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a  b  s  t  r  a  c  t

There  is a need  to  gather  rich,  real-time  tactile  information  to  enhance  robotic  hand  performance  during
haptic  exploration  and  object  manipulation.  Measuring  shear  forces  is useful  for  grasping  and  manip-
ulating  objects;  however,  there  are  limited  effective  shear  sensing  strategies  that  are  compatible  with
existing  end  effectors.  Here,  we  report  a bioinspired  and  flexible,  resistive  microfluidic  shear  force  sensor
skin.  The  sensor  skin  is  wrapped  around  a finger-shaped  end  effector  and  fixed  at the  location  of  the  nail
bed.  When  the  skin  is  subjected  to shear  force,  one  side of  the skin  experiences  tension  while the  other
side  experiences  compression  and  bulges  similar  to  a  human  fingerpad.  The  tension  and  compression
are  measured  by liquid  metal  strain  gauges,  embedded  in PDMS,  that  are  strategically  placed  adjacent
lexible sensor
icrofluidic shear force sensor

ensor skin
oft lithography

to  the nail bed,  away  from  regions  of direct  finger-object  contact.  We  present  the sensor  design,  a  finite
element  analysis  static mechanical  characterization  model,  as well  as  static  response  experiments.  The
resistive  shear  sensing  skin  exhibits  greater  than  10-bit  dynamic  range  (up  to  5  N)  that  is  insensitive  to
the  applied  normal  force.  The  resistive  shear  sensing  skin  is  intrinsically  flexible  and  immune  to  fatigue
and  other  problems  of  solid-state  sensors  when  subjected  to repeated,  large  strains.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Human fingertips are equipped with mechanoreceptors to col-
ect tactile information so that we can precisely control muscle
oordination during tasks such as haptic exploration and object
anipulation [1]. This information enables humans to deduce some

bject properties that cannot be inferred from other modes of sens-
ng, such as vision [2]. Despite the importance of tactile sensing,
t is not widely implemented in robot hands or prostheses [3]. A
obot hand equipped with a deformable multimodal tactile sensor
as been used to demonstrate the ability to perceive local shape,
hich could be used to advance robot autonomy and provide haptic

eedback to human teleoperators [4].
Haptic exploration and object manipulation benefit from rich,

eal-time tactile feedback through physical contact [3,5–7]. It has
een shown that human operators tend to exert more gripping

orce than needed when using visual feedback alone [2]. Damage of
he manipulated object and/or the end effector itself due to over-
oading is also of concern when tactile feedback is not available [8].

∗ Corresponding author at: University of Washington, Mechanical Engineering
uilding, Stevens Way, Box 352600, Seattle, WA 98195, USA.

E-mail address: jposner@uw.edu (J.D. Posner).

ttp://dx.doi.org/10.1016/j.sna.2017.08.001
924-4247/© 2017 Elsevier B.V. All rights reserved.
Restoring the sense of touch may  be valuable in delicate and pre-
cise manipulation applications such as tele-operation of minimally
invasive surgery [5]. Several tactile sensors and algorithms have
been developed to pick up objects of varying mass and texture [9],
estimate the contents of a container [10], and distinguish light and
firm touch [11].

Spatially and temporally resolved normal and shear stresses are
critical mechanical measurements that need to be resolved on arti-
ficial fingertips. Sensor design criteria are typically task-specific;
however, general sensor specifications can be guided by physio-
logical properties of human mechanoreceptors [6,12]. Within the
scope of in-hand manipulation, normal and shear forces up to 10 N
should be resolved with an optimal dynamic range of 1000 [6].
In practice, sensing ranges of 0.3–50 N have been demonstrated
in engineered tactile sensors according to their target application
[3,5,13,14]. A normal force spatial resolution of 1.25 mm has been
suggested to properly resolve object geometric features [3,6,15].
Kyung et al. have shown that humans have high normal force spa-
tial resolution for interactions below 32 Hz [16]. It is less clear how
well shear forces need to be spatially resolved, spurring further

research of desired resolution during in-hand manipulation. Low
latency temporal response contributes to better control stability,
faster reflex-like responses, and can enable inference of surface
properties such as roughness, shape, or coefficient of friction during

dx.doi.org/10.1016/j.sna.2017.08.001
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2017.08.001&domain=pdf
mailto:jposner@uw.edu
dx.doi.org/10.1016/j.sna.2017.08.001
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aptic exploratory motion [17–21]. Humans can detect vibrations
s high as 700 Hz although frequencies such as 100 Hz, 250 Hz
r 1000 Hz have been proposed for vibration sensors for specific
pplications [3,6,13–15].

A wide variety of tactile sensors have been demonstrated
ncluding whole finger [22] and artificial skin based sensors that
re compatible with existing robotic and prosthetic hand actu-
tors [23–36]. Sensor skins that can be wrapped conformally
round robotic manipulators minimize the need for modification
f the end effector. Skin based sensors have been fabricated with
iquid-metal-based transducers embedded in elastomers. Poly-
imethylsiloxane (PDMS) based sensors have been demonstrated
s robust, non-toxic, highly flexible, low cost, and easily fabricated
23,28–30], [34,36–39]. Liquid metal filled channels, such as those
lled with eutectic gallium indium alloy (eGaIn), are intrinsically

mmune to cracks and fatigue, suitable for conformal wrapping
nd large, repetitive strains [37,40–43]. eGaIn is a conductive liq-
id metal at room temperature and can form microstructures
ith a 2 �m spatial resolution by injection into micro-channels

23,39,40,44–47]. eGaIn traces that are 200–300 �m wide can be
apidly patterned by microcontact printing, 3D printing, or stencil
ithography [48–51].

A variety of miniaturized microelectromechanical system
oft sensor skins with liquid metal that use capacitive, resis-
ive and inductive sensing modalities have been developed
23,38,39,44,45,47]. Capacitive sensors are typically composed of
wo flat-plate electrodes separated by a dielectric material and
enefit from high sensitivity, ease of array fabrication, and high spa-
ial resolution [23], [36,44]. We  previously developed a light touch

icrofluidic normal force sensor that achieved a spatial resolution
f 1 mm with a 5 by 5 array of deformable parallel plate capacitors
nd was calibrated from 0 to 2.5 N [23]. Roberts et al. presented a
oft sensor that used differential measurements in multiple parallel
late capacitor taxels to detect shear deformation in two  orthog-
nal dimensions [44]. Capacitive based sensors are susceptible to
lectromagnetic interference, crosstalk, and parasitic capacitance.

Resistive sensors, including strain gauges and piezoresistive
ensors, convert deformation to change of resistance, which can
e easily measured by 4-wire sensing or a Wheatstone bridge cir-
uit. Resistive sensors generally have good sensitivity over a large
ensing range, high scanning rate, and are easy to design and imple-
ent. Their weaknesses include lower repeatability, high power

onsumption, and sensitivity to temperature. Park et al. presented
n artificial skin capable of measuring uniaxial strain in three
irections constructed with serpentine and spiral eGaIn channels;
owever, the minimal normal force that could be sensed was 7.4 N
47]. Majidi et al. developed a single microfluidic channel resistive
ensor skin that measures curvature and could be useful in appli-
ations such as angular position feedback of an articulated joint
46].

There are only a few strategies to measure shear force, such
s pairs of planar strain gauges [27], vertical cantilevers [49], or
lusters of normal force taxels that are strategically positioned in
airs or quadruples such that shear force acting at the center of
he sensor cluster results in combinations of normal force readings
36,40,41,50]. Sensor sensitivity can be enhanced by adding a bump
r ridge on the sensing surface or adding rigid force-posts embed-
ed in the media over the sensing elements [40,41,50], although
his approach suffers from reduced spatial resolution since it takes
everal taxels to construct a single sensing unit. Using a combi-
ation of normal force sensors could falsely generate shear force
eadings from normal forces that are non-uniform or localized on

n individual taxel. Previous reports on shear force sensors collec-
ively demonstrate calibration under a single normal force level
nd rarely discuss the influence of pre-applied normal force. Shear
ensors typically measure forces at the point of physical contact
rs A 264 (2017) 289–297

between the sensor and object, but, in robotic applications, the
location of contact may  be arbitrary and would necessitate a large
number of distributed sensors. Tactile sensors that resolve shear
forces away from the point of contact may  be advantageous, espe-
cially when faced with constraints on space, such as the small
region of a fingerpad. Sensing modalities that do not require local-
ized sensing for direct measurement of stimuli can be displaced to
make room for other sensing modalities, such as normal force.

In this paper, we develop a bioinspired, thin and flexible liq-
uid metal filled resistive PDMS microchannel shear force sensing
skin. The sensor skin is wrapped around a finger-shaped effector
and fixed at the location of the nail bed. When the skin is sub-
jected to shear force it results in one side of the skin in tension and
the other side in compression that buckles and bulges similar to
a human fingertip. The tension and compression are measured by
embedded liquid metal strain gauges that are strategically placed
adjacent to the nail bed, away from the point of finger-object con-
tact. We present the sensor design, a finite element analysis (FEA)
static mechanical characterization model in addition to an analyti-
cal approach, as well as static response experiments. We  show that
the resistive shear sensing skin exhibits large dynamic range that is
insensitive to the applied normal force over a range of shear forces.
The resistive shear sensing skin is intrinsically flexible and immune
to fatigue when subjected to repeated large strains.

2. Sensor design and theory of operation

The shear sensing skin design is inspired by the layered struc-
ture of the human fingertip. Skin consists of epidermis (outermost
layer), dermis, and subcutaneous fat tissue. While all of these lay-
ers are soft relative to the underlying bone, the subcutaneous fat
tissue is much softer than epidermis and dermis, thus, skin tends
to shear and slide with respect to the underlying bone when shear
force is applied to the finger pad. This deformation results in ten-
sion on one side of the fingerpad and compression on the other
side. We  can resolve shear force by leveraging the asymmetry in
the strain that occurs across the fingerpad, provided there is lit-
tle to no Poisson’s effect at the shear sensing taxels. The Poisson’s
effect is negligible when normal forces are not applied directly to
the shear force sensing taxels.

Fig. 1 shows a schematic of the resistive shear sensing skin and
mode of operation. The sensor skin wraps around a rigid artificial
fingertip and is fixed with two mounting brackets on the radial
and ulnar aspects near the perimeter of a human finger nail bed,
as shown in Fig. 1A. The eGaIn-filled microchannel strain gauges
are embedded in the skin, adjacent to the fixed mounting brackets.
The interface between the rigid fingertip and flexible skin is lubri-
cated so that the skin can slide easily relative to the fingertip. The
skin slides relative to the rigid finger, when subject to a radioul-
nar shear force, putting the opposing sides of the sensor skin in
compression (buckling) and tension (Fig. 1B). The measured asym-
metric strains across the pair of gauges are used to determine the
shear force applied on the fingerpad in the radioulnar direction.
The shear force sensor is insensitive to shear force in z-direction
because both gauges will experience the same strain due to the
symmetry of the system with respect to z-direction. The long strips
in the gauge are aligned with the principal direction of circumferen-
tial strain, with the goal of maximizing sensitivity to shear forces.
The gauge placement is designed to be insensitive to the normal
force applied at the point of contact. This shear sensing skin design

may  be compatible with a range of artificial fingertip geometries,
when appropriately calibrated to address variations in finger sur-
face geometry as well as friction between the sensor skin and the
end effector.
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Fig. 1. Schematics of the resistive shear sensing skin design and theory of operation. (A) The artificial skin is conformally wrapped around a rigid fingertip and affixed using
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ounting brackets that mimic  the region of nail bed attachment on a human finger
f  the finger. (B) A rigid plate applies a shear stress that drives the skin to slide rel
buckle) and stretch. The difference in resistance between the two opposing strain 

The strain gauge sensor microchannel design is a compromise
etween signal to noise ratio, power consumption, and microfab-
ication constraints. Considering N strips each of length L forming

 strain gauge with total width W,  the total length of the conductor
onsists of NL in the longitudinal direction and W in the trans-
erse direction. Since N � 1, the transverse part can be ignored
nd the total resistance is approximately �NL/ (wh) where � is
esistivity of the liquid filling the channel and w and h are the
espective width and height of the microchannel. When the skin
eforms under shear stress the channels with length L are either
longated or compressed resulting in a proportional change in
esistance. The measured resistance change can be related to strain
sing the gauge factor F = �R

R0
/ε,  where �R is the change of resis-

ance, R0 is the resistance at the un-deformed state, and εis the
train. A uniaxial tensile stress with linear elasticity at small strain
ields, �R

R0
= 1+ε

(1−�ε)2 − 1 ≈ (1  + 2�) ε where � is Poisson’s ratio of

he material. The Poisson’s ratio of an incompressible elastomer is
.5 resulting in an estimated gauge factor of (1  + 2�) = 2.

The power consumption of the strain gauge is V2/R = V2wh/�NL
here V is the applied voltage. These equations show that it

s advantageous to maximize the sensor resistance because it
inimizes the sensor power consumption and results in greater
easured sensor response. Large sensor resistance can be achieved
ith small channel cross-section dimensions; however, there is a
ractical limit to the minimum channel cross-section dimensions
ecause larger filling pressures and better sealing techniques are
equired to fill the channels with liquid metal as microchannel
imensions become smaller. In this work, we  compromise these
esign constraints with 50 �m width and height and an approxi-
ately 210 mm long serpentine channel made of N = 70 strips that

re L = 3 mm long. The calculated nominal resistance of each strain
auge is approximately 25 �,  which is verified later in experiments
escribed in Section 3.3.

. Computational and experimental methodology

.1. Numerical simulations of shear sensor

We  developed steady, two-dimensional finite element solid
echanics models (COMSOL Multiphysics, Boston, MA)  with lin-

ar elasticity to predict the sensor response to various normal and
hear force loading conditions. We  used these models to determine
he appropriate placement of the strain gauges to obtain linear, high
ensitivity sensor response that is independent of the applied nor-

al  force. The model was composed of two domains: one for the

igid fingertip core and one for the PDMS artificial skin. Young’s
odulus and Poisson’s ratio of the fingertip were set to be 3.2 GPa

nd 0.3, respectively, in order to represent a rigid plastic material
GaIn-filled microchannel strain gauges are located on the radial and ulnar aspects
o the rigid finger and results in the opposing sides of the sensor skin to compress
s is used to measure the shear applied shear force.

such as acrylic. We assumed the PDMS skin was  a uniformly linear
elastic and incompressible with a Young’s modulus of 1.292 MPa,
a Poisson’s ratio of 0.5 (0.49 to avoid numerical instabilities). The
mechanical properties of the PDMS were obtained through tensile
tests described in the supplemental information. Linear elasticity
was used to describe the stress-strain relation at the strain lev-
els considered in the model. Throughout the modelling study, the
maximum strain level was 9% and the true stress deviated from the
linear estimation by less than 5.5%. While a hyperelastic model,
such as Mooney-Rivlin, would be more accurate for describing
strain softening at high loads, linear elasticity at lower loads is suf-
ficient to validate the design and provide general guidelines for
selecting sensor parameters such as spatial location, gauge size,
channel dimension, etc.

We assumed that the strain gauges would not alter the PDMS
material stiffness. The boundaries where the artificial skin was
fastened to the fingernail were specified as fixed. The boundaries
between the rigid fingertip and flexible PDMS skin were designated
as non-penetrable contact. The skin can slide relative to the finger-
tip once friction, with a static Coulomb friction coefficient of 0.04,
has been overcome. The static friction coefficient was determined
from experiments (see supplemental information). The forces are
uniformly distributed on a 5◦ arc at the bottom, center edge of the
skin (the 0,−6.35 location in Fig. 3). The contact between the skin
and stimulus (object contacting the fingertip) was  not considered
because, according to Saint-Venant’s Principle, the sensor response
is equivalent to that of a uniform boundary load at the contact
location as long as the contact is sufficiently far from the sensor
location. Since the friction force between the skin and rigid finger-
tip is path-dependent, the loads in both normal and shear direction
in the model were applied in the same order as the experiments. The
normal force was first applied and shear force increases from zero
to the value of normal force in 0.1 N increments. Four cases were
examined where normal forces were 0.5 N,  1 N, 1.5 N, and 2 N.

The rigid fingertip core was meshed with free triangular
elements and the PDMS skin with mapped quadrilateral mesh ele-
ments. The maximum element size in the skin domain was  set at
0.14 mm.  The total number of elements was 1648 and minimum
quality was  0.85 [52–54]. Further mesh refinement did not alter
the results, suggesting that the mesh was  sufficiently resolved.
In post-processing, the strain in the circumferential direction was
evaluated to strategically place the strain gauges in locations that
yielded linear response, largest sensitivity, and independence to
applied normal force on the palmar aspect of the fingertip. The
normalized sensor response was defined as,
∼
�R  = �R1

R1,0
− �R2

R2,0
= F (ε1 − ε2) (1)



2 ctuators A 264 (2017) 289–297

w
g
o
ε
t
a

3

n
p
t
fi
8
o
u
a
w
s
b
r
f
i
S
r
o
p

(
w
c
t
p
s
h
s
a
(
p
c
m
m
w
t
w
i
S
n
h
W
d
a
t
fi
e

3
p

s
s
s
a
t

92 J. Yin et al. / Sensors and A

here F is the gauge factor, R1,0 and R2,0 are radial and ulnar strain
auge resistances when there is zero load, �R1 and �R2 are changes
f resistances with respect to R1,0 and R2,0, respectively, and ε1 and
2 are surface averaged tangential strain at the strain gauge loca-
ions, respectively. The normalized sensor response was  calculated
nd plotted against shear force at different normal force levels.

.2. Sensor fabrication

In this study, conventional soft lithography fabrication tech-
iques were used to generate 50 �m microchannels and here we
rovide specific technical details relevant to our sensor fabrica-
ion [23]. The master for the serpentine channel was  fabricated by
rst spin coating (PWM32, Headway Research, Garland, TX) SU-

 2025 photoresist (Microchem, Westborough, MA)  at 1500 rpm
nto a 4 in. silicon wafer. The wafer was soft baked by ramping
p to 95 ◦C at 120 ◦C/hr for 7 mins and cooling to room temper-
ture at 240 ◦C/hr. The master was exposed for 60 s in a broad
avelength aligner (AB-M, ABM, Scotts Valley, CA) whose inten-

ity is 8.88 mW/cm2 at 365 nm.  Then the wafer was  post baked
y ramping to 95 ◦C at 300 ◦C/hr, for 7 mins and then cooled to
oom temperature at 300 ◦C/hr. The master was then developed
or 6 mins and hard baked at 150 ◦C to improve mechanical stabil-
ty. Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich,
t. Louis, MO)  was evaporated onto the master in a desiccator to
educe the adhesion between PDMS and the mold. The thickness
f the pattern on the master was measured to be 50 �m by a stylus
rofilometer (Alpha Step 200, KLA-Tencor, Milpitas, CA).

We used PDMS with a 10:1 elastomer to curing agent ratio
RTV 615, Momentive, Waterford, NY). Each half of the PDMS layer
as fabricated using a two-step spin coating process by first spin

oating at 500 rpm for 60 s, curing at 80 ◦C for 1 h in a desicca-
or under vacuum, and repeating to get a 0.3 mm thick layer. The
atterned layer was peeled from the wafer and cut into desired
hape of 47 mm by 20 mm with serpentine strain gauges that
ave a total sensor area of 7 mm by 3 mm.  Reservoirs for each
train gauge were created by punching the patterned layer with

 710 �m cutting edge diameter, tin coated stainless steel puncher
CR0350255N20R4, SYNEO, Angleton, TX, USA). We  bonded the
atterned PDMS film to a flat piece of PDMS, fabricated by spin
oating PDMS on a blank wafer, using 30 s of oxygen plasma treat-
ent (PDC-001, Harrick Plasma, Ithaca, NY, USA) with a 500–600
Torr pressure and RF power of 30 W.  The patterned PDMS film
as brought into contact with the flat PDMS film immediately after

reatment and visual inspection for air entrapment. The assembly
as elevated to 80 ◦C for 1 h to increase the bonding strength. We

njected eGaIn (Gallium Indium Tin Eutectic, GalliumSource, LLC,
cotts Valley, CA, USA) into each strain gauge with a 22 gauge blunt
eedle (Weller KDS2212P, Apex Tool Group, Sparks, MD,  USA). Two
undred fifty micron diameter copper wires (42978, Alfa Aesar,
ard Hill, MA,  USA) were placed into each reservoir and sealed by

ispensing uncured PDMS over the reservoirs and copper wires. The
ssembly was brought to 80 ◦C for 1 h in an oven to cure the PDMS
hat seals the reservoirs and adheres the copper wires to the PDMS
lm. Fig. 2 shows the fully assembled artificial skin embedded with
GaIn-filled microchannel strain gauges.

.3. Characterization experimental setup, data acquisition, and
ost processing

We  mounted the shear sensor on a three-dimensional linear
tage to evaluate its performance under controlled normal and

hear force loading, as shown in Fig. 3A. Three manual linear
tages (433, Newport, Irvine, CA, USA) were assembled with right
ngle brackets (AP90, Thorlabs Inc., Newton, NJ, USA) to form
hree translational degrees of freedom, and were then fixed to an
Fig. 2. Resistive liquid metal strain gauges embedded in artificial skin. (A) An assem-
bled shear sensor skin shows a pair of eGaIn microfluidic channels embedded in
PDMS. (B) Microscopic view of the serpentine microchannel adjacent to a reservoir.

optical breadboard (PBH11105, Thorlabs Inc., Newton, NJ, USA).
The stages were actuated manually with adjustment screws and
Vernier micrometers (AJS100-2, SM-50, Newport, Irvine, CA, USA).
A rotational stage (481-A, Newport, Irvine, CA, USA) was  incorpo-
rated to enable fine-tuning of the direction of force loads and ensure
that shear force loads were parallel to the fingertip surface tan-
gent. Two acrylic plates were used to fasten the artificial skin to the
radial and ulnar aspects of an artificial fingertip that was  fabricated
from an acrylic half-round with length of 20 mm and diameter of
12 mm.  The fingertip was rigidly attached to the stage. The copper
wires originating from the sensor reservoirs were soldered to 8 mm
by 8 mm copper pads that were placed beside the plastic fingertip,
adjacent to the sensor reservoirs. The copper pads provide stress
relief for attachment to the external electronic equipment.

The interface between the PDMS film and acrylic half-round
was lubricated by gear oil (SHC 627, Mobil, Irving, TX, USA).
A force/torque (F/T) transducer (Nano 17, ATI, Apex, NC) was
mounted above the sensor to provide an independent measure
of the forces applied to the sensor skin. The force transducer
was attached to a loading tip that consisted of a 14 mm diame-
ter cylindrical acrylic plate. The stage supporting the sensor skin
was manually actuated to displace the sensorized fingertip rela-
tive to the force loading tip. Normal and shear force profiles were
simultaneously measured by the sensor skin and force transducer.

Fig. 3B shows the external electrical equipment. The two  sen-
sor strain gauges were connected in series with a sourcemeter
(6430, Keithley, Cleveland, OH, USA) applying 5 mA  DC current.
We measured the voltage across each strain gauge using a low
frequency data acquisition card (Personal Daq/55, Measurement
Computing, Norton, MA)  at 10 Hz. The resistance of each strain
gauge is determined R2,0using Ohm’s law. The resistances at zero
load are recorded as R1,0 and

The normalized sensor response during experiments are calcu-
lated using Eq. (1) as a function of strain gauge resistance changes,
�R1 and �R2. A circuit diagram is provided in the supplemental
information Section 5. According to a simple convection analysis,
Joule heating should not result in an increase of device temperature

of more than 5 ◦C.

We applied normal force by moving the stage vertically and
then stepwise increased shear forces (0.1 N increments) by mov-
ing the stage horizontally. Each data point was averaged over 1 s.
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Fig. 3. Experimental setup for sensor characterization under controlled normal and shear forces. (A) The artificial skin is mounted on an acrylic half round and the two
mounting brackets are fastened by a bolt and nut. The acrylic loading tip is rigidly connected to the F/T transducer on the top. (B) Schematic of the mechanical and electrical
a ear sensing skin is mounted on a rigid fingertip that can be displaced in 3D to generate
n  with a current source of 5 mA.  Voltages across each strain gauge are measured by data
a
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Table 1
Sensitivity of the shear force sensor as calculated from computational models and
experimental characterizations under different normal forces. Experimental sen-
sitivity was  calculated from a linear regression of shear force magnitude under
1.2  N.

Normal force [N] Sensitivity [N−1]

Computation Experiment

0.5 0.078 0.078
1.0  0.078 0.076
1.5  0.078 0.080
2.0  0.078 0.080
spects of the experimental setup. Artificial skin is shown as the grey area. The sh
ormal and shear forces. The two  sensor skin strain gauges are connected in series
cquisition equipment.

he resistances without load (R1,0 and R2,0) were measured before
ach loading scenario for normalization during that loading sce-
ario using Eq. (1).

. Results and discussion

In this section, we present an analytical analysis of the shear
ensor skin response and computational predictions of the sen-
or deformation under various normal and shear forces. The static
alibration of the shear force sensor is presented and critical per-
ormance criteria are calculated including sensitivity, shear force
esolution, and prediction interval.

.1. Analytical analysis

The shear sensor skin response can be estimated using a sim-
le analytical model with a few assumptions. Here we consider the
kin with uniform cross section, negligible friction with underlying
nger core, uniform strain distribution across z-direction as indi-
ated in Fig. 1. We  also assume that internal forces in the tension
egion alone is in balance with the external shear force, since the
ompression region is buckling and the strain magnitude is negligi-
le in comparison to that of the tension region. The circumferential
train ε at the location of the strain gauge can be simply represented
s ε = Ft/EA, where Ft is the applied shear force at the fingerpad, E
s Young’s modulus of the PDMS, A is the cross sectional area. The
ormalized sensor response is εF, where F is the gauge factor. The
ensitivity is the normalized sensor response per unit shear force
iven as F/EA. This estimate results in a sensitivity of 0.088 N−1,
hich we will show compares well with the measured and com-
utationally predicted values presented in Table 1. This analytical
nalysis shows that the sensor sensitivity is a linear function of the
aterial stiffness and cross-sectional thickness. As long as the con-
ition of negligible friction forces between the skin and the effector
re maintained, the fingertip geometry should not have an effect
n the sensitivity. A softer skin material and smaller cross section
rea results in higher sensitivity, yet the softer, thinner skin may  be
Average 0.078 0.078

more susceptible to failure at high shear forces and is likely to show
significant non-linear response at higher shear forces due to strain
softening. Design tradeoff between range, sensitivity, and linearity
can be estimated using this simplified analytical model.

4.2. Shear sensor simulations

Fig. 4 shows simulation strain distribution contours with a 1 N
normal force and shear forces of 0.5 and 1 N in subfigures A and
B, respectively. In each case, the normal force was applied first
and then the shear force was increased from zero in increments
of 0.1 N. In both cases, a circumferential tensile strain develops on
the tail-side of the shear force vector (-x direction in Fig. 4) while
a circumferential compressive strain develops on the head-side of
the shear force vector (+x  direction in Fig. 4). The magnitude of
tensile strain is larger than that of compressive strain due to buck-
ling of the compressed region of the sensor skin. The stretching
and compression of the sensor skin is asymmetric, resulting in an
overall increase in skin length that results in a separation of the
sensor from the rigid core, that is analogous to a bulging finger

pad under significant shear stress. A large magnitude tensile strain
forms at the location that the normal force is applied (0,−6.35) due
to Poisson’s effect.
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Fig. 4. Circumferential strain distribution contour with normal force Fn and shear forces Ft . (A) and (B) show skin strain for Fn = 1.0 N with Ft = 0.5 N and Ft = 1.0 N, respectively.
The  external force, whose normal and tangential components are shown as bold arrows, is applied at the bottom center of the sensor skin at (0,−6.35). The color legend shows
the  circumferential strain scale with positive and negative values corresponding to tensile and compressive strain, respectively. The purple lines show the fixed boundaries.
The  shear sensing skin is divided into regions of circumferential tensile and compressive strain, with compression and buckling occurring on the side of the finger to which
the  shear force vector head points. The magnitude of tensile strain is significantly higher than compressive strain, and is a strong function of shear force. (For interpretation
of  the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Circumferential strain at the midline of skin thickness with respect to angular
position with a normal force of 1 N. The origin of the cylindrical coordinate system is
(0,0) in Fig. 4, where � = 90◦ is the location where the external force is applied (0,−6).
In  this example, the compressive side is where � > 90◦ and the tensile side is� < 90◦ .
The applied tangential force magnitude increases from Ft = 0 (bottom blue line) to
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Fig. 6. Experimental (circles) and computational (solid line) normalized resistance
sensor response as a function of the applied shear force. The applied normal force
is  1 N and the range of the shear force is ±1 N. The dashed grey lines show the
experimental data prediction interval at a 95% confidence level. The 95% confidence
interval of each data point is presented using error bars, but is too small to discern
because it is smaller than the marker. The inset shows a magnified view of the exper-
imental and computational normalized resistance sensor response with respect to
shear force in the range of ±0.15 N. The grey dotted line shows the simulated pre-
t = 1 N with 0.1 N increments along the direction of the arrow. (For interpretation
f  the references to colour in this figure legend, the reader is referred to the web
ersion of this article.)

Fig. 5 shows the circumferential strain, ε�� , as a function of angu-
ar position at a normal force of 1 N and shear force ranging from 0
o 1 N. When there is only a normal force, the circumferential strain
s nonzero only at the point of contact (� = 90)due to the Poisson’s
ffect. When a shear force is applied, relatively constant tensile
nd compressive strains develop on the tail- (� < 90◦) and head-
ide (� > 90◦) on the respective sides of the shear force vector. The
ircumferential strain is near zero on the compressive side � > 90.
ircumferential strain in the tensile region (� < 90◦)is a strong func-
ion of shear force yet a weak function of angular position ( < 4%).
ccording to the classical belt friction problem, the circumferential
train should decrease from the point of contact to the proxim-

ty of the fixed boundary due to friction; however, with the static
riction coefficient of 0.04, there is no significant variation with
osition. This suggests that the sensors could be positioned any-
here along the sensor skin, without sacrificing sensitivity, as long
diction of a zero-friction device. It can be inferred that the sensor performance for
small shear forces could be improved by reducing the friction between the shear
sensor skin and the fingertip.

as they are sufficiently far from the point of contact with physical
objects where they might be influenced by Poisson’s effect. Placing
the sensors near the nail bed reduces the probability of the sensors
being subjected to interference from normal forces and makes room
for other sensor modalities, such as normal force or temperature,
that might benefit from close proximity to the point of contact.

Fig. 6 shows the predicted normalized sensor response, �̃R, as
a function of the applied shear force for 1 N of normal force. The

simulations show that the sensor response is linear with applied
shear force over most of the small shear forces examined here. The
inset of Fig. 6 shows the predicted normalized sensor response as
a function of the applied shear force over a smaller range of shear
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Fig. 7. Experimental normalized sensor response as a function of shear force at
normal force levels of Fn = 0.5 N (�), Fn = 1 N (�), Fn = 1.5 N (©), and Fn = 2 N (♦). Data
points for small shear forces between −0.5 N and 0.5 N at various normal forces
overlap and some are not shown to increase plot clarity. The normalized sensor
response is linear at small shear force (magnitude less than 1.2 N) and exhibits
increasing sensitivity at higher shear forces. The sensitivity, visualized as the slope
of  the data, is relatively uniform across the range of normal forces examined. The
deviation from a linear calibration at larger shear forces may  be the result of local
J. Yin et al. / Sensors and A

orces (<0.15 N) to elucidate the sensor deadband due to the friction
etween the sensor skin and the rigid core. The sensor response
emains at zero before the shear force overcomes the static fric-
ion force and the skin is free to slip against the rigid core, thus
he deadband region increases with the normal force. At moderate
ormal forces of 1 N and friction coefficient as 0.04, we  predict the
inimum shear force measurement to be 0.04 N.
The slope of normalized sensor response with respect to the

pplied shear force throughout the working range is defined as the
ensitivity. Table 1 shows that the predicted sensitivity for several
pplied normal forces ranging from 0.5 N to 2 N is 7.8 %/N. The pre-
icted sensitivity does not change with the applied normal force,
uggesting that the response of the shear sensor, in the light touch
egime, is independent of the applied normal force. This is advanta-
eous because the shear force can be resolved without knowledge
f the normal force.

.3. Sensor static characterization

In this section, we present experimental results from static load-
ng experiments. Fig. 6 shows measurements of the normalized
ensor response as a function of the shear force with a 1 N normal
orce. The measurements agree well with the predicted response
ith average deviations less than 8%. Due to buckling behavior on

he compressive side, the strain gauge response magnitude from
he compressive side is much lower than that from the tension side.
his behavior is observed in both numerical simulations and exper-
mental results where individual strain gauge responses are in good
greement. Details are presented in the supplemental information
n Section 8. The sensor’s response is repeatable with repetitive
hear force up to 5 N and starts to respond at 0.04 N as predicted,
ith 1 N applied normal force due to static friction. The simulations

how that the minimum shear force is required to overcome static
riction and exhibit a linear response to applied shear force depend-
ng on the friction coefficient and applied normal force. We  define
he noise floor as the standard deviation of the normalized sensor
esponse over a 1 s measurement interval at a constant shear force
alue. Using this definition, the average noise floor is 1.6 mN,  which
esults in a dynamic range (with a maximum of 5 N) of more than
0-bits. [6,13]

We  subject the sensor to various normal forces with no applied
hear force, which should not result in any measured shear force if
he sensor is properly decoupled, and show that the sensor reports

 normalized sensor response of less than 1.24E-4 (or 1.45 mN),
hich is less than the noise floor. The shear force sensor is insensi-

ive to shear force in the transverse direction as shown in Fig. S8 in
he supplement. The drift of the sensor is evaluated by the standard
eviation of the sensor response to a constant shear force load over
ime. The sensor was loaded with Fn = 0.5 N and Ft = 0.15N for 1 h
nd data were collected at 0.01 Hz. The standard deviation of the
ormalized sensor response is 1.48E-4 (or 1.73 mN). The precision
f the shear sensor skin is characterized by a prediction interval
hat was calculated to be ±0.0802 N at 95% confidence. Details of
he mathematical representation of the prediction interval are pre-
ented in the supplemental information.

Fig. 7 shows the normalized sensor response as a function of the
hear force for different applied normal forces. This experiment is
onducted over a larger range of shear forces (±1.6 N) than is shown
n Fig. 6 and exhibits a nonlinear response at higher shear forces.
t shear forces greater than 1.2 N, the slope of the data increases,
esulting an increase in the sensor sensitivity. Linear regression
ver this entire range of applied shear forces results in an error

ess than 30% at high shear force levels. For simplicity, we use sim-
le linear fits to determine the sensitivity for shear force magnitude

ess than 1.2 N, provided in Table 1. These values agree well with
he model predictions within 5%. If desired, a nonlinear fit can be
high  strains generated from non-uniform loading in the z direction (as defined in
Fig. 1).

implemented to better represent the sensor response at high shear
force levels, as shown in the supplemental information.

We  suggest that the nonlinearity observed at higher shear forces
is due to the nonlinear mechanical properties of PDMS at high
strain as well as the stress variation in the out-of-plane dimen-
sion (z-direction) becoming non-negligible for larger shear forces.
The reduction of PDMS stiffness at high strain partially explains the
increase in measured sensitivity at high shear forces. As stated in
the supplemental information, PDMS starts to soften at approxi-
mately 9% strain, and its deviation from linear elasticity can be as
much as 14% at 20% strain. In addition, our two-dimensional simula-
tion assumed a line load at the center of the fingerpad (considering
a 2D simulation is infinite in the third (z) dimension), whereas in the
experiments only part of the skin in the z-direction (as defined in
Fig. 1) is loaded. Local high strain occurred in the y dimension that
the simulation did not take into consideration. This nonlinearity
observed in experiments may  be captured in the simulations using a
more comprehensive, three-dimensional, hyperelastic mechanical
finite element model.

The above experiments are all performed at room tempera-
ture of around 25 ◦C. In order to evaluate the sensors sensitivity
to temperature, we  calibrated the sensor under Fn = 1 N at elevated
temperature of 40 ◦C. The skin was  heated with a heat gun and the
temperature was verified by a thermocouple mounted adjacent to
the shear sensor skin. Fig. 8 shows normalized sensor response as
a function of shear force at 25 ◦C and 40 ◦C. The sensor response
overlaps and no change of sensitivity can be observed above the
data variation. Linear regression showed less than 2% of sensitivity
change. The sensor response suggests that the sensitivity is likely a
weak function of temperature and the calibration does not change
within the investigated temperature range. The change of resistiv-

◦
ity of eGaIn for the 15 C temperature raise is approximately 1.1%
[55]. The apparent strain induced by thermal expansion is governed
by PDMS instead of eGaIn because relatively large reservoirs on
the ends of the channels could accommodate any excessive liquid
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Fig. 8. Experimental normalized sensor responses as a function of shear force at
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perception, IEEE International Conference on Robotics and Automation, 1989.
n = 1 N under room, 25 ◦C, (circles) and elevated, 40 ◦C, temperature (crosses). Data
arkers overlap and change in the sensitivity is not observed.

etal. Linear thermal expansion coefficient of PDMS is 3.2E-4 ◦C−1

56], therefore the apparent strain for the 15 ◦C temperature raise is
ess than 0.5%. Such variances induced by temperature changes are
ignificantly less than the uncertainty observed in the experiments.

. Summary

Here we report a bioinspired, thin and flexible shear force sensor
kin that deforms in response to applied shear forces similar to a
uman fingertip. The shear sensor skin’s novelty is that the tension
nd compression are measured by embedded liquid metal strain
auges that are strategically placed adjacent to the nail bed, away
rom the point of finger-object contact. This design has the advan-
age over existing skin based shear sensor designs that it is free from
onfounding effects of normal forces where the effector and object
ake contact. This design also provides space for normal force sen-

ors on the palmar aspects of the fingertip, where contact with
bjects is likely to occur. The resistive shear sensing skin is flexible,
onformable to curved surfaces, robust, and insensitive to temper-
ture changes. This shear sensing skin design may  be compatible
ith a range of artificial fingertip geometries when appropriately

alibrated to address variations in finger surface geometry as well
s friction between the sensor skin and the end effector.

Static finite element models and experiments, in the light touch
egime, show matching linear sensor response that is independent
f the applied normal force that is validated by a one-dimension
nalytical analysis,. Precision and dynamic range are useful yet
ess discussed metrics of force sensor performance and we present
tatistical analysis to determine these quantities. The shear force
ensor has a precision of 0.08 N and exhibits a dynamic range
reater than 10-bits (up to 5 N). Such precision is approaching the
obotic community’s desired sensitivity of 0.01 N [6,13]. Our analyt-
cal model shows that the dynamic range of the shear force sensor
an be increased by increasing the channel resistance (e.g. by reduc-
ng the channel cross section area or increasing the total length).
t higher shear forces, the experiments show a nonlinear response
here the sensor sensitivity increases at higher shear forces.
Our future work focuses on the development of an integrated
ensor skin capable of measuring two dimensions of shear force
nd normal forces as well as dynamic sensor characterization dur-

[

rs A 264 (2017) 289–297

ing end effector interactions with objects and the measurement of
vibration.
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