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ABSTRACT  

Ingestible motility capsule (IMC) endoscopy holds a strong potential in providing 

advanced diagnostic capabilities within the small intestine with higher patient tolerance 

for pathologies such as irritable bowel syndrome, gastroparesis and chronic abdominal 

amongst others. Currently state-of-the art IMCs are limited by the use of obstructive off-

the-shelf sensing modules that are unable to provide multi-site tactile monitoring of the 

Gastro-Intestinal tract.  

In this work a novel 12 mm in diameter by 30 mm in length IMC is presented that utilises 

custom-built flexible, thin-film, biocompatible, wireless and highly sensitive tactile 

pressure sensors arrays functionalising the capsule shell. The 150 μm thick, 

microstructured, PDMS flexible passive pressure sensors are wirelessly powered and 

interrogated, and are capable of detecting pressure values ranging from 0.1 kPa up to 30 

kPa with a 0.1 kPa resolution. A novel bottom-up wafer-scale microfabrication process 

is presented which enables the development of these ultra-dense, self-aligned, scalable 

and uniquely addressable flexible wireless sensors with high yield (>80%). This thesis 

also presents an innovative metallisation microfabrication process on soft-elastomeric 

substrates capable to withstand without failure of the tracks 180o bending, folding and 

iterative deformation such as to allow conformable mapping of these sensors. A custom-

built and low-cost reflectometer system was also designed, built and tested within the 

capsule that can provide a fast (100 ms) and accurate extraction (±0.1 kPa) of their 

response.  In vitro and in vivo characterisation of the developed IMC device is also 

presented, facilitated respectively via the use of a biomimetic phantom gut and via live 

porcine subjects. The capsule device was found to successfully capture respiration, low-

amplitude and peristaltic motility of the GI tract from multiple sites of the capsule.  
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Chapter 1:  

Introduction, motivation and layout of the thesis 

1.1 Introduction 

This Ph.D. thesis presents the work carried out in developing a novel endoscopic capsule, 

capable of capturing the contractile behaviour of the Gastro-Intestinal (GI) tract from 

multiple sites of the capsule shell using microfabricated wireless and flexible thin-film 

pressure sensors. Such information potentially holds advanced diagnostic potential for 

timely detection and diagnosis of dysmotility disorders of the GI tract.  

The research on the developed capsule was undertaken within the overall scope of the 

EPSRC-funded Sonopill programme grant. The vision of Sonopill is in developing an 

ingestible capsule, equipped with several sensor modalities for the diagnostics of 

pathologies with the GI tract (Fig. 1.1). The capsule would act ultimately as a lab-in-a-

capsule device for the continuous monitoring of the physiological parameters of the GI 

tract. 

 

Figure 1.1: (a) Sonopill capsule mock-up and concept design; (b) Sonopill capsule propagation 

through the GI tract and continuous monitoring of the physiological parameters for diagnostic 

purposes. 

The primary functionality of Sonopill is ultrasound imaging. The miniaturised ultrasound 

system operated at tens of MHz frequency would be capable of real-time imaging of the 

walls of the GI tract and hence providing vital information regarding the internal tissue 

structure. This information, combined with feedback of a pressure sensor system modality 

collecting physiological information of the GI tract walls and lumen, pH sensors 

analysing the composition of the gut, along with a number of other modalities, such as 

infrared sensing and magnetic locomotion, would offer an unprecedented knowledge of 

the workings of the GI tract. Such a multi-modal device holds the potential to enable a 
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step-change in diagnostic procedures for a wealth of severe disorders, such as Coeliac 

Cancer, Barrett’s Oesophagus and Crohn’s Disease, that are currently extremely difficult 

to timely diagnose at an early non-critical stage.  

Hence within the broader context of the Sonopill project and the desire for a multimodal 

capsule device, this body of work focuses specifically on the investigation and the 

development of an ingestible motility capsule that can capture the physiological motility 

of the small intestine, expressed as contractile and intraluminal pressure variations of the 

GI tract environment.  

 

1.2 An unmet clinical need 

The Gastro-Intestinal (GI) tract broadly consists of four areas: the oesophagus, the 

stomach, the small intestine and the large intestine (Fig. 1.2). In the GI tract, the consumed 

food is propagated via the contractile motor function of the intestine muscles. These 

contractions are rather complicated in nature and can be either present in all of the 

aforementioned GI segments or be mostly restricted to a specific GI segment.  

 

Figure 1.2: The Gastro-Intestinal (GI) tract anatomy [1]. 

The ingested food generally is moved from one segment of the GI tract to the next via a 

periodic synchronous contraction, termed “peristalsis”, that transverses all areas of the GI 

tract. In particular within the small intestine area, which is the area of interest in this body 

of work, the activity of the GI tract is furthermore characterised by additional highly 

irregular contractions, during and after the consumption of food (fasting and non-fasting 
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stage), that vary both in intensity and duration at the respective segments of the small 

intestine (ie. duodenum, jejunum and ileum). These contractions enable the mixing of the 

ingested food contents with the digestive enzymes present in those areas to allow both 

absorption and slow distal movement towards the large intestine. The sum of this complex 

contractile behaviour is general named as the “motility” of the GI tract [2]. 

Motility disorders are disorders that affect the way the GI tract muscles contract. 

Dysmotility of the small intestine may lead to symptoms such as bloating, pain, vomiting 

and cramps [3] and may act as an indication to a number of severe conditions such as 

irritable bowel syndrome, gastroparesis, chronic idiopathic constipation, chronic 

abdominal pain, dyspepsia, chronic intestinal pseudo-obstruction, bacterial overgrowth 

and ileus, amongst others [4-7].  

One of the conventional and most common diagnosis methods of these conditions 

involves the use of a specific type of endoscopic procedure known as manometry. In this 

procedure a catheter, which is populated by a series of pressure sensors affixed to its 

surface, is inserted inside a patient via his/her nose and steered manually towards the 

small intestine though the stomach. The pressure sensors capture the contractile behaviour 

of GI tract, which is then then assessed by the physician to help diagnose the dysmotility 

afflicting the patient. Other diagnostic methods include barium X-ray, scintigraphy, 

electrogastrophy and serosal electrodes placed within the GI intestinal tract; these 

techniques are considered more intrusive as they typically require a surgical incision 

procedure in the abdomen [8].  

Conventional manometry, as all other endoscopic procedures, introduces a significant 

amount of pain and discomfort to the patient due its invasive nature. Most importantly, 

from a diagnostic perspective, conventional manometry is limited by the fact that 

catheters are unable to access the full length of the small intestine, as inserting and 

navigating the catheter within the far depths of the small intestine proves to be extremely 

difficult due to its excessive length and highly convoluted shape and may require 

laparoscopic surgery [9-11]. Other methods based on balloons, electro-potential 

recordings and abdominal acoustic emissions have been found to be imprecise [12]. 

Hence due to the general unwillingness of patients to undergo a lengthy endoscopic 

procedure, important contractile information that could significantly impact a timely 

diagnosis of a patient suffering from intestinal dysmotility is lost in most cases. A 
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minimally invasive, reliable and versatile diagnosis tool is therefore needed to provide 

accurate diagnosis of the dysmotilities of the GI tract. 

 

1.3 Benefits of capsule manometry  

Since the 1990s when the first wireless optical camera capsule that could image the GI 

tract was demonstrated [13,14], the field of capsule endoscopy has evolved significantly, 

and medical capsules of diverse modalities have been demonstrated, spanning from 

endoscopy and drug delivery to biopsy and biosensor attachment [15-18]. As a result, a 

number of commercially available medical capsules for imaging have also emerged the 

past years such as PillCamSB (GivenImaging, Ltd. acquired by Medtronic) 

CapsoCamSV1 (CapsoVision), EndoCapsule (Olympus Medical Systems Co.) and 

MiroCam (IntroMedic Co.) [14,19]. 

Regarding the GI tract motility, Ingestible Motility Capsules (IMCs) offer an attractive 

alternative, as these systems are designed to be ingestible and act as a lab-in-a-capsule 

where the physiological parameters of the GI tract are captured with minimal patient 

discomfort and potentially advanced diagnostic capabilities [20]. IMCs represent an 

attractive alternative over conventional diagnostic modalities as they do not contain any 

radioactive materials or require X-ray exposure, are minimally-invasive, and can 

continuously provide valuable information of the environment of the GI tract which 

includes pressure, temperature, pH, transit time and potentially location [8].  

A prime example of such a medical and commercially available device is the SmartPill 

Wireless Motility Capsule (WMC) developed by Smartpill Corporation [21] as shown in 

Fig. 1.3. Smartpill WMC is 17 mm in diameter and 26.8 mm in length and contains a 

single pressure sensor with an operating range of 0-46 kPa and a sensitivity of ±0.650 

kPa. It also contains a temperature sensor (25-49oC), pH sensor (0.05-9.0) and an internal 

antenna that can transmit wirelessly and in real-time the captured data.  
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Figure 1.3: The WMC Smartpill capsule [21]. 

The sensors and devices are enclosed within a polyurethane capsule package which is of 

a non-digestible nature and intended for a single use. The antenna operation frequency of 

434 MHz is selected to maximize the data transmission efficiency, as the absorbance of 

the human body is lower at this frequency. This frequency also complies with safety 

regulations. The whole system is powered by a set of batteries encapsulated within the 

capsule. 

A significant indicator for motility disorders is the GI “transit time” [10,22]. This time is 

defined as the duration required for the capsule to move from one GI segment to another 

and is divided into 4 segments:  

a) the gut transit time which ends when the capsule exits the stomach;  

b) the small bowel transmit time defined as the time of travel from the duodenum to 

cecum;  

c) the colonic transit time which corresponds to the time period required for the 

capsule to pass from the cecum until it exits the body;  

d) and finally the whole gut transit time which is essentially the sum of all the 

aforementioned quantities and corresponds to the total time required for the 

capsule to travel the whole GI tract.  

These transit times play a significant role in diagnosing the various motility disorders and 

are currently difficult to obtain via conventional means. Motility capsules therefore 

potentially offer an easier and more accurate way to acquire such valuable diagnostic 

information [8] as well as enabling additional functionalities described in the next 

paragraphs. Besides capturing intraluminal pressure, SmartPill WMC is capable of 

measuring these transit times. The WMC capsule device has been approved by the US 
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Food and Drug Administration, the American and European Neurogastroenterology and 

Motility Societies for the diagnosis of patients potentially suffering from gastroparesis 

and chronic idiopathic constipation and as a validated and objective measure of 

gastrointestinal transit [8,23].  

In the case of the SmartPill WMC, the transit times are acquired by evaluating the 

combined pressure, pH and temperature profiles as shown in Figure 1.4. As the capsule 

moves from one GI segment to another, the muscle junctions and different environments 

lead to abrupt changes of the pressure wave frequency or amplitude, with the latter found 

to reach as high as 15kPa. The pH and temperature which are then registered in the 

respective profiles as spikes serve as transit landmarks.  

 

Figure 1.4: The combined profiles pressure, temperature and pH provided by WMC Smartpill [21].  

Assessing the pressure profile captured by a motility capsule has the potential to provide 

additional motility information that transcends that of transit times. For example, it allows 

the classification of patients suffering from gastroparesis into severity and subtype 

categories, which is expressed by the significant decrease in stomach contractions [24], 

or the variations in contractile patterns within the large intestine that have been associated 

with different types of chronic constipation [25]. Acquiring these patterns could also offer 

a more-in-depth understanding of the pathophysiologic mechanisms that govern the 

emergence of these variations [8].  

Another significant utility of acquiring the pressure profile via an IMC is the potential for 

replacing the conventional antroduodenal and colonic studies, that utilise the invasive 

manometric catheters to quantify the contractile pressure patterns, with a method that has 

a much higher patient tolerance. Such medical procedures are typically utilised to 
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distinguish visceral neuropathy from myopathy, that may be another potential cause of 

the observed dysmotility of a patient [26]. 

 

1.4 State of the art capsule manometry 

An array of pressure sensors, with a high pressure sensitivity of the order of 0.1 kPa within 

the pressure regime of 0-25 kPa, is considered a necessity in order to characterize 

organised small bowel patterns such as migrating motor complex or propagating 

contractions in the colon [8]. An IMC with a single frontal pressure sensor, such as the 

SmartPill WMC, would not suffice. Furthermore, although this capsule device can 

provide continuous information on the intraluminal pressure within the GI tract, it is 

unable to provide any information on the contractile behaviour of the GI tract [3,27] 

which holds significant diagnostic potential as described previously. Similar IMCs 

reported in [10] and [22] also exhibit the same problems. Obtaining the contractile 

information of the GI tract would help to better diagnose motility disorders, providing for 

example a direct method to assess irregular small intestine motions.  

In addition, assessing the contractile information may potentially provide an effective 

method to localise the capsule, as it travels within the GI tract. There is an inextricable 

link between localisation and locomotion, since a capsule with the capability of providing 

active motion and spatial control inside the GI tract, holds the potential for both diagnostic 

and localised therapeutic or surgical capabilities [19,28,29]. Contact forces experienced 

by a capsule either directly through peristalsis, friction and adhesion [30,31] or indirectly 

through intraluminal forces, strongly influence the motion control. The lack of 

understanding on how these forces interact with the capsule presents a significant 

challenge in elucidating locomotion of the capsule currently. To this day there is no 

commercially available ingestible medical capsule that can provide active locomotion and 

a truly multimodal functionality [30,32].  

Localising the capsule via triangulating the received signal from the capsule antenna has 

been demonstrated as early as 1961 when one of the first “radio pills” that acts also as a 

motility capsule was developed as shown in Figure 1.5 [9]. In this method, the changes 

in the transmitted signal strength were assessed when it reaches the receiver antenna and 

used to determine where the capsule is located within the GI tract. However due to the 

strong attenuation and losses the signal experiences as it travels through the body, this 
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method has been found to be impractical in accurately determining the position of such 

capsule devices [27,33]. Moreover, the triangulation method requires an external reader 

equipment to capture and analyse the transmitted signals, increasing both the cost and the 

level of complexity of the overall system. Other groups [34,35] have also attempted to 

utilise complicated image processing algorithms of the images captured by the capsule 

camera, which again exhibited inaccurate localisation results [36]. 

 

Figure 1.5: The design of one of the first RF motility capsules [9]. 

Capsule endoscopy in general has so far failed to capture widespread clinical attention 

and its implementation within a clinical environment remains rather limited, as the lack 

of this information regarding localisation poses a significant challenge for accurate 

localised diagnosis or targeted drug delivery [12].  

The localised pressure patterns and gradients may offer an alternative way to attain this 

information or may, at the very least, serve a complimentary role to signal triangulation 

methods for localisation purposes. Thus, a localisation method based on monitoring the 

pressure patterns and gradients of the GI tract may offer a simple, autonomous and 

reliable way to acquire this information [27] and provide an advanced diagnostic 

understanding on intestinal dysmotility that is currently absent. 

Although the pressure patterns in the GI tract are quite diverse and rather complex, the 

contractions during fasting, stemming from the migrating motor complex [7,9], exhibit a 

more periodic and predictable response. During this state, the contractile frequency is 

unique in each organ and region of the GI tract, with typical contraction rates ranging 

from 3 min-1 in the stomach to 10 min-1 in the small intestine and 5 min-1 in the large 
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intestine. Moreover, within the pressure pattern spectrum is also reflected the typical 

peristaltic behaviour of the GI tract which has a distinct drop in intensity from the 

stomach, the small intestine and then to the large intestine [37]. 

Each region and organ within the GI tract thus exhibit a unique contractile behaviour and 

can be used potentially to identify the location of the IMC or for diagnostic purposes. For 

example [9], in the region of the duodenum and jejunum there are 2 different pressure 

patterns: pressure waves of short duration (2-6 s, 11-12 min-1 frequency) with amplitudes 

that vary as high as 7.5 kPa and slower waves with a duration of 10 s to 480 s that are less 

regular and which fade out from the duodenum to jejunum, with a significant frequency 

and amplitude drop. On the other hand, in the region of the ileum, the predominant 

pressure waves have a slower frequency of approximately 6 min-1 and can last 2.5 hours. 

Finally, in the region of the small intestine the basal pressure is approximately 0.6-3 kPa 

and the intensity of the peristaltic waves similarly drop with distal depth. 

Therefore, under this localisation method, by capturing both the intraluminal and 

contractile pressure profiles as the capsule moves through the GI tract the various 

extracted contractile constituents (i.e. contraction frequency, pressure patterns and 

gradients, pressure amplitude and/or intensity spikes) can be potentially utilised as 

transition landmarks to determine the exact location of the capsule and assist in predicting 

its future location. 

Despite the fact that significant studies have been invested the past years in understanding 

the intraluminal pressure of the GI tract via IMCs or conventional manometry catheters 

[9,10] [38-40], little work in comparison has been devoted to physically measure and 

understand the contractile response of the GI tract and the direct contact forces exerted 

on a capsule in order to enable the potential for such a localisation method. 

The first effort towards the goal of an IMC that can monitor both the intraluminal pressure 

and the contractile behaviour of the GI tract, can be found in [40] (depicted in Fig. 1.6), 

where a 30x13 mm2 capsule that makes use of a commercial pressure sensor (MS5535A, 

Intersema), with a pressure sensitivity of 0.12 kPa, to track the contractile behaviour and 

transmit the signal wirelessly was developed. 
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Figure 1.6: Capsule design and system operation [40]. 

In this case, by observing the mean pressure differences it became possible to locate the 

capsule when traversing from one organ to another, as the pressure changed from 99.52 

kPa in the oesophagus to 99.78 kPa in the stomach and 101.16 kPa in the large intestine 

(using the atmospheric pressure of ~100 kPa as a reference). Although the results were 

significantly influenced by the respiration and heart rate (expressed here as noise 

dominating the signal), the capsule device provided a clear indication that such a 

localisation method is feasible, as each organ demonstrated a unique fluctuation 

signature. 

Another example of such an IMC can be found in Figure 1.7 [3]. In this case, contractile 

forces of the GI tract are exerted to a thin silicone membrane (100 μm) situated on the 

outer shell of the capsule, with an overall size of 25x13 mm2, which are then transferred 

to an incompressible biocompatible oil that fills most of the capsule volume. Pressure 

variations are then measured via a commercial pressure sensor MS5540A, with a pressure 

sensitivity of 0.05 kPa, that is mounted on a support beam which also serves the purpose 

of negating the horizontal forces associated with the intraluminal pressure of the GI tract. 

Similarly, the attained pressure signal is transmitted wirelessly via an antenna at 434 MHz 

and then captured by an external receiver. 
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Figure 1.7: Capsule design and system operation [3]. 

However, although this IMC provides reliable information on the contractile behaviour 

of the GI tract, the proposed IMC is hindered by the fact that that the overall configuration 

of the pressure sensor itself utilizes a large portion of the capsule volume. The complexity 

in integrating the individual sensor components renders such a solution impractical. In 

addition, the biocompatible silicone that is inserted via a syringe requires one week to 

equilibrate the internal pressure, whilst a calibration step is also necessary which includes 

the removal of the trapped air and adding or removing empirically silicone oil to set the 

internal pressure to the required levels. Silicone oil leakage may severely compromise the 

hermeticity of the capsule resulting in potential electronic failure of the components, as 

well as inducing drifts in pressure measurements, which further limit the practical value 

of such a sensor system in a capsule.  

More recently, a 12x33 mm2 IMC capsule device, shown in Figure 1.8, was reported in 

[27] and in [41]. The capsule device was designed specifically to monitor both the 

contractile and intraluminal GI tract behaviour. In this work, a commercial absolute 

pressure sensor (MS5803-05BA) of the same device family as in the previous case was 

utilised, which was integrated within the surface of a 3D printed capsule. In its first 

version [27], the capsule was interconnected to a tether which served the role of both a 

power supply and also as a means to connect the sensor to an external readout system, 

while in the second version [41], an untethered battery-based capsule variation with the 

same sensor design and configuration was demonstrated, that also included a 

microcontroller with a radio frequency transceiver that gathered the sensors data and 

transmitted them wirelessly to an external receiver. 

Similarly to the previous IMC, the pressure sensor system design employs a rubber cup 

fitted (“button”) with an O-ring and a cavity underneath it, filled with silicone oil which 
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transfers the forces from the rubber cup to the sensor. The sensor has a built-in analogue-

to-digital converter (ADC) and the gathered data are transmitted via an Integrated Circuit 

(IC), with a conversion time less than 1 ms, to enable a measurement faster than the 

expected dynamic frequency of the contractile forces of the GI tract (0.05 Hz to 0.2 Hz). 

 

Figure 1.6: Sensor design and integration the untethered capsule version [41]. 

 

Two of these sensor configurations are utilised: one on the front of the capsule that 

captures the intraluminal pressure and one on the top of the main body of the capsule that 

captures the contractile pressure from the GI tract. The contractile pressure waves are 

determined by combining the two signals and eliminating the intraluminal pressure 

background via the use of a Fast Fourier Transform (FFT) and Empirical Mode 

Decomposition (EMF) methods.  

Although an absolute pressure sensor with a similarly high resolution (~0.04 kPa) was 

used, which lays below the required pressure resolution of 0.1kPa [42], the measurements 

presented a drift behaviour due to the leakage of the silicon oil in the sensors [43] as in 

the previous case.  

 

1.5 Limitations of the state-of-the-art motility capsules and sensor requirements 

To this day, and to the author’s best knowledge, the state-of-the-art in IMCs has relied on 

off-the-shelf commercially available absolute pressure sensor devices. No existing IMCs 

provide the capture of the contraction forces directly exerted to the capsule by the GI tract 

and/or the intraluminal pressure. Severe limitations on the integration capsule level, such 
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as lack of hermiticity, can potentially adversely affect the functionality of the enclosed 

system electronics, and more importantly have a significant impact on the free available 

volume of the capsule for the inclusion of other sensor modalities in a single capsule that 

would enable a step change in capsule endoscopy diagnosis.  

The maximum number of sensors that have been integrated on a motility capsule have 

been limited so far to two, which is deemed inefficient in distinguishing visceral 

neuropathy from myopathy for which multiple sensors are required. The presence of a 

single pressure sensor does not ensure that the GI tract motility will continuously be 

captured, which also adversely affects the prospect for capsule localisation. As a capsule 

cannot exceed 12 mm diameter for tolerable oral ingestion [19], a single sensor will not 

be necessarily in constant contact with the 20 mm small intestine diameter as the capsule 

travels through it. An IMC that incorporates a tactile multi-sensor technology that fully 

functionalises the capsule surface gives rise to the potential for a multi-site pressure 

profile of the GI contractile forces acting on the IMC; a functionality that is yet 

unexplored and is the main topic of this thesis.  

By evaluating the literature review presented previously, it is therefore possible to draw, 

as shown in Table 1.1, a list of requirements that the pressure sensor technology should 

ideally address for integration to a motility capsule.  

Table 1.1: Optimal requirements for a pressure tensor technology 

1 
- resolution of 0.1 kPa to capture weak peristaltic contractions 

- operation regime 0-25 kPa 

2 

- thin structure 

- small area size and conformable to the capsule surface (i.e. optimally flexible) 

- ideally occupy the capsule outer shell surface only (i.e. ease of integration) 

- retain capsule diameter at 12 mm maximum 

3 ensure the hermeticity of the package (i.e. optimally no via for interconnections)  

4 able to capture both the intraluminal and the contractile pressure of the GI tract 

5 
fast response in measuring the dynamic nature of the contractile behaviour of the 

GI tract (contraction rate of 0.15-0.20 Hz) 

6 biocompatible  

7 
pressure sensor array to provide multi-site measurements (pressure profile) and 

ensure continuous contact with the GI tract walls 
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From the above table, an important unmet requirement is that the sensor must be 

conformable, small-sized and of small volume. It must preserve the hermeticity of the 

package and occupy the capsule surface in order to free space within the capsule for 

potential inclusion of other modalities/electronic systems. The sensor must be capable to 

provide tactile information in the low-pressure regime of 0-25 kPa in contact pressure, 

with a high resolution and accuracy of 0.1 kPa or less.  

 

1.6 Aims and objectives of research undertaken and thesis layout 

This work aims therefore to address the limitations of existing pressure sensors described 

above as well as to fulfil the requirements highlighted in Table 1.1. This thesis will 

explore the development of a novel motility capsule that uses for the first time a custom-

and purpose-built thin-film flexible pressure sensor array, integrated on the surface of the 

capsule and a custom-built readout system capable of effectively monitoring their 

response from within the capsule.  

To address the limitations of the current state-of-the-art in ingestible motility capsules 

(IMCs), the capsule will capture the low-magnitude contractile and intraluminal pressure 

patterns from multiple sites of the capsule stemming from the GI tract intestinal muscles, 

associated with the GI dysmotilities. 

The objective from a sensing module perspective was concentrated in identifying and 

developing a biocompatible thin film flexible sensor technology that is highly sensitive 

within the low-pressure regime (i.e. 0-25 kPa contact pressure), suitable to be integrated 

on the capsule surface with minimal volume and integration requirements, and capable of 

providing localised contact pressure measurements from multiple sites of the capsule.  

Hence in Chapter 2 the field of flexible pressure sensors is examined in depth and the 

wireless LC sensors based on inductive coupling with a microstructured intralayer are 

identified to hold a strong untapped potential within the context of capsule manometry. 

In Chapter 3, the proposed LC sensor’s operation and performance are thoroughly 

analysed both from an Electro-Magnetic (EM) and mechanical perspective using 

analytical models and numerical analysis.       

From a sensor manufacturing perspective, the objective was concentrated in 

investigating novel microfabrication processes, based on conventional silicon (Si)-based 
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lithographic techniques, for processing unconventional elastomeric materials as the 

sensor structural material, via a bottom-up microfabrication approach, that would enable 

large-scale manufacturing of thin-film wireless flexible sensors.  

The above body of work is presented in Chapter 4, while the characterisation of the 

developed flexible and wireless sensor arrays is consequently presented in Chapter 5, in 

conjunction to the proposed EM and mechanical model results of Chapter 3. 

From a sensor readout perspective, the objective was to investigate the optimal electronic 

system configuration for the selected sensor transduction module, within the motility 

capsule framework, and develop a complete custom-built readout system that can be 

integrated with the capsule and be capable of interrogating multiple sensors wirelessly 

with high operational frequency and precision. This objective is presented in Chapter 6. 

Finally from a motility capsule device perspective, the objective was focused in designing 

an optimal capsule package geometry with dimensions lying within the maximum 

tolerable dimensions for an ingestible capsule, that can enable integration of the flexible 

sensor arrays and the required readout components, and allow a multi-site pressure profile 

extraction of the GI tract’s motility.  

Furthermore, the overarching goal of this body of work, was to validate the functionality 

and performance of the proposed ingestible motility capsule device in both an in-vitro 

phantom gut environment, as well as in vivo in a live porcine environment. 

Hence the design and development of the novel motility capsule is presented in Chapter 

7, while the successful in vitro and in vivo validation and characterisation of the developed 

capsule device are presented in Chapter 8.   

Lastly, conclusions regarding this work and its novelty, as well as future prospects with 

regards to the developed sensor technology, readout system and IMC device are examined 

in Chapter 9. 
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Chapter 2:  

Literature review on flexible sensor technologies 

 

2.1.  Introduction 

Current state-of-the-art IMCs rely on off-the-shelf absolute pressure sensors imposing 

thereby severe limitations on the integration level of the capsules and their performance. 

A more judicious approach rests in incorporating a flexible and conformable pressure 

sensor module that can enable direct monitoring of the GI tract forces.  

Hence in this chapter the field of the flexible pressure sensors is thoroughly examined, 

spanning from piezoresistive, piezoelectric and triboelectric sensing to capacitive and 

resonant (LC) pressure sensors, in order to identify the optimal sensor technology that 

could fulfil the endoscopic capsule requirements in terms of pressure range, resolution, 

biocompatibility and integration to a capsule. 

 

2.2. Piezoresistive flexible pressure sensors  

Flexible piezoresistive pressure sensors consist of polymeric conductive composites that 

generate a change of electrical conductivity when subjected to stress or strain [1]. 

Piezoresistive polymeric composites are materials consisting of an insulating elastomer 

material, acting as the composite matrix, and highly conductive micro- or nano- particles 

that fill the space within the matrix [2]. Under this configuration, the resulting material 

exhibits a piezoresistive response while retaining a high degree of flexibility and 

conformability.  

Although most polymers are by nature electrical insulators, polymeric composites may 

instead exhibit a relatively high conductivity. This electrical phase change stems in most 

cases from the conductive pathways that these filler particles form due to direct physical 

contact of neighbouring particles. These pathways span the composite when their 

concentration exceeds a specific limit [3]. The above phenomenon is termed percolation 

and the concentration limit is defined as the percolation threshold [4].  
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Figure 2.1: Percolation phenomenon in polymeric conductive composites where φc denotes the 

percolation threshold and a,b,c,d the various states of conductivity of the composite over filler 

concertation [5]. 

The transition from an insulating to a conductive phase occurs generally abruptly, with 

the resistivity typically dropping exponentially (Fig.2.1). The point at which this 

phenomenon occurs depends predominantly on the nature of the conductive particles that 

populate the polymeric matrix. When carbon or metallic spheroidal nanoparticles are 

utilised, percolation occurs at rather high concentrations of 26% w/w [6]. For carbon 

nanotubes (CNTs) the required filler concertation is only a fraction of the previous value, 

typically within the range of 0.5%-2.5% w/w [7-10]. CNTs are therefore usually preferred 

for flexible applications as the combination of a soft elastomeric matrix and low filler 

content minimizes the unwanted mechanical reinforcement effects of the composite [11].    

The most common polymeric material utilised in these composites is 

Polydimethylsiloxane (PDMS), due its low Young’s modulus (1.7MPa), superior 

mechanical elasticity (withstands tensile strains over 100%), suitability for micro-

processing and soft lithography, biocompatibility, chemical inertness and low cost 

[12,13]. The use of this elastomer is indeed not limited to flexible piezoresistive sensors 

but also extends to other categories of flexible sensors, discussed in the next sections, 

primarily because it can serve as an excellent insulating and flexible substrate, protective 

layer and encapsulant.  

Examples of flexible sensors that rely on the piezoresistive phenomenon can be found in 

[14-17]. These sensors are developed by means of soft lithography which involves, in 
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most cases, pre-moulding a PDMS substrate with channels on which usually CNT-PDMS 

piezoresistive composites are cast and cured (Fig. 2.2). The use of the same elastomeric 

base for both the composite and substrate is chosen to enable a strong bond between the 

two components of the sensor and to provide the required conformability. 

 

Figure 2.2: CNT-PDMS structure response to strain (a),(b) and pressure (c) [14,15]. 

The piezoresistive response of these sensors can be used for both strain and pressure 

sensors. In the first case, when tensile strain is exerted the composite exhibits a decrease 

in conductivity, i.e. the composite experiences a positive piezoresistive response (PP) 

because the percolating pathways degrade as the average spacing between the adjacent 

conductive filler particles increases [18]. In the case of compressive deformation due to 

contact pressure, conductive filler-polymer composites can exhibit either a positive 

piezoresisitive (PP) or a negative piezoresistive (NP) response depending on the filler 

geometry and the polymeric matrix mechanical properties.  

In composites consisting of low aspect ratio particles (e.g. of a spheroidal geometry) 

compression leads primarily to the formation of new conductive pathways, due to the 

high percolating threshold, resulting in a NP response. However, in the case of composites 

consisting of high aspect ratio particles, such as CNTs, and an elastomeric matrix with a 

Poisson ratio with a value of  ≥ 0.3, such as PDMS ( ≈0.5), compressive deformation 

is expressed as a PP response [7,15]. This behaviour stems from the internal properties 

and geometry of CNT bundles, which experience bending that deteriorates their intrinsic 

electronic properties, but more importantly from the average junction gap variation 

between adjacent filler particles, since electrical conduction essentially rests on quantum 

tunnelling, that is dominated by the Poisson ratio of the elastomeric constituent of the 

composite. The observed PP response is the result of the complex relationship of junctions 

expanding and contracting, in combination with the interference of CNTs and the polymer 

chains which in turn serve as an obstacle to the junction gap change, with the latter 

phenomenon becoming the dominant one. 
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A unique example of conductive composite that exhibits a large NP response to 

deformation is the Quantum Tunnelling Composite (QTC) that was developed initially 

exclusively by Peratech [19,20] and most recently in a similar composite formulation 

reported in [21]. The composite in this case is developed by dispersing nickel particles, 

with a nanospike surface morphology, in a silicone-based polymeric matrix via a low 

energy dispersion method which enables the complete encapsulation of the filler particles 

by the elastomeric matrix and leads to an electrically insulating response during 

equilibrium, even at filler loadings as high as 25% by volume. As a result, the composite 

acts as a perfect insulator under ambient conditions but exhibits a large increase in 

conductivity (by over 7 orders of magnitude) when subjected to either tensile strains or 

compressive loads. The effect responsible for this response is the increased probability 

for Nordheim- Fowler quantum tunnelling between spikes of adjacent nickel particles as 

their internal distance becomes smaller when the composite is deformed [19,21].  

However, despite the fact that piezoresistive composites display a distinct response to 

pressure and are of a flexible nature, their response to pressure and/or resolution lays 

usually outside the desired performance in the low-pressure regime required in Table 1.1 

(≤0.1 kPa resolution; 0-25 kPa operating range).  

In the case for example of CNT-based piezoresistive pressure sensors, the operating range 

and their respective sensitivity is typically found above the MPa threshold [15,16,22], and 

a variety of complex structural reconfigurations have been employed to enable 

functionality in a lower operating range. These include methods such as: microstructuring 

of the composite surface with pyramidic or pillar morphology and placing two such films 

in an interlocked configuration, as reported in [23,24] (operating range <1 kPa for both 

cases); the embedding of CNT films on a PDMS diaphragm [25,26] (with 0-10 kPa 

operating range and a resolution of ≥1 kPa), or CNT fillers in a bilayer pillar PDMS [27].  

In prior work, methods to increase the effective compressive effect experienced by the 

piezoresistive pressure sensors, based on Multi-Walled (MW) CNT-PDMS and QTC 

composites, were explored via the use of structured electrodes of variable truncated 

pyramids encompassing the composite [28]. An increase of pressure resolution from 250 

kPa to 50 kPa in the range of 250-1100 kPa for CNT-based sensors was achieved. 

Similarly QTC-based sensors showed an improvement in pressure resolution from 50 kPa 

to 10 kPa in a lower and narrower operating range of 50-200 kPa. A number of typical 
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piezoresistive sensors and their respective performance can be seen in the following Figs. 

2.3a to 2.3e. 

 
Figure 2.3: Examples of piezoresistive pressure sensors and their performance [21] [28-31] with: (a) 

a CNT-based composite sensor with a 4-element array for detection of normal and shear forces 
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utilising a rigid SU-8 force delivery bump; (b) a sensor with microstructured electrodes enabling 

enhancement of the response of MWCNT and QTC-based composites; (c) sensor based on a 

piezoresistive reduced graphene oxide (RGOF) foam; (d) sensor with multi-element arrays utilising 

Nickel powder-based PDMS conductive elastomer as the piezoresistive element and parallel rows of 

AgNWs/PDMS composite strips as interconnections;(e) Performance of a QTC-based nanocomposite 

to compression. 

A wealth of flexible piezoresistive sensors that make use of a diverse range of composites 

(e.g. based on graphene) and/or with complex structural configurations have been 

reported over the last years. Yet, their performance is restricted on a contact pressure 

range that either lies closer to the MPa threshold (i.e. >100 kPa to 5 MPa operating 

regime) [17,21,29,30,32,33] or below the kPa threshold with questionable reliability in 

most cases [31,34-36].  

Overall, the response of piezoresistive composites is typically characterised by a high 

degree of non-linearity, while drift, creep and hysteresis effects are also present, due to 

the viscoelasticity of the elastomeric matrix and the trapped charge within the elastomer 

which is expressed as an electrically history-dependant behaviour. Developing such 

composites poses also a significant challenge as the conductive nanoparticles tend to form 

large aggregates and agglomerates due to Van der Waals forces. For example, in order to 

achieve a uniform distribution of the CNT filler particles within the elastomeric matrix 

and facilitate an isotropic composite conductivity, strong volatile solvents (toluene, 

chloroform, dimethylformamide or terahydrofuran) [37,38] and high energy dispersion 

methods such as ultra-sonication [39,40] are required. In combination with the high cost 

of carbon nanotubes of well-defined size or other nanoparticles, the production cost of 

such devices is substantially increased and their biocompatibility may be compromised. 

 

2.3.   Piezoelectric flexible pressure sensors 

Materials that generate an electrical current when subjected to deformation are defined as 

piezoelectric materials. In most cases this effect is utilised to develop devices that act as 

nanogenerators, which harvest the mechanical energy from their surroundings [41]. 

However, a few flexible piezoelectric pressure sensors have also been developed over the 

past few years [42-45] and have the main advantage of not requiring a power source to 

operate. 

Such devices usually employ Zinc oxide (ZnO) nanorods hydrothermally grown on a ZnO 

seed layer when exposed to solutions of Zinc acetate and Hexamethyltermianate in 

combination with low-temperature heating (<100oC) [46,47]. A complex surface 



25 
 

treatment to the ZnO seed layer must be carried out beforehand in order to obtain a 

polycrystalline layer with preferential orientation along the z-axis for the nanorods to be 

grown. This specific nano-structure provides an increased sensitivity compared to 

uniform ZnO layers to lower compressive loads and improved piezoelectric properties 

[48]. 

A good example of a sensor utilising this material can be found in [44]. The flexible 

sensor has a size of 500x500 μm2 and consists of an array of ZnO nanorods embedded in 

polyimide, as shown in Fig. 2.4. The charge response is collected via a set of Au/Ti 

electrodes deposited on the bottom and top polyimide layers and then amplified to 

generate a measurable signal. 

 

Figure 2.4: Structure of sensor and response to pressure [44]. 

 

The device exhibits however a rather limited pressure sensitivity in the range of 10-200 

kPa and displays a non-linear and unstable response in pressures below 20 kPa, as seen 

in Fig. 2.4. Moreover, the requirements for an amplifier and a circuit configuration that 

can cancel out the high noise that dominates the generated small signal further hinder 

their practical value. 

A similar device, presented in Fig. 2.5, was also reported in [49] which also serves as a 

solar cell harvester. In this case, the ZnO nanorod structure is embedded in an organic 

solar cell (P3HT:PCBM) that rests on a flexible substrate made of polyethersulfone 

coated with a thin indium tin oxide film. When the structure is illuminated a positive DC 

signal is generated by the solar cell. When a force is applied the light is blocked and an 

AC piezoelectric pulse is generated by the ZnO nanorods. Regarding the latter, the 

positive part of the AC pulse appears as soon as the force is applied and the negative part 
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when the force is completely removed and is caused by the change of polarity of the ZnO 

layer.  

 

Figure 2.5: Sensor structure and response to touch [49]. 

 

Despite the unique double functionality of the structure, the device can only be employed 

reliably as a touch sensor, as it is only able to distinguish between two events defined as 

a weak touch (P<196 kPa) and a strong touch (196 kPa< P < 490 kPa). The device is not 

a good pressure sensor as the ZnO piezoelectric layer again does not provide a reliable 

response to repeated compression, especially in the low-pressure regime.  

More recently, other similar piezoelectric touch sensors have been reported in [50-52], as 

well as a sensor consisting of piezoelectric PbTiO3 nanowires atop a graphene layer 

deposited on a polyimide substrate [53] with an improved performance within the same 

pressure regime. 

 

2.4.  Triboelectric flexible pressure sensors 

Triboelectric generators offer an attractive alternative to piezoelectric generators. In this 

case charge generation is induced by two insulating materials that are placed into contact 

and then separated, resulting in one material becoming negatively charged and the other 

positively charged [54]. Three stages can be distinguished: (1) initial charge generation; 

(2) charge separation; (3) charge flow that is subsequently collected. A good example of 

such a sensor, shown in Fig. 2.6, can be found in [55] which uses a biodegradable PHB 

film (poly[R]-hydroxybutyric acid) embedded between an indium oxide (ITO) electrode 

and a PET (poly(ethylene terephtate)) sheet. When the structure is subjected to 

compression the two polymeric layers come into contact inducing triboelectrical charges 

due to the nanometre-scale roughness of the surface of the materials. As soon as the 

compressive force is completely released the appearance of an air gap in between the two 

layers induces a charge separation of the two layers. This leads to a current flow due to 
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the potential difference amongst the two electrodes. The device demonstrates a response 

that is a function of the applied pressure, with a detectable generated signal only as low 

as 1 kPa, and a peak power density of 0.01 mW/m2. Performance under pressure cycling 

was not reported. 

 

Figure 2.6: (a) photo of the biodegradable PHB-based triboelectric sensor and schematic of its 

operation principle; (b) sensor’s response to low pressure stimuli [55]. 

 

To best of the author’s knowledge, the work presented in [56] demonstrates a self-

powered triboelectric pressure sensor with the best performance within the low contact 

pressure regime (Fig. 2.7). In this case the structure consists of a PET layer encapsulated 

between two transparent ITO electrodes and a layer of fluorinated ethylene propylene 

(FEP) atop the latter. FEP was chosen because fluorine, its largest constituent, 

demonstrates the highest electronegativity of all elements and thus the material displays 

a remarkable triboelectric response. The FEP, acting as the electrification layer, is 

structured with 1.5 μm thick and nm in diameter aligned polymeric nanowires, developed 

via surface modification that involves dry plasma etching. When an object comes into 

contact with the structure the FEP layer gains a negative charge which is balanced by the 

positive charge accumulated at the contact surface of the object; a stage defined as the 

contact state. When the object is completely separated from the structure (separation 

state), the accumulated negative charge on the FEP surface induces a net electric field 
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between the electrodes, which in turn, generates a charge flow because the top electrode 

is closer to the negative triboelectric charge and thus displays a lower electric potential 

compared to its counterpart. 

 

Figure 2.7: (a) structure of the FEP-based triboelectric sensor and (b) response to low pressure 

stimuli [56]. 

The sensor exhibits two distinct operation regimes with regards to pressure sensitivity. 

The first regime lies on ultra-low pressures P<0.15 kPa, where the sensor exhibits a highly 

linear response with an exceptional sensitivity of as low as 1 Pa (44 mV/Pa). This 

response is facilitated by the high-aspect ratio polymeric nanowires on the FEP surface, 

which bend and conform to the contacting object surface, resulting in the increase of the 

actual contact area when ultra-low forces are applied. The second region lies between the 

pressure range of 2 kPa < P < 10 kPa, where the response of the sensor is again linear but 

with a significantly lower sensitivity (0.5 mV/Pa). At this stage the response is dominated 

by the deformation of the bulk FEP. Beyond pressures of 10 kPa the response saturates, 

while in the region in between 0.15 kPa< P < 2 kPa the response of the sensor is 

characterised by a highly non-linear response with a decreasing sensitivity. The sensor in 

exhibits also an extremely high stability to repetitive compressions with only 1% 

fluctuation in signal after 105 cycles. 
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The output voltage response to pressure of the sensor is a function of the FEP layer size 

and therefore the sensor size. Therefore, although the sensor is scalable, the sensor 

sensitivity drops quadratically when the sensor area is reduced from 5x5 cm2 to 1x1 cm2 

and drops even more when the sensor is further scaled down. In this case, edge effects 

start to become dominant leading to a non-uniform electric field distribution between the 

electrodes that also significantly degrade the sensor sensitivity. 

Other more recent examples of such triboelectric devices with similar performance and 

in a multi-pixel configuration include a sensor consisting of a film structure of ITO/PET 

electrodes encapsulating a PDMS diaphragm with a micropyramidic surface morphology 

[57] and a sensor consisting, similarly to the previous case, of a film of functionalised-

FEP/PDMS/PET/ITO stack [58]. 

In summary, a pressure sensor based either on the piezoelectric or triboelectric principle 

represents an attractive choice, especially with regards to integration in a capsule package 

and limited power resources. However, the state-of-the-art devices still present limitations 

for a practical implementation. In the case of the piezoelectric pressure sensors, the 

operating range lies above the required pressure regime and is marred by reliability issues 

and low-pressure sensitivity.  

In the case of triboelectric sensors, although a sensor has been developed with a response 

closer to the desired pressure regime 0-25 kPa and resolution 0.1 kPa, the limiting factor 

is the fact that a signal is generated when the object that exerts the compressive loads has 

been completely separated from the sensor structure. This property, by definition, 

excludes the measurement of dynamic conditions within the GI tract whereby the capsule 

experiences continuous compressive forces of both small and relatively large amplitude, 

not always decoupled. Therefore, significant contractile information would be lost. 

 

2.5. Capacitive flexible pressure sensors  

Flexible capacitive pressure sensors stand out as the most common sensors used for 

pressure monitoring, as they tend to exhibit a higher sensitivity to low contact pressures, 

good direct current (DC) response and a more stable operation [59] compared to the 

previous choices, despite the fact that their response is typically non-linear.   

The principle of operation is based on the simple parallel plate capacitor configuration. 

When a compressive load is exerted onto the sensor, the dielectric medium between the 
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capacitor plates lessens in thickness, which consequently leads to an increase of the sensor 

capacitance according to the equation (2.1):  

 
𝐶 = 휀𝑟휀0

𝛢

𝑑
 (2.1) 

Where εr is the relative electrical permittivity of the medium, ε0 is the electrical 

permittivity of vacuum, A the area size of the plates and d and the distance between them.    

 

2.5.1. Capacitive pressure sensors with a uniform dielectric layer 

Typical examples include a pressure sensor where the top electrode is placed on a thin 

PDMS diaphragm by forming an air cavity between the plates [60] and a sensor that 

utilises a polybutyrate layer as the dielectric medium, encapsulated in between two high-

modulus elastomers, where the electrodes are of a liquid nature (eutectic indium gallium) 

[61]. These devices are presented in Fig. 2.8, along with their respective response and 

performance.  

Although such sensors are simple in terms of configuration, their performance is rather 

limited and unreliable. In the first example, the operation range of the device lays within 

the 0.6-7.5 kPa with a resolution of approximately 0.6 kPa, while the polybutyrate-based 

sensor its response is within the 2.5-25 kPa but with a much worse performance in terms 

of pressure cycling, primarily due to the use of liquid eGaIn as the electrodes of the sensor. 
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Figure 2.8: Top, sensor based on all-PDMS membrane-based sensor and response to pressure; 

Bottom, sensor with uniform polybutyrate layer as the compressible dielectric medium and response 

to pressure [60,61].  

 

Array configuration of the above sensors provides the potential for detecting shear forces 

as well as compressive loads. In the former case, this is achieved by utilising a common 

bump top layer, which under shear forces compresses in a different way, the underlying 

4 sensors of the sensor matrix. In the latter case, a common top electrode is employed 

over 4 bottom electrodes which increases and decreases respectively the effective 

capacitor area of each of the 4 sensors of the overall sensor matrix. In both cases, the 

shear force exerted to the structure can be extracted by analysing the response of each 

element of the sensor matrix.  

Designing a sensor based on the capacitive effect and on flexible substrates gives also the 

possibility of developing a sensor matrix by simple overlapping electrode strips 

perpendicularly oriented to each other. A good example is a PDMS-based sensor matrix, 

shown in Fig. 2.9, also utilises CNTs as the electrodes [62]. In this case however, despite 

the high linearity of the sensor response, the operating regime and performance is rather 

limited within the 50-900 kPa region.   



32 
 

 

Figure 2.9: CNT-PDMS based pressure sensor structure, operation of matrix and response to 

pressure [62]. 

 

The majority of the reported flexible capacitive pressure sensors display an operating 

pressure regime and resolution outside the required specifications pursued in this work. 

[63-65]. However, a number of flexible pressure sensors have recently been developed 

with improved performance.  

In [66] a cost-effective pressure sensor has been demonstrated, with a configuration and 

operation similar to the polybutyrate-based sensor (Fig. 2.10). The sensor consists of 4 

bottom and 1 common top laser cut conductive-textile electrodes attached via scotch tape 

on thick PDMS layers. A 70 μm thick floating fluorosilicone layer is positioned between 

the conductive electrodes. Due to the low adhesion properties of the fluorosilicone layer 

an air gap of 150 μm is naturally formed, which acts as a secondary dielectric medium. 

The sensor displays a non-linear response within the pressure regime of 0-200 kPa, which 

can be broken down to a total of 9 sections of close-to-linear response, with decreasing 

sensitivity from section to section ranging from 0.91 kPa-1 to 0.20 kPa-1 in the pressure 

regime of 0-10kPa and 0.1 kPa-1 to 0.012 kPa-1 for higher pressures. The performance of 

the sensor is attributed to the rapid decrease for lower pressures of the air gap volume of 

the areas of the top textile electrode. In these areas which display a high effective 

permittivity, the 2 threads form the woven structure for lower pressures. Higher pressures, 

induce a deformation of the fluorosilicone layer. In addition, due to the electrode 

structure, the sensor is capable of also resolving shear forces greater than 0.4N following 

a similar scheme as that of the polybutyrate-based sensor previously described. 
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Figure 2.10: Sensor structure and response to low pressure stimuli [66].  

 

2.5.2. Capacitive pressure sensors with a microstructured dielectric layer 

A more judicious approach in attaining an improved performance in the low contact 

pressure regime, rests in microstructuring the elastomeric dielectric medium of the sensor. 

This strategy has found high use in recent years as it enables exceptional sensitivity, fast 

response time compared to uniform polymeric films, and high stability over repetitive 

compressive loadings. A first approach is to consider the sensors that rely on the air gap 

approach of the deformable diaphragm, such as the one described previously [60], which 

suffers however from poor sensitivity in the low-pressure regime [67]. 

The microstructuring approach instead involves a functionalisation of the surface 

morphology of the elastomer with a micro-scaled pyramidic or pillar geometry [68-76] 

or a microstructured parallel-row geometry [76-79]. This is accomplished typically 

through soft lithographing moulding techniques, via the use of a master mould featuring 

the negative image of the desired geometry, usually of a rigid nature (e.g. a pre-etched 

silicon wafer mould). The sensor is then assembled layer-by-layer via lamination or 

manual bonding of the microstructured layer with the rest of the layers of the sensor. A 

more in-depth analysis on the various microfabrication processes for developing this type 

of structuring is discussed in Chapter 4.  

One of the first reported uses of sensors employing such a microstructured dielectric 

medium can be found in [75], which was further improved in [80], where, in both cases, 

an organic thin-film transistor pressure sensor was developed, as shown in Fig. 2.11. The 

device has a rather complicated structure consisting of a conjugated semiconducting 
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polymer (PiI2T-Si) positioned on a BSB-coated polyimide with deposited gold electrodes 

that serve the role of the source and drain of the transistor. An ITO-coated PET layer 

acting as the gate dielectric of the transistor is laminated on top of the sensor. The 

microstructured PDMS layers are bonded via lamination. The sensor operating principle 

takes advantage of the super-linear dependency of the source-drain current to the 

pressure-induced capacitive change when the transistor is operated at the subthreshold 

regime. This operation is facilitated by applying a very high source-drain voltage of 200V, 

in order to achieve the required compromise between a low intrinsic capacitance of the 

structured PDMS layer and the non-zero charge trap density of the conjugated 

semiconductor polymer where the charge flow primarily occurs.  

 

Figure 2.11: Flexible organic transistor pressure sensor structure and response to pressure [80].  

 

The sensor exhibits an exceptional sensitivity to pressure, attributed to the 

microstructured PDMS layer and the enhanced capacitance change provided under low 

compressive loads. The variation of the source-drain current can be broken down into two 

linear sections: 0-8 kPa with a sensitivity of 8.2 kPa-1 and 10-60 kPa with a sensitivity of 

0.38 kPa-1. In addition, the sensor exhibits an extremely stable operation when 

compressed repeatedly (>15,000 cycles) and a very quick response with < 10 ms required 

to return to the initial state following load removal. The former is attributed to the 

microstructured PDMS layer which allows a spring response of the structured elements 

when the compressive force is released. This is to be contrasted with the creep behaviour 

of unstructured PDMS or other similar elastomeric films that stems from the viscoelastic 

nature of polymers [69,75]. 

The fast response and excellent sensitivity to low pressures, that microstructured 

dielectric layers provide have been utilised in a number of works to develop simple 

flexible parallel-plate capacitive pressure sensors as shown in Fig 2.12. This strategy has 

also found use in sensors relying on other transduction mechanisms such as for 

piezoresistive [23,24], piezoelectric [81] or even triboelectric effects [57]. 
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Figure 2.12: Examples of capacitive pressure sensors and their respective performance based on the 

microstructured elastomer concept [68,69,72,74]. (A) Investigation on the effect of spacing and 

geometry of the microstructured features on the sensor’s response and effective Young’s modulus of 

the microstructured film; (B) Capacitive sensor utilizing microstructured PDMS blends with tunable 

Young’s modulus demonstrating a tunable sensitivity; (C) Thin film capacitive pressure sensor with 

a directly deposited thin-film top plate metal layer laminated on a copper-coated polyimide film; (D)  

A capacitive multi-sensor matrix utilizing overlapping biodegradable electrode strips and 

investigation on the response time of structured and unstructured films to dynamic compression. 

An additional advantage of the capacitive pressure sensors based on this design is the fact 

that the response of the microstructured PDMS layer, and thus the sensitivity of the 

sensor, can be easily tuned to fit the specific requirements of each application. The 

influences of the spacing of the protrusions, their structure (pillar or pyramidic) on the 

pressure sensitivity, high response in the low-pressure regime, and mechanical properties 

of the dielectric medium have been investigated [68,72]. In addition, by utilizing PDMS 
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blends that can be tuned for a lower Young’s modulus than the intrinsic PDMS, an 

increase in sensitivity was also observed and the potential for further tuning the sensor’s 

performance was validated. In Chapter 3 the mechanical characteristics of such 

microstructured layers are examined in more depth. 

A capacitive sensor utilizing a structured elastomer as its dielectric medium can indeed 

provide a measurable response within the desired pressure regime (0-25 kPa, resolution 

≤0.1 kPa). However purely capacitive pressure sensors intrinsically possess a number of 

drawbacks that adversely limit their practical value. Low compressive loads are expressed 

as capacitance variations in the femtofarad regime, which can lead to a low signal to noise 

ratio (SNR) as the sensor area size is scaled down. This can be more easily understood if 

one examines more closely the response of such a sensor to contact pressure. The 

mechanical deformation under compression of the intermediate dielectric medium defines 

the pressure sensitivity of such a pressure sensor, so that: 

𝛥𝐶 = 𝐶 − 𝐶0 = 휀 ∙ 𝐴
𝛥𝑑

𝑑 ∙ (𝑑 − 𝛥𝑑)
 (2.2) 

Where C0 is the initial capacitance value of the sensor, ΔC is the change of capacitance 

under compression, A is the surface area of the overlapping plates, ε is the permittivity of 

the dielectric medium, d is the initial overall thickness of the medium and Δd is the 

amount of compression in terms of thickness reduction. Assuming, for the sake of 

simplicity, a linear elastic deformation of the dielectric medium of a Young’s modulus E: 

𝑃 =
𝛥𝑑

𝑑
𝐸 (2.3) 

In the case of a small deformation Δd << d, the following expression can be derived:  

𝛥𝐶 ≈ 𝐶0 ∙
𝛥𝑑

𝑑
= 𝐶0 ∙

𝑃

𝛦
 (2.4) 

Hence the pressure resolution ΔC of a capacitive pressure sensor and the resulting 

detectable signal output depend upon the mechanical properties of the intermediate 

dielectric layer, through the Young’s modulus of the dielectric medium, the exerted stress, 

and the dimensions of the sensor (through C0). Therefore, the linear dependency of ΔC to 

the sensor size and the requirement for small-sized capacitive devices impose a significant 

challenge in acquiring distinguishable capacitive signal variations to low contact pressure 

loads. This analysis does not even consider the increasingly important role of fringing 
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field effects as the devices is scaled down. To resolve such low amplitude signals a 

readout instrument with a very high resolution capable of differentiating signals of 1 fF 

or less is required. Furthermore, this becomes even harder to achieve when one considers 

the parasitic capacitances that the required interconnections for power supply and 

measurement introduce to the readout, which become increasingly dominant as the sensor 

size is scaled down. In prior work [68], this was found to have a very strong influence on 

the measurements and therefore an elaborate shielding strategy and calibration process is 

usually required to balance this out [66,82,83]. These drawbacks strongly impede the 

integration of a purely capacitive pressure sensor array on the outer shell of a capsule, as 

pursued within the context of this work.   

 

2.6. LC wireless flexible pressure sensors 

2.6.1. Introduction  

Inductor-capacitor (LC) passive wireless sensors can be viewed as a natural extension of 

the capacitive sensors. In principle, a capacitive element can be coupled with an inductive 

element to form a wireless near-field LC sensing platform. A variable capacitive element 

Cs, which, for example, depends on compressive loads and therefore on the contact 

pressure P, when coupled to an inductive element Ls, will form a simple RLC circuit 

where the resistive contribution to the circuit stems from the self-resistance of the L-C 

constituents of the circuit. Under this configuration the sensor structure holds a unique 

resonant frequency that is modulated by contact pressure and can be expressed as follows: 

 
𝑓𝑠(𝑃) =

1

2𝜋 ∙ √𝐿𝑠 ∙ 𝐶𝑠(𝑃)
 

(2.5) 

The resonant frequency of an LC sensor can be extracted remotely via the use of an 

external readout inductor antenna. The sensor and readout antenna form collectively a 

transformer circuit with loose inductive coupling between the external coil and the 

inductive element of the sensor. The sensor is “seen” as an additional impedance load by 

the readout circuit as shown in Fig. 2.13. The readout distance is restricted to small 

distances, ranging from millimetre to centimetre distances depending on the size of the 

sensor, due to the near-field nature of inductive coupling. A detailed analysis of all aspects 

regarding the LC sensor operation principles and the wireless readout is presented in 

Chapter 3 and further explored experimentally in Chapter 5.  
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Figure 2.13: Operation principle of LC sensors 

The LC sensor is a completely wireless and passive sensor that does not require direct 

power nor any interconnections to the readout system in order to operate. This property 

is highly useful many applications where indirect power supply, non-invasive operation, 

cost-effectiveness and low volume requirements are needed. 

 

Figure 2.14: First reported use of a resonant type structure for pressure measurements [84]. 

The first reported device based on this concept, found in Fig. 2.14, traced in the work by 

Collins in 1967 [84]. The sensor consisted of 2 interconnected spiral inductors in close 

proximity and hermetically sealed within a rigid plastic bubble tonometer. The 

overlapping spirals of the two inductors induce the required inductive and capacitive (LC) 

sensor coupling, while the response of the sensor was acquired wirelessly by capturing 

the magnitude of the reflection coefficient of the system from a readout antenna placed 

in close proximity to the sensor. Despite the crude fabrication process (hand-spun 

inductors), large thickness, inflexibility of the material encapsulating the structure, and 

relatively low pressure resolution (>1.3 kPa), the proposed sensor successfully displayed 

the potential that LC pressure sensing holds for wireless monitoring of low pressure 

contact pressure and implementation in implantable medical device applications.  

This seminal work fell into obscurity until the early 90’s with the advent of the MEMS 

technology that enabled the manufacturing via standard photolithographic processes of 
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similar LC-based sensors on silicon for intraocular pressure (IOP) applications [85,86]. 

Since then the field has evolved significantly, and many MEMs LC sensors have been 

reported the past years for a large number of applications. Pressure sensing based on LC 

sensing has been utilised predominately for IOP monitoring applications [84-92], 

permanent medical implants for intracranial [93], the aneurism sac [94], transcutaneous 

monitoring [95], in vivo blood pressure monitoring or bone healing [96-98] and bladder 

pressure monitoring [99].  

For applications in harsh industrial environments, LC pressure sensors have been 

manufactured via the use of conventional ceramics [100] and more recently via Low-

Temperature-Cofired-Ceramics (LTCC) [101,102]. The latter can be used to monitor 

pressure remotely in high temperature sealed environments such as turbine engines and 

compressors; the potential of this approach has also been explored by NASA for their 

aerospace vehicles [103]. 

Other sensing modalities, such as strain sensing [104-106] for automobile tyres and 

rotating shaft performance monitoring, or temperature sensing [107-109] for monitoring 

the damage on bearing structures have also been implemented by monitoring the change 

of inductance Ls or the quality factor of the sensor via the resistive contribution Rs. Other 

uses of the LC sensing principle include humidity sensing for monitoring the water 

content and salt distribution [110-112] which can find use in agriculture or for assessing 

the quality and hermeticity of packaged food [113], biochemical sensing for monitoring 

bacteria growth [114], pH sensing [115-118], and chemical sensing [119,120].  

 

2.6.2. State-of-the-art flexible LC pressure sensors 

Despite the high growth of the LC sensing field the past years, implementation of this 

transduction principle in a flexible format for pressure sensing has been much more 

limited, due to the technical difficulties in processing flexible elastomeric substrates and 

assembling an LC sensor structure.  

The first implementation of the LC principle in a flexible format was demonstrated in 

2006 [88] [121], where a wireless LC pressure sensor based only on commercial copper 

coated-polyimide/acrylic sheets (KaptonTM) was developed. Other substrates for the 

sensor, based on PTFE (polytetrafluoroethylene), Liquid Crystal Polymer 

(LCP)/expanded-PTFE, PTFE/FEP (Fluorinated Ethylene Propylene copolymer) and 
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PTFE/FEP/Ceramic, were also tested. The sensor essentially consists of two such layers 

with a planar 12-turn spiral inductor (60 μm width and 80 μm spacing) interconnected to 

a central electrode that forms part of the variable capacitor encapsulating a blank 

polyimide layer with a laser-cut cavity in the middle that acts as a spacer and a diaphragm. 

Development of the tracks to the desired configuration was based on conventional 

photolithography and wet chemical etching. Assembly of the sensors was achieved 

manually via lamination and registration pins, with the assistance of an acrylic adhesive, 

heat (200oC) and high pressure (2.4 MPa).  

 

Figure 2.15: Sensor structure and response to pressure [121]. 

The sensor structure, shown in Figure 2.15, is essentially a distributed LC resonant circuit 

formed of two spiral inductors that are capacitively and inductively coupled. The cavity 

in the inner polyimide layer serves the role of the air gap on which the top and bottom 

floating electrodes of the two aligned spiral inductors come close together under 

compression. This leads to an increase of the effective capacitance of the sensor and thus 

a corresponding decrease of its resonant frequency that is acquired wirelessly. Although 

the above constitutes a simple process to develop a cost-effective resonant pressure 

sensor, the PI-based sensor has a rather limited response with an operating range between 

80-140 kPa and a resolution of approximately 2.2 kPa.  

A similar pressure sensor was reported in [96]. In this case shown in Fig. 2.16, the sensor 

structure utilises a single inductor which is interconnected to a floating capacitor plate 

situated one layer above and aligned to a secondary plate that is connected to the other 

end of the inductor. Similarly, the response of the sensor was wirelessly captured via the 
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use of an impedance analyser lab equipment. A cavity exists in between the two plates 

that form the effective capacitor of the LC sensor, with the top layer again acting as a 

diaphragm that deforms under compressive loads and shifts the resonant frequency to 

smaller values. 

 

Figure 2.16: Sensor structure and response to pressure [96].  

The pressure sensor is manufactured via a folding technique utilising a number of spacers 

and a multi-layer lamination process. In addition, both the polymer (poly(L-lactide)), that 

completely encapsulates the structure, and the deposited metal (Zn/Fe), that forms the 

circuit, are of a biodegradable nature for use in chronic implantable applications, such as 

in vivo blood pressure monitoring or bone healing. The operation regime lies within the 

desired low pressure regime but is marred by a resolution limited to approximately 2.5 

kPa.  

Another interesting example can be found in [90], which shares a similar structure to the 

aforementioned. The sensor is designed to serve as an implant-based IOP sensor for 

monitoring patients suffering from glaucoma as shown in Fig. 2.17. The Si-based sensor 

is developed via standard photolithographic processes, and consists of a single Ti/Au 

inductor and a suspending parallel plate cavity structure on the centre. The sensor 

structure is completely encapsulated in parylene, while the rigid silicon pressure chamber 
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is retained on the back of the structure. The latter is utilised as a means to reduce the size 

of the sensor from 4 mm to 1.5mm in diameter, by folding the inductor around it in order 

to facilitate an easier implementation to the specific site of interest on the eye and serve 

as a barrier to water vapour and gas permeation in between the cavity and the external 

environment of the device. 

 

Figure 2.17: Sensor structure, in vivo testing and response to pressure [90].  

The sensor exhibits an excellent resolution of approximately 0.133 kPa within the 

pressure regime of 0-13 kPa, which can be attributed primarily to the small air gap in the 

diaphragm. The response of the sensor is highly linear in the low-pressure regime, a 

common characteristic amongst this type of sensors. Moreover, it displays the potential 

as a passive resonant pressure sensor. After implementation on the eye, the readout system 

was envisaged to be integrated as an autonomous system on a set of glasses, necessitating 

thereby a continuous, wireless monitoring of the intraocular pressure. Other similar 

sensors for use in IOP applications, but with worse performance, can be found in [91] 

[92].  

All the aforementioned resonant pressure sensors display a very limited reading distance 

of less than 30 mm, which is attributed to the near-field magnetic coupling effect of 

readout antenna to sensor. This, as will be shown in the next chapter, is both a function 

of the sensor structure and material properties as well its size - the smaller the size of the 

sensor, the smaller the reading distance - and orientation with regards to the reader 

antenna. To the best of the author’s knowledge, to this date only one pressure sensor 

system has effectively overcome this issue [99]. The sensor displays a hybrid combination 

of a self-powered and self-resonating system with long range signal transmission 

capabilities, developed to monitor the pressure within the bladder as shown in Fig. 2.18. 



43 
 

The sensor essentially consists of 3 components: an acoustic piezoelectric transducer, a 

rectifier circuit and an LC pressure-sensitive radiating circuit. All of these components 

are encased in a glass tube with a size of 40 mm by 8 mm.  

 

Figure 2.18: (a) The sensors two stages of operation; (b) sensor structure and operation principle; (c) 

wireless measurements of pressure in bladder; (d) sensor components; (f) sensor response to pressure 

[99]. 

The operation of the system starts via a speaker outside the body that transmits audible 

acoustic waves (music) which penetrate the body tissue since, at low frequencies, the 

tissue loss is minimal. These acoustic vibrations excite the piezoelectric cantilever which 

in turn vibrates and produces an AC current which is rectified to a DC current by the 

diode bridge configuration. This function occurs when the acoustic power is above the 

deflection threshold of the cantilever, over which it starts resonating at its natural 

frequency. The DC signal is then fed to the capacitor component, charging it as a 

consequence. The aforementioned stage is defined as the mechanical charge phase. In the 

next stage called the radiating phase, the speaker is turned off which stops the cantilever 

from resonating. In turn the capacitor starts to discharge forcing the inductive component 

to resonate at the resonant frequency of the LC circuit. A single-loop inductor is utilised 

as the inductive component, which acts concurrently as a transmitter antenna. On top of 

the inductor, a PDMS membrane stands which contains an embedded ferrite core at its 

centre that deflects under compressive loads. As the ferrite core comes closer to the 

inductor its inductance increases due to the higher magnetic permeability of the ferrite 

core. This in turns modulates the resonant frequency of the radiated signal by the single-
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loop inductor. Finally, this signal is captured by a similar single loop antenna outside the 

body and extracted via an oscilloscope. 

The pressure sensor component of the system is significantly larger and thicker compared 

other sensors and is marred by a relatively low resolution of approximately 0.5 kPa. Its 

operation is limited in the pressure range of 0-3.2 kPa. The large size of such a device, 40 

mm by 8 mm, makes such a sensor unfit for integration within a capsule despite the long 

range interrogation capabilities.  

Finally, in [93], a scalable PI-based LC sensor, shown in Fig. 2.19, combines 2 floating 

inductively and capacitively coupled squared inductors to form the resonant circuit, as in  

[87,121,122], and the microstructured pyramidic thin film polymer geometry of the 

capacitive pressure sensor, detailed in the previous section. Due to the addition of the 

microstructured layer in between the inductive layers, the need for a diaphragm air-gap 

configuration is alleviated, which enables the size of the sensor to be as small as 1x1x0.1 

mm3. More importantly, the microstructured geometry of the deformable layer ensures an 

excellent performance in the low pressure regime, 0-66 kPa, with a resolution lower than 

0.133 kPa (-2.777 MHz/133 Pa sensitivity) with high linearity and low response time. 

 

Figure 2.19: (a) Sensor structure and (b) size, (c) in vivo testing and response to pressure of same 

structure with inductor metal trace and pitch of (d) 50 μm and (e) 25 μm [93]. 

The thermoplastic elastomer SBS (D1102, Kraton) material was used for the 

microstructured film and was developed similarly via a master mould soft lithography 

technique. Development of the inductor layer was performed via standard 

photolithographic or wax printing stencil processes and wet-etching of Cu-coated-PI 
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commercial KaptonTM films. Assembly of the sensor was achieved via a manual layer-

by-layer alignment, stacking and lamination. The sensor suffered from drift during 

cycling measurements due to the use of SBS instead of PDMS for the microstructured 

layer. The sensor was also tested in vivo by surgically inserting it beneath the scalp of a 

mouse for continuous monitoring of the intracranial pressure. The response of the sensor 

was extracted via a simple looped antenna, in close proximity to the sensor, connected to 

a Vector Network Analyser (VNA). This sensor presents to date the best performance 

among the pressure sensors described here, which stems directly from the enhanced 

response the surface microstructuring of the compressible polymeric dielectric medium 

provides as well as the very high resonant frequencies at which the sensors operate. The 

compact, small and ultra-thin sensor structure demonstrates great potential for 

applications that require an implantable and wireless pressure sensor with high pressure 

sensitivity. Furthermore, as the number of spirals of the inductors can be varied during 

development this can result in sensors of different sizes with different and unique 

fundamental resonant frequencies and operating bandwidths.  

 

2.7. Summary and proposed sensor  

Overall, a resonant-type pressure sensor effectively negates most of the limitations of 

capacitive sensing, described previously. Since LC sensors do not require any 

interconnections, the sensor performance is completely shielded from parasitic capacitive 

effects stemming from the latter and the complexity of measuring the sensor is transferred 

exclusively to the readout system. More importantly, due to the wireless nature of this 

sensing modality, even capacitive changes below the femto-Farad threshold, introduced 

by very small compressive loads, can induce measurable changes in the resonant 

frequency of the sensor response, which in turn can be resolved by a readout system in 

the frequency domain. 

Capacitive pressure sensors display a response to pressure which is highly non-linear. In 

contrast, for LC sensors the response to pressure is expressed as a-close-to-linear change 

of their resonant frequency within the low-pressure regime of 0-25 kPa as explained in 

detail in the next chapter. The potential for developing a dense flexible multi-sensor array, 

with sensors of very small size and unique identity, is a further advantage for LC sensors.  
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A small number of flexible LC sensors with the required performance in the low pressure 

regime have been recently reported. The state-of-art sensors currently depend in the use 

of polyimide (PI) as the structural material of the sensor, while sensor assembly rests on 

manual stacking of layers and lamination which hinders the potential for large scale 

manufacturing capabilities. Furthermore, an LC sensor based purely on an elastomeric 

structure, such as PDMS with its exceptional properties including enhanced flexibility 

and biocompatibility, and developed via a bottom-up conventional photolithographic 

manufacturing approach, is to this day absent. We propose therefore in Chapter 4 a 

bottom-up large-scale microfabrication process of LC sensor arrays based on PDMS.  

Overall, an LC flexible pressure sensor technology presents a very attractive choice for 

integration to capsule endoscopy with untapped potential. Therefore, within the context 

of the work undertaken and in combination with the imposed requirements for the 

development of the IMC, an all-elastomer LC pressure sensor array was selected, that is 

based on a double inductor structure and a microstructured deformable layer. 
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Chapter 3:  

Electromagnetic and mechanical modelling of the LC sensor 

 

3.1. Introduction  

As indicated in Chapter 2, a passive resonant sensor was chosen with a double inductor 

structure, as depicted in Fig. 3.1. PDMS was chosen as the structural material, due to its 

advantageous properties including tunable low Young’s modulus, conformability, cost-

effectiveness, biocompatibility and ease of patterning. 

 

Figure 3.1: Proposed sensor conceptual design and structure 

 

The complete EM model of the sensor-antenna system and readout is presented and 

discussed in the next section, followed by the mechanical model in section 3.3 which 

describes the expected performance of the developed wireless flexible sensors under 

compression.  

 

3.2. Electromagnetic model analysis of the LC sensor 

3.2.1. General RLC and inductor antenna model analysis 

 

The generalised lumped circuit model of a passive LC wireless sensor can be expressed 

as an RLC circuit with a capacitive element Cs in series with an inductive element Ls and 

a resistance Rs that accounts for the losses of the inductor [1]. 

The resonant frequency, f0, and quality factor, Q, of an LC sensor can be expressed as: 
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𝑓0 =
1

2𝜋
∙ 𝜔0 =

1

2𝜋
∙
1

√𝐿𝑠𝐶𝑠
 (3.1) 

 

𝑄 =
1

𝑅𝑠
∙ √
𝐿𝑠
𝐶𝑠

 (3.2) 

A looped inductor antenna, of inductance La, fed by an AC sinusoidal signal, that is 

brought into close proximity to the sensor, induces a magnetic coupling, characterised by 

the mutual inductance M of the two inductive elements, to the inductive element of the 

sensor Ls. The schematic circuit of the sensor-antenna system is depicted in Fig. 3.2. 

 

Figure 3.2: Generalised lumped element circuit model of LC sensor 

 

The coupling can be modelled as a two-port network using transformer theory and is 

expressed via the coupling coefficient k that is proportional to M such that:  

 
𝑘 =

𝑀

√𝐿𝑎𝐿𝑠
 (3.3) 

The coupling coefficient ranges from 0 to 1 with k close to 1 (strong coupling) when the 

distance of the sensor and readout antenna is very small. The coupling coefficient drops 

rapidly to 0 with increasing separation distance or if the two inductors are perpendicular 

to each other, as shown later. Essentially, during interrogation by the reader antenna, some 

of the power input to the RLC sensor is reflected back to the readout antenna circuit. The 

combination of the RLC sensor and readout circuit is characterised by the input 

impedance Zin.  
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Figure 3.3: Circuit analysis 

 

The response of this system, depicted in Fig. 3.3, can be analysed utilising transformer 

network theory and Kirchoff’s laws expressed by the following equations in phasor 

notation: 

 
𝑉1(𝜔) = 𝑗𝜔𝐿𝛼𝐼1 + 𝑗𝜔𝑀𝐼2 (3.4) 

 
𝑉2(𝜔) = 𝑗𝜔𝑀𝐼1 + 𝑗𝜔𝐿𝛼𝐼2 (3.5) 

By implementing Kirchoff’s voltage law leads to: 

 
𝑉2(𝜔) = −

1

𝑗𝜔𝐶𝑠
𝐼2 − 𝑅𝑠𝐼2 (3.6) 

Inserting (3.6) to (3.5) and solving for I2 leads to: 

 

𝐼2 =
𝜔2𝐶𝑠𝑀𝐼1

1 − 𝜔2𝐶𝑠𝐿𝑠 + 𝑗𝜔𝐶𝑠𝑅𝑠
 (3.7) 

Therefore V1(ω) in (3.4), by inserting (3.7), becomes: 

 
𝑉1(𝜔) = 𝑗𝜔𝛪1 [𝐿𝑎 +

𝜔2𝐶𝑠𝑀
2

1 − 𝜔2𝐶𝑠𝐿𝑠 + 𝑗𝜔𝐶𝑠𝑅𝑠
] (3.8) 

Hence the input impedance Zin of the readout antenna: 

 
𝑍𝑖𝑛 =

𝑉1
𝐼1

 (3.9) 

Becomes by taking into account also expression (3.3):  

𝑍𝑖𝑛(𝜔) = 𝑗𝜔 [𝐿𝑎 +
𝜔2𝑘2𝐿𝑎𝐿𝑠𝐶𝑠

1 − 𝜔2𝐶𝑠𝐿𝑠 + 𝑗𝜔𝐶𝑠𝑅𝑠
] = 𝑗𝜔𝐿𝑎 (1 + 𝑘

2
𝐿𝑠𝐶𝑠𝜔

2

1 − 𝜔2𝐶𝑠𝐿𝑠 + 𝑗𝜔𝐶𝑠𝑅𝑠
) 

And, by inserting expressions (3.1) and (3.2), the input impedance can be obtained as: 
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𝑍𝑖𝑛 = 𝑗 ∙ 2𝜋𝑓 ∙ 𝐿𝑎 ∙

{
 

 

1 + 𝑘2
(
𝑓
𝑓0
)
2

1 − (
𝑓
𝑓0
)
2

+
𝑗
𝑄 ∙
𝑓
𝑓0}
 

 

 (3.10) 

   

3.2.2. General lumped element analysis of double inductor structure 

 

LC sensor structures, that are composed of two identical inductors capacitively and 

inductively coupled, can be in general modelled by the equivalent circuit model [2-5] 

depicted in Fig. 3.4. The models for the general cases of LC sensors relating to alternative 

topologies outside the scope of this work, where either the two inductor elements are 

interconnected or a single inductor is utilised interconnected to a centrally situated 

capacitor, are illustrated and discussed in Appendix A.   

 

Figure 3.4: Equivalent circuit model of the double-inductor LC sensor topology with the inductively 

and capacitively coupled floating inductor elements adapted from [2].  

 

The capacitive elements of the LC sensor lumped circuit model depicted above can be 

analysed as follows: Cpar denotes the parasitic capacitance of the tracks of the inductors 

of the sensor,  the overall effective overlap capacitance Cov is essentially defined through 

Ceff the effective capacitance of the overlapping areas of the tracks of the two aligned 

planar looped square inductors, while Csub is the parasitic capacitance of the substrate. In 

turn the equivalent capacitance Ceq of the overall sensor circuit can be expressed as: 

 
𝐶𝑒𝑞 = 𝐶𝑜𝑣 + 𝐶𝑝𝑎𝑟 + 𝐶𝑠𝑢𝑏 (3.11) 
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Where 𝐶𝑜𝑣 = 𝑔 ∙ (𝐶𝑒𝑓𝑓 + 𝐶𝑝𝑙) and g=0.5 [2]. The generalised effective overlap 

capacitance 𝐶𝑜𝑣 = 𝐶𝑜𝑣(𝑃) of the inductor tracks is a function of the applied contact 

pressure and the dominant capacitive constituent of Ceq. Furthermore, such LC sensor 

topologies as the one used here can be broken down into 2 subcases depending on whether 

the inductor of each layer is respectively interconnected to a central floating capacitor 

electrode within the area defined by dinner
2 (Case A) and expressed respectively by the 

capacitance Cpl between these 2 central electrodes, or whether the sensor is instead formed 

solely by the 2 planar floating inductors with a Cpl=0 in this case (Case B). Case B was 

selected since it leads fundamentally to a higher quality factor over Case A, as well as 

against all other cases, as is shown in Appendix A.   

The individual capacitive elements of the sensor can be further analysed as follows: 

 
 𝐶𝑒𝑓𝑓 = 휀𝑟𝑠휀0

𝛢𝑜𝑣

𝑡𝑑𝑖𝑒𝑙
 (3.12) 

 
 𝑙𝑐 = 4𝑛 ∙ (𝑑𝑜𝑢𝑡 − 𝑤) − (2𝑛 + 1)

2 ∙ (𝑠 + 𝑤) (3.15) 

 𝑙𝑔 = 4 ∙ (𝑑𝑜𝑢𝑡 − 𝑤 ∙ 𝑛)(𝑛 − 1) − 4𝑠 ∙ 𝑛(𝑛 + 1) (3.16) 

Where Aov is the overlapping area of the two inductors, dout the outer length of the planar 

inductor, tdiel and tsub and εrs and εre are respectively the thickness and the relative dielectric 

constants of the in-between and substrate dielectric mediums, (here both are εr=2.7 for 

PDMS). The parameters tc , w, s and n are the thickness, length, width, track spacing and 

number of loops of the metal tracks respectively, while lc and lg are the overall length of 

the tracks and spacing [6,7]. These parameters with respect to the square spiral and 

general sensor structure are visualised in the following Fig. 3.5. 

 
 𝐶𝑝𝑎𝑟 = 휀𝑟𝑒휀0

𝑙𝑔𝑡𝑐

𝑠
         , 𝐶𝑠𝑢𝑏 = 휀𝑟𝑠휀0

𝑙𝑐𝑤

𝑡𝑠𝑢𝑏
  (3.13) 

 
𝑤𝑖𝑡ℎ   𝐴𝑜𝑣 = 𝑤 ∙ [𝑙𝑐 − (2𝑛 − 1) ∙ 𝑠] (3.14) 
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Figure 3.5: (a) square planar inductor and (b) general sensor structure parameters. 

 

For a square planar inductor, the inductance can be analytically estimated via the modified 

Wheeler formula [8]:  

 

𝐿𝑠_𝑤ℎ𝑒𝑒𝑙𝑒𝑟 = 𝐺1 ∙ 𝜇 ∙ 𝑛
2
(𝑑𝑜𝑢𝑡+𝑑𝑖𝑛𝑛𝑒𝑟)

2

𝑑𝑜𝑢𝑡 − 𝐺2 ∙ 𝑑𝑖𝑛𝑛𝑒𝑟
   (3.17) 

and                         𝑑𝑖𝑛𝑛𝑒𝑟 = 𝑑𝑜𝑢𝑡 − 2 ∙ (𝑛 − 1) ∙ (𝑤 + 𝑠) − 2 ∙ 𝑤     

Where G1=3.75 and G2=0.466 for a planar square inductor, dinner the inner length of the 

planar inductor with dout >dinner and μ=μr μο the magnetic permeability of the encapsulation 

medium (μr=1 for PDMS [9]). An increase of the inner diameter of the spiral inductor, 

i.e. a reduction of the number of spirals, results in a decrease of the inductance as shown 

in Fig. 3.6. A linear decrease of the number of spirals as a function of dinner for a fixed 

outer diameter dout=10 mm has been considered for the sake of simplicity.  

 

Figure 3.6: Inductance of a dout = 10 mm planar spiral inductor with a track width and spacing of 

250μm versus (a) the inner diameter and (b) number of spirals. All equations were solved and plotted 

in Matlab. 
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Another expression to analytically estimate the inductance of a planar spiral has also been 

proposed based on the Greenhouse formula [10]: 

 
𝐿𝑠_𝑔𝑟𝑒𝑒𝑛ℎ𝑜𝑢𝑠𝑒 =

1.27𝜇 ∙ 𝑛2𝑑𝑎𝑣𝑔

2
[ln (

2.07

𝜏
) + 0.18𝜏 + 0.13𝜏2] 

where                     𝑑𝑎𝑣𝑔 =
𝑑𝑜𝑢𝑡+𝑑𝑖𝑛𝑛𝑒𝑟

2
    ,    𝜏 =

𝑑𝑜𝑢𝑡−𝑑𝑖𝑛𝑛𝑒𝑟

𝑑𝑜𝑢𝑡+𝑑𝑖𝑛𝑛𝑒𝑟
    

 

(3.18) 

The two expressions for the inductance of the planar square spiral, as well as the 

importance of incorporating the substrate parasitic capacitance Csub which is typically 

ignored in prior works, are examined in detail in Chapter 5 and against the developed 

sensors response in order to extract the best performing EM model for estimating the 

resonant frequency f0 of the sensors. Further model optimization can be achieved by 

incorporating new accurate analytical expressions for lc and lg respectively as shown in 

Chapter 5. 

The two looped inductors of the sensor are always in a counter rotation configuration to 

provide a constructive mutual coupling [2,3]. A good alignment between the 2 inductors 

is required for good capacitive coupling, in order to define the resonant frequency of the 

sensor. Misalignment leads to a decreased overlap area of the tracks of the inductors, 

reducing the capacitive coupling and, in turn, reducing the sensitivity of the sensor to 

compressive deformation and increasing the sensor resonant frequency.  

The resistive element, Rs, of the sensor stems from the series resistance of the inductor 

tracks. Considering the high frequency skin effect [7] [11]: 

𝑅𝑠 =
𝜌𝑐 ∙ 𝑙𝑐

𝑤 ∙ 𝛿 (1 − 𝑒−
𝑡𝑐
𝛿 )

 
(3.19) 

𝛿 = √
𝜌𝑐

𝜋𝑓𝜇𝑚𝑒𝑡𝑎𝑙
 (3.20) 

Where δ is the skin depth [12]. 𝜇𝑚𝑒𝑡𝑎𝑙 = 𝜇0 ∙ 𝜇𝑟_𝑚𝑒𝑡𝑎𝑙 is the magnetic permeability of the 

metal (μr_aluminium=1.000022). As seen in Fig. 3.7b, resonant frequencies above 1 GHz 

show an increase in the inductor resistance and should be avoided. 

The thickness of the deposited tracks also plays an important role as shown in Fig. 3.7a 

with metal thickness above 1 m being required to obtain low values of resistance. 

Retaining a low resistance is also important to achieve a sufficient high quality factor, to 

enable a good wireless readout distance and signal to noise ratio as discussed in more 

detail later. 
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Figure 3.7: A 5x5 mm2 LC sensor’s resistance (w,s=200μm, ρc=2.65⸱10-8 Ωm) against (a) the track 

deposition thickness (f0=150 MHz) and (b) due to skin effect over operational frequency (tc=1μm). 

 

3.2.3. Enhanced model analysis 

When an external inductive element (readout antenna) fed by an AC sinusoidal signal 

comes in proximity to the sensor, a current is induced in the two inductors of the sensor. 

The sensor circuit can be transformed to its equivalent form as depicted in Fig. 3.8 and 

hence can be similarly analysed utilising transformer network theory and Kirchoff’s laws 

as in the general LC circuit case detailed previously. 

 

Figure 3.8: LC sensor-antenna system lumped circuit model and analysis 
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Thus the voltages across the antenna and the sensor circuit nodes can be expressed as: 

 
𝑉1(𝜔) = 𝑗𝜔𝐿𝛼𝐼1 + 𝑗𝜔𝑀𝐼2 + 𝑗𝜔𝑀𝐼3 (3.22) 

 
𝑉2(𝜔) = 𝑅𝑠𝐼2 + 𝑗𝜔𝐿𝑠𝐼2 + 𝑗𝜔𝑚𝐼3 + 𝑗𝜔𝑀𝐼1 (3.23) 

 
𝑉3(𝜔) = 𝑅𝑠𝐼3 + 𝑗𝜔𝐿𝑠𝐼3 + 𝑗𝜔𝑚𝐼2 + 𝑗𝜔𝑀𝐼1 (3.24) 

Where m is the mutual inductance of the 2 coupled inductors of the sensor structure and 

M is the mutual inductance due to coupling between the readout inductor antenna and 

each of the spiral inductors of the sensor. By applying Kirchoff’s voltage law, the 

following expressions can be obtained: 

 
𝑉2(𝜔) =

1

𝑗𝜔(𝐶𝑝𝑎𝑟 + 𝐶𝑠𝑢𝑏)
(𝐼4 − 𝐼5) (3.25) 

 1

𝑗𝜔𝐶𝑜𝑣
𝐼5 =  𝑉2(𝜔) −

1

𝑗𝜔𝐶𝑜𝑣
𝐼5 + 𝑉3(𝜔) (3.26) 

 
𝑉3(𝜔) =

1

𝑗𝜔(𝐶𝑝𝑎𝑟 + 𝐶𝑠𝑢𝑏)
(𝐼4 − 𝐼5) (3.27) 

where I4 and I5 are mesh analysis currents. Combining (3.24) with (3.22) and since V2=V3 

as the inductor layers are identical: 

 
𝐼5 = 𝑗𝜔𝐶𝑜𝑣[𝑅𝑠𝐼3 + 𝑗𝜔𝐿𝑠𝐼3 + 𝑗𝜔𝑚𝐼2 + 𝑗𝜔𝑀𝐼1] (3.28) 

Inserting the above in (3.27): 

 
𝐼4 = 𝑗𝜔(𝐶𝑜𝑣 + 𝐶𝑝𝑎𝑟 + 𝐶𝑠𝑢𝑏)[𝑅𝑠𝐼3 + 𝑗𝜔𝐿𝑠𝐼3 + 𝑗𝜔𝑚𝐼2 + 𝑗𝜔𝑀𝐼1] (3.29) 

However due to the symmetry of the model the voltages between each set of nodes (1-2 

and 3-4) are equal in magnitude but have the opposite phase.  Hence: 

 
𝐼3 = −𝐼4 (3.30) 

If (3.30) is combined with (3.29), I3 becomes: 

 
𝐼3 = 𝜔

2
𝐶𝑒𝑞(𝑚𝐼2 +𝑀𝐼1)

1 + 𝑗𝜔𝐶𝑒𝑞(𝑅𝑠 + 𝑗𝜔𝐿𝑠)
 (3.31) 

Similarly: 
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𝐼2 = −𝐼4 (3.32) 

If (3.31) is inserted in (3.29) and combined with (3.30), I2 becomes: 

 
𝐼2 = 𝜔

2
𝐶𝑒𝑞𝑀𝐼1

1 + 𝑗𝜔𝐶𝑒𝑞(𝑅𝑠 + 𝑗𝜔𝐿𝑒𝑞)
 (3.33) 

Where  

 
𝐿𝑒𝑞 = 𝑚 + 𝐿𝑠 = 𝐿𝑠(1 + 𝑘𝑚) (3.34) 

With km the coupling coefficient between the 2 inductors of the sensor structure: 

 
𝑘𝑚 =

𝑚

√𝐿𝑠𝐿𝑠
=
𝑚

𝐿𝑠
 (3.35) 

For the general RLC case, the coupling coefficient k between the readout antenna and 

each of the inductor of the sensor is given by expression (3.3) for Ls=Leq. Taking into 

account (3.34), (3.35) and (3.3), and if expressions (3.33) and (3.31) are inserted to (3.22), 

the input impedance Zin on the readout can be finally extracted: 

𝑍𝑖𝑛 =
𝑉1
𝐼1
= 𝑗𝜔𝐿𝑎 + 𝑗𝜔

3
2𝐶𝑒𝑞𝑀

2

1 − 𝜔2𝐶𝑒𝑞𝐿𝑒𝑞 + 𝑗𝜔𝐶𝑒𝑞𝑅𝑠
= 𝑗𝜔𝐿𝑎 [1 + 𝑘

2 2

1 + 𝑘𝑚
∙

𝐶𝑒𝑞𝐿𝑒𝑞𝜔
2

1 − 𝜔2𝐶𝑒𝑞𝐿𝑒𝑞 + 𝑗𝜔𝐶𝑒𝑞𝑅𝑠
] 

 

𝑍𝑖𝑛(𝑓) = 𝑗 ∙ 2𝜋𝑓 ∙ 𝐿𝑎 ∙

{
 

 
1 + 𝑘2 ∙ (

2

1 + 𝑘𝑚
) ∙

(
𝑓
𝑓0
)
2

1 − (
𝑓
𝑓0
)
2

+
𝑗
𝑄 ∙
𝑓
𝑓0}
 

 
 (3.36) 

Where 

 
𝑓0 =

1

2𝜋
∙

1

√𝐿𝑒𝑞𝐶𝑒𝑞
 (3.37) 

 

𝑄 =
1

𝑅𝑠
∙ √
𝐿𝑒𝑞

𝐶𝑒𝑞
 (3.38) 

When the dielectric thickness, 𝑡𝑑𝑖𝑒𝑙, of the medium between the 2 inductor layers of the 

sensor is very small (ie, in this work ≤70 μm) the structure can be considered to be highly 

coupled: 

 
𝑘𝑚 ≅ 1 → 𝐿𝑒𝑞 = 2 ∙ 𝐿𝑠 (3.39) 
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Hence expression (3.36) regarding Zin effectively becomes identical to that of the general 

LC circuit model as described by expression (3.10) since: (
2

1+𝑘𝑚
) ≅ 1.  

 

3.2.4. Sensor readout and importance of quality factor  

 

The input impedance of an LC sensor can be expressed in the form of: 

 

𝑍𝑖𝑛 = 𝑅𝑒[𝑍𝑖𝑛] + 𝑗 ∙ 𝐼𝑚[𝑍𝑖𝑛] = |𝑍𝑖𝑛|𝑒
𝑗𝜃 (3.40) 

 by defining the quantity φ=f/f0 and rearranging equation (3.10): 

 

𝑍𝑖𝑛 = 2𝜋𝑓𝐿𝑎 {
1

𝑄
∙

𝑘2𝜑3

(1 − 𝜑2)2 + (
𝜑
𝑄
)
2 + 𝑗 [1 + 𝑘

2
𝜑2(1 − 𝜑2)

(1 − 𝜑2)2 + (
𝜑
𝑄
)
2]} 

 

(3.41) 

Extraction of the resonant frequency can be obtained via the phase dip technique by 

capturing and examining the impedance phase response θ of the readout antenna, or 

equivalently the magnitude of the reflection coefficient |Γ|=|Zin-Zo|/|Zin+Zo| of the 

antenna when the sensor is interrogated across a frequency sweep between f1<fsweep<f2 

[13,14]:  

 
𝛤 =

𝑅𝑒[𝑍𝑖𝑛]
2 − 𝑍0

2 + 𝐼𝑚[𝑍𝑖𝑛]
2

𝑅𝑒[𝑍𝑖𝑛]2 + 𝑍0
2 + 𝐼𝑚[𝑍𝑖𝑛]2 + 2𝑍0 ∙ 𝑅𝑒[𝑍𝑖𝑛]

+ 𝑗
2𝑍0 ∙ 𝐼𝑚[𝑍𝑖𝑛]

𝑅𝑒[𝑍𝑖𝑛]2 + 𝑍0
2 + 𝐼𝑚[𝑍𝑖𝑛]2 + 2𝑍0𝑅𝑒[𝑍𝑖𝑛]

 (3.42) 

Where Z0 the characteristic impedance of the transmission line (typically 50Ω).  

As can be seen in Fig. 3.9, when the frequency, f, of the input signal approaches the 

resonant frequency f0 of the sensor, θ and || present a large dip since, at resonance, the 

impedance of the sensor Zs, becomes a purely resistive element as shown in expression 

3.43. It is important to note that the minimum of the observed dip, fmin ,does not occur 

exactly at the resonant frequency f0. It will be shown later that the relation between these 

two quantities is a function of the coupling ratio and quality factor. 

 
𝑍𝑠(𝜔0) = 𝑅𝑠 + 𝑗𝜔0𝐿𝑒𝑞 +

1

𝑗𝜔0𝐶𝑒𝑞
= 𝑅𝑠 + 𝑗 {

𝜔0
2𝐶𝑒𝑞𝐿𝑒𝑞 − 1

𝜔0𝐶𝑒𝑞
} = 𝑅𝑠 (3.43) 

And 𝜔0
2 =

1

𝐿𝑒𝑞𝐶𝑒𝑞
 

The analytical expression of the phase can be obtained using (3.41): 
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𝜃 = arctan { 
𝑄

𝑘2𝜑3
∙ [(1 − 𝜑2)2 + (

𝜑

𝑄
)
2

+ 𝑘2𝜑2(1 − 𝜑2)]}   (3.44) 

The magnitude of the phase dip Δθ that occurs when the sweep frequency is fsweep=f0, i.e. 

where the impedance phase or |Γ| are minimised, is an important parameter in evaluating 

the performance of an LC sensor since it is directly linked with the readout distance from 

the antenna and the quality factor of the sensor. This quantity can be defined as:  

 
𝛥𝜃 = |𝜃(𝑓0) −

𝜋

2
| (3.45) 

 

Figure 3.9: Sensor resonance (here at 50 MHz) as reflected on the antenna’s input impedance (a) 

phase and (b) magnitude, or equivalently on the reflection coefficient (c) phase and (d) magnitude. 

 

At resonance the phase of the input impedance becomes: 

 
𝜃(𝑓0) = 𝑎𝑟𝑐𝑡𝑎𝑛 (

1

𝑘2𝑄
) (3.46) 

Since 𝜑 =
𝑓

𝑓0
= 1.  

Considering the trigonometric identity: 
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 𝜋

2
− arctan (

1

𝑥
) = arctan(𝑥) , 𝑖𝑓 𝑥 > 0 (3.47) 

The magnitude of the phase dip hence becomes: 

 
𝛥𝜃 =  𝑎𝑟𝑐𝑡𝑎𝑛(𝑘2𝑄) (3.48) 

Fig. 3.10 shows the variations of  as the function of k and Q. A large phase drop is 

desired to allow a large SNR and a more accurate extraction of the resonant frequency of 

the sensor. 

 

Figure 3.10: Magnitude of impedance phase dip Δθ as a function of (a) the quality factor of the sensor and (b) 

the coupling coefficient with the readout antenna. 

 

It will be demonstrated later that the phase dip magnitude Δθ is primarily a function of 

the distance between readout system and sensor, orientation of the wireless readout and 

the sensor dimensions. It is also important that the quality factor is sufficiently high, 

Q>2.5, to provide a strong coupling such that the magnitude of the phase dip is strong as 

shown in Fig. 3.10(a).  

 

3.2.5. Frequency minimum and mutual coupling 

 

The coupling between the readout sensor and readout antenna, as expressed via the 

coupling coefficient k, results in a small offset between the actual resonant frequency fo 

of the sensor and the measured frequency fmin at which the impedance phase is minimized. 

Differentiating expression (3.44) with respect to φ=f/f0 : 
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𝜕

𝜕𝜑
𝜃(𝜑) =

𝜕

𝜕𝜑
arctan{𝑔(𝜑)} ∙

𝜕

𝜕𝜑
𝑔(𝜑) = 0 

where  

𝑔(𝜑) =
𝑄

𝑘2𝜑3
∙ [(1 − 𝜑2)2 + (

𝜑

𝑄
)
2

+ 𝑘2𝜑2(1 − 𝜑2)] 

  (3.49) 

yields 

𝜑𝑚𝑖𝑛 = √
2 − 𝑄−2 + 𝑘2 −√(2 − 𝑄−2 + 𝑘2) − 12(𝑘2 − 1)

2(𝑘2 − 1)
   (3.50) 

For large values of Q, (3.50) can be simplified using Taylor expansion to the first order 

so that:  

𝑓𝑚𝑖𝑛 = 𝑓0 (1 +
𝑘2

4
+
1

8𝑄2
)   (3.51) 

 

Figure 3.11: Variation of fmin as a function of increasing coupling coefficient 

 

From Fig. 3.11 and expression (3.51), the measured minimum frequency shifts to higher 

values as the readout antenna and sensor come closer together. This a significant 

drawback for extracting accurately the pressure-dependent resonant frequency of the 

sensor during operation in applications where the distance of the sensor and readout 

antenna is variable. However, within the context of this work, the former does not 

constitute an issue since the sensor is placed on the surface of the capsule, and the 

integrated readout antenna, is situated within the capsule shell. Thus the distance between 
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the two is always kept fixed. Strategies to overcome this variation of fmin are discussed in 

the chapter 9 on future work. 

The coupling between the LC sensor and the readout antenna plays a pivotal role 

regarding the wireless readout distance and overall performance. Hence, in order to obtain 

an understanding of the influence of the design parameters on the expected performance 

of the sensor, one has to examine the former in relation to the mutual inductance between 

2 individual planar spiral inductors, since the sensor effectively can be represented as a 

single Leq coil of the LC sensor topology from an electromagnetic perspective. 

 

Figure 3.12: Analysis of the misalignment parameters for extracting the mutual coupling for planar 

square spiral inductors adapted from [15].   

 

Recently an analytical model on the effect of misalignment on coupling was published by 

our group in [15] within the context of wireless power transfer. The mutual inductance M 

between 2 multi-spiral inductors (adapted here for planar square spiral inductors, Fig. 

3.12) can be quantified by the following analytical expressions:  

 

𝑀𝑡𝑜𝑡𝑎𝑙 =∑∑𝑀𝑐1,𝑐2( 𝑅𝑐1:𝑖 , 𝑅𝑐2:𝑗 )   

𝑁2

𝑗=1

𝑁1

𝑖=1

 

𝑀𝑐1,𝑐2(𝑅𝑐1:𝑖 , 𝑅𝑐2:𝑗)  =
𝜇 ∙ 𝜋 ∙ 𝑅𝑐1:𝑖

2 ∙ 𝑅𝑐2:𝑗
2

2 ∙ (𝑅𝑐1:𝑖
2 + 𝑅𝑐2:𝑗

2 + 𝑑𝑟
2 + 𝑑2

2)
3
2

∙ cos(𝜑) ∙ cos(𝜆) × 

(3.52) 
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[
 
 
 
 
 
 
 1 +

15

64
𝛾𝑎
2(𝛾𝛼

2 + 4𝛾𝑏
2) +

15

64
(𝛾𝛼
2 + 4𝛾𝑐

2)𝑐𝑜𝑠2𝜑 ∙ 𝑐𝑜𝑠2𝜆

+
15

8
𝛾𝑑
2𝑠𝑖𝑛𝜑 ∙ 𝑐𝑜𝑠𝜆 ∙ 𝑠𝑖𝑛𝜆 ∙ 𝑐𝑜𝑠𝜑

−
15

8
𝛾𝑐𝛾𝑑𝑐𝑜𝑠𝜃 ∙ 𝑐𝑜𝑠𝜆(𝑠𝑖𝑛𝜑 ∙ 𝑐𝑜𝑠𝜆 + 𝑠𝑖𝑛𝜆 ∙ 𝑐𝑜𝑠𝜑)

−
3

2
{𝛿𝑎 − 𝛿𝑏(𝑡𝑎𝑛𝜑 + 𝑡𝑎𝑛𝜆)} ]

 
 
 
 
 
 
 

 

With 

 
𝛾𝑎 =

2𝑅𝑐1:𝑖𝑅𝑐2:𝑗

𝑅𝑐1:𝑖
2 + 𝑅𝑐2:𝑗

2 + 𝑑𝑟2 + 𝑑2
2 

 

𝛾𝑏 =
2𝑅𝑐1:𝑖𝑑2

𝑅𝑐1:𝑖
2 + 𝑅𝑐2:𝑗

2 + 𝑑𝑟2 + 𝑑2
2 

𝛾𝑐 =
2𝑅𝑐2:𝑗𝑑2

𝑅𝑐1:𝑖
2 + 𝑅𝑐2:𝑗

2 + 𝑑𝑟2 + 𝑑2
2 

𝛾𝑑 =
2𝑅𝑐2:𝑗𝑑𝑟

𝑅𝑐1:𝑖
2 + 𝑅𝑐2:𝑗

2 + 𝑑𝑟2 + 𝑑2
2 

𝛿𝑎 =
𝑑2
2

𝑅𝑐1:𝑖
2 + 𝑅𝑐2:𝑗

2 + 𝑑𝑟2 + 𝑑2
2 

𝛿𝑏 =
2𝑑𝑟𝑑2

𝑅𝑐1:𝑖
2 + 𝑅𝑐2:𝑗

2 + 𝑑𝑟2 + 𝑑2
2 

(3.53) 

 

where C1 and C2 correspond here to the antenna and sensor coils; Rc1:i and Rc2:j are the 

radii of the each of the i,j respective loops of the planar spiral inductors of the antenna 

and sensor; N1 and N2 are the number of loops on the antenna and sensor coils; φ is their 

angular misalignment and λ the tilt angle, while dr is their separation distance on the z 

axis and d2 the spatial misalignment from the axis of symmetry.  

From the above expression (3.53) it becomes evident that the increase of the distance dr 

between the 2 planar inductors, as well as any spatial d2 or angular misalignment, φ,λ, 

result in a rapid deterioration of the inductive coupling between sensor and readout 

antenna. The expression can be simplified by considering the integration of an LC sensor 

on the surface of the capsule and a well-aligned readout antenna situated within the 

capsule package on a fixed distance 𝑑𝑟. In this case the spatial and angular misalignment 

across the axis of symmetry can be considered small such that d2<<1 and φ<1o and =0.  

Expression (3.52) can be then reduced by a first order approximation to: 
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𝑀 =

1

32
𝜇 ∙ 𝜋 ∙ (𝐺𝑁1−1,𝑁2−1

∗ + 1)
𝐷𝑎
2 ∙ 𝐷𝑠

2

[(
𝐷𝑎
2
)
2

+ (
𝐷𝑠
2
)
2

+ 𝑑𝑟
2]

3
2

∙ 𝑐𝑜𝑠2(𝜑) 
(3.54) 

Where the quantities Da=Da:N1=2∙Rc1:N1  and Ds=Ds:N2=2∙Rc2:N2 incorporated in the above 

expression are the equivalent diameters of the C1 (antenna) and C2 (sensor) coils 

(illustrated in Fig. 3.12) for the total i=N1 and j=N2 coil loops, corresponding 

approximately to the outer spatial dimensions of the antenna and sensor square planar 

coils respectively (ie dout_sensor and dout_antenan as previously defined in section 3.2.2 and 

illustrated in Fig. 3.5), while the parameter 𝐺𝑁1−1,𝑁2−1
∗ : 

 

𝐺𝑁1−1,𝑁2−1
∗ = ∑ ∑

𝐷𝑎:𝑖
2 ∙ 𝐷𝑠:𝑗

2

[(
𝐷𝑎:𝑖
2 )

2

+ (
𝐷𝑠:𝑗
2 )

2

+ 𝑑𝑟
2]

3
2

   

𝑁2−1

𝑗=1

𝑁1−1

𝑖=1

 

 

(3.55) 

is the constructive contribution on the mutual inductance from the inner spiral loops 

i,j<N1,N2 of the sensor and readout antenna C1 and C2 coils, with Da:i , Ds:j < Da , Ds. 

Taking into account the magnitude of the phase dip Δθ of the sensor from expression 

(3.48), in combination with expressions (3.3), (3.37) and (3.38), Δθ can be rearranged in 

the following form: 

 
𝛥𝜃 = 𝑎𝑟𝑐𝑡𝑎𝑛 (2𝜋 ∙ 𝑀2

1

𝐿𝑎
∙
1

𝑅𝑠
∙ 𝑓0) 

 

(3.56) 

And hence, by incorporating (3.54), we can assess the separate contributions from the 

antenna and the sensor itself such that: 

 

𝛥𝜃 =  𝑎𝑟𝑐𝑡𝑎𝑛

{
 
 

 
 
𝜋3𝜇2

512
∙
1

𝐿𝑎
(𝐺𝑁1−1,𝑁2−1

∗ + 1)2
𝐷𝑎
4 ∙ 𝐷𝑠

4

[(
𝐷𝑎
2
)
2

+ (
𝐷𝑠
2
)
2

+ 𝑑𝑟
2]

3 𝑐𝑜𝑠
2(𝜑) ∙

𝑓0
𝑅𝑠

}
 
 

 
 

 

 

(3.57) 
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Figure 3.13: Impedance phase magnitude dip over (a) readout distance and (b) angular misalignment 

in the case of a well-aligned sensor and antenna system. 

 

 

From the above expression it is possible to make a number of valuable observations. 

Multi-spiral inductors increase the phase drop due to the accumulative factor 𝐺𝑁1−1,𝑁2−1
∗ .  

A low inductance of the readout antenna is also advantageous. A higher resonant 

frequency of the sensor results in an increase of the resistance due to the skin effect and 

a reduction of the quality factor. The magnitude of the phase dip as expected drops rapidly 

with an increase of readout distance, due to the near-field coupling effect and the passive 

nature of the wireless sensor. Small angular misalignment (ie. <5o) has only a small 

impact as shown in Fig. 3.13(b).  

An important factor is the relationship between the sizes of the antenna and sensor, and 

the impact on the measured phase dip magnitude, as expressed by the factor:  

 
𝑆(𝐷𝑎, 𝐷𝑠, 𝑑𝑟) =  

𝐷𝑎
4 ∙ 𝐷𝑠

4

[(
𝐷𝑎
2 )

2

+ (
𝐷𝑠
2 )

2

+ 𝑑𝑟
2]

3 (3.58) 
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Figure 3.14: Relationship of the magnitude of the impedance phase dip versus the factor S from 

expression (3.58) and over the readout distance 

 

When the sensor and antenna are of the same dimensions the above parameter is 

maximized, as can be seen in Fig. 3.14. As expected, an increase of the sensor size also 

results to an enhanced phase dip magnitude over higher readout distances. Since the 

readout distance has such a strong influence on the phase dip magnitude, it is therefore 

desirable to place the antenna as close as possible to the capsule inner shell to obtain a 

strong signal (high SNR). 

The proposed IMC capsule device, presented in Chapter 7, has dimensions of 10 mm 

inner and 12 mm outer diameters for a 1 mm shell thickness in order to meet the maximum 

dimensional threshold for tolerable ingestion as discussed in Chapter 1. These constraints, 

as well as the integrated readout electronics, limit the size of the antennas that can be 

integrated in the capsule at multiple sites as shown later. However, from Fig. 3.14, if the 

difference in size of the antenna and sensor is retained |Ds-Da|/Ds ≥ 0.5 a sufficiently high 

and resolvable magnitude phase dip can be obtained (>1o), expected to at least higher than 

15 degrees for a 10x10 mm2
 sensor and a 5x5 mm2

 antenna separated by a distance of 2.5 

mm2. As will be shown in Chapters 7 and 8, the latter result was experimentally 

corroborated as the multiple 10x10mm2 sensors functionalizing the capsule surface were 

captured with a strong response by readout antenna arrays half their size integrated 

directly under the capsule shell.  
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3.3. Mechanical model analysis 

3.3.1. Uniform dielectric medium deformation model 

 

When pressure loads are applied to the structure the effective capacitance Ceq of the sensor 

increases, since compressive deformation of the dielectric interlayer brings in closer 

proximity the 2 inductors. The new resonant frequency, f(P), where P is the contact 

pressure, is decreased compared to the resonant frequency, f0, of the sensor when in 

ambient conditions, i.e. no applied pressure:   

 
𝑓(𝑃) =

1

2𝜋
∙

1

√𝐿𝑒𝑞 ∙ (𝐶𝑒𝑞 + 𝛥𝐶)

           →          𝑓(𝑃) < 𝑓0 
(3.59) 

Despite the low Youngs modulus of PDMS (E=1.7 MPa), a small contact pressure load 

on unstructured and uniform dielectric layer induces very low deformations [16], while 

the viscoelastic behavior of the thin PDMS films result in a slow relaxation time following 

unloading [17]. Microstructuring the dielectric layer allows a much higher deformation 

under low compressive stimuli and hence enhanced capacitive change. Similarly, a very 

fast response time is observed during compression and relaxation to the uncompressed 

state.  

 

Figure 3.15: Deformation of an unstructured deformable dielectric medium 

Assuming a linear elastic deformation during compressive loading: 

 
𝑃 = 휀 ∙ 𝛦 =

𝛥ℎ

ℎ0
∙ 𝐸 (3.60) 

Where ε is the compressive strain, ho the initial thickness of the dielectric layer and Δh 

decrease in thickness induced by the compressive load. The effective overlap capacitance 

of the inductor tracks Ceff from expression (3.11) becomes: 



75 
 

 
𝐶𝑒𝑓𝑓(𝑃) = 휀𝑟휀0

𝛢𝑜𝑣
ℎ − 𝛥ℎ

= 휀𝑟휀0
𝛢𝑜𝑣
ℎ0
∙

1

1 −
𝛥ℎ
ℎ0

= 𝐶𝑒𝑓𝑓0 ∙ (1 −
𝑃

𝐸
)
−1

 (3.61a) 

Incorporating the above in (3.37) and taking into account that the parasitic capacitances  

are not affected by the deformation, the response of the Ceq of the sensor to compressive 

loads can be similarly derived as follows: 

𝐶𝑒𝑞(𝑃) =
1

2
𝐶𝑒𝑓𝑓(𝑃) + 𝐶𝑝𝑎𝑟 + 𝐶𝑠𝑢𝑏 → 

𝐶𝑒𝑞(𝑃) =
1

2
𝐶𝑒𝑓𝑓0 (1 −

𝑃

𝐸
)
−1

+ 𝐶𝑝𝑎𝑟 + 𝐶𝑠𝑢𝑏 → 

𝐶𝑒𝑞(𝑃) = {
1

2
𝐶𝑒𝑓𝑓0 + (𝐶𝑝𝑎𝑟 + 𝐶𝑠𝑢𝑏) (1 −

𝑃

𝐸
)} ∙ (1 −

𝑃

𝐸
)
−1

→ 

𝐶𝑒𝑞(𝑃) = {
1

2
𝐶𝑒𝑓𝑓0+𝐶𝑝𝑎𝑟 + 𝐶𝑠𝑢𝑏 −

𝑃

𝐸
∙ (𝐶𝑝𝑎𝑟 + 𝐶𝑠𝑢𝑏)} ∙ (1 −

𝑃

𝐸
)
−1

→ 

𝐶𝑒𝑞(𝑃) = 𝐶𝑒𝑞0 ∙ (1 −
𝑃

𝐸
)
−1

−
𝑃

𝐸
∙ (1 −

𝑃

𝐸
)
−1

(𝐶𝑝𝑎𝑟 + 𝐶𝑠𝑢𝑏) → 

𝐶𝑒𝑞(𝑃) = 𝐶𝑒𝑞0 ∙ (1 −
𝑃

𝐸
)
−1

−
1

(
𝐸
𝑃) − 1

∙ (𝐶𝑝𝑎𝑟 + 𝐶𝑠𝑢𝑏) → 

Resulting to 

𝐶𝑒𝑞(𝑃) ≅ 𝐶𝑒𝑞0 ∙ (1 −
𝑃

𝐸
)
−1

   , since   𝑃 ≪ 𝐸 𝑎𝑛𝑑 
1

(
𝐸

𝑃
)−1
≪ 1 

(3.61b) 

 

The resonant frequency of the sensor can be thus estimated at the low pressure range as: 

 

𝑓(𝑃) =
1

2𝜋
∙

1

√𝐿𝑒𝑞 ∙ 𝐶𝑒𝑞(𝑃)
= 𝑓0 ∙ √1 −

𝛥ℎ

ℎ0
= 𝑓0 ∙ √1 −

𝑃

𝐸
 (3.62) 



76 
 

Larger changes of the resonant frequency Δf=f-f0, are expected for sensors operating at 

higher frequencies, as experimentally confirmed in Chapter 5. 

 

 

Figure 3.16: Frequency shift under compressive deformation of LC sensor with an unstructured 

dielectric layer. Increase of pressure is indicated by the black arrow on the left figure. 

 

From Fig. 3.16 it becomes evident that the use of an unstructured dielectric medium 

results in very low changes of the resonant frequency that would be very difficult to 

resolve for the minimum low contact pressures of P =0.1 kPa. This change is limited to 

less than 5 kHz for a sensor with f0=150MHz. Although the response to a compressive 

load is rapid for unstructured PDMS films [18,19], such films present a significant 

viscoelastic creep upon removal of any external force. Relaxation times as high as 15 

seconds were recorded for the film to return to its initial uncompressed state, while in 

contrast, thin microstructured PDMS films exhibit a spring-like response with relaxation 

times of the order of milliseconds [18,19]. In the latter case, the microstructured patterns 

store and release the mechanical energy reversibly, similarly to a spring, hence enabling 

the dielectric layer to elastically deform under compressive stimuli with a minimised 

viscoelastic creep as detailed in Chapter 8.  

 

3.3.2. Deformation model of the microstructured dielectric medium  

The enhanced deformation a microstructured dielectric layer experiences, consisting of 

discrete arrays of symmetrically positioned truncated pyramids (Fig. 3.17) called frusta, 

stems from two main effects: (i) a decrease of the effective area of compression and (ii) 

a reduction of the effective Young’s modulus of the dielectric medium. These truncated 

pyramids have been chosen to have a square base. 
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Figure 3.17: LC sensor with a microstructured dielectric layer. 

 

The uniform compressive load that is applied across the surface A=L2 of a square sensor 

of length L: 

 

𝑃 =
𝐹

𝐴
 (3.63) 

is, in effect, distributed across the effective area 𝐴𝑒𝑓𝑓 of the microstructured features: 

 
𝑃𝑒𝑓𝑓 =

𝐹

𝐴𝑒𝑓𝑓
 (3.64) 

with 

 𝐴𝑒𝑓𝑓 = 𝑁𝑓𝑟𝑢𝐴𝑓𝑟𝑢 

𝐴𝑓𝑟𝑢 = 𝑏
2 

𝑏 = 𝑎 − 2 ∙
ℎ0

tan (𝜃)
 

(3.65) 

Where a and b are the bottom and top lengths of a frustum, h0 the uncompressed height 

of the features and Nfru the number of frusta. Since the L>> a and s, with s the space 

between features, Nfru for symmetric arrays of features can be estimated as: 

 

𝑁𝑓𝑟𝑢 ≅ {
𝐿

𝑎 + 𝑠
}
2

 (3.66) 

Due to the reduced effective area of the microstructured features, the dielectric medium 

experiences an augmented effective compressive pressure: 

 

𝑃𝑒𝑓𝑓 =
𝐴

𝐴𝑒𝑓𝑓
𝑃 = (

𝑎 + 𝑠

𝑎 − 2 ∙
ℎ0

tan (𝜃)

)

2

∙ 𝑃 = 𝐻(𝛼, 𝑠, 𝜃) ∙ 𝑃 (3.67) 



78 
 

Increasing the height of the frusta, or their spacing and therefore their number, whilst 

reducing their base length, results to an increase of the effective load experienced by the 

micro-structured dielectric layer. However, such an approach results to less available 

effective surface for the micro-structured layer bonded to the substrate which can 

compromise the structural integrity of the sensor, as the features are then prone to 

debonding as discussed in Chapter 4. A very thin micro-structured film is also desirable 

since the increase of h0 results in thicker film sensors, compromising the flexibility of the 

device, and results in a smaller effective capacitance, significantly shifting the resonant 

frequency of a sensor to much higher values. The coupling between the inductors of the 

sensor is similarly reduced, which can lead to a decoupled sensor system.  

In this work, sensors with a micro-structured dielectric layer with truncated pyramid 

dimensions of a=50 μm, b=44 μm, s=50 μm, θ=75ο and h0=13 μm (𝐻 = 5.4) were 

developed to address the above and ensure a robust sensor structure and microfabrication 

process. 

 

Figure 3.18: (a) Analysis of the truncated pyramid structure into infinitesimal layers. (b) Cross-

sectional analysis of the frustum.  
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The response of the sensor to contact pressure can be theoretically derived by considering 

an infinitesimally thin layer of length Lh and a thickness dh as shown in Fig. 3.18, 

whereas: 

 
𝐿ℎ = 𝑎 − (𝑎 − 𝑏)

ℎ

ℎ0
 (3.68) 

The stress σh experienced by the infinitesimal layer, situated at a height h, can be 

expressed as: 

 
𝜎ℎ =

𝐹

𝑁 ∙ 𝐿ℎ
2 (3.69) 

Assuming now an elastic deformation of the infinitesimal layer, the contraction Δl 

experienced by the dh thick layer will be:  

 
𝛥𝑙 = 휀ℎ𝑑ℎ =

𝜎ℎ
𝐸
𝑑ℎ (3.70) 

Where εh and E the strain and Young’s modulus. 

Integrating now across the thickness h0 of the frustum the total contraction Δh can be 

estimated: 

 
𝛥ℎ = ∫ 𝛥𝑙 =

ℎ0

0

 
𝐹

𝑁 ∙ 𝐸
∙ ∫

𝑑ℎ

[𝑎 − (𝑎 − 𝑏)
ℎ
ℎ0
]
2 

ℎ0

0

 

 

 

 
𝛥ℎ =

𝐹

𝑁𝐸
∙
ℎ0
𝑎𝑏
=
ℎ0
𝐸
∙
𝑏

𝑎
𝑃𝑒𝑓𝑓 

(3.71) 

The deformation of the frustra along the plane of the substrate is not considered here. It 

is possible to include it in the derivation of the deformation by introducing the Poisson 

ratio of the polymeric material. However, the Young’s modulus E of PDMS depends on 

the compression ratio following the Mooney-Rivlin response of hyperelastic materials 

[20,21]. In the case of a microstructured layer with evenly spaced frusta, a two-stage 

deformation sensitivity has been consistently observed in the developed capacitive 

pressure sensors utilising such a dielectric medium [17-19,22-27]. An increased 

sensitivity has been witnessed in the very low pressure regime (typically P< 1kPa). The 

source for this response has been attributed to the sidewall angle θ of the frusta, as 

reported in [17], which leads to a highly decreased effective Young’s modulus. For the 

latter Eeff can be ten times lower than the bulk value for θ≤75o. The two-stage sensitivity 
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itself is attributed to the non-uniform stress distribution at the upmost section of the 

frustum which allows the structure to experience an enhanced deformation at low contact 

loads. For higher compressive loads that exceed a critical contraction value Δhc at P>Pc , 

the Young’s modulus of the frustum reverts to the bulk value of the material (ie. 

E=EPDMS), with the latter effect stemming from the fact that the deformation has resulted 

to a frustum structure with a more cubic-cross sectional geometry. In this work such a 

two-stage sensitivity has been observed consistently across the developed sensors, as 

shown in Chapter 5, occurring approximately at Pc = 0.5 kPa.  

Expression (3.71) can be expanded to account for this effect and the deformation of the 

microstructured layer with the contact pressure P can be therefore modelled by the 

following expressions, whereas the augmentation factor from (3.67) has also been 

incorporated.  

 
𝛥ℎ(𝑃) = 𝐻 ∙

ℎ0
𝛦1
∙
𝑏

𝑎
𝑃                                        𝑤ℎ𝑒𝑛  𝑃 ≤ 𝑃𝑐  (𝛥ℎ ≤ 𝛥ℎ0) 

(3.72) 
  

𝛥ℎ(𝑃) = 𝐻 ∙
ℎ0
𝛦2
∙
𝑏

𝑎
𝑃 + 𝛥ℎ0

𝛦2 − 𝛦1
𝛦1

           𝑤ℎ𝑒𝑛  𝑃 > 𝑃𝑐   (𝛥ℎ > 𝛥ℎ0) 

where in this work 𝛦1 = 𝛦𝑒𝑓𝑓 = 10 ∙ 𝛦2 is considered since θ<75o, Ε2=ΕPDMS and 𝐻 ≡

𝐻(𝛼, 𝑠, 𝜃) from expression (3.67). Hence the response (3.62) of the sensor to compressive 

deformation can now be estimated: 

 

𝑓(𝑃) = 𝑓0 ∙ √1 −
𝛥ℎ(𝑃)

ℎ0
 (3.73) 

The expected response is depicted in Fig. 3.19, compared against an unstructured 

dielectric layer and difference values of the force enhancement factor H. The significant 

increase that a microstructured layer induces on a sensor response is evident. Any 

additional unstructured (uniform) PDMS layers, such as the substrate and superstrate of 

the sensor, are considered to deform minimally in this work due to the use of a higher 

modulus PDMS composition, presented in Chapter 4, and the concentration of the 

compressive forces at the microstructured layer. 



81 
 

 

Figure 3.19: Expected response of sensor vs unstructured dielectric layer and the augmentation 

factor H. 

 

 

Figure 3.20: Realistic sensor structure and effective dielectric permittivity. 

 

Lastly, a parameter that must also be taken account with regards to the sensor response is 

the effective dielectric permittivity of the overall dielectric layer as shown in Fig. 3.21. 

Assuming the two inductors of the sensor are situated between 3 layers including the 

microstructured layer, a substrate and a superstrate, the pressure-sensitive overlap 

capacitance presented in expression (3.11) can be further analysed as: 

 
𝐶𝑒𝑓𝑓 = 휀𝑒𝑓𝑓휀0

𝛢𝑜𝑣
ℎ𝑡𝑜𝑡𝑎𝑙

 

ℎ𝑡𝑜𝑡𝑎𝑙 = ℎ𝑠𝑢𝑏𝑠 + ℎ𝑠𝑢𝑝 + ℎ𝑚𝑖𝑐𝑟 

(3.74) 
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휀𝑒𝑓𝑓 =
𝑉𝑠𝑢𝑏𝑠
𝑉𝑡𝑜𝑡

휀𝑠𝑢𝑏𝑠 +
𝑉𝑠𝑢𝑝

𝑉𝑡𝑜𝑡
휀𝑠𝑢𝑝 +𝑊𝑚𝑖𝑐𝑟_𝑒𝑓𝑓 

𝑉𝑠𝑢𝑏𝑠 = 𝐴𝑠𝑒𝑛𝑠ℎ𝑠𝑢𝑏𝑠 , 𝑉𝑠𝑢𝑝 = 𝐴𝑠𝑒𝑛𝑠ℎ𝑠𝑢𝑝 ,   𝑉𝑡𝑜𝑡 = 𝐴𝑠𝑒𝑛𝑠ℎ𝑡𝑜𝑡𝑎𝑙 
 

With 

 
𝑊𝑚𝑖𝑐𝑟_𝑒𝑓𝑓 =

𝑉𝑚𝑖𝑐𝑟
𝑉𝑡𝑜𝑡

휀𝑚𝑖𝑐𝑟 +
𝑉𝑎𝑖𝑟_𝑚𝑖𝑐𝑟
𝑉𝑡𝑜𝑡

휀𝑎𝑖𝑟 

𝑉𝑎𝑖𝑟_𝑚𝑖𝑐𝑟 = 𝐴𝑠𝑒𝑛𝑠ℎ𝑚𝑖𝑐𝑟 − 𝑉𝑚𝑖𝑐𝑟 
 

(3.75) 

And 

 

𝑉𝑚𝑖𝑐𝑟 = ∑𝑉𝑠𝑡𝑟_𝑖

𝑁𝑠𝑡𝑟

𝑖

= [1 − 𝑔(𝑎, ℎ, 𝜃)] ∙ 𝑁𝑠𝑡𝑟𝑎
2ℎ𝑚𝑖𝑐𝑟 (3.76) 

Where the subscripts micr, sub and sup in the above expressions denote respectively the 

microstructured layer, substrate layer and superstrate layer described above. In the case 

of an all-PDMS sensor composition the following holds true: εsub = εsup = εmicr = 2.7 and 

εair = 1. 

Expression (3.74) is a generalised form for the overall effective volume of the frustum 

features, expanded from the trivial case of orthogonal pillars (θ=90), whereas the 

dimensionless correctional coefficient g(a,h,θ)<1 accounts for the geometrical deviation 

(ie, for structures with θ<90o) as reflected on the effective permittivity over the effective 

capacitive overlap area of the inductor tracks of the sensor. 

 

Figure 3.21: Truncated pyramid structure decomposition into 3 structural geometries and their 

corresponding capacitances. 

 

The g(a,h,θ)  correctional coefficient can be estimated by examining the capacitance of a 

single truncated pyramid in relation to an orthogonal pillar. As can be seen in Fig. 3.22 
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the structure can be broken down to 3 geometries and the total capacitance can be 

calculated by evaluating each geometry individually, since : 

 
𝐶𝑝𝑦𝑟 = 𝐶1 + 𝐶2 + 𝐶3 (3.77) 

Where C1 accounts for the trivial case of:  

 

𝐶1 = 휀𝑟휀0
𝑏2

ℎ𝑚𝑖𝑐𝑟
 

 

(3.78) 

C2 consists of 2 capacitances in series and can be calculated as follows: 

 

𝐶2 =∑𝐶2𝑖

4

𝑖

 

1

𝑑𝐶2𝑖
=

1

𝑑𝐶𝑖𝑛1
+

1

𝑑𝐶𝑎𝑖𝑟1
=

1

휀0𝑑𝑥𝑑𝑦
[

2ℎ𝑥

(𝑎 − 𝑏)휀1
+
ℎ −

2ℎ
𝑎 − 𝑏

𝑥

휀2𝑑𝑥𝑑𝑦
] → 

 

𝐶2𝑖 = ∫𝑑𝑦∫ 𝑑𝑥
휀0휀1휀2
ℎ

[휀1 + 2
휀2 − 휀1
𝑎 − 𝑏

𝑥]
−1

𝑎−𝑏
2

0

→

𝑏

0

 

 

𝐶2 =
2𝑏(𝑎 − 𝑏)휀0휀1휀2
ℎ(휀2 − 휀1)

𝑙𝑛 [
휀2
휀1
] 

(3.79) 

Similarly, for C3:  

 

𝐶3 =∑𝐶3𝑖

4

𝑖

 

1

𝑑𝐶𝑒
=

1

𝑑𝐶𝑖𝑛2
+

1

𝑑𝐶𝑎𝑖𝑟2
=

ℎ

휀0휀1휀2𝑑𝑥𝑑𝑦
[휀2 (1 −

𝑥 + 𝑦

𝑏
) + 휀1

𝑥 + 𝑦

𝑏
] → 

 

𝐶3𝑖 = ∫𝑑𝑥∫ 𝑑𝑦
휀0휀1휀2
ℎ

[휀2 +
휀1 − 휀2
𝑏

(𝑥 + 𝑦)]
−1

𝑎−𝑏
2

0

→

𝑏

0

 

 

𝐶3 =
4𝑏2휀0휀1휀2
ℎ(휀1 − 휀2)

[1 + 𝑙𝑛 (
휀1
휀2
) − 𝑙𝑛(휀1 − 휀2)] 

(3.80) 

Hence incorporating (3.75) and (3.76) into (3.73) finally yields: 
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𝐶𝑝𝑦𝑟 =
휀0휀1
ℎ

𝑎2

𝑆2
[(𝐻 − ℎ)2 +

2휀2
휀2 − 휀1

ℎ(𝑆 − ℎ)𝑙𝑛 (
휀2
휀1
) +

2ℎ2

휀1 − 휀2
(1 + 𝑙𝑛 (

휀1
휀2
) − 𝑙𝑛(휀1 − 휀2))] (3.81) 

Where 𝑆 =
𝑎

𝑎−𝑏
 and ε1 = εr = 2.7 and ε2 = εair = 1. 

 

Figure 3.22: Evaluation of correctional factor g over (a) the slope angle, (b) dimensional base length 

and (c) the height of the structures. 

 

Evaluating expression 3.81 over a, h, θ and against the equivalent orthogonal pillar 

structure, as can be seen from Fig. 3.23, yields the correction coefficient: 

 
𝑔(𝑎, ℎ, 𝜃) =

𝐶𝑝𝑖𝑙𝑙𝑎𝑟 − 𝐶𝑝𝑦𝑟(𝑎, ℎ, 𝜃)

𝐶𝑝𝑖𝑙𝑙𝑎𝑟
 (3.82) 

Which takes the value g=0.085 (ie. 8.5% error estimation) for the developed sensor 

microstructure within this work (a=50μm, s=50μm, θ=75ο, h0=13μm). 

Finally, by combining expressions (3.73), (3.74), (3.75), (3.76) and (3.81), and taking into 

account an all-PDMS sensor composition, the overall effective relative permitivity of the 

sensor can be calculated by the following expresion: 

 
휀𝑒𝑓𝑓 =

1

ℎ𝑡𝑜𝑡
{휀𝑟 ∙ (ℎ𝑠𝑢𝑏𝑠 + ℎ𝑠𝑢𝑝) + [ (1 − 𝑔(𝑎, ℎ, 𝜃)) ∙ (

𝑎

𝑎 + 𝑠
)
2

∙ (휀𝑟 − 1) + 1] ∙ ℎ𝑚𝑖𝑐𝑟} (3.83) 

Where ℎ𝑡𝑜𝑡 = ℎ𝑠𝑢𝑏𝑠 + ℎ𝑠𝑢𝑝 + ℎ𝑚𝑖𝑐𝑟 , εr=εPDMS , ℎ𝑚𝑖𝑐𝑟 = ℎ𝑚𝑖𝑐𝑟_0 − 𝛥ℎ𝑚𝑖𝑐𝑟(𝑃) , and 

𝛥ℎ𝑚𝑖𝑐𝑟(𝑃) evaluated by expression (3.72). 
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Figure 3.23: Effective relative permittivity of the LC sensor versus (a) base and spacing dimensions 

of the frusta, (b) thickness of the microstructured layer and (c) thickness of the substrate and 

superstrate layers. 

As can be seen in Fig. 3.24, a decrease of the spacing s of the features or thickness hmicr 

of the microstructured layer results to a decrease of the overall relative permativity, while 

in contrast an increase of the base dimension a of the features or the thickness of the 

substrate and superstrate (hsub ,hsup) result respectively to an increase of the overall relative 

permitivity and closer to the relative permitivity of PDMS (εPDMS =2.7). 

The additional contribution of the effective relative permitivity to the change of the 

resonant frequency can be incoroporated similarily in expression (3.61) as: 

 

𝑓 = 𝑓0 ∙ {1 +
휀𝑒𝑓𝑓(𝑃) − 휀𝑒𝑓𝑓0

휀𝑒𝑓𝑓0
}

−1/2

∙ {1 −
𝛥ℎ(𝑃)

ℎ0
}
1/2

 (3.84) 

Resulting thus to a small increase of the sensor sensitivity as seen from Fig. 3.25, where 

the expression has been evaluated over the developed sensor structure parameters 

presented in the next chapter.  
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Figure 3.24: Sensor sensitivity increase due to the effective permittivity of the dielectric layer. 
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Chapter 4:  

Microfabrication process of wireless flexible  

pressure sensor arrays 

4.1. Introduction 

The overall aim for the fabrication of the LC sensors was to develop a novel wafer-scale 

microfabrication process, based on conventional semiconductor microfabrication 

techniques, that enables the bottom-up manufacturing of thin-film, flexible and scalable 

elastomeric LC multi-sensor arrays on a single carrier wafer. Particular attention was 

devoted to the direct processing of thin-film PDMS elastomers regarding metal deposition 

and microstructuring of the dielectric layer. This is a departure from current state-of-the 

art sensors whose manufacturing is based on layer-by-layer manual assembly and use of 

the less flexible polyimide (PI) material as the structural basis as previously discussed in 

Chapter 2.  

The proposed LC sensor structure is depicted in Fig. 4.1 and consists essentially of three 

thin-film flexible elastomeric layers including a substrate layer incorporating the first 

inductor layer, a superstrate layer with an aligned second inductor layer in a counter 

rotation orientation and a microstructured layer with an array of square truncated 

pyramidic 50x50 μm2 structures between the former layers. The frusta, arranged as a 

square array, have spacings of 50 μm between them. The two aligned inductor layers form 

the EM response of the sensor while the microstructured layer serves as the pressure 

sensitive dielectric medium to low compressive stimuli that modulates the resonance of 

the sensor. 

 

Figure 4.1: (a) Sensor desired dimensions; (b) Exploded view of sensor structure 

A set of ultra-dense arrays of sensors, with 200 μm separation distance between arrays, 

with sizes varying from 10x10 mm2 to 1x1 mm2, was designed along with a number of 
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test structures and photolithographic alignment markings for wafer-scale alignment, as 

shown by the photomask (JD Photodata) in Fig. 4.2. To measure process yield, optimum 

performance and validate the sensors behaviour over the proposed EM and mechanical 

models of Chapter 3, each sensor was designed to hold a unique fundamental resonant 

frequency, with pitch and track dimensions of the planar inductor structures ranging from 

25 μm to 750 μm. A number of sensor arrays were then utilised to functionalise the surface 

of shell of the capsule and enable multi-site monitoring of the GI tract contractile and 

intraluminal behaviour, as presented in Chapters 7 and 8.  

 

Figure 4.2: Photomask design of the multi-sensor array of the bottom inductor layer 

The elastomer PDMS (Dow Corning, Sylgard 184) was chosen as the basic structural 

material for the sensor film due to its advantageous properties, including low 1.7 MPa 

Young’s modulus, biocompatibility and low-cost (Chapter 2).  

Key challenges encountered and addressed in this Chapter include: 

• Developing a thin-film complex multi-structured PDMS sensor geometry while 

concurrently enabling large scale alignment of the inductive elements of the 

sensors.  

• Developing metal tracks on PDMS that do not crack during deposition, 

demoulding of the film, bending and compressive deformation. 

• Enabling bottom-up self-assembly of the sensor with high yield. 
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4.2. Indirect microstructuring process via a sacrificial mould technique for thin 

PDMS films 

Successful manufacturing of a wafer-scale multi-sensor LC array depends on achieving 

a high degree of translational and angular alignment of the top and bottom inductor layers 

of the proposed sensor. Misalignment of the 2 inductor layers at the wafer scale would 

lead to poor performance, low yield and ultimately a non-resonant response of the sensors. 

This situation is more prone to happen if layer-by-layer lamination is envisaged for the 

manufacture of the sensor array. High compressive pressure, heat and the use of an 

additional adhesive interlayer, ie. Pyralux acrylic adhesive for KaptonTM PI films and FEP 

adhesive layer for PTFE substrates, can indeed introduce misalignment issues [1]. 

A more judicious approach for the sensor development and assembly was therefore 

pursued to overcome this challenge. The method relies on a bottom-up manufacture of 

the sensor layers via conventional photolithographic techniques. PDMS is transparent 

which allows multi-layer alignment using photolithographic alignment markings as 

shown in Fig. 4.2. Moreover, PDMS does not suffer from drift during compression 

cycling unlike the thermoplastic elastomer SBS used in state-of-the-art polyimide-based 

LC sensor [2]. In this section, the challenge of forming the microstructured layer from a 

bottom-up approach is addressed.  

PDMS, such as Sylgard 184, is composed of 2 liquid constituents which include the 

elastomeric base and the crosslinking agent with a nominal ratio for Sylgard 184 of 10:1 

[3]. The elastomer can retain a liquid state for 24 hours, which allows ease of handling 

and processing. In general, the vast majority of PDMS microstructuring relies on soft 

lithography techniques for use in sensors or microfluidics or simply as structure 

encapsulants.  Typically, soft lithography processing involves spin-coating or casting of 

the elastomer, while in the liquid state, on a pre-developed rigid mould, made of Si, SU-

8, Teflon or PDMS master replica, that has the negative image of the desired geometry, 

prior to inducing crosslinking via thermal activation  - for Sylgard 184, 35 min/100oC - 

to solidify it [2,4-17]. PDMS, during that stage, has the ability to perfectly replicate a 

structure with nano-scale resolution due its unique viscoelastic properties. Once 

crosslinked, the resultant PDMS structured layer can be peeled off with ease from the 

mould, which typically is pre-treated with an anti-adhesion layer to enable the latter. More 

complex geometric structures can be assembled by stacking and bonding (stamping) a 

multitude of such layers [18-22]. Transfer of the microstructured layers is typically 

achieved via use of a thick (>1 mm) PDMS slab, bonded or mold-casted on the thin 
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microstructured layer prior peel off from the Si wafer mold. The bond to another PDMS 

substrate is achieved via either utilising a thin uncured or partially cured layer of PDMS 

as a bonder or by surface functionalization via oxygen (O2) plasma activation that 

momentarily turns the surface of PDMS from hydrophobic to hydrophilic [23], followed 

subsequently by peel off of the thick transfer slab. This technique was not followed 

because of poor yield obtained during previous attempts. 

A major drawback of the aforementioned techniques lies in the difficulty in ensuring that 

the bond of the microstructured layer to a thin film PDMS substrate is sufficiently strong, 

without compromising the multi-layered LC sensor film structural integrity. Any 

compressive forces experienced by the sensor would in practise include shear forces that 

could lead to lateral displacement of the inductor layers and hence nullify the required 

structural alignment of the sensor (e.g. the GI contractile forces experience by a motility 

capsule device in the small intestine) hence severely compromising the sensor 

performance. Moreover, and perhaps more importantly, a transfer and bond soft-

lithography technique applied to such ultra-thin films cannot similarly ensure that the 

microstructured layer would be placed perfectly planar, on a wafer-scale as pursued here, 

with the regards to the underlying PDMS multi-layer substrate, hence effectively 

compromising the alignment of the 2 inductor layers and hence the sensor performance 

and yield across the wafer and batches.        

An indirect microstructuring technique was devised and tested in this work that can allow 

multi-layer alignment of the inductor layers and a complete bottom-up manufacture on a 

wafer-scale. In contrast to conventional soft-lithography techniques, microstructuring of 

the sensor interlayer was achieved here on a single Si carrier wafer, bottom-up, via the 

use of a sacrificial photoresist mould that does require neither any manual transfer nor 

manual alignment and placement. A similar approach via a different process was reported 

in [24] but, in contrast to the proposed process, it was limited to 5 mm thick casted PDMS 

encapsulation layer and required the use of a rigid glass substrate for the formation of a 

500 μm wide, 2,500 μm long channel.  

The simplified process flow is presented on Fig. 4.3 with full details provided in 

Appendix B. The steps 1-4 pertain to the proposed indirect microstructuring process, 

while step 5 involving development of the aligned 2nd inductor layer and detachment of 

the film are presented in detail in the next sections.  
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Figure 4.3: Simplified process diagram of the proposed indirect interlayer microstructuring 

technique (full details in Appendix Β). 

 

The development starts at the surface of a 19 μm PDMS film (light blue, step 1, Fig. 4.3) 

which encapsulates the first inductor of the sensor. A major advantage of spin-coating 

PDMS is that the thickness of the desired thin film film can be controlled accurately. The 

dependence of PDMS thickness as a function of spin speed can be estimated by the 

following the empirical equation [25]: 

Where t is the polymer thickness, ω the spin speed, [η] the molecular weight of the 

polymer measured by its intrinsic viscosity η=4000 mPa, C=0.90909 the concentration, 

K=6.2661 is an overall calibration constant, and α=0.9450, β=5.2707, γ=6.2051 are 

numerically-fitted factors of the formula [3,26].  PDMS thickness was determined here 

based on prior work [27,28], while mixing of the 2 PDMS constituents (elastomer base 

and curing agent) was conducted across this body of work via the use of a magnetic stirrer 

at 500 rpms for 10 min while the air bubbles that are formed and trapped within the 

viscous liquid PDMS during mixing were removed by placing the PDMS, prior to spin 

coating, to a vacuum desiccator for 1 hour.  

 

A sacrificial 13 μm positive photoresist layer (SPR 220-7), shown in red in Figure 4.3, 

was spun and lithographically patterned via use of a photomask containing an array of 

50x50 μm2 dark square features (ie. non-exposable) with a spacing of 50 μm, before UV 

exposure via a Karl Suss MA8/BA8 mask aligner. During processing special care had to 

 𝑡 =
𝐾𝐶𝛽[𝜂]𝛾

𝜔𝛼
 (4.1) 
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be taken during thermal curing of the photoresist on the PDMS surface. Due to the 

elastomeric nature of PDMS and large thermal mismatch with materials with high 

Young’s modulus (e.g. photoresist, metal) [29], conventional thermal activation of the 

photoresist, ie. here at 115oC for 3.15min [30] leads to severe cracking of the photoresist 

layer due to expansion of the PDMS surface. This issue was effectively tackled by 

allowing the wafer to freely cool down after the thermal activation for 1 hour to ambient 

room temperature yielding a non-cracked surface of the photoresist. 

 

Formation of the microstructured layer is achieved by encapsulating the sacrificial 

photoresist (PR) containing the microstructured cavities via spin-coating a 19 μm thin 

PDMS layer. Dissolution of the sacrificial photoresist, shown in step 4 of Fig. 4.3, is then 

performed preferentially across one direction to form the microstructured layer via 

capillary forces. This is achieved, as depicted in Fig. 4.4, by selectively forming 

photolithographically the PR sacrificial layer centrally on the wafer (encapsulated 

sacrificial layer, Fig. 4.4) and concurrently, during the subsequent step relating to the 

formation of the encapsulating PDMS microstructured layer, by retaining exposed (ie. 

non-encapsulated) the 2 side areas of the substrate (exposed reservoir regions, Fig. 4.4) 

in order to serve as reservoir regions, the latter facilitated through the use of a polyimide 

(PI) adhesion film on these areas serving as temporary shields during spin-coating of the 

encapsulation layer. In contrast the top and bottom areas of the substrate are retained non-

structured to allow a strong uniform bond of the substrate with the encapsulating PDMS 

layer (Fig. 4.4, unstructured bond regions). The exposed reservoirs regions hence allow 

direct access to the sacrificial layer, which is then dissolved preferentially as is described 

in detail later, allowing the indirect bottom-up formation of the microstructured layer of 

the sensors in contrast to the conventional soft-lithography techniques presented in 

literature previously. The surface of the wafer is furthermore treated at that stage with O2 

plasma for 30 s to enable a strong bond of the encapsulation PDMS layer with the 

underlying PDMS substrate. The temperature of the O2 plasma chamber (Barrel Asher 

equipment) is kept below 53oC during this processing stage as a higher temperature was 

found to result in crack formation of the sacrificial photoresist mould. The spin-coated 

PDMS encapsulation layer is then thermally crosslinked across the wafer effectively 

coating everything besides the two bound reservoir regions. Because this PDMS layer is 

directly deposited at the surface of the precured PDMS film substrate, the latter allows a 

very strong bond between the two layers, since, at the interface, the uncured liquid 
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diffuses in the PDMS substrate during the thermal crosslinking of the deposited elastomer 

[23]. 

 

Figure 4.4: (a) Preferential direction of dissolution sacrificial photoresist layer; (b) photograph of the 

embedded sacrificial mould on the surface of the first inductor layer prior to dissolution; (c) cross-

section of the sensor structure overlooking the reservoir areas (the unstructured bond regions lie at 

the transverse direction of the cross-section and are not shown). 

 

Optimal parameters in thermal crosslinking of the thin PDMS encapsulating layer had to 

be found that would not introduce any cracks to the already solidified sacrificial 

photoresist mould. Thermally curing the encapsulating PDMS layer and ramping it down 

slowly to the ambient room temperature was initially tested; this technique led to a 

reduction but not complete elimination of the cracks in the sacrificial layer. Three sources 

of the problem were found: (a) the PDMS Sylgard 184 recommended curing time (35 

min) and temperature (100oC), (b) the temporarily attached PI adhesive film shields at the 

reservoir layers, and (c) the way the wafer was let to return to ambient room temperature. 

Following multiple trials, the optimal parameters for crosslinking the PDMS 

encapsulation/microstructured layer were found to be 22 min/90oC, with the temperature 

of the wafer then ramped-down (105 min) to room temperature and placed at an angled 

position, which ultimately led to a crack-free encapsulated photoresist mould layer as 

shown in Fig. 4.5.  
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Figure 4.5: Crack-free micropatterned photoresist film on a wafer scale. The structures beneath are 

contained in the encapsulated first inductor layer of the sensor. 

 

The final step involved the dissolution of the sacrificial mould via capillary forces. This 

was achieved by first removing the temporary PI bounds at the reservoir regions and 

placing the wafer in a photoresist dissolver bath (n-methyl-2-pyrrolidone - NMP 1165) 

overnight (12 h) to fully dissolve the encapsulated sacrificial mould. The NMP dissolver 

was utilised here since it is biocompatible [31] and does not induce swelling of PDMS 

unlike other solvents [32]. The dissolved photoresist was expelled preferentially through 

the two reservoirs by placing the wafer perpendicular to the dissolver bath, while a pipette 

was utilised to increase the expulsion process from 3 hours to 5 min, by depositing 

intermittently small quantities of the dissolver on the top reservoir region as shown in 

Fig. 4.6b.   
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Figure 4.6: (a) thermal ramp-down step following encapsulation of the sacrificial micropatterned 

layer and (b) preferential dissolution technique of a wafer containing arrays of identical 10x10 mm2 

sensors. 

Thereafter, the wafer was placed in a Deionised (DI) water bath and the above process 

was repeated with DI water to drive out any remaining artefacts, followed by thermal 

drying on a hotplate for 25 min at 90oC and subsequent placement of the wafer in a 

desiccator overnight to ensure a complete dry-out. The successful development of the 

embedded microstructured features within two 19μm films following detachment of the 

film from the wafer is shown in Fig. 4.7.  

 

Figure 4.7: Photographs of the embedded microstructures created between two 19 μm PDMS films 

(ie top and bottom layers) via the proposed process. 
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The specific design of the two reservoir regions was optimised after many unsuccessful 

trials using: (i) a uniform sacrificial mould layer across the whole wafer or (ii) 4 quadrant 

reservoirs. In both cases, entrapment of small quantities of the dissolved photoresist 

mould lied in the middle region which was very difficult to effectively drive away towards 

the bottom reservoir region. Prolonged sonication of more than 45 minutes was also tested 

whilst the wafer was firmly fixed in a perpendicular position. This however led over time 

to film detachment from the carrier wafer as well as localised debonding of the 

microstructured film near the interface of the reservoir regions. In the case of the proposed 

and successful technique with the two reservoir regions, even when the wafer was 

subjected to sonication, the microstructured film remained strongly bonded and highly 

planar, owing to the two remaining unstructured and uniform layers which enhance the 

bond on a wafer-scale and effectively hold firmly the structure in place during any 

subsequent processing.    

The successful development of the microstructured film can be viewed in Fig. 4.8. Tests 

were conducted with the ACT photoresist dissolver, utilised here as a dye due its distinct 

yellow colour, to examine and visualise how the microcapillary forces drive the liquid 

inside.  The capillary forces are not impeded even when the film is seriously bent, and the 

liquid flows uninterrupted throughout the microchannels preferentially across one 

direction as the microstructured layer acts as an isotropic and symmetric microfluidic 

structure of a hydrophobic nature due to PDMS. 

 

 

Figure 4.8: (a1 → a4) Evolution of dye liquid filling the microchannels via capillary forces; (b) bent 

microstructured film filled with dye; (c1 → c4)  Evolution of filled microchannels dry-out via capillary 

forces in ambient conditions.   

In order to characterise the microstructured layer it was necessary to separate it from the 

substrate. Manual detachment of the microstructured film was carried out with a blade 
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and strong shear force through the exposed cross-section at the boundaries of the reservoir 

regions, while the PDMS substrate in this experiment strongly adhered to the carrier wafer 

by pre-treating it with O2 plasma to enable the former as otherwise disassembly of the 

structure was not possible (i.e. in the case where the film is peeled off from the carrier 

wafer). The strength of the bond achieved is evidenced by the clear imprints left at the 

PDMS substrate film following the detachment of the microstructured films, depicted in 

Fig. 4.9. 

 

Figure 4.9: Imprints on the PDMS substrate after removing with strong shear force the 

microstructured film. 

 

The height, pitch, width and material composition of the protrusions can be utilised to 

tune the effective Young’s modulus of the microstructured layer, and, ultimately, the 

sensitivity of the LC sensor.  This was demonstrated experimentally in [6] by controlling 

the area and pitch of the pyramidic features. In [27], a PDMS blend is used (Sylgard 184 

to Sylgard 527) with tuneable Young’s modulus to further finesse the performance of the 

sensor. Using the angle of the truncated features has also a very strong effect on the sensor 

sensitivity [6]. However, the current soft-lithography processes based on KOH etching of 

Si moulds or direct RIE anisotropic etching always leads to an angle of θ=54.7o or θ=90o
, 

respectively, limiting thereby the tunability of the sensor with this method. 

The process proposed here has the potential to provide complete control over the desired 

geometric angle of the frustum. This can be easily achieved and optimized by controlling 

the photolithographic processing of the sacrificial photoresist mould, as evidenced in Fig. 

4.10, which leads hence to different angles depending on the exposure dosage, thermal 

activation and the amount of time left in the developer solution. This property was not 

exploited here and the truncated geometry depicted on Fig. 4.10b was selected. The 

reduction of the effective Young’s modulus and hence the deformation improvement of 
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the microfeatures for sidewall angles until θ=75o
 is quite significant (1 order of 

magnitude) as previously reported in [6] and discussed in detail in Chapter 3.    

 

Figure 4.10: Microscope photos where the microstructured film has been tuned in (a) micropillar or 

(b) geometry of the frustum.  

 

4.3.  Metallization process of thin-film PDMS  

 

4.3.1. Metal deposition on native PDMS surface and crack formation 

Irrespective of the inductor layer geometry, the quality factor of the sensor, which is 

linked to the wireless readout distance and sensor overall performance, depends on the 

resistivity of the tracks of the inductor layer. From a microfabrication perspective, the 

quality of the metal deposition process to generate crack-free tracks as well as the 

thickness of the tracks are therefore of primary importance. For a sensor to be conformally 

placed on the shell of the capsule, the deposited tracks must be capable to withstand 

demoulding from the carrier wafer and bending through repetitive compressive 

deformations during operation.  
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Significant effort was hence invested in devising a robust and effective metallisation 

process of metal tracks of thickness larger than 1 μm on PDMS that addresses the 

aforementioned challenges, while ensuring a high wafer-scale yield. Overall two 

processes of metallising and microstructuring were advanced simultaneously in this work 

which, as will be described in later sections, played a pivotal role in devising a successful 

metallization process. Initial efforts were carried out by spin-coating, exposing and 

developing a positive or a negative photoresist, followed by a lift-off process as shown in 

Fig. 4.11. 

 

Figure 4.11: First attempts in metal deposition of PDMS 

 

Anti-adhesion treatment of the Si wafer was deemed very important throughout this work 

(step 1, Fig. 4.11) as otherwise PDMS tends to strongly adhere and would not peel-off 

without damage. This was achieved here utilising PFOCTs (trichloro (1H,1H,2H,2H-

perfluorooctyl-silane) which has been reported to be suitable for detaching PDMS film 

layers from Si [18-20]. PFOCTs deposition on the Si carrier wafer was achieved by 

enclosing the Si wafers and a small quantity (3 drops in a vial) of PFOCTs in a desiccator, 

which allows uniform adsorption and subsequent formation of a thin film of PFOCTs on 

the Si wafer (silanization). The degree of anti-adhesion was evaluated by observing the 

contact angle of DI water droplets on treated and untreated Si carrier wafers, via the use 

of a custom goniometer camera setup (Scottish Microelectronics Center, Edinburgh, UK) 

capturing the cross-section of the wafer situated on platform against a white background 

(FTA32 software, First Ten Angstroms, USA). As seen from Fig. 4.12, this process makes 

the Si surface highly hydrophobic, increasing the contact angle θ from 77o to 105o, and 

enables easy peel-off of PDMS thin films. In later sections, a more complex selective 

anti-adhesion process was also devised, that played a pivotal role on the success of the 

overall development of the sensors on a wafer scale.  
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Figure 4.12: DI droplet contact angle measurements on (a) untreated and (b) PFOCTs treated 

surface. 

An O2 plasma treatment of 30 s of the PDMS surface was conducted in steps (2) and (3) 

to enable good adhesion of the photoresist and of the deposited metal tracks. Metal 

deposition was performed via sputtering in vacuum (OPT Plasmalab 400), with the use 

of a thin 30 nm titanium (Ti) seed layer, due to its good adhesion to PDMS [33], followed 

by a thick 1.5 μm aluminium (Al) layer. This process produced very poor results with 

regards to the quality of the tracks and conductivity of the deposited metal as shown in 

Fig. 4.13. 

 

 

Figure 4.13: Metallisation following lift-off via the use of (a) the 220-7 positive photoresist, 

demonstrating very poor lift-off results and severe cracking of the tracks, and (b) nLOF 2035 

negative photoresist, demonstrating a clean lift-off and a reduction of the cracks on the tracks. 

The use of the positive photoresist 220-7 yielded very poor lift-off results, despite 

extensive efforts to optimize the process. The majority of the deposited structures were 

destroyed during dissolution of the photoresist. Of those that survived, the deposited 
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tracks exhibited severe cracking as can be seen in Fig. 4.13a. The use of the nLOF 2035 

negative Lift-Off Resist (LOR) resulted in a complete and clean lift-off with tracks with 

less cracks than for the previous process.  Unfortunately, non-conductive structures were 

obtained as measured by the probe station (Fig. 4.13b). The use of a LOR is advantageous 

due to the undercut that can be produced at the photoresist sidewalls, via proximity 

exposure and with slight under-exposure, that enables a more effective lift-off. In both 

cases the PR processing was conducted with the processes described in the previous 

section to enable the development of a crack-free pattern. The clean lift-off across the 

wafer was accomplished by conducting multiple iterations of the process to uncover the 

optimal parameters for the photoresist (spin-coating speed, exposure dosage, developing 

time, etc.) and sputtering deposition (ie. power, pulse deposition). These parameters can 

be found similarly in Appendix B detailing the full microfabrication process.   

  

The reason for the cracking of the deposited structures was primarily due to the large 

thermal mismatch between metal and PDMS during metal deposition, followed by 

thermal shrinkage as the PDMS returns to ambient temperature. Additional reasons 

include compressive deformation of the elastomeric film during processing [34].  

 

 

4.3.2 Reasons for the cracked metal structures 

 

Deposition of a thin metal layer on PDMS effectively results in a bilayer system with a 

surface morphology that can vary from a wrinkled geometry to planar cracked structures 

depending on the thickness of the deposited film. Understanding the source of this effect 

has been the subject of intense theoretical and experimental investigation over the past 

few years [33-40].  

 

Figure 4.14: (a) Microscope photo of wrinkled metallisation and (b) typical process and mechanism 

in thin metal film bilayer elastomer systems [33]. 
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During metal deposition, the elastomeric film undergoes mechanical buckling which, 

following metallization, acts as a stress relief mechanism for the thermally-expanded 

surface of the elastomer as it returns to ambient temperature. If the thickness of the 

deposited metal is only a few nms thick and less than a metal-specific critical threshold 

(e.g. 90 nm for nickel [41] or 30 nm for iron [42]), a frosted equiaxial periodical wrinkling 

surface is obtained that is free from cracks, stemming from the compressive stresses on 

the stiff surface layer (ie. metal) as shown in Fig. 4.14. The stresses stem from the large 

Young’s modulus mismatch with the underlying soft elastomeric substrate and hence the 

large difference of the thermal contraction rate a (expressed by equation (4.2)) of the two 

layers at the interface, since the elastomer experiences significantly higher thermal 

expansion during deposition and subsequently strong contraction to its initial state 

following the deposition and the return to ambient conditions compared to the deposited 

stiff metal film [33,34,43-45]. 

where 0.4<γG<4 the Gruneisen constant, ρ the the density of the material, E its Young’s 

modulus and cv the specific heat.  

 

The broad interest drawn with regards to the wrinkling phenomenon, stems from the 

potential of utilizing and controlling the wrinkling characteristics for a number of 

applications such as microfluidic sieves [46], templates for guided cell proliferation [47], 

diffraction gratings [48] or colloidal crystal assembly [49,50]. Control of the geometry of 

the wrinkles can be achieved by preferentially pre-straining or structuring the PDMS 

substrate during metal deposition as first demonstrated in [51] which leads to parallel 

wrinkles across one direction. Other examples can be found in [52] and [53].  

 

During this stage (ie. below the critical deposition threshold), the wavelength of 

undulations, λ, of the spontaneously formed wrinkles is strongly dependent on the 

deposited metal film thickness h, first described by Volynskii [38] such that: 

Where the subscripts s and f denote respectively the substrate and deposited metal film, 

with E the Young’s modulus and v the Poisson’s Ratio. Equation 4.3 has been shown to 

 𝑎 =
𝛾𝐺𝜌𝑐𝑣
3𝐸

 (4.2) 

 
𝜆 = 2𝜋ℎ [

(1 − 𝜈𝑠
2)𝐸𝑓

3(1 − 𝜈𝑓
2)𝐸𝑠

]

1/3

 

 

(4.3) 
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be obeyed for undulation wavelengths λ ranging from submicron to more than 30 μm 

[34]. Beyond the critical metal deposition thickness, the wrinkled surface morphology 

effectively dissipates completely leading to planar cracked structures. Crack formation 

effectively results from the release of the thermal compression of the film, while the film 

near the crack sites undergoes strong plastic deformation [42]. This critical strain 

threshold for wrinkling is expressed by εc [41,54]: 

Above εc, intersectional cracks occur, which are dense and narrow due to the interfacial 

adhesion between the metal and elastomer [41]. The introduction of surface oxidation of 

PDMS via high energy irradiation of oxygen plasma, UV-ozone or ion/electron 

bombardment, enables a strong adhesion of the metal to the elastomer prior to deposition 

[55]. The former results in a stiff SiO2 nanometer-thick layer generated on the surface of 

PDMS, as up to ~50% of PDMS situated at the surface is transformed into SiO2 [45,56]. 

The latter also further contributes to the crack formation due to the brittle nature of SiO2 

[34,55]. The mechanics on the evolution of cracks is thoroughly analysed in [42] and [57]. 

 

In order to produce crack-free thick (>1μm) metal structures as previously discussed, a 

surface modification of PDMS via a thin intermediate layer of poly-monochloro-p-

xylylene (parylene C) was tested. Parylene C is a biocompatible and optically transparent 

polymer with low gas and water permeability coefficients [58-60], while its Young’s 

modulus (E=2.76 GPa) and thermal coefficient (α=3.5x10-5 K-1) are respectively 3 and 1 

orders of magnitude higher than that of PDMS (E=1.7 MPa and α=2x10-4 K-1) and closer 

to that of metals such as aluminium or titanium used here (E=72 GPa; α=20x10-6 K-1 and 

E=112 GPa; α=8.5x10-6 K-1
, respectively [57]). The use of parylene C as an intermediate 

layer can help in alleviating the issues discussed above and enables a crack-free and 

smooth, planar metal deposition layer as previously demonstrated in [61]. In this article, 

30 nm/200 nm Cr/Au metal layers were sputtered on a 0.4 μm to 2 μm thick parylene 

layer that coated 150 μm to 2mm thick PDMS films and with an oxygen plasma RIE etch 

of the parylene layer performed prior. The results were compared against native PDMS 

and no crack formation was observed after metal deposition, owing to the material 

properties of parylene, while the oxygen plasma RIE etching at 25 W enabled penetration 

of the parylene in the PDMS substrate surface and a stronger metal adhesion or 

degradation in wet environments when not exceeding 1200 s duration. Planar tensile 

 휀𝑐 =
1

4
[
3(1 − 𝜈𝑓

2)𝐸𝑠
(1 − 𝜈𝑠2)𝐸𝑓

]

2/3

 (4.4) 
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strain experiments conducted in [61] via use of non-metallised parylene-coated 2 mm 

thick PDMS substrates, revealed that parylene C surface modification resulted in only a 

20% reduction in the break point (stretchability) of the elastomer substrate.  However the 

latter was accompanied with the appearance of cracks. No information is provided on 

whether crack formation emerged in metallised parylene-coated PDMS substrates of thin-

film nature (≤150 μm) during demoulding from a wafer and the effect of the stresses due 

to bending that they would experience during such a deformation.  

 

4.3.3. Parylene-assisted metal deposition process 

The parylene-based metallisation process diagram tested here is depicted in Fig. 4.15. As 

in the previous efforts, following a 3 hours PFOCTs anti-adhesion treatment of the wafer 

to enable demoulding of the film at the process end, a 40 μm thick PDMS 1:10 was first 

spin-coated and then a 2.5μm thick Parylene C film was deposited via vacuum 

evaporation (SCS PDS2010 parylene coater). This was followed by patterning through 

photolithographic processing of the LOR nLOF 2035.  

 

Figure 4.15: Metallisation via use of parylene surface modification process diagram 

 

The addition of parylene alleviated the need for a slow thermal ramp-down of the 

photoresist during the required pre-exposure and post-exposure curing steps in order to 

avoid crack formation on the exposed photoresist. This is due to the larger thermal 

coefficient of parylene that does not allow thermal expansion of the substrate film surface 

[61]. Prior to the thick metal deposition of a 30 nm/1.5 μm Ti/Al layer via sputtering, the 

exposed areas were oxygen plasma RIE etched for 5 min (25 W, 50 mT, 10 mmHgO2) 

which enabled a stronger metal adhesion in agreement with [61], eliminating the 

undesired partial lift-off of some of inductor structures and tracks during the next step. A 

clean wafer-scale lift-off of the dense multi-inductor design was accomplished by 

immersing the wafers in the NMP dissolver overnight and subsequent short (30 s) 

sonication (sonication bath) at a temperature of less than 40oC, prior to thermal dry-out 

at 90oC/15 min using a hotplate. Extensive sonication and elevated temperature were 

found to lead to extensive unwanted lift-off of inductor tracks across the wafer, as well 
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as extensive detachment from the wafer of the substrate film, owing to the PFOCTs anti-

adhesion treatment.  

 

Figure 4.16: Results of the metallisation on parylene-coated thin PDMS substrate 

Following lift-off, the parylene-based metalization process resulted in high quality crack-

free planar metal tracks on a wafer-scale for both large (>100 μm) and small (<50 μm) 

track and pitch dimensions, as shown in Fig 4.16. Electrical measurements taken via a 

probe station verified the high conductivity across the tracks. However, upon demoulding 

the 40 μm elastomer film from the carrier wafer, the tracts exhibited severe crack 

formations that rendered the structures unusable. In addition, subsequent bending of the 

film further intensified this effect as shown in Fig. 4.17.  

 

 

Figure 4.17: (A) after demoulding from the carrier wafer; (B) under bending  
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Although the thin parylene layer enables a high-yield crack-free metal deposition on the 

PDMS elastomer, the tensile stress it experiences during demoulding or deformation 

results in the appearance of cracks first in the most brittle areas [55] [62] which then 

propagate across large areas of the thin elastomer film severely damaging the metal tracks 

as a consequence. In order to overcome this significant issue, the thin elastomer film has 

to be processed in such a way that it incorporates a stress relief mechanism to allow 

compensation of the strain forces induced during bending or deformation of the elastomer 

film and hence retain the deposited metal tracks undamaged. 

 

 

4.3.4.  Metallisation of PDMS surface via use of a wrinkled morphology 

A metallisation process was devised that effectively provides a relief mechanism and 

results in highly resilient, flexible and high-quality metal tracks, enabling the 

development of flexible LC sensor arrays on PDMS bottom-up with high yield.  

 

Due to the uniform PFOCTs anti-adhesion treatment across the wafer, the elastomer film 

would start to locally detach across the rims of the wafer during the lift-off stages. This 

delamination was induced by the brief sonication, compromising the required wafer-scale 

planarity for subsequent processing bottom-up of the following upper sensor layers. The 

latter was successfully addressed by devising a selective anti-adhesion treatment of the 

wafer prior to processing, as shown in Fig. 4.18, which, unbeknownst to the author 

initially, had also a significant influence on the success of the final metallisation process 

described later.  

 

 

Figure 4.18: Selective anti-adhesion treatment process diagram 

 

A 3 hours PFOCTs anti-adhesion treatment across the whole wafer was first carried out 

followed by temporarily shielding and encapsulation of the central area with a rigid plastic 

film using a polyimide (PI) adhesion tape. The area of the plastic film corresponded to 

the active micro-structured area as described in section 4.2.3. By placing thereafter the 
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wafer in an oxygen plasma chamber for 30 s (Barrel Asher equipment) and then removing 

the temporary shield, the wafer is made highly hydrophilic in the shielded outer rim 

periphery of the wafer enabling a very strong bond of PDMS to the Si wafer, while the 

shielded area is highly hydrophobic enabling easy peel-off of the multi-layered PDMS 

film. The selective anti-adhesion process ensures also high planarity during processing of 

the multiple layers of the film. This is necessary for wafer-scale alignment.  

 

 

Fig. 4.19: Process diagram of 1st effort for developing the 2nd inductor layer 

 

The combination of the metallisation and microstructuring processes was initially tested 

with the process depicted in Fig 4.19. A 19 μm-thick 10:1 PDMS spin-coated layer (E=1.7 

MPa) followed by a 19 μm 1:5 PDMS layer (E=3.2 MPa) was used as the elastomer 

substrate. This was deemed necessary for 2 reasons: (i) the 1:5 PDMS layer was selected 

in order to enhance the deformation experienced by the 1:10 PDMS microstructured layer 

and because it was observed that it resulted in the formation of slightly fewer cracks of 

the metal tracks of the parylene-based metallisation process; (ii) the 1:10 PDMS first layer 

was selected because 1:5 PDMS films were found to be harder to detach from the wafer 

despite the anti-adhesion treatment. The next steps of the above process were identical to 

the process steps described in the previous sections. 
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Figure 4.20: Deposition of the aligned 2nd inductor metal layer of the sensor directly sputtered on a 

parylene-coated microstructured layer surface, resulting in generation of severe cracking on the 

tracks. The latter effect is observed to manifest primarily at the free-standing areas (ie. spacing of 

the features) of the microstructured film.    

 

Direct sputtering of metal on the surface of the parylene-coated microstructured layer 

results to the formation of multiple cracks on the deposited metal across the embedded 

microstructured layer surface, hence severely damaging the second inductor layer of the 

sensors. This is primarily attributed to the free-standing film areas, between the embedded 

truncated microstructured features bonded to the underlaying PDMS substrate as shown 

in Fig. 4.20.  

 

Figure 4.21: Transitional process for developing the 2nd inductor layer 

 

In order to mitigate the above, the addition of another 19 μm 1:5 PDMS layer atop the 

microstructured layer was tested, with the transitional process diagram depicted in Fig 

4.21. Surprisingly, the latter addition resulted in the spontaneous formation of a uniform 

and periodical equiaxial wrinkled surface across the wafer during the deposition of the 

second parylene layer. This surface morphology remained permanent and unaffected 

during the latter stage of the metal sputtering irrespective of the deposited metal thickness. 
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Figure 4.22: Comparison (a) between the 1st inductor layer with a planar metallisation vs (b) the 2nd 

inductor layers with the spontaneously formed wrinkled metallised surface 

 

The resulting metal tracks were highly conformable and resilient to deformation. Fig. 4.22 

shows the comparison between the planar metal tracks of the bottom first inductor layer 

with the wrinkled metal tracks of the aligned top second inductor layer, after delamination 

of the multi-layered film from the carrier wafer. The wrinkled surface morphology 

provides a very effective stress-relief mechanism for the tracks. While the planar tracks 

of the first inductor layer displayed the formation of a multitude of cracks, the wrinkled 

tracks of the second inductor layer instead were crack-free, very resilient, and able to 

withstand deformation when subjected to multiple bendings, as depicted in Fig. 4.23. 

  

Stress relief of the metal tracks on the thin elastomer film is achieved due to the equiaxial 

undulations of the wrinkled surface morphology and the larger effective area they 

provide. The importance of the latter can be observed in Fig. 4.24, where the tracks were 

accidently damaged with a sharp blade during handling of the detached film from the 

carrier wafer. Crack formation is obstructed and retained only within a few micrometres 

near the site of damage since the distribution of the undulations effectively blocks any 

propagation of metal discontinuities, constricted on one plane until a perpendicular wave 

front is reached. This behaviour is to be contrasted with the planar and smooth 

conventional metallisation processes where cracks, originating from localised stress 

points, propagate across the film.   
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Figure 4.23: Examination of the wrinkled tracks after the elastomeric film was subjected to multiple 

bending. 

 

 

Figure 4.24: Crack propagation when the tracks are damaged via a blade. 

 

The resilience of the wrinkled tracks is further evidenced in Fig 4.25, where the film was 

deliberately strongly clamped via tweezers, introducing thereby excessive compressive 

stress to the metallised film surface. Surprisingly, under closer examination no metal 

discontinuities were observed and the tracks remained highly conductive. The latter 
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finding was furthermore elaborated with resistance measurements via the use of a probe 

station, as presented in Chapter 5. 

 

 

Figure 4.25: Wrinkled metal tracks following strong clamping with tweezers 

 

 

 

4.3.5 Microfabrication process for spontaneous generation of wrinkled surface 

morphologies on PDMS   

Significant efforts were invested to generate controllably the wrinkle surface morphology 

at the first inductor layer. A number of process iterations tests were conducted depicted 

in Fig. 4.26 (full processes details are provided in Appendix B), drawing from the 

complex multilayered overall process presented in the previous section, where the 

wrinkled surface morphology was first observed in the second inductor layer. 

 

Initially, the wrinkling effect in the parylene substrate of the second inductor layer was 

considered to be either (1) the product of a volumetric modification due to swelling of the 

underlying elastomeric substrate from the photoresist dissolver NMP, or (2) from a 

complex mechanical buckling instability due to the variable Young’s modulus between 

the two parylene and PDMS layers. Regarding the former, test B shown in Fig. 4.26, was 

conducted where the elastomeric substrate was placed in the NMP bath for 12 hours and 

thermally dried prior to the deposition of the 2.5 μm thin parylene. This resulted in the 

formation of random cracks after parylene deposition as seen in Fig. 4.27b. Regarding the 

latter (2), test C was carried out where a thin 19 μm 1:5 PDMS was added after the second 

parylene layer deposition on the elastomer substrate, followed by a second thin parylene 

layer deposition, mimicking the process in the previous section. However, this led again 



114 
 

to a planar smooth surface morphology as seen in Fig. 4.27c, similar to that of a single 

parylene layer deposited on PDMS thin film substrates as shown in Fig. 4.27a.  

 

 

 

Figure 4.26: Experimental process tests to enable controllable generation of the wrinkling surface on 

PDMS.   

 

 

Figure 4.27: Surface of the thin-film PDMS substrate following (a) Test A, (b) Test B and (c) Test C 

processes.  

 

However by combing the above 2 processes in test D, where a uniform PFOCTs anti-

adhesion treatment of the carrier wafer was conducted, a non-uniform wrinkled surface 

morphology across the wafer started to emerge after the deposition of the second parylene 

layer, as shown in Fig. 4.28.  
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Figure 4.28: Surface of the thin film PDMS substrate following Test D process at different sites of the 

wafer with (a) at the top; (b) at the bottom; (c) at the left and (d) at the right of the wafer.  

 

 

Figure 4.29: Surface of the thin film PDMS substrate following Test E process at different sites of the 

wafer with (a) at the top; (b) at the bottom; (c) at the left and (d) at the right of the wafer.  

 

Finally in test E, by introducing the selective anti-adhesion treatment process of the wafer 

presented previously, a highly uniform equiaxial wrinkled surface morphology emerged 
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across the whole wafer as shown in Fig. 4.29 and Fig. 4.30 with a constant wavelength 

between subsequent undulations and consistent across multiple batches. 

 

 

Figure 4.30: Results of metallisation (2 μm-thick) uniformity at different locations of the film which 

was prepared to have prior a wrinkled surfaced morphology with process E. 

 

In terms of uniformity, the wavelength of the undulations was found to be very consistent 

at λ=7.5 μm across wafers, multiple batches and thickness of metal depositions (a=1 μm, 

b=1.5 μm, c=2 μm) as shown in Fig. 4.31. The number of segmented undulations 

increased with the deposition thickness, due to the increase of metallisation in the area 

between the undulations. The latter however had no observable impact, as no crack 

formation was observed during detachment from the wafer nor under bending, while the 

resulting sensors were still fully operational as presented in Chapter 5.  
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Figure 4.31: Uniformity across different batches (numbers subscripts) and metal depositions where 

the letters correspond to a=1 μm, b=1.5 μm and c=2 μm. 

 

In terms of flexibility, the resilience of the tracks was furthermore examined by bending 

a metallised film across a sharp blade under a microscope to investigate whether severe 

bending would result to the emergence of cracks as shown in Fig. 4.32. Surprisingly, as 

can been in Fig. 4.33, no crack formation was observed under even such extreme 

curvatures, which was corroborated with resistivity measurements via a probe station 

following the latter, as discussed in Chapter 5. 
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Figure 4.32: Wrinkled metallised film bend on a sharp blade. 

 

   

Figure 4.33:  Wrinkled metal tracks under severe bending results 
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4.3.6 Investigation on the source of the wrinkling phenomenon  

When the thickness of the metal deposited on native PDMS is kept far below a critical 

deposition threshold value (<90 nm) similar equiaxial wrinkling is produced, with the 

wavelength of undulations being a function of the deposition thickness. Above that 

threshold, the wavelength of undulations disappears, and crack generation starts. Here 

however the thin film substrate keeps a very dense wrinkle surface morphology prior to 

any metal deposition, hence allowing thick metal deposition to be applied conformally 

with no discontinuities.  

 

To further understand the mechanisms of how similar wrinkled surface morphologies can 

be generated in elastomers and potentially shed light on the source of the observed effect 

in this work, the various techniques reported in the literature are explored in this section. 

A more general and in-depth analysis can be found in [52]. Burell in 1954 predicted that 

the dominant cause for the emergence of such wrinkling is the shrinkage of the underlying 

elastomer surface induced by any force (heating, mechanical stretching, swelling etc.), 

which bends the elastomer surface out of plane when exceeding a critical stress value 

[63]. From a fabrication perspective, 3 types of layer that lead to similar surface 

morphologies can be distinguished: (1) well-defined bound multi-layer systems; (2) 

homogeneous films and (3) films exhibiting a gradient of their mechanical properties. 

The strong potential regarding to the flexibility, stretchability and bendability of wrinkled 

and wavy metal tracks on very thin film elastomer substrates, limited currently only to 

very thin metal layers, are of significant interest for flexible electronics since such metal 

morphologies are able to provide mechanical relief over large compressive and strain 

stresses [64-66].   

 

In the first category, multi-layer films have constituent layers presenting different 

Young’s moduli and Poisson ratios. A typical case includes the deposition of a very thin 

film of metal on an elastomeric substrate which experiences thermal expansion. 

Orientation of the wrinkling towards a preferential plane axis can be achieved by pre-

straining the elastomer manually in a fixed state during deposition. However pre-straining 

does not address a key issue in flexible electronics which is the observed fracture in films 

upon release of the pre-strain. Moreover this process is limited by the necessity of holding 

the film strained during processing [67,68].  
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A relevant example which utilises thick PDMS substrates and parylene can be found in 

[69]. A thick block of a (propylene glycol)-block-poly(ethylene glycol) to PDMS blend 

(dubbed “m-PDMS”) in 0.9 wt.% ratio was developed, via a typical soft lithography 

casting method in a container. Due to the amphilic nature of PEG-PPG-PEG during curing 

of the blend in the container, the PEG polymer flows at the bottom side of the container 

in order to reduce the interfacial free energy. Upon peeling off the cured m-PDMS from 

the container, flipping it vertically, and firmly laminating the top side of the blend (PDMS 

surface) on a Si wafer, an equiaxial wrinkled morphology (λ~10 μm) was generated at 

the PEG surface of the blend (now placed at the top), via deposition of a 800 nm thin 

parylene layer.  

 

The PEG surface and the parylene layer are considered here as the soft-stiff bilayer system 

that effectively generates the wrinkling via compressive surface strain stresses during the 

parylene deposition, attributed to the dissimilar mechanical properties of these two layers 

and the relatively softer nature of PEG over PDMS. However, a case that has not been 

considered by the authors is that the observed effect might also be due to the Young’s 

modulus gradient film nature since it shares similarities with the third category described 

later. The increased flexibility of the wrinkled metal approach was further evidenced here, 

since 700 nm-thick, 3 mm wide, gold coated stripes on the surface remained conductive 

and very stable in terms of resistance exceeding tensile strain of 20% without failure in 

contrast to native PDMS (<5%). No information regarding bending is presented. Only 

thick substrate blocks can be produced that can provide a high enough planarity for 

metallisation and can be handled manually for further processing. A major drawback is 

the requirement for a soft-lithography casting method for developing the blend. The active 

area (PEG), where the wrinkling surface morphology is formed, is also situated at the 

bottom of the casted blend. A bottom-up microfabrication process is therefore not 

possible. Moreover, since manual alignment and lamination on a rigid carrier wafer are 

required, multi-layered high-level alignment of metal tracks becomes extremely difficult. 

In contrast, the proposed process in this body work enables (1) a bottom-up 

microfabrication capability for multi-layered sensor development and (2) very thin 

flexible substrates, which allow higher conformability in comparison to thick substrates.  

 

Another case belonging to the first category is when the surface of the elastomer has been 

directly oxidized by high irradiation of either oxygen plasma treatment, RIE or UV-ozone 

[34,45,70,71] which results to the formation of a brittle silica (SiO2) layer that is typically 
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accompanied by cracks, as discussed also in section 4.3.1. However, in this case, the 

irradiation time affects the wavelength of the produced wrinkles, limited to wavelengths 

above 10 μm, and such methods are unable to generate the wrinkled morphology on a 

large scale. A relevant example here regarding the above can be found in [72], where 

equiaxial surface wrinkling of 100 μm PDMS films was achieved by surface oxidation 

via immersion in a strong acidic solution (H2SO4/HNO3). The achieved undulation 

wavelength was found to be a function of the immersion time and ranged from λ=11 μm 

to λ=165 μm when immersed respectively between 1 s to 180 s. Control of the wrinkling 

geometry was also demonstrated via the use of glass patterns on the substrate prior to 

treatment. The proposed process however, besides the difficulty in controlling the 

wavelength, brittle nature of silica and the potential biohazard of the acidic solution, 

resulted in a non-transparent surface of the elastomer which was covered by an 

unidentified white material. This white material limits the use of such a process in 

applications where intra-layer alignment of metal tracks is required. 

 

The second category involves the use of a solvent that induces significant swelling [53,73-

75]. When the elastomer is firmly constricted on a rigid interface, expansion of the 

elastomer surface takes place anisotropically due to osmotic pressure across the thickness 

of the film resulting in a compressive strain over the surface that leads to film buckling 

and wrinkling once a critical strain value has been overcome. However, such methods are 

marred by a number of limitations including the difficulty in controlling the wrinkled 

morphology, since the solvent swelling induces large surface strains leading typically to 

folded or creased geometries instead. The non-linear nature of the swelling process makes 

this process not scalable. 

 

In the third category, the wrinkled surface morphologies produced include wormlike, 

peanut or lamellar geometrical shapes [76-78]. This is accomplished by non-isotropically 

crosslinking the elastomer while in its liquid state via UV irradiation or thermally, 

producing hence a modulus gradient from a soft elastomer base to a rigid skin surface 

with the former experiencing compressive deformation during the non-isotropic 

crosslinking, while oxygen diffusion depth plays also an important role. Similar processes 

to the above include elastomer crosslinking via polymer infusion [79] and selective 

polymerisation at the surface of the elastomer [80]. The reported suitable substrates for 

the previous include photopolymerized acrylates, alkyds, acrylics and polyester systems 

but not PDMS.  
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The exact mechanism of the stress relief witnessed in this work still needs to be 

elucidated. A patent is currently being written to account for this process step due to its 

potential importance in flexible electronics.  However, by evaluating the literature on the 

field and the experimental results, a few observations can be drawn.  

 

Although the constituents used for the multi-layered substrate have different Young’s 

moduli and Poisson’s ratios, the source for the spontaneous generation of the wrinkles 

can only be partially attributed to the typical bilayer soft-stiff interface mechanics 

between the upmost parylene and the PDMS layers as found in the first category. The 

necessity for a multi-layered complex structure (PDMS 1:10-PDMS 1:5-parylene-PDMS 

1:5-parylene) results in a substrate film of a Young’s modulus gradient, sharing hence 

similarities to the third category. Concurrently, although it is obvious that the immersion 

of the substrate in the N-methylpyrrolidone (NMP) dissolver solution plays a pivotal role, 

attributing this effect solely to a swelling effect as per the second category cannot be 

corroborated since NMP has a very low swelling coefficient for PDMS of only Sb=1.03 

[32] and the undulations wavelength was found to be very consistent across different 

batches. The latter comes into contrast with the traditional swelling mechanisms, where 

the immersion time affects the wavelength of the wrinkles, although the very low swelling 

coefficient of NMP may be the reason for this. The film after the NMP immersion step is 

also thermally cured extensively and was found to still generate the exact same 

morphology when the subsequent steps of the process following immersion was 

performed even 3 weeks later. Finally, the importance of the selective anti-adhesion 

treatment for the success of the process, which effectively creates strong bounded 

conditions on the periphery of the carrier wafer, is attributed to the necessity for a firm 

interface between the elastomer base and a rigid substrate in order for the compressive 

strain to be directed towards the upmost elastomer surface. Any damage or defects 

compromising the previous were found to dissipate the wrinkling effect and/or lead to 

similar results as in test D.    

 

Hence overall, based on the above results, the reported literature, and the observation that 

even minor deviations from the process depicted in process E nullify the spontaneous 

wrinkled morphology. It is believed that, in this work, a combination of different 

mechanisms is in fact responsible for the emergence of the observed effect. Thus, the 

observed phenomenon here is attributed to a complex mechanical buckling instability at 



123 
 

the upmost interface during the second parylene deposition due to the gradient Young’s 

modulus of the multi-layer and a mild partial swelling of the first PDMS substrate layers. 

  

4.4 Bottom up process for large scale development of thin-film flexible pressure 

sensor arrays 

The final bottom-up microfabrication process for the development of the highly aligned 

sensors was the result of the combination of the metallisation processes for the first and 

second inductor layers, and the indirect interlayer microstructuring process described in 

section 4.2.3. The simplified process diagram is presented in Fig. 4.34, which includes 

the final sensor structure. 

The detailed 69-step overall process can be found in Appendix B. An additional important 

adjustment is the necessity to have two small open vias to the encapsulated reservoirs 

lying outside the active micro-structured area. Due to the high vacuum of the sputterer 

the embedded microstructured layer would otherwise partly inflate as shown in Fig. 4.35. 

The latter was achieved by simply cutting out a small section of the film with a blade, 

retaining the film highly planar during the last processing steps. A slight discoloration of 

the deposited metal was observed around those areas, which had however no observable 

impact on the performance of the sensors. 

Thereafter, following the lift-off process for the second inductor metallisation, and 

thermal and vacuum drying to drive out any residual liquid in the microstructured layer, 

the film is encapsulated in a 19 μm 1:5 PDMS via spin-coating. Finally, the multi-layered 

elastomeric film is then peeled-off from the carrier wafer by cutting around the active 

area interface with a blade and then manually detaching it as shown in Fig. 4.36. 



124 
 

 

 

Figure 4.34: Simplified overall complete bottom-up process and final sensor structure
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Figure 4.35: Inflation defect of film when the reservoirs are held encapsulated during insertion in the 

high vacuum of the sputterer and subsequent metallisation 

  

 

Figure 4.36: (a) detachment of finalised film from carrier wafer; (b) film with the ultra-dense sensors 

arrays design; (c) film with 16 identical 10x10 mm2
 sensors; (d) film thickness and (e) under 

flexibility.  
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4.5 Conclusions 

As evidenced in Fig. 4.37, the process enabled the development of scalable and flexible 

thin sensor arrays, with a complex interlayer microstructured geometry on a wafer scale, 

while the bottom-up approach enables a very high degree of alignment achieved via the 

use of conventional photolithographic alignment markings and methods. Fig. 4.38 depicts 

the excellent yield of metal track with very small pitch and width dimensions of 50 μm, 

as well as 25 μm. 

Moreover, the proposed overall process provides also a high degree of tunability for every 

aspect of the sensors such as the size, spatial dimensions, film thickness, array 

configuration, track thickness, very low or high pitch/width of tracks, tuneable geometry 

for the microstructured layer and hence the potential for a tuneable performance both 

from a mechanical and electro-magnetic perspective.  

More significantly, this process overcomes the challenges and limitations of the current 

state-of-the-art in LC sensing from a fabrication perspective, while delivering for the first 

time a fully PDMS-based LC sensor of a complex structural nature.   

Hence, following the success of the proposed overall bottom-up process, in the next 

chapter the performance of the wireless sensors is thoroughly characterised against the 

theoretical model presented in Chapter 3.  
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Figure 4.37: Microscope photos evidencing the high alignment and planarity on a wafer scale 

achieved with the proposed process, where: (a) 10 x 10 mm2 sensor, (b),(c) 4.9 x 4.9 mm2
 sensor; (d), 

(e) 2.35 x 2.35 mm2
 sensors and (f) 1 x 1 mm2 sensors. 
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Figure 4.38: Microscope measurements evidencing the high yield in track dimensions, with (top) 50 

μm and (bottom) 25 μm pitch and track widths respectively 
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Chapter 5:  

LC sensors characterisation 

 

5.1 Flexible sensors resonant frequency response measurements  

The developed flexible sensor arrays, described in the previous chapter, were first 

characterised in terms of their expected resonant frequencies and yield over the multiple 

wafers produced. A custom-built planar readout antenna connected to an Agilent N5225A 

high precision Vector Network Analyser (VNA) was manufactured to measure the S11 

scattering parameter of the antenna (ie. Γ) over a high sampling frequency sweep step of 

10 kHz. A custom-built rig was also 3D printed to position the antenna with respect to 

the sensors.  

The custom-built prototype antenna PCB, depicted in Fig. 5.1a, was designed using the 

Eagle PCB design software (Autodesk) and consists of a 4.5 x 4.5 mm2, 5.5 turns spiral 

inductor with a track width of 150 μm, and pitch of 175 μm interconnected to the input 

and ground pads (through a via for the latter). The pads have a footprint compatible for a 

male 3.5 mm 50 Ω SMA (SubMiniature version A) PCB mount coaxial connector (RS 

Pro Straight 50 Ω PCB Mount) to provide impedance matching. Development of the 

antenna was achieved via the company Eurocircuits, while the SMA connector was 

manually soldered to the designated pad areas. The overall dimensions of the active area 

of the 1.5 mm thick PCB, excluding the pads, were 5 x 15 mm2, to provide real estate for 

3 antennas, while enabling its integration inside the capsule as described in Chapter 7. 

A positioner component, shown in Fig. 5.1c,d, and 3D-printed using the 3D printer 

CONNEX 500, was manufactured with the same material (VeroWhite) as the capsule. 

The experimental jig has been designed 1) to keep the sensors and antennas at a fixed 

distance as in the capsule.  2) to minimise therefore the influence of the readout distance 

to the measurements as explained in Chapter 3 and 3) to avoid any lateral or angular 

misalignment of antenna and sensor during characterisation.  
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Fig. 5.1 : (a) Design of the antenna; (b) Manufactured antenna on PCB; (c) Design of the 3D printed 

positioner component; (d) Sensor measurements with 3D positioner, bottom right, and the VNA. 

 

The sensors were characterised by inserting the antenna into the top cavity of cross-

section 1.6 x 5.2 mm2 of the positioner. One of the sensors of the array was attached 

temporarily with a double 0.1 mm-thick adhesion tape on the top surface of the positioner, 

providing a fixed distance of 2.5 mm and good alignment between the sensor under 

measurement and the antenna.  

 

Fig. 5.2: Resonant response of a 4.9x4.9 mm2 sensor. (a) Magnitude and (b) Phase of the reflection 

coefficient Γ of the readout antenna. 
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The measured magnitude and phase of the reflection coefficient of the sensor is shown in 

Figs. 5.2a and 5.2b and agree with the analysis presented in Chapter 3. Despite the high 

accuracy of the VNA equipment and calibration performed, the close examination of the 

minimum of the magnitude, as shown in Fig. 5.3, reveals that the curve is not perfectly 

smooth and presents small noise fluctuations that originate from the inherent accuracy 

limitations of the VNA equipment (± 0.01dB for |Γ|). Extracting the minimum of the 

unfiltered response is likely to result in high error of more than ± 1.5 MHz, which 

translates into a variation exceeding ± 6kPa based on the recorded sensitivities of the 

developed sensors presented in section 5.3.  

In order to provide an accurate extraction of the resonant frequency of the sensors, an 

iterative post-processing MATLAB curve-fitting algorithm was developed. Curve-fitting 

and extraction of the resonant frequency was achieved in this work via the use of a 

Savitzky-Golay (SG) smoothing digital filter in-built MATLAB function until the 

resultant smoothed curve best fitted the experimental curve and the error settled in a very 

a low value between successive iterations of convolution parameters of the SG filter (≤ 

±10kHz) [1]. 

 

Fig. 5.3: Savitzky-Golay curve-fitting on a 4.9x4.9 mm2 sensor response for extracting the resonant 

frequency. 

 

The SG filter relies on a convolution process of successive polynomial fitting via the least 

mean squares method, that can be analytically solved for equally-spaced datapoints, 

allowing an increase of the SNR. The algorithm provided very good and smooth fitting 

as can be seen in Fig. 5.3b due to (1) the sheer number of datapoints per measurement 

(>10,000 points obtained over the frequency range of 1MHz to 1GHz), (2) the symmetric 
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nature of the response of the magnitude of the reflection coefficient and (3) the use of a 

7th order SG filter with high sampling rate. The strength in accurately determining the 

frequency of minimum magnitude of the reflection coefficient by this method is 

evidenced in the dynamic iterative characterisation of the sensors and small error under 

repetitive measurements of varying compressive loads, presented in detail in Section 5.3. 

The determination of this frequency could also have been undertaken using the zero-

crossing position in the phase measurement using only first or third derivatives with the 

SG method. However, as indicated in Chapter 6 with the custom-made reader system, the 

phase measurement curve is not as smooth as with the VNA, resulting in no-added 

advantage speed-wise compared to the measurement of the magnitude of the reflection 

coefficient.  

The proposed novel microfabrication process presented in Chapter 4 successfully 

produced uniquely addressable arrays of flexible wireless sensors that accounted for n1=8 

10x10mm2 sensors, n2=29 4.9x4.9 mm2 sensors and n3=12 2.35x2.35 mm2 sensors per 

wafer (total sensors measured 191, all wafers). For a given sensor area, the sensors differ 

by their number of turns, width of the tracks and space between the tracks, resulting in 

different resonant frequencies. Manufacturing yields of 100%, 86.7% and 55.4% were 

measured for the respective sensors and all wafers. Excellent agreement of the resonant 

frequencies for each sensor was observed (Δf), as can be seen in Table 5.2 described in 

more detail later on. These results provide experimental validation of the benefits of the 

self-aligned manufacturing method used for the inductor layers.  

The responses of the 10x10 mm2 and 4.9x4.9 mm2 sensors were successfully captured 

wirelessly at the fixed distance of 2.5 mm provided by the 3D printed component. 

Magnitude measurements of the reflection coefficient |Γ| of these types of sensors with 

their unique resonant frequencies are presented in Fig. 5.4. Overall the amplitude of the 

drop of |Γ| was found to increase with sensor size as can be seen from the following figure 

in agreement with the analysis in Chapter 3. 
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Figure 5.4: Collective response of (a) the 10x10 mm2 and (b) 4.9x4.9 mm2 type of sensors. 

Measurements for the 2.35x2.35 mm2 sensors could not be undertaken using the 

positioner as the separation distance was too large to obtain a measurable amplitude drop. 

The antenna was therefore placed directly above the sensor during measurements. This 

type of sensors was therefore deemed impractical for use and was not pursued further for 

dynamic characterisation. The recorded response of these sensors is presented in Fig. 5.5. 
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Figure 5.5: Collective sensors response of 2.35x2.35 mm2 type of sensors. 

 

None of the 32 1x1mm2 sensors was successfully measured. The sensors were expected 

to operate between 2 and 5 GHz. The antenna was however displaying poor performance 

in that regime, marred with multiple self-resonances and significant EM noise beyond the 

2 GHz threshold as shown in Fig.5.5. Any potential very low (ie. < -1dB) amplitude 

changes from such sensors were drowned in the noise.  

 

Figure 5.6: Response of the antenna at frequencies 0-5 GHz in the absence of a sensor, exhibiting a 

degrading response after 1.5 GHz due to multiple self-resonances.  
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5.2 Sensor response analysis against the electromagnetic model  

In order to validate the electromagnetic model presented in Chapter 3, each sensor j was 

designed with unique geometrical features (ie. track width, track pitch and number of 

turns, Fig. 5.7) exhibiting thereby a unique resonant frequency.  

 

Figure 5.7: Square planar inductor geometrical parameters. 

As discussed in Chapter 3, a number of different expressions have been proposed in 

literature with regards to the overall track length lc, track gap length lg and planar inductor 

inductance L [2-6]. The parasitic substrate capacitance Csub is also typically ignored in the 

estimation of the resonant frequency of an LC sensor [7-10]. These expressions are 

compared here with experimental measurements and our own calculated expressions for 

lc and lg, the derivation of which can be found in Appendix C. A number of variations of 

the EM model were hence considered based on the following expressions, taking the coil 

characteristics shown in Fig. 5.7: 

Track length lc: 

 
 𝑙𝑐_𝑙𝑖𝑡𝑒𝑟𝑎𝑡𝑢𝑟𝑒 = 4𝑛 ∙ (𝑑𝑜𝑢𝑡 − 𝑤) − (2𝑛 + 1)

2 ∙ (𝑠 + 𝑤) (5.1) 

 
 𝑙𝑐_𝑜𝑤𝑛 = 4𝑛 ∙ (𝑑𝑜𝑢𝑡 − 𝑤) − (2𝑛 − 1)

2 ∙ (𝑠 + 𝑤) + 𝑤 (5.2) 

Track pitch length lg: 
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 𝑙𝑔_𝑙𝑖𝑡𝑒𝑟𝑎𝑡𝑢𝑟𝑒 = 4(𝑑𝑜𝑢𝑡 −𝑤 ∙ 𝑛)(𝑛 − 1) − 4𝑠 ∙ 𝑛(𝑛 + 1) (5.3) 

 
 𝑙𝑔_𝑜𝑤𝑛 = 4(𝑑𝑜𝑢𝑡 − 2𝑤) − (4𝑛

2 + 1) ∙ (𝑠 + 𝑤) + 𝑤  (5.4) 

Square planar spiral inductor inductance Ls: 

 
 𝐿𝑠_𝑤ℎ𝑒𝑒𝑙𝑒𝑟 = 3.75 ∙ 𝜇 ∙ 𝑛

2 (𝑑𝑜𝑢𝑡+𝑑𝑖𝑛𝑛𝑒𝑟)
2

𝑑𝑜𝑢𝑡−0.466∙𝑑𝑖𝑛𝑛𝑒𝑟
 ,      (5.5) 

 

𝐿𝑠_𝑔𝑟𝑒𝑒𝑛ℎ𝑜𝑢𝑠𝑒 =
1.27𝜇 ∙ 𝑛2𝑑𝑎𝑣𝑔

2
[ln (

2.07

𝜏
) + 0.18𝜏 + 0.13𝜏2] (5.6) 

Where in the latter expression: 

 
𝑑𝑎𝑣𝑔 =

𝑑𝑜𝑢𝑡 + 𝑑𝑖𝑛𝑛𝑒𝑟
2

 𝑎𝑛𝑑 𝜏 =
𝑑𝑜𝑢𝑡 − 𝑑𝑖𝑛𝑛𝑒𝑟
𝑑𝑜𝑢𝑡 + 𝑑𝑖𝑛𝑛𝑒𝑟

 (5.7) 

Hence based on the above the following 5 model variations were considered and are 

presented in Table 5.1: 

Table 5.1: Model iterations considered in estimating the sensors resonant frequency 

Model # 
Track length 

expression 

Track pitch 

length expression 

Substrate 

capacitance 

on/off 

Inductance 

expression 

M1 𝑙𝑐_𝑜𝑤𝑛 𝑙𝑔_𝑜𝑤𝑛 Csub on 𝐿𝑠_𝑔𝑟𝑒𝑒𝑛ℎ𝑜𝑢𝑠𝑒 

M2 𝑙𝑐_𝑙𝑖𝑡𝑒𝑟𝑎𝑡𝑢𝑟𝑒 M1 M1 M1 

M3 M1 𝑙𝑔_𝑙𝑖𝑡𝑒𝑟𝑎𝑡𝑢𝑟𝑒 M1 M1 

M4 M1 M1 Csub off M1 

M5 M1 M1 M1 𝐿𝑠_𝑤ℎ𝑒𝑒𝑙𝑒𝑟 

 

The corresponding estimated theoretical resonant frequencies 𝑓𝑠𝑒𝑛𝑠_𝑀𝑖𝑗𝑘  of the sensors 

derived from the above 5 model iterations Mi, with each analytically solved in Matlab 

(see chapter 3) for all of the i models and for each sensor j of each type of sensors k (with 

k=1,2,3 corresponding respectively to the type sensors of sizes 10x10mm2, 4.9x4.9mm2 

and 2.35x2.35 mm2; see section 5.1 and Appendix D), are compared similarly against the 

corresponding mean resonant frequency 𝑓𝑠𝑒𝑛𝑠_𝑚𝑒𝑎𝑛𝑗𝑘  of each of the measured unique jth 

sensor for each of the k type of sensors of the developed arrays (Appendix D) to extract 
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respectively the normalised model variation quantity mijk (ie. level of agreement between 

f0_theoretical to f0_experimental) for each sensor as follows: 

 
 𝑚𝑖𝑗𝑘 = (1 −

𝑓𝑠𝑒𝑛𝑠_𝑚𝑒𝑎𝑛𝑗𝑘
𝑓𝑠𝑒𝑛𝑠_𝑀𝑖𝑗𝑘

)  𝑥 100  (5.8) 

Where in the above expression the experimentally measured mean resonant frequency 

𝑓𝑠𝑒𝑛𝑠_𝑚𝑒𝑎𝑛𝑗𝑘  and frequency deviation 𝛥𝑓𝑠𝑒𝑛𝑠𝑗𝑘 per unique sensor j for each of the k type of 

sensors is calculated across the total number of developed wafer batches (ie. N=4, with l 

notating the wafer batch), as follows: 

 

 𝑓𝑠𝑒𝑛𝑠_𝑚𝑒𝑎𝑛𝑗𝑘 =
1

𝑁
∑𝑓𝑠𝑒𝑛𝑠𝑗𝑘𝑙

𝑁

𝑙=1

  𝑎𝑛𝑑  𝛥𝑓𝑠𝑒𝑛𝑠𝑗𝑘 = √
1

𝛮 − 1
∑|𝑓𝑠𝑒𝑛𝑠𝑗𝑘𝑙 − 𝑓𝑠𝑒𝑛𝑠_𝑚𝑒𝑎𝑛𝑗𝑘|

2
𝑁

𝑙=1

   (5.9) 

The overall total absolute 𝑀𝑖𝑘̅̅ ̅̅ ̅ and nominal 𝑚𝑖𝑘̅̅ ̅̅ ̅ deviation quantities per type of sensor and 

hence level of agreement for each of the Mi models with the experimental measurements 

is then calculated for the 𝑛𝑘 sensors per each k sensor size type (detailed in section 5.1) 

by the following expressions:  

 
 𝑀𝑖𝑘̅̅ ̅̅ ̅ =

1

𝑛𝑘
∑|𝑚𝑖𝑗𝑘|

𝑛𝑘

𝑗=1

    (5.10) 

 
 𝑚𝑖𝑘̅̅ ̅̅ ̅ =

1

𝑛𝑘
∑𝑚𝑖𝑗𝑘

𝑛𝑘

𝑗=1

    (5.11) 

The complete set of calculations, as well as the experimental measurements across all the 

sensors and wafer batches, are reported in Appendix D. 

Table 5.2: Comparison between the different models to the experimental results as well as the 

sensors’ manufacturing yield and resonant frequency consistency (𝜟𝒇̅̅ ̅̅ ) per sensor type. 

 Absolute model deviation 

k 
Sensor size 

type 

Yield 

(%) 

𝜟𝒇̅̅ ̅̅  

(±MHz) 
𝑴𝟏𝒌
̅̅ ̅̅ ̅̅ (%) 𝑴𝟐𝒌

̅̅ ̅̅ ̅̅ (%) 𝑴𝟑𝒌
̅̅ ̅̅ ̅̅ (%) 𝑴𝟒𝒌

̅̅ ̅̅ ̅̅ (%) 𝑴𝟓𝒌
̅̅ ̅̅ ̅̅ (%) 

1 2.35x2.35mm2 55.4 23 4.2 4.31 5.12 56.75 60.74 

2 4.9x4.9mm2 86.70 6.6 8.75 15.46 10.46 63.04 57.82 

3 10x10mm2 100 2.3 6.25 12.69 12.34 61.91 55.43 

 Overall 80.7 10.6 6.4 10.82 9.31 60.57 58 

  

 Nominal model deviation 
k Sensor size 

type   𝒎𝟏𝒌̅̅ ̅̅ ̅̅ (%) 𝒎𝟐𝒌̅̅ ̅̅ ̅̅ (%) 𝒎𝟑𝒌̅̅ ̅̅ ̅̅ (%) 𝒎𝟒𝒌̅̅ ̅̅ ̅̅ (%) 𝒎𝟓𝒌̅̅ ̅̅ ̅̅ (%) 

1 2.35x2.35mm2   1.53 -2.01 -1.58 -56.75 60.74 

2 4.9x4.9mm2   -2.99 -12.68 -7.19 -63.04 57.82 

3 10x10mm2   -3.18 -12.69 -12.34 -61.91 55.43 

 Overall   -1.55 -9.13 -7.04 -60.57 58 
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The proposed bottom-up microfabrication process generates successfully scalable 

flexible thin-film sensor arrays across multiple wafers with resonant frequencies per 

sensor type all laying close to the expected f0 (Table 5.2 and Appendix D) with small 

frequency variations (𝛥𝑓̅̅̅̅ ) as well as high yield across wafers, especially for sensors of 

sizes ≥ 4.9x4.9 mm2. The consistency of the resonant frequency results between wafers 

indicates that a high level of alignment has been achieved on a wafer scale between the 

two inductor layers of the sensor.  

An increase of the resonant frequency deviation 𝛥𝑓̅̅̅̅  across wafers can be observed as the 

size of the sensor decreases (±2.3 MHz 10x10 mm2, ±6.6 MHz 4.9x4.9 mm2, ±23 MHz 

2.35x2.35 mm2) which is to be expected as small misalignments during photolithography 

(±10 μm) have a stronger influence for sensors of small size due to the reduced overlap 

effective area and increased resonant frequencies. Moreover, in the case of small sensors, 

it is difficult to achieve identical alignment and separation distance with the readout 

antenna for all sensors during the characterisation, which results to the observed 

discrepancy as explained in Chapter 3. The influence of the readout distance and the 

orientation of the antenna to the captured resonant frequency of an LC sensor was 

examined in collaboration with MSc students of the University of Edinburgh Gordon 

Trinder and Mengqing You. This body of work can be found in [11,12] and is not included 

here as it falls outside the scope of this thesis since the sensors are placed on the surface 

of a capsule, and the integrated readout antennas are fixed within the capsule shell as will 

be shown in Chapter 7. 

Regarding the manufacturing yield, the yield of 55.4% for the 2.35x2.35 mm2 sensors can 

be attributed primarily to the position of these sensor near the periphery of the mask and 

close to the reservoir areas from where the detachment of the film was performed, being 

hence more prone to damage during processing and handling. Three 4.9x4.9 mm2 sensors 

could not be measured (sensors #13, #41, #51, Appendix D); all were designed with a 

very small pitch (25 μm) and a very high number of loops (>19), which resulted to 

bridging (shorting) between successive loops due to the limitations of the 

photolithographic equipment and the quality of the photomask. 

From Table 5.2, it becomes apparent that an EM model for the LC sensors relying on the 

Wheeler expression over the Greenhouse formula for estimating the inductance Ls of the 

square planar inductor (Model 5) results in severe underestimation of the sensors resonant 

frequencies by approximately 58% (absolute and nominal). Similarly, omitting the 
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parasitic substrate capacitance Csub would lead to an overestimation of the LC sensor 

resonant frequency (Model 4) of around 60% (absolute 60.6%, nominal -60.6%). 

Regarding the track length lc expressions, a significant improvement is provided by the 

new proposed expression (Model 1) in comparison to the one reported in literature 

(Model 2), reducing the absolute model deviation from 12.7% to 6.3% (-12.7% to -3.2%, 

nominal) for the 10x10 mm2 sensors and 15.5% to 8.8% (-12.7% to -3%, nominal) for the 

4.9x4.9 mm2 sensors. Similarly, the new expression of the track gap length lg incorporated 

in Model 1, provides also a better estimation of the resonant frequency in comparison to 

the lg expression reported in literature (Model 3).   

For the 2.35x2.35 mm2 sensors the 3 first models provide similar results, which can be 

attributed to the fact that both lc and lg are much smaller due to the smaller size of the 

sensors with the expressions reported in literature provide a better estimation of lc , lg and 

thus the expected resonant frequencies. However a very strong deviation of the same 

order (61%) is again observed when the inductance L is estimated (Model 4) via the 

Wheeler expression or when the parasitic capacitance Csub of the substrate is neglected 

(Model 5). 
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5.3  Sensor flexibility characterisation and wrinkled metallisation resilience 

As discussed in Chapter 4, metallisation of the flexible PDMS substrate without 

incorporating a stress relief mechanism leads to the emergence of cracks on the tracks 

either after metal deposition or during the detachment of the thin elastomer film from the 

carrier wafer.  

 

Figure 5.8: (a) Resistivity measurements on a probe station and under a microscope. (b) The set of 6 

cross-bridge test structures incorporated in the right and left sides of the mask periphery. (c) 

Microscope photograph of the test structures deposited directly on a Si wafer and notations of the 

pads (a to f). (d) Microscope photograph of the same test structures deposited on PDMS with a 

wrinkled surface morphology. 

A critical factor required to enable wireless interrogation of an LC sensor is a high quality 

metallisation process in terms of the resistivity of the tracks and resulting high Q-factor. 

In order to determine the resistivity of the proposed process, 2-point DC resistance 

measurements were carried out on a probe station (Fig. 5.8a) connected to a Keithley 

2000 high precision ohm-meter. A set of 6 unique cross-bridge resistor test structures 

with 300x300 μm2 pads were placed on each side of the periphery of the photomask, with 

a variable width ranging from 150 μm to 10 μm as shown in Fig. 5.8b. Resistance 

measurements for each of the test structures were taken by positioning one of the probes 

centrally in position “a” pad, as shown in Fig. 5.8c, and sequentially positioning the 2nd 

probe for each other pad (respectively positions “b” to “f”). A microscope was used to 
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enable accurate positioning of the probes and great care was taken to avoid piercing of 

the soft elastomer film. A resistivity value was extracted for each measurement via the 

following expression: 

 
 𝜌𝑗 = 𝑅𝑗

𝑤 ∙ 𝑡

𝑙𝑗
 (5.12) 

Where Rj is the 2-point resistance measurement for the jth position of the probes to the 

cross-bridge pads, lj the track length between the pads under measurement, and w and t 

are the width and thickness of the tracks. The following Table 5.3 contains a comparison 

of the resistivity measurements between 1 μm-thick metal deposited directly on a silicon 

wafer (SiO2/ Si) and on a wrinkled PDMS surface. 

The resistivity of the wrinkled aluminium metallisation was found to be uniform across 

the film with a low value of �̅�=(10.7±1.6) 10-8 Ω.m and identical to that obtained if the 

aluminium were to be deposited directly onto silicon with a value of �̅�=(10.4±2.1) 10-8 

Ω.m in the latter case. The resistivity is very close to the bulk resistivity of aluminium 

ρ=2.65 10-8 Ω.m. 
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Silicon substrate: cross-bridge structures resistivity (10-8 Ωm) measurements 

pad→ pad 

measurement 

S1  

(w=150 m) 

S2  

(w=100 m) 

S3 

(w=75 m) 

S4 

(w=50 m) 

S5 

(w=25 m) 

S6 

(w=10 m) 

Wafer side right 
 

left 
 

right 
 

left 
 

right 
 

left 
 

right 
 

left 
 

right 

side 

left 

side 

right 

side 

left 

side 

b → a 6.73 7.02 6.84 6.11 9.56 11.15 9.56 12.4 9.86 10.54 11.79 15.38 

c → a 6.91 6.94 6.71 10.76 10.08 8.54 10 11.69 10.13 12.54 12.17 12.91 

d → a 8.86 8.46 7.1 7.26 14.87 10.74 11.28 10.41 12.15 10.11 15.48 18.5 

e → a 10.9 9.2 7.9 7.13 8.33 9.4 9.47 12.3 9.33 13.47 11.87 20.3 

f → a 11.23 15 11.08 10.67 10.7 8.94 19.5 9.45 11.45 9.55 12.5 16.91 

 

Wrinkled PDMS substrate: cross-bridge structures resistivity (10-8 Ωm) measurements 

pad→ pad 

measurement 

S1  

(w=150 m) 

S2  

(w=100 m) 

S3 

(w=75 m) 

S4 

(w=50 m) 

S5 

(w=25 m) 

S6 

(w=10 m) 

Wafer side right 
 

left right 
 

left right left right Lef  
right 

side 

left 

side 

right 

side 

left 

side 

b → a 6.3 10 6.96 9.32 9.754 12.7 11.21 13.7 10.02 11.82 13.12 14.2 

c → a 7.47 6.605 6.9 6.68 12.63 10 11.05 10.44 12 10.47 12.82 11.72 

d → a 7.4 7.72 9.94 7.66 14.61 11.35 11.69 12.34 12.64 14.36 16.85 16 

e → a 6.48 6.42 6.52 6.67 10.77 9.45 10.17 12.15 11.2 10.71 11.12 16.83 

f → a 10 6.27 9.45 7.09 10.3 9.54 12.5 11.74 15.61 11.8 14 14.83 

Table 5.3: Resistivity measurements of the test structures on the wrinkled substrate and comparison with metal deposition directly on the surface of a Si wafer 
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Figure 5.9: Magnitude drop of |Γ| versus metal deposition thickness t for the (a) 10x10 mm2 and (b) 

4.9x4.9 mm2 sensors, respectively. Increase of the metal deposition thickness results in an increase of 

the magnitude drop. 

 

As expected an increased metal deposition thickness t of the inductor tracks from 1 μm 

to 2 μm results in a larger drop in |Γ| drop over the same readout distance, as shown in 

Fig. 5.9, reaching approximately 3 dB for the 10x10 mm2 sensors and 1 dB for the 4.9x4.9 

mm2 sensors respectively. 

The metallisation process described in Chapter 4 for both the top and the bottom inductor 

layers proved critical in providing a highly reproducible performance of the sensors on a 

wafer scale. This was illustrated by designing a new photomask and developing wafers 

(Fig. 5.10) each containing 16 identical 10x10 mm2
 sensors with the same structural 

characteristics as sensor #31 (Appendix D, section 10x10 mm2 sensors). Two of these 

wafers were developed with a wrinkled surface morphology only for the top inductor 

layer (Fig. 5.10b) while the remaining 2 wafers were developed with the proposed process 



149 
 

for both inductor layers (Fig. 5.10a). This sensor array configuration was developed 

specifically for use in medical compression garments, as presented in Chapter 9. 

 

Figure 5.10: (a) 16 sensors array of identical 10x10 mm2 sensors developed with the proposed 

wrinkled metallisation process for both inductor layers. (b) Sensors developed with a wrinkled top 

inductor layer and a non-wrinkled bottom inductor layer (depicted). The emergence of metal cracks 

is clearly visually evident in the latter case.  

 

The developed sensors were characterised with the same configuration discussed as in the 

previous section and the characterisation results are depicted in the following Fig. 5.11. 

A 90% yield (29 out of the 32 sensors) was demonstrated with a high degree of 

consistency over the resonant frequency of the sensors (Fig. 5.11). Sensors developed 

only with the wrinkled surface morphology for the top inductor layer shown a yield of 

only 43% (14 out of 32 sensors) and inconsistent resonant frequency as shown in 

Fig.5.11a,b. The observed crack formation of the unwrinkled bottom inductor layer in the 

latter case resulted in random segmentation of the bottom inductor and arbitrary smaller 

number of loops that magnetically couple to the uncracked top wrinkled inductor. An 

increased and random resonant frequency for the sensors was thereby measured. 

Implementing even a slight degree of additional bending or compressive deformation was 

found to shift the resonant frequency of the sensors to higher values, as well as creating 

double frequency peaks, before the sensors became fully non-resonant thereafter. 
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Figure 5.11: (a) |S11| values of the manufactured sensors: left with the full double layer wrinkled metallisation process and right with only a single wrinkled inductor layer. 

(b) Close-up values of the minimum values of |S11| for both types of sensors. (c) Consistence of fmin for sensors developed with the full process. 
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Figure 5.12: (a) Resistor test structure prior to release from the carrier wafer.  

(b) Flexibility characterisation performed on a probe station. (c) Test structure under bending over 

a 1 mm radius rod with probes measuring resistance across the bent track. 

 

The resilience of the wrinkled metal tracks to bending was first characterised via the use 

of a resistor test structure developed on a 75 μm PDMS substrate and the proposed 

metallisation process, as shown in Fig. 5.12a. The 7 x 30 mm2 test structure was designed 

to have four 3x10 mm2 pads and a 250 μm wide track interconnecting them. The areas of 

the flexible film containing the 4 pads were permanently fixed to a glass slide using a 

liquid instant epoxy, which were, in turn, epoxied to laser-cut acrylic substrates while the 

interconnecting middle section of the film was left free-standing (Fig. 5.12c). This simple 

configuration was devised to planarize the pad areas and allow measurements with the 

needle probes. A 1 mm radius plastic rod placed over the central section was then utilised 

for the repeated bending and relaxing of the film and two-port resistance measurements 

were recorded on a probe station as before as shown in Fig. 5.12b,c. 

 

Figure 5.13: Resistivity of the tracks of the test structure under repeated bending  

 



152 
 

The high resilience of the wrinkled metallisation layer to repetitive bending can be seen 

in Fig. 5.13. where the track remained highly conductive after 30 bending. The resistivity 

of the track remained very low and close to the as the deposited value presented above, 

with only a minor resistivity increase of approximately 1.2% per bending over repeated 

measurements. The impact of the small increase of the resistivity on the sensors 

performance is discussed later. The resilience to bending of the two structurally identical 

10x10 mm2 sensors (Appendix D, section 10x10 mm2, sensor #41) was further examined 

by measuring their reflection coefficient magnitude |Γ| using the VNA/antenna 

experimental setup.  

The sensors resonant frequency remained fairly constant and unaffected over 50 cycles 

of bending as shown in Fig. 5.14 without any signs of damage to the tracks when 

examined under a microscope. This performance of the sensors was deemed excellent and 

well over the desired conformability targets pursued in this work regarding their 

integration into a 12 mm diameter capsule, as described in Chapter 1.  

 

Figure 5.14: (a) Captured sensor response and (b) resonant frequency under repeated bending over 

the 1 mm radius rod.  
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Figure 5.15: |Γ| magnitude drop versus iterative bending. 

 

Examining the magnitude drop of the reflection coefficient |Γ|, a small decrease of 

approximately 0.01dB per bending can be observed (Fig. 5.15). This result agrees with 

the slight increase of resistivity of the tracks with bending, presented above (Fig. 5.13).  

The blade was also used to bend the sensor. In this case the sensor exhibited a more 

limited resilience to repetitive bending (folding) over the 250 μm width of the blade as 

can be seen in Fig. 5.16. The resonant frequency remained constant and unaffected up to 

5 foldings before shifting to higher values as shown in Fig. 5.16b, while the sensor 

remained operational for 42 iterations, indicating that the inductor tracks still remained 

highly conductive.  

As explained previously, the transition of the sensor to higher frequencies can be 

attributed to the reduction in length of the inductor metal track due to crack generation. 

The emergence of two peaks after 15 bending (Fig. 5.16a) can indeed be explained as the 

intercoupling between a bottom layer containing 2 segmented inductors and an 

unsegmented top inductor layer.  
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Figure 5.16: (a) Sensor captured response and (b) resonant frequency under iterative folding over 

the 250 μm width of the blade. 

 

The wrinkled morphology provides a very effective relief mechanism with high resilience 

to iterative bending and the crack generation is contained and limited only to the bending 

orientation without extending to the surrounding areas, as observed in the microscope 

photographs of the tracks shown in Fig. 5.17 following repetitive blade folding. The 

cracking is primarily due to overstrain and fracture of the track as the observed gap on 

the track is as large as 5μm with a clear axial dislocation of the two segments (Fig. 5.17b).  

 

Figure 5.17: Microscope photographs of the crack. (a) The crack is limited only axially across the 

bending site without (b) affecting the surrounding areas;  The average crack gap was found to be  5 

μm, while the observed defocussing is due to the inability to perfectly planarize the sensor during 

examination. 
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5.4 LC sensor characterisation to compressive deformation 

Using the same experimental setup described in section 5.1, dynamic characterisation of 

the flexible sensors was performed as shown in Fig. 5.18. A custom-built cantilever 

system was designed, developed and customised for these experiments in collaboration 

with Mr. Mark Leonard, and is composed of 6 main components: a configurable counter-

weight component, the cantilever main shaft, a micromachined cantilever header that acts 

as the loading stage, a loading and planarization platform and a detachable force delivery 

component.  

 

Figure 5.18: (a,b) Cantilever system and sensors/antenna experimental setup for the dynamic 

characterisation of the sensors under compressive deformation; (c) schematic of the cantilever 

characterisation setup. 

 

The main shaft of the cantilever and header are connected to a 50 g counterweight 

adjustable using a configurable cog that allowed monoaxial displacement of the cantilever 

as shown in Fig. 5.18a,c. When no loads are applied to the cantilever, the cantilever is set 

by the cog to free-stand in mid-air exerting zero forces across the z-axis. As in the static 

experiments, the sensor was attached temporarily to the 3D printed positioner component, 

which contains the antenna, and aligned to the force delivery header (Fig. 5.18b,c). A 

VNA readout equipment connected with a 50 Ω SMA coaxial cable to the antenna was 

utilised to interrogate the sensor during characterisation. The above setup was firmly fixed 
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on the loading and planarization platform (Fig. 5.18a,c), with the latter attached to a 

support shaft and an adjustable cog to enable displacement across the z-axis.  

The cantilever header was machined to form a loading stage for precision weights, 

whereas a detachable force delivery component was firmly attached through a screw via 

(Fig. 5.18b,c). The component consists of two parts: a micromachined PMMA rod for 

attachment to the loading stage of the cantilever and a bonded acrylic square force 

delivery header, laser-cut from a 1 mm thick acrylic sheet. Two headers of area the same 

size as the sensors under characterisation (10x10 mm2 and 5x5 mm2) were manufactured 

and coated with a thin layer of rigid PDMS with a 1:1 elastomer base to curing agent 

ratio. The additional PDMS layer was used to deliver the desired forces across the whole 

surface area of the sensor, ensure good contact with the sensors surface and avoid damage 

of the sensors due to scratching from the rough laser-cut edges of the headers.  

Characterisation of the sensors was performed by first ensuring, by close visual 

inspection, that the delivery force header and sensor were horizontal during the placement 

of the loads. A set of precision loads ranging from 0.1 g to 50 g was carefully placed by 

tweezers onto the loading stage of the cantilever to allow characterisation of the sensors 

in the desired low-pressure regime of 0-10 kPa.  

In the region where P<0.5 kPa, measurements were taken with incremental steps of 

approximately 0.04 kPa. Above this threshold, increments of 0.4 kPa were used, resulting 

in a total of 50 data points. Measurements were carried out 5 times per sensor. The 4.9x4.9 

mm2 sensors were characterised from 0 to 15 kPa, while the 10x10 mm2 sensors were 

measured between 0-10 kPa due to the limitation in the latter case in stacking additional 

loads on the loading stage of the cantilever to deliver higher contact pressure. Further 

characterisation for higher loads for the large sensors was carried out in the phantom gut 

environment as presented in Chapter 8. 



157 
 

 

Figure 5.19: (a) Capture response of a 4.9x4.9 mm2 sensor to compressive deformation and SG curve-

fitting. (b) Resonant frequency of the sensor versus contact pressure.  

 

The sweep frequency of the VNA was set at 1 kHz to maximize the resolution and 

accuracy of the measurements. Extraction of the sensor resonant frequency was 

determined via use of the Savitzky-Golay filter smoothing curve-fitting algorithm (Fig. 

5.19) as discussed in section 5.1. The characterisation results for the 4.9x4.9 mm2 and 

10x10 mm2 sensors are presented in Figures 5.20 and 5.21, where each data point stands 

for the mean sensor frequency captured over the 5 measurements for each pressure along 

with the respective standard deviation error. Level of linearity of the sensor sensitivity 

(R2) was achieved via linear regression of the experimental measurements for the two 

regimes of P>0.5 kPa and P≤0.5 kPa (Fig. 5.20 and 5.21, red dashed line). In the low-

pressure regime, the regression lines plotted exclude the fundamental frequency of the 

sensor f0 (P=0), for reasons discussed later. The proposed mechanical model, presented 

in Chapter 3, was analytically solved in Matlab for the structural parameters of each 

sensor presented in Chapter 4, and interpolated on the same characterisation graphs (Fig. 

5.20 and 5.21, black dashed line) for comparison. 
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Figure 5.20a: Dynamic characterisation results of the 4.9x4.9 mm2 sensors. 
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Figure 5.20b: Dynamic characterisation results of the 4.9x4.9 mm2 sensors. 
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Figure 5.21: Dynamic characterisation results of the 10x10 mm2 sensors. 
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As seen from the above 2 sets of figures, both types of sensors demonstrate (1) a pressure-

dependant resonant frequency, (2) a strong sensitivity within the desired low pressure 

regime, (3) a highly linear behaviour and (4) a reproducible response over repeated 

measurements. The latter result further demonstrates the resilience of the proposed 

metallisation process on the flexible substrate that can endure repetitive compressive 

deformations without failure.  

The observed behaviour of the sensors also matches in most cases the expected response 

predicted by the proposed mechanical model of the sensor (Fig. 5.20 and 5.21, black 

dashed line) presented in Chapter 3. The sensors’ response to compressive load cycle was 

fast (<100ms), with no plastic deformation and that always returned instantly to their 

fundamental resonant frequency under no stress. These characteristics are further 

evidenced in Chapter 8. 

 

Figure 5.22: (a) Overall response of a 4.9x4.9 mm2 sensor to contact pressure. (b) Sensor response to 

regime P>0.5 kPa. (c) and (d) Sensor response to regime P<0.5 kPa without taking into account f0 

(P=0) and with the inclusion of f0 in the computation of the regression curve. 
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The sensors appear to exhibit two linear regimes of operation (Fig. 5.20, 5.21 and 5.22), 

characterised by a regime of high sensitivity pressure sensing region for P≤0.5 kPa and a 

highly linear state for P>0.5 kPa with a reduced sensitivity. This behaviour seems to 

confirm the proposed two-stage sensitivity model of Chapter 3 originating from the 

change of the effective Young’s modulus of the frusta during loading. For the latter an 

average level of linearity of 𝑅2 ̅̅ ̅̅ = 98.9±1.1% was observed amongst the sensors and a 

sensitivity as high as -0.6 MHz/kPa (Appendix E). As discussed in Chapters 7 and 8, a 

sensor sensitivity exceeding -0.1 MHz/kPa would suffice in enabling detection of contact 

pressure for a resolution of 0.1 kPa and for capturing the expected peristaltic pressure 

variations that can reach as high as 15kPa. The developed sensors were therefore deemed 

appropriate for use for integration in the capsule.  

In the low-pressure the level of linearity was found to be in average 𝑅2̅̅̅̅ = 95.6±4.3% when 

calculated upon first contact (case 1: 0.04 kPa-0.5 kPa) and reduced to 𝑅2̅̅̅̅ = 50.2±11.2% 

when the fundamental resonant frequency f0 for P=0 was included (case 2: 0 kPa-0.5 

kPa). The sensitivity of the sensors increased dramatically with a 7-fold and 15-fold in 

average increase for case 1 and case 2 respectively, reaching as high as -5.7 MHz/kPa or 

-10.2MHz/kPa.  

 

Figure 5.23: Sensors sensitivities in (a) the regime P>0.5 kPa and (b-c) in the low-pressure regime 

(P<0.5 kPa) with (b) the inclusion of f0 and (c) without considering f0 in the computation. 
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In agreement with the analysis presented in Chapter 3, an increase of the resonant 

frequency of the sensors resulted also in an increase of the sensitivity of the sensor, as 

shown in Fig. 5.23. A linearity of R2 = 76.7% was found for the high-pressure regime 

(Fig. 5.23a). In the case of the regime P<0.5 kPa, and taking into account the fundamental 

frequency f0 (P=0), a R2 = 70.7% (Fig. 5.23b) was observed, and R2 = 42.6% (Fig. 5.23c) 

when f0 is not considered. The latter result indicates that the response of the sensor is non-

linear for very small compressive loads of P<0.05 kPa. The collective results regarding 

all the above can be found in Appendix E. 

The discrepancy between the model and the experimental results found in the regime 

P>0.5kPa, as shown in Fig. 5.20, 5.21 and 5.22, can be attributed to the fact that the 

contact and planarization between the thin-film sensors and the cantilever force delivery 

header component may have led to a non-uniform applied load and therefore a partial 

compression of the sensor structure. The non-ideal contact during characterisation would 

lead also in capturing a reduced sensor sensitivity that comes into agreement with the 

small observed discrepancy of the sensitivity versus an increasing resonant frequency 

depicted in Fig. 5.22a.  

Regarding the regime P<0.5 kPa, the observed slight discrepancy of the mechanical 

model (1 MHz in average) with regard to the fundamental resonant frequency f0 found in 

a number of sensors can be attributed to the shielding effect during initial contact that has 

not been taken into account in the model presented in Chapter 3. Upon contact, the upmost 

layer of the object in contact with the sensor can be effectively considered as an additional 

layer of the sensor upper substrate. This additional layer would effectively slightly 

increase the parasitic substrate capacitance Csub of the sensor, therefore leading to a small 

additional drop of the resonant frequency of the sensor. The strong influence of the 

parasitic capacitance in the resonant frequencies of the sensors, as examined in section 

5.2, is indicative of the latter. Furthermore, and in combination to the case of a non-ideal 

contact with the sensor, as additional small loads are applied to the sensor a larger portion 

of the object come in contact with the sensor surface. This further results in a non-uniform 

effective layer and hence a varying additional effective substrate capacitance that 

contributes equally to the limitation in accurately determining the sensitivity of the sensor 

on the ultra-low pressure regime (Fig. 5.23).  
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5.5 Conclusions 

Overall the proposed microfabrication process successfully led to the development of 

scalable thin-film flexible sensors arrays of an elastomeric and biocompatible nature, 

delivering a high manufacturability yield and high consistency for the resonant frequency 

of the sensors across multiple batches.  

The sensors were found to be highly flexible and capable of withstanding both repetitive 

bending and compressive deformation without failure, due to the proposed wrinkled 

metallisation process that delivers a very efficient stress relief mechanism to deformation. 

An excellent sensitivity was found in the desired regime, characterised by 2 operational 

regimes of a highly linear nature for P>0.5 kPa and a very high sensitivity for P<0.5 kPa, 

with high performance reproducibility to pressure cycling. This performance falls within 

the desired targets for the integration to the surface of a capsule.  

The proposed EM and mechanical models, presented in Chapter 3, provided overall good 

agreement to the experimental results and demonstrate a good potential for use as an 

effective tool for estimating and tuning the performance of LC sensors. 

Following the successful development of the sensors with the desired performance, the 

next Chapter presents the efforts in designing and developing a custom-built 

reflectometer readout system of a low-cost, high accuracy, and of a small-sized portable 

nature, capable of effectively interrogating multiple sensors and allowing integration to 

the capsule. 
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Chapter 6:  

Development of a custom-built reflectometer readout system 
 

6.1 Introduction and motivation 

In this chapter, the design and development of a custom-built reflectometer readout 

system is presented. The conventional readout method of LC sensors is achieved via the 

use of VNAs (Vector Network Analyser systems) which, despite their versatility and high 

accuracy, can be expensive (>50,000£ for high frequency measurement), bulky and non-

portable. The aim of this Chapter was to develop a portable low-cost readout system 

which is tailored specifically for extracting the developed LC sensors response with high 

speed and accuracy, and more importantly, to enable integration with the capsule device, 

monitoring of multiple sensors, and use in an in vivo live porcine environment.  

 

6.2 General readout system diagram and operation 

The diagram of the complete custom-built readout system developed for PressureCap is 

depicted in Fig. 6.1. This section presents the core readout system (green box, Fig. 6.1), 

which can be broken down in 3 main sub-systems:  

(i) the microcontroller unit (MCU – LPC1768 Armbed),  

(ii) the RF signal generator sub-system composed of a 10 MHz clock 

oscillator, Direct Digital Synthesiser (DDS) RF signal generator 

(AD9915, Analog Devices) and a Low Pass Filter (VLF-1000+ LPF, 

Minicircuits) unit, and  

(iii) the reflection coefficient extraction sub-system composed of a a gain and 

phase detector (AD8302, Analog Devices) and directional couplers.  

The power supply sub-system is examined in section 6.3 (brown box, Fig. 6.1), while the 

capsule system, composed of the sensor(s) and readout antenna(s), is presented in the next 

chapter (red box, Fig. 6.1).  

The operational principle of the core readout system for a single Device Under Test 

(DUT), such as a single readout antenna, can be described as follows. The RF signal 

generator is programmed and controlled by the MCU, with communications established 

via a serial port interface (SPI), to generate a sinusoidal incident signal of a specific initial 
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frequency that is passed through a low pass filter to eliminate the unwanted harmonics 

and enable digital to analogue (DAC) reconstruction of the generated signal. The 

sinusoidal signal is then fed to the reflection coefficient subsystem, whereas a portion of 

the incident wave is first directed for sampling to the one of the inputs (INPB) of the 

AD8302 gain and phase detector via a directional coupler. The remaining part of the 

signal is directed to the DUT via a second directional coupler with the AD8302 

component sampling (INPA) the reflected signal from the DUT. 

 

Figure 6.1: Complete readout system diagram. 

 

Extraction of the reflection coefficient magnitude |Γ| and phase |Γ> is achieved by the 

AD8302 component by comparing the ratio and difference of the 2 sampled signals 

(incident and reflected), which are then output as 2 DC voltage signals. The voltage 

outputs are collected via the ADC (analogue-to-digital) ports of the MCU and transmitted 

in real-time via a serial port (USB) to a PC for storing and post-processing. This 

functionality is then repeated over a sweep of frequencies by programming the RF signal 

generator via the MCU, enabling hence to obtain the frequency behaviour of the reflection 

coefficient of the DUT over a configurable frequency band. This functionality was then 

extended to a more complex configuration by measuring sequentially multiple antennas 

within the capsule as depicted in the complete readout system schematic in Fig. 6.1 



168 
 

(capsule system, red box), providing the extraction of the resonant response of multiple 

sensors integrated onto the capsule.  

 

6.2.1 Reflection coefficient extraction sub-system 

The reflection coefficient extraction sub-system stands as one of the most critical 

operational components for the developed custom-built readout system.  

 

Figure 6.2: AD8302 gain and phase detector evaluation board 

 

The AD8302 RF/IF Gain and Phase Detector (Analog Devices, Fig. 6.2) component was 

selected in this work due to its high performance [1]. This includes:  

a) Wide operational frequency regime from 0 (DC) to 2.7 GHz for gain/loss and 

phase measurements,  

b) High accuracy such as ±0.03 dB for gain, and ±0.1 degrees for phase,  

c) Low measurement non-linearity with less than 0.5 dB for gain and less then 1 

degree for phase,  

d) Wide gain and phase measurement band of ±30 dB and 0-180 degrees 

respectively,  

e) Very fast measurement output of 30 MHz, and  
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f) Low cost (262£ evaluation board, RS Components; single chip 17.6£, Mouser 

Electronics).  

Due to the specifications highlighted above, this component enables applications ranging 

from reflectometry, amplifier/mixer gain and compression measurements, RF/IF 

linearization, precise RF power control and log ratio function for AC signals.  

 

Figure 6.3: AD8302 IC system block diagram [1]. 

 

The operational configuration of the AD8302 is shown in Fig. 6.3 The component consists 

of two closely matched demodulating logarithmic amplifiers with an operational range of 

0 to 60 dB, that are responsible for measuring the gain of two input signals by comparing 

their magnitude ratio. The normalised output in the dB domain is: 

 
𝑉𝑜𝑢𝑡 = 𝑎1𝑙𝑜𝑔10 (

𝑉𝐼𝑁𝑃
𝑉𝑍
)   (6.1) 

With 𝑎1 the slope voltage defining the resolution of the component [mV/dB], 𝑉𝐼𝑁𝑃 is the 

input voltage in INPA and INPB ports, respectively, of the component that drive each of 

each of the amplifiers, and 𝑉𝑍 the intercept voltage that corresponds to an input signal 

with a zero output. The two outputs of the two identical amplifiers are driven to a set of 

comparators that implement a voltage difference across the amplifier outputs enabling 

extraction of the magnitude such that:  
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𝑉𝑀𝐴𝐺 = 𝑎1𝑙𝑜𝑔10 (

𝑉𝐼𝑁𝑃𝐴
𝑉𝑍

) − 𝑎1𝑙𝑜𝑔10 (
𝑉𝐼𝑁𝑃𝐵
𝑉𝑍

) = 𝑎1𝑙𝑜𝑔10 (
𝑉𝐼𝑁𝑃𝐴
𝑉𝐼𝑁𝑃𝐵

)   (6.2) 

Similarly, for phase measurements, extraction of the phase is carried out by computing 

the difference of the driven and balanced outputs of the amplifiers. Since an additional 

comparator component is coupled to the phase detector operating at the zero-crossing 

domain of the modulated output signal, the accuracy of the phase measurements is 

achieved with complete independence to the input signal levels over the wide operational 

frequency regime of the device. The measured phase hence takes the form of:  

 
𝑉𝑃𝐻 = 𝑎2{𝜃(𝑉𝐼𝑁𝑃𝐴) − 𝜃(𝑉𝐼𝑁𝑃𝐵)} (6.3) 

In order to enable measurements, the AD8302 component needs to be set in the 

“measurement mode” as defined in the component datasheet, whereas the VMAG and VPH
 

outputs are connected to the feedback setpoint ports of MFLT and PFLT ports 

respectively. A precise offset 900 mV voltage is established in the AD8302 internally, 

which sets the reference VCP centre-point for the measured VMAG and VPH, and the 

predefined resolution slopes of 𝑎1= RFISLP = 30 mV/dB and 𝑎2= RFIθ = 10 mV/degree 

are similarly established for the magnitude and phase measurements, respectively. RF is 

the transresistance of the feedback setpoint circuits and ISLP, Iθ are the characteristic linear 

current sensitivities of the amplitude and phase sub-systems of AD8302, respectively. 

VMAG and VPH are given by:  

 
𝑉𝑀𝐴𝐺 = 𝑎1𝑙𝑜𝑔10 (

𝑉𝐼𝑁𝑃𝐴
𝑉𝐼𝑁𝑃𝐵

) + 𝑉𝐶𝑃   (6.4) 

 
 𝑉𝑃𝐻 = −𝑎2{ |𝜃(𝑉𝐼𝑁𝑃𝐴) − 𝜃(𝑉𝐼𝑁𝑃𝐵)| − 90

𝑜} + 𝑉𝐶𝑃   (6.5) 

In Fig. 6.4(a) the required circuit configuration of the AD8302 in a measurement mode is 

depicted, while, in Fig. 6.4(b), a typical circuit configuration example is provided to set 

the AD8302 as a reflectometer. 
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Figure 6.4: (a) AD8302 configuration for enabling the measurement mode; (b) reflectometer 

configuration for an attenuator DUT [1]. 

The measured reflection coefficient magnitude and phase of a DUT, output respectively 

as the DC voltage signals Vmag and Vphs, can thus be derived from expressions (6.4) and 

(6.5) as follows: 

 
 |𝛤| = 𝑙𝑜𝑔10 (

𝑉𝐼𝑁𝑃𝐴
𝑉𝐼𝑁𝑃𝐵

) − 𝛤𝑁𝑂𝑀 = 
𝑉𝑚𝑎𝑔 − 𝑉𝐶𝑃

30𝑚𝑉
− 𝛤𝑁𝑂𝑀   [𝑑𝐵]   (6.6) 

 

 |𝛤⟩ = |𝜃(𝑉𝐼𝑁𝑃𝐴) − 𝜃(𝑉𝐼𝑁𝑃𝐵)| =  ±
𝑉𝑝ℎ𝑠 − 𝑉𝐶𝑃
10𝑚𝑉

+ 90  (6.7) 

Where 𝛤𝑁𝑂𝑀 is the nominal offset deviation introduced by the attenuation of the coupled 

system, while VCP = 900 mV the centre point reference voltage of the AD8302. Ideal signal 

inputs corresponding to the reflected and incident waves (𝑉𝐼𝑁𝑃𝐴 and 𝑉𝐼𝑁𝑃𝐵) of both a 0 

dB gain lead to a 𝛤𝑁𝑂𝑀 with a value close to zero.  However, when the two signals have 

different waveforms. e.g. different peak-to-average ratios, an intercept difference will 

appear, introducing a systematic offset. Furthermore, the extra physical distance 

connecting to the directional couplers further adds to this offset compromising the 

measurement accuracy, when the directional couplers are not introduced directly on the 

outputs as in this work.  Hence, when the signal inputs are non-ideal as in here (ie. due to 

losses and attenuation stemming from directional couplers, interconnections physical 

length, connectors etc.), the nominal deviation needs to be taken into account for 

normalising the baseline output response. In this work a 𝛤𝑁𝑂𝑀 = -20 dB was introduced 

to level the |Γ| response to the 0 dB baseline, resting very close to the expected typical 

𝛤𝑁𝑂𝑀 = -19dB [1].  
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A drawback of the component with regards to the phase measurements is the ambiguity 

of the sign, stemming from the inability of the phase detector in distinguishing the positive 

and negative phase differences between the inputs. Within the context of this work 

however the above did not constitute an issue since the primary measurand of interest 

here is the magnitude of the coupling coefficient |Γ| of the DUT. The minimum reflection 

coefficient that can be measured is determined by the directional couplers and the input 

power levels of the signals sampled by inputs of INPA and INPB of the AD8302 (ie. 

incident and reflected), which must be constrained and matched within a ±30 dBm 

margin. Directional couplers are components of a passive nature that consist of the input, 

the output and the coupler ports, with the functionality of constricting the flow of an RF 

input signal only across the forward direction (input to output), defined by the directivity 

parameter of the component, while enabling coupling of a finite amount of the input of 

the signal to the coupler port, defined by the coupling factor of the component [2]. The 

directivity D of the directional couplers also sets the maximum magnitude drop of the 

reflection coefficient that can be measured such that |Γ|max < D, as specified in the 

datasheet of the AD8302 [1]. 

 

Figure 6.5: The ZEDC-15-2B directional coupler. 

The ZEDC-15-2B (Minicircuits, Fig. 6.5) directional couplers were utilised, encased in a 

practical small and low profile case (31.75 x 21.08 x19.06 mm3) with 50 Ω SMA ports. 

The wideband operation of 1-1,000 MHz matches the maximum output signal frequency 

that the signal generator component can generate, with a high 15 dB coupling factor and 

an excellent directivity and mainline loss of 30 dB and 0.8 dB respectively [3]. The 

mainline loss defines the amount of power of the leaked signal flowing in the reverse 

direction (output to input) and reflected in the coupler port. The minimum of 1 MHz 

operational of the directional coupler also defines and limits the operational bandwidth 

of the readout system. A set of matched and identical directional couplers with a 15 dB 
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coupling coefficient were utilised here to enable a minimum measurement of |Γ|min= -30 

dB, which rests far beyond the expected response of the sensors, and to allow stable 

operation across the frequency domain. An increase of the minimum detectable 

magnitude of the reflection coefficient to as low as -60 dB is potentially feasible by 

implementing a more complex configuration of unmatched directional couplers (Fig. 

6.4b) and variable power levels of the 2 signals under sampling (incident and reflected) 

in select and narrower frequency domains. Such a complex optimization was not deemed 

necessary in this work, since the system was capable of effectively interrogating the 

flexible LC sensors, and was not explored further.  

 

6.2.2 RF signal generator sub-system 

The RF signal generator sub-system plays also a pivotal role of generating the required 

incident input signal and enabling the frequency sweep of the antennas and the inductive 

wireless interrogation of the sensors. A sinusoidal waveform generator with high speed 

frequency hopping, fine frequency resolution (tuning range and resolution), and a 

programmable and broadband operational regime and stable operation (e.g. low phase 

noise) are required in order to enable a fast sampling time of the sensor arrays of the 

capsule and a high accuracy in capturing the GI motility. Spurious signal outputs 

stemming from phase or amplitude modulation are undesired, and single tone sinusoidal 

outputs with a stable waveform (phase and amplitude) across the sweep frequency domain 

are here preferred.      

A Direct Digital Synthesis (DDS) RF frequency synthesiser was chosen for this 

application as it offers a number of advantages such as a wide operational frequency 

range, ultra-fast frequency hopping (<1 μs), exceptional frequency resolution (<1 Hz), 

and the ability to generate RF signals of a pure sinewave form. In DDS systems the signal 

synthesis and manipulation is achieved purely on the digital domain from the ground up 

before being converted to RF analog signals via a digital-to-analogue converter (DAC) 

[4-6]. The simplified operational principle of the DDS is depicted in Fig. 6.6. 
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Figure 6.6: DDS block diagram and operational stages [6]. 

 

DDS systems are driven by a reference sampling clock, fCLK, and are typically composed 

by a phase accumulator and a phase to amplitude converter, which collectively form the 

numerical oscillator (NCO) stage of the system that operates purely in the digital domain. 

A DAC converter and a reconstruction filter form the analogue stage of the system. The 

output sinewave signal is the product of a reversed sinewave sampling from a predefined 

digital look-up sine table [6]. 

The phase accumulator, which consists of j-bit frequency registers, for each clock fCLK 

pulse, adds a j-bit digital phase increment, termed as the frequency tuning word (FTW), 

to the previously stored frequency register which corresponds to a phase angle step (phase 

change rate in a 1/fCLK period) resulting in a linearly increasing digital sampling (Fig. 

6.6b1). Although sinewaves are nonlinear and hence difficult to generate, their angular 

phase is instead linear and DDS systems take advantage of this property. The phase to 

amplitude converter, typically consisting of a read-only-memory (ROM) component, is 

essentially a sine look-up table that utilises the digital phase registers for each clock cycle 

(1/ fCLK ) to sample a digital sinewave output (Fig. 6.6b2). with an output sequence of: 

 

sin (2𝜋
𝑃𝑛
2𝑗
) (6.8) 
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Where Pn is the phase value at the nth fCLK cycle period corresponding to the phase register 

FTW and 2j the modulo overflow capacity of the phase accumulator. The digital output is 

then presented to the DAC, which generates the analogue sinewave signal with a spectrum 

composed by the desired output frequency and a number of aliased frequencies nfCLK ± 

fout stemming from the sampling process (Fig. 6.6b3) [7]. The reconstruction filter 

attenuates the aliased constituents and generates a pure sinewave signal with an output 

frequency fout (Fig. 6.6b4) expressed as:  

 

𝑓𝑜𝑢𝑡 =
𝐹𝑇𝑊

2𝑗
𝑓𝐶𝐿𝐾 (6.9) 

While the high frequency resolution Δf of DDS systems stems directly from the bit 

capacity j of the phase accumulator, ranging from 32 to 48 bits, and the reference input 

clock fCLK (typically >400 MHz):  

 

𝛥𝑓 =
𝑓𝐶𝐿𝐾
2𝑗

 (6.10) 

Since 2j consistently divides FTW, the signal has a highly periodic and smooth behaviour 

with very low phase noise, while the DDS also enables to numerically manipulate all of 

the waveform characteristics besides the frequency, such as the amplitude and phase [6]. 

The ultra-fast frequency hopping stems from the ability to digitally reprogram the FTW 

that results in an instantaneous change of the sampling rate.  Due to the Nyquist sampling 

theorem, the output frequency of the signal is bounded to values of as high as fout≤ fCLK/2, 

which constitutes one of the very few drawbacks of DDS systems over other technologies. 

The high-power consumption with increasing clock rate, limits also the output to 1.5 GHz 

in commercial off-the-shelf components such as AD9914 [8]. 
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Figure 6.7: AD9915 evaluation board. 

Due to the advantageous performance of the DDS architecture, the AD9915 evaluation 

board from Analog Devices was utilised in this work to form the required RF signal 

generator sub-system of the readout system. AD9915 is a high-end performance DDS 

component (492£ evaluation board, Farnell; 114£ single chip, Mouser) that provides an 

extreme frequency tuning resolution as low as 135 pHz, wideband sinusoidal output 

operation of 0-1 GHz (2.5 GHz internal clock), ultra-fast frequency hopping of <1,000 

ns, ease of fast programming and control via either serial (SPI) or parallel (I2C) interface. 

It incorporates a 12-bit DAC which enables a very fine sine waveform output with a very 

low phase noise of -128 dBc/Hz [9]. The component also allows precise phase and 

amplitude modulation with a 16-bit phase resolution and 12-bit amplitude scaling.  
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Figure 6.8: AD9915 IC system block diagram [9]. 

AD9915 incorporates a 32-bit phase accumulator and, as previously discussed, the output 

frequency is controlled by the programmable frequency tuning word (FTW) as follows: 

 

𝑓𝑜𝑢𝑡 =
𝐹𝑇𝑊

232
𝑓𝐶𝐿𝐾 (6.11) 

which can be in turn computed from the following expression for the desired fout: 

 
𝐹𝑇𝑊 = ⌊232

𝑓𝑜𝑢𝑡
𝑓𝐶𝐿𝐾

⌋ (6.12) 

with the symbol ⌊𝑥⌋ denoting rounding to the nearest integer. The required system clock 

is fCLK = 2.5 GHz and can be either supplied directly from a high frequency generator (ie. 

2.5 GHz), or via an arbitrarily low reference clock with a significantly lower frequency 

than the system clock. This can be achieved by taking advantage of the in-built PLL 

subsystem of AD9915 which enables a programmable multiplication of the input clock 

with factors that can range from 20 times to 510 times. The latter option was utilised in 

this work via the use of a 10 MHz crystal clock encased in a compact low profile SMA 

case with dimensions 33.34 x 11.05 x 11.05 mm3 (Crystek CPRO33 10.00M, Mouser, 

£38) depicted in Fig. 6.9a, to enable a compact and simpler assembly of the overall 

readout system [10].   
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Figure 6.9: (a) 10 MHz clock oscillator component; (b) LPF component. 

 

The AD9915 evaluation board outputs directly the DAC output, which requires filtering 

to eliminate aliased frequencies and spurs stemming from the sampling process. This can 

be accomplished via the use of a flat band LPF with a cut-off frequency of f=f0+20% that 

rolls of steeply as suggested in the datasheet [9]. Here a compact LPF (VLF-1000+, 

Minicircuits, 24$) [11] encased in a low profile SMA case was utilised, depicted in Fig. 

6.9b, with a cut-off frequency of 1.2 GHz.  

 

Figure 6.10: LPF component (a) insertion loss and (b) voltage standing wave ratio (VSWR) filtering 

[11]. 

 

Operation of the AD9915 is achieved by programming each bit of the 40-bit registers of 

the component (4 system registers and 7 profile registers), using either a serial (SPI) or a 

parallel (I2C) interface and controlling at the same time the 2 digital lines of the 

component (RESET and IO_UPDATE). In this work the AD9915 was configured for an 

SPI communication protocol due to its simplicity, fast speed, and ease of programming, 

facilitated via the use of a microcontroller unit (MCU) controlling the component 

operation. The exact settings for each register must be carefully selected and meticulously 

programmed depending on the required operation as well the overall system configuration 

and components (e.g. whether a direct or a PLL-operated reference signal is introduced, 
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communication protocol) in order to enable correct operation of the system. The latter is 

discussed in more details in the next section.    

 

6.2.3 MCU and operation principle of the readout system 

Control and operation of the various sub-systems of the readout system is achieved via 

the use of a microcontroller unit (MCU). The mbed NXP LPC1768 MCU development 

board was utilised for this purpose, designed for high versatility and easy prototyping due 

to the vast open-source libraries of the mbed community. This MCU is based on a 32-bit 

ARM Cortex-M3 CPU operating at 96 MHz (maximum clock frequency at 120 MHz) 

and includes a 512kB and 64kB flash and data memory respectively, USB and ethernet 

host interfaces, a 12-bit 40 kHz ADC and 5 ADC ports, a 10-bit DAC, a set of 2 SPI, I2C 

and serial interfaces, and 25 general purpose digital I/O ports amongst many other 

features [12] (Fig. 6.11). 

 

Figure 6.11: mBED LPC1768 MCU pin output and modes of operation 

 

The operation of the readout system and extraction of the |Γ| measurements for the 

sensors, achieved via the use of the MCU, is based on 2 operational stages which can be 

defined as the configuration stage and the measurement stage. The general operational 

system protocol for the MCU, depicted in Fig. 6.12, includes the provision for sampling 

multiple antennas for the developed capsule device via the DEMUX/antenna arrays sub-

system. The algorithm was designed to minimize the measurement sampling time of 

multiple sensors and to enable easy singulation of the individual sweeps as well as sensor 
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identification on the capsule via the developed Matlab postprocessing code. The speed of 

operation is heavily reliant on the resolution (sweep size), the USB serial transmission 

baud rate and size of the transmitted data.  Speed of operation is of great importance for 

the performance the capsule device within the context of GI motility capture. 

 

6.2.4 System operation and sensor interrogation protocol 

The configuration stage involves the setting up of the required I/O and ADC ports 

between the subsystems, the communication interfaces (serial USB and SPI), the sweep 

and resolution frequencies as well as the operational time of the system (from KMAX=N to 

infinity), the DEMUX subsystem activation or deactivation, and the configuration of the 

AD9915 DDS. 

SPI is a widely used serial, fast speed and simple communication protocol for embedded 

systems that utilises effectively 4 bus lines for establishing communication, termed 

respectively as Master Input Slave Output (MISO), Master Output Slave Input (MOSI), 

Serial Clock (SCLK) and Chip Select (CS). Under this protocol one component, typically 

an MCU, plays the role of the master, which controls the communication parameters with 

a slave component, such as the communication clock speed (SCLK), bit length per 

transmission (e.g. 8 or 16 bits) and clock bit polarity (CPOL=0 or 1, in this work 0), while 

data are transmitted to and from the slave component via the MOSI and MISO 

communication lines, respectively. Multiple slave components can be connected on the 

same communication lines under one master component and sequential programming of 

the slaves can be achieved via use of multiple CS lines, by toggling CSj to 0 or 1 to activate 

or deactivate respectively the communication with the select jth slave.  
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Figure 6.12: MCU operational protocol of the readout system. 
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In this work the MCU SPI lines were interconnected with the respective AD9915 serial 

lines of the component (SDIO, SDO, SCLK and CS [9]). A clock frequency of 1 MHz 

was selected for stable and fast operation and a CPOL=0 was established as suggested 

in the component datasheet. Upon powering the AD9915 signal generator and prior to 

operation, the RESET line needs to be toggled from high to low state, and the 4 system 

registers of the component, termed as CRF, need to be accessed and carefully 

sequentially programmed to account for the desired operation, configuration and to 

enable calibration of the component. The correct configuration for the CRF registers for 

the required operation and setup used in this work here are the following: 

 

int CFR1a[4] = {0x00,0x01,0x01,0x00,0x0A};  // PLL calibration 

int CFR1b[4] = {0x00, 0x00,0x01,0x00,0x0A}; //return chip to normal state 

int CFR2[4]   = {0x01,0x00,0x80,0x00,0x00};   

int CFR3[4]   = {0x02,0x00,0x04,0x7D,0x1C};  

int CFR4a[4] = {0x03,0x01,0x05,0x21,0x20};   // DAC calibration  

int CFR4b[4] = {0x03,0x00,0x05,0x21,0x20};   // return chip to normal state 

 

Programming of a register of the AD9915 involves the transmission of 5 bytes in a most-

significant-byte (MSB) format, starting with the register address, and followed by the 4 

configuration bytes whereas each bit sets the specific configuration for the component. 

The latter can be whether a direct signal or PLL multiplication was utilised for the 

reference clock (PLL here), PLL multiplication factor, mode of operation (eg, single tone 

or other), serial or parallel communication, etc. Of significant importance for proper 

operation of the component, besides identifying the correct register setup configuration, 

is to initiate a 2-step calibration of the PLL subsystem and thereafter of the DAC 

component prior to operation. Execution of the transmitted register data by the AD9915 

is finally enabled by toggling from high to low the I/O_UPDATE digital line after each 

communication. An example of register transmission to the DDS AD9915 captured via 

the use of a digital oscilloscope is depicted in Fig. 6.13. 
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Figure 6.13: Programming process of 1 register of the DDS as captured via an digital oscilloscope. In 

yellow the SPI clock; in green the register 40 bit value to be programmed; in blue the IO_UPDATE 

to signal execution of the register following transmission.  

 

The second stage, termed in this work as the measurement stage (Fig. 6.12), performs a 

frequency sweep across one or sequentially across multiple antennas (when a DEMUX 

component is also incorporated to the system) with configurable frequency ranges and/or 

resolution. For each frequency, starting from the minimum frequency of the predefined 

sweep range, R=[fmin , fmax], the corresponding FTW is first computed and transmitted via 

SPI to the AD9915, followed by the collection of the |Γ| measurement (or phase |Γ>, or 

both if desired) via an ADC port connected to the gain output of the phase and gain 

AD8302 analyser component, which is in turn subsequently transmitted serially via USB 

at the maximum allowed baud rate (921,600 bits per second) in real-time to a PC logging 

the data via a terminal (Teraterm). Thereafter the frequency is incrementally increased by 

the chosen resolution and the process repeated until the frequency reaches the chosen 

maximum bound fmax of the predefined sweep range.  

In the case of multiple antennas that are measured across unique and different frequency 

sweeping parameters and an integrated DEMUX sub-system, the process is then repeated 

and progressed from one antenna to the next until the last one, which is defined as the 

system cycle. Each system cycle is then iterated for a set and configurable number of 

times KMAX=N (with N=1 to infinity) which defines the operational time of the system. 
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Figure 6.14: Decomposition algorithm prior to postprocessing of the measurements 

 

A simple identification protocol for identification of the measured sensors over the 

sweeps and system cycles has been implemented as shown in Fig. 6.14. This protocol 

involves bounding with zeros the beginning and end of each cycle. For each antenna prior 

to every sweep the corresponding number of that antenna is also incorporated. Upon the 

end of the system operation all the sweep selected settings are lastly transmitted (ie. sweep 

minimum and maximum, resolution, number of system cycles).  

The developed Matlab post-processing algorithm then decomposes the data packets into 

cycles, sweeps, and sensors/antennas, initiates an error correction procedure (ie. ADC 

spikes or transmission errors), computes the |Γ| in dB (or |Γ> in degrees), performs 

Savitzky-Golay filtering and fitting, and extracts the resonant frequencies. 

 

6.3 Custom-built readout system development and assembly  

The proposed readout system was first assembled and validated on the bench via the use 

of standard laboratory DC power supplies and a digital oscilloscope as shown in Fig. 

6.15a,b, before assembly into a compact portable version developed in collaboration with 
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the electrical workshop of the University of Edinburgh (Fig.6.15c,d). No difference in 

performance was observed between the benchtop and compact versions of the readout 

system.  

 

Figure 6.15: (a) benchtop readout system; (b) readout system during assembly and testing into a 

compact form; (b) compact readout system and components layout; (d) compact readout system 

assembled, interconnection to laptop and antenna. 

 

The simple linear power supply circuit designed for the compact version includes an AC 

mains to DC converter circuit, 4 linear voltage regulators to deliver the required 3 DC 

supplies of 3.3 V and 1 DC supply of 1.8 V to the following components: AD9915 signal 

generator board (3.3 V and 1.8 V supply), 10MHz crystal reference oscillator (3.3 V 

supply) and the AD8302 phase and gain board (3.3 V supply).  

High performance voltage regulators were selected with the ability of regulating currents 

as high as 1.5A since the AD9915 draws a significant amount of current during operation 

(0.7 A and 0.3 A from the 3.3 V and 1.8 V power supplies, respectively). The addition of 

a heat sink component was deemed necessary to provide an efficient heat dissipation and 

ensure a safe operation of the system. A suitable aluminium case with dimensions of 
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26.8x32.4x5.5 cm3 was selected to house all system components and provide sufficient 

free volume for future updates and modifications of the system. 50 Ω SMA coaxial cables 

and connectors were selected to provide good impedance matching across the various 

interconnections of the system. A simple stripboard was utilised for mounting the MCU, 

voltage regulators, heatsink and the AD8302 board, and to allow easy interconnection of 

the I/O, SPI and ADC outputs with the respective ports of the AD8302 and AD9915 

boards via the use of jumper cables. The front and back of the case were machined at the 

workshop to accommodate a 50 Ω connector for interconnection of the DUT, a 2-port 

USB connector (for programming and data transmission of the MCU) and the AC mains 

power supply input. All the system components were firmly fixed in place by threading 

screws to the casing and the components. 

  

6.4 Validation of the operation of the custom-built readout system 

 

The developed readout system successfully provided the desired performance, allowing 

the interrogation and capture with high resolution of the response of the flexible sensors 

from 1 MHz to 1 GHz operational frequency range of the DDS signal generator. Fig. 6.16 

displays the expected raw unfiltered and uncalibrated |Γ| magnitude output of the readout 

system connected to the antenna.  

 

Figure 6.16: Raw unfiltered measurements of the sensors with the custom-built readout system. 
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By implementing SG filtering and a calibration technique via the use of the baseline 

response for the antenna as described later, the true amplitude of the magnitude of the 

measured sensors can be extracted, providing a much higher clarity and accurate 

identification of the resonant frequency as shown in Fig. 6.17.  

 

Figure 6.17: Filtered and calibrated measurements of the sensors with the custom-built readout 

system. 

 

The developed readout system constitutes an uncalibrated system and hence the output 

incorporates the influence of the coaxial cable assembly, connectors and losses from the 

system components. Examining closely the output of the system with no sensor in 

proximity as can be seen in Fig. 6.18a, a periodic fluctuation in the |Γ| can be observed 

when no antenna is connected (ie. only the cable assembly) with a peak-to-peak amplitude 

varying from approximately 0.5dB, for frequencies between 1-600MHz, to 1dB for higher 

frequencies (black curve, Fig. 6.18a). Interconnecting the antenna results in a curve of an 

identical behaviour (red curve, Fig. 6.18a), termed henceforth as the “baseline magnitude 

response |Γref|”, exhibiting only but a small shift in frequency. Examining now similarly 

the output from the VNA with no calibration performed prior the measurements, a similar 

response can be observed within the same frequency domain for either when the antenna 

is connected (blue curve, Fig. 6.18b) or not connected (red curve, Fig. 6.18b).  
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Figure 6.18: Baseline |Γ| output with and without an antenna connected of (a) the developed readout 

system and (b) the VNA system. 

 

Although all coaxial cables and connectors were chosen to be 50 Ω to enable impedance 

matching with the 50 Ω ports of the system, small discrepancies in the values of the 

characteristic impedance exist in reality stemming from the fabrication tolerances of these 

components. As a coaxial cable is essentially a transmission line, the above small 

impedance mismatch results in a small and steady reflected signal contribution at the 

output that becomes more pronounced with increased frequencies. An additional 

contributing factor is the 0.8 dB main line loss of the directional couplers as discussed in 

6.2.1.  

Calibration of the output of a VNA is a standard practice to eliminate this contribution in 

order to provide a normalised baseline response (black curve, Fig. 6.18b) and more 

accurate measurements. VNAs include an inbuilt calibration software system, as well as 

a calibration kit, to enable calibration via a rather complex method termed as the “load-

short and open technique” prior to taking any measurement and depending on the 

connector and number of ports to be utilised [13]. Succinctly this method involves 

computation of the complex reflection coefficient by interconnecting an open, shorted 
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and 50 Ω component to the output and computing their contribution until the following 

conditions are met: 

 
𝛤𝑜𝑝𝑒𝑛 = 1 (6.13) 

 
𝛤𝑠ℎ𝑜𝑟𝑡 = −1 (6.14) 

 
𝛤𝑙𝑜𝑎𝑑 = 0 (6.15) 

However the load-short and open technique requires the exact sign of the phase of the 

reflection coefficient |Γ> in order to compute the complex Γ. This constitutes an issue 

here since the AD8302 is incapable of providing the phase information as discussed in 

section 6.2.1. The technique would also require the capture of both the phase and 

magnitude during the measurements and across the chosen frequency band which would 

heavily restrict the capsule operational frequency or resolution as discussed in Chapter 8. 

Implementing such a complex calibration method was not deemed necessary, since here 

what is required are only the relative differences from the baseline response of the antenna 

when a sensor is introduced.  

 

Computation of the calibrated output response |Γcal| in the presence of a sensor is 

performed here by first implementing the SG filtering technique for both the baseline (no 

sensor in proximity, reference output of antenna) and the measured response of the sensor. 

This is followed thereafter by extracting the filtered baseline response |Γref| of the antenna 

from the filtered captured sensor response |Γsens| automatically in the developed Matlab 

postprocessing algorithm such that:  

 

|𝛤𝑠𝑒𝑛𝑠𝑜𝑟𝑟𝑎𝑤|  
𝑆𝐺 𝑓𝑖𝑙𝑡𝑒𝑟
→       |𝛤𝑠𝑒𝑛𝑠𝑜𝑟|        ,        |𝛤𝑟𝑒𝑓𝑟𝑎𝑤|  

𝑆𝐺 𝑓𝑖𝑙𝑡𝑒𝑟
→       |𝛤𝑟𝑒𝑓| (6.16) 

 
|𝛤𝑐𝑎𝑙| = |𝛤𝑠𝑒𝑛𝑠| − |𝛤𝑟𝑒𝑓| (6.17) 
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Figure 6.19: (a1, b1) raw and (a2, b2) and calibrated captured response of sensors at different readout 

distance. As expected a decrease of the resonant frequency is observed with increasing distance 

(Chapter 3).  

 

This calibration method enables a better identification of the sensors, the reconstruction 

of the expected symmetric curve of the magnitude drop and an accurate computation of 

the real magnitude drop amplitude of captured sensors. More importantly it enables the 

identification of even very weakly coupled sensors as shown in Fig. 6.19, that initially 

present themselves as cluttered within the baseline response when their magnitude drop 

is below 1dB especially in frequencies above 600 MHz (Fig. 6.19b1, b2).  

In terms of noise, the average floor fluctuation of the output was found to be ±1 mV which 

translates to ±0.033 dB (section 6.2.1, expression 6.6) and corresponds to the minimum 

measurement resolution of the AD8302 component [1]. The observed abrupt spikes that 

can be seen in the previous figures are errors during measurement that stem from the 

MCU ADC sampling, which can be easily isolated and do not influence the SG filtering 

algorithm.    
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Figure 6.20: comparison of sensor response to compressive deformation captured via the VNA and 

the developed readout system with the cantilever jig. 

 

In terms of capturing the performance of the sensor to compressive deformation, the 

developed readout system provides the expected sensor response with good agreement to 

the VNA measurements in terms of the sensor sensitivity and level of linearity (R2) at the 

region of interest (P>0.5 kPa), as shown in Fig. 6.20. The cantilever header of the 

experimental jig, as well as the antenna placement within the 3D printed positioner 

component, had to be repositioned during the measurements with the custom-built 

readout system which led to the discrepancy on the captured fundamental frequency f0 

(misalignment and influence of the coupling coefficient, Chapters 3 and 5) and the small 

+1.6% difference in the captured sensitivity (non-ideal contact of the cantilever header 

due to planarization, Chapter 5). The accuracy in determining the resonant frequency of 

the sensors and hence the pressure measurement resolution via the SG filtering and 

calibration methods, is strictly analogous to the selected frequency sweep step resolution 

of the DDS signal generator and hence fully configurable when the relative position of 

the sensor and antenna is permanently fixed as in the case of PressureCap, shown later.  
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Figure 6.21: Baseline |Γ> output with and without an antenna connected of (a) the developed readout 

system and (b) the VNA system. 

 

The same calibration method can be applied to determine the phase response |Γ> of the 

sensors but to a limited extent. In this case a zero-crossing algorithm is implemented to 

determine the resonant frequency of the sensors following calibration. Examining first 

the uncalibrated output the readout system, a periodic phase shift is observed in the output 

similarly as before due to the influence of the impedance mismatch (Fig. 6.221a) similar 

to the response observed for the uncalibrated output from the VNA (red and blue curves, 

Fig. 6.21b) but with a reduced amplitude attributed to the losses from the system 

interconnections and components. In this case no shift was observed to the baseline 

response over frequency when an antenna was interconnected, as in the case for the VNA. 

Fig. 6.22 presents a comparison for the captured response in both amplitude and phase of 

Γ of two sensors. The phase response exhibits the expected behaviour close to the 

resonance of the sensor, as presented in the previous chapters. However, a distortion of 

the phase response was observed for sensors operating close to the phase shift point of 

the output (Fig. 6.22b4). 
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Figure 6.22. Comparison of the captured response and calibration of 2 sensors in terms of |Γ| (a1, a2, b1, b2) and |Γ> (a3, a4, b3, b4). 
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The phase detector component of the AD8302 is incapable to determine the phase sign of 

the output. However the slope of the uncalibrated response can be potentially utilised to 

determine it for a DUT in applications where no phase ambiguity can be tolerated. 

Examining the operation of the AD8302 phase detector depicted in Fig. 6.23, the peak of 

the output corresponds to phase shift occurring at 0o, while the drop is expected to 

correspond to a phase shift occurring at either +180 or -180.  

Hence the determination of the slope sign via the derivative 
𝜕|𝛤>

𝜕𝑓
 of the uncalibrated phase 

can potentially provide the sign of the phase of the reflection coefficient. This method 

was not pursued further as it lays outside the scope of this work.  

 

Figure 6.23: AD8302 phase measurement slope, frequency and non-linearity with frequency [1]. 

 

The phase distortion near the phase shift regions stems from the non-linearity of the 

AD8302 phase detectors close to 0o and ±180o (Fig. 6.23a), which results to a high phase 

measurement error of over 10o near those regions (Fig. 6.23b). The latter constitutes a 

significant drawback in determining a sensor response via the phase |Γ> method 

especially in the cases where the resonance frequency of a sensor lays close to those 

regions and is weakly coupled. In contrast, as seen in Fig. 6.24, the magnitude measurand 

of the AD8302 remains highly linear and stable for extended bandwidths and operational 

conditions (e.g. temperature of the component), with a minimal error, and especially for 

an expected sensor |Γ| response below -15dB, as in this work. 
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Figure 6.24: AD8302 magnitude measurement slope, error and linearity with frequency and 

operational conditions [1]. 

An important aspect of the readout system performance is the operational frequency of 

the measurements. A high system operational frequency is required to enable a fast 

frequency sweep time and interrogation of the sensors arrays integrated to the capsule in 

order to capture the GI tract motility from multiple positions. The developed readout 

system provided a very stable and fast operation of 100±5 μs for each sweep point 

measurement and transmission, when tested over 2,500 sweeps of a 10 kHz step and a 

10,000 sweeps size under the proposed configuration (section 6.2.3). This result is in good 

agreement with the expected theoretical operational time of the system and results into an 

adequately fast operational frequency of the capsule for capturing the GI motility. 

Methods to further increase the operational speed of the system are presented in Chapter 

9. 

 

6.5    Conclusions  

Overall the proposed custom-built readout successfully interrogates and extracts the 

developed sensor response with a high resolution, accuracy, control and speed across a 

wide 1-1,000 MHz frequency regime, and presents a low-cost (~1,500£), compact and 

portable custom-built prototype reflectometer solution in comparison to the conventional 

VNAs utilised prior for this purpose.  

In the next chapter, following the successful development and high performance of the 

sensors and readout system, the efforts of integrating the aforementioned within a small-

sized capsule geometry in order to deliver a novel motility capsule with multi-site tactile 

sensing capabilities are presented, while the performance and limitations of the developed 

readout system are characterised further.   
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Chapter 7:  

Design and development of PressureCap 

 

7.1 Concept and functionality 

The successful development of the flexible thin-film LC pressure sensors and readout 

system paved the way to design and develop PressureCap, a novel ingestible motility 

capsule (IMC), with the potential to monitor simultaneously multiple sites of the GI tract. 

This capability, to the best of the author’s knowledge, has not been explored in current 

IMCs. As discussed in detail in Chapter 1, currently state-of-the-art IMCs have relied 

solely on off-the-shelf commercially available wired and bulky absolute pressure sensors. 

Such sensors require extensive reconfiguration in order to allow integration within a 

capsule and enable the direct monitoring of the GI tract’s low-amplitude contraction or 

intraluminal forces. Such an approach leads to severe limitations and high complexity on 

the integration level such as:  

(i) lack of or expensive capsule hermiticity due to the need of vias or holes in 

the capsule shell that can adversely affect the enclosed electronics;  

(ii) the requirement of extensive capsule volume for the sensor electronic 

circuitry and data processing/storage that compromise the multi-modal 

sensing capability that Sonopill aims to achieve in capsule endoscopy (lab-

on-a-capsule);  

(iii) and the obtrusive nature of the button-like sensors protruding from the 

capsule, which can affect the movement of the pill and limit the number 

of sensors that can be deployed on the surface.  

The latter limitation would adversely lead to a loss of valuable information of the motility 

of the GI tract for diagnostic purposes. The problem would be especially acute in the 

small intestine, as the capsule cannot exceed the maximum 12 mm threshold diameter for 

tolerable oral ingestion.  
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Figure 7.1: General concept design and functionality of PressureCap. 

 

The general concept design and functionality of the PressureCap device is depicted in 

Fig. 7.1. The proposed IMC device was designed to meet all the requirements and desired 

performance as laid out in Table 1.1 of Chapter 1. These include high resolution 

measurement of low amplitude contact forces, multi-sensor contractile and intraluminal 

pressure GI monitoring, high operational frequency (ie. sampling) for effective motility 

detection, hermeticity and biocompatibility. 

Two arrays of two wireless sensors each have been placed along the long axis of the 

ellipsoidal capsule as shown in Fig. 7.1. These arrays, defined there onwards as body 

sensors arrays, monitor the contractile forces exerted directly by the walls of the GI tract. 

They are accompanied by a single flexible sensor occupying the front of the capsule 7 to 

detect intraluminal pressure.  

The detailed configuration of the capsule is presented in Fig. 7.2. Four 10x10 mm2 sensors 

of specific resonant frequency have been selected in order to maximize the area covered 

on the capsule shell and ensure that a good contact is established with the GI tract in order 

to maximize the potential of capturing a motility event as it is traversing the GI tract. In 

contrast the single 4.9x4.9 mm2 sensor was chosen to capture weak intraluminal 

fluctuations with good clarity, such as the case for respiration as shown in Chapter 8. The 

dimensions of the capsule 30 mm of width by 12 mm in outer diameter, correspond to the 

maximum dimensions tolerable oral ingestion.  
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Figure 7.2: Detailed system block of the proposed components and configuration integrated in the 

capsule. 

 

4 custom-built PCBs are integrated and positioned at specific positions within the 

capsules. These PCBS, labelled in Fig. 7.2, form collectively the capsule system and serve 

two distinct functions:  

(i) PCB 1 selects sequentially the antenna and sensor. It drives concurrently the input 

incident and output reflected RF signal from the readout system to the selected 

antenna and vice versa, in order to enable measurement of each of the sensors 

response during frequency sweeping. 

 

(ii) PCBs 2-4 are responsible for the wireless interrogation of the integrated sensor 

arrays at the corresponding sites using 5 antennas inductive coupled to the sensors.  

Communication, programming, I/O drive of the RF signals, as well power supply of the 

main PCB with the readout system is achieved via the use of a flexible tether assembly 

integrated into the capsule, while all the interconnections between the encapsulated PCBs 

are kept within the capsule. 

 

7.2 PressureCap capsule design 

A capsule was designed and 3D printed enabling a geometrically complex internal 

structure to accommodate the system assembly and house effectively all the system 

components (ie. sensors, PCBs, interconnections and tether), The schematic of the 

capsule is depicted in Fig. 7.3. The capsule is composed of two symmetrical parts. System 
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integration is accomplished by placing custom-built PCBs at pre-designated positions in 

a stacked configuration as shown in Fig. 7.3a. A smaller cylinder of 6.5 mm width and 

7.5 mm radius was added to the capsule for the integration of the tether, as shown in Fig. 

7.3b. Sensor alignment markings on the body of the capsule enabled the accurate 

placement of the flexible and wireless sensor arrays for strong coupling to the multi-

antenna PCBs during assembly.  

 

Figure 7.3: (a) Proposed internal configuration of the PCBs within the capsule system. The PCBs are 

in green. The brown and black rectangular objects on the surface correspond to the RF ports and 

ICs, respectively. (b) Capsule enclosed and the proposed integration sites for the wireless thin-film 

flexible sensors.  

 

A 24 x 5.75 mm2 cavity with a flat bottom was designed for both halves of the capsule 

exactly underneath the 1 mm thick shell of the capsule, as shown in Fig. 7.4a. This cavity 

allows the easy slotting of the multi-antenna PCBs 2,3 providing a clearance of exactly 

2.5 mm between the antenna and the sensors placed on the outside surface of the shell. In 

between these two areas and in the middle of the capsule, positioner stands and slots were 

designed to position the main system PCB 1. A 3mm clearance between this PCB and the 

multi-antenna PCBs allows internal coaxial interconnections between the capsule PCBs, 

and with the tether interconnections.  

At the front side of the capsule and perpendicular to the former, a circular slot area was 

designed to accommodate the front antenna PCB 4. This structure was designed for only 

one of the two parts of the capsule (part A, Fig. 7.4b), while Part B was left void to ensure 

sufficient free space for the connector and interconnection of PCB 4 to the main PCB 1 

as shown later. Finally, at the periphery of the capsule parts, a slit and lip structure was 

designed to allow good hermeticity and correct positioning of the parts during assembly 

after the integration of the PCBs, as shown in Fig 7.4b. 
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Figure 7.4: Capsule design detailed dimensions and features 

The internal interconnection of the PCBs within the capsule is carried out with 50 Ω 

micro-coaxial cables and connectors. The stacked configuration and PCBs have been 

designed to minimise the required volume and cable length requirements of the 

interconnections, and allow easy integration of the tether. The layout of the 

interconnections and assembly is shown in Fig. 7.5.  

    

Figure 7.5: Expanded view of the proposed interconnection and integration of system PCBs and 

tether within the capsule.  
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7.3 PCBs design and development  

The two PCB boards that enable monitoring of the sensors integrated at the top, bottom 

and front sides of the capsule are presented in Fig. 7.6.  

 

Figure 7.6: The (a) multi-antenna and (b) front antenna PCBs  

 

The multi-antenna 1 mm thick rectangular PCBs 2 and 3 in Fig. 7.6a have dimensions of 

24 x 5.5 mm2 and include 3 antennas developed by Eurocircuits. The 1 mm thick front 

antenna PCB 4, shown in Fig. 7.6b, is circular with a 7.2 mm diameter. All antennas were 

designed to be identical with a 150 μm track width, 175 μm track gap and 5.5 loops, as 

the previously developed single antenna presented in Chapter 5. Footprints were designed 

for incorporating male micro-coaxial 2 mm x 1.8 mm JSC 50 Ω connectors (Murata, 

MM5829-2700RJ4) which allow a very low interconnection profile of 0.8 mm with the 

corresponding 50 Ω micro-coaxial cables of 0.81 mm diameter and 20 mm length 

(Murata, MXJA01JA0200). Although PressureCap was designed for monitoring 5 

sensors, the capsule system can potentially allow the monitoring of as many as 7 sensors, 

if the 4.9x4.9 mm2 sensor arrays were also to be selected for the sides of the capsule.  

The multi-sensor monitoring functionality is accomplished by the main PCB 1 which 

contains a 7-port RF demultiplexer (DEMUX) unit and connects to the readout system 

via the tether. The PCB 1 enables sequential and selective sensor monitoring under the 

control of the MCU, as presented in Chapter 6 and shown in Fig.7.7. The SKY13417-

485LF MUX/DEMUX component from Skyworks was selected due to its excellent 

characteristics including a broadband operational range 0.1 GHz to 3 GHz, low insertion 

loss of 0.7 dB, a very high >20 dB isolation of the channels, integrated logic and a small 

2x2 mm2 QFN 14-pin compact package [1].  Selection of each of the 7 channels of the 

component (RF I/O ports, Fig. 7.7) is achieved by setting to a different configuration of 
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logical high and/or low of the 3 DC control voltages of the component depicted in Fig. 

7.8, controlled here by the MCU of the readout system via the tether.  

 

Figure 7.7: Simplified overall system configuration and operation of PressureCap  

 

 

. 

Figure 7.8: Ports and functionality of the SKY13417-485LF MUX/DEMUX IC [1]. 
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Figure 7.9: (a) Design and IC component configuration of PCB 1. (b) Developed board and 

dimensions. 

The PCB 1 for the capsule is shown in Fig. 7.9 and includes:  

1) the DEMUX unit,  

2) a 3 x 2.5mm2 3.3V LDO ultra-low noise voltage regulator (NCP702SN33T1G, 

ON Semiconductor) interconnected to two 1μF bias capacitors at the input and 

output [2] for the power supply of the DEMUX unit,  

3) 7 output micro-coaxial JSC connectors for the antenna PCBs (PCBs 2, 3 and 4),  

4) 1 input micro-coaxial JSC connector for interconnection to the readout system for 

measuring the sensors response and a 10-port board-to-board connector (WP25D-

S010VA1-R8000M, JAE Electronics, 2.7 x 3.5 x 0.7 mm3) for the DEMUX DC 

control signals,  

5) The main power supply and ground of the board to/from the MCU of the readout 

system.  
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The dimensions of the PCB, shown in Fig. 7.9b, are 24 x 8.5 mm2 and was developed on 

a 4-layer 1-mm thick substrate (Eurocircuits, RF pool substrate option). The top layer of 

the PCB contains the majority of the components and 4 of the RF outputs, the bottom 

layer contains the remaining 3 RF outputs, while the middle 2 layers form the ground 

(GND) level (Fig. 7.9a). Interconnection between the top, bottom and GND layers of the 

PCB is achieved via the use of 20 vias in total. The tracks interconnecting the micro-

coaxial connectors ports and the DEMUX input/output ports were designed with a 515 

μm width to provide a 50 Ω impedance match on par with the guidelines of the 

manufacturer (Eurocircuits) [3]. 

The PCBs successfully enabled the stacked interconnection configuration as can be seen 

in Fig. 7.10 and allowed the desired assembly with the developed capsule design as well 

as the desired capsule system operation and performance, presented in detail in the next 

chapter. 

 

Figure 7.10: Capsule PCBs interconnection test prior to integration. 

 

7.4 PressureCap assembly process  

The assembly of the capsule device was accomplished in 3 stages: 

1. Tether development  

2. PCBs integration, capsule bonding, and hermetic seal 

3. Sensors integration, sealing and parylene encapsulation 

The first stage proved one of the most challenging aspects of the capsule assembly and 

significant effort was invested in order to develop a flexible, biocompatible and robust 
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tether. A 3-metre long tether for safe operation during the in vivo trials was recommended 

by the Sonopill project clinical collaborators. The tether development process is depicted 

in Fig. 7.11. 

 

Figure 7.11: (a) Spool jig for threading the 5 I/Os for PCB 1; (b) Tube lubrication; (c) Tether 

interconnection during threading in the silicone tube; (d) Input and output of the tether; (e) 

connector custom-built PCB and RF input micro-coaxial cable. 

 

The tether material is a flexible biocompatible silicone tube of 6 mm outer diameter and 

4 mm inner diameter (TSR0400100P Silicone Tubing, Sterilin™). Threading of the input 

RF cable assembly and the 5 DEMUX control I/Os (Fig. 7.11a) was accomplished using 

a custom mechanical spool jig, developed by Dr Gerard Cummins and Mr. Mark Leonard. 

A silicone lubricant (CRC Silicone Lubricant 500 ml Aerosol, Perma-Lock), shown in 

Fig. 7.11b, was used to overcome the friction from the silicone tube internal walls that 

made the threading otherwise impossible.  

Five single core 0.3 mm diameter wires were utilised for the DEMUX unit power supply, 

ground and the 3 control signals (blue wires, Fig. 7.11c), while the micro-coaxial input 

cable was extended to a 3 mm diameter, 3 m long coaxial cable (shielded 50 Ohm coaxial 

cable RG188A 26 AWG, 83269 009100, Belden Wire & Cable) for interconnection to 

the readout system following the threading through the silicone tube of the latter. This 

extension was necessary since the longest commercially available length for the micro-

coaxial JSC cable input to the capsule is 50 cm. The connection was accomplished 

manually by soldering the input and ground cores of the 2 coaxial cables. A typical 50 Ω 
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female SMA connector was interconnected at the other end of the 3 m coaxial cable (Fig. 

7.11d), while the 5 I/O cables for the DEMUX were integrated in a simple custom-built 

connector PCB, designed with dimensions of 6 x 5 x 1 mm3 by Eurocircuits. This PCB 

contains 5 through holes interconnected to a male 10-port board-to-board connector (Fig. 

7.11e). This small addition was deemed necessary to allow a robust connection with the 

female 10-port board connector of PCB 1, since direct interconnection via soldering of 

the DEMUX I/Os was found to be very fragile and highly prone to detachment during the 

assembly.    

 

Figure 7.12: 3-metre coaxial cable tether assembly influnce captured (a) via the readout system 

interconnected with PCBs 1-4 and (b) via a VNA equipment. 

 

The extension of the input RF coaxial cable resulted in the increase of the RF basal 

response due to a higher impedance mismatch from the manual solder interjoin and the 

longer length of the transmission line, as can be seen in Fig 7.12. The influence of the 3 

m cable on the output was recorded via both the readout system (Fig. 7.12a) and the VNA 

(Fig. 7.12b). The increased RF interference was found however only in the frequency 

domain above 500 MHz. No additional influence to the reference response of the antennas 

was observed below that frequency, and thus it did not impair the development and 

performance of the capsule device since the resonant frequencies of the selected sensors 
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for integration lay below 300 MHz. Furthermore, the addition of the main PCB 1 

(DEMUX) / multi-antenna PCBs to the RF input had no observable influence on the 

readout of the antennas as the reference output was identical in the desired frequency 

regime (Fig. 7.12a) proving the good impedance match of the PCB 1 circuitry.  

 

Figure 7.13: (a) integration of PCBs 1-4 and tether in the capsule; (b) capsule prior and (c) after 

enclosure; (d) capsule during sealing with the UV epoxy  

 

The second assembly stage, depicted in Fig. 7.13, involved first the integration of the 

capsule PCBs (1-4) followed by sealing of the capsule. The parts of the capsule were 

developed via the use of a high 25 μm resolution 3D printer (Objet Connex 500, Rehovot). 

The multi-antenna PCBs were slotted at their predesignated positions (top and bottom) of 

the capsule, followed thereafter by integration and interconnection of the main PCB 1 and 

front antenna PCB 4 (Fig. 7.13a,b). A very small quantity of a biocompatible instant 

adhesive (4161, Loctite) was utilised prior positioning each PCB at their respective 

positions to ensure that they remained strongly fixed during operation of the capsule 

device. Similarly, the instant adhesive was utilised at the rims of the slit and lip regions 

of the two capsule parts prior enclosure (Fig. 7.13c) and the capsule was hermetically 

sealed thereafter by introducing a UV-curable liquid biocompatible epoxy (4UV80HV 
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Medical Device Adhesive, PermaBond) around the joined capsule periphery and at the 

tether input (Fig. 7.13d). This epoxy was selected due to (1) the ease of use, (2) the 

localised and selective UV curing, (3) long working time, (4) the slow epoxy flow and 

(5) the smooth surface it provided following curing.  

 

Figure 7.14: (a) PressureCap following integration of the two body sensor arrays and prior 

integration of the front sensor; (b) Bonding and sealing of the front sensor; (d) PressureCap packaged 

prior the parylene C coating. 

 

In the third and last integration stage, the two sensors arrays were fixed at the top and 

bottom body sides of the capsule followed by the front 4.9 x 4.9 mm2 sensor (Fig. 7.14a). 

A very small quantity of the UV epoxy was similarly spread carefully via a blade prior at 

the shell (Fig. 7.14b), which allowed a strong bonding of the sensors with the capsule 

shell and a smooth surface, as well as accurate positioning of the sensors during placement 

prior to UV curing. Thereafter the periphery of the sensors was carefully sealed with the 

UV epoxy and the capsule was left for 36 hours to ensure a complete dry out and 

solidification of the epoxy.  

Finally the last step involved conformal coating with a 8 μm-thick protective Parylene C 

layer of the capsule (CS PDS 2010 vacuum deposition tool, Kisco), while the tether was 

packaged in an airtight bag during processing to protect the output connections (Fig. 
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7.14c). This step was deemed necessary in order to ensure the biocompatibility and 

hermiticity of the additively manufactured capsule package and the safety of the porcine 

subject during the in vivo trial (UK Home Office licence PPL 70/8812). As explored in 

previous studies published by our group [4], the additive material of the capsule 

(VeroWhite, Rehovot) was found to produce toxic by-products via outgassing if uncoated 

which comprises the biocompatibility of the capsule, while the water condensation due to 

moisture absorption of the capsule shell can compromise the hermeticity of the package 

resulting in corrosion and damage of the encapsulated electronics. The conformal coating 

with parylene C successfully addressed the above concerns. 

 

Figure 7.15: Pressure and the (a) side and (b) front sensors. (c) Testing of PressureCap via the 

benchtop readout system following assembly.  

 

The developed PressureCap device is depicted in Fig. 7.15. The capsule device and 

readout system were configured to operate as described in Chapter 6 (section 6.1.3) and 

prepared for further characterisation in an in vitro phantom gut environment followed by 

the in vivo porcine experiment as presented in the next chapter. 
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Chapter 8:  

In vitro and in vivo validation of PressureCap 

 

8.1  In vitro characterisation of the capsule 

 

In vitro characterisation of PressureCap was achieved by using a nature-inspired 

peristaltic pump system developed by Mr Falk Esser at the Plant Biomechanics Group 

led by Professor Thomas Speck, Faculty of Biology, Botanic Garden University Freiburg, 

Germany. The system was developed to provide a novel biomimetic pneumatic valve-

less and self-priming pumping system which is lightweight, compact, quiet and energy 

efficient. This pumping system has potential for use in fluid pumps, combustion engines 

and biomedical applications. In the latter case, the system can mimic the oesophagus or 

the small intestine [1] [2].  

The system consists of two components: a custom-built pump test bench and silicone-

based actuators that induce controlled peristaltic motion of variable frequencies and 

pressures.  

 

Figure 8.1: The biomimetic peristaltic pump system’s break down of components [1] 

 

The overall system configuration is shown in Fig. 8.1. The system proved to be an 

excellent in vitro environment for providing proof-of-concept validation of the developed 

IMC device as well as further characterisation of the developed sensors. Peristalsis is 

simulated by the silicone-based actuators using pressurised air fed through solenoid air 

valves and tubes from the pump test bench system [1]. Control of the activation of the 

solenoid valves (on-off switching) and monitoring of the pressure within the actuators 
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measured by absolute pressure sensors situated at the inlet of the valves (TruStability® 

Board Mount Pressure Sensors, Honeywell, Int. Inc) were achieved by a microcontroller 

and data acquisition devices (NI USB 6002 DAQs, National Instruments), respectively, 

both connected to a laptop with a LabVIEW software interface. The air pressure main 

supply was controlled by an analogue throttle valve that can be set manually between 0-

0.3 bar (0 to 30 kPa), while the actuation frequency is controlled by a potentiometer unit. 

Single or multiple actuators (as many as 8) can be fixed firmly to the system via the use 

of metallic holding brackets.  

Two modes of operation are possible by controlling the switching frequency of the 

solenoid valves and the base pressure of the throttle valve: (i) automatic generation of 

peristaltic square waves of controllable frequencies and pressures and (ii) manual control 

of pressure ramping between 0-0.3 bar. The actuators pressure is monitored with a 1 kHz 

sampling frequency and 0.1 kPa pressure resolution provided by the pressure sensors 

described above. 

 

Figure 8.2: The single and multi silicone-based biomimetic actuators [2]. 

 

The core novelty of this technology lays with the custom-built soft silicone-based robotic 

ring actuators (SSRAs) [2], depicted in Fig. 8.2. The inner conduit diameter of the 

actuators is 20 mm. The actuator uses a soft biocompatible silicone-based elastomer with 

a high 980% elongation break threshold and good water and oil resistance (EF50, 
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Ecoflex). The actuator structure is produced via casting on 3.5 cm high 3D printed molds 

of the silicone elastomer, that serves as the base material of the actuator. Silicone air 

tubing of a 8 mm diameter and an outer strain limiting layer are outfitted to enable 

pressurization that prevents outer expansion, constricting the inflation solely to the inner 

conduit. Multi-actuator structures can be developed by assembling and bonding an 

arbitrary number of single actuator units for the propulsion of liquids (Fig. 8.2). 

 

Figure 8.3: The silicone-based actuator response (occlusion) (a) prior actuation and (b) after 

actuation at 0.1bar during the PressureCap trial setup. 

 

The introduction of pressurised air to the actuator results in occlusion by inflation of 2 of 

the 4 facets of the inner conduit as shown in Fig. 8.3, with the latter designed with an 

elliptical geometry to enable high occlusion rate (percentage of closure vs inner diameter) 

under low pressures and peristaltic motion of variable frequencies. The occlusion rate of 

the actuators was demonstrated to range from 74.5% to 89.5%, 97% to 99.3% and 99% 

to 99.8%, for pressures of 0.1 bar, 0.2 bar and 0.3 bar, respectively, and peristaltic 

frequencies ranging from 1 Hz to 0.15 Hz, mimicking the expected physiological 

occlusion and providing good pumping flow rates of liquids depicted in Fig. 8.4 [2]. The 

actuators exhibit a high durability to failure (bursting), enduring more than 15,000 cycles 

of peristaltic actuation due to the silicone-based nature of the structural material. 
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Figure 8.4: Volume flow rate performance of actuator at different frequencies and 0.3bar. CV 

denotes the presence of check valves in the configuration [2]. 

 

8.2 PressureCap operational validation and configuration  

The response of the integrated sensors was successfully recorded from all capsule sites 

and independently, exhibiting as expected a strong |Γ| magnitude drop, hence validating 

the success of the proposed assembly and capsule PCB system configuration. The 

PressureCap output is depicted in Fig. 8.5, where the 2 arrays of the 10x10 mm2 sensors 

1,2 and 3,4 occupy respectively the top and bottom sections of the capsule, while the 

4.9x4.9 mm2 sensor 5 occupies the front section of the capsule. 

As shown in Table 8.1, the resonant frequency of the sensors was found to be reduced by 

approximately 2 MHz after integration of the sensors onto the shell of the capsule. This 

reduction is attributed to a small compression experienced by the structure of sensors as 

they are bent, bonded and sealed firmly over the capsule surface during integration. Based 

on the above and the recorded performance of the sensors (Table 8.1) a measurement 

bandwidth of B=20 MHz was selected such that, for each sensor j, of fundamental 

resonant f0j , Bj = [f0j-15MHz, f0j+5MHz]. This bandwidth enables a frequency sweep step 

of Δf=20 kHz from the readout system and a 100 ms measurement time to acquire the full 

set of measurements for each of sensor per cycle. This set of parameters was selected to 

provide a fast operational frequency, a broad pressure measurement range and a pressure 

resolution of at least 0.1kPa, as shown later. 
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Figure 8.5: PressureCap (a) raw and (b) filtered/calibrated broadband output 

 

Table 8.1: PressureCap sensors resonant frequency before (unbent) and after (bent) integration. The 

10x10 mm2 sensors 1,3 and 2,4 are identical and hence their sensitivity, extracted via the cantilever 

setup prior integration (Chapter 5 and Appendix E), is considered similarly identical. Discussion 

regarding the sensors sensitivity when bent over the capsule is presented in the next section. 

Sensor # f0 at capsule (bent) 

[MHz] 

initial f0 (unbent) 

[MHz] 

sensitivity P>0.5 

kPa [kHz/kPa] 

1 (top body) 197.7 199.4 -243 

2 (top body) 235.0 237.3 -270 

3 (bottom body) 204.3 206.3 -243 

4 (bottom body) 236.2 239.6 -270 

5 (front side) 275.7 277.4 -182 

 

Configuration of the PressureCap device operation was described in Chapter 6, section 

6.2.3. The system operation and measurement protocol are depicted in Fig. 8.6.  

Succinctly, measurement of each sensor response is achieved sequentially (ie. sensor 1 

→ sensor 5) over a unique frequency bandwidth Bj and a set frequency resolution Rj for 

the jth sensor which covers their operational range. The process is iteratively repeated for 
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an arbitrary number KMAX of system cycles. The Rj and Bj quantities define the sweep size 

(number of Δf sweep steps N = Bj/Rj) which, in turn, defines the operational frequency of 

PressureCap and the pressure measurement resolution. Captured data once stored are 

processed in real-time for the extraction of the resonant frequencies for each cycle, sweep 

and sensor are performed following the operation of the device by the developed post-

processing Matlab algorithm described previously (Chapter 6, section 6.2.3), which 

incorporates the SG filtering method and calibration curves of the capsule antennas for 

computation. 

 

Figure 8.6: PressureCap (a) core operation and (b) extraction of relevant parameters. 

 

As discussed in Chapter 1, the maximum peristaltic contraction rate of the GI tract is 

expected to lay between 0.15 Hz to 0.20 Hz. A pressure resolution of 0.1 kPa is required 

to effectively capture low-amplitude contractions, while the contractions have been found 

to reach as high as 15 kPa in amplitude at the small intestine [3] (Chapter 1, Fig. 1.3 

WMC Smartpill Corporation). As shown in Chapter 6 the time consumed for a single 

measurement of the magnitude of the reflection coefficient, |Γ|, for a single frequency fj 

of the sweep with the developed readout system was found to be 100 μs. The number of 

steps per measurement sweep was limited to N=1,000 for each sensor in order to provide 

a fast operational frequency of PressureCap for measuring all 5 sensors of the capsule and 

effectively sample the expected motility waves,  

A 10 ms delay was set at the channel select before each sensor sweep to ensure that the 

DEMUX locks to the desired antenna/sensor during operation. Thus, the time required 
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for a full measurement cycle necessary to sweep all 5 sensors across the 20 MHz 

bandwidth was set at 550 ms, which is in good agreement with the PressureCap 

measurements duration that was found to be 560 ms for each measurement cycle. The 

latter resulted in an overall operational frequency of 1.78 Hz, which was sufficient to 

provide a good sampling performance for the capture of peristaltic waves of up to 0.25 

Hz by all body sensors, as presented in the next section. The 20 MHz bandwidth was also 

selected to accommodate measurements that cover contact pressures higher than 30 kPa 

which was twice the maximum recorded motility measurements. This high pressure was 

however compatible with the capabilities of the peristaltic pump system.  

The determination of the resonant frequency of the sensors was observed to be highly 

stable with the selected configuration and readout system. The average resolution of 

extraction of the resonant frequency was found to be of the same order as the selected Δf 

=20 kHz sweep frequency resolution of the DDS (maximum error ±40 kHz), and forms 

the measurement base noise level of PressureCap. This result is shown in Fig. 8.7, where 

the extraction of the resonant frequencies of the 5 sensors at ambient conditions over 

1,000 cycles have been normalised over the mean fundamental frequency f0 for each 

sensor (f0mean - fcycle). An accuracy of less than 0.1 kPa in terms of contact pressure is thus 

possible, based on the recorded sensitivities of the integrated sensors (Table 8.1), which 

ultimately enabled the capture of low-amplitude motility as shown later in section 8.4. 

 

Figure 8.7: Accuracy of determining f0 for all 5 sensors over 1,000 system cycles. The measurements 

have been normalised for each sensor. 
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8.3 In vitro experimental setup and results 

The aim of the in vitro experiments was to a provide a proof-of-concept validation of 

PressureCap functionality and examine the performance of the developed device. Such 

experiments had for goals to verify that (i) PressureCap is able to capture reliably and 

with good fidelity the simulated peristaltic waves of frequencies of at least 0.15 Hz from 

all body sensors and at different pressure levels; (ii) the sensors provide a fast monitoring 

response and the potential for tactile sensing from multiple sites; and (iii) to characterise 

the integrated (ie. bent) sensors response within the 0-30 kPa regime. 

In order to characterise PressureCap with the peristaltic pump system, the capsule was 

carefully threaded through the 1st holding bracket and then firmly positioned centrally in 

mid-air by utilising a temporary Ecoflex seal at the input of the holding bracket wrapped 

around the tether, as shown in Fig. 8.8a,b. The tether outputs at the other end were in turn 

interconnected with the custom-built readout system presented in the previous chapters.  

A single actuator unit was then carefully positioned around the capsule, with the capsule 

left free-standing within the cavity of the actuator.  The two inflating facets of the actuator 

were aligned with the top and bottom sensors arrays of the capsule, as shown in Figs. 

8.8c,d. Finally, the actuator unit was firmly fixed in place with the second holding bracket 

and interconnected to the solenoid switching valves of the system of the pump system to 

enable peristaltic actuation. A drawback of this experimental setup was the inability to 

characterise the front sensor of the capsule, as the silicone actuator was only capable of 

inflating across the 2 facets of the inner conduit and not the front.  
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Figure 8.8: PressureCap in vitro experimental setup. 

 

As explained earlier, the biomimetic pump system enables the generation of peristaltic 

waves of fixed frequencies and set pressure levels, the latter by manually locking the main 

throttle valve interconnected to the air supply pump at a desired pressure level. The 

frequency of the peristaltic pressure wave is controlled automatically via the LabVIEW 

software which switches on and off the solenoid valve connected to the silicone actuator 

unit, resulting in a peristaltic inflation/deflation of the two sides of the actuator which in 

turn come in contact with the 4 body sensors of PressureCap. The LabVIEW software 

logs at 1 kHz frequency the pressure within the actuator, which is continuously monitored, 

with a resolution of 0.1 kPa, by the absolute pressure sensor situated at the inlet of the 

solenoid valve of the actuator. Due to the limitations of the system, only square waves 

can be configured for each system operation, while the main throttle valve provides fixed 

pressure levels from 0.1 bar (10 kPa) up to 0.3 bar (30 kPa). Higher pressures were not 

tested to avoid over-inflation and bursting of the actuator.  

Two types of experiments were conducted. The first set of experiments used the 

automated capabilities of the system. The second set used the manual control and ramping 

(increase/decrease) of the throttle valve pressure, to simulate random pressure waves, 

while monitoring the actuators response (inflation pressure). For the first set of 

experiments, automatic square peristaltic waves at frequencies of 0.15 Hz, 0.25 Hz, 0.5 

Hz and 0.75 Hz and pressures of approximately 10 kPa (0.1 bar), 20 kPa (0.2 bar) and 30 
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kPa (0.3 bar) were used. A persisting limitation of the throttle valve was the difficulty in 

locking the pressure to exactly those pressure values for each measurement cycle. For 

each frequency and pressure, the pump system would be first activated and then shortly 

thereafter (5-20 seconds, arbitrarily) PressureCap would be powered and the response of 

the sensors to peristalsis would be captured in real-time.  

 

8.3.1 First set of experiments 

The monitoring capabilities of the 5 PressureCap sensors are presented in Figs. 8.9 (b to 

f) and 8.10 (b to f) in comparison with the actuator peristaltic waves presented in Fig. 

8.9a and Fig 8.10a at the clinically relevant frequencies of 0.15 Hz and 0.25 Hz for a 

peristaltic contractile magnitude of approximately 0.1 bar. The pressure of the actuator is 

plotted in the negative regime (compression=negative pressure). For the response of a 

given sensor j, the change of resonant frequency, Δfj, is plotted where the measured 

resonant frequency is taken at the end of each system cycle (ti=560 ms) to enable a clearer 

comparison. The biomimetic pump generates square peristaltic waves of a very stable 

frequency and the stepped pressure increase and decrease (actuator inflation/deflation) 

was found to be very fast. During each inflation stage the pressure build-up was observed 

to reach approximetely 85% of the locked pressure (0→Plock) within 200 ms, followed by 

a slowly increasing linear inflation drift of approximetely 200 Pa/100 ms during the 

square-like step stage. In contrast the deflation stage (ie. Plock→0) was found to occur 

sharply within 120 ms and with no drift.  
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Figure 8.9: (a) measurements of actuator at 0.15 Hz, 0.1 bar and (b→f) the captured response by PressureCap sensors. 
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Figure 8.10: (a) measurements of actuator at 0.25 Hz, 0.1 bar and (b→f) captured response by PressureCap sensors. 
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The proposed functionality of PressureCap was succesfully validated, with the device 

exhibiting an excellent monitoring performance from multiple sites on the capsule body. 

As can been seen in Figs.8.9 and 8.10 (b→e, sensors 1→4) all of the body sensors of the 

capsule successfully captured the peristaltic waves behaviour generated by the actuator 

with high fidelity, while exhibiting a high decrease of their resonant frequencies (Δfj(t)) 

during compression. As expected, no pressure activity was recorded by the front sensor 

as it was not in contact with the inflating facets of the actuator (Fig. 8.9e and Fig.8.10e, 

sensor 5). What is reproduced is the expected low amplitude (±20 kHz) sampling base 

level variation from the initial resonant frequency of the sensor as discussed in the 

previous section.  

The body sensors demonstrated a fast response to compressive stimuli, with a drop and 

rise time of the order of the frequency sweep time per sensor (100 ms). Results obtained 

were reproducible with no plastic deformation observed over successive compressive 

cycles as the sensors consistently returned to their foundamental frequency following 

each excitation of the actuator (Δfno actuation=0). The sensitivity of the sensors was further 

evidenced by the capability in capturing low ampitude pressure build up of the actuator 

during the square step stage, especially for peristaltic waves with a frequency of 0.15 Hz.    

The monitoring capabilities of PressureCap with respect to different peristaltic 

frequencies and pressure levels are examined further in Figs. 8.11 and 8.12. The 1.78Hz 

operational frequency of PressureCap enables sufficient sampling time to monitor 

peristaltic variations of frequency as high as 0.25 Hz (Fig. 8.11: a1 vs a2,a3 and b1 vs 

b2,b3 comparison graphs). For peristaltic frequencies above 0.5 Hz (Fig. 8.11: c1 vs c2,c3 

and d1 vs d2,d3) that lay outside the clinical interest, the operational frequency of 

PressureCap resulted to undersampling of the pressure wave and observed loss of fidelity 

although the sensors were observed to still be highly responsive and stable under 

compressive cycling. For peristaltic waves of higher pressures (ie. 10→ 30 kPa) the 

expected increased frequency drop by the sensors is obtained at all frequencies as shown 

in Fig. 8.12. 
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Figure 8.11: Actuator measurements at 0.1 bar and 0.15 Hz (a1), 0.25 Hz (b1), 0.5 Hz (c1) and (d1) 0.75 Hz and comparison with 2 oppositely integrated sensors capture 

respectively ([a2,a3]; [b2,b3]; [c2,c3]; [d2,d3]).  
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Figure 8.12: Combined actuator measurements at 0.15 Hz, 0.25 Hz and 0.5 Hz frequencies and 0.1 bar, 0.2 bar and 0.3 bar pressure levels and comparison with 2 sensors 

capture of PressureCap. 
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Overall a high consistency and stability of the sensors responses from different sites and 

sides of the capsule was observed, evidencing futher the high resilience of the wrinkled 

metal tracks to iterative compressive deformation that the proposed microfabrication 

process provides.  

 

8.3.2 Second set of experiments 

For the second set of experiments, the automated peristalsis functionality of the pump 

system was deactivated in order to examine the PressureCap capabilities in capturing 

asynchronous waves as the ones found within the GI tract. An arbitrary random pressure 

wave was then generated between 0-33 kPa by manually ramping the pressure of the 

actuator via the main throttle valve while concurrently monitoring the pressure of the 

actuator via the pump system. An example of such a stimulus is given in Fig. 8.13a.  

As observed in Fig. 8.13 (b→e), the sensors exhibited an excellent tactile performance 

and PressureCap demonstrated the ability to capture asynchronous waves of variable 

pressure magnitude from multiple sites on the capsule body with high fidelity and 

consistency, evidencing further the fast response and stability of the developed pressure 

sensors.  

The same experimental setup was also used to characterise the sensors performance for a 

slow slopped step wave of increasing and decreasing pressure. The captured response of 

the sensors is shown in Fig. 8.14. The mean pressure increase/decrease step was found to 

be 0.2 kPa in the slopped regions of the pressure wave (Fig. 8.14a) for an average duration 

>400 ms when examining the actuator measurements from the pump monitoring system. 

The sensors were effectively able to capture the small variations of the pressure during 

this duration. 
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Figure 8.13: (a) actuator measurements of an asynchronous wave and (b→e) comparison with PressureCap tactile performance by the 4 body sensors. 
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Figure 8.14: (a) actuator measurements of a slow increasing/decreasing step wave and (b→e) comparison with PressureCap 4 body sensors for characterisation of their 

performance. 
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The small differences in the recorded asynchronous pressure waves can be attributed to 

the placement of the capsule within the actuator cavity. This placement was carried out 

by eye. The misalignment of the body sensors of the capsule with the inflating facets of 

the actuator results in a non-perfect contact with the centre of inflation due small 

differences in orientation/positioning of the capsule. The latter results to small variations 

in the compression experienced by the sensors.  

 

8.3.3 PressureCap sensors characterisation 

The response of the sensors was extracted by comparing the measurements of the actuator 

with the PressureCap sensors measurements from Fig. 8.14, since the operation of the two 

systems is independent. The pressure sampling rate of the actuator by the pump system is 

1 kHz, which is far higher than the operational frequency of PressureCap. The actuator 

measurements were therefore undersampled to match the PressureCap sensors 

measurements.  

In previous characterisation experiments of the actuators by Mr Falk Esser from Freiburg 

University, an inflation pressure of approximately 0.05 bar (5 kPa), the minimum starting 

pressure for reliable operation of the main throttle valve, was found to result in occlusion 

rates of approximately 50% of the 20 mm in diameter actuator conduit, which would still 

enable contact with the 12 mm in diameter capsule. During insertion of the capsule in the 

GI tract, a degree of pre-compression is expected by the GI tract walls and intraluminal 

environment, which can be considered as the reference level of the sensors response. 

Hence reconciliation of the two sets of data (actuator and sensors) was performed by using 

a Matlab algorithm that compares the 2 datasheets, performs under-sampling of the 

actuator measurements and then synchronises the 2 to best match the observed response. 

The characterisation results of the sensors are presented in Fig. 8.15. As expected, all 4 

body sensors of PressureCap exhibited a highly linear and stable response to 

increase/decrease of pressure. Two linear regimes (𝑅2̅̅̅̅  >98%) and two sensitivities were 

recorded however, with a shift point at approximately Ps ~ 15 kPa for sensors 1,3,4 and 

at Ps ~ 25 kPa for sensor 2.  
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Figure 8.15: Characterisation results of the 4 body sensors. 

 

In the first region (P<Ps) the sensitivity was found to be highly consistent between sensors 

with a mean sensitivity of approximately �̅�𝑏𝑒𝑛𝑡 1 = -0.5 MHz/kPa (s1=-0.52 MHz/kPa, 

s2=-0.55 MHz/kPa, s3=-0.4 MHz/kPa and s4=-0.54 MHz/kPa). This sensitivity is almost 

double in magnitude than the mean sensitivity �̅�𝑝𝑙𝑎𝑛𝑎𝑟 = -0.26 MHz/kPa recorded 

previously under the planar configuration and cantilever system (Table 8.1 and Chapter 

5). In contrast in the second region (P>Ps), the mean sensitivity of the sensor was found 

to be close to half the value found in the planar configuration value with �̅�𝑏𝑒𝑛𝑡 2 = -0.13 

MHz/kPa (s1=-0.15 MHz/kPa, s2=-0.15 MHz/kPa, s3=-0.05 MHz/kPa and s4=-0.15 

MHz/kPa). This discrepancy can be attributed to the inflating nature of the actuator and 

the small misalignment of the sensors with the centre of inflation. As can be seen in Fig. 

8.16 the two faces of the actuator inflate outwards from the centre of symmetry with an 

increased occlusion with pressure, before occupying the whole cavity of the actuator at 

higher pressures.  



232 
 

 

 

Figure 8.16: The silicone-based actuator response (occlusion) (a) prior to actuation and after 

actuation at approximately (b) 10 kPa, (c) 20 kPa and (d) 30 kPa pressure. 

 

Since the capsule was situated in between the two inflating faces with the body sensors 

aligned as much as possible to face the centre of inflation, during actuation and for P<PS,  

the inflating faces would come first into full contact with the middle section of the body 

sides of the capsule, and induce only a limited contact with the side contour section of the 

capsule. Hence the sensors would experience an increased effective pressure at that stage 

reflected as an increased sensitivity (�̅�𝑏𝑒𝑛𝑡 1). With increasing pressure, ie. P>Ps region, 

the inflating faces would come in contact with the remaining surface of the capsule. The 

contractile forces, although now more distributed at a larger surface area of the sensors, 

are not uniformly normal to the sensor structure due to the elliptical geometry of the 

inflation including thus a transversal force constituent at the contour side surfaces of the 

capsule. The inflated faces would also come into contact with portions of the capsule not 

functionalised by the sensors. Both factors result to the observed reduced sensitivity 

(�̅�𝑏𝑒𝑛𝑡 2). The variation of the shift point PS can be attributed to the small misalignment 

(position or and/or orientation) of the sensors to the centre symmetry of the inflating faces 

and the non-perfect contact.      

Overall the in vitro experiments successfully provided a proof-of-concept validation of 

PressureCap and its proposed functionality. The capsule device exhibited a high fidelity 
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in capturing both peristaltic and asynchronous clinically relevant pressure waves from 

multiple sites of the capsule, with high stability, good response and with sensors that can 

provide a very effective tactile performance with high accuracy.  

 

8.4 In vivo live porcine environment and trial setup 

 

Following the in vitro validation of PressureCap and based on the safety provisions 

incorporated in the capsule design and development described in Chapter 7 (ie. 

biocompatibility and hermeticity), the capsule device was deemed suitable for testing in 

a live porcine environment. The aim of the in vivo experiments was to examine whether 

the developed IMC device was capable of acquiring preliminary motility information of 

clinical relevance within the small intestine GI tract. The in vivo trials followed the 

established clinical safety protocol and general experimental configuration as in previous 

porcine trials conducted under the Sonopill project [4].  

Porcine subjects were used due to the physiological and histological similarities of their 

GI tract with the human GI tract [5]. The experiment was conducted under the UK Home 

Office Licence (Procedure Project Licence (PPL): 70/8812) and in accordance with the 

Animal (Scientific Procedures) Act 1986. Two Landrace pigs (male and female), obtained 

from a local breeder, weighing in the range of 56-64 kg and aged between 3-4 months 

were utilised in this study. The in vivo trial was conducted in Dryden Farms, UK, where 

the animals were kept under licenced housing (UK project Establishment Licence 

60/4604), bedded on straw and fed ad lib rearer pellets (ABN, Cupar, UK). Prior to the 

trial, food was withheld for 12 hours but access to water was maintained until 

preanesthetic medication was administrated. Sedation via means of general anaesthesia 

was induced and maintained during the duration of the trial with isoflurane (IsoFlo, 

Zoetis, Surrey) vaporised in oxygen and nitrous oxide via a Bain breathing system and 

facemask. A cannula was placed in the auricular vein and the trachea was intubated, while 

Ringer’s lactate solution (Aqupharm No 11, Animalcare, York, UK) was administrated 

at 10 ml kg-1hr-1 throughout the trial to maintain fluid and electrolyte levels. The lungs of 

anesthetised pigs were mechanically ventilated to maintain normocapnia while the vital 

signs of the animals were continuously monitored throughout the experiment by an 

experienced veterinary anaesthetist. Following completion of the experiments, euthanasia 

of the animals was conducted using pentobarbital. 
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Figure 8.17: (a) PressureCap trial setup; (b) Stoma and insertion of PressureCap; (c) X-ray 

fluoroscopy imaging of the GI tract and PressureCap. 

 

The animals were placed in a supine position, as shown in Fig. 8.17a, and draped to 

maintain body temperature. Access to the remote small intestine GI tract area was gained 

by performing a stoma using incision via a surgical blade immediately prior to the 

experiments. The stoma allowed access to the distal small intestine section and 

PressureCap was inserted 30cm deep as presented in Fig. 8.17b.  During the trial, contact 

with the animals, as well as handling and positioning of the capsule device within the GI 

tract, was exclusively conducted by licenced clinical personnel of the Sonopill project 

(Dr Ben Cox and Dr Rachel McPhillips). The readout system of PressureCap was utilised 

in its unassembled format and was placed on a trolley to allow access and constant 

monitoring of the system components as well as ensuring a correct and safe operation 

during the trial. 

In previous porcine trials conducted under the Sonopill project, the GI tract was observed 

to exhibit none to very little motility and no peristalsis due to paralytic ileus of the GI 

tract induced by the shock of the incision for the creation of the stoma and the heavy 

sedation of the animals. In order to induce motility (peristalsis) in the GI tract, a 
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prokinetics drug was administrated to the animals during the trial (Neostigmia). The 

effects of the prokinetics drug have a limited span of 10-20 minutes, forcing arbitrary 

aperiodic peristaltic contractions, and does not always result in motility as was observed 

in the set of trials performed. In order to validate whether the drug was indeed inducing 

motility, X-ray fluoroscopy and Digital Subtraction Angiography (DSA) via a mobile C-

Arm X-Ray System (Ziehm Visio, Ziehm Imaging) was utilised during the prokinetics 

stage to monitor the GI tract behaviour in conjunction with administrating Gastrografin, 

a contrast agent for radiological examination (Fig. 8.17 a,c). The equipment was used 

intermittently at 4 times per dosage and briefly (<60 s) during the prokinetics stage to 

ensure limited X-Ray exposure to the clinical personnel.  

Based on the above, an experimental protocol was created for testing PressureCap. Each 

experiment lasted approximately 3 hours per porcine subject, broken down into 2 hours 

for the pre-trial preparation (ie. pig sedation, establishing vitals monitoring, drugs 

administration, stoma creation etc.) and approximately 1 hour of testing of PressureCap. 

The testing of PressureCap involved 2 stages, termed henceforth as the “static” and 

“motility” stages, and included respectively:  

(i) 20-30 minutes that accounted for inserting PressureCap via the stoma, 

ensuring PressureCap’s operation and calibration, and brief pre-prokinetics 

base measurements collection;  

(ii) administration of 2 dosages of prokinetics, whereas for each dosage, 

PressureCap would be set for approximately 15 minutes of measurements 

collection and C-Arm X-Ray System would be intermittently utilised to 

visualise the GI tract, totalling 40 minutes for both dosages.  

Following completion of the experiments with the first pig, PressureCap and the 

equipment would be then transferred to the second pig and the aforementioned 

experimental protocol would be repeated. Following the second pig experiment and 

euthanasia of the animal, the capsule was briefly retained within the GI tract to collect 

post mortem data before its removal via the stoma.  
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8.4.1 In vivo trial: static stage measurements 

A large decrease in the resonant frequencies of all the sensors was recorded for both 

porcine subjects, during the “static” stage and upon insertion of the capsule to the GI tract, 

as shown in Fig. 8.18. The decrease from the original resonant frequency before insertion 

reached approximately 15 % for sensors 1 and 3, 24.5% for sensors 2 and 4 and 18% for 

sensor 5. These shifts are gathered in Table 8.2. Upon removal of the capsule from the GI 

tract from both pigs, the sensors however returned close to their original resonant 

frequencies displaying overall only a minor 1.2% increase, evidencing thus their strong 

resilience to harsh environments. 

 

Figure 8.18: PressureCap sensors response (a) prior and (b) following insertion. 

 

Table 8.2: Pre-insertion, during insertion and post-insertion PressureCap sensors response. Data 

from pig 1. Measurements for pig 2 are nearly identical. 

 

pre-

insertion 

f01 [MHz] 

after 

insertion 

in GI tract 

𝑓𝑟𝑒𝑓̅̅ ̅̅ ̅ [MHz] 

following 

removal 

f02 [MHz] 

Decrease (%) 

�̅� =
𝑓01 − 𝑓𝑟𝑒𝑓̅̅ ̅̅ ̅

𝑓01
 

Insertion/ 

removal  

change (%)  

sensor 1 198 165 201 16% 1.5% 

sensor 2 235 176 238 25% 1.3% 

sensor 3 204 172 208 14% 1.9% 

sensor 4 236 178 240 24% 1.7% 

sensor 5 276 226 274 18% -0.7% 
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Similar results hold for pig 2 with similar shifts in frequency for body sensors 1,3 and 

2,4. More interestingly, the same shift in frequency in both pigs is observed for the front 

sensor 5 which is considered not to be in contact with walls of the GI tract. This indicates 

that the observed response is primarily due to the dielectric environment of the GI tract 

that significantly increases the parasitic capacitance of the sensors. A similar strong 

frequency drop was also observed in the LC sensors inserted into the sculp of a mouse 

for monitoring the intracranial pressure [6], as well the LC sensor for use in chronic 

implantable applications [7], presented in Chapter 2. Strategies to better incorporate this 

effect in the EM model of the sensors to compensate this response are discussed in 

Chapter 9.  

Initial compression of the GI tract onto the walls before peristatic movement and 

influence of the surrounding dielectric environment of the GI tract prevented in 

determining an absolute value of the initial compression exerted by the GI tract. Within 

the context of this work however, the interest lies in the pressure fluctuations stemming 

from motility events traversing the GI tract and thus the new resonant frequency can be 

treated as the new reference of the sensors, similarly to the LC sensor cases described in 

[6,7]. Hence the readout system was reconfigured during the trial to sweep each sensor in 

a new 20 MHz bandwidth (20 kHz step) around the new frequency, under the same 

configuration discussed previously. 

The normalised measurements recorded during the “static” stage are presented in Figs. 

8.19 and 8.24, over the next 6 pages. The pressure change 𝛥𝑃𝑖𝑗(𝑡𝑖) for each sensor j and 

ti measurement time is calculated as the ratio of the shift of resonant frequency 

𝑓𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑖,𝑗(𝑡𝑖) -𝑓𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,𝑗, to the mean sensor sensitivity �̅�𝑝𝑙𝑎𝑛𝑎𝑟 = -0.26 MHz/kPa 

of the sensors (section 8.3) assuming that the GI tract can be considered a conformal 

medium, so that: 

 

𝛥𝑃𝑖𝑗(𝑡𝑖) =
[𝑓𝑟𝑒𝑓,𝑗 − 𝑓𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑖,𝑗 (𝑡𝑖) ]  

�̅�𝑝𝑙𝑎𝑛𝑎𝑟
  (8.1) 

The response of the sensors following euthanasia of the second pig, defined onwards as 

post mortem sensors response, is also superimposed as a black line in Figs. 8.19 and 8.24. 

This response serves here as the noise level of the sensors since the GI tract was in a 

terminal immobilised state (ie. no motility). The post mortem response was converted to 

noise pressure fluctuations similarly via expression 8.1. 
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Figure 8.19: Pig 1 first set measurements during the static stage as captured by PressureCap where (a) is sensor 1; (b) sensor 2; (c) sensor 3 (d) sensor 4 and (e) sensor 5. 

Indications of weak motility were observed by all sensors. 
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Figure 8.20: Pig 1 second set measurements during the static stage as captured by PressureCap where (a) is sensor 1; (b) sensor 2; (c) sensor 3 (d) sensor 4 and (e) sensor 5. 

Indications of weak motility were observed by all sensors. 
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Figure 8.21: Pig 1 third set measurements during the static stage as captured by PressureCap where (a) is sensor 1; (b) sensor 2; (c) sensor 3 (d) sensor 4 and (e) sensor 5. 

Indications of weak motility were observed by all sensors. 
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Figure 8.22: Pig 2 first set measurements during the static stage as captured by PressureCap where (a) is sensor 1; (b) sensor 2; (c) sensor 3 (d) sensor 4 and (e) sensor 5. 

Motility was observed only by the front sensor 5. 
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Figure 8.23: Pig 2 second set measurements during the static stage as captured by PressureCap where (a) is sensor 1; (b) sensor 2; (c) sensor 3 (d) sensor 4 and (e) sensor 5. 

Motility was observed only by the front sensor 5. 
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Figure 8.24:Pig 2 third set measurements during the static stage as captured by PressureCap where (a) is sensor 1; (b) sensor 2; (c) sensor 3 (d) sensor 4 and (e) sensor 5. 

Motility was observed only by the front sensor 5. 
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For the first pig, the recorded response from all sensors was found to be significantly 

above the ±0.15 kPa noise level of the sensors with the captured overall pressure 

fluctuations exceeding ±0.4 kPa (Figs. 8.19 to 8.21). In contrast for the second pig, as 

shown in Figs. 8.22 to 8.24, the body sensors were unable to capture any motility and the 

response was limited to the noise level. This lack of response is attributed to the fact that 

PressureCap was tested 4 hours after the stoma incision, which may have resulted in 

terminal paralytic ileus of the GI tract. This assumption was corroborated also during the 

motility stage via the X-Ray fluoroscopy, since no signs of peristalsis were detected 

despite the use of the prokinetics drugs. 

Consistently for both pigs, the front sensor 5 of PressureCap captured with good fidelity 

organised pressure fluctuations of more than ±0.6 kPa at a steady frequency. Closer 

examination indicates in Fig. 8.25 that the captured response corresponds to the sinusoidal 

0.25 Hz respiration rate of the animals induced by the mechanical ventilation apparatus. 

The above results hence demonstrate that the developed capsule device holds good 

potential in capturing weak intraluminal motility fluctuations. 

 

 

Figure 8.25: Front sensor 5 capture of respiration for pig 1 (label a) and. Pig 2 (label b). 

 

The complex pressure response captured in Figs 8.19 to 8.21 for pig 1 from the body 

sensors was found to present a similar behaviour in terms of pressure amplitude to the 

porcine GI tract motility measurements previously demonstrated via the IMC with the 

button-like sensor structure extruding from the capsule surface (Fig. 8.26) detailed in 

Chapter 1 (section 1.1.3) which was similarly tested in vivo with heavily sedated porcine 

subjects [8]. In a latter work, the same authors implemented a complex signal processing 

technique relying on decomposition of the captured response to 9 mode functions and 

adaptive Fast Fourier Analysis. They were able to demonstrate that the highly complex 

signal was the result of the baseline noise of the sensor module, the respiration, the heart 

rate and low-amplitude contractions of the GI tract. Hence based on the above 
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measurements and the work achieved by these authors, it is assumed at this stage that the 

captured response by PressureCap’s body sensors contain additional motility information 

that can be attained via in-depth signal processing and signal deconstruction. The latter 

was not explored further because of lack of time and it is the subject of future work 

presented in Chapter 9. 

 

Figure 8.26: IMC capsule with the button-like sensor structure (Chapter 1) [8]. 

 

8.4.2 In vivo trial: motility stage measurements and results 

 

The collective captured response of PressureCap sensors during the “motility” stage of 

pig 1 are presented in Fig. 8.27 where the labels a) and b) indicate the first and second 

prokinetics stage, respectively. Strong pressure fluctuations reaching as high as 4 kPa 

were captured by one set of body sensors (sensors 3 and 4) as well the front sensor 5. 

 

X-Ray fluoroscopy snapshots, showing the progression of the peristaltic motility event 

and presented in Fig. 8.28, confirmed the emergence of asynchronous peristaltic waves 

which were observed to occur more often and intensely during the 2nd prokinetics 

experiment of pig 1, in agreement to the recorded response of PressureCap (Fig. 8.27b).  
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Figure 8.27: PressureCap’s sensors measurements during the motility stage with (a) the 1st and (b) the 2nd prokinetics experiments for pig 1 (~15 minutes measurements per 

prokinetics dosage). 
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Figure 8.28: A peristaltic event progression (a→c) as captured with X-Ray fluoroscopy in pig 1. 

Indicative of the movement of both the small intestine and capsule is the change in focus as the 

pressure wave is traversing the GI tract (ie. capsule in and out of focus).   

 

Under close examination, the two sets of fluoroscopy video data (4 videos of a duration 

<60s for each of the 2 prokinetics experiments) revealed that the generated peristaltic 

waves came into contact with only 1 side of PressureCap, inducing a minute movement 

of the capsule, which comes into agreement with the recorded pressure measurements 

whereby waves were recorded by only one side of the capsule. In these experiments, low 

amplitude pressure fluctuations were also consistently recorded by all 5 sensors as in the 

“static” stage. Closer examination of the measurements from pig 1 experiment indicate 

the capture of strong peristaltic patterns between the adjacent body sensors 3 and 4, as 

well as the front sensor 5. These results are presented in Fig. 8.29 in the following pages.  

 

The captured waves were observed to exhibit a close to identical behaviour in a span of 

more than 400 s for sensors 3 and 4 during both the 1st and 2nd prokinetics experiments, 

as shown in Figs. 8.29a and 8.29b. The antisymmetric nature of the recorded patterns is 

attributed to fact that the contraction waves as they are traversing the GI tract with induced 

compression of the first sensor and decompression of the next adjacent sensor of the body 

array and vice versa. Similar contraction waves were also recorded between the body 
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sensors and the front sensor, as shown in Figs. 8.29c and 8.29d. These results indicate 

that the proposed capsule holds good potential for multi-site tactile sensing of the GI tract.  

 

As previously discussed, the GI tract of pig 2 was found to be insensitive due to paralytic 

ileus as confirmed by the X-Ray fluoroscopy experiment. The latter was corroborated by 

the body sensors of PressureCap as shown in Figs. 8.30a,b,c, as no low amplitude pressure 

fluctuations were recorded in this case. During this experiment, the mechanical 

ventilation was also deactivated and the animal was left to breathe on its own in an effort 

to further examine the effect of respiration in the measurements. As can be seen in Fig. 

8.30d, the change in the respiration pattern was successfully captured by the front sensor 

5. A more abrupt and asynchronous pattern was recorded following deactivation of the 

mechanical ventilation, whereby a strong ~10 kPa slow baseline intraluminal increase of 

pressure was detected, which was reflected also in the measuments of the body sensors 

with a decreased amplitude. 
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Figure 8.29: Close-up comparison between different sensors captured response for prokinetics experiment 1 (a,c) and 2 (b,d) for pig 1. 
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Figure 8.30: PressureCap measurements during the motility stage of pig 2 (a, b, c, d) and (d) the effects of deactivating the mechanical ventilation for the respiration as 

were reflected on sensor 5 (d, right). 
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8.5 Conclusions  

Overall the proposed functionality of the motility capsule was succesfully validated.  

In vitro characterisation demonstrated the capability of the device in capturing with high 

fidelity, sampling speed and stability, peristaltic waves of variable frequencies and 

pressures from multiple sites and orientations of the capsule. The linear tactile 

performance of the sensors was experimentally validated to allow the monitoring of 

asynchronous pressure waves.  

The in vivo live porcine experiments provided good preliminary clinical results 

corroborating the potential of the capsule device in acquiring clinical relevant motility 

information, such as the respiration, low-amplitude motility and peristalsis from multiple 

sites of the capsule serving as a starting point for further development and testing.   

In Chapter 9 the next steps in progressing the multiple research aspects addressed in this 

thesis are presented, spanning from the microfabriction level and the sensor design, model 

and performance, to the readout system, the potential for use of the developed technology 

in robotics, intraocular and wearable medical applications. The prospects towards the 

design and development a fully autonomous IMC device with a highly integrated and 

minituarised readout system encompassed within the capsule are also presented alongside 

the potential for multi-modal operation (lab-on-a-capsule). 
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Chapter 9:  

Conclusions and future prospects 

 

9.1 Conclusions and original contributions to the field 

 

The main goal of this Ph.D. thesis was to present the research work carried in developing 

a novel ingestible motility capsule (IMC) that utilises custom-built wireless, flexible, 

biocompatible and highly sensitive thin-film pressure sensor arrays and a custom-built 

and low-cost readout system, with the aim of directly capturing the Gastro-Intestinal (GI) 

intraluminal and contractile motility from multiple sites. This capability, to the best of the 

author’s knowledge, has not been explored in current state-of-the-art IMCs and holds a 

strong potential for providing an advanced diagnostic tool for the GI dysmotilities of the 

small intestine. This modality was one within the overall scope of EPSRC-funded 

Sonopill programme, which envisioned the development of a multi-modal lab-in-a-

capsule device that can enable timely diagnosis of severe GI disorders such as Coeliac 

Cancer and Crohn’s Disease. 

In Chapter 1, an in-depth examination of state-of-the art IMCs was carried out. The strong 

potential and advantages that such medical devices hold for the diagnosis of GI 

dysmotilities were presented against conventional endoscopic procedures. The limitations 

of the state-of-the-art technologies were identified, which lay predominately in the 

absence currently of a purpose-built sensing module that could allow multi-site direct 

(tactile) monitoring of the GI tract motility with high sensitivity.  Difficulties were 

identified in achieving hermiticity of the capsule package and small capsule size within 

tolerable ingestion thresholds. A list of requirements answering the above was drawn, 

alongside the need in proving effectively tactile monitoring within the low-pressure 

regime of 0-25 kPa and with a resolution of 0.1 kPa.  

In Chapter 2, an in-depth investigation of the flexible pressure sensor field was carried 

out, spanning from piezoresistive and piezoelectric sensing to triboelectric, capacitive and 

resonant sensing. Pressure sensors based on the LC sensing principle were selected as 

such sensors can be made thin, have high sensitivity in the low pressure regime, and can 

accommodate wireless operation with no interconnections or direct power supply. A 

microstructured dielectric medium and a purely elastomeric sensor were selected to 

achieve high sensitivity to low compressive stimuli, fast response with no creep and a 

highly flexible biocompatible thin-film structure. The limitations of the state-of-the-art in 
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LC sensing were furthermore identified which lay currently in the manual layer-by-layer 

assembly of the polyimide-based sensor structure which hinders the potential for large 

scale manufacturing capabilities and compromises the operational reliability of such 

sensors to misalignment.  Based on the above a passive resonant sensor was chosen with 

a capacitively and inductively coupled double aligned inductor configuration and an all-

PDMS sensor structure due to its many advantageous properties such as a low Young’s 

modulus, conformability, cost-effectiveness, transparency and biocompatibility.  

The theoretical expected performance of the proposed sensor was then studied in Chapter 

3 using analytical models for both the EM and mechanical aspects of the sensor. The 

critical parameters affecting the performance of the sensor were extracted from the 

proposed models, which include the track quality of the deposited inductors, the readout 

antenna coupling factor, and the geometry of the frusta, which comprises the 

microstructured intermediate layer.  

In Chapter 4, a novel bottom-up and wafer-scale microfabrication process was presented 

that enables the development of ultra-dense, tuneable, scalable, biocompatible, highly 

flexible and self-aligned LC, thin-film (150μm) sensor arrays with a microstructured 

interlayer, that effectively addresses the limitations of the state-of-the-art in LC sensing. 

The microstructuring of the dielectric medium of the sensors utilised a sacrificial 

photoresist mould embedded in ultra-thin (19μm) PDMS layers and dissolved via 

capillary forces, which effectively enables the bottom-up assembly and self-alignment of 

multiple inductor layers on a wafer-scale whilst allowing an enhanced degree of tunability 

and high control of all the geometric aspects of the layer. More importantly, the critical 

challenge regarding the deposition of thick (≥1μm) metal layers was overcome by 

incorporating a stress relief mechanism. The spontaneously generated equiaxial wrinkled 

functionalized surface morphology of thin-film PDMS provided high resilience of the 

metal tracks to deformation and bending. The physics underlying this mechanism and its 

full performance characterisation still needs to be elucidated. 

The performance characterisation of the developed sensors was presented in Chapter 5. 

This Chapter also demonstrated the high manufacturability and EM performance yield 

across multiple batches and sensor arrays of variable size ranging from 2.35x2.35 mm2, 

to 10x10mm2. The various and uniquely addressable sensors developed enabled an in-

depth comparison with the results of the theoretical analysis presented in Chapter 3 

resulting in the derivation of an improved EM model with increased accuracy in 
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estimating the expected EM performance of LC sensors.  The developed sensors were 

also examined in terms of their deformation resilience and found to be highly conformable 

and capable of withstanding both repetitive bending, folding and compressive 

deformation without failure and performance reproducibility. An excellent pressure 

sensitivity was found in the low-pressure regime and good agreement of the experimental 

results was found with the proposed mechanical model presented in Chapter 3. Two linear 

operational regimes were found for P>0.5 kPa and for P≤0.5 kPa, the latter displaying 

high sensitivity.  

In Chapter 6 the design, development and characterisation of a custom-built and portable 

reflectometer readout system was presented. This system was designed specifically for 

extracting the developed LC sensors’ response whilst enabling integration with the 

pursued capsule device and the monitoring of multiple sensors. The developed system 

successfully demonstrated the capability of interrogating the LC sensors with high 

resolution, accuracy and speed across the 1-1,000 MHz frequency regime. The readout 

system offers a low-cost readout solution in comparison to conventional and highly 

expensive lab-based Vector Network Analyser (VNA) systems.  

A novel capsule device, called PressureCap, was designed and developed in Chapter 7 to 

address the aforementioned limitations of the state-of-the-art IMC field, which combines 

the developed sensor and readout system technologies. The developed IMC utilises four 

10x10 mm2 type sensors placed on the 2 ellipsoid body facets of the capsule, and a single 

4.9x4.9 mm2 type sensor situated at the front. Wireless extraction of the sensors responses 

was achieved from within the capsule by a set of 3 custom-built multi-antenna PCBs 

which are sequentially excited via use of a 4th custom-built PCB incorporating a DEMUX 

unit. Interconnection with the developed readout system was carried out via a 

biocompatible silicone tether.  

Successful validation of the proposed functionality of PressureCap was accomplished 

both in an in vitro and an in vivo setting, presented in Chapter 8. The in vitro validation 

of PressureCap was achieved via the use of a biomimetic peristaltic pump system, in 

collaboration with the Plant Biomechanics Group at the University of Freiburg. The 

capsule successfully demonstrated the capability of monitoring with high fidelity, 

sampling speed and stability asynchronous and peristaltic pressure waves of variable 

frequencies and pressures from both body facets of the capsule. Good tactile performance 

of the developed flexible sensors was demonstrated, including the sensors fast response 
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to compressive stimuli (<100 ms), resilience and reproducibility over iterative pressure 

cycling, and linear response. Finally, the in vivo validation of PressureCap was achieved 

in a live porcine environment with the capsule inserted 30 cm deep within the GI tract of 

the small intestine of 2 porcine subjects, as well via the use of prokinetics to induce 

motility and X-Ray fluoroscopy to validate the occurrence of peristaltic events. Good 

preliminary clinical results were acquired validating the potential of the proposed IMC 

device in acquiring from multiple sites of the capsule the respiration, as well as low-

amplitude motility and peristalsis.      

 

9.2 Future prospects  

9.2.1 Sensor technology  

The capability of the developed sensor technology in providing a high sensitivity within 

the low <10 kPa and the ultra-low <1 kPa pressure regime, lends itself to a multitude of 

potential applications as described in details in Chapter 2. These applications include the 

monitoring of the intraocular pressure of the eye and tactile robotic sensing as depicted 

in Figs. 9.1a and 9.1b.  

 

Figure 9.1: Potential use of the developed sensor technology for (a) monitoring the intraocular 

pressure of the eye and (b) tactile robotic sensing. 

 

Of particular interest to the Heriot-Watt research group is the implementation of this 

technology for monitoring the treatment efficacy of compression garments which is the 

subject of current research [1].  Compression garments, such as graduated compression 

hosiery, pressure garments and bandages, have long been known to be an effective tool 

to treat or even prevent medical conditions like deep vein thrombosis (DVT), leg ulcers, 
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varicose veins or hypertrophic burn scars [2-5]. Of critical importance is the application 

of a moderate pressure ranging between 0.8 kPa and 6.6 kPa, with different pressures and 

pressure gradients, at different locations of the limbs, being used to treat different 

conditions. To avoid subsequent medical complications and increase efficiency and 

efficacy of the treatment, the pressure gradient that such garments exert should ideally be 

monitored with a resolution of less than 0.5 kPa at the right locations on the arm, leg or 

body [2,6-8]. The dynamic range, sensitivity or overall performance of current 

commercial sensors able to measure such low-pressure loads is either limited and 

impractical to use in real-life settings or highly expensive (eg. Pliance X System costing 

~ $21,000) [9-13]. There is therefore an unmet clinical need for a small-sized, sensitive, 

practical, reliable, low-cost pressure sensor technology system capable of monitoring the 

low pressures required for compression garments to deliver clinically effective 

compression. The clinical need is the topic of a current EPSRC research grant proposal 

(FlexiPress). 

The developed sensor technology offers a number of advantages for implementation in 

this application which include the minimally invasive nature of the sensors, due to the 

wireless, thin-film and conformable nature of the sensors, the multi-site monitoring and 

the biocompatibility of the sensors. The envisaged integration and readout of the sensors 

are depicted in Fig. 9.2.  

The sensors would populate multiple sites underneath the garment and the treatment 

efficacy of the garment is acquired wireless via the use of the portable readout system, 

which in turn would inform the user of the treatment status and the garment fit and 

performance. However, the influence of the readout antenna distance and/or orientation 

to the measurements which now would be variable cannot be ignored, as described in 

Chapter 3, and hence a compensation method or an improved readout technique would 

still be required to provide accurate pressure measurements. The latter is the subject of 

ongoing research and examined further in the next section.  
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Figure 9.2: Concept design of implementation of the developed technology for monitoring the 

treatment efficacy of compression garments. 

 

9.2.2 Readout system technology 

9.2.2.1 Improvement of the current readout system  

The developed custom-built readout system successfully demonstrated the potential in 

effectively interrogating the LC sensors with accuracy and a high speed of 100μs per 

measurement, which was found to capture with high fidelity the clinical relevant 

peristaltic pressure waves of frequencies up to 0.25Hz from multiple sites. However, a 

significant improvement could be potentially achieved in the speed of operation. The total 

time consumed for generating 1 frequency, recording 1 measurement of the |Γ| and 

transmitting it serially in real-time to a PC is: 

 
𝑡𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 = 𝜏𝑆𝑃𝐼_𝐷𝐷𝑆 + 𝜏𝐴𝐷𝐶+𝜏𝐼𝑀𝑃𝐸𝐷 + 𝜏𝐹𝐺𝐸𝑁 + 𝜏𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 98.74 𝜇𝑠  (9.1) 

Where: 

• 𝝉𝑺𝑷𝑰 =
𝟏

𝒇𝒔𝒑𝒊
∙ 𝟒𝟎 𝒃𝒊𝒕𝒔 = 𝟒𝟎𝝁𝒔   

is the time consumed for the SPI communication with the DDS signal generator 

to transmit the 40-bit FTW (Frequency Tuning Word) register of the DDS 

AD9915 for the desired output frequency at a fspi = 1 MHz SPI clock. 

• 𝝉𝑭𝑮𝑬𝑵 ~ 𝟏𝝁𝒔  

is the frequency hopping time of the DDS AD9915. 

• 𝝉𝑨𝑫𝑪 = 𝟐𝟓 𝝁𝒔 

is the 40 kHz ADC sample rate of the MCU measuring the |Γ| in mV outputted 

from AD8302 phase and gain detector component. 



259 
 

• 𝝉𝑰𝑴𝑷𝑬𝑫 = 𝟎. 𝟗𝟒 𝝁𝒔   

is the I/O operating latency of the AD8302 IC. 

• 𝝉𝒅𝒂𝒕𝒂_𝒕𝒓𝒂𝒏𝒔𝒎𝒊𝒔𝒔𝒊𝒐𝒏 =  𝟐𝟎𝒃𝒊𝒕𝒔 ∗ 𝝉𝒃𝒂𝒖𝒅𝒓𝒂𝒕𝒆 + 𝝉𝑪𝑶𝑴𝒔 = 𝟑𝟏. 𝟖𝝁𝒔  

is the time required for transmitting each measurement to the PC in real-time via 

the MCU USB interface. Each measurement has a 16-bit length and the 

asynchronous serial communication transmits each measurement using 2 data 

packages of 8 bits with 1 start bit and 1 stop bit for each. Transmission here is 

established at a baud rate of 921,600 bits/sec (𝝉𝒃𝒂𝒖𝒅𝒓𝒂𝒕𝒆 = 𝟏. 𝟎𝟗 𝝁𝒔) while for 

each communication a 𝝉𝑪𝑶𝑴𝒔 = 𝟏𝟎𝝁𝒔 is required to establish communication. 

The operational frequency of the current system is thus only limited by the time required 

for the MCU to sample the AD8302 output via the ADC and for communication between 

the DDS (SPI) and PC (serial), accounting for approximately 98% of the time consumed. 

Thus, this operational frequency could be greatly improved if an alternative MCU was 

utilised with a higher ADC rate, increased SPI clock rate (eg. 25MHz) and with a USB 3 

interface capability for transmitting serially data at a GB/sec rate. The additional modes 

of operation of the AD9915 signal generator, such as the digital ramp modulation, could 

be potentially used to further increase the performance of the system.  

An increased operational frequency would enable the use of a much smaller frequency 

sweep step of the DDS, eg. Δfsweep < 0.05 kHz, which in turn could enable monitoring of 

pressure variations far below 10 Pa. The latter would find good use also in the proposed 

IMC device as it would potentially enable monitoring of the GI tract motility with highly 

increased accuracy, as well as sampling speed. 

 

9.2.2.2 A hybrid readout system with improved performance 

As previously detailed in Chapter 3 the conventional readout techniques based on the 

phase-dip technique lead to a measurement of the fmin which is influenced by the coupling 

coefficient k between the antenna and sensor. The latter presents a significant drawback 

in acquiring accurate measurements in applications where the distance and/or orientation 

of the antenna is variable and unknown. A number of more complex readout techniques 

have been proposed to overcome this limitation. One method relies in extracting the real 

part of the input impedance of the sensor [14], which was also tested in collaboration with 

UoE MSc student Gordon Trinder but with limited success. This body of work is 
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presented in [15]. A more judicious approach recently proposed in  [16] relies in capturing 

the transient response of the LC sensor instead, by decoupling the excitation and readout 

stages of the sensor. In this case, following an excitation stage of the antenna at a 

frequency close to that of the resonant frequency of the sensor, the input of the antenna is 

quickly switched to a high impedance state via the use of an amplifier component 

interconnected to an oscilloscope. During this readout stage, for a very brief amount of 

time on the order of s, the sensor continues to resonate, and this transient weak signal is 

reflected back to the now open antenna via inductive coupling. The frequency of the 

transient signal is close to the value of the resonant frequency of the sensor and, to the 

first order, is independent of the coupling coefficient and hence not affected by the 

readout distance as shown in the following expressions. These 2 stages of excitation and 

readout are repeated continuously during the sensor operation. The detailed analytical 

model for this readout technique can be found in [17]. 

𝑣0 = 𝑀 𝐴𝑚 𝐺 𝑒
−𝑡/𝜏 cos(2𝜋𝑓𝐷 + 𝜃𝑚) − 𝐿1𝑓𝐷𝛿(𝑡)  

𝑓𝐷 = 𝑓0√1 −
1

4𝑄2
 

  (9.2) 

In the equation above v0 is the voltage output of the damped sinusoidal, M is the mutual 

coupling of the sensor-antenna, fD the frequency of the damped sinusoid, G is the amplifier 

gain, Αm and θm are amplitude and phase coefficients that are a function of the initial 

conditions of the system, while the second part of the expression (9.2) accounts for the 

ringing effect at the beginning of the detection stage resulting from the initial 

magnetically induced current during the excitation stage. Although this readout approach 

holds good potential, it is however limited from an electronics perspective as the 

operation demands a highly complex and sophisticated system configuration to achieve 

the required performance. A high sampling rate GS/s (Gsps) is necessary to capture the 

brief transient response which would result in a 109 order of magnitude increase of the 

data required for capturing and subsequently post-processing over a 1 sweep in dynamic 

situations since the frequency is a function of pressure. The excitation frequency has also 

to rest near the resonant frequency, which is not known during operation. However, by 

implementing a hybrid system configuration, whereas the phase dip technique is 

combined with the time gated technique, a fast and accurate wireless readout system can 

be potentially developed. The proposed system is depicted in Fig. 9.3 and is the subject 

of future research. 
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Figure 9.3: Proposed hybrid readout system. 

 

The operational concept of the readout can be broken down into 2 stages that correspond 

accordingly to the (1) detection mode circuit and (2) resonance identification mode 

circuit. During the detection mode, which is composed as the currently developed readout 

system, the readout antenna is swept across a wide frequency band and the sensor resonant 

frequency is identified within a small frequency error margin (eg. 500 kHz) via the phase 

dip technique, as expected due to the coupling coefficient dependency to the readout 

distance. Thereafter the system is switched to the resonance identification mode, whereas 

the exact resonant frequency of the sensor can be obtained via the time-gated technique. 

Hence, following immediately the sweep excitation of the 1st mode, the switch is set to 

the high impedance mode of the amplifier, while concurrently the DDS unit is 

programmed to generate a reference sinewave signal of the same order of magnitude as 

the resonant frequency of the sensor with a frequency of fR. The damped sinewave output, 

characterized by the frequency fD ≈ f0 and the reference sinewave signal fR, are fed to a 

frequency multiplier unit (AD 835 [18]) and subsequently to a low pass filter, to eliminate 

higher harmonics, thus producing a damped sinewave of a highly reduced frequency fout 

modulated by fR such that: 𝑓𝑜𝑢𝑡 = 𝑓𝐷 − 𝑓𝑅  ≤ 800 𝑘𝐻𝑧. The output is then fed 

subsequently to a square converter unit (AD 835) and a secondary amplifier, before 

sampled by the 800 ksps ADC port of the MCU. The modulated lower frequency output 

of the readout fout hence enables an effective sampling of the time-gated response of the 

readout without the need to resort to Gsps sampling. The operation of the 2 modes of the 

system are then performed continuously. 
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9.2.3 Future work on PressureCap 

The developed IMC device provided successfully the desired proof-of-concept validation 

of the proposed multi-site tactile monitoring functionality of the GI tract. The next steps 

would be to concentrate in integrating the readout system within the capsule (PressureCap 

v2), before progressing towards an autonomous battery-powered capsule device 

(PressureCap v3), and improving the overall performance of the capsule device. Towards 

this goal a highly miniaturized readout system is currently in the design stage, in 

collaboration with Dr Sumanth Puvuluri and Dr Gerard Cummins, with the same PCB 

dimensions as the PCB_1 main capsule system, presented in detail in Chapter 7, which 

can allow the same system integration with the multi-antenna PCBs and designed capsule 

shell of PressureCap v1.  

The simplified system configuration and the PCB design of the miniaturised readout 

system are shown in Fig. 9.4 in the following page. Succinctly, this system version 

integrates the majority of the readout system within the capsule and a 6-layered 1mm 

thick PCB, including the DEMUX unit, the AD8302 Gain and Phase Detector, the MCU 

(here Atmel G55), 7 antenna RF connectors, a 28-port connector, two 3.3V LDO voltage 

regulators for the ICs and the required multitude passive components for the circuitry. 

The AD9915 DDS component is not included in this IMC intermediate version, as both 

the dimensions of the IC (12x12mm2) and the excessive heat dissipation during operation 

of the component (655mW) are beyond the acceptable thresholds in terms of capsule 

diameter and safe operation in an in vivo environment (maximum allowed heat dissipation 

0.1mW).  

Communication with the former is envisaged to be achieved via a silicone tether, which 

will carry similarly to PressureCap v1 the input sweep signal, as well enable real time 

data transmission at higher rate of the measurements on par with section 9.2.2.1. In depth 

investigation is underway in order to develop a miniaturized and high performing signal 

generator PCB unit based on a low-power PLL technology. The designed PCB constitutes 

hence a highly dense miniaturized readout system and can be used to enable 

characterization of the PressureCap system performance before progressing to a complete 

system integration, that incorporates the signal and enables also an autonomous capability 

via the use of batteries (PressureCap v3), as well as wireless data transmission.  
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Figure 9.4: (a) PressureCap v2 system block; (b) The 6 layers of the miniaturised readout system
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Concurrently to the above, further characterization of the PressureCap v2 sensors is to be 

conducted in collaboration with the Plant Biomechanics Group at the University of 

Freiburg, via use and reconfiguration of the biomimetic pump to include saline liquid 

within the actuators in order to further investigate and model the influence of the dielectric 

medium on the sensors fundamental frequencies. The biomimetic pump system could be 

used in its full capacity with 8 actuators and the peristaltic propulsion of the PressureCap 

in a saline environment could be further examined. All the above would provide critical 

information to further develop PressureCap and optimise its performance, before 

progressing to a second series of porcine trials with experimentation expanded to the large 

intestine and oesophagus. In depth signal processing of the acquired in vivo datasheets is 

also planned in order to obtain a better understanding of the observed low-amplitude 

motility, which will be furthermore considered in the design stage in order to further 

improve the monitoring capabilities of PressureCap. 

Finally, a multimodal capsule integration is envisaged within the aegis of Sonopill 

whereas the developed multi-site pressure sensing modality will be complemented with 

a miniaturised ultrasound system, pH and infrared sensors, a communications antenna 

and a tether-less autonomous operation. In vivo characterisation of such a medical device 

would provide a wealth of GI tract information with the potential to enable a true step-

change in capsule endoscopy and, more importantly, assist in the timely diagnosis of the 

severe GI pathologies described in previous sections.   
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Appendix A: General LC sensor cases quality factor comparison  

 

Figure 1: Equivalent circuit models [1] for different designs of resonant sensors: (a) design with 

floating inductors, inductively and capacitively coupled (Case I); (b) same as previous only now the 

2 inductors are interconnected (Case II); (c) single inductor with interconnected 2 centrally situated 

capacitor plates (Case III). 

The LC sensors can be generally broken down into three categories depending on the 

configuration of the inductive and capacitive components that comprise it (Fig. 1). Case 

I expresses the most general form of such topologies relating to aligned floating inductive 

elements (Fig. 1a). Case II (Fig. 1b) and Case III (Fig. 1c) are special cases of Case I 

and describe respectively the cases where either the two planar inductors are electrically 

interconnected through a via (Case II) or whether the upper inductor is instead replaced 

by a central capacitor plate of a value Cpl interconnected now to a single bottom inductor 

(Case III). The latter case holds true also for all other typical LC sensors formed by 

individual capacitive and inductive elements.  

The quality factor of the sensor can be expressed as: 

 

𝑄 =
1

𝑅𝑠
∙ √
𝐿𝑒𝑞

𝐶𝑒𝑞
 (1) 

Where the equivalent capacitance Ceq of the overall sensor circuit can be expressed as: 

 
𝐶𝑒𝑞 = 𝐶𝑜𝑣 + 𝐶𝑝𝑎𝑟 + 𝐶𝑠𝑢𝑏 (2) 

With 𝐶𝑜𝑣 = 𝑔 ∙ (𝐶𝑒𝑓𝑓 + 𝐶𝑝𝑙) and g=0.5 for Case I, g=2 for Case II, and g=1 for Case III. 

While the effective inductance of the sensor is 𝐿𝑒𝑞 = 2 ∙ 𝐿𝑠 for Cases I and II, and 𝐿𝑒𝑞 =

𝐿𝑠 for Case III, with Ls respectively the inductance of the planar inductor [1].Furthermore, 

Case I  topologies can be broken down to 2 subcases depending on whether the inductor 

of each layer of the sensor is interconnected to a central floating capacitor electrode within 

the area defined by dinner
2 (Case A) and expressed by a capacitance of Cpl ≠ 0 of the central 

capacitor electrode, or whether the sensor is instead formed solely by the 2 planar floating 
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inductors and thus in this case with a Cpl = 0 (Case B).If one examines now for Case B 

expression (2) for Ceq, and ignoring the small parasitic capacitances Cpar and Csub for the 

sake of simplicity, it can be shown that a higher quality factor Q  is provided by this case 

compared to its counterparts since: 

𝐶𝑝𝑙 = 0 →   𝐶𝑒𝑞 =
1

2
∙ 𝐶𝑒𝑓𝑓  ,   𝐿𝑒𝑞 = 2 ∙ 𝐿𝑠 

 
→     𝑄𝑐𝑎𝑠𝑒_𝐵 =

1

𝑅𝑠
∙ √

2∙𝐿𝑠
1

2
∙𝐶𝑒𝑓𝑓

= 2 ∙ 𝑄𝑅𝐿𝐶 

 

(3) 

Where QRLC is the quality factor of the general equivalent RLC circuit.  

For Case A which has the interconnected central floating capacitor plate with Cpl ≠ 0 : 

 

𝑄𝑐𝑎𝑠𝑒𝐴 =
1

𝑅𝑠
∙ √

2 ∙ 𝐿𝑠
1
2 ∙ (𝐶𝑒𝑓𝑓 + 𝐶𝑝𝑙)

= 2
1

𝑅𝑠
∙ √

𝐿𝑠
𝐶𝑒𝑓𝑓 

∙
√

1

1 +
𝐶𝑝𝑙
𝐶𝑒𝑓𝑓

   → 

𝑄𝑐𝑎𝑠𝑒𝐴 = 𝑄𝑐𝑎𝑠𝑒𝐵 ∙ √
1

1+
𝐶𝑝𝑙

𝐶𝑒𝑓𝑓

<  𝑄𝑐𝑎𝑠𝑒𝐵  since 
1

1+
𝐶𝑝𝑙

𝐶𝑒𝑓𝑓

< 1  and 𝐶𝑝𝑙 , 𝐶𝑒𝑓𝑓 ≥ 0   

(4) 

Similarly for Case II under the same conditions the quality factor is: 

𝐶𝑝𝑙 = 0 →  𝐶𝑒𝑞 = 2 ∙ 𝐶𝑒𝑓𝑓  ,  𝐿𝑒𝑞 = 2 ∙ 𝐿𝑠 

 
→        𝑄𝑐𝑎𝑠𝑒𝐼𝐼 =

1

𝑅𝑠
∙ √

2∙𝐿𝑠

2∙𝐶𝑒𝑓𝑓
= 𝑄𝑅𝐿𝐶   

 

(5) 

While Case III is essentially identical to the general RLC circuit model described in 

section 3.2 of Chapter 3, with a 𝑄𝑐𝑎𝑠𝑒𝐼𝐼𝐼 = 𝑄𝑅𝐿𝐶.Hence a sensor structure based on Case 

B results to a fundamentally higher quality factor since: 

 𝑄𝑐𝑎𝑠𝑒𝐵 = 2 ∙ 𝑄𝑐𝑎𝑠𝑒𝐼𝐼 = 2 ∙ 𝑄𝑐𝑎𝑠𝑒𝐼𝐼𝐼 

𝑄𝑐𝑎𝑠𝑒𝐵 > 𝑄𝑐𝑎𝑠𝑒𝐴 
(6) 
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Appendix B: Sensors microfabrication processes workflow 

1. Selective anti-adhesion of wafers, surface wrinkling formation and 1st 

inductor layer deposition processes 

Wafer Specification:     3” 

Process flow designed by:  Vasileios Mitrakos 

Step Description Equipment Recipe/Parameters 

1.  Pre-clean wafers Wet deck 2 

Acetone bath sonication; IPA rinse; DI rinse; N2 

blow, 5min@90C at hotplate of the carrier Si 

wafers 

2.  

3h PFOCTs anti-

adhesion 

treatment 

Desiccator 

- wafers placed in desiccator 

-4 drops of TRICHLORO(1H,1H,2H,2H-

PERFLUOROOCTYL)-SI in vial 

-3h desiccation 

3.  

Selective anti-

adhesion 

treatment 

Barrel Asher 

-Place protective plastic film shield on wafer 

central active area and enclose with PI adhesion 

tape 

-0.7min O2
 plasma exposure at 25W 

4.  
1st layer 

preparation 

Precision 

balance, 

magnetic stirrer 

and desiccator 

-weigh 1:10 PDMS in precision balance 

-mix PDMS with magnetic stirrer at 

500rpm/10min 

-60min desiccation to expel trapped air bubbles 

5.  
1st layer spin 

coating 
Polos spinner 

-500rpm @ 500rpm acceleration 10s 

-4000rpm @ 500rpm acceleration 60s 

6.  
1st layer 

crosslinking 
Hotplate 45min@100C 

7.  Surface activation Barrel Asher -0.5min O2
 plasma exposure at 25W 

8.  
2nd layer 

preparation 

Precision 

balance, 

magnetic stirrer 

and desiccator 

-weigh 1:5 PDMS in precision balance 

-mix PDMS with magnetic stirrer at 

500rpm/10min 

-60min desiccation to trapped expel air bubbles 

9.  
2nd layer spin 

coating 
Polos spinner 

-500rpm @ 500rpm acceleration 10s 

-4000rpm @ 500rpm acceleration 60s 

10.  
2nd layer 

crosslinking 
Hotplate 45min@100C 

11.  
3rd layer 

deposition 

SCS PDS2010 

parylene coater 
Deposit 2.5μm Parylene C 

12.  NMP bath Wet deck Place wafers in NMP 1165 bath overnight (>12h) 

13.  Wafers dryout Hotplate 

-DI rinse 

-dry in ambient conditions and hotplate 

10min@90C 

14.  
4th layer 

preparation 

Precision 

balance, 

magnetic stirrer 

and desiccator 

-weigh 1:5 PDMS in precision balance 

-mix PDMS with magnetic stirrer at 

500rpm/10min 

-60min desiccation to trapped expel air bubbles 

15.  
4th layer spin 

coating 
Polos spinner 

-500rpm @ 500rpm acceleration 10s 

-4000rpm @ 500rpm acceleration 60s 

16.  
4th layer 

crosslinking 
Hotplate 45min@100C 

17.  
5th layer 

deposition 

SCS PDS2010 

parylene coater 

Deposit 2.5μm Parylene C and formation of 

wrinkled surface morphology 

18.  Spin Liftoff PR Polos spinner 

-DI rinse and N2 dry 

-nLoF 2035 photoresist (PR) spin coating  

-700 rpm @ 1000rpm acceleration, 10s 

-2000 rpm @ 1000 acceleration, 60s 

19.  Soft bake PR Hotplate 60sec@110C 
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20.  Expose PR 

Karl Suss 

MA8/BA8 

mask aligner 

-1st inductor layer photomask 

-80mJ/cm2 exposure proximity contact 

21.  Hard bake PR Hotplate 60sec@110C 

22.  Develop PR Wet deck 3 
-AZ 726 120s & check with microscope 

-DI rinse and N2 dryout 

23.  
O2

 plasma RIE 

etch 

JLS/Plasmatech 

RIE80 
5 min @ 25 W, 50 mT, 10 mmHg of O2 

24.  Deposit Ti/Al 
OPT Plasmalab 

400 sputterer 

Deposit Ti/Al (30nm/1500nm) @ 500W 

(1st inductor layer) 

25.  Lift-off Wet Deck 2 
-NMP 1165 overnight 

-Sonication @ T<40C 

26.  Dry-out 
Wet deck 2 and 

hotplate 

-DI rinse 

-N2 dry-out 

-Hotplate 15min @ 90C 

27.  

1st inductor layer 

metallisation 

check 

Microscope 

-Thorough inductors track check for unlifted PR 

artifacts 

- Brief repeat of steps 25-26 if not completely 

clean 

2. Formation of the microstructured layer process 

Wafer Specification:     3” 

Process flow designed by:  Vasileios Mitrakos 

Step Description Equipment Recipe/Parameters 

28.  Surface activation Barrel Asher -0.5min O2
 plasma exposure at 25W 

29.  
6th layer 

preparation 

Precision 

balance, 

magnetic stirrer 

and desiccator 

-weigh 1:10 PDMS in precision balance 

-mix PDMS with magnetic stirrer at 

500rpm/10min 

-60min desiccation to expel trapped air bubbles 

30.  
6th layer spin 

coating 
Polos spinner 

-500rpm @ 500rpm acceleration 10s 

-4000rpm @ 500rpm acceleration 60s 

31.  
6th layer 

crosslinking 
Hotplate 45min@100C 

32.  Surface activation Barrel Asher -0.5min O2
 plasma exposure at 25W 

33.  Spin Positive PR Polos spinner 

-SPR 220-7 photoresist (PR) spin coating  

-700 rpm @ 3000rpm acceleration, 10s 

-1000 rpm @ 3000 acceleration, 60s 

34.  Soft bake PR Hotplate 
-105sec@115C 

- 1h ramp-down to ambient temperature 

35.  Expose PR 

Karl Suss 

MA8/BA8 

mask aligner 

-microstructured layer photomask 

-280mJ/cm2 exposure proximity contact 

36.  Develop PR Wet deck 3 
-MF26A 165s & check with microscope 

-DI rinse and N2 dryout 

37.  
Bound reservoir 

areas 
Wet deck 3 

Encapsulate the 2 reservoir regions via PI 

adhesion film 

38.  Surface activation Barrel Asher -0.5min O2
 plasma exposure at 25W @T<53C 

39.  
7th layer 

preparation 

Precision 

balance, 

magnetic stirrer 

and desiccator 

-weigh 1:10 PDMS in precision balance 

-mix PDMS with magnetic stirrer at 

500rpm/10min 

-60min desiccation to expel trapped air bubbles 

40.  
7th layer spin 

coating 
Polos spinner 

-500rpm @ 500rpm acceleration 10s 

-4000rpm @ 500rpm acceleration 60s 

41.  
7th layer 

crosslinking 
Hotplate 

-22min@90C 

-place wafers at angled position and ramp-down 

temperature to ambient condition @ 105min 

42.  
Expose reservoir 

areas 
Wet deck 2 Remove PI shields from reservoir areas 
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43.  
Dissolve 

sacrificial layer 
Wet deck 2 Place wafers in NMP 1165 bath overnight (>12h) 

44.  

Expel sacrificial 

layer 

preferentially 

Wet deck 2 

-Place wafer in perpendicular position 

-Expel via pipette and NMP 1165 the dissolved 

sacrificial from top reservoir region (5min) 

45.  
Drain and expel 

artefacts 
Wet deck 2 

-Place wafer in DI bath 

-iterate step 44 with DI water 

46.  Dry-out 1 Hotplate 25min@90C 

47.  Dry-out 2 Desiccator Place wafers in desiccator overnight (>12h) 

3. Formation of 2nd wrinkled inductor layer process 

Wafer Specification:     3” 

Process flow designed by:  Vasileios Mitrakos 

Step Description Equipment Recipe/Parameters 

48.  Surface activation Barrel Asher -0.5min O2
 plasma exposure at 25W 

49.  
8th layer 

preparation 

Precision 

balance, 

magnetic stirrer 

and desiccator 

-weigh 1:5 PDMS in precision balance 

-mix PDMS with magnetic stirrer at 

500rpm/10min 

-60min desiccation to expel trapped air bubbles 

50.  
8th layer spin 

coating 
Polos spinner 

-500rpm @ 500rpm acceleration 10s 

-4000rpm @ 500rpm acceleration 60s 

51.  
8th layer 

crosslinking 
Hotplate -45min@100C 

52.  
Expose reservoir 

regions 
Wet deck 2 Expose vias at reservoirs regions via blade 

53.  
9th layer 

deposition 

SCS PDS2010 

parylene coater 

Deposit 2.5μm Parylene C and formation of 

wrinkled morphology 

54.  Spin Liftoff PR Polos spinner 

-DI rinse and N2 dry 

-nLoF 2035 photoresist (PR) spin coating  

-700 rpm @ 1000rpm acceleration, 10s 

-2000 rpm @ 1000 acceleration, 60s 

55.  Soft bake PR Hotplate 60sec@110C 

56.  Expose PR 

Karl Suss 

MA8/BA8 

mask aligner 

-2nd inductor layer photomask 

- align mask with 1st inductor layer via alignment 

markings and microscope of the mask aligner 

-80mJ/cm2 exposure proximity contact 

57.  Hard bake PR Hotplate 60sec@110C 

58.  Develop PR Wet deck 3 
-AZ 726 120s & check with microscope 

-DI rinse and N2 dry-out 

59.  
Expose reservoir 

regions 
Wet deck 2 Expose vias at reservoirs regions via blade 

60.  
O2

 plasma RIE 

etch 

JLS/Plasmatech 

RIE80 
5 min @ 25 W, 50 mT, 10 mmHg of O2 

61.  Deposit Ti/Al 
OPT Plasmalab 

400 sputterer 

Deposit Ti/Al (30nm/1500nm) @ 500W 

(2nd inductor layer) 

62.  Lift-off Wet Deck 2 
-NMP 1165 overnight 

-Sonication @ T<40C 

63.  Dry-out 
Wet deck 2 and 

hotplate 

-DI rinse 

-N2 dry-out 

-Hotplate 15min @ 90C 

64.  

2nd inductor layer 

metallisation 

check 

Microscope 

-Thorough inductors track check for unlifted PR 

artefacts 

- Brief repeat of steps 25-26 if not completely 

clean 

65.  Surface activation Barrel Asher -0.5min O2
 plasma exposure at 25W 

66.  
10th layer 

preparation 

Precision 

balance, 
-weigh 1:5 PDMS in precision balance 
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magnetic stirrer 

and desiccator 

-mix PDMS with magnetic stirrer at 

500rpm/10min 

-60min desiccation to expel trapped air bubbles 

67.  
10th layer spin 

coating 
Polos spinner 

-500rpm @ 500rpm acceleration 10s 

-4000rpm @ 500rpm acceleration 60s 

68.  
10th layer 

crosslinking 
Hotplate -45min@100C 

69.  
Film with sensor 

arrays peel-off 
Wet deck 2 

-cut with blade film around the microstructured 

layer periphery 

-lift and peel-off film manually 

 

 

Appendix C: Planar spiral inductor analytical derivation of lc and lg 

 
Figure 1: Segmentation technique of the planar inductor structure 

Analytical derivation of the total track width lc and gap lg lengths can be achieved by 

segmenting the planar inductor of n total spirals into 4 lengths Lj
B, Lj

B, Lj
C and Lj

D, across 

the 4 orientations and each spiral j as shown in Fig. 1. Then the following expressions can 

be derived: 

 𝐿1
𝐴 = 𝐿1

𝐵 = 𝐿1
𝐶 = 𝑑𝑜𝑢𝑡 − 𝑤  𝑎𝑛𝑑  𝐿1

𝐷  = 𝑑𝑜𝑢𝑡 − (𝑤 + 𝑠) − 𝑤 (1) 

 𝐿𝑗
𝐴 = 𝑑𝑜𝑢𝑡 − (2𝑗 − 3)(𝑤 + 𝑠) − 𝑤   𝑓𝑜𝑟 𝑗 ≥ 2 (2) 



272 
 

 𝐿𝑗
𝐵 = 𝐿𝑗

𝐶 = 𝑑𝑜𝑢𝑡 − 2(𝑗 − 1)(𝑤 + 𝑠) − 𝑤   𝑓𝑜𝑟 𝑗 ≥ 2 (3) 

 𝐿𝑗
𝐷 = 𝑑𝑜𝑢𝑡 − (2𝑗 − 1)(𝑤 + 𝑠) − 𝑤   𝑓𝑜𝑟 𝑗 ≥ 2 (4) 

The internal length for j≥2 can be calculated then as: 

 
𝐿𝑖𝑛𝑠𝑖𝑑𝑒 =∑{ 𝐿𝑗

𝐴 + 𝐿𝑗
𝐵 + 𝐿𝑗

𝐶 + 𝐿𝑗
𝐷}

𝑛

𝑗=2

= (5) 

 
𝐿𝑖𝑛𝑠𝑖𝑑𝑒 =∑{ 4𝑑𝑜𝑢𝑡 − 4𝑤 − [2𝑗 − 3 + 4(𝑗 − 1) + 2𝑗 − 1]}

𝑛

𝑗=2

 (6) 

 
𝐿𝑖𝑛𝑠𝑖𝑑𝑒 = 4(𝑛 − 1)(𝑑𝑜𝑢𝑡 − 𝑤) − 8(𝑤 + 𝑠)∑(𝑗 − 1)

𝑛

𝑗=2

 (7) 

 
𝐿𝑖𝑛𝑠𝑖𝑑𝑒 = 4(𝑛 − 1)(𝑑𝑜𝑢𝑡 − 𝑤) − 4𝑛(𝑛 − 1)(𝑤 + 𝑠) (8) 

And thus the total length of the tracks lc  can be calculated by combining (8) with (1) and 

taking also the addition of 1 w from the last spiral that is neglected due to the segmentation 

rule (Fig. 1) in expression (4), yielding: 

𝑙𝑐 = 𝐿𝑖𝑛𝑠𝑖𝑑𝑒 + 𝐿1
𝐴 + 𝐿1

𝐵 + 𝐿1
𝐶 + 𝐿1

𝐷 + 𝑤 (9) 

𝑙𝑔 = 4𝑛(𝑑𝑜𝑢𝑡 − 𝑤) − (2𝑛 − 1)
2(𝑠 + 𝑤) + 𝑤 (10) 

The total gap length of the tracks lg can be derived by applying the same technique but 

for an inductor spiral which now occupies the spacing area with a track width of w’≡s, 

spacing s’≡w and outer spiral dimensions of D’=dout – 2w. Thus taking into account (10) 

and the above, lg can be derived as: 

𝑙𝑔 = 4(𝑑𝑜𝑢𝑡 − 2𝑤) − (4𝑛
2 + 1) ∙ (𝑠 + 𝑤) + 𝑤 (11) 
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Appendix D: All sensors f0 VNA measurements and analytically derived f0 via the EM model variations 

10x10mm2 sensors (k=1) 

j 
w 

(μm) 

s 

(μm) 
n 

wafer 1  

f0 (MHz) 

wafer 2  

f0 (MHz) 

wafer 3  

f0 (MHz) 

wafer 4 

f0 (MHz) 

f_mean 

(MHz) 

Δf 

(MHz) 

m1 

(%) 

m2 

(%) 

m3 

(%) 

m4 

(%) 

m5 

(%) 
M1 MHz M2 MHz M3 MHz M4 MHz M5 MHz 

11 200 500 7 132.6 130.6 128.5 127.8 129.9 2.2 -15.3 -21.6 -24.4 -84.6 50.2 149.8 157.9 161.5 239.7 64.7 

12 450 200 6 98.9 102.1 101.9 100.5 100.9 1.4 2.5 -2.2 -0.2 -59.7 58.6 98.3 103.1 101.1 161.1 41.8 

21 450 500 5 150.5 157.2 150.6 152.5 152.7 3.1 -10.5 -19.1 -19.3 -74.4 54.3 168.7 181.9 182.2 266.3 69.8 

22 200 650 6 203.8 205.5 206.3 197.8 203.4 3.8 5.3 -1.4 -5.2 -49 58.5 192.6 206.2 214 302.9 84.3 

31 700 500 4 192.6 190 190.3 188.2 190.3 1.8 -1.9 -13 -10.6 -58.7 57.2 193.9 215.1 210.4 302 81.4 

32 450 650 4.5 182.6 184.2 181.7 183.8 183.1 1.1 4.5 -5.7 -7.6 -49 53 174.8 193.6 197 272.7 86 

41 950 500 3 239.6 237.2 237.3 239.3 238.4 1.3 -10 -25.1 -19.2 -66.5 59.3 262.1 298.2 284.2 396.9 97.1 

42 700 650 3.75 211.1 217.9 215.9 210.5 213.9 3.8 0 -13.4 -12.2 -53.4 52.3 213.8 242.4 240 328 102.1 

4.9x4.9mm2 sensors (k=2) 

j 
w 

(μm) 

s 

(μm) 
n 

wafer 1  

f0 (MHz) 

wafer 2  

f0 (MHz) 

wafer 3  

f0 (MHz) 

wafer 4 

f0 (MHz) 

f_mean 

(MHz) 

Δf 

(MHz) 

m1 

(%) 

m2 

(%) 

m3 

(%) 

m4 

(%) 

m5 

(%) 
M1 MHz M2 MHz M3 MHz M4 MHz M5 MHz 

11 300 50 7 297.6 283.6 287.9 285.7 288.7 6.2 13.5 8.3 12.1 -43 56.8 249.8 264.7 253.7 412.7 124.8 

12 300 150 4 545.9 551.3 540.4 539.3 544.2 5.5 -11.6 -24.1 -23.6 -72.3 53.4 607.1 675.6 672.9 937.6 253.7 

13 25 25 36 x x x x x            

14 300 300 3.75 666.4 670.5 663.3 665.6 666.5 3 1.8 -8.7 -8.3 -50.8 56 654.3 724.5 721.7 1004.9 293.4 

21 600 50 3 634.5 627.6 643.2 632.5 634.5 6.5 -4.3 -17 -5.9 -61.6 61.1 662 742.1 672.1 1025.4 247 

22 600 300 2.75 824.1 820.7 813.3 817.4 818.9 4.6 4.6 -17.3 -7.7 -42.6 52.3 781.4 960.7 881.8 1167.6 390.3 

23 50 50 18 126.3 124.3 109 124.1 120.9 8 -12.4 -13.6 -13.6 -85.8 61.5 135.9 137.4 137.4 224.7 46.6 

24 300 300 4 613.7 603.9 602.6 605.4 606.4 5 -0.1 -11.4 -11 -54.6 58.2 607.1 675.6 672.9 937.6 253.7 

31 900 50 2 1034.5 1027.3 1033.3 1040.1 1033.8 5.2 -4.5 -30.1 -6.4 -50.9 62.1 1080.6 1344.6 1099.9 1560.2 392.1 

32 900 300 2 1198.6 1182 1196.3 1192.7 1192.4 7.3 5.3 -36 -8.7 -34.3 60.4 1129.4 1622.2 1296.7 1601.4 472 

33 300 50 4.75 x 336.8 x 336.6 336.7 
0.1 -28.7 -34.7 -30.2 

-

106.6 56.5 
433.2 453.42 438.5 695.5 146.3 

34 100 100 8 380.1 383.5 379.5 375.1 379.6 3.5 11.5 9.4 9.5 -44.6 75.3 336 343.8 343.6 548.8 93.7 

41 50 25 32 x x x x             
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42 50 100 16 168.4 171 169.3 170.1 169.7 1.1 -0.1 -2.2 -2.9 -65.5 53 169.8 173.4 174.6 280.8 79.8 

43 300 50 5 325.8 321.1 313.9 324.4 321.3 
5.3 -26.1 -32.1 -27.6 

-

103.2 57.9 
405 424.4 410.1 653 135.2 

44 100 100 8.5 315.6 333.4 334.5 338.1 330.4 10.1 7.4 5.2 5.2 -51.7 70.8 306.1 313.3 313.1 501.1 96.6 

51 100 25 19 x x x x             

52 100 100 12 164.8 171.1 167 165.8 167.2 2.8 -11.9 -15.1 -15.1 -85 47.5 187 192.5 192.4 309.3 87.8 

53 300 50 5.5 309.4 315.3 308.7 295.2 307.2 8.5 -14.2 -19.9 -15.7 -85.6 58 350.9 368.4 355.5 570 129.1 

54 100 100 9 298.2 300.4 295.1 289.9 295.9 4.6 5.1 2.8 2.9 -55.7 66.1 280.8 287.6 287.4 460.6 100.2 

61 300 25 7 271.8 267.1 265.4 277.4 270.4 5.4 9.2 4.5 8.5 -49.9 31.6 245.6 258.2 247.4 405.5 184.9 

62 300 100 6 328.1 339 340.5 333.4 335.3 5.7 5.4 -1.1 2.4 -54.2 55.5 317.3 339 327.3 516.9 149.1 

63 300 50 5.25 323.3 316.4 316.8 308.4 316.2 6.1 -17.6 -23.4 -19.2 -90.4 56.7 372 390.2 376.8 602.2 136.9 

64 100 100 9.5 271 292.9 272.1 266.6 275.7 11.7 6 3.6 3.7 -54.5 66.8 259.2 265.7 265.5 426 91.5 

71 600 25 3 635.1 631 614.9 613.5 623.6 11 -5.5 -17.4 -6.3 -63.6 61.7 658.1 732.1 663 1020.1 238.8 

72 600 100 3 662.6 685.1 664.4 670.8 670.7 10.2 0.1 -13.8 -3.1 -54.2 60.6 669.9 763.3 691.7 1034 264.4 

73 50 50 24 80.5 79.1 81.1 80.4 80.2 0.8 -13.4 -15 -15 -88.2 45.1 91 92.3 92.3 151.1 44.1 

74 50 300 7 685.6 674.5 x x  680.1 7.8 9.8 4.8 0.8 -42.8 61.2 613.7 647.7 674.6 971 264 

81 900 25 2 1017.5 1015 1005.5 1002.6 1010.2 7.2 -6.5 -31.4 -7.5 -54 61.9 1076.2 1326.9 1085.5 1555.5 385.1 

82 900 100 2 1074.4 1082.2 1071.2 1041.5 1067.3 17.8 -2.1 -25.4 -5.9 -46.9 61.9 1089.3 1338.3 1130.4 1567.8 406.4 

83 100 50 16 117.2 117.5 120.4 143.5 124.7 12.6 3.8 1.7 2.4 -60.5 53.4 119.9 122.5 121.6 200.1 58.1 

84 100 300 6 493.2 502.7 490.1 x 495.3 6.6 -11.2 -18.4 -22.2 -75.2 53.5 550.7 586.25 605.4 867.9 230.2 

2.35x2.35mm2 sensors (k=3) 

j 
w 

(μm) 

s 

(μm) 
n 

wafer 1  

f0 (MHz) 

wafer 2  

f0 (MHz) 

wafer 3  

f0 (MHz) 

wafer 4 

f0 (MHz) 

f_mean 

(MHz) 

Δf 

(MHz) 

m1 

(%) 

m2 

(%) 

m3 

(%) 

m4 

(%) 

m5 

(%) 
M1 MHz M2 MHz M3 MHz M4 MHz M5 MHz 

12 250 25 4 1420.1 1443 x x 1431.6 16.2 4.6 -5.9 3 -52.3 56.7 1366.3 1515.3 1389.3 2180.7 620.1 

21 50 50 12 586.4 584.9 553.6 x 575 18.5 4 1 0.9 -56.7 52.1 551.9 569 569.6 900.9 275.3 

22 25 50 16 545.1 x x 518.6 531.9 18.7 6.5 4.4 3.5 -50.7 53.4 497.4 508.6 513.2 801.4 248.1 

31 100 50 8 x 774.6 780.1 800.3 785 13.5 6.5 1.6 3.4 -52.7 53.4 734.1 772.1 758.4 1198.8 366.2 

32 25 100 10 1030 x 1056.5 x 1043.3 18.7 -0.2 -4.4 -13.5 -60.1 50 1045 1088.7 1184 1670.3 521.3 

41 25 25 23 260.3 266.7 254.5 271.4 263.2 7.4 -5.6 -7 -7.2 -66.8 49 277.9 281.7 282.1 439 134.3 

51 100 100 6 1108 1106.5 1112.5 1128.6 1113.9 10.1 -3.8 -11.3 -11.1 -65.6 51.4 1155.9 1239.7 1237.6 1844.3 541.1 
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52 50 100 8 1105.8 1050.6 x x 1078.2 39 3.6 -1.2 3.6 -54.6 54.9 1039.4 1091 1039.4 1666.8 486.6 

61 25 25 10 x 950.9 985.5 x 968.2 24.5 -1.9 -2.8 -2.9 -58.8 77.7 986.4 995.5 996.4 1537.1 216 

62 25 25 7.5 1642 1542.1 x x 1592.1 70.6 -2.1 -2 -2.2 -57.7 81.5 1625.9 1624 1627.6 2511.2 294.8 

71 25 25 7 1805.7 1788.7 x x 1797.2 12 -2.4 -3.3 -3.3 -57.7 82.2 1839.6 1855.8 1857.4 2833.7 319.7 

72 50 50 9.5 820.6 826.2 869.7 x 838.8 26.9 9.2 6.8 6.8 -47.3 66.6 761.5 781.6 781.7 1235.4 280.4 

All of the sensors experimentally captured resonant f0 frequencies and the level of agreement of the EM model variations.  “x” signifies sensors that were not made possible 

to be measured. 

 

Appendix E: Sensors collective results on pressure sensitivity and linearity 

sensor 

name 

Sensor 

f0 

(MHz) 

sensitivity(MHz/kPa)  

region P>0.5 kPa 

sensitivity (MHz/kPa) 

region P<0.5 kPa  

and f0 omitted  
 

sensitivity (MHz/kPa) 

region P<0.5 kPa  

and f0 included  
 

R2 

P>0.5 

kPa 

R2 

P<0.5kPa 
 

R2 

P<0.5kPa 

(case 2) 

4.9x4.9 mm2 sensors 

23 125.5 -0.127 -0.493 -2.08 0.983 0.955 0.43 

52 175 -0.132 -1.253 -2.198 0.997 0.994 0.649 

61 275.25 -0.182 -3.182 -4.274 0.999 0.981 0.63 

11 297.8 -0.156 -0.466 -4.168 0.994 0.999 0.539 

53 309.8 -0.202 -2.461 -4.483 0.999 0.861 0.613 

63 324.25 -0.239 -1.988 -4.924 0.998 0.908 0.481 

43 326 -0.253 -0.485 -3.499 0.997 0.966 0.315 

62 331.8 -0.246 -6.239 -7.452 0.996 0.974 0.61 
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33 335 -0.401 -1.425 -5.04 0.998 0.978 0.408 

34 385.5 -0.186 -1.955 -5.165 0.954 0.988 0.486 

12 549 -0.324 -1.851 -4.796 0.998 0.993 0.469 

24 611 -0.543 -3.295 -10.001 0.997 0.985 0.448 

72 686 -0.54 -5.753 -10.205 0.997 0.844 0.619 

22 821 -0.591 -1.955 -7.323 1 0.959 0.383 

10x10 mm2 sensors 

11 133 -0.163 -0.725 -1.186 0.987 0.931 0.454 

21 151.75 -0.145 -0.816 -1.091 0.973 0.987 0.665 

31 193.25 -0.307 -0.935 -1.224 0.992 0.898 0.671 

22 203.25 -0.243 -0.73 -1.355 0.974 0.986 0.376 

42 218.5 -0.162 -0.7 -1.141 0.969 0.942 0.398 

41 241 -0.27 -0.521 -0.929 0.986 0.999 0.4 

Sensitivities and levels of linearity (R2) of the sensors over f0 in the all operational regimes and for all cases described above. 
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