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Abstract

Tactile and slip sensors have gained tremendous attention for their promising applications in the fields of smart robotics, implantable
medical devices and minimally invasive surgery. Inspired by the structure-enhanced sensing mechanisms of human fingertips and tree frog
toes, we developed a tactile and slip sensor by combining biomimetic surface microstructures with highly sensitive P(VDF-TrFE) nano-
fiber sensors on a flexible polyimide substrate. As the surface microstructures could mediate the micro-vibration induced by slip motion,

the frequencies of output signals revealed a strong correlation with the periods of microstructures. In addition, we proposed a method to
discriminate touch force from slip motion using the criterion of standard deviation of time delay from the output signals of neighboring

sensor elements.
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1 Introduction

Tactile sensing is of great significance in smart
robotics, implantable medical devices and Minimally

Invasive Surgery (MIS) instruments!' ).

Minimally
invasive surgery offers distinct advantages of small in-
cisions, short recovery time, and less pain experienced
by the patients compared to open surgery. However,
because the MIS operating field is not directly accessed,
surgeons face many difficulties in performing their op-
erations through limited vision and impairing tactile
perception. Herein, there is a strong demand to develop
tactile and slip sensors for detection of grasper tissue
interaction'”). In addition, tactile sensors could also be
used to feel hardness or tension of tissues, and to evalu-
ate anatomical structures'®”). Currently, the transduction
mechanisms of tactile sensors mainly include capacitive
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Most of the existing tactile sensors are emphasized

in touch force for grasping control, but slip detection is
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also crucial for operators to successfully manipulate
tissues in minimally invasive surgery. In order to reduce
the risk of minimally invasive surgery, we aim to de-
velop a tactile and slip sensor for MIS forceps and get
real-time information of whether the object is slipping so
that operators can adjust the clamping force. Most point
contact tactile sensors are incapable of discrimination
between the slip motion and the touch force. A common
approach is to use a sensor array with high spatial reso-
lutions™™ by interpreting the deformation of contact
surface. There are also some design examples of slip
sensors using novel mechanisms. Francomano et al.
reported a thermal slip sensor based on thermo-electrical
phenomena®®. As the movement of an object across the
sensor will cause a high frequency and low amplitude
vibration, micro-vibration-based slip detection using
tactile sensors were well developed™®*].

In human fingertips, the tactile perception is also
mediated by skin vibrations generated as the finger scans
the surface (Figs. 1a and 1b). When the sensor surface is
patterned with parallel ridges mimicking the fingerprints,
the spectrum of vibrations elicited by randomly textured
substrates is dominated by one frequency set by the ratio
of the scanning speed to the inter-ridge distance!””. As
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Fig. 1 Mechanoreceptors and surface structures of a human fingertip and a tree frog toe. (a) The structural and functional characteristics of
human fingertips. Fingertip skin consists of slow-adapting mechanoreceptors [Merkel (MD) and Ruffini corpuscles (RE)] for static touch
and fast-adapting mechanoreceptors [Meissner (MC) and Pacinian corpuscles (PC)] for dynamic touch. (b) Optical image of human
fingerprints; (c) mechanoreceptors under the dermis of tree frog toes observed by fluorescence staining; (d) SEM images of the surface

textures on the tree frog toes.

shown in Figs. 1c and 1d, the tree frog toes with com-
plicated surface textures can not only increase the
grasping force in wet interfacel®”, but also can detect
slipping with the mechanoreceptors beneath the surface
textures. Inspired by the structure-enhanced sensing
mechanisms in nature, we presented a tactile and slip
sensor by combining surface microstructures with pie-
zoelectric  polyvinylidene  fluoride-trifluoroethylene
(P(VDE-TrFE)) nanofiber web on a flexible Printed
Circuit Board (PCB). Piezoelectric P(VDF-TrFE) nano-
fibers are used as the sensing materials for their high
piezoelectric constants compared to P(VDF-TrFE) films

B3] For in-

or other flexible piezoelectric materials
stance, Persano et al. proposed a piezoelectric device
based on P(VDF-TrFE) nanofibers, which could perform
ultra-high sensitivity in extremely small pressure re-
gime™. Microfabrication process makes it easy to be
installed in the front of tiny surgical forceps. Surface
microstructures on the sensor surface were proved to be
able to enhance the ability to detect slipping information.
By analyzing the signals from neighboring sensing
elements, we could discriminate the slip motion with the

touch force.

2 Design, fabrication and testing procedures

2.1 Design of the tactile and slip sensor

Inspired by the fine texture mediated tactile sensing
mechanism of human fingertips and tree frog toes, we
proposed a new principle of tactile and slip sensors as
shown in Fig. 2. The sensor is composed of an elastic
layer with microstructures, sensing elements embedded
in the elastic layer, and a flexible PCB substrate. As
shown in Fig. 2a, when the surface is stimulated with
slip motion, it causes micro-vibrations of individual
microstructures, which can be detected by the sensing
elements. Given the spatial period of microstructures D
and the relative slipping velocity v, the sensing elements
will generate a signal with a frequency of f = v/D as
shown in Fig. 2b. In time domain, the output signals
from the neighboring sensing elements show a very
small time delay, which can be used to evaluate the di-
rection of the slip motion as shown in Fig. 2¢. In addition,
when applied with periodical touch force instead of slip
motion, the output signals of neighboring sensing ele-
ments will show no time delay. Therefore, this device is
capable of detecting and discriminating tactile and slip
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Fig. 2 Principle of slipping detection using piezoelectric sensors with bio-inspired surface microstructures. (a) Illustration of slipping
interaction between object and sensors; (b) frequency spectrum of the sensor output; (c) time delay of output signals from neighboring

sensing elements.
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Fig. 3 Schematic structure of the tactile and slip sensor.

information.

The schematic structure of the tactile and slip sen-
sor is illustrated in Fig. 3. Polydimethylsiloxane (PDMS)
elastic layer with microstructures forms the interface of
tactile and slip detection. Parallel ridged structures and
hexagonal structures are used with the inspiration from
the human fingertips and tree frog toes. At the bottom of
the PDMS elastic layer, a P(VDF-TrFE) nanofiber web
sandwiched by upper and lower electrodes forms the
sensing element. The upper electrode is used for elec-
trical ground, and the individual lower electrodes gen-
erate output signals.

2.2 Fabrication process

The stepwise fabrication process of the tactile and
slip sensors is illustrated in Fig. 4. Firstly, flexible PCB
was prepared with individual leads and plated gold
lower electrodes (Fig. 4a). Secondly, a P(VDF-TrFE)
nanofiber web was formed on the PCB using a far-field
electrospinning method (Fig. 4b). The electrospinning
process has been reported in detail in our previous
works®'*%. Thirdly, the upper electrode was formed by
coating a layer of conductive resin (H20E, EPOTEK,
USA) (Fig. 4c). The negative photoresist SU-8 was
spin-coated onto the clean glass wafer at a speed of

1000 rpm for 45 s and the photoresist thickness was
approximately 150 um. The bio-inspired surface micro-
structures were patterned by photolithography to form
the SU-8 mold. A liquid PDMS elastomer and a curing
agent were mixed using a 10:1 ratio by weight. The
degassed mixture was poured into the SU-8 mold, curing
at 80 °C for 2 h finally peeled off as PDMS molds. Then,
PDMS liquid was poured into the PDMS molds. After
curing, the PDMS was peeled off from the molds and
microstructures were formed. The parallel ridged mi-
crostructures with 200 pm and 400 pm widths were
fabricated, and the interval between two adjacent mi-
crostructures was equal to the width. The hexagonal
microstructures with 160 pm and 320 um side lengths
were developed. The center-to-center distance between
two adjacent hexagonal microstructures was three times
to their side lengths. Finally, the elastic layer was adhe-
sively bonded with the sensing layer, and device was
electrically wired for characterization (Fig. 4f).

The P(VDF-TrFE) nanofiber web with a thickness
of 81 um + 3 pum was prepared by electrospinning as
shown in Fig. 5a. The P(VDF-TrFE) nanofiber web
shows high degrees of alignment as shown in Fig. 5b,
and the average diameter of P(VDF-TrFE) nanofibers is
approximately 500 nm. Figs. 5¢ and 5d illustrate the
bio-inspired surface microstructures including parallel
ridged microstructures and hexagonal microstructures
for slipping detection. The height of the microstructures
is approximately 150 um. The fabricated tactile and slip
sensor is illustrated in Fig. 6a, which can be assembled
onto a surgical forcep as demonstrated in Fig. 6b.
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Fig. 4 Schematic illustration of the fabrication process. (a) Preparation of flexible PCB substrate with lower electrodes; (b) electrospin-
ning of P(VDF-TrFE) nanofiber web; (c¢) coating conductive resin for the upper electrode; (d) photolithography for SU-8 micro-molds; (e)
nanoimprinting the PDMS elastic layer with designed microstructures; (f) final package of the sensor.

Fig. 5 (a) Photographic image of electrospun P(VDF-TrFE)
nanofiber web distributed on lower electrodes; (b) SEM investi-
gation photograph shows highly aligned arrangements of
P(VDEF-TrFE) nanofibers; (c) parallel ridged microstructures; (d)
hexagonal microstructures inspired by human fingertips and tree
frog toes pad, respectively.

Fig. 6 (a) Photograph of a prototype tactile and slip sensor; (b) a
surgical forcep integrated with a tactile and slip sensor.

2.3 Testing procedures

The touch force detection was conducted utilizing a
setup as shown in Fig. 7a. The touch force was applied
by a single encapsulated piezoelectric actuator (PSt
150/7/100 VS12, Harbin Core Tomorrow Science &
Technology Co., Ltd, China) mounted with an alumin-
ium alloy block with a section dimension 10 mm X5 mm.

() Aluminium Load cell

PZT
Microstage / e
(1

Charge amplifier
Oscilloscope

(b)

lipping object

Fig. 7 Schematic illustration of the characterization setups for the
tactile and slip sensors. (a) Touch force detection; (b) slip detec-
tion.

A function generator (33522A, Agilent, USA) and a
power amplifier (XE-50500, Harbin Core Tomorrow
Science & Technology Co., Ltd, China) were used to
drive the piezoelectric actuator. The touch force applied
on the tactile and slip sensor was measured by a load cell
(JLWS-5kg, Jinlisensor, China). The signals from sens-
ing elements were amplified by a multi-channel charge
amplifier (NEXUS Conditioning Amplifier-2692, Briiel
& Kjer, Denmark). Finally, the signals were recorded on
a digital oscilloscope (TDS 2012C, Tektronix, USA).
The slip detection was characterized using a
measurement setup as shown in Fig. 7b. A linear motor
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Fig. 8 The voltage outputs of the tactile and slip sensors with different surface structures when applied with sinusoidal excitations at
frequencies of 1 Hz and 5 Hz, respectively. (a) The voltage outputs of the sensor without microstructures applied with a peak force of
190 mN; (b) the voltage outputs of the sensor with 400 pm inter-ridge microstructures applied with a peak force of 155 mN; (c) the voltage
outputs of the sensor with hexagonal microstructures applied with a peak force of 100 mN.
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Fig. 9 Characterization of the sensor sensitivity to touch force. (a)
The voltage outputs of sensors with different surface structures
when applied with a touch excitation at a frequency of 5 Hz; (b)
the voltage output of the sensor with hexagonal microstructures
when applied with a touch force of 1 mN.

was used to realize a controllable sliding between the
slipping object (aluminium alloy block with a section
dimension 10 mm x 5 mm) and the sensor surface. The
sliding velocity was set to be 2.5 mm-s~ for all the
slipping experiments. The signals from the slip sensor
units were amplified by the multi-channel charge am-
plifier. The output signals from the charge amplifier

were also recorded using the digital oscilloscope.
3 Characterization results and discussions

3.1 Touch force detection

In order to determine the dynamic sensitivity of the
tactile and slip sensor, dynamic touch forces with fre-
quencies of 1 Hz and 5 Hz were applied directly to the
sensor surface in the normal direction. When a sinusoi-
dal touch force is applied on the sensor surface in the
normal direction, the voltage output of the sensor is also
sinusoidal with a frequency identical to the excitation as
shown in Fig. 8. For sensors without surface structures,
the voltage output of sensors at 5 Hz is much larger than
that at 1 Hz with touch forces of 190 mN (Fig. 8a). For
sensors with 400 um inter-ridge microstructures and
with hexagonal microstructures (160 pm side length),
the voltage outputs are also improved by increasing the
frequency (Figs. 8b and &c). The piezoelectric materials
output is positive correlated with its strain rate?®**. As
the strain rate of P(VDF-TrFE) nanofibers increases with
the excitation frequency, the voltage output with 5 Hz
excitation is higher than that with 1 Hz excitation.

The characterization results of the sensor sensitivity
to touch force are illustrated in Fig. 9. The sensitivity of
sensor (the scope of fit lines) without microstructures,
with 400 pm inter-ridge microstructures and with
hexagonal microstructures (160 um side length) are
042 mV-mN ', 0.55 mV-mN ' and 0.86 mV-mN ',
respectively. The variation in the sensitivities of the
sensors probably originates from stress concentration
induced by the microstructures. As the noise level is
approximately 2 mV, the minimum dynamic touch force
detected by the proposed sensors is as low as 1 mN. The
sensor performed much lower detection limit than most
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[10,11,14,15

previous works I which were based on organic

piezoelectric films as show in Table 1.

3.2 Slip detection

Tactile and slip sensors with 400 um and 800 um
inter-ridge structures were developed. When applied on
a touch force in its surface normal direction, the
neighboring sensing elements show voltage output
without phase differences as shown in Figs. 10a and 11a.
When a slip motion appeared on the sensor with 400 um
inter-ridge structures, the output signals of neighboring
sensing elements are shown in Fig. 10b, which show a
visible phase difference. As the relative slip velocity was
2.5 mm's ', the theoretical peak in frequency domain
was calculated to be 6.25 Hz. By Fast Fourier Transform
(FFT) using the data shown in Fig. 10c, we obtained the
outputs in frequency domain with a peak at 5.8 Hz and
6.3 Hz, respectively, which were close to the theoretical
results. In the case of 800 um inter-ridge structures, the
slip motion also creates time-domain voltage outputs
with a small phase difference as shown in Fig. 11b. The
frequency peaks after FFT are both 3.2 Hz for the two
neighboring sensing elements as shown in Fig. 11c. The

Sensing element 1 (b)
—— Sensing element 2

— Sensing element 1 (¢)
—— Sensing element 2

above results suggest that sensor is able to discriminate
slip motion from normal tactile force applied on the
surface. The periodical surface microstructures can be
used to modify the micro-vibration induced by slip mo-
tion.

The measurement results using the tactile and slip
sensor with hexagonal structures are illustrated in
Fig. 12. The side length of the hexagonal microstructure
was 320 um. Touch force induces output signals in the
same waveform without phase differences (Fig. 12a).
However, the output signals of neighboring sensing
elements are quite different from each other in the time
domain (Fig. 12b), and the FFT results show frequency
peaks at 2.3 Hz and 3.1 Hz (Fig. 12c). The great

Table 1 The comparison of related works on tactile sensors based
on flexible organic piezoelectric materials

Minimum touch

Author Year Functional material

force detected (mN)
Li et al."" 2008  P(VDF-T:FE) film 25
Qasaimeh et al."'" 2009 PVDF film 10
Dahiya eral'™ 2012 P(VDF-TrFE) film 10
Khan et al'™ 2015 P(VDF-TtFE) film 500
This work 2017 P(VDF-TrFE) nanofibers 1

— Sensing element 1
—— Sensing element 2
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Fig. 10 Touch force and slipping detection using a sensor with 400 pm inter-ridge microstructures. (a) Sensor output when applied with
intermittent touch force; (b) sensor output for controlled slipping; (c) FFT results of the sensor output for controlled slipping.
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Fig. 11 Touch force and slipping detection using a sensor with 800 um inter-ridge microstructures. (a) Sensor output when applied with
intermittent touch force; (b) sensor output for controlled slipping; (c) FFT results of the sensor output for controlled slipping.
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Fig. 12 Touch force and slipping detection for the sensor with hexagonal microstructures. (a) Sensor output when applied with intermittent
normal force; (b) sensor output for controlled slipping; (c) FFT results of the sensor output for controlled slipping.

Table 2 Standard deviation of time delay between neighboring
sensor units

Standard deviation of
time delay for slipping
detection (ms)

Standard deviation of
time delay for touch force
detection (ms)

Surface textures

800 pm inter-ridge

] 1.2 14.3
microstructures

400_ pum inter-ridge 24 21.4
microstructures

320 pm hexagonal 12 36.2

microstructures

variation in output signals of neighboring sensing ele-
ments probably originates from the complex micro-
vibrations induced by the hexagonal microstructures.

In order to establish a criterion to discriminate slip
motion from repeated touch force using the sensor out-
puts, we calculated the standard deviation of time delay
between the neighboring sensor output signals for five
individual periods. As shown in Table 2, in the case of
repeated touch forces applied in surface normal indirec-
tion, the standard deviation of time delay are all less than
2.4 ms for all the above surface microstructures. How-
ever, when the sensors are applied with slip motion, the
standard deviations of time delay are 14.3 ms, 21.4 ms
and 36.2 ms for 800 pm inter-ridge, 400 um inter-ridge
and hexagonal microstructures, respectively. Herein, the
standard deviation of time delay can be used as the cri-
terion to discriminate slip motion from touch forces.

The experimental results showed that the developed
sensor also could distinguish slip motion from repeated
touch forces utilizing the standard deviation of time
delay of the sensor output signals from adjacent sensing
elements. It should be addressed that these results are
limited to only 2 types of microstructures and the de-
tailed investigation on different microstructures with
various dimensions are required for a systematic con-

clusion.
4 Conclusion

In summary, we developed a bio-inspired tactile
and slip sensor comprising of an elastic layer with sur-
face textures, a P(VDF-TrFE) nanofiber web based
sensing layer, and a flexible PCB substrate. The pro-
posed sensor was able to perceive both tactile force with
a low detection limit (1 mN) and slip motion. It also
could discriminate slip motion from repeated touch force
using the standard deviation of time delay of the sensor
output signals from neighboring sensing elements. As
this article is focused on the sensor development and
discrimination strategy of tactile force and slip motion,
the detailed investigation on microstructures and other
experimental issues will be evaluated in the nearby fu-
ture. However, we believe that this device can play an
important part in MIS applications by integrating the
sensor into surgical forceps.
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