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Abstract 

 

This dissertation develops a new class of flexible force and strain sensors based on the 

principle of supercapacitive sensing.  The sensing mechanism consists of a change in 

capacitance in a double-layer supercapacitor in response to an applied force or strain by 

inducing a change in the contact area between an electrolyte and a pair of electrodes.  The 

new sensors can provide a measurement sensitivity several orders of magnitude higher than 

traditional capacitive sensors, and have other advantages such as flexibility, soft material 

construction, ability to operate in liquid environments, tremendous ease of fabrication and 

unprecedented configurability. 

As a key component of the new sensors, a paper-based solid-state electrolyte with high 

deformability is developed.  The paper substrate can be easily cut and shaped into complex 

three-dimensional geometries on which ionic gel can be coated.  Paper dissolves in the 

ionic gel after determining the shape of the electrolyte, leaving behind transparent 

electrolyte structures with micro-structured fissures responsible for their high 

deformability.  Exploiting this simple paper-based fabrication process, this dissertation 

develops diverse sensors of different configurations and demonstrates their operation and 

their advantages.   

First, force sensors in multiple configurations involving electrolytes that are arch-

shaped, corrugated and dome-shaped are fabricated.  They have sensitivity that is 1000 

times larger than similarly sized capacitive sensors and have negligible parasitic 

capacitance when used in immersive liquid environments.  The use of such force sensors 

on a urethral catheter which can be used to diagnose the cause of urinary incontinence in a 

Urology application is demonstrated.  A urethral catheter with five distributed force sensors 

is fabricated that can be used to measure distributed urethral closure pressure in a human 

subject.  Experimental results with the catheter, including cuff tests and ex vivo tests are 

presented. 

Next, their high sensitivity allows the use of multiple supercapacitive sensors together 

in a quad structure to enable a sensor in which normal and shear forces can be 

simultaneously measured.  Such a sensor can have multiple applications in robotics and in 
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wearable monitoring systems which can benefit from measurement of multi-axis forces.  

The performance of the multi-axis normal-shear force sensor is evaluated using extensive 

experimental data with a wide range of force combinations.  Due to manufacturing 

imperfections, the sensor does not have uniform axisymmetric sensitivity.  Hence, a 

learning algorithm which utilizes a deep neural network to model the sensor response to 

multi-axis forces is developed and implemented.  The learning algorithm allows the sensor 

system to provide highly accurate normal and shear force estimates, no matter what the 

alignment of the forces applied on the sensor. 

Finally, the use of the supercapacitive sensors for strain measurement is evaluated.  The 

paper-based electrolyte is strengthened with silicate nanoparticles to allow it to withstand 

over 110% stretch without failure.  The strengthened electrolyte is used in a unique strain 

sensor design.  The strain sensor is shown to have ultra-high sensitivity and its performance 

in a wearable home-monitoring application to measure the size of the leg and thus monitor 

leg-swelling is demonstrated. 

The contributions of this dissertation include the development of a new soft deformable 

electrolyte, the development of a paper-based supercapacitive sensor system, and the 

development of novel sensor configurations such as a simultaneous normal-shear force 

sensor, a distributed urethral catheter with multiple pressure sensors and a highly 

stretchable strain sensor.  The developed class of new sensors provides extremely high 

sensitivity and other advantages in spite of easy fabrication with no requirement for clean 

room facilities. 
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Chapter 1  

 

Introduction 

 

 

The objective of this dissertation is to develop supercapacitive sensors for medical 

applications involving force and strain monitoring. The biomedical sensors are based on a 

new sensing principle, namely supercapacitive sensing. In a supercapacitive sensor, a 

change in mechanical force is translated into a change in the contact area between a pair of 

electrodes and an electrolyte, which consequently creates a change in capacitance. The new 

sensors have significantly higher sensitivity and several other advantages compared to 

traditional capacitive sensors. 

 

1.1 Fundamentals of Supercapacitors 

Supercapacitors, also called electrochemical capacitors or ultracapacitors, store their 

energy in the electric field of an electrochemical double-layer [1], [2]. A basic form of a 

supercapacitor is shown in Figure 1-1, consisting of two electrodes isolated from electrical 

contact. An electrolyte solution between the two electrodes enables the flow of ionic 

current between the electrodes.  

 In recent years, supercapacitors have attracted significant attention, mainly due to their 

high power density, long lifecycle, safety, and as a bridge for the power/energy gap 

between traditional dielectric capacitors and batteries/fuel cells [3]. In general, the 

electrodes in a supercapacitor are fabricated from materials that have high surface area and 
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high porosity. The charges can be stored and separated at the interface between the 

conductive solid particles of the electrodes and the ions of the electrolyte. The electrode-

electrolyte interface can be treated as a capacitor with electrical double-layer capacitance, 

which can be expressed as  

 
𝐶 =

𝜀𝐴

𝑑
 (1-1) 

where 𝐴 is the area of the electrode surface, which for a supercapacitor should be the active 

surface of the electrode porous layer; ε is the medium (electrolyte) dielectric constant, 

which will be equal to 1 for a vacuum and larger than 1 for all electrolyte materials.; and 

𝑑 is the effective thickness of the electrical double layer, which is the size of a couple of 

atomic layers, in the order of Angstroms. Thus, due to a large area 𝐴 and extremely small 

distance 𝑑, the capacitive areal density of a supercapacitor can reach as high as 𝜇𝐹/𝑐𝑚2 

[3], which is significantly larger than that of a conventional capacitor.  

 

Figure 1-1 Schematic of a supercapacitor 

There are two major types of supercapacitors. One is the electrical double layer 

capacitor (EDLC), in which the electrode material is not electrochemically active, i.e. the 

charge storage process is non-faradaic and electrostatic, and no electron transfer takes place 

across the electrode surface. The other type is the pseudocapacitor, in which the electrode 

material is electrochemically active, which can directly store charges during the charging 

and discharging process.  

1.1.1 Electrical Double Layer Capacitor (EDLC) 

The capacitance of the electrode/electrolyte interface in an EDLC is associated with an 

electrode-potential-dependent accumulation of electrostatic charge at the interface. The 

mechanism of surface charge generation includes surface dissociation as well as ion 
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adsorption from both the electrolyte and the crystal lattice defects. These processes operate 

solely on electrostatic accumulation of surface charges. The electrical double layer 

capacitance comes from electrode materials particles and electrolyte, where an excess or a 

deficit of electric charges is accumulated on the electrode, and the electrolyte ions with 

counterbalancing charge are built up on the electrolyte side in order to meet 

electroneutrality. Most common materials for electrodes in an EDLC are carbon materials, 

including activated carbon [4], carbon aerogels [5], carbon nanofibers [6], carbon 

nanotubes (CNT) [7], Graphene [8], etc. [9]. Figure 1-2 shows a thin film EDLC developed 

in our lab using a graphene and CNT composite for the electrodes. The areal specific 

capacitance achieved was as high as 25 𝑚𝐹/𝑐𝑚2 [10]. 

 

Figure 1-2 Thin-film supercapacitor with nano-structured electrodes [10] 

1.1.2 Pseudocapacitor 

In pseudocapcitors, when a potential is applied, fast and reversible faradaic reactions 

(redox reactions) take place on the electrode materials and involve the passage of charge 

across the double layer, similar to the charging and discharging process that occurs in 

batteries, resulting in faradaic current passing through the supercapacitor cell [11]. 

Materials undergoing such redox reactions include conducting polymers and several metal 

oxides, including 𝑅𝑢𝑂2, 𝑀𝑛𝑂2 , etc.[9] Three types of faradaic processes occur at 

pseudocapacitor electrodes: reversible adsorption, redox reactions of transition metal 

oxides, and reversible electrochemical doping-dedoping in conductive polymer-based 

electrodes. These processes not only extend the working voltage but also increase the 

specific capacitance of the supercapacitors [12]. Since the electrochemical processes occur 
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both on the surface and in the bulk near the surface of the solid electrode, a pseudocapacitor 

exhibits far larger capacitance values and energy density than an EDLC. However, a 

pseudocapacitor suffers from relatively lower power density than an EDLC because 

faradaic processes are normally slower than nonfaradaic processes. Moreover, because 

redox reactions occur at the electrode, a pseudocapacitor often lacks stability during 

cycling, similar to batteries. 

Nowadays, there is also research interest in hybrid supercapacitors with an 

asymmetrical electrode configuration, in which both EDLC and faradaic capacitance 

mechanisms occur [12], [13].  

Due to the stability and long cycle life of EDLC, it is favorable to be used in mechanical 

sensors, compared to the less stable pseudocapacitor. Therefore, in this dissertation, we are 

only interested in making use of EDLCs in mechanical sensors. So, unless stated otherwise, 

supercapacitors indicate EDLCs in this dissertation. 

Supercapacitors have been widely used as energy storage devices, but have only been 

recently explored as force sensors. Similar to a capacitive force sensor, an applied force is 

converted to a change in capacitance in a supercapacitive sensor. However, the working 

mechanism of a supercapacitive sensor is different from a capacitive sensor: the former 

device converts a contact area change between the electrodes and the electrolyte to a change 

in capacitance, while the latter one converts a distance change between the parallel 

electrodes to a change in capacitance. In next section, capacitive sensors are first discussed 

before the introduction of supercapacitve sensors as a comparison. 

 

1.2 Capacitive Force/Pressure Sensors 

Capacitive transducers for force, acceleration and angular rate have found their 

applications in many fields and are a well-established sensor technology. However, they 

suffer from errors due to parasitic noise and have a significant sensitivity versus range 

trade-off in their performance.  
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1.2.1 Introduction to Capacitive Force/Pressure Sensors 

MEMS (Microelectromechanical systems) accelerometers [14]–[16] and gyros[17], 

[18] based on the capacitive mechanism are the most widely sold MEMS devices. They 

have advantages of low cost and low power consumption. Working on a similar principle, 

capacitive pressure sensors, also have similar properties.  

Pressure sensors have been widely used in medical, aerospace, automobile, industrial 

and commercial applications [19]. These sensors may be based on piezoresistive, 

capacitive, or optical principles [20]. Among them, capacitive sensors are noteworthy, due 

to their low temperature hysteresis and pressure hysteresis, capability for miniaturization, 

and low power consumption. Generally, a capacitive pressure sensor consists of two 

parallel electrodes. One electrode is a membrane or attached to a membrane, while the 

other is fixed. When pressure is applied on the membrane, it deforms and displaces. The 

relative movement of the electrodes results in a capacitance change depending on the 

distance between the two electrodes as shown in Figure 1-3. 

 

Figure 1-3 Working mechanism of a capacitive force sensor 

1.2.2 Mechanical Capacitive Sensors for Biomedical Applications 

Measurement of pressure in various parts of the human body is of great significance in 

biomedical applications. These sensors may be based on electrolyte conductance [21], L/C 

resonance [22], optics [23], piezoresistive[24], [25] or capacitive[26]–[28] sensing 

principles.  These pressure sensors have been used by researchers to measure blood 

pressure[28], intraocular pressure[22], record nerve tissue signals[26], record gait and 

physical activity[29], etc.  MEMS capacitive pressure sensors have been particularly 

noteworthy due to their easy miniaturization, low power consumption, freedom from 

temperature effects, and IC compatibility. Generally, the capacitive sensors are based on 

traditional parallel plate capacitors. These sensors can be generally categorized by working 
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principles into several types:  

(1) Cavity based parallel-plate pressure sensors [22], [28], [30]–[32] 

 

Figure 1-4 Cavity based parallel-plate pressure sensor: (a) cavity on one side of the two electrodes; 

(b) cavity between the two electrodes 

Figure 1-4 illustrates two typical configurations of this kind of sensor. Each has a 

chamber that is closed off by an elastic membrane and usually a cavity filled with air or 

other dielectric material is formed. The capacitance of the capacitor changes due to the 

variation of distance between the membrane and the backside of the chamber, a co-

operating electrode.  

 (2) Touch mode pressure sensor [33]–[38] 

Touch mode capacitive pressure sensor produces close linear capacitance to pressure 

relationship. The conducting diaphragm touches a dielectric coated ground plane (Figure 

1-5 (a), (b)). The major component of output capacitance is the capacitance of the touched 

area with a thin layer of isolation layer which gives a larger capacitance per unit area 

compared to the air-gap capacitance in the untouched area.  
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Figure 1-5 Touch mode pressure sensor (a) original position, (b) with force applied 

(3) Cavity-free pressure sensor [26], [29], [39], [40] 

In this type of sensor, no cavity is created, which reduces the space needed for the 

sensor body. Two structures of this type of sensor are shown in Figure 1-6. Figure 1-6 (a) 

and (b)) show a sensor with deformable electrode. Figure 1-6 (c)) shows a cavity-less 

sensor dependent on the deformation of the elastic dielectric layer.  

 

Figure 1-6 Cavity-free pressure sensor (a) mercury electrode sensor (original state), (b) mercury 

electrode sensor (with force applied), (c) flexible dielectric sensor. 

1.2.3 Challenges in Use of Capacitive Sensors for Biomedical Applications 

Due to the working mechanism of traditional capacitive pressure sensors involving 

separation between micro-fabricated electrodes, the sensitivity of most traditional 

capacitive sensors is low, usually around several 𝑝𝐹/𝑘𝑃𝑎. 

The behavior of a simple electrostatic capacitor can be generally described by  

 
𝐶 =

𝜀𝐴

𝑑
 (1-2) 

where the capacitance is a function of the permittivity, ε, the device dimensions with 𝐴 

being the plate cross sectional area and 𝑑 being the distance between the two parallel plates. 
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Most capacitive sensors measure capacitance changes due to the change of the distance 𝑑. 

Taking the derivative of the capacitance in equation(1-2) with respect to 𝑑, we get 

 𝜕𝐶

𝜕𝑑
= −

𝜀𝐴

𝑑2
 (1-3) 

So, the free distance 𝑑 between the electrodes needs to be small to achieve a high 

𝜕𝐶/𝜕𝑑.  

For purposes of illustrating the trade-off between sensitivity and range, assume a simple 

mechanical model for the capacitor sensor dynamics, as shown in Figure 1-7. Then  

 ∆𝐹 = 𝑘∆𝑑 (1-4) 

where 𝑘 is the stiffness, ∆𝑑 is the deflection of the sensor, and ∆𝐹 is change of applied 

force.  Then, from equations (1-3) and (1-4), the sensitivity of the sensor can be expressed 

as: 

 𝜕𝐶

𝜕𝐹
= −

𝜀𝐴

𝑘𝑑2
 (1-5) 

From the above equation, to achieve high sensitivity, we want to keep 𝑑 as small as 

possible. Usually, the free distance 𝑑 is of the order of microns. But this limits the range 

of forces that can be measured, since the maximum force that can be measured before the 

electrodes touch is 𝐹𝑚𝑎𝑥 = 𝑘𝑑. If we want to enlarge the measuring range, we have to 

sacrifice the sensitivity of the sensor. A typical capacitive pressure sensor only offers a 

total change in capacitance of a few pico Farads, which usually needs the use of a 

compensation circuit to sense these very small variations in capacitance.  

 

Figure 1-7 Mechanical model of capacitor 

A second problem with traditional capacitive sensors is the existence of parasitic noise 

from fringe capacitance. In most electrostatic sensors that are fabricated by current MEMS 



9 

methods, the distance between the electrodes is not negligible relative to the lateral 

dimensions [41]. As shown in Figure 1-8, a fringe electric field is created on a parallel plate 

capacitor which has non-negligible distance between the plates. The discontinuity in the 

material results in additional radial components in the electric field, which in turn generates 

parasitic capacitance components on the sides of a capacitor.  

Fringe electric field

 

Figure 1-8 Fringe electric field on a parallel capacitor 

Parasitic capacitance can also exist between other electronic components, passivation 

layers etc. in the capacitive sensors [42], [43]. The resultant parasitic capacitance is of the 

order of femto Farads ( 𝑓𝐹 ) to pico Farads ( 𝑝𝐹 ) in liquid environments. Parasitic 

capacitance can be compensated by measurement in the absence of loads and subsequent 

subtraction, but this is only possible when the parasitic noise is static. In biomedical in-

vivo applications of the capacitive sensors, the interference from human tissues on the 

fringe electric field of the sensor can cause dynamic parasitic noise, which can greatly 

pollute the sensor signal and cannot be eliminated by subtraction. A simple bio-sensor is 

shown in Figure 1-9. As a human finger approaches the sensor, due to the existence of the 

fringe electric field, a portion of which will be shunted to the finger, an additional charge 

capacity, i.e. a parasitic capacitance, will be added to the capacitance of the sensor. This 

parasitic capacitance generally exists in all capacitive sensors and influences their accuracy. 
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Figure 1-9 Parasitic capacitance on a parallel capacitor 

Thus, traditional capacitive sensors suffer from two limitations: 

- The trade-off between sensitivity and range 

- Errors due to parasitic noise in liquid environments 

These are the two limitations that this dissertation will attempt to address by the 

replacement of traditional capacitors with supercapacitors for sensing.  

 

1.3 Supercapacitive Sensors  

This dissertation proposes the use of supercapacitors as sensors to overcome the 

performance limitations of traditional capacitive sensors. Supercapacitors have been 

explored to store energy [1], [44]–[47] in the past due to their significantly higher energy 

density, compared to conventional capacitors, and their higher power density compared to 

batteries, as discussed in section 1.1. Their use for sensing, however, remains quite novel. 

Sensing principles for supercapacitor-based sensors are developed in this dissertation 

in which a load dependent real-time change in capacitive area is utilized instead of a change 

in distance between parallel plates (Figure 1-10).  
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Figure 1-10 Working mechanism of a supercapacitive sensor 

Parasitic capacitance can be a big concern for a conventional capacitive sensor. In a 

supercapacitive sensor, on the other hand, the sensitivity of capacitance change due to force 

is high enough to make the parasitic capacitance negligible. Besides, the fringe effect is 

negligible on a supercapacitive sensor, resulting in a minimal parasitic capacitance.  

Further, since, a supercapacitor-based sensor measures capacitance changes due to changes 

in capacitive area, instead of changes due to distance, the working range of the sensor is 

not limited by the short distance between the two parallel electrodes. Thus, significantly 

larger working range can be achieved. 

Based on the analysis above, supercapacitive sensors may be immune to parasitics, and 

have both high sensitivity and large working range. However, the use of supercapacitors 

as sensors has hardly been explored. Only a couple of previous publications in literature 

have investigated the use of supercapacitor-based sensors.  

 In [48] a novel droplet-based pressure macro sensor is presented using elastic and 

capacitive electrode-electrolyte interfaces to achieve ultra-high mechanical-to-electrical 

sensitivity (1.58𝜇𝐹/𝑘𝑃𝑎) and resolution (1.58𝑃𝑎) with a simple device architecture. This 

sensor is designed based on the principle of electrical double layer capacitor (EDLC), 

which is one type of supercapacitor. It provides high sensitivity and resolution, but no 

miniaturized version of this sensor has been researched. Besides, the authors of the paper 

did not fully understand or seek the benefits of the supercapacitor sensors in terms of its 

ability to eliminate parasitic noise and to highly reduce the sensitivity vs. range constraint. 

For flow-based pressure sensing, [49] presented a pressure sensor using a one-side-

electrode and an implementation of electrical double layer capacitance concept. A 

microchannel was created, inside which, fluidic volume changes by the applied pressure 
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and leads to a capacitance change. The sensitivity achieved was 0.77𝜇𝐹/𝑘𝑃𝑎, which is not 

impressive.  

Since a supercapacitor has a much higher specific capacitance compared to traditional 

capacitors, supercapacitor-based force sensors have the potential of providing both higher 

sensitivity and higher immunity to parasitic capacitance. This is because parasitic 

capacitance is expected to remain of the order of 𝑝𝐹  on micro-sensors, while a 

supercapacitor might have nominal capacitance that is more than 3 orders of magnitude 

larger. The use of supercapacitor-based sensors for any real applications has never 

previously been pursued. 

1.3.1 Supercapacitive Sensors with Liquid Electrolyte 

In order to realize supercapacitive sensing, according to equation (1-1), the only term 

that can vary while sensing is the area 𝐴. By changing the relative position of the electrode 

in the electrolyte, we can change the contact area between the electrodes and electrolyte. 

Two liquid-electrolyte-based embodiments to realize this sensing principle are initially 

explored: droplet-based supercapacitive sensors and electrolyte pool-based supercapacitive 

sensors. Initial prototypes of both types of sensors are designed, fabricated and tested to 

establish feasibility of the proposed ideas. 

(1) Electrolyte droplet-based sensors 

The working mechanism of droplet-based sensors is shown in Figure 1-11(a). An 

electrolyte droplet is confined between two parallel electrodes. The surface of the 

electrodes is treated to be superhydrophobic. A hydrophilic spot in the center of the bottom 

electrode is made to anchor and stabilize the droplet, so it will not move around while 

sensing. By applying force, the distance between the two electrodes changes, and thus the 

droplet will be squeezed, and the contact area of the electrolyte droplet and the electrodes 

will change. That results in a change of capacitance. After the force on the sensors is 

released, the super hydrophobicity of the surface will facilitate the deformed droplet to go 

back to the original state. Available commercial superhydrophobic coatings can provide a 

water contact angle as high as 150°. 
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Figure 1-11 (a) Schematic of the droplet-based sensor (b) Analysis of droplet-based capacitive sensor 

principle 

Figure 1-11 (b) illustrates a simple schematic of the droplet-based capacitive sensor 

with a droplet (radius 𝑟 ) in a cylindrical chamber (radius 𝑅 , height ℎ ). The overall 

deformation of the sensing chamber, which includes the deflection of the flexible 

membrane and the compression of the elastic separation layer, will lead to the change of 

the contact area, and therefore, result in variation of capacitance. The mechanical-to-

electrical sensitivity of the sensing device can be analytically expressed as [48] 

 ∆𝐶

𝑃
= 𝑐0(𝛼𝑅2 + 𝛽ℎ)

𝐷𝑑𝑅2

ℎ2
 (1-6) 

where, 𝑐0  is the unit area capacitance, 𝛼, 𝛽  represent the membrane deflection and the 

elastic deformation of the separation layer and can be determined by the geometrical and 

mechanical properties of the sensing membrane and the separation layer, respectively. The 

first term corresponds to the membrane deflection while the second term represents the 

separation layer deformation. They both contribute to the overall mechanical-to-capacitive 

sensitivity. A macro electrolytic droplet-based sensor prototype was initially fabricated as 

a part of this dissertation research to establish feasibility of the idea. A photograph of the 

fabricated sensor is shown in Figure 1-12.  

 

Figure 1-12 Photo of an electrolytic droplet-based sensor 
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The structural material of this sensor consists of PDMS (Polydimethylsiloxane). A 

mold machined from acrylic glass was used to cure the PDMS case. The PDMS base and 

curing agent were mixed at ratio of 10:1 and degassed, then the mixture was cast into the 

mold and cured. The electrode fabrication follows the same process discussed in [10]. Two 

circular electrodes (8mm in diameter) were cut using laser, and then glued to the PDMS 

case. The superhydrophobic spray (PFC M1604V, FluoroPelTM) was applied on the 

electrode surface. Silver epoxy was used as the contact at the two electrodes. The two 

pieces were then assembled together to make a sensor. The sensor was tested using a force 

gauge (Torbal, FC50, 50𝑁𝑋0.01𝑁 ). The capacitance increases monotonically as the 

applied force on the sensor increases, as shown in Figure 1-13. However, the challenge in 

this simple-minded design is the need to prevent the influence of gravity. Besides, it is 

challenging to downsize the sensor because it is hard to create a micro-sized droplet.  

 

Figure 1-13 Capacitance response of the droplet-based sensor 

(2) Electrolytic pool-based supercapacitive sensor 

A schematic of an electrolytic pool-based sensor is shown in Figure 1-14. The 

electrodes of the sensor are immersed in a pool of electrolyte. A force on the electrode 

causes deformation and then a change of the dipped length inside the electrolyte. This 

consequently changes the capacitance.  
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Figure 1-14  Schematic of electrolytic pool-based sensors 

A macro electrolytic pool-based pillar sensor prototype was also fabricated in this 

dissertation research to establish feasibility of the idea. A photograph of the deformable 

top electrode of the fabricated sensor is shown in Figure 1-15. 

 

Figure 1-15 Deformable top electrode of the electrolytic pool-based sensor 

Optical fibers (FT200EMT, m200 Multimode Optical Fiber, THORLABS) were 

used as the structural material. Acid-treated functionalized CNTs were used as the effective 

electrode material. The polymer cladding on the silica core of the optical fiber (OF) makes 

a layer-by-layer CNT fabrication method possible, which helps the CNTs adhere to the 

OFs. PDMS was also used as material for the sensor case. The OF/CNT electrodes were 

dipped into a superhydrophobic spray (PFC M1604V, FluoroPelTM) for 15 mins and then 

dried in the air for 6 hrs. 

The submerged depth of OF/CNT electrode in the electrolyte was changed using a 

translation stage with 10 microns resolution in translational movement. The static 

capacitance of the sensor was measured using a Potentiostat (Digi Ivy 2000). The results 

are shown in Figure 1-16. Three rounds data were recorded with seven positions in each 

round. The distance between two positions is 0.5 mm. 
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Figure 1-16 Capacitance response of the electrolytic pool-based sensor 

There is hysteresis in the capacitance, i.e. the pushing-down process always has lower 

capacitance than the pulling-up process. As shown in Figure 1-17, it takes time for the 

electrolyte solution to drain from the already-wetted part of the electrode while pulling up. 

There are electrolyte ions left in the micro or nano pores of the CNTs on the electrode 

shortly after the electrodes being pulled up, which contributes to the hysteresis. So, 

measures have to be taken to reduce the hysteresis. Besides, the challenge in this simple-

minded design is the need to prevent the influence of gravity due to tilting and from 

changing the height of the liquid electrolyte. 

 

Figure 1-17 Hysteresis of the OF/CNT electrode while pulling up from electrolyte 

1.3.2 Supercapacitive Sensors with Solid-State Electrolyte 

The liquid-state supercapacitive sensors have several inherent disadvantages, which 

limit the broad use of these sensitive sensors: 

(1) The sensors cannot be easily miniaturized to create micro-sensors, since it is 
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difficult to create size-controlled micron-sized droplets or liquid pool and to trap 

the liquid inside a sealed sensor; 

(2) The presence of the hydrophobic coating on the surface of the electrodes reduces 

the capacitance, because it increases the distance between the electrolyte and the 

electrode; 

(3) Even in large-sized sensors, each sensor needs to be individually calibrated to 

account for variability in liquid size and location inside the sensor chamber; 

(4) The high cost of the hydrophobic coating and the large size of the sensor pose 

problems in creating a sheet of such sensors for measuring distributed forces (e.g. 

forces from the foot of a patient as he/she walks); 

(5) The shelf life of liquid-state sensors is short due to atmospheric evaporation; 

(6) The effect of gravity on the liquid may limit their application in systems involving 

non-planar motion. 

In this dissertation, a functionalized paper as a substrate for making highly flexible 

solid-state electrolytes in supercapacitive force sensors is developed, which help address 

all of the above limitations of current liquid-based supercapacitive sensors. The new 

electrolytes are made by introducing active materials into the porous matrix of paper and 

functionalizing the entire thickness of the paper. The deformation of the electrolytes in 

response to an applied force and the resulting change in its contact area with the electrodes 

can then be used to sense the applied force, as shown in Figure 1-18.  

 

Figure 1-18 Supercapacitive sensors with solid electrolyte before and after loading 

 

1.4 Thesis Contributions 

The primary research contributions of this dissertation are as follows: 

1) Development of a new method for fabricating solid-state electrolytes based on 
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paper substrates coated with ionic gel. This paper-based solid electrolyte has high 

flexibility, low Young's modulus and offers tremendous ease of fabrication.  

2) Development of supercapacitive sensors using the new paper-based solid 

electrolyte. The supercapacitive sensors have ultra-high sensitivity and negligible 

parasitic capacitance when used in liquid environments. 

3) Development of an instrumented urethral catheter based on supercapacitive sensing 

principles for a Urology application. This catheter can be used to measure the 

distributed pressure inside the urethra. The supercapacitive sensor has a sensitivity 

more than 1000 times higher than a conventional capacitive sensor. It has negligible 

parasitic noise, which makes it appropriate for in vivo use in the urethra. 

4) Development of a supercapacitive sensor that can simultaneously measure normal 

and shear forces. A quad-unit force sensing cell consisting of 4 internal individual 

force units is designed and fabricated using MEMS fabrication and 3D printing. A 

neural network is used to model and learn the sensor response, so that it provides 

an accurate estimate of the shear and normal forces no matter what the alignment 

of the applied force is. 

5) Development of a supercapacitive strain sensor based on a nanoparticle-

strengthened solid electrolyte. The strain sensor has high sensitivity, can withstand 

over 100% strain and can differentiate extremely small strain. 

 

1.5 Thesis Outline 

The structure of the rest of this dissertation is as follows: 

In Chapter 2, the influence of parasitic noise on supercapacitive sensors is investigated 

and compared with that on conventional capacitive sensors. Two sensors with the same 

dimensions based on the two sensing principles, capacitive and supercapacitive, are 

fabricated. Responses of each sensor in air and in water are recorded. Also, different test 

scenarios are created to further investigate the influence of the parasitic noise. Additionally, 

the sensitivity of two sensors are compared. 

In Chapter 3, a new method for fabricating solid-state electrolytes based on paper 
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substrates coated with ionic gel is developed. Its mechanical properties are investigated 

through dynamic mechanical analysis and compared to a solid electrolyte without paper. 

The ion conductivity is investigated through electrochemical impedance spectroscopy. The 

microstructure of the paper-based solid electrolyte is observed using scanning electron 

microscope to help understand the improvement of mechanical properties that occurs by 

adding paper. A few different embodiments of supercapacitive force sensors are presented 

using the new paper-based solid electrolyte. Experiments are conducted to show the high 

sensitivity of the sensors and their immunity to parasitic noise. 

In Chapter 4, an instrumented urethral catheter with 5 distributed supercapacitive 

sensors is developed for a urology application. The working mechanism of the 

supercapacitive sensor is presented. The design of the catheter is described in detail and 

followed by an introduction to the fabrication process. Four different experiments are 

performed to evaluate the performance of the catheter: a load cell calibration test, an ex 

vivo test, a cuff test, and an inside-water test. These test results demonstrate the high 

sensitivity and negligible parasitic capacitance of the sensor. 

 In Chapter 5, a simultaneous shear and normal force sensor based on supercapacitive 

sensing is developed. The working mechanism of the supercapacitive sensor is presented. 

The design of the sensor is described in detail followed by an introduction to the fabrication 

process. Datasets including sensor response for a wide range of applied forces are collected 

using a custom-designed laboratory setup and used to obtain a sensor model through 

machine learning. This model is used to obtain an accurate estimate of the normal and shear 

forces applied on the sensor based on the individual readings from the sensors. The 

sensitivity of the sensor to normal and shear forces are investigated respectively. An inside-

water test is also conducted to show the negligible parasitic noise added to the sensor in 

liquid environments. 

In Chapter 6, supercapacitive sensing is further explored for strain sensors using a 

strengthened paper-based solid electrolyte. A method of further strengthening the paper-

based solid electrolyte to allow high stretchability is developed. The mechanical properties 

of the new strengthened electrolyte are investigated using dynamic mechanical analysis. 

The design and fabrication process of the strain sensor are described in detail. The response 
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of the sensor to increasing strain is recorded using a custom-designed laboratory setup. 

Then, in order to examine the sensor response to extremely small strain, a cantilever test is 

conducted. The test results show the high sensitivity and high range of the sensor. Possible 

applications of the strain sensor are discussed and demonstrated.     
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Chapter 2  

 

Supercapacitive Sensors Insensitive to 

Parasitic Noise 

 

 

2.1 Introduction 

Chapter 2 aims to compare the performance of conventional capacitive sensors and the 

new supercapacitive sensors. As mentioned in Section 1.2, traditional capacitive sensors 

suffer from signifant parasitic noise when used in liquid environments or inside the human 

body. The parasitic noise overwhelms the force response of the sensor and makes it 

impossible to calculate the absolute force experienced by the sensor. In this chapter, a 

macro supercapacitor based force sensor that is immune to parasitic noise is developed. 

The supercapacitor consists of co-planar electrodes and a solid state ionic gel electrolyte 

on a deformable membrane. Force extertion causes deformation of the electrolyte 

membrane, increases its area of contact with the electrodes, resulting in a change in 

capacitance. A capacitive sensor of the same size is also made to compare with the 

supercapacitive sensor. 

Capacitive sensors have the advantages of low temperature hysteresis and low power 

consumption [29], [31], [50], [51]. In capacitive force sensors, the force is translated into 

a change in the distance between two parallel-plate electrodes. By measuring the real-time 

capacitance between the electrodes, the force can be calculated. Figure 2-1(a) shows a 
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parallel plate capacitive sensor. For most of the MEMS fabricated capacitive sensors, the 

distance between the two electrodes is not negligible compared to the lateral dimension. 

The discontinuity in the material results in additional radial components in the electric field, 

called fringe electric field. In addition to the electric field in between the parallel plates, 

the device also has fringe capacitance due to the fringe electric field lines at the edges of 

the device.  When a capacitive sensor is immersed in a liquid environment or is placed 

inside a human or animal body, the fringe capacitance becomes very significant due to the 

high dielectric constant of the surrounding medium. As shown in Figure 2-1(b), the 

surrounding in vivo environment causes an additional capacitance called as parasitic 

capacitance which can cause a large error in the relationship between force and the 

measured capacitance value. In fact, for a conventional capacitive sensor, parasitic 

capacitance in water or tissue can be several times as large as the nominal capacitance due 

to force [19], [52], [53]. Due to the existence of the fringe electric field around the 

electrodes, parasitic noise is inevitable in these conventional sensors. The value of parasitic 

noise on biomedical sensors can reach values in the 𝑓𝐹 − 𝑝𝐹 range. 

 

Figure 2-1 (a) Fringe electric field and parasitic capacitance on a capacitive sensor. (b) Equivalent 

electric circuit of a capacitor with parasitic capacitance 

The error due to parasitic capacitance can be compensated by measurement of 

background capacitance in the liquid in the absence of loads and subsequent subtraction of 

this value, but this is only possible when the parasitic noise is static. In biomedical in vivo 

applications of the capacitive sensors, the interference from human tissues on the fringe 

electric field of the sensor can cause highly dynamic parasitic noise, which can greatly 

contaminate the sensor signal and cannot be eliminated by subtraction. In order to 

investigate the influence of parasitic noise on capacitive sensors and supercapacitive 
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sensors, two sensors of the same dimensions based on the two principles are fabricated and 

tested in liquid environments. The outline of the rest of this chapter is as follows: In section 

2.2, the design and fabrication of the two sensors are presented. Experimental tests and 

results are presented in section 2.3 along with discussion of the results. Conclusions are 

presented in section 2.4. 

 

2.2 Sensor Design and Fabrication 

2.2.1 Design and Fabrication of a Supercapacitive Sensor 

A novel solid-state supercapacitor-based force sensor that does not use liquid 

electrolytes is developed. A solid electrolyte film is attached to a membrane and assembled 

over two co-planar electrodes on the bottom substrate. A load from the top causes a 

deformation of the membrane and brings the electrolyte to contact the electrodes, 

translating the load into a change in contact area, consequently leading to a change in 

capacitance. The measured capacitance is utilized to estimate the applied force. 

The proposed supercapacitive sensor consists of three layers which are the bottom layer 

with the two parallel electrodes, the spacing layer and the top layer with solid electrolyte 

transferred on (Figure 2-2(a)). Two gold electrodes were fabricated by first evaporating 

gold on the polyimide (PI) substrate and then patterning using photolithography and wet 

etching technique. The planar layout of the two electrodes on the same substrate makes the 

alignment easier during bonding. The spacing layer is made of PDMS 

(Polydimethylsiloxane) by molding. The solid electrolyte is essentially an ionogel, in 

which the ionic liquid (IL) can move freely in the matrix of a UV-curable polymer gel. An 

IL,1-ethyl-3-methylimidazolium tricyanomethanide [EMIM] [TCM] (IOLITEC Inc.), a 

prepolymer solution, consisting of PEG diacrylate (PEGDA, Mw = 575 g/mol) monomers 

(Sigma–Aldrich) and a photo initiator of 2-hydroxy-2-methylpropiophenone (HOMPP, 

Sigma–Aldrich) were mixed at a ratio of 50:40:10wt%. The mixture was drop-cast on a 

slide with Kapton tape defined boundaries and covered by another slide on top. Then it was 

put under a UV lamp (265μW/cm2) and exposed for 1min. The cured solid electrolyte film 

was transferred onto a clear PET (Polyethylene terephthalate) film (Dura-Lar, 0.003inch) 
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as the top flexible layer. For bonding, the three layers were treated with oxygen plasma 

first, and then a thin layer of uncured PDMS was brushed on the bonding surfaces. At last, 

they were pressed together and left on a hotplate at 75°C for 12hr. The sensor was fully 

sealed and protected from water leaking-in. The effective sensing area was 10 mm x 13 

mm and the chamber formed by the spacing layer had a depth of 0.7 mm.  A photograph 

of the as-fabricated sensor is shown in Figure 2-2(b).  

 

Figure 2-2 (a) Structure of the supercapacitive sensor. (b) Photograph of the as-fabricated 

supercapacitive sensor. (c) Illustration of sensing mechanism 

2.2.2 Design and Fabrication of a Capacitive Sensor 

In order to compare the supercapacitor’s performance with a more traditional sensor, a 

conventional capacitive force sensor was also fabricated (Figure 2-3(a)).  

The capacitive sensor also consists of three layers which are the bottom layer with one 

electrode, an insulation layer on top of the electrode, a spacing layer and a top layer with 

the other electrode. The copper electrodes were patterned on PI/Copper substrate 

(DuPont™ Pyralux® AC) using wet etching technique. On one electrode, a thin PDMS 

layer was brushed for insulation. The spacing layer is obtained using the same molding 

method as on the supercapacitor. The top and bottom layer were stacked together and 

aligned face to face with the spacing layer in between as shown in Figure 2-3(a). The 

bonding method is same as described for the supercapacitor. The as-fabricated 
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conventional capacitive sensor is shown in Figure 2-3(b). The dimensions of the 

conventional sensor are approximately the same as those of the supercapacitive sensor. 

 

Figure 2-3 (a) Structure of the capacitive sensor. (b) Photograph of the as-fabricated capacitive 

sensor 

 

2.3 Experimental Results  

The two sensors were fixed to a glass slide and tested by applying forces on it using a 

force gauge (Handpi, Digital Force Gauge) both in air and in water. A schematic of the 

custom-designed experimental setup is shown in Figure 2-4. The sensor is fixed on the 

bottom stage, while the force gauge is installed on a translational stage over the sensor. By 

moving the stage down, force can be applied on the sensor from the top. The capacitance 

changes were recorded using a capacitance meter (Rigol 3068E). A soft rubber was put on 

top of the sensor to generate a distributed force. For the test in water, the whole device was 

immersed in water in a shallow container (Figure 2-5).  
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Figure 2-4 Schematic of the experimental setup 

The normal force from water is negligible (less than 0.01N). The test results for the 

supercapacitive sensor are shown in Figure 2-6. As the force increases, the contact area 

between the solid electrolyte and the electrodes underneath increases, resulting in a change 

in capacitance. The sensitivity of the supercapacitive sensor is around 0.13𝜇𝐹/𝑁 . In 

comparison of the response in air and water, there isn’t any obvious capacitance change 

due to operation inside water. In other words, the sensor has negligible parasitic 

capacitance. 

 

Figure 2-5 Supercapacitive sensor tested in water 
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Figure 2-6 Response of supercapacitive sensor to applied force in air and in water   

The same test procedure is conducted on the traditional capacitive sensor. The results 

for the traditional capacitive sensor are shown in Figure 2-7. As the force increases, the 

distance between two electrodes decreases, thus increasing the capacitance.  The sensitivity 

of capacitive sensor is approximately 0.3pF/N which is much lower than that of the 

supercapacitive sensor. More importantly, after immersion in water, the capacitance of the 

sensor increases by as much as 50%, which is caused by parasitic noise. A huge offset in 

measured capacitance can be seen in Figure 2-7 between the in-water and in-air values. 
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Figure 2-7 Response of traditional capacitive sensor to applied force in air and in water 

A larger range of forces is shown in Figure 2-7 because of the lower sensitivity of the 

sensor. Both sensors had the same operating range of force measurement. 

In order to further investigate the different influence of parasitic capacitance on the 

supercapacitive sensors and capacitive sensors, the two sensors were also tested in four 

additional scenarios as described below: 

Scenario 1: A steel tweezer was placed over the sensors (1-2mm away from the top of 

the sensor)  

Scenario 2: A human finger was used to approach the sensors (1-2mm away from the 

top of the sensor) 

Scenario 3: The two wires which collect current from the two electrodes were untwisted. 

Scenario 4: The sensors were placed inside extracted real sheep tissues. (The tissues 

were carefully wrapped around the sensor to make sure no pressure is applied on the 

sensing area, but the sensor itself is enclosed by the tissue). 



29 

 

Figure 2-8 Four test scenarios to investigate the influence of parasitic noise 

The results from the four scenarios are shown in Figure 2-8. As shown in the figure, 

when a finger approaches or a metal tweezer is moved close to the traditional capacitive 

sensor, its capacitance increases significantly, which means an additional parasitic 

capacitance is created in these two scenarios. That makes the sensor sensitive to 

interferences and limits its use in many circumstances. Besides, the capacitance of the 

traditional sensor became smaller after the wires were untwisted. The parasitic noise from 

the wires is not negligible, since the capacitance of the conventional sensor is low. When 

put inside the real sheep tissues, the capacitance jumped to nearly twice of the original 

capacitance. That limits the in vivo use of capacitive sensors, like in biomedical 

applications. However, in case of the supercapacitive sensor, the capacitance remained the 

same in all four scenarios, with no change whatsoever. 

 

2.4 Conclusions 

A novel solid-state supercapacitor-based force sensor has been developed and 

successfully fabricated using an ionic gel solid electrolyte and planar electrodes. Also, a 

similarly sized conventional capacitive sensor was fabricated to compare its performance 

with that of the supercapacitive sensor. Tests have been conducted on these two sensors in 

air and in water, as well as in other typical use scenarios. Results show that while the 

conventional capacitive sensor suffers significantly from parasitic noise and has 
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significantly lower sensitivity, the new supercapacitor-based force sensor is completely 

immune from parasitic capacitance.  Furthermore, its force sensitivity of 0.13μF/N exceeds 

the 0.3 pF/N sensitivity of the conventional capacitive sensor by 6 orders of magnitude! 

This indicates that the supercapacitor-based sensor could be highly suitable for biomedical 

in-vivo applications. In the following chapters, the supercapacitive sensor is miniaturized, 

further improved using a novel paper-based electrolyte, and then applied for in vivo use in 

multiple real-world applications.  
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Chapter 3  

 

Flexible Solid-State Paper-Based 

Electrolyte for Supercapacitive Sensors  

 

 

3.1 Introduction 

In this chapter, a flexible solid-state paper-based electrolyte is developed with excellent 

mechanical and electrical properties and offering unprecedented configurability for use in 

sensor embodiments.  

Paper offers multiple advantages as a substrate material for sensors: it is ubiquitous, 

low cost, light weight and biodegradable [54]. Paper-based sensors would be especially 

valuable for health care diagnostics in developing countries and for other similar cost 

sensitive applications [55]. Recently, researchers have developed paper-based sensors, 

which could provide highly inexpensive microfluidic devices [56], [57] and portable bio-

assays [58]–[60] for detecting analytes in point of care health diagnostics. Devices 

fabricated from paper also include respiration analysis sensors [61], textile sensors [62], 

capacitive touch sensors [63] and microelectronics [55], [64].  Paper is porous and made 

up of a network of cellulose fibers, which offers unique structural properties.  It is naturally 

hydrophilic and readily absorbs aqueous liquids that spread inside the paper through 

capillary flow within its fiber matrix [65]. The cellulose fibers can also be functionalized, 

thus tuning their properties such as hydrophilicity, if desired, as well as their permeability 
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and reactivity [66]. As a result, fabrication methods for paper-based sensors are extremely 

flexible, ranging from cutting, wax printing, screen printing, and analogue plotting to 

photolithography, inkjet printing and etching, plasma treatment, flexography printing, and 

laser treatment. [65], [67]–[69] Although tremendous progress has been made on paper-

based sensors, the use of paper as a substrate for mechanical sensors is in its preliminary 

stages. Some pioneering work in this area include piezoresistive force sensors based on a 

carbon resistor patterned on paper [70], and resistive strain gauges on paper [71], [72]. 

Although these sensors can be very quickly fabricated and are highly inexpensive, their 

range of measurement is typically small, extending only up to 16mN for force sensors [70] 

and a maximum of 1.2% extension for strain sensors. These metrics compare poorly with 

the large range of traditional microelectromechanical system (MEMS) sensors. 

To overcome this limitation, in this chapter a new fabrication method and sensing 

mechanism for paper-based mechanical sensors is presented that enable them to outperform 

MEMS sensors on both sensitivity and range. The new paper-based sensors retain their 

low-cost advantage and can be quickly fabricated in a matter of minutes with no need for 

cleanroom facilities. Hence, these new sensors can have broad applications in several 

industrial and bio-medical contexts. The large range and high sensitivity of our paper-based 

sensors arise from the principle of supercapacitive sensing.  

As discussed in Chapter 1, liquid-state supercapacitive sensors have several inherent 

disadvantages, which limit the broad use of these sensitive sensors:  

(I) The sensor cannot be easily miniaturized to create micro-sensors, since it is 

difficult to create size-controlled micron-sized droplets or liquid pool and to 

trap the liquid inside a sealed sensor; 

(II) The presence of the hydrophobic coating on the surface of the electrodes 

reduces the capacitance, because it increases the distance between the 

electrolyte and the electrode;  

(III) Even in large-sized sensors, each sensor needs to be individually calibrated to 

account for variability in liquid size and location inside the sensor chamber; 

(IV) The high cost of the hydrophobic coating and the large size of the sensor pose 

problems in creating a sheet of such sensors for measuring distributed forces 
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(e.g. forces from the foot of a patient as he/she walks);  

(V) The shelf life of liquid-state sensors is short due to atmospheric evaporation. 

(VI) The effect of gravity on the liquid may limit their application in systems 

involving non-planar motion. 

In this chapter, functionalized paper is used as a substrate for making highly flexible 

solid-state electrolytes in supercapacitive force sensors, which helps address all of the 

above limitations of current supercapacitive sensors. The new electrolytes are made by 

introducing active materials into the porous matrix of paper and functionalizing the entire 

thickness of the paper. The deformation of the electrolytes in response to an applied force 

and the resulting change in its contact area with the electrodes can then be used to sense 

the applied force. In addition to the electrolyte, the entire sensor can also be made from 

paper substrates resulting in a simple and quick fabrication process.  

In Section 3.2, the fabrication of the novel paper-based solid electrolyte is presented. 

In Section 3.3, the properties of the paper-based solid electrolyte including mechanical 

properties, ion conductivity, and micro-structures are studied and compared with an ionic 

gel electrolyte. In Section 3.4, multiple embodiments of the paper-based supercapacitive 

force sensors are discussed in detail including the design of the sensors and their 

performance.  

 

3.2 Solid Electrolyte for Supercapacitive Sensors 

A highly flexible solid-state electrolyte with a significant capability for deformation is 

essential for supercapacitive mechanical sensors. The basic requirements for the electrolyte 

include: 

(1) Excellent mechanical properties with high flexibility and toughness to provide high 

sensitivity and high sensing range 

(2) Excellent electrical properties to provide good ion mobility 

(3) Easy fabrication process 

(4) Low cost 

A paper-based electrolyte is fabricated in this chapter by mixing an ionic liquid with a 



34 

photo-curable polymer, brushing this ionic mixture on to filter paper, and then exposing 

the combination to UV light for a short time duration (1 minute). The new paper-based 

solid electrolyte meets all the requirements listed above. Also, in this section, an ionic gel 

solid electrolyte is fabricated to compare with the paper-based solid electrolyte. 

3.2.1 Ionic Gel Solid Electrolyte 

Ionic-gel electrolytes that incorporate ionic liquid into a cross-linkable polymer matrix 

provide both mechanical stability and high electrical conductivity [73]–[78]. Figure 3-1 

shows the facile fabrication process of the ionic gel electrolyte. An ionic liquid (IL),1-

ethyl-3-methylimidazolium tricyanomethanide [EMIM][TCM] (IOLITEC Inc.), a 

prepolymer solution, consisting of PEG diacrylate (PEGDA, Mw = 575 g/mol) monomers 

(Sigma–Aldrich) and a photo initiator of 2-hydroxy-2-methylpropiophenone (HOMPP, 

Sigma–Aldrich) are mixed in the ratio of 5:4:1 by weight by sonicating. The mixed gel is 

drop-cast on to a mold, covering the mold with a piece of glass slide, and exposing under 

UV light for 1 min. The polymer inside the gel crosslinks into long chains forming a 

network (Figure 3-2). The ionic gel consists of a conductive IL, which provides the desired 

electrical conductivity, and a prepolymer solution, which is photo cross-linkable and offers 

the structural integrity [79].  

 

Figure 3-1 Fabrication process of an ionic gel electrolyte without filter paper 
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Figure 3-2 Crosslinking process of the ionic gel 

However, a traditional ionic gel has very limited flexibility. A piece of the as-fabricated 

ionic gel solid electrolyte is shown in Figure 3-3. The ionic gel electrolyte cracks while it 

is being bent while the alternate paper-based solid electrolyte can be bent and completely 

folded without mechanical failures.  Besides, the original ionic gel electrolyte is usually 

used in the form of a thin film, and a mold is needed to make the film. In order to use a 

solid-state electrolyte for supercapacitive sensing, good mechanical properties, ease of 

fabrication with desirable shapes, the ability to form good electrode/electrolyte contact, 

and high ionic conductivity are essential characteristics. The poor mechanical properties of 

the ionic gel solid electrolyte limit its application as a sensing element in supercapacitive 

sensors which require a large sensing range. 

 

Figure 3-3 Limited flexibility of the ionic gel solid electrolyte 

3.2.2 Paper-based solid electrolyte 

A paper-based solid electrolyte is developed here by incorporating paper into the ionic 
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gel. The filter paper used to make this electrolyte is shown in Figure 3-4. An IL,1-ethyl-3-

methylimidazolium tricyanomethanide [EMIM][TCM] (IOLITEC Inc.), a prepolymer 

solution, consisting of PEG diacrylate (PEGDA, Mw = 575 g/mol) monomers (Sigma–

Aldrich) and a photo initiator of 2-hydroxy-2-methylpropiophenone (HOMPP, Sigma–

Aldrich) are mixed in the ratio of 5:4:1 by weight by sonicating. The mixed gel is then 

brushed on to the filter paper (MF-Millipore, HATF, 0.45um). The filter paper can be pre-

shaped to achieve different geometries. After 1 min under UV exposure, the flexible solid 

paper-based electrolyte is obtained. It should be noted that the ratio of the components can 

be changed to achieve solid electrolytes with different mechanical properties. 

 

Figure 3-4 Cellulose filter paper used to make solid electrolyte 

Figure 3-5 compares the flexibility of the ionic gel electrolyte and the paper-based solid 

electrolyte. By brushing the ionic gel on to filter paper before cross-linking, the mechanical 

properties are improved. The new paper-based solid electrolyte meets all the requirements 

listed at the beginning of this section.   

 

Figure 3-5 (a) Failure of an ionic gel electrolyte without filter paper under bending. (b) 

Significantly higher flexibility of a paper-based electrolyte.  
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Due to the softness and flexibility of the paper-based electrolyte, it can be easily shaped 

into complex geometries, which is hard, if not impossible, to achieve with the original ionic 

gel electrolyte. Figure 3-6 shows some examples of electrolyte geometries created from the 

paper-based electrolytes, including a hollow cylinder, an arch, a ring, a corrugated element, 

a dome and a spiral. These geometries result in electrolyte structures with ultra-low 

stiffness, which is favorable when incorporated in supercapacitors. Such supercapacitors 

can deform significantly by force with dramatically increasing contact areas. 

 

Figure 3-6 Different configurations of the paper-based solid electrolyte 

 

3.3 Properties of Paper-Based Electrolytes 

The properties of the paper-based electrolyte are investigated using multiple 

technologies and compared with the properties of the ionic gel solid electrolyte. 

3.3.1 Mechanical Properties 

Thin films of ionic gel electrolytes and paper-based electrolytes were stretched under 

tensile forces using dynamic mechanical analysis (DMA, RSA G2, TA Instruments) 

(Figure 3-7) and their stress-strain curves were obtained, as shown in Figure 3-8. In 

comparison with the ionic gel electrolyte, the ultimate tensile strength (maximum stress 

before failure) of the paper-based electrolyte is 50% larger, the toughness 3.55 times higher 

and the maximum elongation strain 2.5 times larger. To further characterize the flexibility 

of the two electrolytes, Figure 3-9 compares the Young’s modulus of the ionic gel and 

paper-based electrolytes under cyclic tensile loads at low frequencies. The Young’s 
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modulus of the paper-based electrolyte is only about the half of the Young’s modulus of 

the ionic gel electrolyte. Therefore, compared to the original ionic gel electrolyte, the 

paper-based electrolyte is softer, tougher and more flexible. The mechanical properties of 

the ionic gel electrolyte and the paper-based electrolyte are summarized in Table 3-1. 

 

Figure 3-7 DMA test setup  

 

Figure 3-8 Stress-strain curves of an ionic gel electrolyte and a paper-based electrolyte 
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Figure 3-9 Young’s modulus of an ionic gel electrolytes and a paper-based electrolyte under tensile 

cyclic loads at low frequencies 

Table 3-1 Mechanical properties of an ionic gel electrolyte and a paper-based electrolyte 

 Ionic gel electrolyte Paper-based electrolyte 

Young’s Modulus (MPa) 8.4 4.6 

Ultimate tensile strength (MPa) 1.28 3.06 

Toughness (N/m2) 5.8x106 20.1x106 

Configurability Thin film 
Various geometries: arch, 

cylinder, spiral, etc. 

 

When brushing the ionic gel onto the filter paper and exposing the filter paper to UV, 

two processes happen: 

(I) The dissolution of the paper fibers in the ionic liquid; 

(II) The crosslinking of the polymer. 

Ionic liquids are good solvents for cellulose [80], [81]. The filter paper used is full of 

well-distributed microstructures as shown in Figure 3-10, micro-sized cellulose fibers 

forming micro-sized pores. When the ionic gel mixture is coated on paper, it takes the 

shape of the filter paper, first filling the porous paper matrix and then slowly dissolving the 

paper over a period of approximately 25 minutes as shown in Figure 3-11.  
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Figure 3-10 SEM image of the filter paper 

 

Figure 3-11 Fabrication process of the paper-based solid electrolyte 

The dissolution time of the filter paper for Process II in the ionic gel without cross-

linking is directly measured as shown in Figure 3-12. Right after brushing the gel onto the 

filter paper it starts turning transparent, but the shape of the filter paper remains. The filter 

paper dissolves slowly. At around 9 minutes after applying the gel, the electrolyte arch 

starts to collapse. After about 25 minutes, the arch shape collapses. Nevertheless, the edge 

of the paper stays. After 1 hour, the filter paper totally dissolves in the gel, loses its original 

shape and becomes a pool of gel without a definite shape. Hence, the dissolution time is 

more than 25 minutes, but less than 60 minutes. In contrast, Process I, the cross-liking 

under UV exposure takes 1 minute. The separation of these two-time scales explains the 
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two key features of the paper-based electrolytes, i.e., the retaining of the electrolyte shape 

to conform to that of the paper substrate and the creation of micron-sized fissures that leads 

to the high flexibility. 

 

Figure 3-12 Photographs showing the dissolving of filter paper in ionic gel. Cross-linking does not 

occur in this process 

 Since the curing time for the ionic gel in the paper substrate (1 minute) is much less 

than the time taken for the paper to dissolve (25 minutes), the original shape of the paper 

substrate is retained by the ionic gel. The paper itself eventually dissolves, leaving a clear 

transparent and flexible ionic gel electrolyte. Because the original paper substrate can be 

cut, rolled, folded and shaped into various three-dimensional (3D) geometries, the 

electrolyte can also be easily made into different complex 3D shapes.  

Microstructures of the ionic gel electrolyte and the paper-based solid electrolyte are 

further investigated to explain why the addition of cellulose improves the mechanical 

flexibility properties. Scanning Electron Microscope (SEM) images of the cross-sections 

of the paper-based electrolytes show micron-sized fissures, creating a network with many 

wrinkles as shown in Figure 3-13.  In comparison, these fissures and wrinkles cannot be 

found in the cross-section of the ionic gel electrolytes without filter paper (Figure 3-14). 

The fissures are vestiges of the fiber structures of the filter paper. The bulk of the material 

consists of PEG diacrylate (PEGDA), the cross-linked polymer with ionic gel. But the 

portions that contained cellulose fibers are filled with a softer material. Cellulose fibers get 

dissolved by the ionic gel into low molecular weight residues [82], [83]. A strong 

hydrogen-bonding interaction occurs between PEGDA and the dissolved cellulose 

molecules [84]. This weakens the crystallinity of PEGDA resulting in an improvement in 

the softness and extensibility properties of the [84], [85]. In short, the bulk of the material 
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is the more-brittle PEGDA while the fissures are soft due to dissolving of the cellulose 

fibers in those locations. The fissures or wrinkles allow for greater compressibility and 

provide lower stiffness. Figure 3-13 (b) shows a zoomed-in view of the wrinkles in the 

paper-based electrolytes. The size of the fissures is about 100 – 200 nm, matching well 

with the characteristic size of the cellulose fiber structure in the filter paper (Figure 3-10).  

The flexibility of the paper-based electrolytes comes from micro-wrinkles created by 

the slow dissolving in ionic gel of filter paper fibers. The dissolution process takes 

significantly longer time than the crosslinking process, so the shape of electrolytes 

determined by the initial filter paper substrate remains. The crosslinking of the polymer 

occurs on a barely dissolved structure and fills in the porous holes of the fiber structure of 

the filter paper. Therefore, the ionic gel takes a similar structural shape as that of the filter 

paper. The cellulose fibers in the filter paper eventually dissolve after a sufficiently long 

time, leaving the submicron fissures of the wrinkle structure. Thus, the key for the 

formation of the wrinkle structure is the separation of the time scales of the cross-linking 

and dissolution processes. 

 

Figure 3-13 (a) SEM image of the cross-section of a paper-based electrolyte. (b) Zoom-in view of the 

micron-sized wrinkles of the paper-based electrolyte. 
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Figure 3-14  SEM image of the cross-section of an ionic gel electrolyte. 

In summary, the high flexibility of the new electrolyte arises from the mechanical 

properties of the microstructure created by dissolution of the cellulose structure of the filter 

paper in the gel matrix. This highly flexible electrolyte makes possible the development of 

supercapacitive sensors, which incorporate significant bending or deformation as a part of 

the sensing mechanism. 

The paper-based electrolyte can be further strengthened by adding nanoparticles to the 

ionic liquid. This will be discussed in Section 6.3. 

In order to further understand what happens inside the filter paper after the ionic gel is 

brushed onto it, the ionic gel was diluted using water (IL: PEG: PI: H2O = 5:4:1:20). The 

diluted mixture was brushed onto the filter paper. Different from the undiluted mixture 

being brushed onto the filter paper, the filter paper does not turn transparent immediately.  

Instead, a light white colored film is obtained. This film was exposed under UV light for 1 

min, and then placed on a hot plate (60 °C) for 10 mins to evaporate the water inside. A 

small piece from the film is cut and the cross-section is observed under SEM. 
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Figure 3-15 SEM images of the paper-based electrolyte film made using diluted ionic gel. (a) depth-

varying cross-section of the paper-based electrolyte made by paper being dissolved in diluted ionic 

gel. (b) zoom-in view of the cross-section near the top side. (c) zoom-in view of the cross-section near 

the bottom side 

Figure 3-15 shows an SEM image of the cross-section of the film. From Figure 3-15 

(a), it can be seen that the density of the structure changes gradually. That’s because the 

mixture was brushed on the top side of the filter paper, and partially percolated to the 

bottom side. As a result, the extent of dissolution of the filter paper in the ionic gel varies 

from high to low. The section near the bottom side (shown in Figure 3-15(c)) kept the 

porous structure of filter paper, while near the top side (Figure 3-15(b)), the network of the 

filter paper has been filled with the crosslinked polymer with ionic liquid inside. Later, the 

fibers in the filter paper will dissolve and wrinkles will be created in the cross-section. 
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3.3.2 Electrical Properties 

The ion conductivity of the paper-based solid electrolyte is investigated using 

electrochemical impedance spectroscopy (EIS, Autolab PGSTAT302N, Figure 3-16). An 

electrochemical cell is made for this test including two gold electrodes patterned on the 

bottom substrate and a paper-solid electrolyte film cured on top of the electrodes. The EIS 

data was collected as real (Z') and imagery (Z'') components of the complex impedance by 

scanning from 10Hz to 1MHz. The impedance raw data plot is shown in Figure 3-17. The 

ionic conductivity of the polymer electrolyte film can be determined from the plot by fitting 

to a simple equivalent circuit shown in Figure 3-18 [86]. The bulk electrolyte polarization 

and resistance to ion motion are represented as the parallel combination of a constant phase 

element (𝐶𝑃𝐸), which captures the dielectric relaxation and distribution within the bulk 

polymer electrolyte, and resistance ( 𝑅𝑏 ) respectively. 𝐶𝑖  describes the interface 

polarization and double layer formation, while 𝑅𝑖 is the lead resistance. In the impedance 

plot, 𝑅𝑏  and 𝐶𝑃𝐸 are represented as a depressed semicircle at high frequency, with 𝑅𝑏 

being the diameter. Nonlinear least squares fitting method was used to estimate 𝑅𝑏 at high 

frequency. The fitted semicircle is plotted with red dashed line in Figure 3-17. After that, 

the ionic conductivity (σ) can be obtained using the following equation: 

 
𝜎 =

𝐿

𝑅𝑏𝐴
 (3-1) 

where 𝐿 is the traveling length of the ions, and 𝐴  is the area of the electrolyte cross-section. 

The electrolyte film was transferred on to two Au electrodes (2mm×1mm) with a gap of 

0.5mm. The ion conductivity is estimated to be 3 × 10−4𝑆/𝑐𝑚  , which enables us to 

achieve a performance level close to that of the liquid electrolyte-base device [87]. 
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Figure 3-16 EIS instrument - Autolab PGSTAT302N 

 

Figure 3-17 Complex impedance plot 

 

Figure 3-18 Equivalent circuit of the EIS testing cell 
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3.4 Embodiments of Paper-Based Supercapacitive Force 

Sensors 

The new flexible paper-based electrolytes enable rapid fabrication of many different 

configurations of supercapacitive force sensors. The fabrication process is easy, 

inexpensive and highly adaptable to various applications. A few embodiments using 

different geometries of paper-based electrolytes are presented below to illustrate the 

versatility of the sensors.  

3.4.1 Design of the Paper-Based Supercapacitive Force Sensors 

Figure 3-19 shows a prototype force sensor with a corrugated electrolyte element. In 

addition to its use in fabrication of the electrolyte, paper is also used as the structural 

material for both the top and bottom panels. When load is applied on the top layer, the 

corrugated electrolyte deforms, resulting in an increase in the contact area with the bottom 

copper tape electrodes, thus causing an increase in capacitance. The sensor is made using 

copper tape as the electrode material, and regular office paper as the structure material.  

 

Figure 3-19 Schematic (left) and photograph (right) of a force sensor made of a corrugated 

electrolyte. 
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Figure 3-20 Schematic (left) and photograph (right) of a force sensor made of a hollow cylindrical 

electrolyte. 

Figure 3-20 shows a prototype force sensor using an elastic paper-based rolled up 

electrolyte. The sensor consists of a planar set of two copper electrodes on a paper substrate 

and a rolled up hollow cylindrical electrolyte placed on top of the electrode pair. Due to 

the cylindrical electrolyte being hollow, it deforms easily under force and the contact area 

increases with the shape changing from circular to elliptical. The copper electrodes were 

made by simply using adhesive copper tape and fixing them on the bottom sheet of paper.  

 

Figure 3-21 Schematic (left) and photograph (right) of force sensors made with cloth-based and 

paper-based electrolytes 

Figure 3-21 shows prototypes of cloth-based and regular-paper-based sensors. The 

supercapacitive sensors can be fabricated not only using filter paper, but also by using 

regular printing paper and even cloth. With regular paper and cloth, the dissolution of the 

fiber structure happens only to a partial degree. Figure 3-21 shows two prototypes of the 

supercapacitive force sensors, in which the ionic gel is brushed onto regular paper and cloth. 

The paper and cloth are partially dissolved, and the rest of the substrate structure holds the 

ionic gel, which can then be used as the electrolyte of supercapacitive force sensors. The 

sensors are made simply by sewing or gluing together two sheets of cloth/paper. The 
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electrolyte is then brushed onto the top cloth/paper sheet. The two parallel copper tape 

electrodes are on the bottom sheet of cloth/paper.  

The regular-paper-based supercapacitive sensors are also made into a 4 by 4 sensor 

matrix, which can be used to measure the distribution of force, as shown in Figure 3-22. 

One example application for such an array of sensors is a shoe insole force sensor, which 

can provide the force distribution of human foot. All the sensors above are easy to fabricate. 

Copper tapes are used as electrodes, and regular paper as the structure material. This 

provides an option of inexpensive, disposable force sensing for medical care. 

 

Figure 3-22 (a) 4x4 array of paper-based supercapacitive sensors. (b) Bottom electrodes 

3.4.2 Performance of The Paper-Based Supercapacitive Sensors 

The sensitivity of our paper-based supercapacitive sensors depends on the size and 

configuration of the sensors, ranging from several 𝑛𝐹/𝑁 to several 𝜇𝐹/𝑁 . In contrast, 

typical sensitivities of traditional MEMS capacitive sensors are on the order of 𝑝𝐹/𝑁[88], 

[89]. Figure 3-23 shows the capacitive response to applied forces for the supercapacitive 

sensor made of the corrugated electrolyte (Figure 3-19). The sensitivity of the sensor is 

approximately 20𝑛𝐹/𝑁. A similar sensitivity can also be obtained for the cloth-based 

sensor (Figure 3-24). The 20𝑛𝐹/𝑁 sensitivity of the paper-based supercapacitive sensors 

is more than 1000 times higher than that of traditional MEMS capacitive sensors [88], [89]. 

The range of measurement of the sensors depends on the design of the sensors. The paper-

based sensor of Figure 3-21 can measure up to a maximum force of around 222.4 N 
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(50 𝑙𝑏𝑠).  

 

Figure 3-23 Force response curve of the corrugated electrolyte sensor with an ultra-high sensitivity 

of 20nF/N 

 

Figure 3-24 Force response curve of the cloth electrolyte sensor 

In biomedical in vivo applications using traditional capacitive sensors, the interference 

from human tissues on the fringe electric field of the sensors can cause large and highly 

varying parasitic noise, which contaminates the sensor signal and cannot be eliminated by 

pre-calibration and subtraction. Our supercapacitive sensors developed do not suffer from 

this problem. A water-proofed embodiment of the supercapacitive sensor is dipped inside 
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the water (Figure 3-25). The response of the process is shown in Figure 3-26. The 

capacitance increases by a small amount ranging from 1 𝑝𝐹 –  10 𝑝𝐹, starting from a base 

capacitance of 600 𝑝𝐹, which includes variations from instrument errors.  This increase in 

capacitance in the presence of water is negligible compared to the ultra-high sensitivity of 

the sensor at ~ 20 𝑛𝐹/𝑁 . The parasitic capacitance generally exists in all traditional 

capacitive sensors and pollutes measured signals during in vivo applications. In traditional 

MEMS electrostatic capacitive sensors, the distance between the electrodes is not 

negligible relative to the lateral dimensions. The large gap between the electrodes results 

in additional radial components in the electric field, the so-called fringe electric field [41], 

[90], which in turn generates parasitic capacitance on the sides of a capacitor. In typical 

biomedical in vivo applications, the magnitude of parasitic noise can be of the order of pF, 

similar to the sensitivity of the MEMS sensor. Supercapacitive sensors do not suffer from 

parasitic noise. In a supercapacitor, the distance between the positive and negative charges 

at each electrode is of the order of the size of one or two atomic layers. Hence, the fringe 

fields are negligible. 

 

Figure 3-25 Water-proof embodiment of paper-based supercapacitive force sensor used on a glove. 

(a) Photograph. (b) Schematic of the supercapacitive sensors 



52 

 

Figure 3-26 Response curve of a water-proofed paper-based supercapacitive sensor when immersed 

into water.  

 

3.5 Conclusions 

This chapter presented a new method for fabricating solid-state electrolytes based on 

paper substrates coated with ionic gel. The ease of making paper substrates of different 

shapes allows us to construct electrolytes of various complicated 3D geometries. Paper 

eventually dissolves in the ionic gel, leaving behind a soft highly flexible electrolyte with 

micro-wrinkles, essential for ensuring high deformability and high sensitivity of the 

supercapacitive mechanical sensors.  

The new fabrication method overcomes the several disadvantages of the original ionic 

gel electrolytes and of liquid electrolytes which have severely limited broad application of 

supercapacitive sensors. The flexible paper-based solid electrolyte is utilized to make 

various supercapacitive sensors. The sensitivity and range of our paper-based 

supercapacitive sensors far exceeds those of traditional MEMS capacitive sensors. In spite 

of their superior performance, the new sensors can be fabricated quickly and highly 

inexpensively without the need of any cleanroom facilities. The ease of fabrication and the 

versatility of the sensor configurations was demonstrated by a number of mechanical 

sensor embodiments that can measure normal forces.  Our method for fabricating paper-
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based supercapacitive mechanical sensors can be easily customized to specific industrial 

and biomedical applications and broadly applied to make high-sensitivity mechanical 

sensors in resource-limited contexts. 
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Chapter 4  

 

An Instrumented Urethral Catheter with 

Supercapacitive Pressure Sensors 

 

 

4.1 Introduction 

This chapter designs and fabricates an instrumented urethral catheter for measurement 

of distributed urethral pressure profiles. The supercapacitive sensing mechanism is 

explored for the pressure sensors. The supercapacitive sensor has high sensitivity and 

negligible parasitic capacitance, as discussed earlier in Chapter 2 and Chapter 3. The 

instrumented catheter is fabricated using a combination of MEMS technologies and 3D 

printing. Various tests are conducted to validate the performance of the catheter, including 

in vitro tests and tests inside an extracted sheep bladder. 

In the human body, pressure is an essential parameter governing the function of many 

organs. Pressure is measured throughout the organ systems (e.g. the cardiovascular or 

nervous system), and therefore in different fluids, in many medical applications. 

Determining the pressure accurately helps the physician make critical decisions related to 

diagnosis or treatment. Direct pressure measurement is often performed by sensors using 

minimally invasive medical devices. For in vivo applications, pressure sensors are usually 

mounted on a catheter body, delivering measurement results in real time. Various sensing 

mechanisms have been explored for sensing pressure inside the human body using a 
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catheter. Due to the ease of miniaturization of silicon-based sensors, piezoresistive sensors 

have been widely used as pressure sensors for in vivo applications [91]–[93]. However, 

piezoresistive sensors need compensation for drifting [94]. Optical sensors have also been 

developed for in vivo pressure measurement, through measuring changes in intensity of the 

reflected light [95]–[97]. However, the complexity of the sensor limits its application for 

in vivo use [96]. Due to low temperature and pressure hysteresis, low power consumption 

and easy fabrication, capacitive pressure sensing have also explored for use on a catheter 

[98], [99]. However, for in vivo use, capacitive sensors have an inherent problem of 

parasitic noise [98], [100].  

As discussed in Chapter 3, a new sensing mechanism has been developed, namely the 

supercapacitive sensor, and is explored here for in vivo pressure sensing. Supercapacitors 

have previously been used as energy storage devices. They exhibit capacitances that are 

several orders of magnitude higher than traditional capacitors. In this chapter, 

supercapacitors are used as distributed sensors for a catheter-based application. For a 

conventional capacitive sensor, the discontinuity in the material at the edge of a capacitor 

results in additional radial components in the electric field, the so-called fringe electric 

field. This fringe effect in turn generates parasitic capacitance components on the sides of 

a capacitor. In typical biomedical in vivo applications, the magnitude of parasitic noise can 

be of the order of pF, similar to or exceeding the sensitivity of the MEMS sensor to pressure 

[98].  In a supercapacitor, due to the thin dielectric layer and high surface area electrodes, 

the capacitance of a supercapacitor is at least 3 orders of magnitude higher than the parasitic 

capacitance in a supercapacitor, which makes the parasitic capacitance negligible [99]. 

Besides, the fringe effect is minimal in a supercapacitor due to the thin dielectric layer.  

Urology is a medical field where catheters are often used for diagnosis. For example, a 

catheter may be inserted in the urinary tract via the urethra into the bladder for diagnosis 

of lower urinary tract dysfunction. Urinary incontinence (UI), as defined by the 

International Continence Society, is "the complaint of any involuntary leakage of urine" 

[101]. The most common type of urinary incontinence in women is stress urinary 

incontinence (SUI), followed by urge and mixed incontinence [102]. SUI happens when 

the sphincter muscles are not strong enough to fully pinch the urethra shut, causing a 
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sudden, strong urge to urinate that patients may not be able to control, especially during 

activities that increase intra-abdominal pressure, such as coughing, sneezing or bearing 

down. Globally, up to 35% of population over the age of 60 years is estimated to be 

incontinent [103]. It is estimated more than 50% of nursing facility admissions are related 

to incontinence [104]. The most widely used method for diagnosis of the cause of UI is 

urodynamics (UD) [105]. During UD tests, a thin, flexible Foley catheter is inserted into 

the bladder through the urethra to fill and empty the balder (Figure 4-1). The urethra 

pressure profile (UPP) inside the urethra is recorded by the sensor on the catheter. 

 

Figure 4-1 Foley catheter inserted into urethra during UD test 

In this chapter, an instrumented urethral catheter based on supercapacitive sensors is 

developed to measure force distribution in the urethra, during clinical diagnosis in patients 

with UI. The catheter is highly soft, flexible and the sensors are able to operate in a body 

fluid environment. The performance of the catheter is evaluated in this chapter by an ex 

vivo test, a pressure cuff test, and an inside-water test. In the future, during clinical 

diagnosis with the new catheter, bladder filling, coughing, laughing, abdominal stress, and 

other tests can be used to pinpoint the source of the UI problem. The outline of the rest of 

this chapter is as follows: In section 4.2, the design and fabrication of the catheter are 

presented. Various experimental methods are used to evaluate the performance of the 

sensor in section 4.3. Results are presented in section 4.4 along with discussion of the 

results.  Conclusions are presented in section 4.5. 

 

Urethra SphincterFoley Catheter

Balloon

Bladder

Urethra
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4.2 Design and Fabrication  

4.2.1 Design of the Catheter 

The catheter consists of a 3D printed catheter body, five supercapacitive sensors, and 

their associated electronics. 3D printing is an additive manufacturing technology in which 

material is joined or solidified under computer control to create a three-dimensional object, 

with material being added together, typically layer by layer.  

The sensors and the electronics are assembled on a 3D-printed catheter body with a 

diameter of 7Fr (2.33mm). The catheter is designed to be flexible for easy insertion. Figure 

4-2 shows the side view of the five supercapacitive sensors on the catheter body. The 

electrodes are patterned on a soft substrate as shown in Figure 4-2, including five electrodes 

and one common electrode. The electrolyte is cured on the surface of a soft deformable 

arch structure inside a 3D printed chamber, which is assembled over each electrode. The 

load applied from the top of the chamber will cause the deformation of the soft structure, 

which brings the electrolyte down to touch the bottom electrodes, and consequently creates 

a capacitance change. 

 

Figure 4-2 Working mechanism of the supercapacitive sensor on the catheter 

The soft substrate with electrodes is assembled on a flat stage of the catheter body as 

shown in Figure 4-3. The chamber which hosts the electrolyte is printed with a combination 

of both hard and soft material (Figure 4-4). The side wall and internal arch structure of the 

part are made of soft material that will deform upon loading. On the top of the soft part, a 

hard bump is designed for the purpose of better receiving the applied load and transferring 



58 

it to the soft body. Two separators are designed as supports at the two ends. Besides, a hard 

skeleton is designed and embedded inside the soft body for recovering after the load is 

released. 

 

Figure 4-3 Schematic of the catheter and bottom electrodes 

 

 

Figure 4-4 (a) Schematic of chamber with electrolyte. (b) Half section view of the chamber. (c) 

Embedded hard structure of the chamber 

4.2.2 Fabrication of the Instrumented Catheter 

The catheter body is made with 3D printing technology using a soft material (Veroclear, 

Stratasys), as shown in Figure 4-5. The diameter of the catheter body is 7 Fr (2.33mm). 

Near the tip of the catheter, a flat stage is printed to host the electrodes. Another stage with 

grooves is designed near the other end of the catheter body for hosting the connectors and 

wires. 
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Figure 4-5 3D printed catheter body 

The bottom electrodes are fabricated on a flexible substrate, namely a polyimide film 

(75µm, 300 HPP-ST, Dupont), using MEMS fabrication technologies, as shown in Figure 

4-6. First, a thin layer of copper (30nm) is sputtered on a polyimide film (PI), on top of 

which a gold layer (20nm) is sputtered. Then, the 5 electrodes and one common ground 

electrode are patterned using photolithography and wet etching. The as-fabricated electrode 

is shown in Figure 4-7. The soft and flexible polyimide film with electrodes is transferred 

onto the catheter body (Figure 4-8). 

 

Figure 4-6 Fabrication process of the bottom electrodes 
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Figure 4-7 The electrodes patterned on a PI substrate 

 

Figure 4-8 Soft and flexible polyimide film with electrodes assembled on the soft catheter body 
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The paper-based solid electrolyte is cured on top of an arch structure inside a 3D printed 

chamber as shown in Figure 4-9. The fabrication process starts from cutting the filter paper 

into a rectangular shape followed by pre-shaping it into an arch. The arch is then transferred 

to the top of the soft arch inside the 3D printed chamber. The ionic gel described in section 

3.2 was brushed onto the paper. The ionic gel functionalizes the entire thickness of the 

paper and results in a flexible solid-state electrolyte. After that, the combination is put 

under UV light in a glovebox for 1 min. A clear film (150um) sticking to the 3D printed 

part is obtained. The 3D printed chamber with electrolyte is made using multi-material 3D 

printing technology, combining materials of different properties in a single part. The 

structure contains a soft body (Stratasys, Agilusclear), a hard bump, two hard separators 

and a hard skeleton (Stratasys, Verowhite). The bump is printed for the purpose of better 

receiving force applied from the top, while the hard skeleton is embedded inside the soft 

body and designed to improve the recovering after force is released. 

 

Figure 4-9 (a) Schematic and photo of the pre-shaped filter paper and 3D printed part. (b) 

Fabrication of the electrolyte. 

The soft parts with the cured electrolytes are then assembled over the electrodes using 

sealing glue (Loctite, Waterproof Sealant). There is an initial gap (around 50 μm) between 

the peak of the arch and the bottom electrodes in each sensor. Connecting wires (40 AWG, 

enamel wires) are soldered onto the electrical contact pads on the PI substrate and then 

wrapped around the catheter. The other ends of the wires are connected to 5 jumper wires 
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for easy connection to the measurement equipment. The assembled instrumented catheter 

with 5 supercapacitive sensors is shown in Figure 4-10. 

 

Figure 4-10 The assembled urethral catheter with 5 supercapacitive sensors 

 

4.3 Tests of the Catheter 

4.3.1 In Vitro Load Cell Experimental Setup 

The catheter is tested with increasing forces using a custom-designed experimental 

setup as shown in Figure 4-11 (a) and (b). The urethral catheter is fixed on the bottom stage, 

while the varying force is applied from the top through a load cell (ATI, Nano17). The load 

cell is fixed on a translational stage, that can move up and down. By moving the 

translational stage down, the force is increased on the sensor as shown in the inset of Figure 

4-11 (a). The force readings can be recorded by the load cell. The capacitance response of 

each sensor is recorded with a capacitance meter (Rigol DM3068) along with the changing 

force. 
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Figure 4-11 (a) Schematic and (b) photo of the experimental setup. 

4.3.2 Cuff Test 

To create a situation that is similar to that inside a real urethra, a cuff test is designed 

as shown in Figure 4-12 (a). An inflatable cuff is wrapped around each sensor. The other 

end of the cuff is connected to a syringe and a pressure gauge. By moving the piston of the 

syringe, the cuff can be inflated, and pressure can be increased gradually inside the cuff, 

thus applying more pressure on the sensor top. The pressure is read from the pressure gauge 

and the response of the sensors is also measured with the changing pressure. 
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Figure 4-12 (a) Cuff test setup (b) Inside-water test setup 

4.3.3 Inside-Water Test 

In order to investigate the influence of parasitic noise on the instrumented catheter, a 

water-proofed embodiment of the supercapacitive sensor on a catheter is dipped inside 

water, as shown in Figure 4-12(b). The capacitance response of the sensor is recorded, both 

while it is outside water and inside water. The increased capacitance after being put inside 

water is regarded as the parasitic capacitance. 

4.3.4 Extracted Bladder Test 

The catheter is inserted into an extracted bladder as shown in Figure 4-13, with the five 

sensors being inside the urethra. The locations of the 5 sensors in the urethra can be seen 

in Figure 4-13(a). An elastic band is wrapped around the urethra, with one end fixed and 

the other end connected to a force gauge (Figure 4-13 (b)). By gradually moving the force 

gauge to apply force and stretch the band, pressure can be applied on the sensors. 
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Figure 4-13 Urethral catheter inside an extracted bladder with the sensors being inside the urethra 

(a) before and (b) after loading 

4.4 Results and Discussion 

The response of each sensor with changing force is shown in Figure 4-14 for the in 

vitro load cell tests. The sensitivity of the sensors is the in order of 30 − 50𝑛𝐹/𝑁, which 

is more than 1000 times higher than conventional capacitive sensors [89][106]. The 

capacitance response of each sensor to the increasing pressure inside the cuff is shown in 

Figure 4-15 for the cuff tests. All the sensor readings increase monotonically with the 

increasing pressure inside the cuff. 
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Figure 4-14 Capacitance response of each sensor to the increasing force 
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Figure 4-15 Sensors response to the increasing cuff pressure 

The parasitic capacitance test result is shown in Figure 4-16. After dipping into water, 

the capacitance increases by 10𝑝𝐹, which is negligible compared to the high sensitivity of 

the sensor (30-50 nF/N). That indicates that the catheter is immune from parasitic noise 

induced by human tissue for in vivo applications. 

 

Figure 4-16 Capacitance response outside water and inside water 
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Figure 4-17 Sensor response inside the bladder 

 

Figure 4-17 shows the responses of the sensors during the ex vivo test involving the 

extracted sheep bladder and urethra. As the stretching force applied on the elastic band 

increases, the responses of all the five sensors increase monotonically. Since sensor 2-4 are 

located in the middle of the urethra (which is a thinner portion of the urethra), while sensor 

1 is located under the thicker tissue part which experiences more force, the response of 

sensor 1 is significantly higher than that of sensors 2-4. Sensor 5 is outside the wrapping 

zone, so it experiences less capacitance change compared to all the other sensors.  

4.5 Conclusions 

A multi-sensor flexible instrumented catheter for measurement of distributed pressure 

inside the urethra was developed. The developed sensor has important clinical applications 

in urodynamic testing, and potentially in other in vivo biomedical catheter applications. 

Supercapacitive force sensors were designed and fabricated using a combination of MEMS 

technologies and 3D printing. Experimental in vitro evaluation was conducted using a 

custom-designed experimental setup with a load cell and then later inside an inflatable cuff. 

The influence of parasitic noise was investigated by dipping the sensor inside water and 

measuring its resulting capacitance change. Also, ex vivo tests were conducted inside an 

extracted bladder and urethra. The experimental results showed preliminary data to indicate 
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that the sensor has high sensitivity and negligible parasitic capacitance, which could 

provide highly accurate urethral pressure measurement while removing the influence of 

human tissue parasitics. Future work could involve in vivo evaluation of the catheter in an 

IACUC approved sheep study and later in an IRB approved clinical human study. 
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Chapter 5  

 

A Supercapacitive Shear and Normal 

Force Sensor 

 

 

5.1 Introduction 

There is a significant research interest in developing domestic robots that can handle 

common chores inside and around homes to enable a more comfortable and safe living 

environment, especially for the elderly [107]–[109]. Domestic robots could do more than 

just floor cleaning - they can be trained to handle objects and dexterously do various 

household tasks, such as lifting things, washing the dishes and sweeping the desk. When a 

human being grasps and manipulates objects to lift it, a normal force has to be applied large 

enough to avoid slipping. A human being can continuously adjust the grasp force on the 

basis of information from the tactile sensors on his/her skin [110]. For robots, however, 

this is difficult to realize. In order to train a household robot to manipulate objects properly, 

and avoid dropping or breaking them, a database of normal and shear forces needs to be 

constructed for various household tasks, by observing a skilled human doing the task.  A 

set of soft sensors on a glove worn by human beings that can measure both shear and 

normal forces would be very helpful to collect enough data to train domestic robots, as 

shown in Figure 5-1. 
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Figure 5-1 Measuring shear and normal forces while handling various objects wearing an 

instrumented glove 

Various sensing principles have been explored by the robot industry to measure forces 

on fingertips. Piezoresistive and piezoelectric force sensors have been explored due to their 

ease of micro-fabrication [111]–[115]. These sensing principles, however, suffer from 

problems like hysteresis, drift, creep and temperature dependency. Optical sensors have 

also been applied for measuring shear forces combining a trapezoidal external metallic 

frame with an integrated micro optical displacement sensor [116], [117]. However, these 

sensors do not have capability of measuring normal force. Besides, these sensors cannot 

meet the requirements of being soft and compact for robotic applications. Due to low 

temperature and pressure hysteresis, low power consumption and easy fabrication, 

capacitive pressure sensing has also been explored for use in tactile sensors [110], [114], 

[118]–[125]. However, capacitive sensors have limitations of trade-off between sensing 

range and sensitivity, and parasitic noise. While several of the sensors above have a 

capability to measure both normal and shear forces, very little experimental data on their 

accuracy and robustness in real world applications is available. Due to the complexity of 

the coupling of the influence of normal and shear forces, experimental calibration at every 

combination of normal and shear force is also not feasible. 

In this chapter, the supercapacitive sensing mechanism is explored for measuring 

normal and shear forces simultaneously. Supercapacitors have previously been used as 

energy storage devices. They exhibit capacitances that are several orders of magnitude 

higher than traditional capacitors. As discussed in Chapter 2, in conventional capacitive 

sensors, the discontinuity in the material at the edge of a conventional capacitor results in 
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additional radial components in the electric field, called the fringe electric field, which in 

turn generates parasitic capacitance components on the sides of a capacitance.  In a 

supercapacitor, due to the thin dielectric layer and high surface area electrodes, the 

capacitance of a supercapacitor is at least 3 orders of magnitude higher than the parasitic 

capacitance in a supercapacitor, which makes the parasitic capacitance negligible [114]. 

Furthermore, in this chapter, a learning algorithm is used to develop a sensor model that 

can provide accurate estimates of shear and normal forces for a wide range and combination 

of operating normal and shear forces. 

The outline of the rest of this chapter is as follows. In Section 5.2, the design and 

fabrication of the normal-shear force sensors is presented. In section 5.3, various 

experimental methods are used to evaluate the performance of the sensor and to generate 

data for training a deep neural network model to represent the sensor response. 

Experimental results are presented in Section 5.4 along with discussion of the results. 

Conclusions are presented in section 5.5. 

 

5.2 Design and Fabrication of the Sensor 

5.2.1 Design and Sensing Principle 

A quad-unit force sensing cell consisting of 4 internal individual force units 

(𝑆1 , 𝑆2, 𝑆3, 𝑆4), that are axisymmetrically distributed is utilized as shown in Figure 5-2. 

Each force unit has two electrodes. The electrodes are patterned in such a way that the four 

units lie symmetrically on the axes of a Cartesian coordinate system with the center of the 

eight electrodes sitting at the origin. The electrolyte is cured on the surface of a soft semi-

ellipsoid. This soft semi-ellipsoid is assembled over the electrodes. If only normal force is 

applied, as shown in Figure 5-2 (a) and (b), the contact area between the electrodes and 

electrolyte increases, resulting in an increase in capacitance of all four sensing units. If both 

normal and shear forces are applied (Figure 5-2(c)), the center of the contact area shifts 

accordingly depending on the direction of the shear force, with the readings from the four 

force units being different.  
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Figure 5-2 Working mechanism of the supercapacitve normal and shear sensor (a) no force is 

applied, (b) normal force is applied, (c) both normal and shear forces are applied. 

The physical structure of the sensor is shown in Figure 5-3. The 4 pairs of electrodes 

are patterned in a circle on a soft substrate. The top chamber is made of both soft and hard 

material. It consists of a hard cap, a hard mesh, a soft semi-ellipsoid substrate to host the 

solid electrolyte and a soft side wall. The hard cap (Figure 5-3(a)) is designed for better 

receiving the force applied from the top. A hard mesh (or skeleton) is printed and embedded 

inside the soft side wall to increase the elasticity of the sensor (Figure 5-3(c) and (d)). The 

solid electrolyte is cured on the surface of the soft semi-ellipsoid, which can deform under 

the applied force. The 4 capacitance readings (𝐶1, 𝐶2, 𝐶3, 𝐶4) of the 4 sensing units are used 

to estimate the normal force and shear force applied on the sensing cell. 

 

Figure 5-3 Schematic of the normal and shear force sensor (a) top chamber with the solid 

electrolyte, (b) bottom electrodes patterned on a soft substrate, (c) three quarter section view of the 

top chamber, (d) a hard mesh skeleton embedded in the soft wall. 
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5.2.2 Fabrication of the Sensor 

The bottom electrodes are fabricated on a flexible substrate, namely a polyimide film 

(25 µm, Pyralux Copper Kapton Laminate, Dupont), using MEMS fabrication technologies, 

as shown in Figure 5-4(a). First, a thin layer of titanium (20nm) is sputtered on the 

polyimide film (PI) for enhancing adhesion, on top of which a gold layer (200nm) is 

sputtered. Then, the 8 electrodes are patterned in a circle using photolithography and wet 

etching. The as-fabricated electrode is shown in Figure 5-4(b). 

 

Figure 5-4 (a) Fabrication process of the bottom electrode. (b) The electrodes patterned on PI 

substrate 

The paper-based solid electrolyte is cured on top of an arch structure inside a 3D printed 

chamber as shown in Figure 5-5. The fabrication process starts from cutting the filter paper 

into a circular shape followed by pre-shaping it into a dome shape. The arch was then 

transferred to the top of the soft arch of the 3D printed chamber. An ionic gel was brushed 

onto the paper, that functionalizes the entire thickness of the paper and results in a solid-

state electrolyte. After that, the combination was put under UV light in a glovebox for 1 

min. A clear film (150um) sticking to the 3D printed part is obtained. The 3D printed 

chamber with electrolyte is shown in Figure 5-5(c). The part is made using multi-material 

3D printing technology, combining materials of different properties in a single part. The 

structure contains a soft side wall (Stratasys, Agilusclear), a hard cap, a soft ellipsoid and 

a hard mesh (Stratasys, Verowhite). The cap is printed for the purpose of better receiving 

forces applied on top, while a hard mesh (or skeleton) is embedded inside the soft body 

and designed to improve the elasticity of the structure. 
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Figure 5-5 (a) Fabrication of the electrolyte. (b) 3D printed chamber and the pre-shaped filter 

paper. (c) Solid electrolyte cured inside the soft chamber  

The soft chamber with the cured electrolytes was then assembled over the electrodes 

using sealing glue (Loctite, Waterproof Sealant). Connecting wires (40 AWG, enamel 

wires) are soldered onto the electrical contact pads on the PI substrate. The other ends of 

the wires are connected to 4 jumper wires for easy connection to the measurement 

equipment. The assembled sensor with 4 supercapacitive sensing units is shown in Figure 

5-6. 

 

Figure 5-6 Photograph of the assembled normal and shear force sensor. 

5.2.3 Learning of the Sensor Response 

In order to provide accurate estimates of the shear and normal forces acting on the top 

of the sensor, an accurate sensor model must be used to fully map from individual force 

unit readings to the applied normal and shear forces. For a linear sensor with axisymmetric 

stiffness, the normal force can be obtained from the average of the four force units as  
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𝐹𝑧 =

1

4
(𝐾𝑛1𝐶1 + 𝐾𝑛2𝐶2 + 𝐾𝑛3𝐶3 + 𝐾𝑛4𝐶4) (5-1) 

where 𝐾𝑛1, 𝐾𝑛2, 𝐾𝑛3 and 𝐾𝑛4 are the calibration coefficients between normal force and 

capacitance of each sensor.  

The shear force along the x axis can be obtained from: 

 𝐹𝑥 = |(𝐾𝑠3𝐶3 + 𝐾𝑠4𝐶4) − (𝐾𝑠1𝐶1 + 𝐾𝑠2𝐶2)| (5-2) 

While the shear force along the y axis can be obtained from: 

 𝐹𝑦 = |(𝐾𝑠1𝐶1 + 𝐾𝑠4𝐶4) − (𝐾𝑠3𝐶3 + 𝐾𝑠2𝐶2)| (5-3) 

where 𝐾𝑠1 , 𝐾𝑠2 , 𝐾𝑠3  and 𝐾𝑠4  are the calibration coefficients between shear force and 

capacitance of each sensor.  

However, the fabricated shear and normal force sensor response is highly non-linear 

and complex, with forces being exerted from 3 degrees of freedom and the sensors not 

being axis-symmetric due to significant manufacturing imperfections. That can make 

accurately building an analytical sensor model very difficult in practice. Therefore, a 

generalized regression neural network [126]–[128] was used in order to obtain a model 

matching the experimental data as well as possible. A two-layer feed-forward network with 

sigmoid hidden neurons and linear output neurons, is designed to fit this multi-dimensional 

mapping problem as shown in Figure 5-7. The capacitance readings of the four sensing 

units are fed into the neural network as the inputs, while the 3D forces (measured by a load 

cell during training) are used as the outputs of the neural network. The network is trained 

with Levenberg-Marquardt backpropagation algorithm [129]. 

 

Figure 5-7 Schematic of the neural network 

 

5.3 Experimental Setup 
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5.3.1 Data Collecting Experimental Setup 

In order to collect various datasets for training the neural network, the assembled force 

sensor is tested with a custom-designed experimental setup as shown in Figure 5-8, which 

includes two translational stages (one X-Y stage for coarse tuning and one X-Z stage for 

fine tuning), a rotational stage, a six-axis load cell (ATI, Nano 17), and a pointed tip 

attached to the load cell. The sensor is fixed on the rotational stage, which is installed on 

the coarse X-Y translational stage on the bottom.  The load cell is fixed on the fine X-Z 

translational stage over the sensor. By moving the X-Y translational stage down through 

rotating the vertical knob, varying normal force can be applied from the top through a load 

cell and the tip. By rotating the horizontal knob on the fine stage, shear force along X-axis 

can be applied. By changing the angle (θ) of the rotational stage, shear forces from all the 

orientations on the local sensor coordinate can be applied. The force readings can be 

recorded by the load cell simultaneously. The response of each sensor is recorded (Rigol 

DM3068) with the changing forces. So, the vertical displacement 𝑧 , the horizontal 

displacement 𝑥 of fine translational stage on the top, and the rotational angle of rotational 

stage (also the rotational angle of the sensor) 𝜃 are the three varying parameters during the 

test. Various combinations of the 3 parameters [𝑥𝑖 , 𝑦𝑖 , 𝜃𝑖] result in different shear and 

normal forces applied on the sensor. 

 

Figure 5-8 (a) The schematic and (b) photo of the experimental setup 
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To collect enough datasets for training, the following experimental procedure is used: 

(1) First the pointed tip is aligned with the center of the sensor by moving the coarse 

X-Y translational stage on the bottom; 

(2) The fine translational stage is moved down to add a normal force 𝐹𝑧 on the sensor, 

then the 𝑧 displacement is kept steady; 

(3) The horizontal knob is turned to apply a shear force 𝐹𝑠(𝐹𝑥, 𝐹𝑦) gradually, the sensor 

readings and load cell measurements are recorded; 

(4) The rotational stage is rotated by 15𝑜, steps (1)-(3) are repeated until 𝜃 = 360𝑜. 

For example, at 𝜃 = 45𝑜 , 6 different normal forces are applied, while under each 

normal force, a series of shear forces are applied as shown in Table 5-1. 

Table 5-1 Norman and shear forces at θ = 45°̀ 

𝜽 =  𝟒𝟓𝒐 
 

𝐹𝑧 ≈ 0.4𝑁 𝐹𝑧 ≈ 0.6𝑁 𝐹𝑧 ≈ 0.7𝑁 𝐹𝑧 ≈ 0.8𝑁 𝐹𝑧 ≈ 0.9𝑁 𝐹𝑧 ≈ 1.0 𝑁 

𝐹s (N) 

0.05 0.1 0.1 0.1 0.1 0.1 

0.1 0.2 0.2 0.2 0.2 0.2 

… … … … … … 

1 1 1 1 1 1 

 

5.3.2 Inside Water Test 

In order to investigate the influence of parasitic noise on the sensor, a water-proofed 

embodiment of the supercapacitive sensor is dipped inside water. The capacitance response 

of the sensor is recorded both while it is outside water and inside water. The increase in 

capacitance after being put inside water is regarded as the parasitic capacitance. 

 

5.4 Results and Discussion 

The response of the sensor if mainly normal force is applied (Figure 5-2 (b)) is shown 

in Figure 5-9. The sensitivity of the sensors to normal force along z-axis can reach as high 
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as 50𝑛𝐹/𝑁, which is more than 1000 times higher than conventional capacitive sensors 

[98], [130].  As seen in the figure, all 4 capacitances rise monotonically with increase in 

normal force. 

 

Figure 5-9 Sensor response mainly under gradually changing normal force 

Figure 5-10 shows an example of the sensor response when both normal and shear 

forces are applied. The applied normal force is around 1.7𝑁. The shear force applied is at 

θ = 60𝑜 , which is towards 𝑆4, in the local sensor coordinate as shown in Figure 5-11. As 

shown in Figure 5-10, 𝑆4 capacitance increases, while the readings from 𝑆2 changes in an 

opposite direction. 𝑆1 experiences a minor increase in capacitance reading, while the 𝑆3 

decreases a little. The sensitivity of the sensor to shear force can reach as high as 22𝑛𝐹/𝑁, 

which is smaller than the sensitivity to the normal force due to the higher stiffness along 

the horizontal direction of the sensor. 
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Figure 5-10 Sensor response under gradually changing shear force (θ = 60°) and a constant normal 

force 

 

Figure 5-11 Normal and shear force in the sensor coordinate at θ = 60° 

By following the test procedure described above, 32,000 datasets including sensor 

responses (𝐶1, 𝐶2, 𝐶3, 𝐶4), and load cell measurements (𝐹𝑥 , 𝐹𝑦, 𝐹𝑧) are collected and used to 

train a model for the sensor. All the datasets used for training are shown in the 3D plot in 

Figure 5-12.  

Several datasets are left aside not used for training and used separately to validate the 

performance of the model. An example validation is shown in Figures 5-13, 5-14 and 5-15.  

The applied normal force is around 1.0𝑁. The shear force applied is at θ ≈ 265° , which 

is towards 𝑆2 and 𝑆3, in the local sensor coordinate, as shown in Figure 5-13. The sensor 
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response as shown in Figure 5-14 is fed into the previously trained model. As shown in 

Figure 5-15, the fitted forces using the trained model and the real measured forces match 

well, with a maximum error of 0.02𝑁. 

 

 

Figure 5-12 Force datasets in a 3D plot 

 

Figure 5-13 Normal and shear force in the sensor coordinate at θ = 265° 
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Figure 5-14 Sensor response under gradually changing shear force (θ = 265°) and a constant normal 

force 

 

Figure 5-15 Estimated forces using the neural network fitted model 

The result for the in-water test is shown in Figure 5-16. The capacitance increases by a 

small amount ranging from 1 𝑝𝐹 –  10 𝑝𝐹, starting from a base capacitance of 600 𝑝𝐹, 



83 

which includes variations from instrument errors. This increase in capacitance in the 

presence of water is negligible compared to the ultra-high sensitivity of the sensor at ~ 

22𝑛𝐹/𝑁. That indicates that the sensor is immune from parasitic noise and can be used in 

liquid environments. 

 

Figure 5-16 Sensor response after dipping into water 

 

5.5 Conclusions 

A quad-unit force sensing cell utilizing the paper-based electrolyte was fabricated, 

which simultaneously measures both normal and shear forces. The developed 

supercapacitive sensor can be integrated into an instrumented glove, which can be used to 

collect force information on fingertips for training domestic robots. The sensors were 

designed and fabricated using a combination of MEMS technologies and 3D printing. A 

model of the sensor was constructed using experimental data and neural network learning. 

The influence of parasitic noise was investigated by dipping the sensor inside water. The 

experimental results showed preliminary data to indicate that the sensor has high sensitivity 

and negligible parasitic capacitance. Future work could involve installing a set of the shear 

and normal force sensors on a glove and collecting force data to construct a database for 

training household robots.  
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Chapter 6  

 

A Supercapacitive Strain Sensor with 

Ultra-High Sensitivity and Range 

 

 

6.1 Introduction 

Strain sensors that can measure size and deformation are of significant practical 

importance in wearable devices and biomedical skin applications. As evidenced by recent 

publications, there is significant current research interest in development of strain sensors 

that are flexible and highly stretchable [131]–[134]. For example, flexible transducers 

consisting of piezoresistive sensors made from metallic glass thin films [131], resistive 

strain sensors made using metallic nanoparticles [132], highly stretchable piezoelectric 

strain sensors designed using Kirigami [133], and resistive strain sensors made from carbon 

nanotube elastomers [134] have been reported. All of these devices use sophisticated 

fabrication technologies that typically require the use of clean rooms. 

On the other hand, sensors made using paper as a substrate, with/without the use of 

cleanrooms, have been reported for applications such as microfluidics [57], [60], 

biosensing of analytes [66][135] and printed microelectronics [64]. Paper offers the 

advantages of being inexpensive, lightweight, environmentally friendly and easy to use 

[136]. Mechanical strain sensors have also been previously fabricated using paper-based 

substrates. In these previous sensors, functional resistive materials such as patterned carbon 
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or graphite are added on top of paper substrates. As the paper is bent or stretched to generate 

a strain, a change in the resistance of the functional materials is experienced. However, 

currently available paper-based strain sensors suffer from inadequate range and sensitivity. 

For example, a flexible and degradable resistive strain sensor on a paper substrate was 

reported in 2017 [71] that can detect strains as small as 0.2% but has a low sensing range 

(< 1%) due to the limited stretchability of the paper. Another flexible and printable paper-

based strain sensor using patterned graphite film [137] has an improved resolution of 

0.038%, but its sensing range is limited to less than 1%. Similarly, a strain sensor using a 

graphite-pencil to draw on a Xerox paper forming a resistive stripe was fabricated with 

high sensitivity but has highly limited range [138]. Strain sensors based on highly 

stretchable piezoresistive graphene-nanocellulose nanopaper [139] were also developed. 

They can be stretched to 100% but cannot provide adequate resolution and sensitivity with 

a gauge factor of only 2 at 5%. Besides, piezoresistive strain sensors typically suffer from 

drifting [140], [141].  

In this chapter, a strain sensor based on a supercapacitive sensing mechanism using 

functionalized paper is fabricated. The new sensor provides ultra-high sensitivity, and at 

the same time, large sensing range. Supercapacitors have previously been mostly explored 

to be used as energy storage devices [2], and have only recently been used as force sensors 

[142]–[144]. They have never been utilized for strain sensing in literature before. 

 

6.2 Sensing Principle of Supercapacitive Strain Sensor 

The new physical sensing principle used for the measurement of strain is as follows: A 

solid-state paper-based electrolyte is pre-strained and sandwiched between two cylindrical 

electrodes. The initial thickness of the electrolyte is larger than the fixed gap between the 

two electrodes as shown in Figure 6-1 (a). When the electrolyte gets stretched in response 

to strain, the thinning of the electrolyte leads to a decrease in the contact area with metallic 

electrodes, as shown in Figure 6-1 (b), consequently resulting in a decrease in capacitance. 

Embodiments of the strain sensor are shown in Figure 6-2. 

The proposed sensing mechanism requires a highly flexible and stretchable electrolyte.  
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Ionic-gel electrolytes that incorporate ionic liquid into a cross-linkable polymer matrix 

have been shown previously to provide both mechanical stability and high electrical 

conductivity [74], [75], [145] as discussed in Chapter 3. A traditional ionic gel has very 

limited flexibility and stretchability (maximum strain is about 13%). By incorporating 

cellulosic materials into the ionic-gel [84], [85], the weakened crystallinity of the polymer 

results in an improvement in the softness and extensibility properties of the paper-based 

solid electrolyte film. Thus, the paper-based solid electrolyte can be stretched to 32%. 

However, in order to be used in a strain sensor, the stretchability of the solid electrolyte 

needs to be further extended.  

 

Figure 6-1 Mechanism of the paper-based strain sensor (a) before stretching, and (b) after 

stretching 



87 

 

Figure 6-2 A prototype of the strain sensor 

 

6.3 Paper-Based Solid Electrolyte Strengthened with Silicate 

Nanoparticles 

The paper-based electrolyte discussed in section 3.2.2 is further strengthened by 

embedding silicate nanoparticles into the paper-based ionic gel matrix. Despite the many 

advantages of PEG-based electrolyte discussed in Chapter 3, they lack high toughness 

which limit their application in strain sensor. Among a variety of nanoparticles, silicates 

such as Laponite have been used to design and develop mechanically strong nanocomposite 

polymer hydrogel [146]–[148]. Laponite consists of synthetic and charged silicate 

nanodiscs, the chemical composition of which is (𝑁𝑎0.7
+ 7[(𝑀𝑔5.5𝐿𝑖0.3)𝑆𝑖8𝑂20(𝑂𝐻)4]0.7

− ), 

and the dissolution products include 𝑁𝑎+, 𝑆𝑖(𝑂𝐻)4, 𝑀𝑔2+,  𝐿𝑖+ . After incorporating 

silicate nanoparticles into the PEG network, there are physical and covalent crosslinking 

between silicate particles and polymer chains, resulting in mechanically strong polymer 

network [149], [150]. Besides, under stress, the presence of nanoparticles promotes the 

debonding of the polymer from the nanoparticles, creating local voids that dissipate energy, 

and stop crack propagation [151], [152]. 
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6.3.1 Fabrication of the Strengthened Solid Electrolyte 

The ionic gel was mixed with silicate nanoparticles before being brushed on to the filter 

paper. The detailed fabrication process is as follows: 0.2g silicate nanoparticles (Laponite 

RDS, pellets size ~20-25nm) were mixed in 6.5g DI water using Vortex and sonication 

(2hrs). A clear solution was obtained. Then, 1g ionic liquid (1-ethyl-3-methylimidazolium 

tricyanomethanide, IOLITEC Inc.), 0.8g PEG diacrylate (PEGDA, Mw = 575 g mol−1) 

monomers (Sigma–Aldrich), and 0.2g photo initiator (2-hydroxy-2-methylpropiophenone, 

Sigma–Aldrich) were added to the solution. The mixture was put into a mixer for mixing 

and defoaming for 20mins and stirred overnight. A free-flowing gel with light white color 

was obtained as shown in Figure 6-3. The addition of silicate nanosphere to the prepolymer 

solutions results in a decrease in optical transmittance. This is due to the formation of 

micro-sized silicate aggregates that scatter visible light [153]. The gel was brushed onto 

the filter paper (Millipore, 0.45µm HATF) and exposed under the UV light for 1 min. As 

shown in Figure 6-4, right after brushing the gel onto the filter paper and UV exposure, it 

starts turning transparent slowly as the filter paper gradually dissolves in the ionic gel, as 

seen in Figure 6-4.  After 2 hours at room temperature, the water evaporates, the filter paper 

is fully dissolved in the ionic gel, and the electrolyte turns into a clear film. A real photo 

of the nanoparticle-strengthened electrolyte film is shown in the last picture in Figure 6-4 

and can be seen to be a transparent thin film.  

 

Figure 6-3 A photograph of ionic gel mixture with silicate nanoparticles 
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Figure 6-4 Photographs showing the dissolving of filter paper in the ionic gel mixture.  

6.3.2 Mechanical Properties of the Strengthened Solid Electrolyte 

The deformation response of the nanoparticle strengthened electrolyte film was tested 

on a DMA machine (RSA-G2, TA Instruments) by measuring stress and strain while 

stretching the film until failure occurs. A comparison with the stretchability of the original 

ionic gel electrolyte (without cellulose) and of the modified paper-based electrolyte without 

nanoparticles is shown in Figure 6-5. As can be inferred from the results in Figure 6-5, the 

paper-based electrolyte film can achieve a maximum elongation strain of 32% that is 2.5 

times larger in comparison with the unmodified standard ionic gel electrolyte without 

cellulose [144]. After adding silicate nanoparticles, the stretchability and toughness of the 

strengthened paper-based electrolyte are additionally improved. The strengthened 

electrolyte can be stretched to more than 110% strain before failure occurs. The Young’s 

modulus of the strengthened electrolyte film is increased to 14MPa. Thus, the strengthened 

electrolyte film is highly suitable for the strain sensor proposed in this chapter. It should 

be noted that by changing the ratio of silicate nanoparticles added to the electrolyte, the 

mechanical properties of the electrolyte film can be variably adjusted.  
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Figure 6-5 Mechanical properties of the strengthened film 

 

6.4 Strain Sensors Based on the Strengthened Electrolyte Film 

The nanoparticle strengthened electrolyte film was used to fabricate a supercapacitive 

strain sensor. Several electrolyte films were stacked together to increase the thickness and 

create a thick electrolyte. Then the electrolyte was pre-strained and assembled between two 

cylindrical electrodes, as the prototype shown in Figure 6-2. However, this prototype is not 

suitable for real applications due to its large size. Therefore, the supercapacitive strain 

sensor is further downsized and redesigned as shown in Figure 6-6. The sensor consists of 

a thick electrolyte slab made of multiple stacked strengthened electrolyte films, 

compressed between two electrodes made of stainless-steel pins, which are fixed by two 

holders at both ends of the pins. The gap between the two electrode pins is smaller than the 

thickness of the electrolyte film. Due to the pre-strain in the electrolyte, any applied tensile 

strain will stretch the electrolyte, and reduce the contract area between the electrolyte and 

the electrodes, which gives a measurable signal proportional to strain.  
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Figure 6-6 The schematic of a smaller strain sensor: (a) exploded view (b) assembled sensor. 

 

Figure 6-7 Photos of the assembled strain sensor 

To prevent the electrolyte from bending while stretching in real world applications, two 

identical 3D printed holders (Stratasys, Veroclear) were custom designed. First, the strain 

sensor was scaled down using shorter pins and the 3D printed holders were used both to 

assemble the pins and electrolyte together and to keep the electrolyte straight without 

bending near the region of contact with electrodes, as shown in Figure 6-6. Five layers of 

paper were brushed with the gel mixture embedded with silicate nanoparticles and then 

stacked together. When tensile loads are applied at both ends of the electrolyte, the thinning 

of the film leads to a decrease in the contact area between the electrodes and the electrolytes, 

consequently a decrease in capacitance. The thickness of the stacked electrolyte is about 

0.45mm, while the gap between the two electrodes is about 0.3mm. The electrodes (Dowel 

Pin, Steel,1.5x10mm) used here were 1.5mm in diameter bought from a local hardware 
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store. In fact, the entire sensor was made using just paper and a few dollars of purchases 

from a local hardware store. Real photos of the assembled strain sensor are shown in Figure 

6-7. The convenience, easy fabrication and low cost of the sensor are its advantages. The 

same sensor could be micro-fabricated in a clean room and could then be made very small, 

but then it would no longer have the advantages of easy fabrication without cleanrooms. 

 

6.5 Laboratory Testing and Sensor Performance  

6.5.1 Strain Sensor Response 

The sensor was first tested as shown in Figure 6-8 using a custom-designed laboratory 

setup. A force gauge (Torbal, FC50, 50𝑁𝑋0.01𝑁) was installed on a translational stage 

which can move along Z-axis. An upper clamp was installed on the shaft of the force gauge, 

while a lower clamp was installed on a translational and rotational stage. The strain sensor 

was held in these two clamps as shown in Figure 6-8(b). While gradually moving the force 

gauge up by turning the knob on the translational stage in steps of 10 um, the force readings 

from the force gauge were recorded and at the same time the capacitance changes were 

recorded using a multimeter (Rigol, DM3068). The distance changes were read from the 

vernier (Newport SM-13) on the translational stage.  
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Figure 6-8 (a) Schematic and (b) photo of the calibration setup. 

The results are shown in Figure 6-9 (a) and (b). As the applied force increases, the 

capacitance decreases due to the thinning of the electrolyte film, which leads to smaller 

contact area between the electrode pins and the electrolyte. Above a strain of ~ 25%, the 

capacitance saturates, where the thickness of the film has decreased to become close to the 

value of the gap between the two electrode pins. While the capacitance has a nonlinear 

relationship with strain response, it is easy to fit a nonlinear polynomial calibration curve 

to the capacitance readings so that the output of the polynomial has a linear relationship 

with strain. It should be noted that theoretically the range of the sensor can be further 

extended by decreasing the gap further between the two electrode pins, since the maximum 

strain that the electrolyte film can handle is more than 110% as shown in Figure 6-5. 
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Figure 6-9 Force response curves of the strain sensor. 

The supercapacitive strain sensor was glued to an elastic band using super-glue (Loctite, 

Ultragel Control) as a size sensor. Two Velcro pieces were fixed at the two ends of the 

elastic band. The band was wrapped around a conical, which has a few rings of different 

circumferences, as shown in Figure 6-10 (a). The diameter of the rings increases by 1mm 

from top to bottom. The test started from a ring of 70 mm in diameter with pre-tension, and 

then the band was moved down step-by-step to next ring until a ring of 80mm in diameter. 

The capacitance was recorded at every ring. The results are shown in Figure 6-10 (b). As 

the band is moved down the conical, the capacitance decreases. 
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Figure 6-10 Photo of the strain sensor wrapping around a conical. (b) Strain sensor response on a 

conical 

6.5.2 Cantilever Test 

To further investigate the sensitivity of the sensor and its capability to measure very 

small strains, another laboratory set-up was designed by installing the strain sensor on an 

aluminum ruler used as a cantilever (Figure 6-11 (a)). The sensor was clipped at both ends 

of the electrolyte film using two 3D printed clamps, which were glued to the ruler using a 

UV curable glue (RapidFix, liquid plastic adhesive), as shown in Figure 6-11(b). Weights 

ranging from 0g to 513g were added in steps of 50g at the free end of the cantilever. The 

capacitance from the strain sensor was recorded. The strain of the surface where the sensor 

is installed is estimated using: 

 𝜀 =
𝜎

𝐸
 (6-1) 

where Ε is the Young’s modulus of the cantilever, and the stress σ on the ruler surface at 

the location where the sensor is installed can be expressed as: 

 
𝜎 =

𝑚𝑔𝑙ℎ

2𝐼
 (6-2) 

where h is the thickness of the ruler. The moment in the ruler at the fixed end is 𝑀 = 𝑚𝑔𝑙, 

where m is the mass of the weight, l is the distance from the sensor to the point where load 

is applied and 𝐼 is the moment of inertia. 
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Figure 6-11 (a) A cantilever with end load. (b) Strain sensor installed on a ruler cantilever. 

 

Figure 6-12  Strain sensor response on the gradually loaded ruler cantilever 

For the cantilever with a rectangular cross section of height h and width 𝑏, the moment 

of inertia 𝐼 is: 

 
𝐼 =

𝑏ℎ3

12
 (6-3) 

By combining all the equations above, the strain on the surface where the sensor is 

installed can be expressed as: 

 
𝜀 =

6𝑚𝑔𝐹𝑙

𝐸𝑏ℎ2
 (6-4) 

The sensor response to the strain obtained from Equation (6-4) is shown in Figure 6-12. 

The change in capacitance with the load is also shown in the same figure. As the load 

increases, the capacitance from the supercapacitive strain sensor decreases. The change in 

capacitance with the load is also shown in the same figure. The sensor is very sensitive and 

can differentiate a strain less than 0.025 % (since a capacitance change of 50 pF can be 
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measured very accurately using commercial inexpensive capacitance measurement chips). 

The sensitivity of the sensor is between 14.3nF and 55nF per 1% strain. 

 

6.6 Applications of the Strain Sensor 

6.6.1 Leg Size Sensor 

A number of diseases can lead to fluid accumulation and swelling in the lower leg.  

Early detection of such leg swelling can be used to effectively predict potential health risks 

and allows for early intervention from medical providers [140]. The swelling of the leg 

produces a small change of the leg size. Hence a wearable leg size sensor that can 

automatically monitor the leg size in real-time can help monitor lower leg edema caused 

by many medical conditions such as heart failure, deep vein thrombosis, venous 

insufficiency, and hepatic disease [154], [155]. The elastic band with the strain sensor in 

Figure 6-10 was tested on the leg by sliding upwards, to simulate a leg size change, as 

shown in Figure 6-13 (a). The capacitance readings while moving the sensors are shown in 

Figure 6-13 (b). The sensor was kept at each position for a few seconds, during which the 

sensor response does not drift as shown in Figure 6-13 (b). The average capacitance at each 

position is shown in Figure 6-13 (c). While the sensor is moving up, the capacitance of the 

sensor decreases. The strain sensor can be used to monitor the leg size changes of a patient 

caused by fluid accumulation in the lower leg. 
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Figure 6-13 (a) Strain sensor used as size sensor wrapped around the leg. (b) Strain sensor response 

with the changing leg sizes. (c) Mean value of the capacitance changes 

6.6.2 Respiratory Rate Measurement 

Measurement of the respiratory rate is an important instrument for assessing the 

severity of many acute disease [156], [157]. The respiratory rate is often not measured in 

routine practice because its clinical utility is inadequately appreciated. Measuring the 

respiratory rate is recommended for outpatient patients with pneumonia to help with a 

decision on whether a patient should be admitted to hospital. In acute bronchial asthma, 

pulmonary embolism or heart failure, the respiratory rate is an important prognostic 

parameter as well. Monitoring the respiratory volume is also very important for some post-

surgery patients such as cardiac surgery patients after extubation, post-operative patients 

with obstructive sleep apnea in, etc. [158], [159]. However, current methods of monitoring 

breathing require cumbersome, inconvenient, invasive, and often expensive devices [160], 

[161]. Here, the supercapacitive strain sensor is used to provide an easy and cheap way to 

measure the respiratory rate. It can not only measure the respiratory rate, but also provide 

a non-invasive, real time monitoring of the respiratory volume. Another strain sensor is 

fabricated using the same method and then glued to a long elastic band. This instrumented 
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band can be used to monitor respiration behavior when it is wrapped around the chest of 

humans as shown in Figure 6-14(a). Figure 6-14(b) shows the results of the instrumented 

band on a subject. The subject in this test gently breathed at the beginning for about 19s, 

and then started to take deep breaths. By analyzing the intervals and magnitude of the peaks, 

respiratory rate and volume information can be obtained. 

 

Figure 6-14 (a) An elastic band with the strain sensor wrapped around the chest. (b) Strain sensor 

response to changes in the respiratory rate and volume 

 

6.7 Conclusions 

A new method for fabricating flexible and stretchable solid-state electrolytes based on 

use of a paper substrate coated with a nanoparticle embedded ionic gel is presented. A 

strain sensor using this highly stretchable electrolyte which can provide both high 

sensitivity and high sensing range is developed. The strain sensor can measure strain as 

large as 25% and has distinctive detectability of micro-strain (0.025%). The sensor is 

fabricated without use of clean room facilities and by just using paper, ionic gel and simple 

metal pins as electrodes. The strain sensing principle presented in this chapter is a new and 

advantageous method of measuring strain.  
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Chapter 7  

 

Conclusions 

 

 

This dissertation developed force and strain monitoring sensors for biomedical 

applications based on a new supercapacitive sensing principle. The new sensors can enable 

wearable ambulatory health monitoring, home-based wellness assessment, and more 

effective clinical diagnostics. The supercapacitive sensors are based on a new paper-based 

solid-state electrolyte and its change in contact area with a pair of electrodes in response to 

force or strain. The supercapacitive sensors have very high sensitivity, can operate in liquid 

environments with negligible parasitic capacitance, and are easy to fabricate without 

requiring cleanroom facilities. 

First, a novel paper-based solid electrolyte was developed to replace liquid state 

electrolytes normally utilized in supercapacitors. The novel electrolyte was fabricated by 

introducing active ionic materials into the porous matrix of filter paper and functionalizing 

the entire thickness of the paper. Paper dissolves in the ionic gel after determining the shape 

of the electrolytes, leaving behind transparent electrolytes with micro-structured fissures 

responsible for their high deformability, toughness and stretchability. Microstructures of 

the novel electrolyte were studied to understand the resulting improvement in mechanical 

properties.  

Next, the influence of parasitic capacitance on the supercapacitive sensors was studied. 

Unlike conventional capacitive sensors, the supercapacitive sensors do not suffer from 

parasitic capacitance. On one hand, the nominal capacitance and sensitivity of a 
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supercapacitor are much higher than that of a capacitor, which makes the parasitic noise 

negligible. Also, less fringe effects exist for a supercapacitive sensor, resulting in a much 

smaller parasitic capacitance. The response of a fabricated supercapacitive sensor was 

recorded both in air and in water. Negligible capacitance difference was observed from the 

results. However, the capacitance of a traditional capacitive sensor of the same dimension 

increases by as much as 50% after immersion in water, caused by the parasitic noise. The 

two sensors were also tested inside a tissue. No additional capacitance could be observed 

for the supercapacitive sensor inside the tissue. When properly sealed, the sensors can thus 

operate in liquid environments with negligible parasitic capacitance and are therefore 

suitable for in vivo human health applications.  

Next, diverse sensors of different configurations were constructed using the 

supercapacitive sensing principle to measure force.  An instrumented urethral catheter 

based on supercapacitive sensors was developed for diagnostics of urinary incontinence. 

The sensors on the catheter utilized the flexible paper-based electrolyte and a fabrication 

process that included MEMS fabrication and 3D printing. Five distributed sensors were 

installed on the catheter body in order to measure pressure distribution inside a human 

urethra. Ex vivo and cuff test show that the catheter sensors respond to increasing pressure 

monotonically and in general have a sensitivity more than 1000 times than that of a catheter 

with traditional capacitive pressure sensors. Inside-water test shows that the catheter is 

suitable for in vivo use because of its negligible parasitic noise.  

Exploiting the high sensitivity and range of the supercapacitive sensors, an integrated 

sensor was developed next to measure both normal and shear forces simultaneously. The 

measurement was enabled by using a miniaturized quad electrode structure and a soft 

deformable membrane with the paper-based electrolyte that creates different combinations 

of capacitances in the multiple electrodes in each sensing unit. The sensor’s sensitivity to 

shear and normal force was high, with negligible influence of parasitic capacitance. A 

custom-designed test setup was used to collect data on the sensor. Based on the collected 

experimental datasets, a neural network was used to learn a model of the sensor response 

to various distributions of normal and shear forces. The model obtained from the machine 

learning provided accurate estimates of normal and shear forces when arbitrary forces were 
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applied on the sensor involving data not utilized in training the neural network. A set of 

such soft supercapacitive sensors can be installed on an instrumented glove to measure 

normal and shear forces on the fingertips, both in humans and in robotic applications. 

Finally, a strain sensor was developed utilizing the supercapacitive sensing principle. 

It consisted of a paper-based solid-state electrolyte which deforms in response to strain and 

changes its contact area with a pair of electrodes. This results in a highly sensitive 

capacitance change in a double-layer supercapacitor. The paper-based solid electrolyte was 

further strengthened utilizing silicate nanoparticles to extend the maximum strain it could 

experience without failure. Test results showed that the strain sensor could provide an 

extremely high measurement resolution of 0.025% strain. The sensor was incorporated on 

a wearable elastic band that can automatically monitor the leg size in a human subject for 

use in home-based edema monitoring applications. The new sensor can replace more 

expensive traditional strain sensors. 

In summary, the new supercapacitive sensors developed in this dissertation have  both 

high range and a sensitivity several orders of magnitude (at least 1000 times) higher than 

traditional MEMS capacitive sensors, in spite of their being easily fabricated from paper 

with no cleanroom facilities. With low cost, easy fabrication, and ultra-high sensitivity, 

this method of sensing holds the promise to potentially transform the standard practice in 

fabricating mechanical sensors.  

The contributions of this dissertation include development of a new sensing mechanism 

consisting of the use of a supercapacitor as the sensing device, the development of a new 

paper-based electrolyte with high flexibility, and development of many embodiments of 

these force/strain sensors including devices made entirely from paper and copper tape, 

novel normal-shear force sensors, a urethral catheter with distributed force sensors, and a 

wearable strain sensor for leg size monitoring.  
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