ABSTRACT

Title of Dissertation TACTILE SENSINGWITH COMPLIANT
STRUCTURES FOR HUMANROBOT
INTERACTION
Ying Chen

Doctor of Philosophy, 2@L

Dissertation directed by: Professors Miao Yuand Elisabeth Sme'a
! Department of Mechanical Engineering

2 Institute for Systems Research

This dissertatiompresents the research on tactile sensing with compliant structures
towards humasmobot interaction.It would bebeneficial for robotsvorking

collaboratively with humant be soft or padded and have compliant tactile sensing skins
over the paddingTo allow therobotsto interactwith humars via touch effectively and
safely and to detect tactile stimuli in anstructuregenvironmentnew tactile sensing
concepts are needétatcan detect a wide range of potential interactionss@nde over

an area However,most highly sensitive tactile sensors are unable to covdéotbes

involved in human contagta/hich rangegrom 1 newtonto thousandhewtons to



implement area sensing capabilities, there have been challenges in creating traditional
sensing arrays, whetke associated supporting electronics become more complex with
an increasing number of sensing edts. This dissertation developsnavelmulti-layer
cutaneous tactile sensing architectioreenhanced sensitivity and rangademploys an
imaging technique based on boundary measurements called electrical impedance

tomography (EIT}o achievearea tatile sensing capabilitee

Themulti-layer cutaneous tactile sensing architectut@ch consists of stretchable
piezoresistive straisensing layers over foapaddinglayers of different stiffnessllows

for both sufficient sensitivity andn extended forceainge for human contact3he role

that the padding layer plays when placed under a stretchable sensing layer was
investigated, and it was discovered that the padding raggnifies the sensor signal
under indentatiocompared to thatldainedwithout padding layersThe roles of the
multi-layer foams were investigated by changing stiffness and thickness, which allows
tailoring the response of mulayer architectures for different applicationgo achieve
both extended force rangedadistributed sensing, ElfEchniqguevasemployedwith the
multi-layer sensing architectur&lachine and human touch were conducted on the
developed multlayer sensing systemevealing that the second sensing skin is required

to detectthe large variallity in human touch.

Although widely applied in the medical field for functional imagiggT applied in
tactile senmg faces different challengesjch as unknown number and region of tactile

stimuli. QurrentEIT tactile sensors havecused on qualitative demonstratiohhis



dissertation aims at achieving quantitative information from piezoresistive EIT tactile

sensos, by investigatingpatial performancend t he ef fect wfA sensor
spatial correction methadas deeloped for obtaining consistent spatial information
whichwasvalidatedby both simulation and experimerftom our stretchable

piezoresistiveEIT sensowith an underlying padding layer
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indicated. d) Normalized change in resistance of the twestaped sensing skins as a
function of probe force. The signal from skinl is shown in red and the signal from skin2
is in black. The contact area between the probe and the sensing system is constant during
the entire loading process due to the flat bottom of the prod@yrn@mic response of
skinl+foam1 under cyclic constagisplacement tests. f) Closgs taken at the
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Figure4.4: a) Force vs. time in response to light, medium, and strong finger presses, as
judged qualitatively by the person. The correspon8R{R, responses of b) skinl and c)
skin2; resistance scales differ. d) Peak values of the relative change imcesasta
function of applied force for 6 people pressing 3x each4biséc at each force level.
Slopes of linear curve fits are shown; strength of touch is indicated by |alteddime
interval between presses made by the same individual was 30 seddoté that the
contact area of the fingertip is changing during pressmncept of a sensing skin on a
padded robot arm experiencing different human touchea light finger touch in a
multi-layer cutaneous sensor produces an indentation in tihepger layer of foam,
leading to a strain in the topmost skinl and thus a change in its resistance. g) A hard
punch deforms the underlying harder layer of foam, leading to a strain in skin2121
Figure 4.5: Sensing various touch modalities with the Aayr strip system. Note that
the lower panels for skin2 responses have a different scale (magnified 10x). a) Press and
releag with index finger (medium). Whythmic tapping with index finger (medium). c)
Single punch with fist (hard). @ingle pinch with thumb and index finger (light). e)
Slide in one direction along the surface with index finger (light). f) Rub surface
repeatedly back and forth with index finger (light).............ccccooiiiiieee 124
Figure 4.6: Demonstration of (top row) a) singfmint, b) twepoint, and c) three point
finger presses, and d) a light fgtinch, together with (center row) EIT images from the
skinl position in the muliayer distributed sensing system , wheseepresents the
conductivity change (see Section 4.6).Demonstration of finger sliding from left to

right and EIT images recorded at different times {0, 1.6, and 2.2 sec) during similar
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Figure 4.7: Reconstructed images of light (a, d), medium (b, e), and strong (c,f) punches
with the distributedensor above the soft foam (skinl position) and between the foams
(skin2 position). g) Peak values in the images (i.e., the maximum conductivity change,

Max ds) as a function of applied fOrCe...........uuiiiiieee e 129

Figure 5.1: Metrics. (a) A circular Eldased sensing medium with 16 electrodes at the
boundary. Current is injected through two adjacent electrodes. (B) An example of
simulation: aarget with different conductivity from the sensing medium is placed at (X,

y) = (0.5, 0). (c) Reconstruction result with a proper reconstruction parameter. (cl)
reconstructed image. (c2) cross section profile through the location of the peak. (c3)
half amplitude image. (c4) zooem of the reconstructed target in the half amplitude

image. (d1) Reconstruction result with an improper reconstruction parameter and (d2) its
half amplitude image with artifacts. ............cooooiiiiiiimme e 144

Figure 5.2: (a) Reconstructed images while using different hyperparameters for
background conductivities of 0.01 S/sq in cases of noise free, low noise, medium noise,
and high noise. Images at noise free case for background conductivities of 0.02 and
0.005 S/sq are also shown. (b) Number of artifacts as a function of hyperparameter for
background conductivity of 0.01 S/sqg with low, medium, and high noise. The optimal
hyperparamter for noise free is indicated by arrow. Below this value, the reconstructed
image is broken. (c) Optimal hyperparameter as a function of noise level for background
conductivities of 0.001, 0.01, and 0.02 S/sq. The optimal hyperparamténsde three

background conductivity at noise free case are indicated by the horizontal dashed lines.



Figure 5.3 The effect of one stimulus, two stimuli, and three stimuli on the selection of
optimal NYPErPAramMETEL.... ...ttt e e e e e e e e e e e e e 150
Figure 5.4: Targetat (al) center and (b1) eéenter. Reconstructed images for (a2)
center target and (b2) efenter target without correction with medium noise. After
intensity correction, reconstruction images for (a3) center target and (Bnélr target.
Comparson of (ci) peak value and (cii) size before and after intensity or size correction
for center and oftenter targets. (d1) Peak value, (d2) size, (d3) position error, and (d4)
shape deformation for noise free (green), before (black) and after (redysfaiedium
noise (hp=0.05). Scaling matrix for (el) intensity and (e2) size by using different
NYPEIPAIAMELEIS. ... eeene e 153
Figure 5.5: Scaling matrix for different (a) target intensity, (b) target size, and (c)
background CONAUCHIVITY. .......ceeviiiiiiiiee et 157
Figure 5.6: Noruniform s of the skin on image reconstruction. (Keep same gauge factor)
(a) nonuniform initial conductivity map, s1 = 0.01 S/sq, s2= 0.002 S/sq. (b) two
identical loadings added at different background conductivity. (c) Profile of conductivity
before (blak) and after (blue) adding the loads. Reconstructed image and profile by (d)
assuming background conductivi“y 8 -||Tv A(e) using actual neaniform s map,

and (f) process the results from (e) to obtain relative s change, ds/s.(hp=0.05).160
Figure 5. 7: Material s memory effect on i
conductivity). (ai) Case 1. A stimulus adde¢at 8 of a sensing medium with

uniform background conductivity without memory effect. ii. The reconstructed image
with medium noise (hp=0.05) and iii. its cross section profile (black), compared with that

from noise free (green) simulation (hp = 0.09)i) Case 2: An identical stimulus added
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atz 8 of the sensing medium, with ngacovered conductivity change after case 1.
(ci) Case 3: Anidentical stimulus addediat 8 of the sensing medium, with nen
recovered conductivity change aftereds (ac) ii. The reconstructed image with

medium noise (hp=0.05) and iii. its cross section profile (black), compared with that from
noise free (green) simulation (hp = 0.05)........cceeeeiiiiiiiiiieee e, 163
Figure 5.8: (a) Images of center stimuli in noise free case at optimal hyperparameter
2x108 for radius i) 0.1, i) 0.2, and iii) 0.5. iv. Cross section profiles for increasing radius
from 0.2 to 0.5.(bi) A center stimulus with a of 2.5 % of the medium radius.
Reconstructed images using hyperparameter ii) @l iii) 2x10°. iv) Reconstructed

size by decreasing hyperparameter..........cccooiiiiiiiiieeee e 165
Figure 5.9: Experiments. a) setup. b) sensing mechanism. c,d) scaling matrix e,f)
before scaling using hp = 0.05 and optimal hp=0.2, after scaling hp=0.2, g) metrics before
aNd After SCAlING. .. .uuueiiei e ——————————- 167

Figure 5.10: A typical set of calculated differential voltages, which is fed into EIDORS.
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Chapter 1. Introduction

1.1 Background and Motivation

Although obotshavebeenwidely appliedin industry[1-3], robots involvedn unstructured
environmers, such asvorking in proximity to humanpt] or exploringan unknown terraifb],
arerelativelynew. A robot that is used for physical humasbot interactions alsocalledaco-

robot.

Physical humasrobot interactiorfavors soft robots, whictprovidea soft contact sensationttwe
human bdy [6,7]. Soft robotscan becreatedoy covering the surface of conventional robots that
are made ofigid structures with a soft materiaFigure 1.1 shows an example of a soft robot,
RI-MAN [8], designedor working collaboratively withhumans. Thentire surfacef RI-MAN

is coveredwith foam (Figure 11). Sot wholebody covering materials ortleerrobotic

platforms for humamobot interactionincludesilicone[9], rubber10,11], soft urethane foam

[12], andfur [13].



Figure 1.1: An example of aco-robot, RI-MAN, from the Bio-Mimetic Control Research
Center of RIKEN, Japan [8]. A human touchesthe soft robot by pressinga) a finger on its
nose orb) multiple fingers pressing on its cheek c) The robot issupporting a dummy
patient.

Researchers have found that touch sensing is indispensable for heimgstoconduct
dexterougsnanipulation14] and tobuild emotionalattachment§6]. In order to estdish an
effectivehumanrobotcommunication, provide rob®twvith anenvironmental awarenessd
guarantee a safsteraction a tactile sensing skin is necessarpwever, @velopmenof
artificial tactile sensindor robotshasbeenslowerthan thatfor vision [15] becausetiis more

difficult to mimic the human skigincehumanorgans fortouch sensingrenot localizedbut are

overthe entire human bodg5].

Soft tactile sensing skins are favorable for physical hurohat interaction.In early designs,
rigid tactile sensors wemounted omobots, andhese rigid sensoksereusually covered with
or embedded in an elastic matefi,17] However,signal blurring angpatial filtering caused
by the elastic covering inevitable[18]. Prof. Fearing analyzed the effect of the thickness of
covering orthe sensitivityof an embedded capacitive sensothe 1990$19]. Non-rigid tactile

sensorshatcan ben directand conformaphysical contact with interacting objects #rerefore
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importantto achieve fidelityto tactile stimuli Numerous soft toutsensors have emerged-

23].

Practical issues riga utilizing softtactile sensors on robots. Is it feasible to fabriocat®
designedsensors on existing robotic platforms? Is it exféctive to cover wholdody robos?

Is wiring simple enouglwhenincreasinghe numbenf mounted sensoPslt is a pity if a high
performance sensor cannot belized on a robot due to fabrication limitatieand scalability

issues In early designdactile sensors used on whddedy robos are simplédinaryswitch

sensorg24]. One striking exampléhat soft and largscale tactile sensors ar®ounted on a

humanoid $ described in referend@5]. The ®ft sensorsvereassembled irmodular printed

circuit boardsandareable to provide hundkes of sensing points over

handq25].

This dissertatiomims to understand the performance of a compliant sensing skin over padding
materials, to improve tactile sensing capabilities by developing new sensing structures, and to
investigate amrea-sensingscheme. These efforts contribute to the field of tactile sensing for

physical humasnobot interaction.

1.2 Desirable Features forTactile Sensors

In this dissertation work, we are interested in the following features of tactile sensors

compliancesensitivity, force sensing rangendarea sensing
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Based ontte level of compliangesoft tactile sensorsan be divided intéwo groupsflexible but
not stretchable and stretchablgretchable tactile sensors aret onlyableto bend wer nonflat

surfaces, likdlexible tactile sensors do, but alable torespondo inplane stretch.

Sensitivity and force sensing ranggetherseta requirementmtactile sensorsSensitivity

should be high enough to detect a gentle human tduaite range should be wide enough to
covertheforcesinvolved in humarrobot interaction.Sensitivity and force sensing range are
considered together in this dissertation because requireoresensitivitydepend orsensing
ranges Higher sensitivity is required &iw force range:the distinction between very light and
light touchess important. The requirement on sensitivity in high force range is not as strict as
that for low force range, but the maximum force coveiageoreimportant. The reason can be
explained thait is more important for sensors to distinguish strong conthatsaresafeto
humansandstrong contacts that adangerous, than tccuratelytell the differencebetweertwo

strong contacts with similar singths.

Area sensing is necessary to detect multiple stimuli that occur at different locatibasic

criterion for area tactile sensors is to obtain consistent information over the sensing medium, e.g.
sensitivity and spatial resolution. Consistgpdtial information makes it possible to compare

stimuli conducted at different locationBor robot tactile sensing, the criterion on spatial
performance isecommended to be set properly, not the high the beft@mpared with rapid
advancements in ssor designshe relatively slow developmesin implementable tactile

sensors for robotsavebeen blamed omuch focus on pursuing highest performance in every
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aspecf{26]. For largearea tactile sensing, e.g. whdledy coerage for a robot, spatial
resolution is suggested to vaidifferent parts of a robot. Because whbtaly sensing skin
with highest resolution everywhere would significantly increase signal compl|ékiynd
hardware wirind25]. Even on the human bgdspatial resolutioms low on the tors¢27] and

high on the fingertip§28].

1.3 Previous Work on Compliant Tactile Sensors

Conductive snsing materials that have been made into compliant taetksorsnclude fluids,

fabrics, thin metal films, and polymeomposites.

1.3.1 Conductive Fluids

Soft sensing materials that are inherently stretchable have been used for creating soft sensors.
For example, conductive materials that are in a liquid state at room temperature, e.g. eutectic
gallium-indium (EGaln) can beembedded into patterned stretchable marannelsas shown in
Figure 12 [29]. Features (e.g. minimum size) of the miabannel rely on fabrication method

[29].



Figure 1.2: Conductive EGaln liquid embedded in stretchable micrechannels[29].

1.3.2 Conductive Fabrig

Fabricsallow stretchabilitydue to he way the fiberarestructurefB0]. Figure 1.3 shows a
stretchable fabric sensing glofgl] in which the fibers are coated with conductive polymers.
Fabricbased tactilsensos can be readily incorporated irtlothing Fabricbased tactile

sensos haveoutstanding fatigue resistance and high damage tolefa@kce

Figure 1.3: A sensing glove made ofanductive fabrics[31].
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1.3.3 ConductiveThin Films

Another inherent stretchable sensing mateaécarbon nanotube (CNT) thin film3Vhen
stretched, aligned nanotube films fracture into islamected by thinanotube bundles

(Figure 14) [32]. The resistancehangeof nanotube filmsinder tactile stimuldepends othe

strain history.lIt is typical that a previous stretch of the sensing material defines its subsequent

ranges of reversible stretcH&s].

Figure 14: Carbon nanotube thin films are conductive under stretch due to the connected
islands[32].

Un-stretchable blk materialscanimprove compliance by thinning4,35] For example in
Figure 15a, large and owbf-plane deformation is allowed l@yvaporating a thin gold filmonto

a soft substratB5]. Mechanical buckling caadd[36,37]or increas¢38] stretchability. In
Figure 15b, a nonrstretchable thin met&lm is bonded to a prstrained substrate; the thin film
buckles when the prstrain is released. Buckled strucwiadiow higher leved of deformation
[36,37] Buckling, howeverprevens conformal contact betwedghe sensor surfaand

interacting objectf20].



Figure 15: (a) A thin metal film evaporated ower foam[35]. (b) A buckled thin film with
improved stretchability [36].

1.3.4 Conductive Polymer Guposites

Conductive polymer composg@remade by blending conductive particles, such as carbon black
[39-43], carbon nanotulsd44,45], graphite46-48], or metallic particleg49], into an insulating

host elastomer, such as polydimethylsiloxane (PDM¥)coflex[45]. A conductive polymer
composite takeadvantagef its componers The conductive particlesontribute to the

c o0 mp o slectrimléngpedancand the elastomerhostont r i but es t o the com
mechanical compliancerigure 1.6 [50] shows a soft sensor array mae carbon blackn

PDMShost i.e. CB/PDMS The stretchable sensing material utilized in this diaten a

conductive polymer composite made of exfoliated graphite mixed in an elagtdherhe

advantage of using conductive polymer composites as tactile sensing material includes simple
fabrication technique, both stretchable and robust mechanical property, suitable for small or large
area[23]. However, such material shows hysteresis problem, which represents a difficulty in

sensing application.



Figure 1.6: A conductive polymer compositemade by dispersing carbon black into PDMS
[50].

1.3.5 Electrical Behavior of Conductive Polymer Composites

The dectrical conductancé of aconductivepolymer composités characterized by a power law
in percolation theor{52]:

0 <
T o oo 1.1
wherewis volume fraction of the fillerp is percolation threshol@ndt is a criticalcomponent

to be fitted withexperimental datawWhen the content of the filler reaches the percolation
thresholdthe composite becomes conductive. Higher filler content increases the conductivity of
the compsite,butdecreases its compliance. The conductigfitgnges with deformatiaiue to

destruction and reconstructionadnducting pathwayisside thecomposite

Figure 1.7 shows a typical resistance response under gosesgsure input. Resistance increases
instantly when the pressure is loaded, drops (relaxes) as the pressure is held steady, and
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decreases instantly when the pressure is released. After the pressessedralesistance
slowly recovers.The performance of conductive polymer composites depends on the
elastomac hostand fabrication conditionsExperimentaktudieg39] show thatheelectrical
behaviorof the composites can be analyzesingrheological models in viscoelasticify3].

Such modd typically consisbf a series of linear elastic springs and linear viscous dashpots
[54]. The spring modsltheinstantaneous response tad The dashpotmodek aslowly
building up response asloadis appliedandan urrecovered response after the loadeleased
Empirical viscoelastic mode[85] have beeemployed to characterize specific conductive

composite$41,56-58].
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Figure 1.7: A typical waveform of resistance response (solid line) to a stgpessure
(dashed line) stimulifrom a conductive polymer compositelightly modified from [56].
Stretchabilitydemonstrated inonductivepolymercomposites is attractivier soft tactile

sensingalthoughtheir electrical responsare varied The dallengen characterizing
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conductive polymer composite usiderstanithg the memory effects, i.ehysteresistate

dependencyandloadinghistory dependency

1.4 Previous Work on Sensitivity and Force Range

1.4.1 Sensitivity

compression '

C
@ pore

‘ matrl.\ ‘

Figure 1.8: Sensitivity enhanced by pores, which were created in a conductive composite
[59].
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Compliant sensing systems have made usefobs porousstructures to increase sensitivity

[60]. Figure 1.8 shows a soft sensor made of a conductive compeghieores. The

sensitivity of the sensor increasendercompressiomue toimprovedpiezoresistivity{59]. In

Figure 19 [35], sensing elements, which are made with softer materials show higher sensitivity.
A similar way to increase compliance and thereby sensitivity is by engineering the sensor surface

into microstructure§s1].
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Figure 1.9: Softer material enhances sensitivity. (apensing elements made withoft and
hard materials. (b) Sensitivity is higher for the sensing elements madsith soft materials
[35].

There are limited studies on evaluating reoft materials on sensperformance
Investigatiors haveshownthat gelswithstand highmpact forceand highconformability[62].
Maiolino et al.compared different dielectric materiaédastomes and foamdpr a capacitive
sensor (sekigure 1.10a)[63]. They found that sensitivity of the sensaexe similar to each
other, based othe slope of sensor respongég(re 110b). They also found that material

stability asan issue sincthesignal changedubstantially after six months. They concluded that

selection of soft materiskhould depend on a specific application.
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Figure 1.10: Role of different materials. (a) Schematic ofa capacitive sensowith a soft
dielectric. (b) Sensitivity for using different dielectric materials andsensitivity from
elastomer A six months latef63].

For arobot witha padding materiak.g. RIMAN, it is straightforward to pud sensing skin on
top of the padding. However, the role of padding matehas$ not been investigate@hapter 2

of this dissertation focuesson the evaluation of various padding mataribhtare placed

underneath a sensing skin

1.4.2 Force Range

Force sensing with a wide enough range is necessary for a robot to be alvaveveiakor
strongahuman touchs. Forcesensingange should bable to cover the forces involved in
human touchesFigure 1.11 shows forces involved in humaontact ranging from 1 Nvhen a
finger touches screen to 2000 Mhena boxer punoks Thesedata ae compiled fran

literature[64-72].
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Figure 1.11: Forces involved in humancontact Data are compiled from literature [64-72].

In order b extend force sensing range, stiffer materiallmaeffective, but decreassansitivity
as found Wettels et dI73], who compare robot fingersade withdifferent mateials. The
maximumforce achieved with the stiffest material is 30 Nhereforethetradeoff between

sensitivity andorcerange should be consideretienchoosinghe stiffness o material.

1.5 Previous Work onArea Sensing

Area sensing or distributed sensimgans thaa snsor obtaisinformation over an area, not a
single point. In this sectionyariousarea sensinmechanisraare summarizedA specifictype
of area sensing schermlled electrical impedance tomogragkyT), which is employed in this

dissertatio, will be introduced in detail.

1.5.1 Types of Mechanism

A straightforward way tamplement area sensingby assembling a numbef individual
sensorg$74]. Thisis simple and effective whaherequirednumber ofsensing elements

small However, wiringcomplexityincreasesvith the number of elemenfg4].
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Arraying £nsosis the most commoway to achievalistributed sensind75] [76-78]. The
number of wires required for a sensor array is in ge2énatn), wheren and n ar¢ghe number

of rows and columns.

Fourwire schemebave been employed for area sensjii§-84]. One type ofour-wire
schemeswheretwo pairs of parallel line electrodase placedlong the boundary of a
rectangular sensing mediycan bebased on planar electrield [79] or contact electrification
[80]. Such schemdsave been used to detect otiig position of atimulus. To obtain both
position andstrengthof a stimulugfor four-wire schemesdata processing methoblased on
resistor network82,83,85,86has been investigatednother type of fouwire scheme used
four point electrodes, and it identified contact location based on machine lg&4iing

However,none offour-wire schemeas able to identify more than one stimulus

1.5.2 Electricallmpedance Tomography (EIT)

Electrical impedance tomography (EIT) is another typareésensing scheme. EI$ an

imaging techniquesed forreconstrudhg internal impedance by obtaining measurements only
at the boundargf a sensingnedium EIT wasoriginally applied inthemedicalfield in the

1980s and has been reviewed[87-91]. Medical EIT, which is norinvasive and inexpensive,
has been used to monitihee electricalconductivityof human tissuewhich changes witlihe
activity of the human bodyFor examplethe electrical conductivity of the lung changestias

human inhalesbecausé¢heair contentwithin the lungchangeg$89].
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1.5.2.1 Basicson EIT

Electrical potentiad overa conductivenedium satishKi r c ho {896 s | aw

v 1.2
wherei is theelectricalconductivityof the medium The Sl unit for conductivity is Siemens per

meter. For thin films with uniform ithickness, the term sheet conductivity is used and the unit

is Siemens per square (S/§8Q]. 3 is theelectrical potential.

Calculatingelectrical potentials based tmeknowledge othemediund s ndactivity and
boundary conditions isso-c a | Ffoevdrdd firoblem. Determiningthe conductivity distribution
based ooundarymeasurementis anfinverse problem(or reconstruction problemlnverse
problens are often ilposed meaninghatthe problem does not satisfy any thie Hadamard
criteria[93]:

1 asolution exists

1 the solution is unique, and

1 the solutionchangegontinuouslywith the data.
The EIT nverse problem, i.e. reconstructimgknownconductivity from boundary
measurementssill -posedargely dueto its violationof the third criterior[89]. A small

variation inthe data would lead to a large fluctuation in the solution.

The objective for reconstructingternalconductivityis tofind a conductivitydistributionthat
minimizes the difference betwedheboundary voltage measuremeatslvoltagescalculated

based on an estimation of conductivity.

mNSr 3 v (1.3)
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wheres3s is the norm andw is voltagemeasureat the boundary™Oi is a forward operator,

converting conductivity to voltages.

"Oi is nonlinearfor EIT. To simplify the minimization problemt is common tdinearize Oi

around a reference conductivity [94].

3
Y 3Y =V VY SV VS (14

whereb — i istheJacobian matrix (also called sensitivity matrix) at i .

Removing the second order terms,

v v Ly v (1.5)
This approximation is valid only when gperbation of the conductivity is small, elative to the

reference conductivity .

To this endgquation (1.4helps explain two types of EIT reconstructidme absolute ElT(a
EIT) andthetime difference EIT(td-EIT) [95]. Absolute ElTestimatesbsolute conductivitytu
which involvessolving a forward problem to obtain . Complete and accurate information on
the physical model, e.ghapeof the mediumand boundary conditions required foran
accurate solutioofi . Time differerte EIT estimateshe changes in conductivitye. Qi i

i , based on the changes in voltage measurements from two time instafiso 5 v

"Oi . Model information that does not vary with tirnsecancelled ouin time difference EIT.

It is easier to conduct time difference EIT, aimdmost casef89,95], time-difference EIT is

enough to serve the purpose.
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Thesolutionof (1.4)is not stable becauselving eitheii Hr ‘Q irequires calculating the inverse
of the Jacobianwhich could beill -conditioned Many entries irthe Jacobianare close to zero,
sotheinversion ofthe Jacobiarresultsin manyentries with large valige Small measurement
erroisleadto an amplifiederror inthesolution Theill-posedness of a matrix can be defined by

the condition numberQ[96]:

L sl s (16)

P
where [J] corresponds to a matrix nof@7], 1 0 is the largest sigular valueof J, and c is the

smallest nonzero singular value ofThe larger the condition numbisr the more ill

conditionedcthe matrixis.

Regularizatiorhas been usedd solvingill -posed problemsThe regularization wcedurds to
addaregularizatiortermto theoriginal least square functionn many caseslikhonov

regularizations used, formulateds[94]:

HICH y ¢ O 3 vs s Ow (1.7)
where is aregularization parameter hyperparameter is a weighting termandd is a

regularization matrix.Hyperparameter is in general unitess. Term® and0 carry
appropriate units in order to balance the norm terfie original ilkposed problem is
approximatedy a better conditioned one by adding the regularization term, whichedby| .
After regularization, the Hposedcondition of an inverse problemnsitigated By selecting a
proper regularization ter, the solution oftheregularized problerashangesontinuously with the

data.

-18-



In inverse theory, the error between the exact and the regularized selctiasists of two parts:
one is the measurement error multiplied by the condition number cdgh&arized problem,
which tends to infinity as tends to zero; the other is the approximation etts to
regularization, which tends to zero witH98]. To keep the total error small, a propeshould
be selected. The larger themore stable the solutidrecomes But the mismatcbetween the

original problem and the reguized problens larger with larger .

Solution of the standarfikhonovregularized problem ithelinear case i§89,94,99]

my 4L, L 4w (19)

To implement the reconstruction procdSE)ORS Electricallmpedance Tomography and
Diffuse Optical Tomography Reconstruction SoftwWasean open sourcealbox developed for
both 2D and 3D EIT reconstruction, released under General Public License [GION) The
toolbox is based on Matlab functiofi®1,102] The toolbox provides circular or square shaped
models of a sensing medium, provides forward problem solver, and is able to solve inverse

problem based on boundary voltage measurements.

To obtainvoltagemeasuremest different drivemeasure strategies have besedin EIT. In
theadjacentdrive andadjacenmeasure strategy (s€egure 1.12), current is inje@d into two
adjacent electrodeand differential voltages are measd betweemll theother(non-current
carrying) electrode pairsThencurrent is switched to the next two adjacent electrodes, and the
voltage measuremenase repeatedFor a completelata setcurrent should bappliedto all 16

adjacent electrode paj anddifferential voltages should be measiifer each current injection
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pattern. Although aljacent method is the most commonly used stratbgye arether data
collection strategie@pposite method, cross methakatvary thedriving and measurn
electrodeg$87]. Compare with opposite method and cross methibe,adjacent methothas
beenexperimentallyobservedo havelower standard deviatioim thevoltage measurements
[103] andlower image errofl04]. There is a theoreticallypdimal current patterfiL05] thathas
betterability to distinguishconductivity changefL06], butit requires multiple current

generatorssothe hardware design is complica{é@7].

14

Figure 1.12: lllustration of the adjacent drive and adjacentmeasurestrategy [89].
Current is switched around all pairs of boundary electrodes, and differential voltages are
measured between althe non-current-carrying electrode pairs

The eletrodes which are used fdvoth current injection and voltage measuremangjn
general uniformlyspacedalongthe boundary o medium. It might be expectethat placing
more electrodewould improve image reconstructiorlowever, inreal applicatios, where
noise is inevitablethe ill-posed condition of the inverse problem is waesbvhensignificanty

more electrodes are usgid8,109] Simulation studiefl04,110]haveshownthatit is not

necessary that more electrodesildlead to better reconstruction
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1.5.2.2 EIT Tactile Sensors

EIT was employedh tactile sensindor the first timeduringthe20005[111]. Figure 1.13a
shows an example of a complidtii tactile sensoplaced over a dummy fac&igure 113b
showsa reconstructeonage of the conductivity change dueattactile stimulusloaded at the

cheek othedummy facq111].

Figure 1.13: Distributed sensing based on the technique of electrical impedance
tomography (EIT). (a) An EIT -based sensing skin placed over a dummy face. (bhA
image of the conductivity change due to tactile stimuli loaded at the chke[111].

Compared withthe before mentioned fowvire schemesadvantagef EIT is thatmore
information onstimuli can be reconstructegiositions,intensities and contact argar more
than one stimulusMultiple touch points over planft12-116] or curvedsurfaceg§111,117,118]
have been detecte&imulation study has investigatddtecting contact ared a stimulus[118].
A variety of sensing materishave beemsedfor making EIT tactile sensorsychascarbon

nanotube$119], carbon filled elastomef416], fabric[113,115,120,121]and ionic liquids

[122].
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Most of the researobn EIT tactile sensors focus gnalitatively demonstratg the feasibility of
tactile sensing111-120,122124]. However, quantitative analysis in practical applicatiens
rare[121]. Russo et alanalyzedheperformance of an Elfactile sensomunderdifferent drive

measurestrategie$121).

1.6 Overview of the Dissertation Work

The goal otthis dissertation is to investigatee performance ai sensing skin on padding
materials fottactile sensingnot the performance of a sensing skin alori&grformance of a
sensing skin alone has been extensively studied; however, a sgasingerpadding materials
that undergoes large deformation has not been investigatsensing skin over the surface of a
padded robot structure is shown in the photbigtire 1.14. This dissertatiomncludes
understandinghe role ofa paddinglayer, taking advantage padding materialsvaluating
performance of sensing human touches,epdoring area sensing farpolymer composite

sensing skin opadding materials
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Figure 1.14: Overview of the dissertation work.

This dissertation includes following three research thrusts.

Research Thrust 1: Understandinghe role of a padding layer on a sensing skin

The role of a padding material opalymer compositsensing skiwasinvestigated through
experimenta nd mat er i al 0 Perfonrhance of she paddedt sensire) skas
evaluated by using differepadding materialsRequirements on padding materiakse

generated to obtain consistesensor response.

Research Thuust 2: Developing new skirpadding sensing structures with improved
performance.

Based on the findingsom Thrust 1, Thrust 2 developewmultilayer paddingensing system
that consisbf sensing skins over foam layeBerformance of multilayer ardbicturewas

evaluated by changing the stiffness and thickness of each padding Rgeft-hard sensing
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architecture was characterized with both sensitivity and an extended force sensing range.
Temporal effects of the padded skins due to the viscaelatavior of polymer composites

were experimentally evaluated

Research Thrust 3: Investigating the performance of padded sensing skins in sensing
human touches.

In this research thrustpfthard multilayer sensing systemverefurther evaluated through
detecing human touches thatvolve a wide force rangeOut-of-plane touch modalities and
distributed touches were tested on multilayer sensing systemsangimg skins in strip shapes

and in circular shapesded withanarea sensing techniqu&IT).

Research Thrust4: Developing and understanding the performance oEIT tactile sensors
In this research thrudhje technique of electrical impedance tomograwphgemployed on
padded sensing slgfor areasensing. Quantitativetudywasconducted foEIT tactile sensors
made of polymer compositaacludingunderstandingeconstruction parametespatial
performanceandtheeffect ofma t e rbackgtodnd conductivityA spatial correction method

was poposed and validated by experiments.

The rest of the dissertation is organized as followimgChapter 2by utilizing a conductive

polymer composite, i.e. exfoliated graphite/latex, sensing skins with different types of underlying
padding materials will be investigated. The benefit of the padding material will be revealed.
Chapter 3a softhard multiayer padding architecture for both high sensitivity and wide force

sensing range will be proposed and characterized undef-plane indentation tests. In
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Chapter 4the softhard multilayer sensing system will be applied in identifying human touches.
The benefit of the muliiayer structure on sensing wide range of forces will be revealed.
Capability in identifying various touch modalities will be presented by employing the technique
of electrical impedance tomography. Ghapter Squantitative analysis of Efbased tactile

sensing scheme will be presented. The role of reconstruction parameter, the effect of
background conductivity, and a spatial correction method will be investigatéhalter 6the
dissertation worland contributionsvill be summarized and suggestions on future work will be

outlined.
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Chapter 2.  Stretchable Touclkensing Skin over Padding for

Co-Robots

Published in Smart Materials and Structures, 25 (5) 055006 (2016).
Ying Cherl, Miao Yu', Hugh A Bruck, Elisabeth Smeld*
!Department of Mechanical Engineering, University of Maryland, College Park, MD, 20742
%|nstitute for Systems Research, University of Maryland, College Park, MD, 20742
* corresponding author: smela@umd.edu
Co-autha contributiors: The ideaof comparing different padding materiéts padded
piezoresistive sensing strip comes from the discussioong all authorsYing Chen fabricated

the sensors, performeide experimentsand processed the data. All authooatributed to

writing the textand making the figures
2.1 Abstract

For robots that work coll abor atoibvoetlsyd ,wiitth wpoeudl
beneficial for them to be soft or padded and to have ateuem si ng As ki no to ena
environmental awareness. However, a sensing skin over a padding material that undergoes large
def ormations requires fAstr et cdeehdentadviscorlasecr i al s
mechanical regponses. In this work the rdleat a padding layeplays when placed under a

stretchable sensing layer was investigated. A sgaising skin was formed by coating a thin

film of compliant piezoresistive sensing paint, consisting of exfoliated graphite in latex, onto a

rubber membrane, and the respooisthe skin was characterized. The change in resistance was

linear with tensile strain. The role of the padding material was then investigated under
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indentation by examining three foams and two elastomers. As expected, the padding enhanced
energy dispation as shown by hysteresis in the sensor response, which is linked to its protective
function; the hysteresis was comparable for the five padding materials. The padding also
provided an unexpected advantage: it magnified the change in resistanceecbiopaat

obtained under free displacement in air. While hysteresis in viscoelastic materials can largely be
handled with an appropriate model, inconsistency cannot be, and the two elastomers were found
to have unacceptably high variability because miroacracks and other defects in these

materials. On the other hand, foams that had few defects and regular cell sizes gave good
consistency across trials and different sensor positions over the padding. Combined with their
lighter weight and availabiltin a wide range of stiffness, we conclude that foams make a better

choice for padding of coobots.

2.2 Introduction

For robots to work alongside people, provide physical assistance, or interact socially via touch,
corporal contact must be safe and conaflole. These soalled cerobots are thus envisioned to
be fisoft, o which can be accompl i she[t25]boy maki n

utilizing inflated airfilled structure4126,127] or by padding a rigid rob¢8,62].

Also critical to the emerging field of embotics will be sensors that give a robot the capability
of sensing touch. Tactile sensors can be placed either under a padding or over it. A conventional

rigid sensor can be placed under the padding, wheseniechanically protected, but it suffers
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substantial loss of resolutigh28]. Here we consider a stretchablé exr nal covering
that can be placed over the padding and follow the changing conformations of a compressible
soft robot Figure 2.1). It should ideally cover the entire outer surface and could potentially

provide information not only on touch but also on joint positions.

b)

padding @

sensing skin

AR(1)

R = F

Figure 2.1: a) A sensing skin over a padded robot. b) Touch (i.e., force F(t)) can be
. . . . Y « . .
inferred from changes in the resistance (i.e5;— ) of a piezoresistive sensor that

1

experiences strain over a padding.

Various flexible sensors have been demonstrated for sensing touch, as reviewed in
[15,18,129,13Q] Most have been either resistive or capacitive. Resistive strain sensors include
those for which stretching leads to dimensional changes of a conductor, for example a thin metal
film [131] or a chanal filled with conductive fluid29]. Alternatively, piezoresistive sensors are
typically based on a flexible host matfiked with conductive particles, such as carbon black or
graphite [39-43,4648], or even pockets of conductive flJit32]. Capacitive sensors are

usually based on a change in spacing between two cond[&5¢88,133135], but it is also

possible to measure impedance changes through a weakly conductive 1¥jiL86] Other

mechanisms for sensing touch have also been demonstrated, such as changes in transistor current
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[137,138]or piezoelectri¢139] or optical[140] effects. Compliant sensors have been reported
that are stretchable (not only flexib[@)32,141]or that could cover large areas (> 10 cm)

[111,117,134,135,14245].

Piezoresistivestrain sensors based conductivecarbon nanoparticles (including carbon
nanotubes (CNTSs), carbon black, exfoliated graphite (EG), graptispeysed in various

insulating polymeric host materials have been the subject of considerable recent [8earch
43,4648,56,58] In the present work, the sensing layer was a composite of EG dispersed in a
latex host. Latex is a natural rubber, and the composite be@beotiscally conductive at
percentages of EG (loading) that do not substantially increase its stiffness, which renders the
composite stretchable. This is critical because a-arge tactile sensing skin can undergo large
deformations. The latex/EG c@wsite paint used in this work has been previously characterized
on bendable substrates; its static response was found to be linear with strain and its dynamic
response faster than 10 REt8]. Another significant advantage of this sensor is its simplicity:

the EG/latexdisperson is readily prepared, particularly since the relative change in resistance is
largely insensitive to EG content above percolalit8), and thedispersiorcan be easily and

rapidly applied onto various substrates as a thin film by spray or brush coating.

Padding materialsdve been extensively investigated for applications as diverse as footwear and
automobile crash protectigh46], including polymer foamgl47,148]and other cellular

materials, elastomers, gas pockets, springs, gels, and granular materials. For impachnprotectio
compliance and low stiffness serve to distribute the impact force both spatially and temporally

the choice of padding depends on the range of expected forces and loading dirédtialhg
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the padding should also be lightweight, practical to appth¢ structure, and relatively compact.
While mechanical hysteresis is needed for energy absorption, it is unfavorable for sensing, since
it complicates determination of the loading from the signal amplitude (although hysteresis can be

predicted mathemiaglly [25]).

Various types of padding have been considered for robots, with most of the focus on foams and
elastomers. Hayashi et §149] discussed potential soft materials, and they developed a
humanoid robot covered with polyurethane fodfor dexterous manipulation, padding on robot
fingers renders them conformable, allowing a more secure @2kspThe mechanical

properties of fingeips made of silicone and polyurethane have been evalli&iéfl Berselli et

al. [151] considered padding material and shape for mimicking human fingers, evaluating
modulus, sensitivity, and hysteresis. For robot fingertips, Shimoga et al. com|[zastic
rubber,sponge, powder, paste, and [§]. Sponges showed the best conformity and highest
energy dissipatin, but gels allowed reduced padding thickness and increased stiffness, which
enables the application of higher forces. Shinjibg8] examined the loss of spatial resolution
due to a thin elastic covering on a rigid sensor. Maiolino §2j.compared soft dielectric
materials for capacitive sensing in terms of sensitivity, durability, and resolution, showing that
sensitivity varied with force but was similar for different materiatscluding that the choice

should be specific to the application.

Although padding materials have been extensively studied alone, their use under sensing skins
has not In thischapterwe address the use oftetchablesensing skin, comprising hii film

piezoresistive coating on a lateembrane, overlying laighly deformable, energgbsorbing
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padding for sensing strains due to mechanical loading. Tensile and indentation testing showed
that the sensing skin responded linearly to strain and hexbaery time on the order of 4

seconds. Three types of padding were examined: open cell foam, closed cell foam, and silicone
elastomer. Under indentation, the addition of an underlying padding amplified the change in
resistance, by a factor of 2 talBpending on the material. This is due to localized deformations
associated with indentation, which results in a greater change in length of the skin. While
padding increased the sensitivity, it also introduced delayed dpaitlg a measure of the

efficacy of a padding. The resistance hysteresis was similar for all the padding materials,
regardless of their stiffness or force hysteresis, with recovery times of approximately 7 (
seconds, twice as long as the sensing skin. Also impoataotrobot applications is low

variability in measurement results, and padding materials with uniform microstructures and few

defects exhibited greater consistency.

2.3 Experimental Methods

2.3.1 Sensor Fabrication

2.3.1.1 Sensor Material

Piezoresistive strain sensors consisted of a blend of latex and conductive exfoliated graphite
(EG). Microwave exfoliation of graphite (Asbury Graphite Mills, Inc.) was described previously
[47]. Following this, an EG suspension was formed by sonicating (QSonica Q700, amplitude

100, power 20600 W) EG (10 g) together with 1000 mL of deionized water, 7.5 g of surfactant
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(Triton X-100, SigmaAldrich) and thirty drops of antifoaming agent (&, SigmaAldrich) as
detailed in48]. To avoid ovetheating the sonicating probe, the power was turned on and off for
5-minute intervals until the total energy reached 400 kJ (1 hr). Intdigpsrsion12.2 g), latex
(0.936 g, RB407, ArtMolds) was added as describe4i®,152] After spray coating and

drying, thisdispersiorieads to a piezoresistive sensing composite containing 25 wt% EG.

2.3.1.2 Sensing Skin Fabrication

To form the toucksensitive skin, the piezoresistive paint was applied by spraiing onto a

latex membrane (ELEternational, triaxial membranes, 0.3 mm thick). Sensor dimensions were
defined by a stencil created from painteros t
rigid surface to prevent the sprayed fluid from running. The EG/thspersiorwas spray

coated (10 psi air pressure) in a hood and allowed to air dry for one minute. This was repeated to
deposit 10 layers, after which the stencil was removed, yielding a sensor area in the desired

shape and size. The sheet resistance of thefifimalvas 1000hms/squareobtained by the Van

der Pauw methofl53]. The film thickness was 67+2@m, obtained using calipers with a

precision of 10rim: 10 measurements of thickness of the membrane alone and 10 of the sensor+
membrane were avaged and the values subtracted. The latex composite adhered well, as

determined by visual inspection and rubbing with a fingertip.
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2.3.1.3 Sensor Connection and Mounting

The latex membrane, with a rectangular seqsated area of 11 cm x 20 cm, wasaong the

20 cm length into 25 striphaped sensors, each 0.8 cm wide. The two ends of each strip sensor
were connected to electrical wires (single strand, 30 AWG) with silver epoxy (CircuitWorks,
CW2400),and the initiaresistanceR,) and gauge factqGF) of each sensor was measured (see

the online Supplementary Information (Sl)). Fifteen sensors with siRjlar7 . 0 N1 . 5 kY)

GF (13.841.4) values were chosen for this study.

The surface of each strip was coated with a flexible insulating paint (Behr Premium Plus Ultra,
black). The coating protected the sensing material from abrasion and inadvertent electrical
connection. This had a smooth surface, had minimal effect onigénsand showed the least

variation among identically treated samples due to cracking\{seendix D5.

A steel frame was made to suspend a set of three seRgpre(2.2). The interior edges were
rounded to pevent undue stress concentrations. The ends (last 1.5 cm) of the sensors (face up)
were adhered (Krylon, Repositionable Spray Adhesive 7020) to the frame. The three sensors
were separated by a distance of 3 cm, a distance large enough to avoid seapjpiged local

loading on the neighboring sensors. A different set of 3 sensors was used for each of the five
padding materials, so the sensing strips were replaced when the padding material was changed.
Sensors were readily removed from the frame withzor blade and the next set of sensors was

attached.
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Figure 2.2: (a) Overhead schematic view of the strip sensors on the fixture, affixed to the
padding. (b) Cross sectional closap of the inner edge of a sensor.

To track the deformation reliably and reduce wrinkling, there should be no slip or gaps between
the sensing skin and the padding. The sensors and the frame were fixed to the padding with the

same repositionable adhesive. Adhesive was applied sparinijigtsbdid not harden

substantially after curing and stiffen the contact interface.

2.3.2 Uniaxial Tensile Testing

To obtain the gauge factors for each sensor, they were suspended vertically and were uniaxially
stretched. The experimental setup for thexiai testing is shown in Supplementary

Information @ppendix D3 together with a more detailed description. Both ends, including the

portions with the attached
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(Highland701 transparendym, 0.4 mm thick). The upper end was then glued to a piece of
glass (microscope slide, 25 x 75 x 1 mm) so it could be firmly clamped. A hole was punched
through the transparency on the lower end to allow it to be pulled. The gauge length of the

sensaos (the effective initial lengthy, given by the distance between electrodes) was 100 mm.

To confirm the linearity of the strain sensitivity, found previoydB], another sensor from the

same batch but different from the 15 samples used in the loading tests was us#éds (For
sensorlowas 90 mm instead of 100 mm.) The lower end of this sensor was pulled to five
positions, stretching it by 2.5, 5, 10, 15, and 20 mm (2.8, 5.5, 11.1, 16.7, and 22.2% strain,
respectively) [figure 26). Considering te small strains that would be experienced in the

loading experiments and the linear response of these sensors, the 15 sensors used in the loading
tests were stretched to only two stretch ratios, 1.030 and 1.060 (3% and 6% strain) to obtain the

gauge fact@. The gauge factors of these 15 sensors were normalized@é tifeSensor #1.

2.3.3 Indentation Testing

A force transducer (Bose 3330 Series IlI) was employed to conduct cedistgiatement tests
(Figure 2.3). The transducer probe had a spherical silicone tip (dia. 1 cm) that was slightly
compressible; it contacted the center of the sensing strip. To measure the force during the

indentation testing, a load cell (Cooper Instruments & Systems LFS270 53lkg)Rwas
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connected in series with the probe. To avoid potential adhesion of the probe to the sensor, the

probe was covered with Teflon tape (PTFE thread seal tape).

In the loading/unloading tests, probe speeds of 2.5, 25, and 250 mm/sec were coRagzred.

dependency is common in viscoelastic materials, but there was no systematic effect at these

rates, as shown in tgpendix(Appendix D§. For single indentation tests, the

loading/unloading speed was kept & Bim/sec. Data from the first run reediscarded to

el iminate variations due to the Mullinods

transducer

control force

transducer

membrane Joad cell

sensor M

¢ probe

a) padding

3D DIC
software

cameras

N i |
\  light
source ”’/‘_-.\fpeclfes

B .~ o

b)
Figure 2.3: a) Experimental setup for indentation tests showing the sensing skin on the
padding, the probe, and the force transducer. b) Experimentaetup for the 3DDIC
experiments showing the sample, cameras, and light sources. The membrane shape was
frozen by a fastsetting epoxy.
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Sensor resistance was measured with a voltage divider circuit, with the sensor connected in
series with a known, fed resistor. A voltage source (HewdBtickard 6236B triple output
power supply) applied a constant 5 V. Sensor resistance was derived from voltage

measurements by a data acquisition system (DAQ) (NI-6@B, 14 bit, 48 kS/s).

Displacement warecorded directly from the force transducer with a different DAQ. The times
from the two systems were synchronized by matching the times of the peaks. Experiments were

conducted in triplicate, and matching the first peak resulted in synchrony for éne akbo.

Three dimensional (3D) digital image correlation (DJC94-157] (Figure 23b) was employed

to independently measure deformation due to indentation. A membrane sheet was painted with
random spedks (Behr Premium Plus Ultra, white, speckle size 1 mm dia.). Two cameras
(body: Point Grey FL2&3S2MC, lens: Tamron AF 7300 mm 1:45.6 LD telemacro

[1:3.9]) were placed looking towards the speckles. The angle between the cameras was 2.4
bright light source (Lowel Prbght) provided the illumination required for good image quality.
3D-DIC software (Vie3D, Correlated Solutions) was used to analyze the images to obtain the

membrane shape.

Conventionally DIC is performed duag a loading test while the cameras look at the sample area
of interest. For the indentation test performed on the sensors, the probe blocked the cameras,
rendering the area underneath the probe invisible. Therefof®)GMvas discontinuously

performel. In order to obtain a complete shape over the entire indented area, we employed a
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shapefreezing methogdsimilarto stressfreezing[158]: after obtaining the initial speckgattern

from the undeformed membrane, the sample was indented by the probe and an uncured fluid
epoxy was poured around the probe and allowed to harden, and a second speckle pattern
obtained. A circular membrane, coated on one side with the insulatimgapdi speckled, was
placed with the speclddacing the padding, and the probe was indented to a depth of 6 mm.

The resin and hardener (EpoxAcas, 30 g epoxy resin (650 part A), 3.6 g hardener (101 fast
hardener part B)) were mixing together (3 min) aodrpd onto the surface around the probe.

The epoxy became rigid after 4 hours at room temperature. The deformed membrane, together
with the attached probe, was removed from the force transduceRI@Was performed on the

deformed membranéigure 23b).

2.3.4 Padding Materials

Foams are either oparll or closeecell, according to whether the gas introduced during
fabrication is trappefll47], which addsigidity. Silicone elastomers, such as
polydimethylsiloxane (PDMS), have a stiffness that can be varied via the ratio of the base

polymer to crosginker [159].

We selected two commercial opeell (OC) foans with different stiffnesand one closedell

(CC) foam, and we prepared PDMS with two ratios of precursor togcagant Table 21).

Foams were obtained as sheets with 1ox1{8 .5
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cm. PDMS was prepared in circular molds, from which they were removed after curing, giving

dimensions of 14 cm dmaeter and 1.8 cm thickness.

Paddingstiffnesswascharacterizedby indentation load deflection (ILDpbtained byneasuring
the |l oad required to make a 106 x 1060 x 1660
by 25%. The load was measureith the same load cell, and ILD numbefalfle 21) were

calculated as the ratio of the loading to the area.

Table 21: Padding materials, in order of increasing stiffness.

. ILD
Name Code Material Source (N/cr?)
of%zrr’;:i” OC1 poly(urethanesther) foamforyou.com 0.14
of%zr:ﬁg” 0C2 polyurethane Home Depot 0.47
PDMS 1 PDMS silicone,1:1 part A: part B , 0.51
1 Dow Corning,
Sylgard 527
PDMS 2 PDI2VIS- silicone,1:3 part A: part B Y9 0.85
closedcell cC nitrile rubber Armacell 0.90
foam

Images of foams were taken with a camera and macro zoom lens (Nikon D700, Sigma EX 105
mm 1:2.8D). A microscope (Leica MZ 12.5 stereo zoom) was used to view the elastomers at
higher magnification, with images captured using a digital camera (Tucsen 3tWiRBpf#ware
TSview). Two light paths were used for the latter. coaxial (perpendicular to surface) and ring

(oblique).

Images of the five padding materials are showhigure 24. Comparing the two operell

foams (top row), OEL was uniform, while O contained large bubbles of varying size.
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Furthermore, the cells of QC (bottom row) were symmetric and of consistent size, while those

of OC-2 were oriented and had noniform size. The closedell foam (centg had larger cells

with thin walls, compared to the struts in the OC foams, giving the surface a wrinkled look; the
cell size was irregular, but there were no large defects. The elastomers were featureless on the
length scale used to image the foamscriBtructures for PDMS are therefore shown, using

two illumination sources; each image is at the same location. PDM8 many surface

defects, such as small bumps, dents, and white patches. -RDMS soft and tacky, so it is
unsurprising that touch ay have affected the surface condition. Cracks were seen on2DMS

which was more brittle than PDMB

Flgure 24 Mlcrostructures of five paddlng materlals at (flrst three foam columns) two
low magnifications and (last two elastomer columns) at high magnification under (top)
coaxial and (bottom) ring light illumination.
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2.4 Results and Discussion

The most importanperformance characteristic of a sensor+membrane+padding system is the
sensitivity, which for a strain sensor is the gauge factor. Also of interest are the time response,
the reproducibility, and the break time for steadystate behavior under cyclic ldag. The
contributions of each component of the system to the sensing performance were determined by

examining various combinations and geometriégure 2.5).

sensor ﬂﬂ probe  (a)

membrane™~~

rigid plate

1 _(b)

air T (c)
<= =

| padding

Figure 25: Perpendicuar load applied to sensor + membrane (i.e., sensing skin) (a) on a
rigid substrate (Section2.4.2, (b) supported at the edges, over air (Sectiah4.3, (d) and
over padding (Sectiorn2.4.4. (c) Uniaxial loads applied to sensor + membrane (Section
2.4.7).
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2.4.1 Uniaxial Tensile Testing

Before examining the effect of padding, the sensing skin alone was characterized and calibrated
(Figure 25c). In prior work, the EG/latex sensor were applied on bending cantilevers, which

were flexible but not stretchable, and showed a linear tensile response to 1500 mid¢é&itrain

Due to the hypeelastic rubber membrane, the strains experienced in this work were @irders
magnitude larger. (The calibration of the EG/latex sensor on bending cantilevers was repeated in

this work,Appendix D1)

The calibration curve of a reference sample is shoviAilgare 2.6. The relative resistae

change was substantially linear with axial tensile strain to at least 22%. A linear curve fit gave a
gauge factoGF of 14.2, wherésF is defined byOR/Ry = GFOL/Lo = GFeg whereR s the

change in resistancé]. the change in sensor length,the initial length, andthe engineering

strain. This value is larger than the typiGds of 2 for metal thin film strain gauge sensors.

Before they were mounted to the frame fixture, the strain response of each sensor was obtained

by uniaxial stretcimg to fixed displacements, in triplicate. The initial average resistance of the

fifteen sensorswalRy=7 . 0 kY with a standard deviation of
primarily to noruniform thickness of the sensing layer: the coating was maragled in

multiple layers. The average gauge factor was comparable to that of the reference sample,
13.841.4; there was no correlation betweeh andR,. (see Appendix D2 The variation in the

gauge factor was smaller (10%) than the variation inteesie, and this is the more important

value because relative changes in resistance were evaluated.
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Figure 2.6: Change in resistance with strain under uniaxial stretching (illustrated in

Figure 25c) of the reference sample. The line is a curve fit to the mean values of the three
replicate measurements.

Although all the stripshaped sensors were fabricated from the same EGdasigarsiorand

were spray coated at the same time, variations in thisksemd geometrical variations from the
cutting process led to small differencefkpandGF. Because the GFs were constant, variations
could be simply handled by calibration and normalization. (The goal of the present study was
not the production of identical sensors.) The electrical responses in later experiments were
normalized by the gaudactor of each sensor: the gauge factors of the sensors were divided by

that of sensor #1 to give a ratio, and in future experiments the med®RiRedvere divided by

this ratio to normalize for variations in sensitivity.

The temporal responses oéthensor on a bending cantilever and on the latex membrane are

shown in the supporting informatioAgpendix D1 and DB The resistance response was
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almost the same in these two casagyre D7, SI). The polymer is able to follokigh

frequency (9 Hz) deformation in the glassy or elastic state.

2.4.2 Loading on a Rigid Substrate

Loading by a probe can introduce both compressive and tensile stress. To better understand the
effect of compressive loads applied to the skin, the respdnise sensing skin on a rigid

substrate (a steel block), was examined upon perpendicular loading at the center (as illustrated in
Figure 25a). In the previous section, the load was inplane tensile; here it wasgahe

compressie, but membrane deformation in thdirection leads to expansion of the sensor,

located on the surface,xandydue t o Poi ssonds ratio. Three s
after an initial Abreak i n cigmdvesdowhwardatat at i on
fixed velocity of 2.6 mm/sec until it reached a given distance beyond the original surface, and

then retracted at the same velocRjglre 2.7a). Experiments were separated by time intervals

of 5 minutes without contact.
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Figure 2.7: a) Displacement, b) normalized change in resistance, and force vs. time for a

sensing skin supported by a rigid surface under perpendicular loading-gure 2.5a). c) A

longer time period for the sensor response. Zero displacement is where the probe contacts

and leaves the surface, indicated by the dashed vertical lines.

The time course of a typical strain gauge response is shawgure 27b and c. The

indentations were comparable to the membrane thickness of 0.3 mm: as illustrated schematically
in Figure 25a, the measured indentation is a combination of membrane compression and probe
tip deformation. The forcever the rigid substrate reached 8 N after a short delay; this is due to

Asl opo in the pr obe nmevbentheprobescontatts thee surfacevbuth u n d r e

does not exert force until vertical play in the system is eliminated.

Upon indentation,ite resistance changed immediately, increasing due to sensor stretching

around the probe. The normalized change in resistance peaked at 2.5%. Although the probe was
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in contact for less than half a second, it took tens of seconds for the resistancg ttadkda a

stable value.

These data shed light on two important aspects of coating a thin sensing film onto a highly
stretchable membrane. Firstly, the measured change in resistance is primarily due to strain,
rather than forceDR/R, reached only &w percent under a large compressive load in the

thickness direction, compared to 300% under uniaxial tensile testing. Secondly, the sensor
accurately reflected the mechanical behavior of the underlying substrate. As discussed above, a
slowrecoverymus be expected and taken into account
Methods for determining the applied load on viscoelastic sensors have previously been

developed56] that can reaswbly predict for these effects.

2.4.3 Loading over Air

The indentation tests were run without a substrate (illustratégjime 25b) to provide the other
extreme of boundary condition. The load in this case was primarily tensitetrestniaxial

stretching tests, but there was a varying time course to the loading. The maximum displacement
in these tests was fixed at 8 mRigure 2.8a), giving a total inplane strain of 1.9% hree

samples were cycled four times each, the first cycle being a-liregkle, with 5 minute

intervals between cycles. The force reached a maximum of 0.18 N, or 2.3% of that on the rigid

substate.
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The increase in resistandaqure2.8b) closely followed the increase in force, again beginning at
the point of contact, as expected. The maximum change in normalized resistance (at 8 mm) was
25.642.1% (3 trals), roughly 10 times larger than under the compressive load. The gauge factor
was 13.5consistent with the values in the uniaxial tests, and the sensitivity was 2.1%/mm at an
indentation of 6.7 mm (for comparison with valueJ able 22). Comparing these values with

those on the rigid substrate, it is again clear that the sensors respond to strain, rather than force.

While the force recovered to zero when the displacement went to zero, there was #diliad res
change in resistance that took longer to decay. The recovery tiras defined as the time it
took after the indenter left the surface for the value to return to 10% of its peak. For the skin

over air, this took approximatelyséconds.

It should also be noted that deformations of the sensing skin during indentatioRitgests (

2.5b) are not unidirectional, so biaxial testing was perfornrdggbéndix DJ. The sensitivity in

thex-direction was unaffecteoly the amount of stretching in tlyedirection.
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Figure 2.8: a) Displacement waveform for single loadinginloading cycle to a fixed 8 mm
displacement. Corresponding changes in normalized resistance and force for b) an edge
supported sensor+membrane under perpendicular loading (illustrated ifrigure 2.5b) and

c) when the sensor was over a padding (op@ell foam OG2). Dashed vertical lines

indicate when probe contacted and left the surface, at zero displacement. At timpehe

resistance had dropped to 10% of its peak valueNote: y-axes differ in (b) and (c).

The data from this section isolate the response from just the sensing skin, without padding, under
indentation loading. Combining this with information on the role of padding, presented below, it

is possible to bild a general understanding of the response of highly compliant sensing

skin/foam systems.
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2.4.4 Loading on Padding

Loading can be performed to constant force or constant displacement. The latter is more often
used because it has the advantage of causinigusimaterial deformation profiles even if their
stiffness varies. For this work, it was also advantageous because the sensors principally detect

strain, not force, as shown above.

2.4.4.1 Singlelndentation Loading

A single touch on puh, mighbbe expestedsokbe the most commona s a
occurrence. As above, four singl@entation loadinginloading tests were conducted, separated

by a time interval of 5 minutes without contact to allow recovery from memory effects in all

parts of the systerfsensor, membrane, padding). A five minute interval is typical in the study of

mechanical responses of padding, such as polyurethane [fb&8js

The 8 mm maximum displacement represented nearly one third of the 25 mm foam thickness and
half of the 18 mm elastomer padding thickness; it represented a large deformation. The same
loading/unloading speed of2mm/sec was again used here. Three saamgor replicates of

three sensors provided a total of nine sqraéding replicates.

The force on the probe and normalized resistance change for one of the sensorsceil open
foam 2 (OCG2) are shown ifrigure2.8c. On this foam, the force on the probe reached 4 N

(compared with 0.2 N over air and 8 N on the rigid surface). Resistance changes on this foam
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were three times higher than those when the membrane was suspended over air: the foams

produced an amplificadn of the strain response.

As was the case for the suspended membrane, both the forcR®/&gihcreased with
displacement, although again nonlinearly. The two curves were closely correlated upon

indentation for this foam.

As in Figure2.8b, although the force iRigure2.8c returned to zero as soon as the probe lost
contact with the surface, the resistance only gradually decreased BacKTioe recover time
for foam OCG2 was 8 seconds, roughly twice as long as for the membrane alone, and for the

other padding materiatswas similar Appendix D7.

Plotting the response as a function of displacentggtife 2.9) better displays memory effects.

At the surface (displacemenit= 0) the force and resistance change both started at zero. The
force returned to zero dt= 0 at the end of the cycle because the probe to which the force
transducer was attached lifted tife surface. The resistance, however, stayed high because the
padding and skin were still deformed, which was read by the sensor. The resistance eventually

returns to its initial valueHigure 28) as the viscoelastic materialduen to their original shapes.

The force on the probe shows hysteresis, having a lower value upon unloading because the foam
was compressed. Hysteresis is defined as the maximum vertical distance between curves,
normalized by the maximum range; = [MmaX(|Yioad T Yunioad))/(Ymax1 Ymin). In this case, it is the

maximum difference of force during loadhugloading divided by the maximum force.
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Hysteresis is a measure of][62, andisésseatimina abi | ity
padding. Although hysteresis complicadéeslysis of the sensor signals, the lack of bouramk

after compression reduces impact forces and distributes the impaft464dThe resistance

curves were typically shaped as figl8® and did not close, since the resistance followed the

long mechanical recovery time$he change in resistance was fairly linear with displacement

before the turraround point.
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Figure 29: Change in resistance and force as a function of displacement for foam open cell

2. Hysteresish in the force is illustrated. Arrows indicate loading and unloading.

Singlecycle loading on foam, air, and the rigid substrate are compaFagdure 2.10. As

shown inFigure2.10b, the paddingO2 magni fi ed the sensoro6s resi
with that on air (on average by a factor of 3.8 at 6.7 mm indentation). Since the maximum
normalized resistanaghange for the rigid substrate was 2%, this magnification is unrelated to

the more concentrated compression introduced by the soft padding compared to air. The reason

for the enhancement is explored in Sectidds4.4and2.4.4.5
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The rubber membrane introduced some hystere§iRfiR,, as shown by the neelosing loop
over air Figure2.10b). This hysteresis was substantially smaller than that on the foam,
however, even though the displacement was the same. The padding thus dominates the memory

effects.

Force (N)

AR/R, (%)

e 1 2 38 4 5 6 ¢/ 8§
Displacement (mm)

Figure 2.10: a) Force and b) normalized resistance chraye for the three underlying

materials in singleindentation tests as a function of probe displacement.

The indentation results show that the cushioning foam, as expected, increased the displacement
and lowered the forces compared with a rigid substrate foam also had an unexpected

benefit, increasing the sensitivity to indentation. On the other hand, the foam increases the
recovery time compared to the skin alone. This time is 7 seconds after complete removal of the
touching object, which is stishort compared to expected times between intermittent human

touching of a robot.

-52-



2.4.4.2 Cyclic Loading

Cyclic loading may occur on a smart skin for repetitive motions such as walking. Under cyclic
loading, the padding does not have time to mechanicallyeecand its behavior reaches a

steady state response after a number of cycles. For piezoresistive composites in which an
insulating host is loaded with a conductive filler, the resistance response under loading is known

to be historydependenf39]: in dynamic tests a stable electrical response is obtained after
severad ndbbcgakes. New percol ation paths are

the system reaches a new equilibrilt8].

Dynamic load testing was performeddetermine the role played by the underlying padding in
the breakin behavior. Sinusoidal constagisplacement testgigure 2.11a) were conducted on
each sensor: 30 cycles at a frequency of either 0.2 or 1 Hnaxienum displacement of 8 mm
at the center of the sensor (results were insensitive to rate in this frequency range, as shown in
Appendix D§. Simultaneously, the force applied by the probe and the resistance of the sensor

were measured.
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Figure 2.11: a) Sinusoidal displacement at0.2Hz. b) Force and normalized resistance
change as a function of time under cyclic loading. ¢) Normalized resistance change over a
longer time. d) Force and e)normalized resistance change versus displacement. (First

cycle, dashed line; last cycle, heavy solid lindData are from a sensing skin on foam OQ.

The temporal response of the force and the relative resistance changes are shguve in

2.11ab. The resistance change during the first cycle was nearly double that in the single
indentation testRigure2.8c). This was because the very first cycle in those tests was dibcarde
and R was set to the value at the start of the second cycle. As shdwgune 211b, the peaks

of the resistance curve correspond with those of the force curve, so the sensor followed the

dynamic input, albeit with a reduced ditymle. The resistance did not recover to zero after the

first cycle, but remained at a higher leveéigure2.11c shows a longer time scale.

History dependence from cycle to cycle is seen even more clearlysragiainst displacement

(Figure2.11d,e). The measured force generally stabilized already if'ty&e, but the
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resistance response took longer. The-sthdycle resistance of the sensor decreased to a steady

value, stabilizing after approximately 20 cycles.

Comparing these results with cyclic testing of the skiopendix D3 confirms that the padding
lead to greater dissipation of energy during téoading cycle, as it should. Interestingly, the
steadystate resistance response to indentation over padding had less hysteresis than the skin

response under tensidRigure 25c).

The results of this section illustrate how tlael@ing dampens sensor readings under cyclic
loading, since it does not have sufficient time to mechanically recover between cycles; this is in
marked contrast to the response of the sensor painted onto a more rigid si&jtoatthe

response of the sensor on the membranghnk in the glassy (elastic) state at these

frequencies. A direct mapping between signal and deformation cannot be expected in highly

deformable systems, although the deformation can still be inferred by moj@&jng

2.4.4.3 Padding Comparisons

SingleIndentation

The force and resistance responses (three cycles each on three sensors) on the five padding
materials are compared for singhelentation loading ifrigure 2.12a,b. The probe started some
distance above the surface, so there were variations in the final displacements on the different

padding materials.
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Figure 212 a) Force and b) normalized resistance change for all 5 padding materials in
single-cycle tests as a function of probe displacement. Nine traces are from triplicate
measurements on 3 samples. One trace is heavier to aid visualization. c) Force and d)
normalized resistance change under cyclic loading; one steady state curve for each of the
three sensors is shown, with one trace heavier to aid visualizatiomhesecurves were
shifted to the same baselineDR/R, = 0 at displacement = 0 mm.

The maximunforce on the probe reached between 2 and 12 N, tracking the ILD vaalds (
2.1) as expected, since ILD quantifies the stiffness. For the three foams, at the start of
indentation under small compressions, the force was faidgr with displacement{gure

2.12a) as the cell walls bent and the foams behaved as Hookian did6¢s With increased

compression the force curves turned upward, showing a rise in stiffness, as the foam cells began
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to collapse, andor the closed cell foam, as the air in the cells was compressed. (Note the
greater curvature for foam CC.) The elastomer samples behaved similarly to CC. The force
hysteresis (an indication of padding efficacy) was largest for the softagliioans (33% for
OC-1, 37% for OG2) and smallest for the elastomers (19% for PBM33% for PDM&2) in

the singleindentation tests.

With respect to change in resistanEgy(ire2.12b), the materials split into two grps, JR/Ry

being higher for the two elastomers and-@@4-6%%, Table 22) and lower for OClL and CC
(31-32%). The sensitivity (slope) increased with displacement; under this loading condition, the
strain experienced by the gauges rose nonlinearly with indentation. Once again, the magnitude
of the resistance change did not follow the force (compdiiggre2.12 aand b). However, it

did not just follow the indentation, either: there was a dependence of sensitivity on padding type,
yielding differences ilDR/R; at identical displacements. The deformations experienceukeby t
gauges are further discussed in SectibdsA.4and2.4.4.5 The resistance hysteresis was

similar for all the padding materials, as were the recovery tinfdppendix D7.

The variation among theurves is also important. For both mechanical and electrical responses,
variationamongsensors was larger (typically around 2x) thatweertrials on the same sensor
(Table 22). Since the sensors were placed at different locations over the foam surface, this
suggests that the variation was introduced byunaformity of the padding material. (Recall

that the gauge factors of the sensors were individually normalized, sboreria sensitivity

among sensors are not responsible.) The force varatimmgsensors was largest for PDMS

(8%). More critical for sensing, the two elastomers also had a large variati®Rnamong
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sensors (12% and 17%), compared with the rmassistent padding, which was €1G4%).

Even between trials on the same sensor, the variation for PDW large (at 12%, 3 or more
times larger than the other four materials). These variations can be understood by referring to
Figure 24. OG1 consistently had the smallest variation in measurements, and it had regular cell
sizes and no defects. The variations onD@ere larger, corresponding to the presence of

bubble defects and irregular, anisotropic cells. CC was eveodassstent, and although it had

no defects, the cell structure was even more irregular. The two elastomers had masgatecro

defects and even cracks, accounting for the largest variations for these.
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Table 22: Hysteresis, variations, stabilization cycle, and sensitivity in force and resistance measurements for the five padding
materials. (Largest values are boldfaced, smallest are italicized.)

Force Resistance
SingleIndent Cyclic SingleIndent Cyclic
Force Variatior? A DRIR, Stabi A DRR,
Force Variatior? (%) Force (%) V. sl REsIStance  variatior? (%) tabilization V. wowesp | Resistance  variatior? (%)
Hysteresi$ Hysteresi$ DR/R, @ Se(;slltlwt)? Hysteresi$ Cyclé | DRIR,” Se‘;slltlwt)? Hysteresi$
. (%) Betweer|Among (%) Among (%) (%/mm) (%) Between| Among #) (%) (%/mm) (%) Among
Padding . X
Trials |Sensorg Sensors Trials | Sensors Sensors
OoC1 332 1 4 4013 4 31#.3 4.640.2 212 2 4 2545 214 2.70.1 212 2
0C-2 374 2 3 2242 4 53#.3 7.940.2 2342 3 7 254 3845 4.79.7 192 6
PDMS1 1943 2 5 5045 2 44#4.0 6.540.6 28#4 4 17 1741 30416 3.72.0 30 15
PDMS-2 134 2 8 4719 4 6948.8 | 10.4#.3 2356 12 12 2040 5926 7.443.2 3443 15
CC 244 2 5 3446 3 324.8 4.79.1 252 4 11 17¢ 2346 2.94.8 2746 9

1234ysteresis: At the same displacement points, the maximum difference of force (or resistance), representéiedpading and unloading directions
divided by the maximum force (resistance) value, i.e.

@i 0 Qi

O+

"{%
SZT

’
I

S

12The average hysteresis among the 9 tests (3 tests for each sensor, 3@ersmis)material and its standard deviation.
34The average hysteresis among the 3 sensors (1 test for each sensor) on each material and its standard deviation.
® Variationbetweertrials. The average and standard deviation among the three trialefisensor was calculated at each point along the leadingding

loop, resulting in two vecta®

and Y

. The average standard deviation is the average of the véttor
The variation among sensors was calculated as the standard deviabion pf , 0
® Stabilization Cycle: the cycle number at which the relative resistance change stayed withitha®6f the 30th cycle.
"Av [RIR,: the normalized resistance change (%) averaged over 9 tests-{sifegiation) or 3 tests (cyclic). This value was obtained at a fixed faan®.7
mm indentation (since the maximum indentation changedsaime value was used for every paddind)air8 mm indentation (maximum displacement).

8 Sensitivity: the normalized resistance change (%) divided by the displacement (units of mm). The average resistanc® desssf(for singlndentation
test)or 3 tests (for cyclic tests) were used. This value does not take into account the nonlinearity of the curves, whicleabing sensitivity with
displacement, but rather takes the slope at a fixed pdait6.7 mm indentation (the maximum reachgd®DMS 1) or® at 8 mm indentation.
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Foams, as expected, were more effective as eradrgyrbing materials than elastomers, as

shown by the greater hysteresis in the force, but the hysteresis in the sensing signal introduced by
all five padding materials was nevertheless similar. The magnitude of the signal (strain) was
nonlinear with indentation distance and depended on padding material. Itis shown below that
this is related to the local shape taken by the padding around the prébectiom2.4.1, we

discussed variations among the sensors and how that can be handled by calibration, but in this
section we show that namiformities in the padding microstructure introduce response variation

that is difficult tocompensate. Therefore, a padding with uniform microstructure is preferred.

Cyclic Loading

On multicycle testsKigure2.12c,d), the probe always loaded and retracted to the sarsefpre
position, so indentation®ff all the padding materials were exactly at thegatevalue, 8 mm.

The maximum forcedHgure2.12c) were essentially the same as in the shoglde

experiments. However, the force hysteresis on the PDMS elastaras much larger in cyclic
loading than in singkndent loading, more than doubling (going from 13% and 19% to 47% and
50%,Figure2.12c, Table 22), indicating better energy absorption. Itisll known that

elastomers, such as rubbers, exhibit-tependent hysteresis due to thermodynamic effects,
which are more pronounced in cyclic load[iag0]. For OG2, on the other hand, the hysteresis
was nearly haled in cyclic loading (going from 37% to 22%). In foams, the energy absorbed
from crushing the cells is not fully recovered by the subsequent[dgdé A padding material

that performs welunder one type of loading cannot therefore be assumed to be good for another.
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For OC1 the force hysteresis did not change substantially (33% to 40%). From the perspective

of good, consistent padding ability, €ds thus the best choice, and CC thet est.

Interestingly, the resistance hysteresis (approx. 24%) was not substantially different on the 5
materials for singkendentation loading, and under cyclic loading, the resistance hysteresis was
again similar (although it increased for the stifélastomer, PDM&). These values would be
expected to be related to sprbgck (recovery timg), whichwas similar for these materials

(Appendix DF.

The sensitivity under cyclic loading was smaller than in stimgdentations (typically by 40%).

Since the padding was continuously loaded, it never had time to recover to its original thickness,
producing smaller changes. Importantly, the relative sensitivity of the padding materials
remained the same (PDM5>0G2>PDMS1>0G1 & CC) imgle-indemation tests s

(Table 22).

Although the sensors on PDMShad the highest sensitivity (7.4 %/mm), they also had the
biggest variation3.2%/mm), as was the case for the sirgjele indentation. As discussed
previously the variability over the surface of the elastomers may be due to thecracics
observed irFigure 24, as well as incomplete mixing or tiny bubbles introduced during the
PDMS preparation process. The lack of consistency fronparief the material to another is a

serious drawback in this application.
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To quantitatively evaluate at which cycle the sensors stabilized on different padding materials,
the cycle number at which the relative resistance change was within 1% of theaB0th cycle

was determinedlable 22). There was considerable variation among the sensors on the same
substrate, although all five stabilized after25 cycles. With regards to consistency, the

elastomers had the greatest vaoiain the stabilization cycle number among the three sensors.

These experiments showed that the performance of a padding used as cushioning can depend on
whether it undergoes singiedentation loading or cyclic loading. In fact, both may need to be
examined when choosing a material for a particulanobotics application. However, because

all the padding materials tested in this work had comparable recovery times, the signal hysteresis
was also similar among them under cyclic loading. The previodisig for one of the foams

that the sensitivity was lower during cyclic loading than skiogiee, was also true for the other

padding materials.

None of the padding materials did well in every category. Choosing an appropriate padding
therefore involes balancing energy absorption, sensor sensitivity, and variability in the context

of a particular application. For example, the two open cell foams had good padding
characteristics but were quite soft, and-O6ad better consistency while €had higler

sensitivity. The elastomers had several significant disadvantages: not only are they heavier and

more expensive, but their responses to indentation varied too much from place to place.
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2.4.4.4 Padding Placement

To gain insight into the mechanism by whtble padding materials amplified the strain response

in comparison with having only air under the membrane, the presence of the padding at various
locations underneath the sensor was investigated. An 8 cm wide piece of feaw&@ut

into 5 rectanglesr@éented perpendicular to the axis of the sensing strip, and various pieces were
selectively removedHigure 2.13a). As in the previous sections, the probe was indented to a
depth of approximately 8 mm and then retracted. The experiments were performed on three
sensors, each in triplicate. The results from one sensor are shbignrie2.13b,c; the other

sensors had the same behavior. Force and resistance measurements were taken during loading

when the probe reached 6 mm.
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Figure 2.13: a) Padding under the membrane divided into 5 sections. IBorce and c)
normalized change in resistance at a displacement of 6 mm upon symmetric removal of
sections of foam OG2 under the membrane. Points represent three measurements on one

Figure2.13b shows thathe force on the probe is due to the center (A) column of foam; when it
is removed, the force falls almost to that of no foam (air). The amplification of the resistance
change, on the other hand, is more complex. Like for the force, the presencerut Achlone

produces the amplification, with no change upon removal of B and C pieces, but removal of A

-64-



while leaving B,C in place gives the same result. Therefore, the shape of the membrane under
the probe makes a difference. The shape of the membranbevafore further examideas

outlined in the next section.

2.4.4.5 Deformed Membrane Shape

To further explore the signal amplification effect of the padding, the deformed membrane shape
was measured with 3DIC (Section2.3.3. Thesame membrane was also used, prior to that, to

obtain the shape of indentation without padding (over air, Byure 25b).

Figure 2.14a shows the sample with the froz@nndentation obtained over foam &Cand
Figure2.14b shows adisplacements along two perpendicular lines passing over the peaks in air
and over O. The deformation was more feed over the padding, wrapping around the

probe. Over air, the probe pushed the center of the membrane downward, with nearly straight
lines on either side. The change in length of the lines before and after indentation was obtained
from the 3D DIC defanation measurements, giving an average stretch ratio of 0.0079 over air
and 0.0245 over O, a factor of 3 difference. This is comparable to the difference in resistance

responses. The padding therefore magnifies the sensor signal through an in¢otakstiain.
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Figure 2.14: a) Frozentin shape of membrane indented over padding. b) Displacements for
no loading, loading with no underlying substrate (over air), and loading on O. Two sets
of data were extracted fran two perpendicular lines (denoted ax and y) across the peak.

To aid comparison, the positions of maximum displacement were shifted in the plot to
position = 0 mm.

2.5 Discussion

An advantage of the piezoresistive sensors used in this workssitpkcity of application by

spray coating. Since the fabrication was performed manually, there were variations among the
sensors. However, because the relative change in resistance was fairly linear with strain, the GF
could be treated as constant aadiations due to fabrication inconsistencies could be handled by

normalization after calibration.
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For corobotics applications, a largeea tactile sensing skin and any protective padding over a
rigid robot frame will undergtarge deformations Inheren to stretchable coverings, such as
rubber, and also to paddings, such as foam and silicon, is viscoelastic behavior. Under large
deformation, the polymer chains of a viscoelastic slowly rotate and move past each other.
Recovery to the original shape upe@moving a stress is tintependent, and varies with the
material (chemical composition, degree of crosslinking, crystallinity). To support large
deformations, the cell walls of a foam can buckle or crack, absorbing energy and providing
protection. Reaovery of a foam to the original shape is also tole@endent, varying not only

with the material, but also with the foam structure. Therefore, the signals coming from the
sensor reflect the tirrearying behavior of the skin and the foam. However, theesloesponse
will typically govern most of the systemd0s be

instantaneously, if it is placed over a padding, the signal will be time dependent.

Viscoelastic behavior has previously been reported on various polymer composite sensors. For
example, the carbon black filled silicone sensor report@sbjishowed a recovery time on the

order of 10 sec. Our sensing skin recovered in only 4 secbigisd 28b), while over padding

signal recovery took approximately 8 secorfégire 28c). The capacitive sensor made of
stretchable dielectrimaterial reported if25] showed an even longer recovery time, on the order

of thousand seconds. Nevertheless, this behavior has not prohibited their use for strain sensing,

and they have been applied in robd2&s46]
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For intermittent touch, the timgependent effects do not significantly affect an estimate of the
applied load. For continuous loading, the sensors can directly provide qualitative information on
the magnitude of the load (large vs small, long vs short), which is likely to be sufficient for many
co-robotics applications. Quantitative information can be obtained by performing modeling.

The behavior of viscoelastic materials is often approximated biianeal models consisting of

series and parallel combinations of springs and dashpots (e.g. Generalized Maxwell or Maxwell
Weichert)(or resistors and capacitors in electrical analogs). Once the models have been obtained

experimentally, the applied loadrche inferred from the sensor sigft].

2.6 Conclusions

A composite of latex and exfoliated graphite was sjg@ated onto a latex membrane to form a
sensing skin. The use of an elastambost for the nangcale conductive particles resulted in
stretchable piezoresistive thin film sensors, which are amenable to conformal wrapping of large
areas, as required for-tobots. These sensors detected touch indirectly, via strain introduced by
contact. The shape of the deformation was thus important, and the compressibility and localized
deformation the foam resulted in amplification of the signal compared to a rigid substrate or a

suspended configuration.

The use of padding under a sensskn introduces significant tirsdependent effects that need
to be taken into account when interpreting the readings. The microstructure of the padding is

also influential in this application: a uniform and defieee microstucture ensures reproducible
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responses from the skin. The padding should be chosen based on both the protection it imparts,
through lower stiffness and energy absorption, as well as the response of the overlying sensor,
including sensitivity, consistency, differences in single anttiraycle loading, and resistance

hysteresis.
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Chapter 3. Characterization of a Compliant Multiayer
System for Tactile Sensing with Enhanced

Sensitivity and Range

Published in Smart Materials and Structures, 27 (6), 065005 (2018).

Ying Chen, Miao Yu, Hugh Aruck, Elisabeth Smela

Co-author contributions: Ae ideaof softhard multilayer padding architecture comes from the
discussion of ProMiao Yu, Prof. Elisabeth Smelaand Ying Chen. Ying Chen fabricated the
sensor system, performéte experimentsandprocessed the dat&rof. Yu,Prof. Elisabeth
Smelaand ProfHugh A Bruck contributedto themodeling.All authors contributed to writing

the textand making the figures

3.1 Abstract

To allow robots to interact with humans via touch, new sensing canaepheeded that can

detect a wide range of potential interactions and cover the body of a robot. cmatbisy a
skirnrinspired multilayer tactile sensing architecture is presented and characterized. The
structure consists of stretchable piezoregsttrainsensing layers over foam layers of different
stiffness, allowing for both sufficient sensitivity and pressure range for human contacts. Strip
shaped sensors were used in this architecture to produce a deformation response proportional to

presswve. The roles of the foam layers were elucidated by changing their stiffness and thickness,
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allowing the development of a geometric model to account for indenter interactions with the
structure. The advantage of this architecture over other approathesislity to easily tune
performance by adjusting the stiffness or thickness of the foams to tailor the response for
different applications. Since viscoelastic materials were used, the temporal effects were also

investigated.

3.2 Introduction

Theintegration of tactile sensors is of interest for robots that may physically interact with
humans. Rquirements for a tactile skin can be drawn from pressures associated with human
contact, as summarized Tiable 31. The values cover a substantial range, from operating a
touchscreen at 5 kPa to delivering a punch at 800 kPa. For an electronic skin, it is challenging to
maintain sufficient sensitivity at the most commonly encountered low forces while still providing

measurements at high forces.

Efforts on tactile sensing have focused on sensor developh3&)t Flexibleand stretchable
sensors have been demonstrated that are highly sensitive, accurate, afii3jhddr162170].
For recent elastomeric resistive tactile sensors, force ranges are on the orfidd ahdgauge
factors are 33, as summarized [i77]. Ultrasensitive sensors typitahave low upper limits
(e.g. 510 kP&170-172)), although some have reached the intermediate ranigbie 31 (140
kPa[173], 80 N[74]). Soft, porous materia[89,171,172,174]including foams

[26,172,173,175]provide a straightforward way to increase sensitivity. Mechanical compliance
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erhances signals from both capacitjt&2,173]and resistive sensofs9,175] Recently, a

sensing structure having soft and stiff foams side by side has been reported, with the soft foam
providing higher sensitivit{35]. Anotherway to increase compliance is by adding spacers
[31,176,177Jor compressible microstructured surface feat[k@8,179]such as pyramids

[179,180] ridges[61,178] and micropillar§181].

Table 31: Forces inwlved in human contact and calculated pressures based on the
assumed contact areas.

Contact Type Force (N) Pressure (kPa)* Source
Finger (2cm?) | Fist/Hand (20cm?)
touching cell phone screen, 1-2 5-10 | [64,65]
typing on keyboard
grasping light rough object 5 25 2.5 [182]
grasping light slippery object 25 125 12.5 [182]
gripping (typical), per finger 30-60 150-300 T [67]
poking, pressing 35-50 175250 17.525 [68,69]
strong pinching 65-100 325500 T [68]
pulling, pushing (whole body] 100500 I 50-250 [70,72]
gripping, whole hand 250-550 i 125275 [68,70]
punching (novice boxer) 1600 T 800 [71]

* Forces were reported in the source references, and the corresponding pressures were
calculated based on the given assumed sizes.

It has been difficult to prevent signal saturation at high pre$s@r&83] Simply increasing the
stiffness of the material increases the range at the cost of senfli8aly Making use of two

distinct sensing mechanisms can increase the force fa8dje but the signal may then be ron
monotonic, changing sign as the dominant mechanism changes. Other approaches to extending
the force range have included adding surfagéure[73], altering the sensor geometry

[185,186] and tailoring the sensing material, for example by adjusting the shape of embedded
particles[187]. Thus, covering the entire potential force range in hurobot interactions

remains a challenge.
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To reduce the potential for harm during contact, robatsbe covered with paddingigure

3.1a). However, relatively little work has been done to examine the performance of sensors over
soft substrates such as foanidgid tactile sensors are usually placed under tieipg to
mechanically protect them, but this comes at the cost in terms of sensitivity and spatial resolution
[128,188] as well as the need to solve an inveasdile transduction problefd5]. Embedding
sensors in an elastic body has also been exarfi88( Stretchable sensors can be placed over
the padding, bute signals are modulated by the compliant substrgere 31b,c)[175]. For

a strain sensor, this modulation is actually required, since the signal is due to the deformation of
the padding under an applied load. There are advantages to placing anexastios a spongy
surface, as described for a recently commercialized fingertip sensor: the larger deformations
associated with both materials enables more energy to be absorbed during collisions and allows
more time for the robot to alter its motion teepent damagfl90]. These combinations are also

inexpensive to produce, have the ability to cover large and compleHéghave a lower

rate of false positives, [88,13]l ack sharp edges
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Figure 3.1: a) Schematic of a strain sensor on a padded robot arm experiencing a touch.

b) The touch produces an indentation in the foam, leading to a strain in the sensor and thus

a change in its resistance, from whitthe applied force can be inferred.c) A sensor with a

linear response to displacement will have a different response on foam, lexfting the

viscoelastic mechanical properties of the foam.

Mammalian skin is mulilayered, withseveral sorts of mechanoreceptors, overlapping and
located at different depths; tactile sensors are located at the surfat®€kel cells) for high
reolutionand deeper within it (SA Ruffini corpuscles) for more distributed sensation
[20,182,194196]. Yet, there has been little research on artificial ralered tactile sensors.
Human skin is also stretchable and viscoelastic, experiencing relaxation, creep, and hysteresis

[197]. Since skin provides a desirable tactile response, its characteristics suggest an architecture

for electronic skins to mimic.

In this work, we present and characterize a compliant #ayiir sensing structure with both

enhanced sensitivity at low @m®ure and a sufficient range to cover most of the forces
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encountered ifable 31. Our multilayer architecture employs two strata, each consisting of a
skin-covered foamHKigure 3.2d). We had peviously reported on the performance of touch
sensing Askinso made by applying piezoresisti
placed over various padding lay§43,175] Fabrication of the sensing skins is simple,

consisting of spragoating an aqueous mixture of exfoliated graphite (EG) aed tito a latex
membrane. We use EG/latex because it is paintable and has a reasonably high gauiget factor,

the focus of this work is the mdiiiyer architecture, for which other sensors could be used just

as well The construction of multayer strectures is also straightforward, and this layering

approach is advantageous because it allows one to separately optimize the sensing skins and the

foams for particular applications.

While many other tactile sensors have much higher sensit\d8/171,173] the aim of this

work was to investigate a new architecture that delivers a balanced combination of low pressure
and high pressure performance in a simple and tailorable way. We have employed a
piezoresistive film to demonstrate the feasibility of thess®y architecture, but we emphasize

that the sensing architecture coul[d681i78l pr i nci
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3.3 Experimental Methods

3.3.1 Sensing Skin Fabrication

Compliantpiezoresistive strain sensing skifsgure 32a) were made by blending conductive

exfoliated graphite (EG) particles into a flexible matrix and coating the mixture onto a rubber
membrane. The graphite (Asbury Graphite Mills, lexfpliation proces§47], preparation of

the composit§48], and spraycoating of the composite onto the latex membrane (ELE

International, 0.3 mnthick) [175] have been reported previously. In summary, an EG dispersion

was prepared from 10 g of EG prepared in a mien@wven, 1 L of water, 7.5 g of surfactant

(Triton X-100, SigmaAldrich), and thirty drops of antifoaming agent (2&, SigmaAldrich).

To the 12.2 g of the dispersion was added 0.936 g of natural rubber late}0{RBrtMolds).

The coating pattern,r@ctangle of 11 cm x 19.2 cm was formed by spraying over a template
formed of painterds tape ( Scot c-tingng ioreone. A tot
minute between layers. The coated membrane was scissor cut along the 10.4 cm length into 24
srip-s haped pieces, each 0.8 cm wide. The resis
between the two edges. In this work the sensing layer was not covered by a protective coating,

but we have shown that spraying an additional layer of nreefinglatex over the surface can

prevent damage due to rubbifi®8].

The amount of EG in the sensing layer (25%) is above the percolation threshold, yet the layer
remains stretchable. Under tensile strain, the distance between nanoparticles increases in the

stretch direction, breaking some of the percolation pathwayseantting in an increase in
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resistance. The gauge factor (GF), defined as the relative change in resistance per unit strain,

was 8 for these sking\ppendix E) due to the inherent resistivity changes caused by disrupting
percolation, compared withGF=02bt ai ned from geometric effects
and on foam, was characterized1@5]. (The skins are compaa with two commercially

available compliant materials, carbon filled silicone and conductive fabigpendix EJ.

Electrical connections to the composite sensing layer were formed with carbon fiber braids (The
Composites Store, braided sleevesp0dl di amet er ) . Carbon fibers h
are more flexible than fine mulstrand metal wire, and they have a low contact resistance to the
composite, resulting in superior adhesion and good electrical contact. The braid was cut to the
required length and two bundles of carbon fibers were pulled from it. A 1 cm length at the end

of the bundle was spread out and laid over the strip. Drops of the EG suspension were applied

by pipette onto the overlapping area and air dried. The carbaoa filmee completely embedded

in the latex/EG composite after applying 8 drops, forming a robust connegpper(dix E3J.

The carbon fiber was in turn connected to mstitand Cu wire (Alpha Wire Corp., 26 AWG,

PVC insulation) with heat shrink tubing (NTElI ect r oni c s ;ASSTAQ), applgirigl 6 6 6, |
hot air (Aoyue, 852A++ repairing system) for 1 minute. The total resistance of the strip,
including the connections, was 2.43N0.22 kY.

compared to that of thersging layer (3%).
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3.3.2 Foams

Two foam combinations were used in this work. In foam pdifigure 32b), thetop foam was

an opercell poly(urethanesther) (thicknesd;= 12 . 5 mm, Astandard medi u
foamforyou.com, Foam N' More diJpholstery Inc., Clawson, MI), and the bottom one was an
ethylenevinyl acetate (EVA) foamd, = 12.5 mm, BalanceFrom BFRMLGY, puzzle exercise

mat). In foam pair B, the top foam was an opeh poly(urethaneet her ) (Apl ush/ sof
foamforyou.comfFoam N' More and Upholstery Inc., Clawson, Ml), and the bottom one was a
closedcell nitrile rubber. In theofthard configuration with foam pair B, the thickness of the

soft foam wagsl; = 12 mm and the thickness of the hard foam #gas19 mm. In thesoft-soft

configuration, the soft foam of pair B was used wdilx 12 mm,d, = 25 mm. In théhard-hard

configuration, the hard foam of pair B was used wlitsk 9 mm,d, = 19 mm.

Foamstiffnesswascharacterizedhy indentation load deflection (ILDpbtained bymeasuring

the load required to reduce the thickness of a1 cm x 1 cm x 1 cm sample by 25%. The load was
measured with the force transducer (Bose 3330 Series Il), and ILD numbers were calculated as
the ratio of loading to area (N/é&n For faam pair A, the ILD of the top layer was 0.4 Nfgm

and that of the bottom layer was 6.3 Nfcmeaning that the bottom layer was nearly 15 times
stiffer. For foam pair B, the ILD of the soft foam was 0.14 N{amnd that of the hard foam was

13.34 N/cm, meaning that the hard foam was nearly 100 times stiffer.
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3.3.3 Indentation Tests

The sensing strips were attached to the foams using adhesive (Krylon, Repositionable Spray
Adhesive 7020) to keep them from moving during testiigure 32c). The skin+foam strata
were aligned so that the 8 mm wide strips were positioned directly over each other. The two
strata were held together by clamping at the four corners to a rigid support. To prevent the
clamp from penetrating into the soft foangid plates were placed between the soft foam and

the clamps.

Outof-plane indentation tests were performed with a force transducer (Bose 3330 Series II)
outfitted with a polytetrafluoroethylene (PTFE) probe with either a circular flat bottom=%dia.

2, and 4 cm) or a spherical shape (d#&.95 cm). The force and indentation were obtained

from the output of the transducer (2048 pts/30 sec scan time). Pressure was calculated from the

force and the probe cresectional area.

Sensor resistanaeas measured with a voltage divider circuit, with the sensor connected in
series with a known, fixed r-Pakarsl6286Btripls kYY) .
output power supply) was used to apply a constant 5 V, and the voltage over the sensor was
measured using a data acquisition (DAQ) system (NI488@9, 14 bit, at 5 kHz sampling rate).

The two sets of measurements were synchronized by aligning the peaks of the signals, as

previously describefll75]. The resistance data were smoothed by averaghpgi2® intervals.
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Unless specified otherwise, the fladttom probe with a diameter of 1 cm was used in the
indentation tests. Four cycles were performed sequentially at a constant speed of 4.5 mm/sec,

separated by 5 minute intervals.

3.3.4 TensileTests

The same force transder (Bose 3330 Series Il) was used for tensile tests, and the same voltage
divider circuit was used for recording the sensor signal. The sensing strips were held vertically,
with one end being attached to the moving part of the transducer and thendtfizee (for

details, sedppendix E). Four scans were performed on each sensing strip, and results from
the 2%to 4" scans are shown in secti8rt.3 All the tests were repeated on another set of

sensing strips; similar bakior was obtained.

3.4 Results and Discussion

3.4.1 Response Characterization

3.4.1.1 Response to Indentation

As illustrated inFigure 32d, the multilayer sensing system consisted of two layers of foam
(Figure 32b) havingdifferent stiffness, each surmounted by a sshipped sensing skifigure
3.2a). Basic indentation tests were performed to obtain the mechanical and electrical responses.

Figure 32g shows the pressure andde as a function of probe depth. (Unloading curves are
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shown inAppendix E4 Up to an indentation of 10 mm, nearly up to the d2.5 mm thickness

of the upper soft foam layer (foaml), the pressure increased linearly, to 38 kPa (3 N). The slope
then ncreased as the probe began to deform the lower hard foam layer (foam2). The maximum
indentation was 20 mm, which is 80% of the 25 mm original total foam thickness and more than
half-way into thed, = 12.5 mm thickness of the lower hard foam. All focarss were similar,

as evident from the overlapping curves. Thus, the membranes and foams did not exhibit
mechanical firstycle memory effects. The noidéidure 32ginset) is due to the limited force
resolution when the widest rg@ setting is used for the force transducer (3000 N) (With a 10

bit digitization of the signal, the force resolution was limited to approximately 3 N.)
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Figure 3.2: The multi-layer sensing system consists of a stack of skin+foam pairs
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photos of a sensing strip attached to a layer of soft foam and a second sensing strip being
manually stretched. The stretched resistancBsis greater than the relaxed resistanc&,.

b) Closeup photos of the soft opercell foaml1 and the harder closegtell foam2. c)
Schematic of the multilayer system. d)A stack of two strata was used in thisvork.

e) When light force is applied, the upper foam deforms. fyWhen a larger force is applied,
the soft upper foam is completely crushed and the bottom layer deforms, but it is able to
sustain a larger force before being crushed. g,lerformance ofthe 2-strata soft-hard
system (foam pair A) under increasing indentation. The first scans are represented by
dashed lines and the ™ to 4™ scans by solid lines; the line for scan 2 is heavier. Scan
numbers are indicated. g)Pressure (contact area 0.8m?) as a function of indentation.

Inset; closeup showing pressures in the range of-80 kPa for the 2 scan. h)Normalized
change in resistance of the two sensing skins vs. pressure. The signal from the upper skin1,
over the soft foam, is shown ined, and the signal from the lower skin2, over the hard

foam, is in black.

The relative change in resistance of the two sensing skins is sh&igune 32h as a function

of pressure. The resistance increases because electricattonds by percolation in the EG

nanoparticle network, and some percolation paths are disrupted when the particles separate under

strain. This is in contrast with materials whose resistance decreases with strain, such as
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conductive fabrics, in which tHéers in the weave make better electrical contact under
stretching. However, it is important to note that conductive fabrics and other sensors can still be
used in place of the EG sensing material, since the architectural principle does not depend upon

whether the gauge factor of the sensing material is positive or negative.

The signal was larger during the first scan (due to memory effects, seetisr), and then it
was similar in the remaining three scans. (Seeendix E for a discussion of first cycle
effects.) This behavior can be attributed to breatturing the first cycle in viscoelastic
materials such as foams and elastomers, which is known as the Mulling¥3f§an filled
rubbers. For skinl at low pressure (up to 38 kPE) 6hm), the sensitivity was high and
substantially linear (initial slope = 1.3 %/kPa or 17.6 %/N in tis@an), and the relative
change in resistance was an easily measurable 60%. Tihtevggnisen gradually decreased,
and above a turnover region it became linear again (above 250 kPa; 8l@#/kPa or 2.9
%I/N for scan 2). At 1125 kPa, the change in resistance was over 250%. The utility of a

monotonic, bilinear relationship should bmphasized.

For skin2, which was sandwiched between the foam layers, the output was almost zero at low
pressure, since it remained unstrained while only the upper foam experienced compression. At
the turnover point for skinl, corresponding to theneoin the forcendentation curve, the

resistance of skin2 began to increase as the foam under it was indented. Its slope was similar to

that of skinl, since both signals followed the deformation of foam 2.
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The piezoresistive latex/EG sensors resgorgtrain[175], so the resistance of the skins reflects
the surface deformations of the foams. The higher sensitivibyalrces is due to deeply

indenting the soft foam1 without much pressiigire 32b). The signal from skinl does not
saturate after foam1l is completely crushed because the membrane continues to stretch as
indentation of foam2 begs Figure 32c). Because foam2 is stiffer, there is less strain per unit
force, and thus a relatively smaller change in resistance. The similar slopes for the signals from
the two skins indicates that they undergo similar net atsmirgstrain once foam2 starts to

collapse.

Comparing sensitivity with other sensing systems is challenging because of the variety of metrics
reported (V, N, %WPa, A/Pa, %/PHL30]). A conducting polymer array showed 0.1%/kPa up

to 30 kP4200] and a conductive netwoof carbon nanotubes on PDMS reported 360 %/kPa to

0.1 N[201]. The difficulty of balancing sensitivity and range is demonstrated by these

examples, as is the utility of our approach for achieving both (1.9%/kPa up to 31 kPa and
0.055%/kPa to 1.2 MPa). The senaiti in our system could be further increased simply by

using an even softer top foam.

The displacement resolution of the measurement setup was derived from the noise level of the
signal. The resolution is commonly determined by using the root meareqRMS) noise of

the signal[202]. We obtained the RMS noise by taking the standard deviatioR/&% over a 5
second period with no indentation, and it was 0.0055. FroidRW&, versus pressure and
pressure versus indentation curviegre3.2g, h), the displacement resolution in terms of

variation in indentation was determined as 0.1 mm (i.e., the indentation level corresponds to the
-84-



DR/Ry noise level of 0.0055). This is not a limit of the sensing system, but of the measurement

system.

3.4.1.2 Effect of Contact Area

Thecontact area fonumanrobotinteractionanaybe as small as a fingertgy as large as a hand.
The effect of contact area time sensing signal thus examinetiere In this system, strip
shaped sensors were used whose widt0.8 cm was less than the probe diamdiewe
hypothesized that the piezoresistive signal would be independent of probe aredfywfothe

strips are only strained at the probe edges, not underneath the probe (se&ge2tin

Three fat-bottom probesvere usedvith diametesof 1, 2, and 4 cnfareas of 0.8, 3.1, and 12.6

cn?, respectively. Figure 3.3 showsresults fronthe second to the fourttycles As expected,

while larger probes generated larger forces at the same indenktjore(33a), they produced

the same pressurdsigure 33b). Figure 33c shows the normalized change in resistance of

skinl and skin2 as a function of foréR/R, for both were greater when the contact area was
larger. When plotted as a function of pressuregtbetrical esponses overlappedigure 33d)

for all three probes. These results indicate that the architecture can be used effectively as either

an indentation sensor or a pressure sensor withstteped sensors.

It may seem surprising &@h a strain sensor can be used as a pressure sensor. Thisis a

consequence af < d, making the sensing system quase dimensional (1D) so that the strip is
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always deformed by just the two edges of the probe (see se@doRrand3.4.2.3, and also of

the sensorb6s stretchability.
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Figure 3.3. Effect of contact area. a)orce vs. indentation replotted as bpressure vs.
indentation for three probe sizes. cLorresponding normalized resistance change as a
function of c) force and d)pressurefor the two sensing skins. (scans2, foam pair A)

3.4.2 Understanding the Sensor Response

In this section the reasons for the behaviors observed above are examined. First, the postulated
roles of the foams are confirmed. Next, the deformed shapes of the membranes and foams are

examined. Finally, the foafrehaviors are modeled.
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3.4.2.1 Comparison with Other Configurations

The question may be raised, is it necessary to have foams of different stiffness, or can two strata
with the same foam stiffness achieve a similar result? In order to determine the berséfit of

a combination of foam stiffnesses (sbérd), three other foam combinations were examined
(Figure 3.4a): two layers of the soft oparell foam goftsoft = 12.5 mm, d= 12.5 mm), two

layers of the stiff closd-cell foam fard-hard, dy = 12.5 mm, d= 12.5 mm), and a thin layer of

soft foam with no second foaradftrigid, d, = 12.5 mm).

120
(a) 1400 () I
soft-soft =1200 - 100
skin 1 @?OOOt soft-hard -80 =
_ soft = 800 hard-hard 2
skin 2 2 600 L=
soft E 400 I 40 <
rigid substrate 200 1 soft-rigid e
O L e e e L s B s s s e w O
hard-hard 0 5 10 15 20
skin 1 Indentation (mm)
hard
Skin 2 3007(¢c) hard-hard
rigid substrate S 200 i "
mc 150 { soft-soft _.-"‘ e Skinl
o & 1 e - - - skin2
SKin 1 = 100+ L
. soft 504 ‘_-__,_.-’ soft-rigid
utie el 0 | E-:‘:—:-:‘T_ S S G e el s e
rigid substrate

0 200 400 600 800 1000 1200 1400
Pressure (kPa)

Figure 34: Comparison of the performance of four configurations. a) Schematic
representations of the three new configurations. b) Pressure as a function of indentation.
c) Relative change in resistance as a function of pressure from the upper (solid line) and
lower (dashed line) skins.
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The pressure védentationcurve for thesoftrigid system Figure3.4b, light blue) followed the

one for the sofhard system (red) to an indentation of almdsinin (the thickness of the foam),
but then shot up rapidly as the probe made contact withgitestbstrate. The signal from

skinl oversoftrigid, shown inFigure3.4c, had a high initial slope, like those of the ssft and
softhard systems, but it then saturated once the thin layer of foam was cresl@Eemaximum
DR/Ry of 90%. As expected, this system demonstrated relatively high sensitivity but low range.
The response of skin2 was small across the entire rarf}¥4) since it rested directly on the

rigid substrate and experienced negligible strain.

The pressuréndentationcurve for the sofsoft system (dark blue) also followed the one for the
softhard system to an indentation of alma@iim, but then instead of increasing, the pressure
remained low. The signal also initially followed thatloé softhard system, but the higher
sensitivity range was extended. Skin2 began responding when the second foam layer began to

deform (above 37 kPa).

The forceindentationcurve for the hardhard system (green) was similar to that of the-kaftl

system, but shifted leftward toward the origin because the indenter touched the harder foam
surface immediately. Reinitial slope of the skinl signal was, as expected, subaligritwer

than that of sofhard due to the much smaller strain under the same force. The signal from skin2
was smaller than from skin 1, and also smaller than the signal from skin2 in tharsbflystem,

since the high stiffness of the overlying foanthe hareéhard system induced a smaller strain in

this sandwiched skin.
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Comparing the various curves, the behavior of thelsid systencombinel the sensitivity of

the softtoamand the wide range of the hard orEne indentation tests were reehon

duplicate sensing skin&\ppendix EJ. The curve shapes and the distinct behaviors were
repeated, although the amplitudes varied, mainly due to the different loading histories of the

skins, whose viscoelastic behavior has been widely recogid2¢sb] (see sectio.4.3.]).

These experiments confirm that a dudird combination is required and that the force range for
each layer is determined by its thickness. By adjusting the absolute and relative thicknesses and
stiffnesses of the foam layers, one can adhesstopes and corner of the bilinear curve. A
combination of foams is therefore a good approach to prevent the padding thickness on a robot
from becoming unwieldy. Although the concept for enhancing the performance of the sensing
system has been demorséd using two layers, it is possible to use additional layers or even

employ a continuous stiffness gradient.

3.4.2.2 Deformed Shape from Sendadenter Interaction

Section3.4.1.2showedthatthe sensoresponsavasindependent of mbe area, suggesting that

ata givenindentationthe net strain of the sensing skin was the same, since the GF is almost

constant with strain. In order to validate this hypothesis, the deformations of latex membranes

over a soft foam (from pair A)undena appl i ed i ndentation were Afr
epoxy soaks into foam, a square latex membrane was used instead of strips; we assumed the

deformation, although somewhat different, would nevertheless provide insight.
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Membranes deformed around flaattomed probes of 1 and 4 cm diameter are showigure

3.5. (For further discussion of the deformation, Appeendix E§ Since the membrane area in
contact with the probe bottoramains flat, the curved edges were compared by overlaying the
images. The shapes were found to be equivakegie 35c). This accounts for the

piezoresistive signal$-{gure 33d) being the same.

Figure 35: Deformed shape using an indenter with a diameter of & cm and b)4 cm.
c) Overlay of the two images.

3.4.2.3 Modeling

In order to design the sensing architecture for obtaining a desired performance, it is necessary to
undestand the signal vs. pressure resufigure 33d and the responses of the different foam
systems irFigure 34. Since the resulting strain in the skin depends on how the interaction
between the indenter atite foam affects the shape of the foam surface, we begin by modeling

that shape.
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Determination of Surface Strain

The shapes of the deformed foams were determined using photographs taken at a series of
indentationsKigure 3.6). For this work, foam combination B was used with the spherical probe

(0.95 cm dia.).

transducer
shaft

/ probe tip 1
. pA

sensing strip sensing strip

hard foam soft foam

)

(

)

A\
o

1

«

Figure 3.6: Photographs were taken at various stages during indentation on the four foam
systems; two are shown here: a) hartiard and b) softsoft. The deformed strip shapes
were fit visually (pink lines). For indentations so deep that the probe tip disappeared from
view, the known position of the probe tip relative to the probe shaft (gen) was used. c, d)
Overlaid positions of the probe tip and surface contours from different indentations. The
deeper surface contours in (d) are incomplete because the strip disappeared from the view
of the camera.

Once the surface was traced, thesees were fit to a function. For elastic bodies under line
(knife-edge) loading, derived for bodies that are large compared with the contact area, the
theoretical decrease in stress intensity with distaricam the knifeedge goes asxf203]. We

therefore used
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F(x) = A2 (3.1)
X+ %
where the outer edge of the probe ig,ah is the indentation a, andf(x) is the indentation of
the foam at a distancedistal fromxg. At the edgex= 0 and f§) = A. Far from the edge,
f(x) =0. Using a value ofy = 0.4 cm provided the best fit to the experimental curve shape for
both foams: their surface shapegere similar at the same indentation. It also fit the shape of the

membranes shown iigure 35, confirming that the foam deformation determines the sensor

strain.

Hard FoanSurface StraitModel

c ‘
) L >
B S ” ) 1
! 1“5 A h 1
Lé a|_« |
A -8 !
d) soft foam

Figure 3.7: Surfacestrain model for hard (a, b) and soft (c, d) foams. lllustration of hard
foam cases when a <r and b)d>r. c) For soft foam, when the indentatiorndis less than
the probe radiusr, the surface deforms by wrappig around the spherical indenter.

d) When d>r, the surface beyond the indenter is also pulled downward.

The second step in the modeling was to obtain the strain associated with the shape change. For

simplicity we assumed that there was no strain uttgeprobe tip itself, as illustrated kigure
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3.7a, b, i.e. the probe merely pushes the surface under it downward. The deformation is
symmetric around the probe, so only a {sglice was considered. The total stezahan
indentationd =was$ determined by summing the strains along the curve ofi@gOaresulting
in an increase in arc lengthid= 0.3. The strain occurred entirely within a distance®f3 cm
from the edge of the probe. A linear relationship was postulated betweeresindimdentation

d(Figure 3.8a):

Kl e -_-—O ( (32)

wherel is the original sensor length (5 cm measured from the center of the probe).
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Figure 3.8: Model strain (red) for the hard foam as a function of a) displacement
(indentation) and b)force, compared with the experimentally observed change in resistance
(black).

The third step was to relate the strain to the fofidee measured displacemdatce relationship

for the hard foam was employed to display the model strain as a function of force. The model is

compared to the experimental signaFigure 38b, where the maximum values were matched
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across the two axes. Prior wdik’5] on the sensing skins had shown tb&tR, is proportional

to uniaxial strain, as expected for a constant gauge factor. For these strips Spper&l(x

E1), so a normalized resistance change of 44 corresponds to a strain of 5.5%, close to the 6%
predicted by the model. The agreement of theehadd experimental curve shapes was

excellent given the simplicity of the model and the fact that it had one fitting parargeter,

Soft FoamSurface StraitModel

Applying the hard foam model to the soft foam results, the fit was not as good, as shben by
red curveFgud3IPl/ xtoheiaxperi mental data (Aexpo)
more defined corner. (The noise in the experimental curves was due to the limited force

resolution when using arlge force range on the transducer.)

A revised model was therefore explored, based on the obsenitjoing 36d) that for

indentations of the probe up to half the probe radius, there was little downward motion of the
surrounding sdace. It appeared that the foam was conformal around the tip and only with
greater indentations showed th& éhavior. The soft foam model is illustrated-igure

3.7c,d. For this case, a separate treatment is required for indentations less than and greater than

the radius.
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Figure 3.9: Model strains (red and blue) for the soft foam as a function of a) displacement
and b) force, comparedwith the experimentally observed change in resistance (black). The
red line represents the simple ¥ model, the blue line a model that takes into account
deformation around the probe tip.

Indentation less than the probe radigs,r

When the displacememtis small the deformation of the soft foam can be treated as occurring
solely around the indenter, which has radi@Bigure 37c). By symmetry we considered the
half plane. The length along the surface igragimated by the sum of two pieces: a linear
segmenh between the probe and the edge of the striip ahd an ars around the indenter. The

straineis then given by

e—& s +h L
L L (3.3
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whereL is the length of the sensor. When the displacement is less than the probe radius, using

the definition of the arc length,

s=rql2 (3.4
Next find g by relating it to the height afand the radius,
r-a scosq/?
q= ZCos'lger-—a
¢ (3.5)
wherea = d Substituting,
aar-d
s= rcoslaer—
C (3.6)
Next find h.
h=L -b (3.7)
Again use geometry to find b:
rP=(r a)" b?

b=r Ar @) (3.9)

Then, substitutingnd simplifying,

h=L ~/2rd -& (3.9)

The strain is then given by:

oh oL rcos‘lger_—d 8L ~2d -4 L-
e=s = _ Q r -

L L
rcos' 2 -r 90 [2d -4
_ ¢ *
L (3.10)
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Indentation greater than probe radids, r

The foam wraps around the indenter for half the radius and is pushed downward the remaining
fraction, d- r, as shown irrigure 37d. The segmertthas a constant length /2. The shape
of the segmertt is again @zen by equatio®. The strain is then given by:

poSth-L r(p/2)+L v+ 63 dr} L
L L
_0.2% + 0.3
L (3.11)
This prediction of this modelFigurs39,anddwn by t he

provided a good shape fit. The soft and hard foam models are identical above 5 mm, but the

softsoft foam undergoes greater strain at small indentations.
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Two-LayerModeling
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Figure 3.10: a) Force vs. displacementurves from FEA simulations of three
configurations (solid lines): softhard, hard-hard, and softsoft compared with the
experimental results (dashed lines). Wptrain vs. force FEA results. c)Strain vs.
indentation from 1/x surfaceshape models (solidines) compared with the experimental
results (dashed lines). dgtrain vs. force using 1/x model and experimental force vs.
indentation curves.

Analytical Model

The strain for the sothard model is the sum of the strains in the soft and hard foams. This is
equal to the strain in the soft foam when the indentation is less than the soft foam thickness, and
the maximum strain in the soft foam plus the strain irhtrel foam when the indentation is

greater. The predicted surface strains for the three foam configurations are shown as a function

of indentation inFigure 3.10a, together with the experimental signals. Since tlagst
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indentation curves were the same for the soft and hard foaras fiorthe softhard model was
identical to the softsoft model, as shown by the overlayed solid red and blue cur#égure

3.10a. However, this model did not@unt for the behavior. The sdfard signal deviated from
model above 12 mm (the location of the interface), showing an unexpected increase in
sensitivity. The sofhard system behaved (black curve) as if, after a total indentation of 10 mm,
the strairat the surface of the hard foam was twice as great as usual, i.e., as if the hard foam
stiffness was reduced. The Supporting Informatyppendix E7 and EB8shows that this

change in slope of the skinl signal also occurred at the interface of-hamhsystem,

suggesting that the interface is responsible. The behaviors of the three systems are shown as a

function of force inFigure 310b.

EEA

Taking another approach, an axisymmetric two dimensional (2D) finite element afaBAj}s

model (SolidWorks, Dassault Systénes) was used to model three of the configurations. The top
layer thickness was set to 10 mm and the bottom layer thickness to 20 mm. The material
behavior was assumed to be hyperelastic and incompressible wmdal dompressive stress

and described by the Moon&ivlin model.

The force vs. displacement curves predicted by the model at the top surface are compared with
the experimental curves Figure 310c. Again, the behaviors matchtzdrly well for the soft

soft and haréhard pairs, but the predicted force for the 4@fitd combination was higher than

that from the experiment. Strain on the top surface versus force was also obtained from the FEA

simulation Figure 310d). The model again showed reasonable agreement for theofadind
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hardhard configurations, but the predicted slope of the signal was too low for tHeasbft
configuration because of the ovatediction of the stiffness. Again, the hardrfoan this
configuration behaved as if it were softer. Thus, neither the FEA method nor the surface model
could account for the seftard behavior, possibly because they did not account for interfacial

effects.

3.4.3 Temporal Effects

Now that the quasstaticbehavior of the skins on the foams has been examined for-&&sese
time interval and loading rate, we turn to an examination of temporal effeataarkobot
interactiors mayoccurat different time scales (e.g., a robot bumps into a hard object at high
speed or experiences repeated touches at short time inte@as}o the viscoelastity of the
sensingnembranes and the foantise response of the sensing structure will beaatehistory
dependent. This is not fatal: evensorsvith very longrelaxation time constants can be

successfully applied in roboti¢25,46].

3.4.3.1 Memory Efécts

In the previous sectionBR/R, was presented, wheRy was the resistana the beginning of
each cycle Here we directly examine the voltage dxgmver skinlin thesofthard system
which was in a voltage divider circuit (sectiBr8.3. The sensor had never been strained before

and had an initial voltage readiivg.
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Figure 3.11 shows the voltage in response to a first indentation of 22.5 mm followed by two
smaller indentations of 17 mm. There was an immediate increase in the voltage when the probe
indented the surface. After the probe left the surface in the first cycleplthgerinitially

dropped rapidly, but it did not return to the original basellgenstead gradually settling at a

new, higher baselingg. After the next indentations, the voltage again returned to the new
baselinev®, at the same rate as for thesfimdentation. (We have previously fit the recovery
response using a generalized Maxwell model with two time constants; se¢1S5ipr After

the baseline shift, the subsequent cycles were relatively stable. The higher baseline resistance

after the first cycle explains the smaller signalR¥R, in later scans seen kgure 32h.

All three signals had comparable amplitudes abovadéldéaseline. This result suggests that
memory effects could be substantially mitigated by using the resistance baftelia@ event as

Ry, rather than the one before it (Fggpendix E9, althoughsuch an approach may not be

practical in some redime applications. Alternatively, prior work has shown that empirical
models based on sensor characterization can be developed for viscoelastic materials, allowing

accurate estimates of applied pres$&6s.
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Figure 3.11: Voltage from the data acquisition system over skinl of a seftard system
(foam pair B) to the indicated depths were performed using thé&ransducer (spherical
probe, 4.5 mm/s).

3.4.3.2 Effect of Time Interval

Because of the relaxation timéigure 311), the time interval between loading events changes
the signal amplitude. Four consecutive indentation loading cycles with short to long intervals
between cycles were performed on the rdalfer sensing system. To examine the response of

the sensing mebrane alone, tensile tests were also performed with varying time intervals.

Figure 3.12a showgressure as a function of probe indentation fois#eond to the fourth

cycles. The mechanical responses were indeped¢he interval: the results overlapigure

3.12b shows the corresponding signals from the two sensing. skKimes signas from skinlfor

time intervas of 2-10 minutesverealmost the samdut for theshortertime interval of 30

seconds the signfilom skinlwaslower. The region of the skinl curve that was affected by the
time interval was the higblope region (which decreased from 1.6 to 1.2 %/kPa) at pressures less
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than 50 kPa, associated with the comgi@sof foaml1. The slopes associated with foamz2, for
both skinl and skin2, were unaffected by the time interval, suggesting that thetémal

dependence arises from foam1.

Figure 312c shows force as a function of strain in téesile tests on the sensing skin alone. All
the curves overlapped, showing that the mechanical recovery is faster than the shortest interval
(15 seconds)Figure 312d shows the piezoresistive responses. These curves did not stop
overlapping until 15 sec. Thus, the soft foam is the main contributor to recovery effects in this
system and the behavior of the sensing skin on a foam is dominated by the foam to which it is

attached.
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Figure 312 Effect of interval time between loading cycles. &ressure vs. probe
indentation (4.5 mm/sec) for the foam pair A sofhard system. b)Normalized change in
resistance of the two sensingkins vs. indentation pressure. c, djensile tests on a stand
alone sensing skin (1 mm/sec). @ensile force vs. tensile strain. diNormalized change in
resistance ofthe two sensing skins vs. tensile strain.

3.4.3.3 Effect of LoadindRate

Loading rates would likewise be expected to affect the resporsairigrateswere therefore
compared for both the selfard system and the sensing skin aloReurcycleswereperformed

at each ratewith time intervas between cyclesf 5 minutes.

The faster loading rate resulted in a slighighler pressuren the multilayer systemKigure
3.13a) and a correspondingly larger signal from skiRigure3.13b). Just as ifrigure 312b,

the part of the curve respsible for the dependence was the-omssure region corresponding
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to the compression of foam1. Above 50 kPa, associated with compression of foam2, there was

no change in slope with rate, and the slope was similar for skin2.
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Figure 3.13: The effect ofloading speed during indentation of the multilayer system (2
to 4" scans). aPressure vs. probe indentation. Add force to y axis. Bormalized change
in resistance of the two sensing skins vs. pressurin a stand-alone membrane, c}ensile
force and d)normalized change in resistance vs. tensile strain.

The responses of a staatbne skin are shown Figure 313c and d. The mechanical stiffness
was greater at the higher rats,was th®R/R, signal. Interestingly, the performance of a
compliant sensor on a foam may be less rate dependent than it would be alone, as evidenced in

Figure 313b by the nearly identical curves at the two loading rates for skin2.
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3.5 Conclusions

Compliant sensing skins face the challenge of achieving both reasonably high sensitivity and a
sufficiently large sensing range. The nudiyer foam system investigateddetail in this
chapteroffers a simple solution by splitting the two goals so that each is handled by a different
stratum. The upper stratum, having a softer foam, provides higher sensitivity at light touch,
while the bottom stratum, having a stiffeafo, extends the range. This approach allows the
sensitivity and range to be separately tailored for a given application: by tuning the stiffness and
thickness of the foam layers, the pressure vs. indentation curve and the associated resistance
versus prssure curve can be manipulated. This simple sensing concept is remarkably effective.
The benefit of the mulliayer approach was validated by comparison with three other foam
stiffness combinationsDue to the quaslD shape of the piezoresistive stragnsing skins,

their stretchability, and their placement on foam, they behaved as pressure sensors.

The compliant components of the miétyer sensing structures are all inherently viscoelastic,
rendering the signal timand historydependent. Firatycle effects were due to a lotgrm

shift in the baseline resistance of the skin after the first touch. Memory effects were primarily
contributed by the soft operell foam. Even with these viscoelastic properties, the simplicity of
the design and thability to tailor the response to the pressure ranges of interest make the multi

layer approach attractive for robot tactile skins that cover the robot body.
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Chapter 4. Compliant MultiLayer Tactile Sensing for

Enhanced Identification of Human Touch

To be sibmitted

Ying Chen, Miao Yu, Hugh A Bruck, Elisabeth Smela

Co-authorcontribution: The ideaof developing EIT multlayer sensor systenomes from the
discussioramong all authorsYing Chen implementenhulti-layerEIT tactile sensa,
performedhe experimentsand analyzed the data. All authors contributed to writing the text

and making the figures
4.1 Abstract

Tactile sensing is viewed as essential to-aotmt to facilitate their interactions with humans.

Two approaches are suggested headdhe interpretation of contact: the use of a maiter
cutaneous tactile sensing architecture, to provide ancillary information and an expanded force
range, and the technique of electrical impedance tomography (EIT), for distributed sensing. The
multi-layer system consists of two stretchable sensing skins alternating with two foam layers of
different stiffness. Machine and human touch are compared, revealing that, because of a large
variability in human touch, although the topmost skin over a saftfis able to recognize light
contacts, a second underlying skin over a hard foam is required to gauge stronger contacts. Out
of-plane touch modalities, such as tapping and punching, could be identified ushsihapaul

skins with the multiayer systen, each strip having just two electrodes. Distributed touch
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modalities, such as muitioint finger presses and sliding, were distinguished frorrfioger
pressing using EIT with largarea skins having electrodes around the perimeter. The
differences btween contact generated by a machine versus a human were shown for the first

time.

4.2 Introduction

Interactive robots, called embots, work in the same physical space as humans, for example
for manufacturing204], housekeepin{205], entertainmenitL38], or aregiving [15,129,206
208]. For safety and comfort, soft rob¢299-212] reduce collision impadR13]. Softness can
be achieved in various ways, such as by employing mechanically compliant assemblies
[214,215] inherently soft materials, or padding applied over hard structures. The latter option is

explored here.

In addition to softness, robots working in unstructured situations around humans may require
tactile information to knowif they have made physical contact with a person or object, not only

to modify their actions to reduce the probability of harm, but also to enable them to communicate
with humans via touch. Tactile sensing has been the subject of a number of litexadws re
[7,18,129,195,205,21818]. For covering the robot body with tde sensors

[15,24,117,167,219the sensors may be discrg220] or in the form of a continuous artificial
skin[111,117,219,221]80,83] Discretesensing elements, such as array, have been commonly

used to implement distributed sensjii§] [76], while the number of wires directly related to the
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number of rows and column€ontinuous distributed sensing has been achibasdd on
boundarymeasurementsnd associated data processsurch agour-wire scheme§79-84] and
the technique of electrical impedance tomography (EFDur wire schemes are limited to
detect single stimuluig2,83,85,86] while EIT technique is able to detect not only multiple
stimuli but also their amplitudg$11-124]. In this work, single sensing element amhtinuous

sensordased on EIT technique are employed

Sensors with high accuracy and resolution have been develd2d93,201,216,222]

However, taking a taskentered approadti29], a robot may not require exact force values for
operational success, but simply an ability to determiaen#tiure and location of contacts:
whether it has been gently touched by a person, is being pulled in a particular direction by
someone, or has fallen onto its knees. Qualitative information is effective in the mammalian
sensing system and has been deksudficient for robots to acquire bodily awareness
[15,24,219] The skin of mammals is viscoelastic, demonstrates stress relaxatioreap, and
fails to recover to its initial position; furthermore, the signal from biological mechanosensors
decreases over time in response to closely spaced repetitive §2i23]li Nevertheless, the
mammalian sensing system works very well. Continuing to take @tesked approach,
although extremely sensitive tactile sensors have been demonstrated (e.g. to detect insects
walking on the surfacg71] or acoustic stimulj224]), cost[129,206,225hnd integration issues
[18,24,192,219have proven to be more important than sensitivity and precision, dpatia
large scales, such as whdledy covering$26]. The development of a roby26] and
inexpensive tactile sensing system that can qualitatively distinguish the strength and location of

contacts couldbe transformative for robotics.
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The ability to identify touch modality is thought to be particularly important for robots that
interact closely with humans. This has been achieved in prior work by examining signal time
profiles[61,174,224,22@28]. For example, a single sensor embedded in foam has been used to
identify push, pinch, and strok&40]. Touch modality identification has albeen done by

examining spatial profiles obtained with a sensor array to register distributed contact
[171,173,229pnd an area sensor to image pinch and [grab]. Feature extraction has been
employed taautomate the classification of touch modalifies7]. Identification of various

touch modalities has be@mnvestigatedn the context of robotgl17,230232]. Touch modalities
include both gentle and strong touches, such as pat, slap, stroke, beat, and pigagimin

requires tactile sensob®ingable to cover wide force range.

Here we employ aompliant multilayer sensing structure that simultaneously achieves

relatively high sensitivity and extended force rafigés]. Multi-layer sensing structures are

rare. A fourlayer sensor inspired by the multiple layers of sensors found in the human finger

was suggested {233] but not realized. Our multayer sensing system employs two skin+foam

strata, each consisting of an elastic sensing skin on a foafd f&#d A stratum with a soft foam

is placed on top of a stratum with a stiffer foam. Since sensor response over pads is tailored by

the foam stiinesg[35], t h ihsa rfidsoo fstt r uct ur e confers relati ve

indentations of the soft upper layer and an extended force range via the stiff bottom layer.

In this paper we present initial results to demonstrate the feasdfiemploying a multiayer

sensing architecture in human touch scenarios. We contrast the ugeiof 2sistance
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measurements for rapid signals with the use of electrical impedance tomography (EIT) for spatial
discrimination. The ease and tailor#tlgibf these approaches for future hurrabot interaction

IS promising.

4.3 Results

4.3.1 Multi-Layer Sensing Structure

A piezoresistive strain sensing material was used in this paper, a composite consisting of a latex
host elastomer filled with electricalbponductive exfoliated graphite (EG), as employed
previously[Chen, 2018 #13881;Wissman, 2013 #241;Barnett, 2017 #632;Chen, 2016
#446;Kujawski, 2010 #238]The amount of EG in the sensing layer (25%) was above the
percolation threshold, yet the materiah@@ned rubbery, which has been applied in our previous
publicationg48,175,198] Tensile strain reduces the number of percolation pathways, resulting

in increasing resistance. The sensitivity or gauge factor is defined asBRs)((OL/Lo), the

relative change in resistanf®/R, per unit strainfL/L,. For these sensors Gapproximately

8[234] due to the inherent resistivity changes of percolation, compared with2Gfbtained

from geometric effectsNano-carbon filled elastomers have been extensively studied and are not

the subject of this work, which could have enygld other stretchable sensing materials.

Fabrication was simple, as described previously in déi@jl Figure 4.1 illustrates a typical
preparation procedure. The electrically conductive EG particles were expanded in a microwave

oven, horn sonicated in an agueous solution to separate the layers, and blended with latex. The
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dispersion was sprayed onto a latex ruldberet to form the sensing skin. (The term skin is used

to distinguish the combination from the sensing material alone.) Carbon fiber bundles, serving

as compliant electrodes, were adhered to the sensing layer. Carbon fibers have chemical
compatibility with the polymer matrix and low contact resistance. The skins can readily be made
(e.g. Spray the dispersion directly to a padded robotic structure.) to cover large areas and

arbitrary shapes. When affixed to a layer of foam, the conformal skins repcinouced

def ormations; the skinds behavior, [@Bone and
ACompl i aadher@means that the skin is stretchable and the foam padding structure is
compressible; the foam is always mounted on a rigid substrate and does not undergo stretching

or twisting

In previous investigations, elastomers loaded with EG were studiée@hable and durable
piezoresistive sensing materifds], used to monitor wing deformation for flapping wing micro
air vehicleg[48], and engged to create images of braille dfit88]. They canpare favorably to
commercial compliant conductive materials (see the Supporting informatjaB4jf. We also
found that the use of a foam padding under a sensing skin enhances strain during indentation,
resulting in a larger sign@l75]. Recently, our skins were employed on a padded hugging robot

to determine when a hug had been started and st¢pped
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Figure 4.1: Formation of the sensing skin. Acidintercalated graphite is expanded, the
layers are separated in an agueous solution (not shown), and latex is added to form a
paintable dispersion that is spraycoated onto a rubber membrane to form an EG/latex
piezoresistive sensing skin. Large areas are possible. Electrical connections are made with
carbon fiber bundles using additional EG/latex as an adhesive. The skin can be placed
over a layer of foam to form a skin+foam stratum.

In this work, both strigshaed (Figure 4.2a) and circulasarea skinsKigure4.2c) were produced
(seeSectiond.6). For the multilayer system with stryghaped sensorEigure4.2b), two
nominally identical strips (11 x 0.8 cm x 36th) were aligned directly over each other, with
skinl glued to the upper soft foand, € 12.5 mm) and skin2 glued to the stiff lower foan®2 (
=12.5 mm). The two skin+foam strata (total thickness 25.6 mm) were placed over a rigid
substrate and clamped at two eddggyre4.2b). The sensing skins were highly stretchable

(Figure4.2a); a substantially linear strain sensing range of at least 25% was obtained in our

previous worl175]. Thisallows the skins to follow the deformation of the foam under touch.
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Figure 4.2. a) i. Strip-shaped sensor with carbon fiber electrodes glued to foam1 (top).
Demonstration of the stretchability of the sensing skins (bottom)ii. Closeup of the two

foams showing their open and closed cell structures. b) Cressctional schematic of the

multi -layer sensing system with stripshaped sensing skins. c) i. Circular continuous sensor
used with EIT, clamped at the perimeter. ii.Closeup of the clamp fixture, edgeon view.

d) Schematic of the method for collecting data to create EIT imagg$11].

When the multlayer system was used with circular skins (¢i@0 cm), they were clamped on

the perimeter in a fixturd-(gure4.2d) to provide mechanical support and electrical connections

to 16 carbon fiber electrodes. Due to instrumentation limitations, only one distributed skin could

be measured at a time. The fixture was placed i) over the combination of foam1 and foam2 to

sewe as skinl or ii) between the two foams to serve as skin2.

Images of indentatiemduced strains were produced using EIR3] EIT involves injecting
current into two electrodes and measuring the voltage at all the other electrodes, then moving the

injection point to the next electrode and repeating the measurements, rotating completely around
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the circle Figure4.2d). (SeealsoSection4.6) A map of conductivity changes over the sensing

area is reconstructed from measurements made at the boundary.

4.3.2 Machine Touch

Before examining the performance of the mlagier system under human touch ehavior in
controlled experiments with an indention probe and a force transducer is preSéraedult:
layer system with strip shaped skins was characterized wibfgaiine indentation to 20 mm
depth using a rigid 1 cm dia. cylindrical prolbeégure 4.3). Four loadingunloading cycles at
4.5 mm/sec were performed, separated by 5 minute interffalsther characterization was

reported inChapter 3
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Figure 4.3. a) When a light force is applied, only the upper skinl+foam1 stratum deforms.
b) When a large force is applied so that foam1l is nearly crushed, the lower stratum, which

is able to sustain a larger force, begins to deform. c) Force experienced by thaelilayer
system under increasing rigid probe indentation. The first scan is represented by a dashed
line and the 2% to 4" scans by solid lines. Scan numbers are indicated. d) Normalized
change in resistance of the two strigghaped sensing skins asfanction of probe force. The
signal from skinl is shown in red and the signal from skin2 is in black. The contact area
between the probe and the sensing system is constant during the entire loading process due
to the flat bottom of the probe. e)Dynamic response of skinl+foaml1 under cyclic constant
displacement tests. f) Closeps taken at the indicated times in (e).
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Figure 43c shows force as a function of probe indentation, measured downward from the un
deformed surface of 8kKL. Up to an indentation of 10 mm, nearly to the thickness of soft foam1,
the force remained below 3 N (dashed horizontal blue line), corresponding to the scenario shown
in Figure 43a. The force then increased nonlinearly as thbg@began to deform the hard

foam2 layer (scenario shownkigure 43b). At the maximum indentation of 20 mm, the probe
indented haHway into the hard foam2, and the force reached 90 N. All four scans had similar

mechanical respwses, as evidenced by the overlapping curves.

The normalized change in resistami®/R,, whereDR is the change in resistance and<Rhe

initial resistance, is shown as a function of forc€igure 43d for both sensing skins. The

changes were larger during the first scan (dashed lines), but were then similar in the remaining
three scans. This behavior was expected because viscoelastic materials such as foams and
elastomers experience breiakeffectsduring the first cycle, known as the Mullins effEt®9]

in filled rubbers. For skinl at low force (up to 3 N, indicated by the dashed vertical blue line),
the sensitivity was high and substantially linear. In this force range the probe indented only the
soft foam (610 mm) and thus only strained the top sensing |a&igufe 43a), leading to a
corresponding increase in its resistance. DIRAR; was an easily measurable 60%. Beyond 10
mm, the sensitivity decreased, and above a turnover region it became substantially linear again
up to the maximum forceThe sensitivity dropped because of the greater stiffness of foam2: a
unit increase in force corresponds to a smaller displacement, and thus smaller strain. At 90 N,
the change in resistance reached 300%. The slopes of these curves directly retlaat the f
stiffness and the turnover point the foam thickness, so the performance of the system can readily

be tailored to meet particular application requirements.
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For skin2, the output was essentially zero at low force, since it remained unstrained while only
the upper foam was compressed. At the turnover point for skinl (i.e., the corner in the force
indentation curvekigure 43c), the soft foam1 was crushed, foam2 began to deféigaire

4.3Db), and the resistance of skin2 began to increase. Above 10 N, its slope was comparable to

that of skinl.

The dynamic response of skinl+foam1l on a rigid substrate was then characterized by indenting
the probe to a depth of 5 mm and applying a sinubaidaeform with a nominal displacement
amplitude of 1 mm. Five frequencies between 30 and 100 Hz, 50 cycles of each, were applied
from low to high, with 2second intervals between frequencies during which the probe was held
at 5 mm indentationF{gure 43e). The maximum frequency was limited by the instrumentation.

At the end of the test, the probe was raised from the surface.

Figure 43e shows both the force resulting from the displacement waveform areldtiee

change in resistance of skinl throughout the tegjure 43f shows three closaps, taken at the
indicated times irrigure 43e. The peako-peak amplitude of the force decreased as the
frequency inoeased, which may be due to the inability of the transducer to reach its full
displacement distance at these frequencies. Correspondingly, thepesik amplitude of the
sensing signal decreased. At 30 Hz the distortion of the sensing signal shajpe wathe

syst embs mdlra), buyby @é0fHE iewas snusoidal. There was no phase lag between

the force and reéstance signals, even up to 100 Hz. The lack of diminution in amplitude relative
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to the force and lack of phase lag show that thegadding system was able to reliably respond

to dynamic indentation, with the sensor accurately reporting the force.

4.3.3 Human Touch

4.3.3.1 Multi-Layer System with Sensing Strips

Human touch, unlike contact in a forstain transducer, is not well controlled in strength. For
finger touches, not only are there variations between individuals, but even for the same person
the part 6the finger making contact may vary in shape and stiffness, and the angle between the
finger and the sensor will vary from touch to touch. The response of thelayeltisensing strip

was thus measured as it was pressed with a single finger in refredselolysix people at a

position they judged to be in the middle of skinl. They aimed to achieve force levels that they
subjectively judged to be light, medium, and strong, pressing three times each, holding for 1 or 3

seconds and then waiting 30 seceobédfore the subsequent touch.

Figure 4.4a-c show the results as a function of time from one representative individesallts

from other individuals dichot substantially differ.The curves are colaroded based on the
individual 6s stated intentions and-2cNorrespond
(Detecting ultragentle tactile stimuli is not the focus of this papé@rhe force showed

unsteadiness and inconsisteiejween finger touches, which was typical for the human

contacts Figure4.4a). Figure4.4d shows maximunbR/R, of all test results from the six people

as a function of correspdimg finger forces. As expected from the characterization data, these
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force levels could be discriminated. Skinl showed a clear¥f4, response to light touch

that increased further to 25% at medium force and 38% at strong force. HoRRARyWas

not proportional to the force. Rather, at high forceDRéR, signal reflected the lower

sensitivity above the turnover poiriigure 43d). In contrast, skin2 showed essentially no

response to the light touch, but had a 1% sigmrahfedium touch and-8% for strong touches,

with responses proportional to the force above thedarpoint. The #' stratum therefore

became useful in the high force rangegure4.4b and c also exhibit the memory effects
demonstrated by these viscoelastic materials: the baseline resistance was higher after removal of

the force.
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Figure 44. a) Force vs. time in response to light, medium, and strongner presses, as
judged qualitatively by the person. The correspondinddR/R, responses of b) skinl and c)
skin2; resistance scales differ. d) Peak values of the relative change in resistance as a
function of applied force for 6 people pressing 3x eaclorf 1-4 sec at each force level.
Slopes of linear curve fits are shown; strength of touch is indicated by label3he time
interval between pressesnade by the same individual wa80 seconds.Note that the
contact area of the fingertip is changing duringpressing. Concept of a sensing skin on a
padded robot arm experiencing different human touches. A light finger touch in a multi -
layer cutaneous sensor produces an indentation in the soft upper layer of foam, leading to a
strain in the topmost skinl ad thus a change in its resistance. g) A hard punch deforms
the underlying harder layer of foam, leading to a strain in skin2.

Figure4.4d shows the peak normalized resistance chdmjBy naxfor all the tests from the six
people as a function of the corresponding fiRgess force Note that the contact areas in the

finger press and probe indentation tests were different, the former increasing as the compressible
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