approximation of the temperature error versus pressure relationship 

the pressure related error component of the temperature signal can removed by 

subtracting a linear pressure compensation term 	 + ) from the temperature 

equation (3-3). 

 	          (3-3) 

Where  is the coefficient of cross-sensitivity to pressure and  is y-intercept of the 

temperature error versus pressure signal ( 	) relationship.  accounts for the 

difference in the atmospheric pressure at the time of the temperature calibration and at 

the time of the calibration of the pressure compensation relationship. 

The pressure cross-sensitivity of each individual sensor varied little across ambient 

temperatures in the operation range (Table II). In light of this, , in the active pressure 

compensation equation (3-3) is defined as the coefficient of cross-sensitivity to pressure 

obtained at 37 °C only. 

TABLE II.  CROSS-SENSITIVITITY OF THE TEMPERATURE SIGNAL TO CHANGES IN PRESSURE AT 
29 °C, 37 °C AND 41 °C. 

Sensor 
Cross-sensitivity to Pressure (m°C/mmHg) 

29 °C 37  °C 41 °C 

1 -1.90 -1.87 -1.84 

2 -0.77 -0.82 -0.76 

3 -1.28 -1.17 -1.31 

4 -0.54 -0.5 -0.52 

5 -0.87 -0.86 -0.85 

6 -0.46 -0.44 -0.45 

7 0a 0a 0a 

8 0a 0a 0a 

9 -2.39 -2.49 -2.58 

10 0a 0a 0a 

11 0.42 0.45 0.37 

12 0.21 0.24 0.24 

13 -1.04 -1.04 -1.06 

Max (absolute value) 2.39 2.49 2.58 

Min (absolute value) 0.21 0.24 0.24 



 CHAPTER 3 
 

119 
 

Mean (absolute value) 0.99 0.99 1.00 

Standard deviation 0.70 0.71 0.74 

a. No pressure related error induced on the temperature signal 

 

Table III shows the efficacy of the pressure compensation method. Since intracranial 

pressure values may  become as high as 50 mmHg in TBI patients [185], the table 

documents the errors for this ‘worst case’, where temperature data were collected at a 

pressure of 810 mmHg (50 mmHg above standard atmospheric pressure of 

760 mmHg). Active pressure compensation reduces the mean temperature error at 

810 mmHg by more than one order of magnitude.  

TABLE III.  ERROR IN THE TEMPERATURE SIGNAL BEFORE AND AFTER PRESSURE 
COMPENSATION AT A PRESSURE VALUE OF 810 MMHG.  (EQUIVALENT TO AN ICP VALUE OF 50 
MMHG-SEEN IN TBI PATIENTS [185]) 

 
Absolute temperature error at 810 mmHg  (°C) 

Uncompensated at 
37 °C 

Compensated at 
37 °C 

Maximum 0.125 0.043 

Minimum 0 0 

Mean 0.038 0.009 

Standard deviation 0.037 0.024 

 

As with all piezoresistive pressure transducers the Millar sensor demonstrates some 

cross-sensitivity to temperature. Compensation circuitry and algorithms are used to 

ensure that, (at least) in the temperature range 23 °C to 38 °C, errors due to cross-

sensitivity are no greater than 2 mmHg [186]. 

Since the focus of this thesis is the realization of temperature measurement from the 

sensor, only the method used to compensate for pressure related errors on the 

temperature signal is described.  

3.4.4 Long-term stability 

As described in the earlier pressure experiment, each of the 13 sensors and reference 

sensor were held in a well of an aluminium dry block within a sealed water-filled test 

tube.  The block and sensors were placed in the Sanyo MCO -17A1 Incubator which 
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was controlled to 38 °C. Data were collected for 28 days. Temperature and pressure 

readings were taken every second and the 20 point moving average was computed 

continually at 10 minute intervals. 

Temperature measurements of each sensor were compared to that of the reference 

temperature sensor. Figure 3.9 shows the drift characteristics of the 13 sensors during 

the 28 day period. Table IV records the error in the temperature measurement of each 

sensor at the completion of day 5, 10, 15, 20, 25, and 28. 

Figure 3.9 Long term drift: Mean error in the temperature measurement of 13 sensors 
compared to the reference sensor over 28 days. 

The accuracy of all 13 sensors remained within ± 0.2 °C (as required by BS EN ISO 

80601-2-56:2012) for the first 15 days.  On day 15 the mean temperature difference 

between reference probe and sensor was 0.08 °C. During the remainder of the 

experiment four sensors drifted outside of the accuracy requirement. On day 20, one 

sensor; on day 25, three sensors; and on day 28, four sensors had revealed an error of 

greater than 0.20 °C. On day 28 the mean temperature error was -0.12 °C. 

The results suggest that, in the current state, sensors will be appropriate for acute 

monitoring and short term use of up to 15 days.  In applications requiring a period of 
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use greater than 15 days and as long as 28 days, sensors with less favourable drift 

characteristics will need to be identified and rejected. 

The long-term pressure stability of the sensor was ± 2 mmHg over the 28 day period 

and, interestingly, was not correlated to the long-term stability of the temperature 

measurement. This can be explained by the fact that temperature measurement is a 

common mode signal and is proportional to the mean resistance of the two 

piezoresistive sensing elements while, the pressure measurement is a differential signal 

and is proportional to the differential resistance of the two resistors. 

The temperature measurement tended to drift in a negative direction with respect to the 

reference sensor. During the same period of time, the pressure measurement was 

observed to drift in either a negative or a positive direction, with respect to the 

reference sensor (Figure 3.10). 

 

TABLE IV.  ERROR IN TEMPERATURE MEASUREMENT AT THE END OF DAY 5, 10, 15, 20, 25 AND 28 

Sensor 
Temperature Measurement Error (°C) 

Day 5 Day 10 Day 15 Day 20 Day 25 Day 28 

1 0.02 0.01 0.00 -0.01 0.03 0.04 

2 -0.05 0.02 -0.02 -0.03 -0.05 -0.04 

3 0.02 0.00 -0.05 -0.08 -0.07 -0.08 

4 -0.06 -0.05 -0.15 -0.20 -0.21a -0.22a 

5 -0.02 -0.01 -0.07 -0.10 -0.10 -0.10 

6 -0.04 -0.04 -0.09 -0.11 -0.15 -0.15 

7 -0.02 -0.02 -0.07 -0.14 -0.16 -0.15 

8 -0.09 -0.11 -0.18 -0.20 -0.23a -0.25a 

9 -0.01 0.00 -0.04 -0.08 -0.10 -0.11 

10 0.02 0.04 0.02 0.00 -0.01 0.01 

11 -0.09 -0.10 -0.18 -0.23a -0.27a -0.28a 

12 -0.01 0.01 -0.03 -0.04 -0.03 -0.03 

13 -0.09 -0.08 -0.13 -0.17 -0.20 -0.21a 

Mean -0.03 -0.03 -0.08 -0.11 -0.12 -0.12 

Maximum -0.09 -0.11 -0.18 -0.23a -0.27a -0.28a 

Minimum -0.01 0.00 0.00 -0.01 -0.01 0.01 
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Sensor 
Temperature Measurement Error (°C) 

Day 5 Day 10 Day 15 Day 20 Day 25 Day 28 

Standard deviation 0.02 0.04 0.02 0.00 0.03 0.04 

a. Error exceeds limits specified by BS EN ISO 80601-2-56:2012 Standard for Clinical 
Thermometers 

 

 

  

Figure 3.10 Long term drift: Error in the pressure measurement of 13 sensors compared to the 
reference pressure sensor over 28 days. 

 

 

3.4.5 Noise and resolution 

In order to determine the resolution of the temperature signal, the noise data were 

analysed. Steady state temperature data were collected at 30 °C, 37 °C and 43 °C, at a 

sampling rate of 1 kHz. The peak-to peak noise of each sensor was found by 

subtracting the minimum temperature measurement from the maximum temperature 

measurement during a 10 second interval. Figure 3.11 shows the mean peak-to-peak 

noise of 13 sensors at three temperatures in the operating range of the sensor. The 
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error bars represent the standard deviation of the peak-to-peak noise values across the 

13 sensors. The mean noise recorded at 37 °C is 0.056 °C peak-to-peak.  

 
 

 

 

Figure 3.11 Mean peak-to-peak noise of 13 sensors at three temperatures within the 
measurement range of the sensor. Error bars represent standard deviation of the peak-to-peak 
noise values obtained from the 13 sensors. 

 

3.5 Summary  

Thermoresistivity is generally accepted to be an undesirable characteristic of 

piezoresistive MEMS sensors. Pressure sensing systems employ various strategies to 

reduce the error caused by sensitivity to changes in temperature. In this chapter a novel 

method of acquiring temperature measurement from a clinical catheter-tip pressure 

sensor is described. The method allows concurrent and continuous measurements of 

pressure and temperature. The temperature measurement has a sensitivity of 

85.08 mV/°C, across the measurement range 20 - 45 °C. The time constant of the 

temperature sensor is 134 ms. 
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Temperature measurements made with the implantable pressure-temperature sensing 

catheter are accurate and reliable within the range 30 °C to 45 °C. The sample of 13 

sensors demonstrated significant variation (with a standard deviation of 

± 0.8 m°C/mmHg) in the cross-sensitivity in the temperature measurement to changes 

in pressure. It has been demonstrated, however, that the temperature errors associated 

with changes in pressure can be removed by a pressure compensation term in the 

temperature equation. The accuracy of the temperature measurement and the long term 

stability of 13 sensors has been evaluated over a period of 28 days. Results 

demonstrated that the sensor complies with the accuracy requirements of the 

international standard for clinical thermometers (BS EN 80601-2-56) and is suitable for 

acute and short-term monitoring of up to 15 days. Drift testing over 15 days 

demonstrated errors of less than 0.2 °C when the sensors were compared to the NIST-

traceable reference probe. 

The multiparameter sensor would make a particular contribution to the management of 

patients suffering from a traumatic brain injury (TBI). TBI patients often suffer from 

both increased intracranial pressure and increased intracranial temperature and these 

secondary effects are known to cause further brain injury. The ability of the catheter-tip 

sensor to monitor two important physiological measures allows accurate management 

of neuro-protective interventions as well as providing a data gathering tool for clinically 

oriented research.   

It is suggested that future work should focus on ascertaining the main causes of long-

term drift in the sensor. In the mean-time, a screening program could be developed to 

detect sensors with unstable characteristics so that sensors with poorer long-term 

stability characteristics can be discarded.  

The following chapter describes the miniaturization of the temperature circuit and 

incorporation of the circuit into a telemetry device. This device allows the sensor to be 

implanted in an animal model in order to study the characteristics of the temperature 

sensor in-vivo.  

  



 

 
 

 

 

 

Chapter 4 

 Long-term multimodal data obtained 4

in-vivo 
 

In Chapter 2 the design and characterisation of temperature measurement from a 

pressure sensor is described. The objective of this chapter is to evaluate the 

performance of the sensor in-vivo. The probe has been interfaced to a fully implantable 

telemetry device and is capable of chronic measurements. The content of this chapter 

forms the basis of a paper which is published in Biomedical Microdevices Journal 

entitled “New multimodal data obtained in-vivo from a single ultra-miniature 

transducer” Vol 17, Issue 4, 2015. 

The sensor is incorporated with a fully implanted and inductively powered telemetry 

device capable of operating for the lifetime of the animal. The device makes possible 

the chronic measurement of temperature along with high fidelity pressure waveforms, 
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(utilising a 2 kHz sample rate). Core-temperature data were collected from the sensor 

located inside the abdominal aorta of five rats.  

4.1 Physiological temperature measurement 

Temperature measurement plays an important role in physiological monitoring. Core 

temperature is one of the four primary vital signs (along with blood pressure, heart rate 

and respiratory rate). Temperature measurements are used to indicate the presence of 

infection or inflammation or of hyperthermia or hypothermia. Post-traumatic 

hyperthermia (elevated brain temperature) is common in patients of traumatic brain 

injury (TBI) and is known to be a cause of secondary injury. Monitoring intracranial 

temperature has been identified as an important measure in the management of TBI 

[10].  

Core temperature measurement is an indicator of functioning thermoregulation. The 

human thermoregulatory system controls core temperature to near 37 °C, maintaining a 

temperature within the range 36.8 - 37.7 °C [187]. Changes in core temperature can be 

indicative of illness, trauma or may be a result of anaesthesia. Anaesthetics, narcotics 

and some medications (anticholinergic) can change the thresholds for sweating, 

vasoconstriction and shivering, the body’s mechanisms for temperature homeostasis 

[188]. 

The bodies of humans and other mammals comprise two thermal compartments: the 

‘core’ and the ‘peripheral’. The core of the body is defined as “ those inner tissues of 

the body whose temperatures are not changed in their relationship to each other by 

circulatory adjustments and changes in heat dissipation to the environment that effect 

the thermal shell of the body” [189]. The core consists of the “central volume of the 

torso head and neck” including all the major organs. 

The ‘peripheral’, on the other hand, consists of the arms and legs as well as the entire 

thermally insulating layer of skin, subcutaneous tissue and fat. While the temperature of 

the ‘core’ is well maintained at 37 °C ± 1 °C, the temperature of the peripheral 

compartment varies widely and sacrifices its heat in the maintenance of core 

temperature. On a cold day, an individual with inadequate clothing may have a 

peripheral compartment temperature which is 5 °C or more cooler than core 
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temperature, as the skin and subcutaneous tissue become vasoconstricted in order to 

reduce peripheral blood flow and ultimately, heat dissipation through the skin.  

The gold standard of invasive core temperature is considered to be the pulmonary 

artery but is used only when another indication for a pulmonary artery catheter exists 

[188]. In many cases the non-invasive or minimally-invasive methods for temperature 

measurement are preferred for the reason of risk minimisation. Non-invasive methods, 

however, are limited by inaccuracies associated with changes in peripheral blood 

circulation and ambient temperature. 

4.2 Multimodal sensors for physiology studies in animal models 

Recent advances in sensing technology and sensor miniaturization technologies are 

paving the way for a new era in physiological measurement. Miniature sensors, paired 

with implantable telemetric devices, will enable long-term measurement of multiple 

biological signals in real time. In animal models telemetry has reduced stress artifacts 

since anaesthesia, restraint, and excessive animal handling can be avoided [190].  

Currently, there are several commercially available multimodal telemeters (incorporating 

both temperature and pressure) which have been designed for animal studies. Typically 

the temperature sensor is located inside the body of the telemeter with external probes 

for measurement of pressure and/or bio potentials. Such devices include the DSI 

HDX11 mouse transmitter (2.2 g), HDS11 rat transmitter (8 g), both measuring 

pressure, biopotentials and temperature. The Mini-Mitter G2-Emitter (1.1 g) and TA-

Emitter (1.6 g), for mice and rats respectively, measure temperature only. In all devices, 

the temperature sensor is located in the body of the telemeter limiting the ability of 

these sensors to make measurements at a precise location. In addition the temperature 

sensors suffer from slow response times due to their (relatively) large thermal mass.  

Temperature probes, on the other hand, are able to measure temperature in specific 

locations of the body. They are also able to detect changes in temperature more quickly 

than ‘telemeter-body’ temperature sensors.  Currently, available implantable telemetric 

temperature probes include the Mini-Mitter XM-FH brain temperature probes for 

gerbil or mouse and VM-FH for rat. These devices measure temperature only. While 
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the probes protrude from the main telemeter body they are rigid and short and are 

designed specifically for measurements inside the brain. 

The DSI F40TT is a dual thermistor probe telemetry unit, allowing measurement of 

temperature at two distinct locations in the body. A limitation of the device, though, is 

the size of the thermistor probes, with a diameter of 3 mm [191]. The size of the 

thermistor probe precludes its implantation in the vessels of small laboratory animals, 

thus limiting its applications.  

The ultra-miniature dimensions of the sensor described in this thesis (packaged within 

the tip of a 2 French catheter) allow it to be placed in select regions of the body making 

it valuable in a number of research areas. Miniature probes may be placed in the brown 

adipose tissue (BAT) of rodents in studies of thermogenesis, or probes may be placed 

in the brain or liver where temperature measurement is used as a marker for sepsis. 

The ability to measure arterial blood pressure, heart rate and temperature 

synchronously will benefit researchers studying the effects of pharmacological 

interventions, assessing stress and activity or quantifying metabolism. The low thermal 

mass of the sensor allows accurate measurement of the temporal relationship between 

an intervention and the physiological response. 

4.3 Telemeter development 

The implantable device developed for this investigation was comprised of a telemeter 

body incorporating all electronic circuitry, the 2 Fr catheter-tip sensor (90 mm length), 

and an additional temperature sensor (Model ADT7320, Analog Devices, Norwood, 

MA), which was used as the reference sensor (Figure 4.1).  
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Figure 4.1 Photograph of a telemeter with pressure and temperature sensing catheter-tip sensor 
as well as reference temperature sensor (digital sensor ADT7320). The telemeter body (31.5 x 
24 x 11 mm) weighs 12.5 g ± 0.5 g. The catheter tip sensor is located in the distal tip of the 
9 mm long 2 French (0.67 mm) catheter. 

 

4.3.1 Telemeter  

Three separate identical telemeters were fabricated (figure 4.1 is a photograph of the 

three). These novel telemetry devices each incorporated the newly developed circuit, 

enabling the synchronous measurement of temperature and pressure measurement 

from the single transducer (discussed in further detail in the following section: Daughter 

board development).  The miniaturised circuit is interfaced with the telemeter’s 

microcontroller (nRF24LE1, Nordic Semiconductor) which utilises 12 bit ADCs to 

sample the output of the temperature and pressure circuits at 2 kHz.  Data is 

transmitted wirelessly through the 2.4 GHz radio spectrum to the receiver circuit of the 

SmartPad (Model TR180, Millar Inc) on top of which the rat’s home cage is placed. 

The SmartPad has three channels on which data is transmitted.  

The telemeter battery is provided with on-going recharging via the SmartPad. 

Recharging occurs via wireless inductive power transfer [192] which provides a 

recharging field to the telemeter battery. The frequency of the magnetic field is around 

200 kHz [192]. In the absence of a charging field, the rechargeable lithium ion battery 

(3.7 V,75 mAh) stores sufficient power to allow the telemeter to continue transmitting 

data for 4 hours. 
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 All measurement and telemetry circuitry are encapsulated in (biocompatible) silicon. 

4.3.2 Daughter board development 

In order to incorporate the temperature measurement capability of the 2 Fr pressure 

sensor with the telemeter, a daughter board was designed in Altium designer. This four 

layer printed circuit board (18 mm by 18 mm) produced the analog pressure and 

temperature signals simultaneously from the 3-wire 2 Fr sensor. The board included the 

bridge completion resistors as well as all necessary signal conditioning and amplification 

components. The pressure signal was derived from the differential voltage across the 

bridge while the temperature measurement was derived from the common-mode 

voltage on either side of the bridge. A schematic of the daughter board is shown in 

Figure 4.2.  

Figure 4.3 shows the daughter board connected to the main telemeter PCB before the 

two were encapsulated together inside a silicone jacket.  

4.3.3 Catheter-tip sensor 

The 2 Fr catheter-tip pressure sensor demonstrates sensitivity to changes in 

temperature, in addition to changes in pressure. Chapter 3 documents the bench-top 

characteristics of the sensor. The sensor demonstrated the ability to record temperature 

with a mean accuracy of better than 0.2 °C (over 28 days of recording) and with a 

resolution of better than 0.05 °C. The temperature measurement circuitry described in 

chapter 3 was utilised in the telemeter body for the purposes of this study - along with 

pressure measurement circuitry - in order that temperature and pressure measurements 

could be made concurrently. Temperature and pressure data were collected from the 

2 Fr sensor via the SmartPad and output to a PowerLab data acquisition system which 

allowed data to be logged in LabChart. 
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Figure 4.2 Daughter board schematic assembled in Altium Designer. Temperature and 
pressure signals are obtained simultaneously from the piezoresistive catheter-tip sensor. Both 
signals are interfaced to the microcontroller (on the main PCB of the telemeter) using fine 
connecting wires. The LT6011 (Linear Technology) serves as a dual unity-gain buffer amplifier 
which minimises the loading to the bridge. The INA333 instrumentation amplifier scales the 
temperature signal to be within the voltage range required by the analog-to-digital input range 
of the microcontroller. This is achieved by the voltage divider which sets the temperature 
offset and the gain resistor, R24 which determines the gain of amplifier, U4 (according to G= 
1+ 100kΩ/Rg). Both LT6011 and INA333 components were chosen due to their electrical 
performance including low power consumption and since their power supply requirements 
could be met by the telemeter (2.7 V to ± 18 V, and 1.5 V to 5.5 V respectively), and small size 
(DFN-8 package, 3 mm x 3 mm). 
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Figure 4.3 Main telemeter PCB and daughter board prior to encapsulation. The circuit boards 
were assembled with the daughter board on top of the main telemeter board. The connecting 
wires were then shortened. Separators were placed between the two boards to prevent a short 
circuit occurring. Finally the telemeter battery was connected and positioned on top of the 
daughter board. Kapton tape was placed between the battery and the daughter board. Note: 
Circuit boards shown in photo are larger than their actual size. 

4.3.4 Reference temperature sensor 

In our study we utilised a digital temperature sensor, ADT7320 as a reference sensor to 

validate the temperature measurements from the catheter-tip sensor. In order for the 

reference sensor to be positioned near the Millar sensor, the reference sensor was 

connected to the telemeter PCB via leads which were fed through a 100 mm long, 1.5 

mm inner diameter silicone tube. Figure 4.1 shows the complete telemeter with both 

Millar catheter-tip sensor and ADT7320 reference sensor connected. Data from the 

additional temperature sensor were logged via a Configurator (Model, TR190, Millar, 

Auckland, NZ), which captured all data at a sampling rate of 1 Hz. 

Figure 4.4 shows the system with inductive power supplied to charge the battery via the 

Smartpad, catheter-tip data transferred to the Smartpad via 2.4 GHz radio spectrum 

and reference data captured via the Configurator. 
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Figure 4.4 Telemeter within abdominal cavity of rat. Telemeter is charged via inductive power 
transfer and data is transmitted wirelessly through the 2.4 GHz radio spectrum to the receiver 
circuit of the SmartPad. Data from the additional temperature sensor captured via a 
Configurator. 

 

4.4 Calibration 

4.4.1 Pressure calibration 

Calibration of the pressure signal of the catheter-tip sensor was conducted as per the 

normal production process by Millar Inc. Compensation circuitry and algorithms are 

employed to ensure that throughout the temperature range 23 °C to 38 °C, errors in the 

pressure measurement due to cross-sensitivity to temperature are less than 2 mmHg 

[186].  

4.4.2 Temperature calibration  

Temperature calibration of the catheter-tip sensor was carried out using the method 

detailed in Chapter 3, section 3.4.1.  Temperature calibration of the reference sensor 

was performed in the same way. Compensation for cross-sensitivity to pressure was 

carried out using the method detailed in Chapter 3, section 3.4.4. 

The ADC resolution is more than adequate for this application with the least significant 

bit representing a temperature change of ~0.0061 °C and a pressure change of  

~0.014mmHg. For the reference sensor the least significant bit is associated with a 

temperature change of 0.0078°C. 
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4.5 Animal preparation 

4.5.1 Surgery 

Ethics approval for all procedures was granted by the Animal Ethics Committee of the 

University of Auckland (AEC #R810). All guidelines set out by the Animal Ethics 

Committee of the University of Auckland were followed. 

The telemeters were sterilised (in 2 % gluteraldehyde solution) two hours prior to 

implantation and kept sterile throughout the procedure. Prior to implantation the 

telemeters were rinsed well with sterile saline. 

The experiment was conducted on five Wistar rats (male, approximately 300 g 

Anaesthesia was induced with 5 % Isoflurane gas in 2 L/min oxygen and maintained 

with 2 % Isoflurane gas. A check of the anaesthesia was performed by pinching the toe 

of the rat; no response to this stimulus confirmed an adequate level of anaesthesia.  The 

abdomen of the rat was shaved and wiped with iodine solution and alcohol solution. 

Analgesia (20 μg kg-1 buprenorphine; Temgesic; Reckitt Benckiser, US) and an 

antibiotic (12.5 mgkg-1 Enroflaxacin; Baytril; Bayer, Auckland, New Zealand) were 

administered via subcutaneous injection prior to commencing surgery. A midline 

incision was made through the skin to reveal the muscle layer. To open the abdominal 

cavity, a midline incision was made though the linea alba, the connective tissue at the 

midline of the muscle layer through which no blood vessels or nerves pass. 

Once the abdominal cavity was opened, the abdominal aorta was located. Suture 

threads were retracted at two points along the vessel such that the blood flow was 

stopped upstream and downstream of the chosen sensor insertion point. Using a bent 

needle, a small opening was made in the vessel and the catheter sensor tip was inserted 

approximately 15 mm into the artery. The area around the sensor insertion point was 

dabbed dry and tissue adhesive (Histoacryl, B, Braun Melsungen, Germany) was used to 

hold the sensor in place and to seal around the catheter. Figure 4.5 explains the 

procedure. 



 CHAPTER 4 
 

135 
 

 

Figure 4.5 Method of catheter-tip sensor placement within the abdominal aorta of a rat. A) 
Suture threads are placed on either side of the sensor insertion point. B) The suture threads are 
retracted to cut off the blood flow through the vessel. C) Using a bent needle a opening is 
made in the artery at the insertion point. D) The tip of the sensor is inserted into the artery via 
the newly made opening. E) The sensor is inserted approximately 15mm into the artery. The 
area is dabbed dry and tissue adhesive is applied to secure and seal around the catheter. F) The 
suture threads are removed and blood flow is restored through the artery. 

 

A 5 mm x 5 mm piece of sterile mesh patch was placed on top of the catheter and 

vessel and again tissue adhesive was used to bond the three together (Figure 4.6). The 

purpose of the mesh was to encourage tissue growth around the vessel and catheter in 

order that  

 

Figure 4.6 Method of securing the catheter-tip sensor within the abdominal aorta. A) A sterile 
mesh patch is placed on top of the catheter insertion point. B) Tissue adhesive is used to bond 
the catheter vessel and mesh together. C) The sensor is secured in place. 

the catheter would be held in place for the duration of the experiments. 
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The reference sensor was then positioned alongside the vessel, next to the catheter-tip 

sensor and sutured in place (Figure 4.7).  

 

 

Figure 4.7 Method of securing the reference alongside the abdominal aorta. A) The reference 
sensor is positioned alongside the artery, adjacent to the catheter-tip sensor location. B) The 
sensor is sutured in place. C) Both catheter-tip sensor and reference sensor secured in place. 

 

Figure 4.8 illustrates the position of both sensors and telemeter body within the 

abdominal cavity of the rat. 

 

Figure 4.8 Position of catheter-tip sensor, reference sensor and telemeter body. A mesh patch 
was used as a structure to glue the catheter-tip sensor in place. The reference sensor was held 
in place with suture threads. 

The telemeter body was then positioned in the abdominal cavity and sutured to the 

ventral abdominal wall muscle. The abdominal wall was then sutured closed. The 

abdominal skin was closed with staples. 
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Post-surgery, the rats were housed overnight in heated recovery boxes. The following 

morning the rats were relocated to a room with controlled environmental conditions 

(detailed below). Analgesia (buprenorphine) was continued for two days. 

4.5.2 Recovery and environmental conditions 

The recovery period of the rats was considered to be seven days, after which time the 

circadian cycle of the rat (which had been disrupted by the surgical procedure and 

anaesthetic) had returned to normal. Throughout this recovery period and during the 

experimental protocol period, the general health of the rats was monitored with body 

weight and fluid intake recorded daily. The experimental protocol period commenced 

one week post-surgery.  

The temperature of the room was controlled to 22 °C and the light conditions of the 

room were on a fixed 12:12 light/dark cycle (light during the hours of 6:00 to 18:00). 

Each weekday between the hours of 9:00 and 10:00, the rats were weighed and their 

fluid intake recorded. The rats had ad libitum access to standard rodent pellets and 

water, and banana and cereal were given around 15:00. During the weekend the rats 

were not weighed but fluid intake and animal health was monitored at a similar time. 

4.6 Experimental results 

4.6.1 Long-term measurement of core temperature 

Temperature data were captured at 1 Hz continuously from both the catheter-tip 

sensor and reference sensor for seven days. Figure 4.9 is an example of the circadian 

data collected over this period in one animal. Each data point represents the mean 

temperature measured in the first 15 minutes of the hour. The nocturnal nature of the 

rats is reflected in the circadian temperature rhythm in which higher core temperatures 

were recorded during the dark hours of the 24 hour cycle (shown in grey).  
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Figure 4.9 Core-body temperature data from the abdominal artery of one animal over seven 
days. Each point represents the mean temperature recorded during the first 15 minutes of the 
hour. The black line represents the measurement from the catheter-tip sensor, while the grey 
line represents the measurement from the reference sensor. Higher temperatures are recorded 
during the dark hours (shadowed regions) when the rats are most active and between the hours 
of 9:00 and 10:00 when the rats were picked up to be weighed. 

The mean seven-day circadian temperature profile was plotted for each animal by 

computing the seven-day mean of each hour (in a 24 hour day). These means were 

plotted against a single 24 hour time scale, as shown in Figure 4.10. A noteworthy 

feature of the circadian rhythm of the animals is the temperature peak between the 

hours of 9:00 and 10:00 each day. This is caused by the stress response of the animals 

as they were picked up to be weighed. This response is expressed more strongly in 

some animals than others. Animals D and E demonstrate a relatively small (mean) 

stress response which may be due to the fact that the experiment on these animals was 

conducted through the Easter holiday period, during which time the weighing schedule 

was altered with the animals being weighed every few days. The stress response due to 

weighing is discussed in further detail in the following section.  
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Figure 4.10 Circadian variation in core-body temperature of five animals (A to D). Each point 
represents the mean ± SE per hour over seven days. The black points represent the 
measurement from the catheter-tip sensor, while the grey points represent the measurement 
from the reference sensor.   

 

Table V summarizes the overall performance accuracy of the catheter-tip sensors as 

compared to their associated in-vivo reference sensors.  

The seven-day mean temperature for both reference sensor and catheter-tip sensor was 

computed for each animal, as was the difference between the two. On average, the 

measurement from the catheter-tip sensor and reference differed by 0.03 °C ± 0.02 °C 

(mean ± sd, n=5, 7 days). In order to determine whether differences in the 
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measurements obtained from the catheter-tip and reference sensors were significant or 

due to chance alone, a paired t-test was performed on the temperature measurement 

data obtained in each animal over the 7-day period. The paired t-test was performed 

using the Analysis ToolPak in Excel. P-values were computed for a 99% confidence 

interval and are recorded in table V. The paired t-tests revealed that in three animals the 

difference in the temperature measurement between catheter-tip sensor and reference 

sensor was due to change alone. For the other two animals, while the difference was 

found to be statistically significant, the mean difference in the measurement between 

the two sensors was only 0.06 °C. 

 

TABLE V.  COMPARISON OF TEMPERATURE MEASUREMENT FROM THE CATHETER-TIP TRANSDUCER 
AND THE REFERENCE SENSOR . 

Animal 
7 Day Mean Temperature (°C) Reference 

minus 
Catheter-tip 

Difference in 
7-Day Mean 
Temperature 

P-value 
(Paired t-test, 

99% CI) Catheter-tip Reference 

A 37.79 37.84 0.06 0.05 0.000046 

B 37.55 37.57 0.02 0.02 0.0764 a 

C 37.30 37.39 0.02 0.09 0.171 a 

D 37.30 37.31 0.01 0.01 0.5447 a 

E 37.93 37.99 0.06 0.06 0.0000179 

Mean 37.52 37.62 0.03 0.05  

Standard 
deviation 

0.30 0.29 0.02 
0.03  

a.  Difference between the measurements obtained from catheter-tip sensor and 
reference sensor is statistically insignificant 

4.6.2 Short-term changes in core temperature: rest-activity 

In all five animals it was observed that the core-body temperature measurement could 

fluctuate in the order of several 10ths of a degree Celsius over a 15 minute period. In 

order to verify that these fluctuations represented real physiological changes in core 

temperature and were not an artifact of the sensing instruments, temperature data were 

plotted along with two measures of animal activity: mean arterial pressure (MAP) and 
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heart rate (HR). Both measures are computed from the pressure signal. MAP is 

computed as given in (2). 

	  (2) 

Where  is the diastolic pressure and 	 is the systolic pressure. Heart 

rate is obtained from peak detection of the arterial pressure signal.  Figure 4.11 shows 

the temperature signal of one rat over approximately four hours. During this time the 

core temperature measurement varied between 37.08 °C and 38.04 °C. These changes 

in temperature were accompanied by changes in heart rate and arterial pressure. Heart 

rate and temperature were strongly correlated with an R2 value of 0.59, indicating that 

the short-term temperature fluctuations were likely to be due to the rest-activity cycle of 

the rat [193]. Similar ‘instabilities’ in the core-body temperature of small laboratory 

animals have been documented by Gordon (2009) who describes ‘marked fluctuations’ 

in the core temperature of a rat, ‘several 10ths of a degree Celsius’ that can be observed 

when the temperature is studied over intervals less than 60 min [194]. Closa et al (1993) 

also note short–term ‘periodic oscillation’ in the core-body temperature of the rat [195]. 

4.6.3 Short-term changes in core temperature: response to mild stress 

The effect of handling on the stress response of the rat is widely recognised [196-199]. 

Various studies have shown handling-stress to increase the core temperature by as 

much as 2 °C in rodents [199]. The ‘stress-induced handling’ models employed by these 

studies involve simple handling such as moving an animal from one cage to another. 

The stress model used in the present study was one of mild handing and simply 

involved weighing the rats (requiring no change to the routine care of the animals). On 

week day mornings each animal was picked up, removed from its cage and placed on a 

weighing scale. The weight was recorded and the animal returned to its cage. 
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Figure 4.11 Fluctuations in the core temperature of one rat recorded over a period of 
approximately four hours. Temperature data from both catheter-tip sensor and reference 
sensor are plotted. Mean arterial pressure (MAP) and heart rate (HR), calculated from the 
pressure signal of the same catheter-tip sensor are plotted also, to demonstrate the 
relationships between the three measures. The heart rate and core-body temperature data 
presented in this figure are highly correlated with an R2 value of 0.59, indicating that short-term 
changes in core temperature are related to the rest-activity behaviour of the rat. The 
temperature measurements from the reference sensor and catheter-tip transducer are at most 
times in close agreement and over the four hour period are well correlated with an R2 of 0.80. 
It is interesting to note that between 11.35 am and 12:05 there is a divergence in the 
temperature measurement from the two sensors which may be explained by a change in 
posture and/or physiological state of the animal. 

 

Figure 4.11 demonstrates that, most often, the temperature measurements from the 

reference sensor and catheter-tip transducer are in close agreement (varying by less than 

0.1 °C) and are well correlated (R2 of 0.80). It is interesting to note, however, that 

between 11:35 and 12:05 a divergence of the temperature measurement of the two 

sensors occurs; with the difference in the temperature measurement of the two sensors 

rising to a maximum value of 0.36 °C.   
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The reference sensor and catheter-tip sensor are closely located and experience 

environments which are very close in temperature. It is postulated that the temperature 

experienced by the two sensors may diverge temporarily with changes in the posture 

and/or the physiological state of the animal. Temperature gradients are known to exist 

in the abdomen. Studies on Wistar rats have demonstrated mean liver and kidney 

temperatures to be 0.2 °C higher than that of the abdominal aorta [200, 201]. The 

temperature gradients within the abdomen become exaggerated as a result of 

postprandial thermogenesis with the temperature of the rat liver known to increase to 

high as 39.5 °C following a meal [202]. Depending on the posture of the animal, the 

reference sensor may at times become more closely located to the liver. If this were to 

occur during a period of postprandial hepatic thermogenesis, a corresponding rise in 

the temperature measurement of the nearby reference sensor could be expected [203].  

It is anticipated that, located in the abdominal aorta and measuring the temperature of 

the arterial blood, the catheter-tip sensor is less susceptible to the influence of changes 

in the temperature of the nearby organs. The cardiac output of an adult rat (of a similar 

age to those used in this study) is around 106 ml/min [204]. It is understood that the 

high velocity of the blood flow through the abdominal aorta inhibits any significant 

heat exchange from occurring with nearby abdominal organs [195].  

Figure 4.12 demonstrates the difference in the temperature measurement of the two 

sensors computed from the 1Hz sensor data displayed in fig. 6. In order to reduce the 

effect of time-lag between the two sensors a correction was applied to the reference 

sensor (before the difference between the two temperature measurements was 

computed). Factors such as the different thermal time constants of the two sensors as 

well as the different positions of the sensors are likely to contribute to this lag. The 

reference sensor was found to lag behind the catheter-tip sensor by 90 s, so in order to 

align the data temporally, the temperature measurement from the reference sensor was 

shifted by 90 s earlier in time.  

The mean difference in the temperature measurement of the two sensors was 

computed to be 0.03 °C with standard deviation of 0.12 °C. The maximum difference 

was found to be 0.41 °C occurring at 10:34. 
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Figure 4.12. Difference in the temperature measurement between the reference sensor and 
catheter-tip sensor over four hours. Before TREFERENCE – TCATHETER-TIP was computed for the 
1Hz data, a correction was made for the time lag between the reference sensor and catheter-tip 
sensor by shifting the reference sensor temperature measurements backwards in time by 90 s. 
The measurement from the two sensors is most often in close agreement with mean 
temperature difference of 0.03 ± 0.12 °C. 
 
 

Figure 4.13 shows the physiological stress response of the animals due to mild 

handling. An increase in core temperature, mean arterial pressure and heart rate was 

observed. Linear regression of the MAP versus temperature and HR versus 

temperature revealed that these measures were strongly correlated with temperature 

with R2 values of 0.57 and 0.68, respectively. The results demonstrate that increases in 

core temperature are preceded by increases in heart rate and blood pressure 

(represented by MAP). Core temperature rose by as much as 1.5 °C in response to the 

stress of being handled. 
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Figure 4.13 Short-term increase in core-body temperature, arterial pressure and heart rate of 
one animal, manifestations of the animal’s stress response to mild handling. 

  



LONG TERM MULTI-MODAL DATA OBTAINED IN-VIVO 

 146  
 

4.7 Summary 

This chapter describes the first-time use of a single solid state transducer to measure 

temperature, pressure and heart rate in the abdominal aorta of a rat.  

The multimodal catheter-tip sensor has been interfaced with measurement and 

telemetry circuitry allowing the synchronous measurement of temperature, pressure and 

heart rate from the single transducer.   

The results of this study demonstrate the accuracy of core temperature measurement 

with a mean difference in measurement from the reference sensor of  0.03 °C ± 

0.02 °C (n=5, 7 days). 

Fluctuations in physiological indicators of temperature, MAP and HR, in response to 

rest-activity are able to be observed in real time. In the undisturbed rats, core 

temperature was shown to fluctuate by as much as 1.04 °C, MAP by 47 mmHg and 

heart rate by 150 bpm. 

The stress response was shown to elicit a 1.5 °C rise in core temperature, a 160 bpm 

rise in heart rate and a 35 mmHg rise in mean arterial pressure. 

The advantages of the ultra-miniature multimodal sensor lie in its low thermal mass, 

and ability to measure multiple parameters at a precise location. The sensor enables 

accurate temporal relationships between signals to be obtained since the problems 

associated with time lag between transducer elements are eliminated. 



 

 
 

 

 

 

Chapter 5 

 Flow measurement from a pressure 5

sensor 
 

In chapter 1 it was discussed that the high rate of shunt failure (most often due to 

shunt obstruction) necessitates that individuals with hydrocephalus undergo several 

shunt revisions in a lifetime.  In addition, the non-specific nature of the symptoms of 

shunt failure makes diagnosis difficult and an individual may undergo many clinical 

investigations for ‘false alarms’. Experts have called for new diagnostic procedures that 

predict treatment failure or allow timely intervention before permanent injury occurs 

stating that ICP and CSF flow rate monitoring is required in order to improve patient 

outcomes [11].  

The multi-parameter sensor, described in this chapter, will make particular contribution 

to the management of patients suffering from hydrocephalus.  By measuring pressure, 
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temperature and flow rate the sensor would allow shunt dynamics to be monitored in 

real-time, allowing the prediction and detection of shunt obstructions as well as the 

detection of over-drainage. 

Although not initially designed to measure flow, the physical behaviour and geometry 

of the Millar catheter-tip pressure sensor makes it eminently suitable to thermal flow 

measurement. The purpose of this chapter is to describe the design, realisation and 

characterisation of a novel method of flow measurement from the piezoresistive 

sensor. The flow measurement system is tailored to the measurement of flow rates in 

the range expected through a hydrocephalus shunt. The content of this chapter forms 

the basis of a paper published in the IEEE Sensors Journal entitled “Implantable multi-

modal sensor to improve outcomes in hydrocephalus management”  Volume 15, Issue 

10 [205]. 

5.1 Flow measurement 

Flow measurement is the science of measuring the velocity of a flowing mass [206]. 

Flow rate may be measured using a number of different transduction principles 

including mechanical, differential pressure, electromagnetic, optical, thermal and 

ultrasonic transduction mechanisms, to name a few. Each method is best suited to a 

particular range of flow rates and a specific type of flow, be it laminar or turbulent, 

liquid or gas. 

Of the many flow measurement methods, thermal flow sensing methods are well suited 

to biomedical applications. The simplicity of the sensing principle and electrical 

interface allows miniature thermal flow sensors to be produced. Micro-machined 

thermal flow sensors offer high sensitivity, high accuracy measurement and low power 

consumption. In addition to this, miniature thermal flow sensors operate using much 

lower working temperatures than traditional hot-wire anemometers [140]. 

Flow sensors operate using either the momentum of a fluid flow or the transporting 

ability of the fluid flow [207]. The momentum principle is employed in kinematic flow 

sensors such as propeller or rotating cup sensors. These sensors use the momentum of 

the fluid to rotate a turbine in the flow stream. The rate of rotation of the turbine is 

proportional to the rate of fluid flow. Differential pressure flow meters also use the 
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momentum of the fluid to measure flow rate. These sensors utilise a constriction in the 

pipe to create a pressure drop across the flow sensor. The magnitude of the pressure 

drop is proportional to the rate of fluid flow. The momentum principle is most often 

used in industrial applications to measure high velocities.  

For biomedical applications, the transport principle is most commonly used. The 

transport principle involves tracing the movement of an indicator (such as heat, smoke 

or dust particles). Doppler shift flow meters have been employed for the measurement 

of blood flow. These sensors operate by passing an ultrasonic beam through the blood 

flow. The beam, which is reflected off the red blood cells in the flow, experiences a 

frequency shift. The reflected signal is detected by a receiver. The frequency shift is 

related to the velocity of indicator (in this case the red blood cells).  

Thermal flow sensors using either warm or cold thermodilution methods have also 

been used in the measurement of blood flow. The Swan-Ganz thermodilution catheter 

is used in the measurement of cardiac output. The catheter is positioned in the 

pulmonary artery. Cool fluid is injected into the right atrium and a thermistor on the 

catheter is used to detect the temperature transient due to the cool bolus. Cardiac 

output is proportional to the area under the thermodilution curve [208]. 

Thermal flow sensing methods are well suited to the measurement of low flow rates, 

and the structural and electronic simplicity of the sensor makes it suitable for 

miniaturisation. The development of micromachining techniques has allowed the 

design of miniature thermal flow sensors optimised for the measurement of liquid 

flows of very low velocity.   

Microelectromechanical flow sensors offer high sensitivity, high accuracy sensors of 

miniature dimensions and low power consumption. Aside from these favourable 

characteristics, MEMS flow sensors also have much lower working temperatures when 

compared to traditional hot-wire anemometers [140]. In addition, miniature thermal 

flow sensors may be operated with a thermally conductive shield over the transducer.  

This is a desirable feature for biomedical applications where it is important to prevent 

direct contact between the sensor and the fluid. 
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Micro-thermal flow sensors have been reported for the determination of arterial blood 

flow rate [126, 181, 209]. Devices for the measurement of pulmonary function have 

also been reported, including an air flow sensor with integrated humidity sensor for 

neonatal ventilation [210] and air flow sensors for spirometric devices [140, 211, 212].  

 

5.2 Thermal flow sensing 

Thermal flow sensors measure the flow rate of a fluid by quantifying the rate of heat 

dissipation from a heated element. In most cases, the heat loss increases with increasing 

flow rate and this behaviour has become the basis for a range of thermal flow-sensing 

techniques. 

5.2.1 Heat transfer mechanisms in thermal flow sensors 

Heat transfer in a thermal flow sensor occurs due to: 

a) Conduction 

b) Convection; and  

c) Radiation (to a lesser degree) 

In an ideal sensor, all heat loss from the sensor’s surface would be entirely due to 

conduction and forced convection from the heated element to the fluid flow. In reality, 

though, heat is also lost to the sensor’s substrate via conduction. A small amount of 

heat is also lost via radiation to the surroundings. Heat transfer via radiation occurs by 

the emission of electromagnetic waves which carry energy away from the hot object. 

Unlike conduction and convection, the heat transfer via radiation can occur in the 

absence of matter i.e. in a vacuum. In miniature thermal flow sensor applications, the 

effects of radiation are assumed to be negligible [213, 214]. 

Figure 5.1 shows the components of heat transfer from the heated membrane resistors 

of a micro-machined flow sensor. 
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Figure 5.1 Heat transfer pathways in miniature thermal flow sensors  [213]. 

 

Conduction 

Conduction accounts for a large proportion of the heat transfer in thermal flow sensing 

applications. Conduction involves the transfer of heat between particles which are in 

direct contact with each other. As the heat source element of the flow sensor becomes 

hot, the particles within the heater gain energy and vibrate more. These particles collide 

with nearby particles, transferring energy through the medium. As this process 

continues, energy is spread from the heater element to the sensor substrate and 

packaging (Figure 5.2). Some heat is also conducted to the neighbouring fluid particles.  

The speed at which heat is conducted through a medium depends on its thermal 

conductivity and thermal diffusivity. 

The rate of heat transfer via conduction is described by equation 5-1. 

             (5-1) 

Where  represents the specific heat of the substrate, while 	represents the mass of 

the substrate. 

In general, flow sensors are designed to minimise conduction losses from the heater to 

the sensor substrate. The heat transfer due to conduction losses to the substrate is 
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independent of the flow rate. Thus by reducing the conduction losses to the sensor 

substrate and housing, the sensitivity and response time of the sensor can be improved.  

 

Figure 5.2 Conduction of heat from a heater element to the support structure and fluid. 

Convection 

Heat transfer via convection involves the transport of heat due to movement of the 

bulk fluid. The bulk fluid flow may be caused by an external source (such as a pump) - 

leading to forced convection, or may develop as a result of a temperature-induced 

density gradient - leading to natural convection. In thermal flow sensing applications 

convection occurs through a combination of forced and natural convection 

mechanisms.  

Natural convection or free convection is the heat transport which occurs solely due to the 

density profile which results from a temperature gradient [215]. In natural convection, 

heat is conducted to the fluid which is in close contact with the sensor’s heater element. 

As this fluid is heated it becomes less dense and rises, allowing the surrounding cooler 

fluid to move in to fill its place. Heat is conducted to this cooler fluid and as the 

process continues, a convection current is formed. In this way, heat energy is gradually 

transported through the fluid from the heater element. Figure 5.3 shows the effect of 

natural convection of heat from a heater element to a stationary fluid (where U 

represents the velocity of the fluid). 
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Figure 5.3 Natural convection from a heated element to a stationary fluid. 

 

Forced convection on the other hand is a mechanism of heat transport which involves a 

fluid flow generated from an external source. Thermal flow sensors rely on heat 

transport via forced convection of the fluid flow to provide the flow dependent output 

of the sensor. Figure 5.4 shows the effect of forced convection of heat from a heater 

element to a fluid flow. 	represents the maximum velocity of the fluid and 

	represents the no-slip condition at the surface of the heater element.    represents 

the ambient temperature of the fluid. 

 

Figure 5.4 Forced convection from a heater element to a flowing fluid. 

The rate of heat transfer via convection is described by Newton’s Law of Cooling 

(equation 5-2). 

           (5-2) 

Where 	represents the rate of heat transfer to the surrounding fluid,  represent the 

surface area which is in contact with the fluid,  the surface temperature and  the 
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temperature of the fluid upstream of the heater element. The proportionality constant, 

 represents the convective heat transfer coefficient and is a function of velocity, .  

5.3 The first miniaturised flow sensor 

The first silicon flow sensor was developed by Van Putten and Middelhoek in 1974. 

The sensor comprised of four p-type diffused resistors on a silicon chip arranged in a 

square and connected in a Wheatstone bridge configuration. The resistors, which were 

heated with bridge current, experienced a flow-related change in resistance as they were 

cooled by airflow across the chip. The resistance change caused the bridge to become 

unbalanced. The differential change in the resistance of the longitudinal and transverse 

resistors was used as a measure of the flow rate. The chip was mounted on a ceramic 

substrate [216]. Figure 5.5 shows the configuration of this first silicon flow sensor. 

 

Figure 5.5 Sensing element configuration of the first silicon flow sensor. The sensor operation 
was based on thermal flow sensing principles [216]. 

 

5.4 Thermal flow sensing using a piezoresistive pressure sensor 

Thermal flow measurements involve the injection of energy into the fluid flow and 

characterization of the velocity dependent rate of heat dissipation. To this end, thermal 

flow sensors operate using two main components: A heating element and at least one 

temperature sensing element. 

This chapter describes a novel method of flow measurement which utilizes both the 

temperature sensing capability of the sensor and the inherent self-heating property of 

diffused resistors. While temperature measurement is obtained from the diffused 

resistors, the heating component may also be provided by the same diffused resistors.  
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5.4.1 Heating and Sensing 

Resistors are known to exhibit self-heating effects and integrated silicon resistors are no 

exception [51]. In general it is good design practice to minimise the self-heating of the 

strain-gauge by careful selection of the bridge excitation voltage. A compromise is 

ultimately made between the sensitivity of the bridge and the degree of self-heating of 

the resistive elements.  

The inherent self-heating behaviour of the resistive elements, however, may be 

exploited for use in thermal flow sensing applications. By increasing the excitation 

voltage of the bridge, a silicon resistive element is transformed into a heater element. 

This element can then be used to generate the heat required to make thermal flow 

measurements. The increased self-heating of the sensing elements, in turn, increases the 

temperature sensed by the temperature measurement circuit. Fluid moving past the 

sensor dissipates a velocity dependent portion of heat away from the sensor, thus acting 

to cool the sensor. The rate of heating (and cooling) is a function of the fluid flow rate, 

the excitation voltage and the temperature of the fluid. Figure 1.12 shows a schematic 

of the circuit used to obtain temperature and flow measurements from the sensor 

(simultaneously to pressure measurements).  

Prior art flow sensors have employed various types of heating and sensing elements 

including thin film metal resistors, transistors, integrated thermocouples and 

thermopiles and integrated resistors. These are discussed briefly in this section.  

Thin film metal resistors have been utilised as heating and sensing elements in a 

number of sensors [115, 117, 128, 142, 149, 217]. A variety of metals were employed, 

including platinum, gold, chromium, germanium and nickel.  

Transistors have also been employed as both heating and temperature-sensing elements 

in a thermal flow sensor [218]. Alternatively, a self-heating transistor may be used as a 

complete thermal anemometer [219]. Transistors were initially investigated for use in 

flow sensors due to their near-linear response [219] and inherent amplification of the 

signal [218]. They were ultimately abandoned as sensing elements due to their 

undesirable drift behaviour [206]. 
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Integrated thermopiles have also been used as sensing elements [117, 220-222]. 

Thermopiles were initially used due to their stability characteristics and low 

susceptibility to interference from external sources [220]. Whereas resistors and 

transistors may be used in both heating and temperature sensing, using a thermopile 

temperature sensor means a separate heating resistor is required.  

Very early in the history of silicon thermal flow sensing, integrated diffused resistors 

were established as effective heating and sensing elements. In fact, the first silicon flow 

sensor (described by Van Putten and Middelhoek in 1974) used four p-type resistors as 

self-heated sensing elements [216].  

A number of other prior-art semiconductor thermal flow sensors exploit the 

thermoresistive effect in silicon [121, 141, 214, 223-225]. As manufacturing techniques 

improved, diffused resistors became commonly used as temperature-sensing and self-

heating elements. 

Semiconductor resistors have several advantages over thin-film metal resistors. First, 

diffused silicon resistors tend to have an electrical resistivity much higher than that of 

metal and so require smaller currents to achieve the desired heating response [223]. In 

addition, since integrated semiconductor resistors are fabricated by selectively doping 

regions of the silicon die with n- or p-type dopant atoms, the concentration of the 

implanted dopant ions can be optimised to suit the requirements of the sensor. This 

allows fabrication of silicon-diffused elements with temperature sensitivity that exceeds 

that of metals and thermocouples [121]. Resistors are the preferred sensing element in 

thermal flow sensors due to their overall superior drift, stability, accuracy and 

reproducibility characteristics [206]. 

Silicon diffused resistors are a component common to varied sensing applications 

including temperature sensors, accelerometers, flow sensors and indeed to pressure 

sensors. Chapter 2 describes the geometry and operation of the Millar ultraminiature 

pressure sensor which employs two diffused resistors (piezoresistors) for their 

sensitivity to pressure.  

Diffused resistors are sensitive to both temperature and pressure. This sensitivity of the 

diffused resistors to multiple physical quantities enables multi-modal applications. 
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Chapter 3 describes a novel method for the simultaneous measurement of pressure and 

temperature.  

It is proposed that by employing the same diffused resistors as heating and sensing 

elements, this sensor may also operate as a flow sensor.  

5.4.2 Thermal isolation 

In addition to the self-heating behaviour of the sensor and its ability to measure 

temperature, the geometry of a typical membrane-based pressure sensor provides an 

important characteristic which lends it to the measurement of low flow rates. The 

location of the resistive elements in a very thin membrane provides thermal isolation 

between the resistive elements and the bulk die. The effect is localised heating of an 

‘active area’, rather than heating of the whole silicon die. This geometry serves to 

markedly reduce the power consumption of the device [127, 217, 226]. The sensitivity 

of the device is also increased as heat loss via thermal conduction to the substrate is 

minimized. This allows the flow dependent thermal convection to the bulk fluid flow to 

become dominant [125, 227].  

Early on in the development of silicon thermal flow sensors, it was discovered that heat 

losses via conduction to the silicon die and substrate were limiting sensor response 

times and sensitivity. From 1983 flow sensor designs of various geometries began to 

emerge, all aimed at providing thermal insulation between the ‘active area’ and the bulk 

silicon die, thereby localising the heat distribution.  

Several structural features were developed which, interestingly, are shared with 

piezoresisitive pressure sensors (albeit for different measurement purposes). This 

section will highlight these common features which make membrane based pressure 

sensors (and particularly the catheter-tip pressure sensor investigated in this work) 

eminently suitable for the additional measurement of flow rate. The remaining thermal 

isolation strategies are discussed in Appendix A. 

Micro-bridges 

Tai and Muller’s work (1985, 1988) was aimed at improving upon the efficiency of the 

prior art silicon flow sensors. These sensors suffered from problems of long thermal 
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time constants, heating of the entire sensor chip and substantial heat conduction from 

the chip to the sensor package. Tai and Muller proposed using micro-bridges to isolate 

the heating elements from the bulk die. Figure 5.6 illustrates such a sensor. This 

method was proven to be successful in improving the thermal isolation of the 

heating/sensing elements and the bulk die [224]. 

In 1985 Johnson et al  reported a highly sensitive flow sensor which also employed 

micro-bridges to provide thermal isolation between the heating elements and the bulk 

die [228]. 

  

Figure 5.6 Example of a miniature thermal flow sensor using micro-bridges to minimise heat 
conduction from the active areas to the bulk die. From Van Putten et al, 1996 [206] 

 

Membranes 

Tabata et al (1986) noted that micro-bridges were too delicate for flow measurements 

in liquids. They proposed instead placing the sensor elements on the surface of a thin 

(20.2 μm) membrane. Within a thin membrane, heat conduction is restricted to lateral 

diffusion and thus the sensor bulk chip (which supports the membrane) is 

approximately at the temperature of the fluid (Figure 5.7). Rapid response times and 

increased sensitivity resulted from the utilisation of the low thermal mass of the 

membrane [128]. 
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Figure 5.7 Membrane thermal isolation structure thermally decouples the heater elements from 
the bulk silicon [128]. 

 

Membrane structures in micro-mechanical devices have been investigated for various 

applications and remain important in state-of the-art technology. Ultrathin membranes 

are have been demonstrated to be critical elements of mechanical, acoustic and thermal 

sensors.  

Piezoresistive pressure sensors also utilize membrane structures. In this application, the 

silicon membrane performs as an elastic material  allowing amplification of the 

mechanical stress experienced by the piezoresistors (diffused resistors) [154]. These 

resistors are positioned in areas of the membrane experiencing maximum stress [153].   

Flow sensors which employ membrane structures do so in order to provide thermal 

isolation between the ‘active areas’ and the bulk die. Thus it is proposed that the 

membrane structure of the Millar pressure sensor die may serve a dual purpose. For use 

in making conventional measurement of pressure it serves as a stress amplification 

structure while in the measurement of flow it serves as a thermal isolation structure.  

Vacuum Sealed Cavities 

Jiang (1996) studied the effect of cavities which were either air-filled or vacuum-sealed. 

Jiang found that sensors with a vacuum cavity experienced negligible conduction losses 

to the sensor die. As such, the sensitivity of flow sensors incorporating a vacuum cavity 

were greater than those that had no cavity [229].   
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Liu et al (1999) also described a method of improving the thermal isolation offered by a 

thin membrane. In their design the membrane was positioned on top of a vacuum-

sealed cavity.  They compared their design to a sensor in which the cavity was unsealed 

(and filled with air) and to a solid sensor with no cavity at all [223]. Figure 5.8 is 

schematic of the three sensors. 

 

Figure 5.8 Three sensor designs studied by Liu et al, 1999. A) Vacuum cavity below the 
membrane. B) Air cavity below the membrane and C) Solid sensor die [223]. 

 

Figure 5.9 shows the efficacy of the thermal isolation of each of the vacuum cavity, the 

air-filled cavity and the solid sensor. The results are expressed as the temperature 

increase of the resistor for a range of power inputs. The results demonstrate that when 

the resistor is positioned above a vacuum cavity, a much higher temperature can be 

achieved than if it is positioned above an air-filled cavity or solid die.  

Vacuum-sealed cavities in micro-mechanical sensors have been investigated for various 

applications including absolute pressure sensing. Absolute pressure measurements are 

made with reference to the vacuum below the membrane. 

Flow sensors on the other hand, may employ vacuum-sealed cavities in order to 

provide thermal isolation between the ‘active areas’ and the bulk die.  

Thus it is proposed that the vacuum-sealed cavity of the Millar pressure sensor die may 

serve a dual purpose. For use in conventional pressure measurement, it provides a 

reference pressure while in the measurement of flow it serves to provide thermal 

isolation between the heated membrane and the bulk die.  
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Figure 5.9 Temperature of the surface resistor at a range of power inputs. From Liu et al, 1999 
[223]. 
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5.5 Design constraints: hydrocephalus shunt flow  

The following characteristics of the fluid flow through a hydrocephalus shunt were 

considered as the design constraints for the flow measurement system. 

5.5.1 Flow rates  

The typical flow rate of fluid through a hydrocephalus shunt is 12 - 24 ml/hour [230]. 

It can be as high as 36 ml/hour when the patient is in the seated position and can be 

intermittent (or zero for some periods) when the patient is in the supine position [230]. 

Flor CSF in this flow range the flow is laminar (see Appendix B for the calculations of 

the Reynolds number). 

5.5.2 Ambient temperature 

In a hydrocephalus shunt large sections of the shunt are in close proximity with the 

skin. Ambient conditions (as well as the activity level of the individual) can cause 

fluctuations in the subcutaneous temperature. While the average temperature of the 

skin on the neck and head is 35 °C, the skin temperature of the head and neck region 

varies between 31.2 °C and 37.6 °C [231]. The subcutaneous temperature of the 

anterior chest varies between 32.3 °C and 37 °C depending on the ambient conditions 

[231]. It is therefore important to consider the sensitivity of the flow signal to ambient 

temperature.  

5.5.3 Fluid medium: using water as an approximation for CSF  

In thermal flow measurement systems it is important to consider the dynamic and 

thermal properties of the fluid medium. When thermal transfer methods are employed 

the sensor response is dependent on the thermal conductivity and on the viscosity of 

the medium [125].  Table VI compares the dynamic and thermal properties of CSF and 

water. It can be seen that the thermal conductivities of the two fluids are very close as 

are the viscosities. Both fluids are newtonian [232]. In the work conducted for this 

thesis water was used as an approximation for CSF. 
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TABLE VI.  DYNAMIC AND THERMAL PROPERTIES OF CEREBROSPINAL FLUID AND WATER  

5.6 Flow measurement system design 

The proposed method of flow measurement employs a pulsed-heating approach. The 

flow measurement circuit involves the temperature measurement circuit with the 

addition of a switch (Figure 5.10). A dual single pole- double throw (SPDT) analog 

switch, allows the bridge excitation voltage to be changed between that used in pressure 

and temperature sensing, VEXC (1.25V) and the ‘heating voltage’ VHEAT (4V). At the 

same time the gain of the instrumentation amplifier is reduced to ensure that the 

sensitivity of the temperature signal remains unchanged (Figure 5.11). For experimental 

bench top validation purposes, the analog switch is toggled using a TTL signal sent via 

an NI USB-6210 National Instruments DAQ unit and controlled via LABVIEW. The 

pulsed-heating method incorporates five seconds where the ‘heating voltage’ is applied, 

alternating with periods of ‘normal voltage’, VEXC. It is during the periods of ‘normal 

voltage’ that ambient fluid temperature measurements are made.  

The power consumption of the temperature sensing circuit (Figure 5.11) is 0.046 W 

(13 mA). The power consumption due to the pressure sensing circuit is 0.014 W 

(4.36 mA). During a 5 s heating pulse (flow sensing) the power consumption of the 

temperature circuit is 0.057 W (15.7 mA). 

Property Units
Fluid Medium 

CSF Water 

Density  kg/m3 1007.2 [233] 993.9 [234] 

Viscosity at 37°C  mPa.s 0.7–1 [232] 0.695 [235] 

Thermal Conductivity W/m/°C 0.62 [233] 0.63  [234] 

Specific Heat  J/kg/°C 4200 [233] 4174  [234] 
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Figure 5.10 Method used to obtain pressure, temperature and flow measurements from a 
piezoresistive pressure sensor. Pressure (and temperature) sensitive elements RA and RB form a 
half-bridge. Temperature and pressure measurements are made when the bridge is excited with 
VEXC. Temperature (VTEMPERATURE) is a common mode output while pressure (VPRESSURE) is a 
differential output. Flow rate data (VFLOW) is obtained periodically when the bridge is excited 
with VHEAT. 

 

5.6.1 Selection of switch 

The switch chosen for the flow sensing prototype was ADG884. The device possesses 

a minimal resistance of 0.41 Ω over its full operating range (-40 °C to +85 °C), ensuring 

minimal distortion of the signal through the switch. The device contains two 

independently selectable SPDT switches, enabling the single device to be used in 

changing both the excitation voltage of the bridge but also the gain resistor of the 

instrumentation amplifier (Figure 5.11). Its dynamic characteristics are also favourable 

for the flow sensing application with a maximum turn on time of 53 ns and maximum 

turn off time of 21 ns (over the full operating temperature range) [236]. 
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Figure 5.11 Schematic diagram of flow sensing circuit with the addition of a switch to generate 
heat pulses. During a heat pulse the dual SPDT (ADG884) switches the bridge excitation 
voltage from 1.25 V to 4 V. At the same time it switches a gain resistor on UT (INA333) from 
RgT to RgF such that the sensitivity of the temperature measurement remains unchanged. 
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5.6.2 Flow signal 

During a heat pulse the excitation voltage of the bridge is switched from 1.25 V to 4 V. 

The rate of temperature change of the resistive elements is governed by the amount of 

heating power supplied to the resistors and the degree to which the heat generated is 

dissipated via conductive heat transfer and convective heat transfer.  

                (6-3) 

Where the heating voltage,  through each resistive element,  produces heating 

power, .   and  represent the rate of heat transfer due to conduction to the 

membrane and insulation respectively.  represents the rate of heat transfer due to 

convection to the fluid. Equation 6-3a is an expanded form of heat balance equation 6-

3. 

        (6-3a) 

Where 	and  represent the specific heat of the membrane and insulation 

respectively, while 	and   represent the mass of the membrane and insulation 

layer.  represents the convective heat transfer coefficient and is a function of 

velocity,	 .   represents the surface area which is in contact with the fluid,		  the 

surface temperature and  the temperature of the fluid upstream of the heater 

element. 

Figure 5.12 shows the results of analysis carried out by Morris and Foss (2003) in which 

they examined the transient thermal response of their hot-wire anemometer [237]. In 

their work they demonstrated that the characteristic transient response of the 

anemometer could be described by the ratio of the conductive to convective heat 

transfer rates.  

The analysis of Morris and Foss (2003), shown graphically in Figure 5.12, demonstrates 

how the relative contributions of conductive and convective heat transfer processes 

lead to the characteristic transient response of thermal flow sensors. 
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Figure 5.12 Net conduction, ∗ as a proportion of net convection ( ∗ 	 	

	
	 . Before 

initiation of the heat pulse the sensor the effects of conduction and convection are at 
equilibrium. In response to a step increase in the voltage applied to the sensor, the sensor 
temperature is increased via joule heating. The rate of heat conduction initially increases steeply 
in comparison to the rate of convection. Over time the proportion of heat loss via conductive 
heat transfer gradually taper off causing the gradient of ∗ to also taper off until the rate of 
convective and conductive heat loss are at equilibrium again. From Morris and Foss, 2003 
[237]. 

 

The temperature/flow response curves of the catheter-tip sensor are shown in Figure 

5.13. This temperature/flow response curve can be described by three phases: 

1. An initial rapid heating phase.   

At the onset of the heating pulse, a rapid increase in the temperature of the 

resistive elements accompanies the step increase in heating power supplied to 

the resistive elements. The sudden increase in the temperature of the resistive 

elements leads to a temperature distribution along the sensor membrane from 

the heated elements outwards toward the edges of the membrane where it meets 

the bulk die [238]. A temperature gradient also develops across the adjacent 

silicone insulation layer which overlays the membrane. 

Heat dissipation from the heater elements is initially dominated by 

conduction to the membrane and insulation [237]. This conductive heat loss is 

driven by temperature gradients within the sensor which develop rapidly 
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following the step increase in voltage supplied to the resistive elements. The rate 

of conductive heat transfer is proportional to the temperature gradient between 

the heater element and the ambient temperature of the fluid. The temperature 

gradients within the sensor are greatest at the onset of the heat pulse and the 

rate of heat dissipation via conduction initially increases rapidly (as shown in 

Figure 5.12). 

In this initial heating phase the rate of temperature change of the resistive 

elements is primarily dependent on the rate of heat production and the rate of 

conductive heat loss. Figure 5.13 shows that in this initial phase, there is no 

discernible flow rate dependency in the temperature response of the catheter-tip 

sensor (the sensor response follows the same curve for all flow rates).   

 

2. A slower, asymptotic heating phase.  

As heat conduction continues (from the sensor’s heated resistive elements, along 

the membrane, and to the insulation layer), temperature gradients within the 

sensor decrease. Thus the rate of conductive heat dissipation decreases. With 

heat conduction tapering off, now convective heat loss from the warmed sensor 

to the fluid flow begins to become significant [237].  

Heating power continues to be supplied to the sensor and the temperature 

of the resistive elements continues to rise, though the rate of sensor heating 

now begins to taper off. Fluid flow past the sensor acts to cool the warmed 

surface of the silicon insulation layer. The greater the rate of fluid flow past the 

sensor, the greater the rate of convective heat transfer.  In other words, the 

gradient of the temperature response curve now demonstrates a dependency on 

flow rate.  

This can be seen in Figure 5.13 which shows a divergence in the curve at 

different flow rates. At higher flow rates the gradient of the curve is flatter and 

the steady state temperature is lower. As the flow rate decreases the gradient of 

the curve increases (as does the steady state temperature). 

  

Note: Traditional hot-wire anemometers use the steady state temperature signal 

to infer flow rate. The novel flow sensing method described in this thesis, 
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however, employs the thermal transient behaviour of the sensor to infer flow 

rate. The flow-rate dependency of the gradient in this region is explored in 

greater detail in section 5.8. 

 

3. A cooling phase.  

This begins with an initial steep decay in temperature which is followed by slow 

asymptotic recovery of the temperature signal to pre-pulse conditions. Overall 

the cooling phase can be seen to demonstrate a flow rate dependency. 

The initial cooling phase occurs very rapidly as power is withdrawn from the 

sensor. When heating power is withdrawn from the sensor the temperature of 

the resistive elements drops suddenly. Following this initial steep decline in 

temperature the temperature decay becomes more gradual. The rate at which 

the temperature decays is dependent on the flow rate of fluid past the sensor. 

Conductive heat transfer processes act to equilibrate the overall sensor 

temperature. 

 

Figure 5.13 Temperature response curve of the self-heated diffused resistors in response to a 
5000 ms pulse of increased bridge excitation voltage. Data was collected from one catheter-tip 
sensor located in the lumen of a shunt catheter (1 mm internal diameter) at six flow rates 
within the range expected through a typical hydrocephalus shunt. 
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From Figure 5.13 it can be seen that a number of characteristics of the heating/cooling 

curve could be employed to represent the flow signal: 

a) The gradients of the heating and cooling curves,  

b) The area under the heating and cooling curves; and  

c) The amplitude change in temperature signal (voltage) between that obtained in 

temperature and pressure sensing (ambient temperature) and that obtained at 

the end of the heating pulse.  
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5.7 Flow measurement rig design  

The flow measurement rig was designed to: 

1. Control the flow rate from a flow source 

2. Control and obtain data from six temperature/flow sensing circuits and 

3. Obtain data from a reference flow sensor.  

The design of the flow measurement rig is illustrated by Figure 5.14. 

 

 

Figure 5.14 Schematic of flow measurement test rig design. 

 

5.7.1 Rig structure 

The flow rig frame was constructed from 6 mm thick black Acrylic Plexiglass (Figure 

5.16).  Apertures were made in the front face of the frame such that the printed circuit 

boards, reference flow sensor and tubing could be screwed in place. A shelf was 

constructed on the back of the frame to accommodate the data acquisition cards. 

5.7.2 Flow source and tubing  

A Harvard Apparatus Pump 11 Elite syringe pump with 50 ml Terumo syringe was 

used as the flow source. Silicone tubing with internal diameter of 1 mm (similar to the 
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internal diameter of a typical ventriculoperitoneal shunt [64] ) and length of 1050 mm 

was used to simulate a shunt. Six openings were made in the wall of the silicone tubing, 

using a 0.7 mm needle. Openings were spaced 100 mm apart. Each of the six sensors 

were inserted into an opening and pushed through into the lumen of the tube so that 

50 mm of sensor lead lay within the lumen of the tube. The silicone tubing was 

terminated at the bottom of a closed but vented reservoir.  The 50 ml Terumo syringe 

was filled with water and connected to the silicone tubing via luer lock components. 

10 ml was pushed though the syringe to flush out any air bubbles which may have 

formed in the silicone tubing prior to commencement of a test.  

5.7.3 Reference flow sensor 

Flow rates were validated using the Sensirion SLI-1000 flow-meter with measurement 

range 0-1000 μL/min (calibration traceable to NIST). The flow meter was connected in 

series between the flow source and the six catheter-tip sensors under test. 

5.7.4 Sensors under test 

Six flow rate sensing prototype printed circuit boards (Figure 5.15) were fabricated and 

populated. Six sensors were connected to the circuit boards. The digital output 

channels of National Instruments DAQ 6210 data acquisition modules were used to 

generate the TTL signal which was used to control the analog switch (which governs 

the excitation voltage to the bridge). The TTL signal was controlled via Labview, more 

detail on this is provided in § 5.7.7. 



 CHAPTER 5 
 

173 
 

 

Figure 5.15 Prototype Flow Sensing Circuit 

5.7.5 Data acquisition 

National Instruments DAQ 6210 data acquisition modules were used to obtain the 

voltage output from the temperature/flow circuit as well as the excitation voltage 

supplied to the bridge. Data were collected from the circuits at a rate of 1 kHz.  

5.7.6 Ambient temperature control  

Ambient temperature control was achieved by placing the flow measurement rig inside 

the Sanyo MCO -17A1 Incubator. The stated temperature uniformity and control range 

of the chamber are ± 0.02 °C, and ± 0.01 °C, respectively (measured at set temperature 

of 37 °C, with ambient room temperature of 20 °C). The temperature inside the 

incubator was measured using the reference probe; GE Sensing CSP60BA103M-H/2-

90, a 4- wire thermistor probe (calibration traceable to IST-90) interfaced to Fluke 1504 

Digital Thermometer Readout (calibration traceable to NIST). The combined short-

term accuracy of sensor and readout is at least 0.004 °C. The one-year drift of the 

thermistor probe is less than ± 0.01 °C. 

Testing was carried out at three ambient temperatures: 33 °C, 35 °C and 37 °C 

(± 0.1 °C). 
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5.7.7 Test rig control software 

A program was written in LABVIEW to remotely control the flow rate of the Harvard 

Apparatus pump as well as to control the pulsed heating of the flow sensors. The 

program was set such that at each ambient temperature (32 °C, 35 °C and 37 °C), flow 

rates of  2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 25, 30 and 35 ml/min were each run for a 

period of 30 minutes. The program allowed for the syringe to be refilled where 

necessary.  

The cycle time between heat pulses was set to 2 minutes and 55 seconds to allow ten 

measurements to be made at each flow rate.  

 

Figure 5.16 Flow rate measurement rig. Six catheter-tip sensors were each connected to a 
circuit configured to measure temperature and flow rate. Data was acquired from the circuits 
with National Instruments USB 6210 DAQ cards. Each of the six sensors were inserted 
50 mm into the lumen of the silicone tubing via a opening made with a 0.7 mm needle. Sensors 
were spaced 100 mm apart. A Harvard Apparatus Pump 11 Elite syringe pump and 50 ml 
Terumo syringe was used as the flow source. The Sensirion SLI-1000 reference flow sensor 
was used to verify the flow rate provided by the syringe pump. It was placed between the flow 
source and the catheter-tip sensors. 
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5.8 Results 

Three flow dependent features of the heating pulse output signal were assessed in terms 

of their ability to represent the flow signal (Figure 5.17). 

1. The amplitude of the change in the temperature signal following the 5000 ms of 

‘heating pulse’. 

2. The average gradient of the heating curve in the t=300 ms to t=5000 ms region.  

3. The area under the cooling curve.  

All three measures were evaluated in terms of: 

A. The sensitivity to ambient temperature 

B. The flow rate resolution and  

C. The measurement range. 

5.8.1 Sensitivity to ambient temperature 

Calibration data obtained from each of the six sensors at 32 °C, 35 °C and 37 °C 

revealed that while the amplitude signal possesses an ambient temperature dependency 

which the gradient and area signals do not.  Figure 5.18 shows the calibration data 

collected from one sensor at 32 °C, 35 °C and 37 °C.  

In the temperature range 32 °C to 37 °C the sensitivity of the amplitude signal to 

ambient temperature can be approximated by a linear relationship. Table VII records 

the temperature sensitivity of the amplitude signal of each of the 6 sensors. 

Temperature sensitivity is expressed as the temperature coefficient of offset, α 

(mv/°C). Further discussion of the effect of ambient temperature on the sensor 

response is found in the (subsequent) section: Curve fitting. 
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Figure 5.17 Pulsed heating method. Flow rate data (VFLOW) are periodically obtained when the 
bridge is excited with VHEAT. The rate of flow of fluid past the sensor determines the 
heating/cooling response of the sensor. Three flow dependent features of the heating pulse 
were considered as potential candidates to represent the flow signal: A) The difference 
between the ‘ambient fluid temperature’ and the peak sensor temperature (amplitude signal), B) 
the average gradient of the heating curve in the region 300 ms to 5000 ms (gradient signal) and 
C) the area beneath the cooling curve (area signal). 
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Figure 5.18 Sensor response of one sensor at 32 °C, 35 °C and 37 °C. Data is represented in 
terms of: A. The change in voltage output from the temperature circuit at the end of the heat 
pulse (amplitude signal), B. The average gradient of the heating curve in the region 300 ms to 
5000 ms (gradient signal) and C. The area underneath the cooling curve (area signal). The plots 
demonstrates that the amplitude signal possesses a sensitivity to ambient temperature while the 
gradient and area signals do not.  
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TABLE VII.  TEMPERATURE SENSITIVITY OF THE AMPLITUDE SIGNAL OF SIX SENSORS. 

Sensor α (mV/°C) 

1 3.86

2 3.70

3 3.95

4 3.80

5 4.05

6 3.81

Mean 3.86

Standard deviation 0.12 

5.8.2 Resolution 

RMS noise was computed across the 6 sensors from ten measurements made at each 

flow rate (and ambient temperature). Resolution was defined as the increment between 

two flow rates for which the error bars (RMS noise) did not overlap in the y-direction.  

Table VIII compares the resolution of each of the three signals.   
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TABLE VIII.  FLOW RATE RESOLUTION OF THE THREE FLOW MEASUREMENT SIGNALS  

Flow rate range 

(ml/hour) 

Measurement Signal 

Amplitude  Gradient  Area  

0-2 2 ml/hour 2 ml/hour 2 ml/hour 

2-4 2 ml/hour 2 ml/hour 2 ml/hour 

4-6 2 ml/hour 2 ml/hour 2 ml/hour 

6-8 2 ml/hour 2 ml/hour 2 ml/hour 

8-10 2 ml/hour 2 ml/hour 5 ml/hour 

10-12 2 ml/hour 2 ml/hour 5 ml/hour 

12-14 2 ml/hour 2 ml/hour 5 ml/hour 

14-16 5 ml/hour 5 ml/hour 10 ml/hour 

16-18 5 ml/hour 5 ml/hour 10 ml/hour 

18-20 5 ml/hour 5 ml/hour 10 ml/hour 

20-25 5 ml/hour 5 ml/hour 10 ml/hour 

25-30 5 ml/hour 5 ml/hour 10 ml/hour 

30-35 5 ml/hour 5 ml/hour 10 ml/hour 

 

The results demonstrate that the resolution of amplitude and gradient signals is 

2 ml/hour in the measurement range 0 to 14 ml/hour and 5 ml/hour in the range 16 to 

35 ml/hour. The area signal demonstrates a resolution of 2 ml/hour in the range 0 to 

8 ml/hour and 5 ml/hour in the range 10 to 14 ml/hour. Signal 3 becomes horizontally 

asymptotic at flow rates of around 30 ml/hour. 
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5.8.3 Measurement range 

Calibration data were normalized to allow visual comparison of the three signals Figure 

5.19 shows the normalized mean response (six sensors, 32 °C, 35 °C, 37 °C) of each of 

the three measures of flow rate.  Error bars represent the normalised RMS noise. 

The plot shows the relative shape of the calibration curves of each measure. It is 

evident that the curves of the amplitude signal and the gradient signal are similar in 

shape and demonstrate a more gradual decline in gradient than the area signal. This 

behaviour demonstrates the amplitude and gradient signals to be more amenable (than 

the area signal) to the measurement of flow rates in our range of interest. 

 

 

Figure 5.19 Normalised mean sensor response (6 sensors, 3 ambient temperatures). Data is 
represented in terms three signals of the heating/cooling curve: 1. The change in voltage 
output from the temperature circuit at the end of the heat pulse, 2. The area underneath the 
cooling curve and 3. The average gradient of the heating curve in the region 300 ms to 
5000 ms 
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5.8.4 Curve fitting 

The flow sensor curves demonstrate the non-linear behaviour which is characteristic of 

thermal flow sensors and described by King’s law [120, 126].  

∆               (6-4) 

 

Where ∆  is the flow signal (in V), while A and B and n are free parameters determined 

by calibration. A, B and n depend on the sensor geometry as well as material properties 

of the fluid such as viscosity and conductivity [239].  

Equation 6.4 can be fitted directly to the gradient signal. A temperature compensation 

term, however, is required when fitting the equation to the amplitude signal (equation 

6-5). 

∆ ∆                       (6-5) 

Where α denotes the temperature coefficient of offset. The α values of the six sensors 

are listed in table VII. 

When fitting equation 6-4 to the area signal, ∆  is replaced with . 

Equations were fitted to the mean data collected at each flow and ambient temperature 

for each sensor (Figure 5.18). In the case of the amplitude signal the mean was 

computed once the ambient temperature compensation had been applied. For all 6 

sensors, we found an n value of around 0.9, for the gradient signal, and n value of 1.25 

for the area signal and n value of 4.5 for the amplitude signal. A comparison of the 

errors associated with each calibration fit is given in table IX. Maximum errors were 

computed for the 10 data points collected at each flow rate and ambient temperature. 

The RMS value of the maximum error was computed for each ambient temperature. 

The overall maximum RMS values are given in table IX. 
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TABLE IX.  COMPARISON OF RMS MAX ERRORS ACROSS THE TESTED FLOW RATES IN THE RANGE 0-
35 ML/HOUR. 

 

 RMS of the maximum errors across all tested flows (ml/hour) 

Sensor Amplitude Gradient Area 

1 5.51 2.60 4.86 

2 1.44 1.82 3.51 

3 1.99 2.69 6.67 

4 1.61 1.47 3.79 

5 2.26 2.64 5.22 

6 2.95 2.8 4.83 

Mean 2.627 2.337 4.813 

Standard 
deviation 

1.510 0.551 1.128 

 

As a whole, the gradient signal fit demonstrates smaller errors than the other two 

signals with a mean RMS of the maximum errors across all flow rates of 2.3 ml/hour 

and standard deviation of 0.55 ml/hour. 

The values A, B and n were fitted to the calibration data of the gradient signal. These 

values are recorded in table X along with the R2 value.  
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TABLE X.  CALIBRATION COEFFICIENTS OF THE GRADIENT SIGNAL. CLOSENESS OF THE FIT 
DESCRIBED IN TERMS OF THE R2 VALUE.  

 

Sensor 
Calibration coefficients 

R2 

A B n 

1 70.18 4.32 0.95 0.998 

2 75.75 11.26 0.90 0.9995 

3 64.45 10.30 0.95 0.9992 

4 62.86 13.32 0.90 0.9990 

5 66.15 9.27 0.85 0.9994 

6 62.12 5.91 0.95 0.9994 

 

 

5.8.5 Fluid heating 

In order to study the local heating of the fluid, a catheter-tip sensor, configured to 

measure temperature only, was positioned adjacent to a flow measuring sensor. Fluid 

temperature was measured in ‘worst case’ conditions i.e. those promoting maximal 

heating of the fluid (flow rate of 2 mL/hour and fluid temperature of 37 °C). 

Temperature was measured during five consecutive heat pulses of the catheter-tip flow 

sensor (Figure 5.20). The mean temperature increase of the fluid was 0.65 ±0.02 °C.  
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Figure 5.20 Local temperature of the fluid flow during five consecutive heat pulses of the flow 
sensors. The mean temperature increase was 0.65 ± 0.02 °C.  

5.8.6 Temporal response and ‘recovery time’ 

The temporal resolution (or maximum frequency at which flow measurements can be 

acquired) is limited by the time taken for the sensor temperature to return to the 

ambient temperature of the fluid, following the completion of a heating pulse. This 

period of time is, in this thesis, referred to as the ‘recovery time’. The temperature 

signal of the sensor was considered ‘recovered’ when the change in the temperature 

output of the signal was varying by less than 0.2 % (Figure 5.21).  

Recovery time was calculated for conditions in which the rate of sensor cooling was the 

least: At the highest ambient temperature, 37 °C and lowest flow rate, 2 ml/hour. 

Under these ‘worst case’ conditions the recovery time was found to be 46 s. It is 

feasible that a flow measurement could be taken at a rate of one per minute. 
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Figure 5.21 Recovery time of the temperature signal.  The signal was considered ‘recovered’ 
when the voltage output was varying by no more than 0.2 % of the total voltage change, 
shown by the dotted lines. Data was collected at a flow rate of 2 ml/hour and ambient 
temperature of 37 °C, in which conditions the rate of heat dissipation was the least.  

 

5.9 Summary  

Piezoresistive pressure sensors share several important features with micro-thermal 

flow sensors: 

 Diffused resistors. Piezoresistors themselves are merely diffused resistors. The 

heating and sensing elements of silicon micro-thermal flow sensor are fabricated 

in the same way, by diffusion of dopant ions into the silicon crystal lattice.  

 

 Membranes. Membranes are employed in piezoresistive pressure sensors to 

amplify the mechanical deformation of the piezoresistors. In micro-machined 

flow sensors they are employed to provide thermal isolation between the ‘active’ 

elements and the bulk silicon. 
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 Vacuum-sealed cavities. Absolute pressure sensors incorporate a vacuum

cavity beneath the membrane in order that pressure measurements are made

with reference to a vacuum. In flow sensing applications vacuum cavities have

been shown to be an effective thermal isolation structure.

Using these common features of pressure sensors and flow sensors, it was 

demonstrated that the piezoresistive pressure sensor can be used to measure pressure, 

temperature and flow rate. In Chapter 3 a method for the simultaneous measurement of 

pressure and temperature was described which exploits both the piezoresistive and 

thermoresistive properties of the diffused resistors. In this chapter, a method of 

measuring flow rate from the sensor was demonstrated. 

The same diffused resistors used in pressure sensing (and temperature sensing) are be 

used in flow sensing. The diffused resistors are employed to function also as heating 

elements. The membrane structure of the pressure sensor is an important feature of the 

multi-modal sensor. While used as an elastic material in pressure-sensing applications, 

the very thin membrane is beneficial in flow sensing. It provides increased thermal 

resistance between the heating elements and the bulk die, allowing flow measurements 

of much greater sensitivity and smaller time constants while reducing the power 

consumption of the resistors. The vacuum-sealed cavity beneath the membrane 

(employed in absolute pressure sensors) plays a similar role, further improving the 

thermal isolation between the heating elements and the bulk die.  

The flow measurement method involves a pulsed-heating thermal flow technique which 

induces a temperature increase of less than 0.7 °C in the local fluid. The same diffused 

resistors are utilized for both heating and temperature sensing.  

Of the three signals evaluated, the gradient signal was demonstrated to best represent 

the flow signal. Based on the gradient signal the response is independent of ambient 

temperature, the response curve is best suited to our flow rate range of interest and the 

data obtained from this signal is most repeatable.  

A limitation of the flow measurement method is the latency period between flow 

measurements. This is due to the time taken for the temperature signal to ‘recover’ to 
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the ambient temperature of the fluid, following a heat pulse. The temporal response of 

the sensor was found to be one reading per minute.  

The single multimodal catheter-tip sensor with a physical dimension of 3.5 mm x 

0.67 mm diameter is capable of simultaneous temperature and pressure measurement 

and periodic flow measurement.  Pressure measurement can be made continuously 

throughout. This technology is suitable for the measurement of the low flow rates 

expected through a hydrocephalus shunt.  
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Chapter 6 

 Conclusion  6
The aim of this PhD research was the development of multi-modal sensing solutions to 

improve the management of traumatic brain injury and hydrocephalus. The first aim of 

this doctoral research was to develop a novel method of simultaneous measurement of 

temperature and pressure from a single solid-state pressure sensor. This technology 

makes a particular contribution to the management of patients of traumatic brain 

injury. While intracranial pressure monitoring is routinely performed in TBI patients, 

experts in the disease suggest that intracranial temperature monitoring is also required in 

order to improve the outcomes for these patients [10]. The temperature measurement 

obtained from the sensors was demonstrated to be suitable for acute and short-term 

monitoring of up to 15 days. The temperature measurement was shown to conform to 

the accuracy requirements for clinical thermometers.  

The second aim of the thesis was the development of a novel method of flow 

measurement from the same solid-state transducer. This technology is aimed at the 

management of hydrocephalus. The wide scale introduction of ventriculo-distal 

shunting in the 1960’s, markedly improved the outcomes for hydrocephalus suffers. 
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The technology, however, is not without its complications. Shunts are prone to 

obstruction, infection and over-drainage. The diversity of the technology developed in 

the last fifty years aimed at preventing shunt failure is indicative of the complexity of 

the problem. The techniques used to diagnose shunt failure are also diverse in their 

approach. No one test alone is both conclusive and without risk. It has been suggested 

that a measure of flow rate is required to detect shunt failure promptly or even to 

predict such failure in order to allow timely intervention and prevent permanent injury 

[11, 114]. The flow sensing method developed in this thesis was tailored to the 

measurement of flow rate in the range of 0 - 35 ml/hour, typical of those through a 

hydrocephalus shunt. The resolution of the sensor is highest in the lower range (0-

14 ml/hour). This is an important characteristic, as it allows the sensor to detect a 

slowly developing obstruction. Employing a thermal flow sensing technique, the 

maximum heating of the local fluid is as little as 0.7 °C, validating its safety for use in 

humans. The sensor would be implanted in the shunt to allow detection of the flow of 

fluid through it, thus enabling the clinician to measure the patency of a shunt in real 

time. 

Chapter 1 introduced the pathophysiology of traumatic brain injury. The clinician’s 

recognition of the importance of the measurement of temperature as well as pressure in 

the diagnosis and treatment of traumatic brain injury was discussed. A new method of 

obtaining temperature measurement simultaneously to pressure from a single 

transducer was introduced. Next the pathophysiology of hydrocephalus was discussed. 

The importance of continuous monitoring of flow rate through a ventriculo-peritoneal 

shunt was highlighted. A new method of obtaining flow measurement, alongside 

temperature and pressure measurements from a single transducer was introduced. The 

ability to provide multiple measurements from a single transducer paves the way for the 

development of point-of-care monitoring for hydrocephalus patients. The sensor has 

the potential to drastically reduce hospitalisation and expensive imaging while reducing 

the risks associated with exposure to ionising radiation. 

Piezoresistive pressure sensing was introduced in chapter 2. The materials and physical 

properties of piezoresistive pressure sensors were discussed, as were the mechanisms by 



 CHAPTER 6 
 

191 
 

which pressure is measured. The thermoresistive properties of the sensor, which makes 

possible the measurement of temperature, were then described.  

Chapter 3 described the design and realisation of novel circuitry which allows the 

simultaneous measurement of temperature and pressure from a piezoresistive pressure 

sensor. The temperature sensing characteristics were described and compared to the 

international standard for clinical thermometers. The sensor was demonstrated to 

measures temperature in the range 20 - 45 °C with a sensitivity of 85.08 ± 0.14 mV/°C, 

resolution of 0.05 °C and response time of 610 ± 10 ms. The results demonstrated the 

suitability of the sensor for acute and short-term monitoring of up to 15 days with 

accuracy of all 13 sensors tested of better than ± 0.2 °C. 

Chapter 4 described the development of an implantable telemeter to test the 

multimodal sensor in-vivo. The catheter-tip sensor was interfaced with measurement 

and telemetry circuitry allowing the synchronous measurement of temperature, pressure 

and heart rate from the single transducer. Multimodal data were obtained from the 

single sensor for the first time in the abdominal aortas of five rats. Core temperature 

data was compared to a reference sensor in-vivo with a mean difference in 

measurement between the two sensors of  0.03 °C ± 0.02 °C (n=5, 7 days). 

Fluctuations in physiological indicators temperature, MAP and HR, in response to rest-

activity are able to be observed in real time. In the undisturbed rats core temperature 

was shown to fluctuate by as much as 1.04 °C, MAP by 47 mmHg and heart rate by 

150 bpm. The stress response was shown to elicit a 1.5 °C rise in core temperature, a 

160 bpm rise in heart rate and a 35 mmHg rise in mean arterial pressure. 

The development of a method to enable flow measurement from the sensor was 

described in Chapter 6. The evolution in the topology of silicon thermal flow sensors 

was described and it was seen that piezoresistive pressure sensors share common 

features with silicon flow sensors. The concept of employing a piezoresistive pressure 

sensor for the measurement of flow rate was introduced in which such common 

features in the topologies of the two sensing technologies can be utilised to dual effect. 

The requirements and design specifications of a thermal flow sensor (with application 

to the measurement of CSF flow through a hydrocephalus shunt) are described. The 
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measurement method, circuit design and flow sensing algorithm are described and the 

flow measurement is characterised.  

6.1 Contributions 

The following contributions were made as result of this PhD research. These 

contributions are described in this thesis. 

Simultaneous temperature and pressure measurement 

 Development of a novel method of simultaneous measurement of 

temperature and pressure from a single ultraminiature pressure transducer by 

employing the multi-parameter sensitivities of silicon. Temperature 

measurement is obtained from the common mode voltage of the bridge while 

pressure is obtained from the differential voltage of the bridge. 

 Characterised the temperature signal behaviour of 13 sensors.  

 The sensor which measures temperature in the range 20 - 45 °C has a 

sensitivity of 85.08 ± 0.14 mV/°C and response time of 610 ± 10 ms. 

 The resolution of the temperature measurement is 0.05 °C. 

 A method of compensating for temperature errors resulting from the cross-

sensitivity to pressure was developed. The mean cross-sensitivity to pressure 

(13 sensors) was shown to be 0.74 m°C/mmHg within the typical 

physiological pressure range (0-160 mmHg). Compensation of this pressure-

induced temperature error reduced the maximum error from 0.13 °C to 

within 0.04 °C (at an ambient pressure of 810 mmHg- equivalent to an ICP 

of 50 mmHg seen in TBI patients).  

 The temperature measurement from the sensor was evaluated in terms of its 

ability to comply with the accuracy requirements of the standard for clinical 

thermometers, BS EN ISO 80601-2-56:2012.   The accuracy of all 13 sensors 

tested remained within ± 0.2 °C (as required by the standard) for the first 15 

days, by which time the mean temperature difference between reference 

probe and sensor was 0.08 °C. By day 28 the mean difference between 

reference and sensor was less than 0.2 °C. The results demonstrated the 

suitability of the sensor for acute and short-term monitoring of up to 15 days. 
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 Telemetry devices were employed, for the first time, to measure temperature, 

pressure and heart-rate simultaneously from the catheter-tip sensor, in the 

abdominal aortas of five rats. Three telemetry devices were fabricated. 

Daughter boards containing the common-mode voltage and differential 

voltage circuits enabled simultaneous measurement of temperature and 

pressure from the sensor.  

 The in-vivo results demonstrated the accuracy of core temperature 

measurement with a mean difference in measurement from the reference 

sensor of 0.03 °C ± 0.02 °C (n=5, 7 days). The 7-day mean core temperature 

of the five animals measured by the catheter-tip sensor was 37.52 ± 0.3 °C 

with higher temperatures recorded during the hours of darkness, reflecting 

the nocturnal nature of the animals. 

 The sensor enables the ultradian fluctuations in physiological indicators 

temperature, mean arterial pressure and heart rate related to rest-activity to be 

observed in real time. In the undisturbed rats core temperature was shown to 

fluctuate by as much as 1.04 °C, MAP by 47 mmHg and heart rate by 

150 bpm. 

 A typical example of a stress study was demonstrated. The stress response to 

mild handling was shown to elicit a 1.5 °C rise in core temperature, a 

160 bpm rise in heart rate and a 35 mmHg rise in mean arterial pressure. 

 The benefits of measurement from a single sensor were demonstrated: since 

pressure, temperature and heart rate measures are obtained synchronously 

data can be analysed without the concern of time-lag between the various 

measurements or without errors associated with thermal and electrical cross-

talk between sensors.  

Flow measurement from a pressure sensor 

 A novel method of flow measurement was developed to allow flow to be 

measured using an ultraminiature pressure transducer. Simultaneous 

temperature and pressure and periodic flow measurement can be obtained 

from the sensor. A provisional patent application has been filed to protect the 

intellectual property of this invention. 
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Patent Application 
Clark TM, Malpas SC, Budgett DM. Methods, Devices and Systems for sensing 
flow, temperature and pressure. United States Patent Application.  No. 
US20150297094A1 Filed Feb 2014 

 The sensor which employs a thermal transient approach measures flow rate in

the range 0- 35 ml/hour, typical of the fluid flow rates through a

hydrocephalus shunt.

 The resolution of the measurement is 2 ml/hour in the flow range 0-

14 ml/hour and is 5 ml/hour for flows above 16 ml/hour. The higher

resolution of the sensor in the low flow region (0-14 ml/hour) is is an

important characteristic since it has the potential to alert the patient or

clinician to a slowly developing obstruction.

 During a heat pulse, the maximum heating of the local fluid is 0.7 °C.

 The flow signal is independent of ambient temperature.
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6.2 Future work 

This PhD research has led to the development of methods which enable multiple 

parameters to be measured from a single silicon transducer. However, there are a 

number of aspects that warrant further investigation before the technology can be used 

in a clinical setting. 

Understanding the drift behaviour of the sensor 

In this thesis the long-term stability in the temperature measurement was evaluated 

over 28 days. The mean drift in the temperature measurement by day 28 was 0.12 °C 

with four of the thirteen sensors exceeding a drift of 0.2 °C. Comparison between the 

long-term drift in the pressure measurement and that in the temperature measurement 

revealed that the drift in the two measures was not correlated. This is due to the 

temperature signal being a common mode signal which is proportional to the mean of 

the two piezoresistive sensing elements and the pressure signal being a differential 

signal which is proportional to the differential resistance of the two resistors. The 

temperature measurement tended to drift in a negative direction with respect to the 

reference sensor. During the same period of time, the pressure measurement was 

observed to drift in a negative or a positive direction, with respect to the reference 

sensor. 

It is evident further work is required to improve the long-term stability of the sensor. 

Research in this area is ongoing with Ian Glass a PhD student at the Auckland 

Bioengineering Institute whose research is aimed at isolating and understanding the 

main causes of drift in the sensor in order to improve the design. 

In the mean-time, the development of a screening program to detect sensors with 

unstable characteristics would allow sensors with poorer long-term stability 

characteristics to be identified and discarded. 

Other future work for the sensor is the characterisation of the long-term drift in the 

flow measurement. Employing a thermal transient approach which employs the gradient 

of the heating curve to quantify the flow rate may actually lead to very little drift of the 

flow measurement. This is because it is not the absolute temperature but the change in 
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temperature which is used to infer flow rate. Even still, it is important to quantify the 

drift in the flow measurement before the sensor can be used for long-term use. 

Shunt flow studies in sheep. 

Before studies in humans are possible, ovine shunt flow studies will need to be 

undertaken. ICP studies in rodents have used kaolin clay to simulate hydrocephalus by 

preventing reabsorption of the CSF. A similar approach could be undertaken in an 

ovine model with placement of a shunt containing the multimodal sensor. 

Development of method for arterial blood flow sensing 

In this thesis a method is described which allows flow to be measured from a 

piezoresistive pressure sensor. The measurement method was tailored to enable the 

measurement of flow through a hydrocephalus shunt with very low flow rates in the 

range of 0-35 ml/hour. The sensor was demonstrated to measure flows in this range 

with heating of the local fluid of as little as less than 0.7 °C. 

 
The measurement of arterial blood flow, though complex, is another exciting 

application for this technology. The complexity of the measurement is due to the 

pulsatile nature of the flow as well as the varying vessel diameter in diastole as opposed 

to that of systole.  This makes the estimation of volumetric flow rate interesting since 

the flow velocity and vessel cross-sectional area are varying.  

Flow rates through a blood vessel are turbulent and in the order of several orders of 

magnitude higher those through a hydrocephalus shunt. Both the higher flow rates and 

turbulence in arterial flow mean a much greater rate of convective heat transfer than 

that experienced in the hydrocephalus application. The application of this technology to 

blood flow sensing would thus involve operating the sensor with a higher operating 

temperature, while ensuring heating of the local fluid was maintained within safe limits. 

In order to accurately measure the volumetric flow rate of the blood, it is possible that a 

model of the time-varying vessel cross-section be employed alongside the thermal flow 

measurement. 
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In order to allow continuous measurement of the fluid flow, rather than the periodic 

flow measurement described in this thesis, an additional resistive element may be 

employed for heating.   
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Appendix A 

Improved thermal isolation structures 

‘Floating membrane’ 

To improve the efficacy of their thermal isolation membrane Van Oudheusden and 

Van Herwaarden (1990) proposed a thermal flow sensor with a ‘floating membrane’ 

(Figure A.1). The 10 μm thick membrane was connected to the main sensor die by four 

thin suspension beams [222]. In the suspension beams, thermopiles measure the 

temperature difference between the rim (at ambient temperature) and the heated 

‘floating membrane’. 

  

Figure A.1  ‘Floating membrane’ thermal isolation structure proposed by Van Oudheusden and 
Van Herwaarden (1990) [222] 

    

Trenches 

Kersjes and Mokwa (1995) who report an invasive catheter blood flow sensor, 

introduced oxide-filled trenches surrounding the membrane as a means of providing 

further thermal isolation [240]. The sensor comprised a polysilicon heating element and 

a diode to measure temperature on the surface of a membrane (which was surrounded 
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by five oxide-filled trenches). A second temperature-sensing element (also a diode) was 

located on the sensor substrate to measure fluid temperature (Figure A.2). The thermal 

isolation of the sensor was improved upon in their 1996 publication where they 

described a sensor with two membranes [126]. This time a temperature-sensing diode 

was placed on each membrane. 

 

Figure A.2 A combination of two types of thermal isolation strategies; membranes and oxide-
filled trenches [240] 

 

Betzner et al (1996) described an air flow sensor with a central resistive element which 

is thermally isolated from the main die by an isolation trench. A sophisticated array of 

silicon nitride micro-bridges arranged in a chevron (v-shaped) pattern spans the upper 

aspect of the trench. A silicon nitride membrane forms the floor (Figure A.3). 

 

Figure A.3 Air flow sensor reported by Betzner et al, 1996. In order to provide thermal 
isolation between the self-heated sensing element and the bulk die, the sensor employs 
chevron microbridges, and a thin membrane floor. In addition, the sensor surface and floor are 
fabricated from the thermally-insulating material silicon nitride or silicon dioxide [121]. 



APPENDICES 

201 

Appendix B 

Properties of CSF flow 

In thermal flow measurement systems the sensor response is dependent on the 

viscosity and thermal properties of the medium [125].   

Viscosity 

Viscosity is the property of a fluid which determines its resistance to a shearing force. 

Fluids with a high viscosity tend to have a higher resistance to shearing forces than 

those with low viscosity. The viscosity of a fluid is largely dependent on the interaction 

between the molecules of the fluid [241] and thus, is a function of temperature and 

pressure [215]. 

Viscosity is also described as a transport property, since it governs the momentum 

transport of the fluid perpendicular to the dominant flow direction. When in contact 

with a surface, a flowing viscous fluid tends to ‘stick’ to that surface such that the 

velocity of the fluid is zero at the fluid-surface boundary. This effect is termed the no-

slip condition.  

An ideal fluid with zero viscosity is called an inviscid fluid. The no-slip condition does 

not apply to inviscid flow. 

At 37 °C cerebrospinal fluid (CSF) has a viscosity of 0.7–1 mPa.s [232]. Like water, 

CSF is a Newtonian fluid [232], meaning its viscosity remains constant regardless of the 

amount of force applied it. CSF has a density of 1007.2 kg/m3 [233], slightly higher 

than the density of water, 993.9 kg/m3. 

Thermal properties 

The thermal conductivity of a medium describes its ability to conduct heat. The rate of 

heat transfer is higher through materials of high thermal conductivity than materials of 

low thermal conductivity. CSF has a thermal conductivity of 0.62 W/m/°C, close to 

that of water of 0.630.62 W/m/°C [233].  
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On the other hand, the specific heat describes the energy required to increase the 

temperature of a medium by 1 °C. Materials with a high specific heat absorb a greater 

amount of energy than materials with a low specific heat. Like water (4174 J/kg/°C), 

CSF has a high specific heat of 4200 J/kg/°C [233]. 

Laminar and turbulent flow 

Laminar flow describes the movement of fluid particles in a manner resembling the 

movement of thin sheets (or lamina) over the top of one another. In laminar flow, fluid 

particles move parallel to one another and there is no mixing between the layers of fluid 

particles. Figure B.1 shows an example of laminar flow from Reynolds’ famous 

experiments where he introduced coloured water to the flow at the trumpet opening of 

the tube and observed what happened to the streak line as it was carried with the flow. 

 

Figure B.1 Laminar flow. a) Sketch from Reynolds’ 1883 coloured filament experiment [242] 
and b) Photo from Dubs’ 1939 replication of Reynolds experiment [243]. Both experiments 
used clear water flow and introduced coloured water to enable the flow to be visualised.  

 

Reynolds found that the transition from laminar to turbulent was related to the 

magnitude of the average velocity, , tube diameter, , water density, , and the 

viscosity, .  It was not, however, the value of any of these quantities on their own, but 

rather a number found from a relationship between them, which determined the 

transition (equation A-1). The Reynolds number, , as it has come to be known, is a 

non-dimensional quantity which determines whether a flow is laminar or turbulent 

[242].  

	             (A-1) 
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Where  is the Reynolds number,  is the density of the fluid (kg m-3),  is the velocity 

of the fluid (m s-1), D is the diameter of the lumen of the pipe and  is the dynamic 

viscosity of the fluid (Pa-s). 

At a Reynolds number greater than 2320 Reynolds found that the flow began to form 

eddies and become turbulent. This unpredictable and irregular flow was characterised 

by chaotic changes in the fluid properties including rapid changes in pressure and 

velocity. Turbulent flow carries greater energy than laminar flow, which causes a high 

degree of mixing to occur. The rates of mass, momentum and energy transport are also 

greater in turbulent flow.  Figure B.2 shows an example of turbulent flow from 

Reynolds’ experiments. 

 

Figure B.2 Turbulent flow. a) Sketch from Reynolds’ 1883 coloured filament experiment [242] 
and b) Photo from Dubs’ 1939 replication of Reynolds experiment [243]. Both used clear 
water flow and introduced coloured water to enable the flow to be visualised.  

 

Laminar flows are ensured when the Reynolds number is less than 2320 (the critical 

point for a flow transition from laminar to turbulent). Laminar flow tends to occur at 

low flow rates. 

The flow rates of cerebrospinal fluid through a hydrocephalus shunt are in the range 0- 

30 ml/hour. For CSF (35 °C) flowing through a hydrocephalus shunt (internal diameter 

of 1 mm) at a rate of 30 ml hour-1, the Reynolds number is 15.27 (see equation A-2).  

 

	 	 	 . . .

.
15.27        (A-2) 

Where , the density of the CSF is 1007.2 kg m-3,  the velocity of the fluid is 

0.010616 m s-1, D the inner diameter of the shunt is 0.001 m and  the dynamic 

viscosity of the fluid is 0.0007 Pa-s. 
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With such a low Reynold’s number, typical flows in a hydrocephalus shunt are 

demonstrated to be well within the laminar range. 
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