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Measuring Dynamic Shear Force and Vibration
With a Bioinspired Tactile Sensor Skin

Jianzhu Yin , Peter Aspinall, Veronica J. Santos, and Jonathan D. Posner

Abstract— There is a need to measure dynamic tactile
information to enhance robotic hand performance during haptic
exploration and object manipulation. Here, we report on the
dynamic characterization of a flexible, bioinspired, and resistive
microfluidic shear force sensor skin. When the skin is subjected
to shear force, one side of the skin experiences tension while the
other side experiences compression, both of which are measured
by liquid metal strain gauges embedded in polydimethylsiloxane.
The sensor can measure dynamic shear forces during stepwise
unloading, incipient slip, and controlled vibration tests. The sen-
sor can quantify vibration up to 800 Hz with an average minimum
displacement of 0.43 µm, which is equivalent to or better than
human fingertips. We demonstrate the utility of the sensor skin
by performing experiments with a robotic hand and arm. The
shear sensing skin senses tactile events while a robotic arm
performs several manipulation tasks including pick and place,
drop, and handover. The skin is robust when used on a robot
manipulator and shows promise in providing rich and dynamic
tactile information that is beneficial to robotic and prosthetic
applications.

Index Terms— Resistive transducers, tactile sensor,
microfluidics, soft lithography.

I. INTRODUCTION

HUMAN fingertips are equipped with mechanoreceptors
that provide static and dynamic tactile sensing infor-

mation for manipulating objects and haptic exploration [1].
Dynamic tactile sensing enables humans to detect contact
events, regulate grasp force, and identify surface texture [2].
Shear force sensing provides critical friction information to
aid in the detection of slip [3]. In grasp force regulation, shear
force sensing resolves dynamic features of the manipulation
such as slip, rotation, surface friction and inertia [4], [5].
Meissner, Merkel and Ruffini endings that measure shear
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forces have been shown to have a frequency response of
less than 60 Hz [4], [6]–[8]. Vibration of higher frequency
is usually measured by Pacini endings [4], [8]–[10]. Pacinian
corpuscles have high sensitivity at around 250 Hz and can
detect displacements, averaged across all frequencies, as small
as 0.6 μm [10]–[13]. Tactile perception of fine texture as small
as a few microns is resolved by vibrations generated while the
finger is scanning the surface [14]–[16].

Temporally resolved normal and shear forces as well as the
ability to sense vibration are important tactile sensing capa-
bilities for highly functioning robotic and prosthetic manip-
ulation for applications such as slip detection and texture
recognition [17]. Object compliance characterization and grip
control can be performed by monitoring normal and shear
forces [18], [19]. Slip can be detected using friction-cone mon-
itoring taking dynamic normal and shear force as inputs, band-
pass filtering using vibration related measurements, or learning
algorithms that utilize force and vibration tactile feedback [20].
Vibration measurements can reveal surface properties and
indicate critical dynamic tactile events during incipient slip,
lateral sliding, light tap and clicking [9], [14], [21], [22].
Artificial manipulators can distinguish surface texture similar
to humans using vibration tactile feedback [21].

Tactile sensing modalities relating to pressure and strain are
typically categorized into normal, shear and vibration sensing.
Vibration sensing is typically discussed separately due to high
signal frequencies of interest at 60-1000 Hz, although dynamic
measurement of either normal or shear direction displacement
falls into this category [9], [23], [24]. Research conducted with
whole finger sensors has demonstrated that these modes of
tactile sensing can reveal surface/volumetric object properties
and provide feedback during in-hand manipulation [17]–[22],
[25]. Soft, multimodal, whole finger sensors use fingerpad
deformation related fluid impedance measurement to detect
normal and shear forces up to 100 Hz and piezoresistive
pressure transducer to measure vibration up to 2200 Hz.
They have been successful in determining object compliance,
detecting slip and distinguishing texture [19]–[21], [26]. This
whole finger sensor can measure shear force range up to 6 N
with an average uncertainty of ±0.6 N [18], [19], and its
vibration detection threshold up to 1 kHz is better than that
of humans [21], [22]. Another whole finger tactile sensor
uses an accelerometer to detect vibration signals up to 1 kHz
during sliding motions [17]. Work on robust whole finger
sensors have collectively demonstrated the capabilities of
dynamic, multimodal tactile sensing and signal processing,
yet whole finger sensors require modification of manipulator
end effectors which may limit the available effector design
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space and integration of additional sensing modalities such as
proximity or temperature.

Another approach is to use tactile sensing skin more
closely mimicking biological systems that can be affixed
to an existing manipulator. Polydimethylsiloxane (PDMS)
based sensors have been explored as highly flexible and
robust artificial tactile skins [27]–[35]. These miniaturized
microelectromechanical system soft sensor skins typically use
capacitive or resistive sensing principles [28]–[47]. Capacitive
sensors are typically composed of two flat-plate electrodes sep-
arated by a dielectric material and benefit from high sensitivity,
ease of array fabrication, and high spatial resolution [29],
[31], [34]–[36], [44], [45]. Arrays of capacitive sensors can
be used to construct normal force sensors with 1 mm spatial
resolution or infer shear deformation [29], [45]. Capacitive
based sensors can be susceptible to electromagnetic interfer-
ence, crosstalk, and parasitic capacitance. Resistive sensors,
including strain gauges and piezoresistive sensors, convert
deformation to change of resistance, which can be easily mea-
sured by 4-wire sensing or a Wheatstone bridge circuit [28],
[30], [32], [33], [37]–[43], [46], [47]. A bioinspired shear force
sensing skin has demonstrated the ability to measure shear
force up to 5 N with a resolution of more than 10-bits [39].
Resistive sensors generally have good sensitivity over a large
sensing range, high scanning rate, and are easy to design and
implement. Common weaknesses include lower repeatability,
high power consumption, and sensitivity to temperature.

Regardless of the sensing principle, skin based tactile sen-
sors have electrical components that have been fabricated with
solid state metals [34], [42]–[45], conductive polymers [32],
[33], [35], or liquid metal filled microchannels [28]–[30],
[36]–[39]. Solid state metal transducers were first developed
with mature fabrication methods borrowed from the semicon-
ductor industry and benefit from good electrical properties
such as high conductivity; however, their performance is lim-
ited by fatigue and failure after repeated load or large strains
that are inevitable in soft skin. Conductive polymers have
also been used and allow for large, repeated deformations.
Polymer conductors have been limited by low conductivity to
effectively compose leads or capacitor plates. Another fabri-
cation strategy is liquid-metal-based transducers embedded in
elastomers. These structures are intrinsically immune to crack-
ing and fatigue, and are suitable for conformal wrapping and
large, repetitive strains. Eutectic gallium indium alloy (eGaIn)
is a conductive liquid metal at room temperature and has high
electrical conductivity that exceeds that of Mercury. EGaIn
can form microstructures with a 2 μm spatial resolution by
injection into micro-channels [29], [30], [36]–[38], [48], [49],
and traces that are 200–300 μm wide can be rapidly pat-
terned by microcontact printing, 3D printing, or stencil
lithography [50]–[53].

Sensor design modalities and criteria are typically task-
specific; however, general sensor specifications can be
guided by physiological properties of human mechanorecep-
tors [8], [54]. 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 [8]. In practice, sensing ranges
of 0.3-50 N have been demonstrated in engineered tactile

sensors according to their target application [3], [23],
[55], [56]. A normal force spatial resolution of 1.25 mm
has been suggested to properly resolve object geometric
features [8], [9], [23]. Sensor skins have demonstrated the
capability to spatially resolve normal force over large surface
area [30], [31], [34], [37], [38], [43] with spatial resolution
consistent with human hands [29], [34], [45]. 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 haptic exploratory
motion [17], [21], [57]–[59]. Humans can detect vibrations
as high as 700 Hz although frequencies such as 100 Hz,
250 Hz or 1000 Hz have been proposed for vibration sensors
for specific applications [8], [9], [23], [55], [56]. Most of
these tactile skin sensors were characterized on benchtop with
static loads, although a few reports show cursory evidence
of dynamic response to tactile events [31], [35], [37]. To our
knowledge, no sensor skin has demonstrated the capability to
measure high frequency shear forces or vibration.

In this paper, we show that our flexible microfluidic shear
force sensor skin can measure dynamic shear force and vibra-
tion. This work is based on a previous shear force sensor
using bioinspired, thin and flexible liquid metal filled resistive
PDMS microchannels [39]. The sensor skin is wrapped around
a finger-shaped end effector and fixed at the location of
the nail bed. The shear sensing skin design is inspired by
the human fingertip skin that deforms with respect to the
underlying bone when shear force is applied to the finger pad
as shown in Figure 1A. This deformation results in tension
on one side of the fingerpad and compression on the other
side. We resolve the applied shear force by leveraging the
asymmetry in the strain that occurs across the fingerpad.
The tension and compression are measured by liquid metal
strain gauges, embedded in PDMS, that are strategically placed
adjacent to the nail bed, away from regions of direct finger-
object contact. The resistive shear sensing skin exhibits 10-bit
dynamic range (up to 5 N) and adequate sensitivity to shear
force in the soft touch regime [39]. In this work, we show
that the sensor skin is able to resolve dynamic shear forces in
benchtop experiments of stepwise unloading and slip, as well
as detect vibration for displacements as small as 0.43 μm at
frequencies as large as 800 Hz. We also evaluated the shear
sensing skin on an artificial fingertip mounted on a robotic
hand and arm. The shear sensing skin robustly reports tactile
events while the robotic arm performs several manipulation
tasks including pick and place, drop, and handover.

II. EXPERIMENTAL METHODOLOGY

The shear sensor is fabricated from liquid metal filled
microchannels formed in PDMS that is cast using standard soft
lithography. Using tensile testing, we determined the Young’s
modulus and Poisson’s ratio of the PDMS skin as 1.292 MPa
and 0.5, respectively [39]. The fabrication details of the sensor
are provided in previous works and here we provide specific
technical details relevant to our sensor fabrication and dynamic
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Fig. 1. (A) Schematics of the resistive shear sensing skin design and theory of operation. The artificial skin is conformally wrapped around a rigid fingertip
and affixed using mounting brackets that mimic the region of nail bed attachment on a human finger. The eGaIn-filled microchannel strain gauges are located
on the radial and ulnar aspects of the finger. A rigid plate applies a shear stress that drives the skin to slide relative to the rigid finger and results in the
opposing sides of the sensor skin compressing (buckle) and stretching, respectively. The difference in resistance between the two opposing strain gauges is
used to measure the shear applied shear force. (B) A resistive liquid metal strain gauge embedded in artificial skin. (C) Shear force sensing skin mounted on a
fingertip with a radius of curvature of 6.35 mm. Mounting brackets are used to fasten the skin to the fingertip. The electrical connections to the DAQ system
are not shown. (D) Experimental setup consisting of the robotic manipulator with one sensorized finger and two standard fingers as well as the manipulated
blue box. The shear force measured by the sensor skin is in the vertical direction.

characterizations [29], [39]. The master for the serpentine
channel was fabricated by SU-8 soft lithography including
spin coating, soft bake, exposure, post bake, development, hard
bake and silane treatment [39]. We used 10:1 elastomer to
curing agent PDMS (RTV 615, Momentive, Waterford, NY).
Each half of the PDMS layer was fabricated by a two-step
spin coating process. The patterned layer with serpentine
strain gauges was peeled from the wafer and cut into a
desired rectangular shape. Reservoirs of each strain gauge
were created by punching the patterned layer. We bonded
the patterned PDMS film to a flat piece of PDMS using
oxygen plasma treatment (PDC-001, Harrick Plasma, Ithaca,
NY, USA). The patterned PDMS film was brought into contact
with the flat one immediately after treatment and heated to
increase the bonding strength. We injected eGaIn (Gallium
Indium Tin Eutectic, GalliumSource, LLC, Scotts Valley, CA,
USA) into each strain gauge. Copper wires (42978, Alfa Aesar,
Ward Hill, MA, USA) were placed into each reservoir and
sealed by dispensing uncured PDMS over the reservoirs and
copper wires. The assembly was heated to cure the PDMS that
seals the reservoirs and adheres the wires to the PDMS film.
Figure 1B shows a strain gauge on the shear force sensor skin.

For benchtop characterization experiments, we mounted the
shear sensor on a three-dimensional linear stage to evaluate its
performance under controlled normal and shear force similar
to Yin et al. [39]. Two acrylic plates were used to fasten the
artificial skin to the two sides 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 interface between the PDMS film and acrylic
half-round was lubricated by gear oil (SHC 627, Mobil, Irving,
TX, USA). We measured the gauge voltages across each strain
gauge using a low frequency data acquisition card (Personal
DAQ/55, Measurement Computing, Norton, MA) at 10 Hz for
incipient slip tests and applications on robotic manipulator.
We used a high frequency data acquisition card (DT9826, Data
Translation, Marlboro, MA) at 52 kHz for stepwise unloading
and vibration tests. The changes of resistances of the two
gauges are directly related to shear force, as demonstrated
in [39]. The normalized sensor response is defined as, ˜�R =
�R1/R1,0 − �R2/R2,0, where R1,0 and R2,0 are radial and
ulnar strain gauge resistances when there is zero load, �R1
and �R2 are changes of resistances with respect to R1,0
and R2,0, respectively. The normalized sensor response is
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effectively the difference of the fractional change in the radial
and ulnar shear sensors resistances. This parameter represents
the relative deformation of the skin in the region of the shear
sensors and is normalized by the undeformed resistance of
each sensor to obtain a consistent calibration response across
multiple sensor prototypes.

In order to assess the sensor performance with dynamic
tactile events, we performed benchtop dynamic measurements
of the sensor output under tactile events of impulse unload-
ing, incipient slip, and controlled vibration. For the impulse
unloading and incipient slip experiments, 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 consists of either a steel bolt with
a 4.8 mm diameter tip or a 14 mm diameter cylindrical
plate with 120 grit sandpaper, as shown in the supplement
Figure S2. The stage supporting the sensor skin was manually
actuated (AJS100-2, SM-50, Newport, Irvine, CA, USA) to
generate displacement and this results in normal and shear
force profiles, which are simultaneously measured by the
sensor skin and force transducer. For the impulse unloading
we first loaded the sensor with a given normal and shear force
and then abruptly lowered the sensor away from the loading
tip to generate a rapid unloading event. For the incipient slip
tests, the sensor was loaded with prescribed normal force and
then we increased lateral stage displacement so that the sensor
slips from the load tip and finally loses contact.

For the controlled vibration assessment, we use a piezoelec-
tric actuator and laser Doppler vibrometer to respectively gen-
erate and measure high frequency vibrations. Figure 2 shows
the benchtop controlled vibration test apparatus. We actuated
the shear sensing skin with a piezoelectric actuator
(712A02, PCB Piezotronics Inc, Depew, NY, USA) coupled
to a 10-32 stainless steel bolt as the loading tip. Aluminum
adapters are installed in between as well as a force/torque
(F/T) transducer (Nano 17, ATI, Apex, NC) as a refer-
ence force measurement (data not shown). A laser Doppler
vibrometer (OFV302, OFV2600, Polytec GmbH, Waldbronn,
Germany), or LDV measured the vibration amplitude of the
loading tip. The displacement and shear sensor response signal
power spectrum is calculated by FFT and the power in the
2 Hz window around the actuation frequency is integrated as
the signal power magnitude.

We demonstrate the shear force sensor’s robustness and
potential of providing critical tactile event cues in robotic
applications using a robotic manipulator during object manip-
ulation experiments. Figure 1 shows the sensor mounted on
an artificial fingertip that is attached to a robot hand and arm
(BarrettHand and WAM, Barrett Technology, Newton, MA).
We performed pick and place, drop, and handover object
manipulation experiments on a box (15.8 × 10.5 ×
9.8 cm, 204 g) to examine the sensor response to various
grasp and slip conditions. All three tests began with the robotic
manipulator grasping the box with a three-finger grip. The
sensorized finger was on one side and two unmodified stock
fingers were on the opposite side. For the pick and place test,
the manipulator lifted the box vertically 2.5 cm (for 8 seconds),

Fig. 2. Controlled vibration experimental apparatus. (A) Side view: a piezo
actuator drives the shear sensor skin in the horizontal direction through the
10-32 bolt. (B) Front view: an LDV laser focused on the tip of the 10-32 bolt
provides a reference vibration amplitude for calibration.

returned the box to 2 mm below its original position (at the
same rate), and then released its grasp on the box. For the
drop test, the manipulator lifted the box vertically and then
slowly released its grasp until the box fell. For the handover
test, the manipulator lifted the box while a human operator
applied forces to the box in the vertical direction. Once the
interaction was complete, the manipulator released its grip
on the box. Videos showing the object manipulation and the
sensor response are provided in the supplemental information.

III. RESULTS AND DISCUSSION

In this section, we present the results of benchtop exper-
iments of the shear sensing skin’s dynamic response to
three conditions commonly experienced by fingertips: stepwise
unloading, incipient slip, and controlled vibration. Then the
sensor is evaluated on a customized fingertip that fits a robotic
manipulator during tasks involving grasping and releasing.
In our previous work, we performed experiments loading the
sensor skin with systematic variations of static normal and
shear forces. We showed that the sensor skin exhibits linear
response to shear force over the light touch regime (up to 5 N)
that is largely independent of the applied normal force [39]

A. Stepwise Unloading Test

The stepwise unloading benchtop experiment is conducted
by loading the sensor with normal and shear forces and
then the sensing skin is suddenly withdrawn, step-wise, from
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Fig. 3. Representative temporal response of the shear force sensor when
stepwise unloaded. he sensor signal drops rapidly within the first 20 ms after
the stepwise unloading event at t = 0 (dashed line) and finally goes to zero.
Exponential model fitting results in a time constant of 7.1 ms.

contact with the loading tip. Figure 3 shows the normalized
sensor response as a function of time during an impulse
stepwise unloading event. The reported shear force originates
at roughly 0.15 N and drops exponentially to zero in less
than 20 ms. An exponential decrease is expected considering
that the response is an overdamped dynamic system with a
stepwise input. We fit an exponential curve to the response
curves of three trials and find an average time scale (inferred
from base of the natural logarithm) of 7.1 ms. This data sug-
gests that the shear force sensor may be capable of capturing
dynamics of up to 70 Hz according to Nyquist criterion, which
is approaching human dynamic force sensing capability and
desired design criteria from the robotic community [8], [56].

B. Incipient Slip Test

Figures 4A,B show the temporal response of the shear force
sensor with lateral continuous displacement of the stainless
steel and sandpaper loading tips. A normal force of 0.2 N
is applied and then each loading tip is translated until slip
occurs and the tip loses contact with the sensor skin. The
resolved shear force is calculated using resistance measure-
ments and sensitivity that was determined in previous static
characterization experiments [39]. As the loading tip begins to
move, the measured load from both the sensing skin and the
F/T transducer increase similarly until slip occurs and results
in a gradual decrease in the measured shear force. The shear
force continuously decreases after slip because the contact area
decreases with further translation of the circular cross section
loading tip. When the loading tip is no longer in contact
with the sensor, the shear force returns to zero, showing little
hysteresis. Throughout the slip event the measured shear force

matched with reference force measured by the F/T transducer,
indicating that the shear force reported by the shear sensor
skin is accurate. The decreasing measured shear force could
be used as an indicator of incipient slip and may be used to
initiate a response such as an increase in grip force [18], [60].
The normal force is 0.2 N in either case, but higher maxi-
mum shear force of 0.34 N is recorded with the sandpaper
loading tip compared to 0.15 N with the stainless steel tip.
The PDMS-sandpaper interface has a greater coefficient of
friction, as expected. In a controlled slip event, such as sliding
along a surface to examine texture, the friction coefficient
can be inferred by shear and normal force sensing. Prior
knowledge of friction coefficient as well as its real-time
monitoring have been shown to be essential in grasping fragile
objects [18], [20], [58].

C. Controlled Vibration Test

In the controlled vibration tests, we used a piezo actuator
to generate oscillating shear force displacements. Figure 5A
shows the normalized shear response power magnitude and
LDV vibration amplitude as a function of actuation frequen-
cies. Both the sensor response and LDV vibration amplitude
increases to a maximum as the frequency reaches the actuation
system’s resonance frequency at 260 Hz, then decreases as fre-
quency continues to increase. The sensor response magnitude
is above the noise floor (2.4E-5) for frequencies below 800 Hz.
In these experiments the maximum frequency measured is
limited by the piezo-actuated vibration amplitude at high
frequencies.

Figure 5B shows sensor dynamic sensitivity as the quotient
of shear sensor response magnitude and actuated displace-
ment magnitude measured by LDV shown in Figure 5A.
The dynamic sensitivity stays relatively constant showing
that the sensor is able to faithfully measure the amplitude
of a periodic displacement for a wide range of frequencies
below 800 Hz. The peaks around 100 Hz and 260 Hz indicate
natural frequencies of the actuation system. The vibration input
at these frequencies is significantly larger and possibly drives
the system into a non-linear regime, thus the sensor response
around 100 Hz and 260 Hz cannot be reliably treated as
innate sensor characteristics. A detailed explanation presented
in supplemental information Section 4.

The limit of detection (LoD) is defined as the lowest
amplitude of vibration that can be reliably detected and
differentiated from zero vibration amplitude [61]. The LoD
at each frequency is determined by examining sensor out-
put at zero vibration amplitude as well as at several low
amplitude actuations. A detailed explanation is presented
in supplement Figure S3 in the supplemental information.
The measured shear sensor skin vibration detection threshold
is shown in Figure 5C and compared to human vibration
sensitivity from Fishel and Loeb [22]. Figure 5C shows
that a human’s ability to perceive vibration decreases from
10 microns at low frequency to a minimum of 0.47 microns
at 260 Hz where it increases linearly, but remains under
approximately two microns at 700 Hz [22]. The maximum
frequency vibration that a human can sense tactilely is roughly
800–1000 Hz [8], [9]. The shear sensing skin’s detection
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Fig. 4. Temporal response of the shear force sensor (solid) and the F/T transducer reference measurement (dotted) during an incipient slip event using a
stainless steel (A) and acrylic with sandpaper (B) loading tip. The shear force increases and then decreases when the loading tip begins to slip (denoted by a
vertical dashed line). The difference between the shear force magnitudes with identical normal force on two tips reflects different coefficients of friction.

threshold is relatively constant in the range of 0.3-0.6 microns
across from 0-800 Hz. The shear sensing skin outperforms
human fingertips for 0-140 Hz and 500-800 Hz, and performs
roughly equivalent to the average human between 140 and
500 Hz. Overall, the shear sensor is equivalent to or better
than human vibration sensing capabilities below 800 Hz.

D. Sensor Evaluation on a Robotic Manipulator

One application of tactile sensors is to provide tactile
feedback during manipulation by artificial hands. In practical
robotic applications, the sensor needs to be robust to elec-
tromagnetic interference of the local environment including
robotic manipulators and their motors. We assessed the shear
force sensor skin performance in the context of in-hand
manipulation when mounted on an artificial fingertip that is
attached to a BarrettHand robotic end-effector. We performed
pick and place, pick and drop as well as handover experiments
and examined the sensor response during these tasks. Videos
of these experiments showing three viewing angle and real-
time sensor data are included in the supplemental information.
Figure 6A shows the sensor response to the pick and place test.
The measured shear force response is zero before finger makes
contact with the object (I), then increases to a constant value
approximately 1 N when the effector grasps and lifts the box.
The shear sensor accurately measured half of the box’s total
weight of 2 kg m/s2. Note the initial overshoot in the shear
force due to the acceleration of lifting the box. The sensor
response is constant throughout the duration of grasp until
the manipulator returned the box to the operating platform by
pushing slightly into the platform (II). The motion of pushing
the box onto the platform is captured by the shear force sensor
as a negative shear force reading. Finally the shear force sensor
reading returned to approximately zero when the manipulator
released the box.

In the pick and drop tests, shown in Figure 6B, the shear
force increases from zero to approximately 1N when the object

is picked up (I). As the grasp is slowly released, the fin-
gers begin to slip and the shear force fluctuates and finally
decreases to approximately zero when the object is released
and falls away (II). The shear force fluctuation during the
drop first slightly decreases, due to the object’s transient ver-
tical acceleration, and then rapidly increases to approximately
1.5 N. We attribute this sharp increase to the box shifting
its pose within the grasp. As the grasp is gradually released,
the lower stock finger slips and loses contact, resulting in the
box twisting, reforming contact with the sensorized finger and
the top stock finger at a new angle as the distance between
these fingers has increased, as shown in the supplementary
video. In this new configuration, the symmetry of the force
distribution is broken because the box is tilted and the lower
stock finger is no longer in contact with the object and
applies no force. Based on calculations in the supplemental
information Section 4, the measured shear force is larger than
half of the object weight when stationary and estimated to
be 1.3-1.5 N, consistent with the experimental results. As the
grip is further released, the two-finger grip can no longer hold
the object. The fingertips lose contact with the object, and the
measured shear force rapidly decreases to near zero.

During the pick and drop test, the video showed a few light
taps from the operator between 25 and 38 seconds. One tap
was detected by the sensor at 36 s in Figure 6B as a subtle
signal increase of 0.03 N. At other timepoints, the sensor
response to a tap was difficult to distinguish. This could be
because only one finger is sensorized and the instantaneous
load induced by the tap may have been transferred to one of
the unsensorized fingers. In addition, it could be that the tap
was below the sensing threshold or that the relatively slow
sampling rate (10 Hz) of these tests may not have captured
the event.

Figure 6C shows the sensor response when the robotic
hand transfers the box to a human hand and then releases
its grip. In these handover tests, after the box was lifted (I),
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Fig. 5. Sensor response in controlled vibration tests. (A) Shear sensing skin force signal power magnitude (circles) and actuated displacement magnitude
measured by LDV (squares) at different frequencies. The sensor response closely reflects the variation of the vibration amplitude. Sensor signal is above
the background noise below 800 Hz. (B) Sensor response sensitivity calculated as (˜�R/dL DV ). Data were collected in 10 Hz increments. Error bars show
standard deviation from 5 independent trials. The dynamic sensitivity is relatively constant throughout the spectrum within the variation of error bars.
(C) Displacement detection threshold of shear sensing skin (squares) and human (circles) as a function of frequency. Human sensitivity data were extracted
from Fishel and Loeb [22]. The sensor is equivalent to or better than human fingertips below 800 Hz.

Fig. 6. Shear force sensor response for robotic manipulation tasks. Vertical lines mark events. (A) Pick and place test: (I) object is picked up, (II) object
is replaced and released. (B) Pick and drop test (I) object is picked up, (II) object is slowly released and dropped. (C) Pick and handover test: (I) object is
picked up, (II) interaction with human begins, (III) object is released.

the sensor properly resolved the interaction events between the
sensorized end effector and the manipulated box. The robot
hand pushed the box forward because the initial position of

the box was in the way of the robot hand trajectory and
this caused incipient slipping happening immediately after
(I) in both forward/backward and vertical direction. This is



YIN et al.: MEASURING DYNAMIC SHEAR FORCE AND VIBRATION 3551

an excellent example of the sensor detecting slip through
varying shear force readings in a real robot-object interaction.
The shear force sensor reported varying shear force when
both the manipulator and human hand are interacting with
the object (starting from II). At the end of the handover
process the manipulator released the grasp on command and
the measured shear force returned to near zero (III). In all
three tests the measured shear force returns to approximately
zero with some hysteresis that might be a result of friction
and adhesion between the sensor skin and plastic fingertip
surface.

The shear sensing skin’s performance in the above tasks
demonstrates its ability to obtain information about finger-
object interactions through shear force measurements. The
change of shear force indicates the occurrence of tactile events
such as contact and slip. Through such information, the sensor
can also provide insight into human-robot interactions as
shown in the handover tests. Higher sampling rate might yield
more tactile information of interest during these manipulation
tasks.

IV. SUMMARY

In this work, we have shown dynamic characterization of
a bio-inspired shear force sensor. A stepwise dynamic test
revealed that the characteristic time of the sensor is 7.1 ms,
indicating that the sensor is capable of capturing dynamic
shear force at least up to 70 Hz, according to Nyquist criterion.
In the slip tests, the sensor reported sudden shear force
signal drop at the incipient slip, showing potential of enabling
grasp regulation and probing coefficient of friction. In the
controlled dynamic vibration tests, oscillating shear displace-
ments of 0.43 μm are reliably detected up to 800 Hz with
dynamic sensitivity being mostly constant. These bench top
characterization experiments suggest that the sensor can mea-
sure vibration consistent with or exceeding human vibration
sensing capabilities. Furthermore, we demonstrated the sensor
can encode critical shear force information when used with a
robotic manipulator during pick and place, drop, or handover
tests. The sensor response indicated key events and provided
useful tactile information on finger-object interactions as well
as interactions between a handheld object and the world
(e.g. agent, environment).

The layout of the shear force sensor allows integration
with a normal force sensor located at the area of contact,
e.g. a capacitive pressure sensor by Wong et al. [29] It has
been shown that a modular sensor-embedded glove can be
fabricated to integrate modalities [46]. We have shown that
a sensor skin integrated with two orthogonal shear sensing
dimensions and normal force sensing modality can resolve
a 3D contact force [62]. Since the shear force sensor has
demonstrated the ability to detect slip, the feedback can be
provided to a control algorithm to improve robot autonomy
during grasp and in-hand manipulation. Combined with normal
force feedback, the controller can also estimate coefficient of
friction, which is a vital surface property. Our future work
focuses on the development of a multimodal tactile sensor skin
whose 3D contact force resolution and sensitivity to vibration
can be demonstrated on a robotic manipulator.
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