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ABSTRACT OF THE THESIS 

ELASTOMERIC SENSING OF PRESSURE WITH LIQUID METAL AND WIRELESS 

INDUCTIVE COUPLING 

by JACOB DICK 

Thesis Director: 

Aaron D. Mazzeo 

 This thesis describes resistance-based soft sensors filled with liquid metal and a 

methodology for inductive coupling of electromechanical responses without wired 

connections. By compressing a tube filled with liquid metal, the cross-sectional area 

changed, and the sensor detected pressure based on the associated change in electrical 

resistance. The objective of this work is to understand the effects of material choice, 

geometrical layout, and relative position of coils on the sensitivity of the wireless sensor. 

A material testing machine compressed a polyvinylchloride (PVC) tube, a fluorosilicone 

tube, and a silicone tube that connected to a reader through an inductively coupled pair of 

coils. Relating measured phase to applied loads resulted in measured sensitivities of 270 

milli degrees/N with PVC tubing, 78 millidegrees/N for fluorosilicone tubing, and 136 

millidegrees/N for silicone tubing. In addition, when loading the PVC sensor at a rate of 

1.44 mm/min and then 0.031 mm/min, the hysteresis changed by 85%. Strain sensing 

through inductive coupling has the potential to lead to future developments in haptics, 

smart gaskets, and epidermal electronics that will benefit from wireless connectivity. 
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Introduction  

Problem  

Given the nonlinear response to applied forces in soft material-based systems, 

there are efforts to embed sensors to monitor large displacements and strains.[1ï3] Soft 

actuators and compliant structures often deform into complex shapes. These shapes 

experience strains that are much higher than the dynamic range of conventional strain 

sensors. Soft strain sensors can measure strains greater than 100%, while conventional 

strain sensors have a dynamic range of 1% strain or less.[4] When loaded at 1% strain, 

conventional sensors fracture, and the electrical connection is lost. Current techniques for 

measuring large strain on soft materials typically involve wired connections. However, 

future applications in soft robotics, prosthetics, or smart seals may require strain 

measurements in places where it is not convenient or feasible to run wires. It is necessary 

for these applications for the sensor to be completely inside the components because parts 

in those fields form complex and continuously changing shapes. One approach that 

eliminates wired connections is magnetic inductive coupling. By measuring the change in 

impedance of a mutually coupled passive circuit, engineers can monitor the strain on 

highly flexible and stretchable parts.  

Motivation   

Measuring large strains on highly flexible and stretchable interfaces is becoming 

more important with developments in soft robots,[1,5] wearable electronics,[6] and 

exoskeletons.[7,8] These highly stretchable materials also have the potential to contribute 

to the areas of E-textiles, such as smart T-shirts,[9] flexible electronics,[10] epidermal 
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electronics,[11ï13] and flexible foot orthotics.[14] The ability to detect strain wirelessly in 

flexible and stretchable devices will be a major step in measuring these complex motions 

and deformations. This technology will make it possible to measure strain through 

nonconductive materials such as Ecoflex, acrylic, and glass. As a result, users will be able 

to read strain from embedded devices.  

Background 

Other papers have described extensive research on how to achieve flexible and 

stretchable electronic devices. Past designs achieved flexibility through methods such as 

buckled ultra-thin silicon wafers,[15] ultra-thin semiconductors,[16] and electrically 

conductive rubber.[17] Another approach is to use liquid conductors inside microfluidic 

channels made of elastomers. When designing these types of sensors researchers have 

successfully used mercury, carbon, silver, and eutectic-gallium indium (eGaIn).[18] In this 

thesis, we use eGaIn as the liquid conductor. 

EGaIn is a liquid conductor used in soft sensors because its high surface tension 

and low viscosity (2.4 mPa S) allow it to mold to unique shapes with minimal change in 

electrical and mechanical properties.[19] The high surface tension and moldability are a 

result of an oxide layer that forms on its surfaces exposed to oxygen. The resulting 

surface tension is as high as approximately 0.6 N/m.[19] While eGaIn is conventionally 

the conductor, the common encapsulating matrix that researchers use for designing 

microfluidic soft sensors is polydimethylsiloxane (PDMS).[3] 

EGaIn injected into microfluidic channels made from polydimethylsiloxane 

(PDMS) has unique behaviors when placed under pressure.[3] These sensors have a 
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minimum detectable pressure on the order of 15 kPa, and a maximum pressure on the 

order of 40 kPa.[3] Towards the top of the pressure range, there is a built-in hysteresis 

error. This hysteresis is rate dependent and becomes more apparent at above 40 kPa. In 

the strain domain, these sensors are linearly repeatable over a calibration curve that is 

also dependent on temperature. A calibration curve, given by equation 1, shows the 

dependence of resistance on temperature and strain. Where ȹR is the change in resistance 

of the sensor, R is the original resistance of the sensor, G is the gauge factor, ⱦ is the 

strain,Ŭ is the temperature coefficient, and ⱥ is the temperature change.[3] In addition to 

wired strain sensing, wireless strain sensing has also been a growing area of research.[20] 

                                                    
Ў

Ὃ‭ ‌—                                                          (1)                            

Passive wireless sensors either use inductively coupled circuits, or radio 

frequency circuits to detect strain. In 2002, John Butler et al. created sensors that 

operated by deforming an inductor while under strain. This deformation causes a change 

in resonance frequency of the sensor.[21] Butler used an LC tank circuit which had a bulk 

capacitor with a fixed value. He made the inductor out of 30 AWG magnet wire, and he 

embedded it in flexible epoxy. Butler used a gate dip meter to detect the changes in 

resonant frequency when the inductor deformed.  

In 2006, Yi Jia et al. made passive sensors that consist of a planar spiral inductor 

and an inter-digitated capacitor. Like in Butlersô research, a change in geometry of one of 

the components changes the resonant frequency of the sensor.[22] Yiôs capacitor operated 

by changing the distance between the capacitor plates or by changing the effective width 
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of each of the capacitator plates. Other researchers have investigated the use of magnetic 

soft materials to detect strain.[23]  

In 2008, Ee Lim Tan et al. used magnetically soft materials to measure strain. A 

flexible layer covers a magnetically soft material. A permanent magnet then covers the 

flexible layer. When the sensor deforms, the magnetic harmonic spectrum of the soft 

magnet changes.[23] Both a DC excitation coil and an AC excitation coil excited the soft 

magnet. A detector coil measured the harmonic frequency response. 

Passive wireless sensors also have applications in the biomedical industry. The 

sensors can measure intraocular pressure in glaucoma patients.[24] They can measure this 

pressure by using an LC circuit that operates at a resonant frequency of 350 MHz. The 

intraocular pressure causes the plates of the variable capacitor to bend towards each 

other. This effect changes the capacitance of the variable capacitor, and in turn, changes 

the resonant frequency of the circuit. This shift in resonant frequency makes it possible to 

measure the pressure. In a similar paper, Mark Allen embedded a passive wireless 

pressure sensor inside a dog to measure the pressure inside its arteries.[25] 

Recently, Seung Hee Jeong combined passive wireless sensing with soft materials 

by testing a coil that he made from PDMS and injected with eGaIn. He demonstrated that 

liquid injected into microfluidic channels could also support a wireless transfer of 

power.[26] His setup consisted of a soft coil made from a tube injected with eGaIn and a 

reader coil. The soft coil stretched and the reader coil output an AC signal. The reader 

then measured the response and calculated the power transfer efficiency. The results 
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show that an increase in resistance negatively affects power transfer efficiency. In this 

thesis, we aim to understand the characteristics of a similar setup. 

Objective  

We aim to understand the fundamental science and physics associated with the 

wireless inductive sensing of liquid metal-filled pressure sensors based on a resistive 

element. Also, our objective was to understand the effects that the mechanical loading 

has on the hysteresis of pressure sensing soft sensors. We are looking to understand how 

the mechanical loadings affect the wireless coupling and sensitivity. We also aim to show 

that we can embed these sensors in Ecoflex and obtain comparable results.  

Content 

This thesis focuses on investigating the characteristics and reliability of wireless 

eutectic-gallium indium (eGaIn) based soft sensors. The wireless sensing setup uses a 

pair of coupled inductive coils to read the strain or pressure on the sensing element. The 

sensing element can be a variable capacitor, inductor, resistor, or a crystal oscillator. In 

this paper, we focus on resistive based sensors that we made by embedding a liquid 

conductor (eGaIn) in Ecoflex, fluorosilicone rubber, and PVC.  

While we were compressing the sensor, we found the results drifted over time. 

When we loaded the sensor to above 10 N, the resistance vs. loading curve shifted 

upward. We hypothesized that this was a result of a growing oxidation layer. The eGaIn 

oxidation layer can grow through diffusion of oxygen through the rubber material. Also, 

the oxidation layer can break while we load the sensor, and re-form as fresh eGaIn fills 
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the cracks that form under loading. We investigated the growth of this oxidation layer 

and determined if it affects the repeatability of the sensor. 

We also investigated the effect of stress-induced creep on these sensors. We 

hypothesized that the creep in the three host materials, silicone rubber, fluorosilicone 

rubber, and PVC, can have a larger effect on the hysteresis of the sensor than the 

oxidation. To establish the effects of the creep on the loading curve, we tested the effects 

due to the rate of loading. 

The research concluded with an investigation into how all the earlier effects that 

we tested on a wired setup affected the wireless sensitivity of the sensor. Also, we wanted 

to determine how the distance between the coils affected the sensitivity and the effect of 

embedding the sensor into Ecoflex.  
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Experimental Design  

Resistive Soft Sensors Filled with Liquid Metals 

 This work focuses on the wired response of a resistive soft sensor. The sensing 

element consists of a microfluidic tube that we injected with eutectic-gallium indium. 

The tube had an outer diameter of 1/32ò and an inner diameter of 1/16ò. The total length 

of the PVC tube was 6.87 inches, and the initial resistance of the PVC tube was 0.38 

ohms. The total length of the fluorosilicone tube was 6.98 inches, and the initial 

resistance of the fluorosilicone tube was 0.51 ohms.  The total length of the silicone tube 

was 6.86 inches, and the initial resistance of the silicone tube was 0.38 ohms. However, 

the magnitude of the impedance of the sensor is much higher because the sensor also has 

an inductive component. Equation 2 gives the DC resistance of a conductor: 

                                                                 Ɑ ⱬ
■

═
                                                           (2) 

where ɟ is the resistivity of eGaIn; 29.4·10-6 ɋ*cm.[27] L and A are the lengths and the 

cross-sectional area of the tube respectively. When we apply pressure to the tube, the 

cross-sectional area of the tube decreases. This decrease in the cross-sectional area 

increases the resistive component of the impedance. We show this system in figure 1. 

When we apply a strain to the tube, the length of tube increases, and the resistive 

component of the impedance increases. Equation 2 is the basic theory on how all resistive 

based sensors operate. However, soft sensors operate in a different force regime than the 

conventional copper strain sensors because the mechanical properties of soft materials 

differ from solid metal sensors.  
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Figure 1: (a) Overview of the wireless sensing system with a reader and sensor. (b) 

High-strain, wireless soft sensor. C) Sensor cross section (Credit Ben Hogan). 
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The main property that determines the ease by which the sensor can change cross-

sectional area is the elastic modulus. Research in the field indicates that we can assume 

the hydrostatic pressure from the liquid metal is negligible to the applied pressure on the  

tube.[2] As a result, the elastic modulus of the encapsulating matrix is more important to 

consider. Most soft materials have moduli of elasticity between 102-106 Pa. Whereas, 

most solid metals have moduli of elasticity of 1 GPa or greater.[1] The difference in the 

elastic moduli of metals when compared to soft materials is three orders of magnitude. 

This difference allows the soft materials to have applications in soft sensing without as 

much mechanical impedance. In this paper, we tested three tubes made from PVC, 

fluorosilicone, and silicone respectively. PVC had an elastic modulus of between 2.5·109 

Pa and 3.0·109Pa.[28] Fluorosilicone rubber had an elastic modulus of  6.9·107 Pa.[29] 

PDMS had an elastic modulus of 7.50·105 Pa.[30] The PDMS and the fluorosilicone have 

lower moduli of elasticity than the PVC.  

 Elastomers, such as PDMS and flourosilicone, have low elastic moduli because 

they are made up of cross-linking chains of monomers that have a large number of 

possible orientations. The high mobility and a large number of orientations for the chains 

of monomers cause elastomers to have low elastic moduli. By comparison, PVC is a 

linear polymer and a thermoplastic. The monomer chains of linear polymers coil but do 

not cross-link with one another. Metallic and ceramic materials require dislocation of 

molecules or a change in the interatomic distance between the atoms to stretch. As a 

result, metals and ceramics have a higher elastic modulus than elastomers and PVC. 

From a thermodynamic perspective, ideal metals experience a change in internal energy 
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when they undergo stress. Ideal elastomers experience a decrease in entropy when they 

undergo stress.[31]  

We fabricated the sensors using a syringe. Figure 2 illustrates the fabrication 

process of the sensor. We placed a syringe into one side of the tube and left the opposite 

end open. This opening allowed oxygen to escape the tube. We then injected eGaIn 

through the soft tube until the eGaIn was starting to leak out the other end of the tube. We 

then inserted one copper lead into the open end of the tube. This process assured that the 

tube was free of excess oxygen, and it caused the eGaIn to be under slight pressure. This 

pressure causes the eGaIn to rise when we remove the syringe. We then inserted the last 

copper lead and sealed the tube with hot glue and electrical tape. We used 20 AWG 

copper wire with 0.2ò HMWPE insulation and 1/16ò OD diameter tubes. The wire 

insulation helped to seal the liquid metal inside the tube because the outer diameter of the 

wire was larger than the inner diameter of the tube. To form a more rigid connection, we 

used barber tube connectors to join the wires to the tubes. A 3D printed shell held the 

tube in place while pins compressed the sensor.  
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Figure 2: Fabrication Process of EGaIn filled soft tube. a) A syringe injects EGaIn into 

the tube. b) We insert leads into to the ends of the tube c) We seal the tubes 

with hot glue and heat shrink. d) Completed Sensor. 
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Inductive Coupling Theory 

 The inductively coupled sensor consists of four or five components; the reader, 

the reader inductor, the sensor inductor, a capacitor (optional), and a sensing element. 

The reader sends out an input signal, and it calculates the impedance of the total system 

based on the response it receives. The reader inductor mutually will couple to the sensor 

coil. This mutual inductance between the reader coil and the sensor coil is the mechanism 

in which the reader communicates with the sensor. Equation 3 gives the effective 

impedance of the device.  

                                          ╩▄██ ╩ ▒ⱷ╛
▒ⱷ╜

▒ⱷ╛
▒ⱷ╒

╡ ▒ⱷ╛
                              (3) 

The inductors in the system create a tendency for the response to lead the input 

signal. When we add a capacitor to the sensor side of the system, it creates a tendency for 

the response to lag the input signal. Those two effects counterbalance each other, and at 

resonance, they cancel each other out. Resonance is the point of maximum energy 

transfer between the reader and sensor. This effect is a result of the capacitor releasing 

the right amount of energy to the inductor at the perfect time to create positive inference 

between the components. Equation 4 gives the resonant frequency of the device.  

                                                        ⱷ▪ Ѝ╒╛
                                                          (4)  

The applied strain to the system causes each of the components to deform. The 

deformation of the capacitor or the inductor causes the resonant frequency to shift. The 

resistance change causes the phase angle and magnitude of the impedance curves to shift.   
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Most research on this topic tries to isolate the effects of the deformation to one 

component. The capacitance of the system changes when we alter the distance between 

the plates of an interdigitated capacitor.[22] John Butler changed the dimensions of a 

solenoid to change the impedance curve due to inductance.[21] The impedance due to the 

resistance of our system changes when we alter the dimensions of the microchannel in 

our sensor. However, there is a parasitic capacitance associated with each component, 

and our microchannel had an inductance that caused the imaginary impedance to be much 

larger than the real component at our operating frequency of 1MHz.  

The sensitivity of a non-resonant sensor is dependent on the mutual inductance of 

the coil pair. Equation 5 is the definition of the mutual inductance of the coil pair. The 

inductance of the coils is dependent on the geometry of the circuit. The k factor is the 

quantity that determines the sensitivity of the sensor. We hypothesized in this thesis that 

the distance between the coil pairs determined the sensitivity of the sensor. Therefore, we 

believe that there is a relationship between the distance between the coils and the k factor. 

                                                        ὓ Ὧ ὒὒ                                                       (5) 

In our experiment, we measured the electromechanical response of the coil pairs 

with the coil pairs separated ıò and 1ò. The medium between the sensors was ambient 

air. However, we later tested the sensor with acrylic sheets in between the coils. The coils 

had a width and length of 4 inches, and there were 13 turns. We loaded the sensors at an 

average rate of 1.25 mm/min. We aimed to observe the change in sensitivity of the sensor 

based on coil separation. 
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Electrical Characterization with Impedance Analysis 

Our first inquiry into the behavior of the sensor was the chemical oxidation of 

eGaIn in the microfluidic channels. When eGaIn comes into contact with oxygen, the 

liquid conductor oxidizes and forms a thin skin made up primarily of GaO3.
[32] This 

oxidation occurs at the interface between the PDMS and the eGaIn because the PDMS is 

permeable to oxygen. The oxide layer is not permeable to air, but PDMS is permeable to 

air. To test our hypothesis, we measured the impedance of an unstrained tube, filled with 

eGaIn, in an environmental chamber, along with sensors made from various other tube 

materials, over a three-day period. The environmental chamber kept the temperature and 

humidity at 25 ǓC and 50% respectively. We tested a silicone rubber tube (McMaster-

Carr 5236K203), a fluorosilicone rubber tube (McMaster-Carr 9627T11), and a PVC 

plastic tube (McMaster-Carr 5233K91). PDMS has a permeability of 60 [ccôs (RTP) 

cm/sec sqcm cm Hg deltaP] with air.[33] Fluorosilicone rubber has a permeability of 11 

[ccôs (RTP) cm/sec sqcm cm Hg deltaP] with air. PVC has a permeability of 0.014 [ccôs 

(RTP) cm/sec sqcm cm Hg deltaP] with air. 

We calculated the RMS difference from the mean by first calculating the mean 

from each data set. We then subtracted each data point from the mean. We then 

calculated the RMS value of the resulting data set. To resolve the difference in initial 

resistance, we normalized the RMS difference from the mean based on the initial 

resistance. Equation 6 shows how we calculated the RMS difference from the mean. 

Where ὥ is the mean of the data set, and Xi is a point in the data set, N is the number of 

points in the data set, and R0 is the intial resistance. 
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                    ὙὓὛ

Ễ

                                         (6)      

Another indication of the variation of the oxidation is the percent drift of the 

overall resistance. We calculated the percent drift by averaging the data points that the 

VNA measured in the first 30 minutes of a 72-hour experiment, and then averaging the 

data points that the VNA measured in the last 30 minutes of the experiment.  Equation 7 

shows the calculation of the percent drift.  

                         ὖὩὶὧὩὲὸ ὈὶὭὪὸ                                         (7)                           

However, we wanted to test whether we could cause the oxide layer to grow by 

straining the sensor. We believed mechanical strain caused the oxidation layer to break, 

and fresh eGaIn to move to the surface. This fresh eGaIn layer oxidizes, and the oxide 

layer grows. We tested this mechanical behavior of the oxide layer by repeatedly 

compressing the tubes. To perform this test, we attached the three tubes to a material 

testing machine and compressed them from 0% strain to 75% strain. The testing machine 

compressed the tubes 15 times. The PDMS experienced a maximum force of 20 N, the 

fluorosilicone rubber experienced a force of 54 N, and the PVC experienced a force of 53 

N. A vector network analyzer measured the behavior of the impedance of the tubes over 

time. We performed microscopy on samples after repetitive pressure testing to observe 

the change in the surface of the eGaIn. Figure 3 shows the microscopy image for the 

PVC. The left side is the uncompressed tube, and the right side is the compressed tube. 

We noticed that the eGaIn at the core of the tube remains in the same state. However, the 
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encapsulating matrix shows black bands, which are locations in which the test fixture 

deformed the matrix material.  
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Figure 3: Microscopy image of PVC tube showing the bands formed at the interface the 

compressed and uncompressed sensor. On the left is the uncompressed tube, 

and the on the right is the compressed tube.  
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Material Mechanical Characterization 

We also found that the materials experienced creep when under a load of above 

5 N. We believe that the creep in the material is the cause for hysteresis error when the 

sensor decompresses. The magnitude of time-dependent creep in a material is 

temperature dependent. The homologous temperature, defined by equation 8, determines 

how comparable the creep of the stress value is to the nominal stress value. Creep 

becomes apparent at a homologous temperature above 0.5 for metals and 0.4 for 

ceramics. The glass transition temperature is a better indicator of creep for the polymers 

that we used in our experiments. As a result, some polymers, such as PVC, 

fluorosilicone, and silicone, experience creep at room temperature.[31] 

                                                             Ὕ ὝȾὝ                                                    (8) 

To show the effect of this phenomenon on our sensors, we compressed our sensor 

until the system achieved a load of 40 N. We changed this parameter to 55 N for PVC. 

The material testing machine then held its fixtures position for 2 hours, and we collected 

the force, impedance, and phase data.  

To show how this phenomenon can affect hysteresis, we compressed and 

decompressed the sensor 48 times in two hours, and then we compressed and 

decompressed the sensor one time in 2 hours. We hypothesized that the hysteresis would 

be smaller with a less frequent compression cycle because the material will have more 

time to follow the material testing compression fixture. The microscopy images of the 

PVC tube in figure 3 shows the resulting black bands at the interface between the 



19 
 

 

compression device and the uncompressed tube. These black bands indicate residual 

stress where the material has not come back to its original state. 
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Mechanical Testing and Characterization 

We tested two sensor setups; a wired and a wireless setup. The wired sensor 

layout consisted of a resistive tube that connected to a vector network analyzer. We 

created a base to hold a tube filled with eutectic gallium, and we used a top assembly 

with two different contact area sizes to apply varying loads to the tube. The fixture that 

we used for testing had a contact area of 0.8 mm2. This top assembly applied varying 

amounts of load to the sensor at a rate of 0.02 mm/s and 1.25 mm/s on average. We 

performed these tests on three tube types; PVC, fluorosilicone, and silicone. These tests 

helped us to understand the relationship between hysteresis and rate of loading.  

We also tested a fixture with a contact area of 0.2 mm2 at a rate of 1.25 mm/s on 

average. This fixture served to help us understand how a decrease in contact area can 

affect the sensitivity of the sensor. We hypothesized that a smaller load contact area 

would increase the pressure applied to the sensor. The increase in pressure will decrease 

the necessary force required to compress the sensor. We tested the same three tubes that 

we tested with the larger fixture.  

For our second setup, we attached the sensor to a pair of inductively coupled 

coils. The sensor attached to a sensor coil, and the reader coil attached to a vector 

network analyzer. We tested the sensor with a fixture that had a 0.8 mm2 contact area. To 

test the effect of coil distance, we varied the spacing between the sensor coil and reader 

coil. The material testing machine compressed the same three tubes that it tested in the 

wired tests. We compressed the silicone rubber and fluorosilicone rubber sensor to a 

maximum load of 50 N. We compressed the PVC tube sensor to 60 N. Figure 4 shows 

our two test setups. The response can also change based on the translation of the coil in 
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the horizontal plane, and the orientation of the coils. However, the scope of this thesis 

focuses on the normal distance between the coils and keeps the other variables constant.  
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Figure 4: a) Resistive sensing test Setup b) Wireless sensing test setup (Optional 

Capacitor).  
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Results and Discussions  

When we placed the tubes in the environmental chamber, we found that the 

impedance for each tube stayed constant. The PVC tube had an RMS difference from the 

mean of 0.011, the fluorosilicone tube had an RMS difference from the mean of 0.008, 

and the silicone tube had an RMS difference from the mean of 0.014. The PVC tube had 

a percent drift of 1.3%, the fluorosilicone tube had a percent drift of 0.13%, and the 

silicone tube had a percent drift of 4.2%. Due to a large volume of noise, we smoothed 

the reading using a local regression technique in Matlab. These results are not completely 

conclusive, but they suggest that oxidation of the eGaIn inside the tube may have had a 

negligible effect on the drift of the impedance readings. Figure 5 shows the results of this 

test. Based on the results of the oxidation test, we concluded that the hysteresis was not 

due to the oxidation of the eGaIn. 

When we tested for creep in the host materials, we found that this effect was a 

more apparent cause for the hysteresis. When we compressed the sensor and held the 

sensor at a constant extension, we found that the load decreased over time, and the 

impedance increased. Figure 6 shows the results of the creep test. The results show two 

regions: a region of large change in load and impedance, and a region of slow change in 

load and impedance. In the first region, load quickly and linearly decreases over time, 

and impedance quickly and linearly increases over time. In the second region, load 

slowly and linearly decreases over time, and impedance slowly and linearly increases 

over time. This behavior is consistent with the theory. The theory states that the rate of 

straining of the material under constant stress will asymptote to a point exponentially.  
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Figure 5: Impedance of a Silicone Tube, a Fluorosilicone Tube, and a PVC tube over a 

period of 72 hours shows an insignificant change over time. 
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The results in Figure 6 show that the load from the PVC tube, the fluorosilicone 

tube, and the silicone tube decreased by 41%, 21%, and 11% respectively. The 

impedance of the PVC tube, the fluorosilicone tube, and the silicone tube increased by 52 

%, 82%, and 308% respectively. The interesting point is that the PVC has the largest 

decrease in load when tested. However, it had the lowest change in impedance. This 

effect is a result of the difference in elastic modulus. The elastic moduli of PVC is 

2.5·109 Pa, the elastic moduli of fluorosilicone is 6.9·107 Pa, and the elastic moduli of 

silicone rubber is 7.50·105 Pa. As a result, the PVC experienced the smallest change in 

strain. The PDMS tube experiences the largest change in strain, and the fluorosilicone 

tube has a change in strain that is in between PVC tube and Silicone rubber tube.  
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Figure 6: Constant Load Material Creep Test  
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During the second test, shown in Figure 7, we found that a change in the rate of 

compression from 0.2 mm/min to 0.8 mm/min influenced the behavior of the sensor. 

When compared to the curves for the compression at 0.8 mm/min, the sensor with a 

compression rate of 0.2 mm/min experienced a higher maximum impedance. The sensors 

also experienced a lower maximum force when operated a rate of 0.2 mm/min compared 

to a rate of 0.8 mm/min. As a result, the slope of the response curve was larger when the 

rate of compression was 0.2 mm/min when compared to the response of the sensor when 

compressed at 0.8 mm/min. This result shows that the sensitivity of the sensor is rate 

dependent. 

 The rate of compression of the tube also influenced the hysteresis of the response 

curve. We calculated the hysteresis error by finding the difference between each data 

point on the compression curve and each corresponding point with the same force value 

on the decompression curve. The PVC tube had a hysteresis of -0.4448 when compressed 

at a rate of 1.44 mm/s, and the sensor had a hysteresis of approximately zero when 

compressed at a rate of 0.031 mm/s. The flourosilicone rubber tube had a hysteresis of 

0.8544 when compressed at a rate of 1 mm/s, and the sensor had a hysteresis of 2.8854 

when compressed at a rate of 0.022 mm/s. The silicone rubber tube had a hysteresis of -

1.6398 when compressed at a rate of 1.16 mm/s, and the sensor had a hysteresis of 1.2797  

when compressed at a rate of 0.024 mm/s.  

 These results confirm that the creep influences the time-dependent nature of the 

sensors. The sensors are not able to reach as high of a load when compressed at a slower 

rate because the creep lowers the force as the tube strains. The effect of creep also causes 

the resistance of the sensor to increase with time. This time-dependent increase in 
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resistance causes the sensor to have a higher maximum impedance when loaded at a 0.2 

mm/min when compared to loading at 0.8 mm/min. 
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Figure 7: Effect of loading Speed on impedance response of a soft sensor. a) PVC Sensor 

b) Flourosilicone Sensor c) Silicone Rubber Sensor. 

 


