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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

Thisthesisdescribes r@stancebased soft sensors filled with liquidetalanda
methodology foinductive couplingf electromechanical responses without wired
connectionsBy compressing a tube filled with liquidetal, the crossectional area
changedand thesensor deteetl pressure based dhe associated changealectrical
resistanceThe objectiveof this workis to understand theffects of material choice,
geometricalayout,andrelative position of coil®n the sensitivity of the wireless sensor.
A material testingnachinecompressed polyvinylchloride PVC) tube, afluorosilicone
tube, and aikcone tubethatconnected to a reader throughiauctively couplegair of
coils. Relating measured phase to applied loads resmtectasuredensitivtiesof 270
milli degreesM with PVC tubing 78 millidegreesN for fluorosiliconetubing and 136
millidegreesN for silicone tubingIn addition when loadinghe PVC sensor at a rate of
1.44mm/minand ther0.031mm/min the tysteresis changed by b Strain sensing
through inductive coupling has the potentialeéad to future developments in haptics,

smartgakets, and epidermal electronitst will benefit from wireless connectivity.
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Introduction

Problem

Given thenonlinearresponse to applied forces in soft matebiased systems,
there are efforts to embed sensors to monitor large dispéatts and strair§ 3 Soft
actuators and compliant structures often deform into complex shapes. These shapes
experience strains that are much higher than the dynamic range of convesttainal
sensorsSoft strainsensors cameasure strains greater tHE00% while conventional
strain sensors have a dynamic rang&%fstrain or les§! When loaded at% strain
conventionakensors fracture, and the electrical connection is@astent techniques for
measuring large strain on soft materials typically involve wired connectimveever,
future applications in soft robotics, prostheticssmartseals mnay require strain
measurements in places where it is not convenient or feasible to runlinsegcessary
for these applications fahe sensor to beompletelyinsidethe componentbecausgarts
in those fielddorm complex anctontinuouslychangingshapesOne approacthat
eliminaeswired connections is magnetic inductive coupliBg.measuring the change in
impedance of a mutually coupledssive circuit, engineecanmonitorthe stain on

highly flexible and stretchable parts
Motivation

Measuing large strains on higyflexible and stretchablmterfacess becoming
more importantvith developments in soft robgfs’ wearableslectronicg® and
exoskeleton§® These highly stretchable materialsohavethe potential to contribute

to the areas of fextiles such as smart-$hirts® flexible electronics!® epidermal



electronicg!Y' 3 andflexible foot athoticsi**! The ability todetect strairwirelesslyin
flexible and stretchabldevices will bea major step in asuringhesecomplex motions
and deformationsT his technologyvill make it possibleto measure straithrough
nonconductivenateriab such agcoflex, acrylic, and glassAs a resultuserswill be able

to read strairfrom enbedded devices
Background

Other papers have described extensive research on how to achieve flexible and
stretchable electronic devices. Past desagpisevel flexibility through methods such as
buckledultra-thin silicon waferd!®! ultra-thin semiconductorg®! andelectrically
conductiverubber*”! Another approacts to use liquidconducbrsinside microfluidic
channels made of elastomérghen designing these types of sensors researchers have
successfully usethercury,carbon silver, andeutecticgallium indium (eGaln).*8 In this

thesis, wause &aln as the liquidonductor.

EGalnis aliquid conductor usein soft sensors becauseliigh surface tension
and low viscosity2.4mPaS) allow it to mdd to uniqueshapes withminimal changen
electricaland mechanical properti€€! The high surface tension and moldabiktga
result ofanoxide layerthat forms on its surfacexposedo oxygen The resulting
surface tension is d8gh as approximatel.6 N/m™*° While eGalnis conventionally
theconductoythe commorencapsulatingnatrix that esearchers use for designing

microfluidic soft sensors igolydimethylsiloxane (PDMSY!

EGalninjectedinto micrdluidic channels made fropolydimethylsiloxane

(PDMS)has unique behaviors when placed under presdufaese sensors hage



minimum detectable pressure on the ordelf5{Pa, and a maximum pressusa the

order of40 kPa.®! Towards the top of the pressuemge there is auilt-in hysteresis
error.This hysteresis is rate dependent and becomes more appaieovetO kPa In

the straindoman, these sensoege linearly repeatable over a calibration cuhat is

also dependent on temperatukecalibration curve, given by equation 1, shows the
dependence of resistance on temperature
of the sasor, R is the original resistance of the sensor, G is the gauge fasttire

strain i s the t emper#is$toertempecature Ehanghiniadditiantp a n d

wired strain sensing, wireless strain sensiag also been a growing area of resegfth

|

g | — (1)

Passivenireless sensomitheruseinductively coupled circuits, or radio
frequency circuit$o detect strainin 2002, John Butleet al.created sesors that
operaté by deforminganinductorwhile under strain. This deformation causes a change
in resonance frequency of the seri$BButler used an LC tank circuit which had a bulk
capacitor with a fixed valuéle made théenductorout of30 AWG magnet wireandhe
embeddedt in flexible epoy. Butler used a gate dip meter to detect the changes in

resonant frequenayhen the inductor deformed

In 2006, Yi Jiaet al.made passive sensors that consistghaar spiral inductor
and an intedigitated capacitolLikeinBu t | e r s ,Ga chagesnegaanetrytof one of
the componentshangesheresonant frequency of the sen&8rY is @apacitor operated

by changing the distance between the capacitor pateg changindghe effective width



of each of theapacitatoplates.Other researchers have investigated theofisgagnetic

soft materials to detect straify!

In 2008, Ee Lim Tart 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 spesftthmsoft
magnetthange$?® Both a DC excitatioroil and an AC excitation coéxcited the soft

magnetA detector coil measured the harmonic frequency response

Passive wireless sensors dswe applications in the biomedical indusiie
sensors can measure intraocular pressure in glaucoma pétiéftisy can measure this
pressure by usingn LC circuit that operates at a resonant frequency of 350 Mhie.
intraocular pressure causes the platesef/triable capaat 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 sdmpaperMark Allen embedded a passive wireless

pressure sensor inside a dog to measure the pressure inside its/&¥teries.

Recently Seung e Jengcombined pssive wireless sensing with soft materials
by testing a coithat hemade from PDMS and injected witlGaln. Hedemonstratethat
liquid injected into microfluidic channet®uld also supporawireless transfer of
power?8 His setup consisted of a soft coil made from a tube injecteda@tinand a
reader coil. The soft coil stretched and the reader coil output an AC signal. The reader

then measured thresponsand calculated the powgansfe efficiency. The results



showthat a increase in resistance negatively affects power transfer efficienttys

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

Objective

We aim tounderstandhe fundamental sciencand physics associated with the
wireless inductive sensirgf liquid metatfilled pressuresensordased on a resistive
elementAlso, our objective was to understatine effects that thenechanical loading
hason the hysteresisf pressue sensing soft ssorsWe arelooking to understand how
the mechanical loadings affect the wireless coupling and sensitégplsoaim toshow

that we can embed these sensoifScdlex and obtain comparable results

Content

Thisthesisfocuses on investigatirthe characteristics and reliabiliby wireless
eutectiegallium indium (eGaln) based soft sensorBhewireless sensing setup uses a
pair of couplednductivecoils to read thetrainor pressure on the sensing elemé&he
sensing element cdeavariade capacitor, inductorgsistor, or a crystal oscillator. In
this paper, we focus aesistivebasedsensors that we made by embedditigad

conductor (&aln) in Ecoflex fluorosilicone ubber, and PVC.

While we werecompressinghe sensor, we fountie results drifted over time.
When we loaded the sensor to above 10 Nrehistance vsobhding curve shifted
upward.We hypothesized thahis wasa result ofa growingoxidation layerTheeGaln
oxidation layer can grow through diffusion of oxyganough the rubber materiahlso,

the oxidation layer can breakhile we load the sensaard re-form as fresteGaln fills



the cracks that form under loadine investigatd the growthof this oxidation layer

and determingif it affectsthe repeatability of the sensor.

We also investigated the effectsifessinducedcreep on these sensovée
hypothesized that the creepthethree host materials, silie® rubber, ltiorosilicone
rubber, and PVC, cdmave a largeeffect onthe hysteresis of the sengban the
oxidation To establish the effects of the creep on the loading curve, we testecktis eff

due to the rate of loading.

The research concluded tian investigation into howall the earliereffectsthat
we testedn a wired setupffected the wireless sensitivity of the sengdso, we wanted
to determine how the distance between the effésted thesensitivityand the effecof

embedding the ssor intoEcoflex.



Experimental Design

Resistive Soft Sensors Filled with Liquid Metals

This work focuses on the wired response of a resistive soft s@hgosensing
element consists ofraicrofluidic tube that we injected with eutectyallium indum.
The tube had an outer diameter of 1/ 320
of thePVCtube was.87 inches, and the initial sestance of th®VC tube wa®.38
ohms The total length of thBuorosiliconetube was5.98 inches, and thaitial
resistance of thBuorosiliconetube wa€).51 ohms. The total length of tlsliconetube
was6.86 inches, and the initial resistance of gikconetube wa€.38 ohms.However,
themagnitudeof the impedance of the sensor is much higherusthe sensor also has

an inductive componenEquation2 gives theDC resistance of a conductor

)

wh e r igtheyesistivity of €&5aln; 29.4-1¢ g * c.#l L and A are thdengtrs andthe
crosssectional area of the tube respectivélifnen we apply pressure to the tube, the
crosssectionalrea of the tube decreasé&his decrease ithecrosssectionalarea

increases the resistive component of the impedadeeshow thisystemin figure 1.

When we apply a strain to the tube, the length of tube increases, and the resistive
component of thempedance increasdsquation? is the basic theory on hoall resistive
based sensors operdtitowever, sft sensor®perate in a different force regime than the
conventional copper strain sensors because the mechanical properties of soft materials

differ from solid metal sensors.



Sensing
Element

Undeformed Tube

Figure 1: (a) Overview ofhe wirelessensing system with a reader and sensor. (b)
High-strain, wireless soft sensor. C) Sensor cross section (Credit Ben JHogan



The main prpertythat determiesthe ease by which the sensor can chamgss
sectionalrea is the elastic modullR®esearch in the field indicatdsat we can assume

the hydrostatic pressure from the liquid meétalegligible to the applied pressure on the

tubel® As a result, the elastic modulus of the encapsulating matrix is more important to
considerMost soft materials have moduli dbsticity between 1910° Pa. Whereas,
mostsolid metals have moduli ofi@sticity of 1 GPaor greatef!! The difference in the
elastic moduliof metals when compared to soft materialhireeorders of magnitude.

This difference allows th soft materials to have applications in soft sensing without as
much mechanicampedanceln this paperwe testedhreetubes made from PVC,
fluorosilicone, and silicone respectiveBVC had an elastic modulus of between 2.%-10
Pa and 3.0:0°Pal?® Fluorosilicone rubber had an elastic modulus of 6.9PE®!

PDMS hadanelastic modulus of 7.50-2®al*¥ The PDMS and thél uorosiliconehave

lower modul of elasticitythan the PVC

Elastomers, such as PDM&dflourosilicone havelow elastic modulbeause
they are made up afrosslinking chains of monomerthathave a large numbef
paossibleorientations The high mobility anda large numbeof orientationgor the chains
of monomergauseclastomerso havelow elastic moduliBy comparisonPVC is a
linearpolymerand a thermplastic The monomer chains of linear polymers coil but do
notcrosslink with one anothemMetalic andceramic materialsequire dislocation of
molecules or a change in the interatomic distance betweeatdmdo stretch. As a
result,metals and ceramidsave ahigher elastic modulus thafastomerand PVC

From a thermodynamic perspectiideal metals experience a change in internal energy
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when theyundergostressideal elastomers experience a @éase in entropy whdahey

undergo stregs!!

We fabricated the sensors using a syrikggure 2 illustrateshe fabrication
process of the sense placel asyringe into one side of the tube datt theopposite
endopen.This openingallowed oxygen to escape the tuldée then injected®aln
through the soft tube until the eGaln was starting to leak out the other end of the tube. We
then inserted one coppeald into the open end of the tub&is process assured that the
tube was free of excess oxygen, and it caused the eGaln to be under slight pressure. This
pressure causes the eGaln to rise whememove the syring&Ve then inserted the last
coppereadand sealed the tube with hot glue and electrical tafeeused 20 AWG
copperwirewittD. 206 HMWPE i nsul ati on ahhdwirk/ 160 OD
insulation helped to seal the liquid metal inside the tube because the outer dodutiegter
wire was largerhan the inner diameter of the tuli® form a more rigid connection, we
used barber tube connectorgdim the wires to the tubeé 3D printed shell helthe

tube in place while pins compresithe sensor.
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EGaln

P

I

B
Lead Wires
C
Sealing
Mechanism
D

Figure 2: Fabrication Process of EGalnlifed soft tube. a) A syringe injects EGaln into
the tube. b) We insert leads into to the ends of the tube c) We seal the tubes
with hot glue and heat shrinll) Completed Sensor
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Inductive Coupling Theory

Theinductively coupled sensor consistf four or five componentsthe reader
the reader inductpthe sensor inductpa capacitor (optionalgndasensing element.
The reader sends out an input signal, and it calculates the impedance of the total system
based on the response it receivEle readr inductor mutuléy will coupleto 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. Equatores the effective

impedance of the device.

3

Theinductors in the system cread@endency for the response to lead the input
signal.When we add a capacitor to the sersde of the system, it creates a tendency for
the response to lag the input sigridiose two effectsountebalancesach other, and at
resonancethey cancel each other o&esonance is the point of maximum energy
transfer between the reader and senBais effectis a result of the capacitor releasing
the right amount of energy to the inductor at the perfect time to create positive inference

between the componentsquatiord gives the resonant frequency of the device.

(4)

. T

The appliedstrain to the systemauses each tfie componesstto deform The
deformation of theapacitoror theinductorcauses the resoant frequencyo shift. The

resistancehange causdle phase angle and magnitude of the impedamaces to shift
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Most researclon this topic tries to isolate the effects of the deformation to one
componentThe capacitance of the system changeswiealterthe distance between
the plates ofininterdigitated capacitd?? John Butér dhanged the dimensis of a
solenoid to change the impedance curve due to indudfahthe impedance due to the
resistance obur system changes when wkerthe dimensions of the microchannel in
our sensorHowever, there is a parasitic capacitance associated with each component,
and oumicrochannelhad an inductance that cadske imaginarympedancedo be much

larger than the real component at our operdtiaguencyof 1MHz.

The sensitivity of a nomesonant sensor is dependent on the mutual inductance of
the coil pairEquation Ss the cefinition of themutud inductance of the coil pair. The
inductanceof the coilsis dependent on the geometry of the circuit. The k factor is the
guantity that determines the sensitivity of the senat@ hypothesizeah this thesighat
the distance étween the coil pairdeterminedhe sensitivity of the sensorherefore, we

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

0 Q00 (5)

In our experiment, we measured the electromechanical response of the coil pairs
with the coil pairs separated 10 and 10.
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/mi/e aimedo observe the change in sensitivity of the senso

based on colil separation.
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Electrical Characterization with Impedance Analysis

Ouir first inquiry into the behavior of the sensor wasdemical oxidation of
eGaln inthe microfluidic channeldVhen &alncomes into contaetith oxygen, the
liquid conductor oxidizes and forms a thin skimade up primarily of Gag®*a This
oxidation occurs at the inface between the PDMS and ti@an because the PDMS is
permeable to oxygeithe oxide layers not permeable to air, bBDMSis permeable to
air. To test our hypothesis, we meagiitiee impedance of an unstrainedbe,filled with
eGaln,in an environmental chamber, along with sensors made from various other tube
materials, over a thregay period.The environmental chamber kepe temperature and
humidity at 25% and 50% respectivelWe teseda silicone rubber tubéMcMaster
Carr5236K203), dluorosiliconerubber tubeNIcMasterCarr9627T11), and a PVC
plastic tube McMasterCarr5233K91).PDMS ha a permeabilityof6) cc 6s ( RTP)
cm/secsqecmem Hg deltaPwith air.23! Fluorosiliconerubber ha a permeability of 11
[ cc6s ( R3gEPmcm Elgukelsfenth air. PVC haa permeabilityod. 014 [ cc6s

(RTP) cm/sesgcmem Hg deltaPjvith air.

We calculated the RMS difference from the mearfingy calculating the mean
from each data set. We then subtracted each data point feametim\We then
calculated the RMS value of the resulting dataBetesolve the difference in initial
resistance, we normalized the RMS difference from the mean based on the initial
resistanceEquation6é shows how we calculated the RMS difference ftbemmean.
Where®is the mean of the data set, andsXa point in the data set, N is the number of

points inthe data setand R is the intial resistance.
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YO Y (6)

Another indication of the variation of tlexidation is the percent drift of the
overallresistanceWe calculatedhe percent drift by averaging the data points that the
VNA measured in the fir’20 mnutesof a 72-hourexperimentand then averaging the
data pints that the VNA measured in the last 30 minutes of the experirkepiation?

shows the calculation of the percent drift.

0 Q1 O@it B0 7)

However, we wanted to test whether we could cause the oxide layer to grow by
straining thesensorWe believed rachanical strain caudéhe oxidation layeto break
and fresh &alnto moveto the surfaceThis fresheGaln hyeroxidizes and the oxide
layer growsWe tested this mechanical behavior of the oxide layeepgatedly
compressinghe tubs. To perform this test, we attached the three tubesnatarial
testingmachine andompressed them from 0% strain/&o strain.The testing machine
compressed the tubes 15 timése PDMS experiencdea maximum force o020 N, the
fluorosiliconerubber experienaka force 054 N, and the PVC experienced a forcesaf
N. A vector network analyzeneasuredhe behavior of thenpedancef the tubes over
time. We performed microscopy on sampédter repetitive pressutesting to observe
the chang in the surface of theGaln Figure3 shows thenicroscopyimage for the
PVC. The left side is thencompressetlibe and the right side is the compressed tube.

We noticed that the e@Baat the core of the tube remains in the same diaeever, he



en@psulating matrix shows black bandsiich arelocationsin which thetest fixture

deformed thematrix material

16
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EGaln Bands
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Figure 3: Microscopy image of PVC tube showing the bands formed at the interface the
compressed and uncompressed sensorh@iteft 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 matesa@xperienceareepwhen under a loadf above
5 N. We believe that the creep in the materiahis tause for hysteresis error when the
sensor decompressd@$ie magnitude aime-dependentreep in a material is
temperature dependent. The homologous temperature, defined by e§udatsrmines
how comparable the creep of the stress value is todimnal stress valu€reep
becomes apparent ahamologous temperatuedove0.5 for metals an@.4 for
ceramics. The glass transition temperature is a batlerator of creep fothe polymers
that we used in our experimen#ss a resultsomepolymess, such aPVC,

fluorosilicone, andilicone, experience creep at room temperattife.
N WY ®)

To show the effect of this phenomenon on our sensors, we compressed our sensor
until the system achieved a load ofMOWe changed this parameterss N for PVC.
Thematerial testingmachine then held its fixtures position for 2 hours, and we collected

the forceijmpedance, and phase data.

To show how this phenomenon can affect hysteresis, we compressed and
decompressed the sensor 48 times in two hours, angvtheampessed and
decompressed the sensoe time in 2 hoursWe hypothesizethat the hysteresisould
be smallemwith a less frequent compression cycle because the materiabwdlmore
time tofollow the material testingompressiotfixture. The microscopymages of the

PVCtube in fgure3 shows the resulting black bands at the interface between the
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compression device and the uncompressed TiiEse 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 testedwo sensosetupsa wired andawirelesssetup The wiredsensor
layoutconsisted of a resistive tulleat connected to a vector network analyzee. W
created dase to hold a tube filled wittutecticgallium, and weused a top assembly
with two different contact area siz@sapply varying loads to the tubEhe fixture that
we used for testing had a contact area of 0.8.rfhistop assembly apied varying
amounts ofoadto the sensoat a rate 00.02 mm/s and 25 mm/s on averag&/e
performed these tests on three tube types; PVC, fluorosilicone, and silit@se. tests

helped ugo understand the relationship between hysteeggisate of loading.

We also tested a fixture with a contact are@.@imn? at arate of1.25mm/son
averageThis fixture served to help us understand how a decrease in contact area can
affect the sensitivity of the sensdVe hypothesizethat a smaller load contact area
wouldincrease the pressure applied to the sensor. The irdrgaessurevill 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 attaaihéo a gnsor coil, and the reader cattached to a vector
network analyzerWe tested the sensor with a fixture that had a 0.8 comtact area. To
test the effect of coil distance, we varied the spacing between the sensor coil and reader
coil. The mateal testing machine compressed the same three tubes that it tested in the
wired testsWe compressed the silicone rubber dndrosilicone rubber sensor to a
maximum load of 50 N. We compressed the PVC tube sensor toFdQuxe4 shows

our two test seips.The response can also chamgsed on the translation of the coil in
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the horizontal plane, arttie orientation of the coils. However, the scope of this thesis

focuses on theaormaldistancebetween the coiland keeps the other variablesstant.
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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 consteime. PVC tbbe had an RMS difference from the
mean 0f0.011, the fluorosilicone tub&ad an RMS difference from the mear0di08,
and he silicone tubéad an RMS diffeence from the mean 6f014 The PVC tube had
a percent drift ofL..3%, the fluorosilicone tube had a percent drif0of3%, and the
silicone tube had a percent drift of 4.2Be to a large volume of noise, wa@othed
the reading using lacal regressiotechnique in Matlab. These resudi® not completely
conclusive, buthey suggest thatxidation of the eGaln inside the tuimay have had
negligible effect on the drift of the impedancediegs.Figure 5shows theesultsof this
test Based on the results of the oxidation test, we concluded that the hysteresis was not

due to the oxidation of the eGaln.

When we tested for creep in the host materials, we found that this effeat wa
more apparent cause for the hysteraaisen we compressed teensorand held the
sensor at a constant extension, we found that the load decreasecheyant the
impedance increased. Figurst®ws the resultsf the creep test. The results shavot
regions aregion of large change in load and impedaaoel a egionof slow change in
load and impedance. In the first regitogd quickly and linearly decreases over time,
and impedancgquickly and linearly increases over tinle.the second regiompad
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 constatresswill asymptote to a poirgxponentially
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Figure 5: Impedance of a Silicone TubeFhiorosilicone Tube, and a PVC tube over a
period of 72 hours shows an insignificant change over time.
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The esultsin Figure 6 showhat the load from the PVC tube, the fluorosilicone
tube, and theilicone tube decreased by 41%, 21%, and 11% respectiMaty.
impedance of the PV{ibe, the fluorosilicone tube, and thiicene tube increased by 52
%, 82%,and 308% respectivelfheinteresting point is thahe PVC has the tgest
decrease in load wheested However it had the lowest change in impedance. This
effect is a result of the difference in elastic modulie elastic moduli of PVG&
25-1F Pa the elastic moduli of fluorosilicorie 6.9-10 Pa, and the elastic moduli of
silicone rubber i§.50-10° Pa As a result, the PVC experiendde smallestchange in
strain. The PDMS tube experiences the largest change in strain, and the fluorosilicone

tube has a change strainthat is in between PVC tube and Silicone rubber tube.
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During the second test, shown kigure 7, we found that a change tine rateof
compression from 0.2 mm/min @8 mm/min influenced the behavior of the sensor.
When compared to the curves for the compression at 0.8 mm/min, the\seghsaor
compression rate @.2 mm/min experienced a higher maximum impedance. The sensors
also experienced a lower maximdance wren operatea rate 0f0.2 mm/min compared
to a rate of B mm/min.As a result, the slope of thesporsecurve was larger when the
rate of compression was h&m/min when compared to the response of the sensor when
compressed at 0.8 mm/min. This resuthwsh that the sensitivity of the sensor is rate

dependent.

The rate of compression of the tuddeoinfluencedthe hysteesisof the response
curve.We calculatedhe hysteesiserror by finding the difference between each data
point on the compressionme and eah corresponding pointith the same force value
on the decompression curvighe PVC tube had laysteesisof -0.4448 when compressed
at a rate ofL..44mm/s, and the sensor hatiysteesis of approxmatdy zero when
compressed at a rate @031 mm/s. Theflourosiliconerubber tubéhad ahysteesis of
0.8544 when compressed at a ratd ofm/s, and the sensor hatiysteesisof 2.8854
when compressed at a rateddd22 mm/s. The silicone rubber tube habysteesisof -
1.6398 when compressetiaarate ofl.16 mm/s, and the sensor hatiysteesisof 1.2797

when ompressed at a rate @024 mm/s.

These results confirm that the craeffuencesthetime-dependenhature of the
sensors. The sensors are not able to reach as high ohwHeadompressed at a slower
rate because the creep lowers the force as the tube strains. The effect of creep also causes

the resistance of the sensorrorease with time. Thisme-dependenincrease in
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resstancecauses the sensor to have a higher mari 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



