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a  b  s  t  r  a  c  t

In this  study,  we  propose  an  ultrasonic  tactile  sensor  for real time  contact  force measurements  and  high-
resolution  shape  recognition  to enable  safe  and reliable  robotic  grasping  of  objects  that  may  vary  in
compliance  or  texture.  The  sensing  mechanism  utilizes  piezoelectric  transduction  where  pulsed  alter-
nating  voltage  signals  are  applied  to  a polyvinylidene  fluoride  (PVDF)  thin  film,  which  generates  pulses
of  ultrasound  waves  that travel  upwards  through  the  sensor  components  to the object  contact  interface.
These  waves  are  reflected  back  onto  a  receiver  PVDF  thin  film  that produces  a localized  voltage  output,
which  is  detected  by  the  TFT  (Thin-Film  Transistor)  array  layer  and  converted  into  a  two-dimensional
grayscale  image  after  signal  processing.  The  ability  of  the  tactile  sensor  to detect  contact  forces  can
be  attributed  to  the  sensor  surface  having  a  thin compliant  polymer  layer  with  a microstructure  array.
ltrasonic imaging
FT array

When  the  sensor  contacts  objects,  the  microstructures  act as  force  concentrators,  resulting  in the local-
ized deformation  of  the  polymer  layer  that  can  be observed  by  the proposed  ultrasonic  imaging  technique
with  an  observed  linear  response  to  normal  static  forces  in  the  range  of  1–6  N.  Furthermore,  the  shape
sensing  resolution  and  force  detection  range  of  the  tactile  sensor  can  be  tuned  by  varying  the  number  of
microstructures  in  the  array and  the  utilization  of polymers  with  varying  hardness,  respectively.

©  2018  Elsevier  B.V.  All  rights  reserved.
. Introduction

While robots have been widely employed in industry for auto-
ated manufacturing, their applications are beginning to diversify

or e.g. the development of humanoid robots to assist humans
n everyday activities and work cooperatively to perform tasks
ike exchanging objects. Smart robots that can safely work in
nstructured everyday environments will require detailed object

nformation from different sensing sources like vision and touch.
hile visual feedback has been widely utilized for positioning and

hape recognition, there is also a need for tactile or coordinated
ouch sensing to enable better handing of objects. Visual feedback
as limitations for robotic grasping applications as it may  suffer

rom occlusions and incorrect calibrations and is not suitable to
ork in the dark. Furthermore, vision does not provide crucial

nformation about object properties like deformability and texture.
echanical compliance, for instance, is key to efficiently deal with
ragile objects without causing damage. Tactile sensing in robotics
ims to meet two  haptic requirements, which include object identi-
cation (determination of shape, textural features and compliance)

∗ Corresponding author.
E-mail address: chchuang@stust.edu.tw (C.-H. Chuang).

ttps://doi.org/10.1016/j.sna.2018.01.022
924-4247/© 2018 Elsevier B.V. All rights reserved.
and object manipulation (closed loop control over grip force). Most
unstructured applications generally require a combination of the
two where exploratory movements can gain information about the
object through touch followed by implementation of intelligent
strategies to enable effective handing. Consequently, several tac-
tile sensor designs have been proposed to improve object grasping
and manipulation by measuring and analysis of spatial distribu-
tion of forces [1,2]. Furthermore, the detection of normal and shear
forces have been used to gain additional information like contact
shape, surface texture and roughness and slippage detection [3–8].

One of the main limitations of tactile sensing in robotics has
been the absence of sensitive yet robust sensors that can be eas-
ily incorporated into anthropomorphic mechatronic fingers for use
in everyday environments, similar to those in which human hands
function. Wide varieties of tactile sensing technologies have been
attempted which include optical [9], resistive [10], capacitive [11],
piezoelectric [12], magnetic [13] and surface acoustic waves [14]
among others. However, while significant progress has been made
in robotic tactile sensing for contact point estimation, surface nor-
mal  and curvature measurement and slip detection, there are still

improvements that need to be made to take them from struc-
tured laboratory environments to practical usage in real world
robotic applications [15]. For example, while large numbers of tac-
tile sensors put pressure on the computing power needed to process

https://doi.org/10.1016/j.sna.2018.01.022
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2018.01.022&domain=pdf
mailto:chchuang@stust.edu.tw
https://doi.org/10.1016/j.sna.2018.01.022
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he data, this can be solved or at least reduced by having dis-
ributed computing starting right from the transducer level [16].
o achieve tactile sensing comparable to humans, it is desirable
or robots to have a dense and spatial distribution of taxels or tac-
ile elements. The need to fit a large number of tactile sensors in a
mall space increases the number of interconnects that is needed
o read and transfer signals. While MEMS  technology has gone a
ong way in achieving miniaturization, these devices are generally
nable to detect large forces due to their fragile nature. An inter-
sting approach to solve this problem is to directly couple smart
aterials like piezoelectric polymers with integrated circuits. An

xample of this approach is to replace the polysilicon gate of a
etal-oxide semiconductor field-effect transistor (MOSFET) device
ith a piezoelectric film [17]. The electrical output of this film in

esponse to a mechanical stress can directly modulate the charge
n the induced channel of the MOSFET. These piezoelectric sensing

aterials can act as extended gates of field effect transistor (FET)
evices. This integration of the sensing element with IC technol-
gy can improve spatial force resolution, signal to noise ratio and
educe wiring complexity that is a major issue in robotic tactile
ensing.

While tactile approaches based on resistance, capacitance and
irect piezoelectric conversion of mechanical stress into electri-
al signals are simple for signal acquisition, they do have certain
rawbacks relating to lack of sensitivity and repeatability, mainly
ue to hysteresis phenomena or cross-talk between the sensor ele-
ents and thus their implementation could be limited in some

igh-precision applications [18]. The main problem in these direct
echanical-electrical coupling systems is that it is highly improba-

le to optimize one form of transduction without compromising the
ther. While several researchers have utilized piezoelectric trans-
ucers for tactile sensing, they have only measured the charge

utput in response to a mechanical stress when contacted by the
bject [19]. Due to the transitory nature of this signal, the sensor is
ncapable of measuring static contact forces due to rapid charge dis-

ig. 1. (a) Schematic of the operation mechanism of tactile sensor, which is based on ultra
y  the TFT array and can be used to generate a 2D ultrasonic greyscale image of contact a
eformation of the PDMS microstructure array.
uators A 271 (2018) 348–355 349

sipation. Furthermore, distributed sensing elements embedded in
elastomers often leads to reduction in spatial resolution by increas-
ing cross talk effect in neighboring sensing sites [20]. These issues
could be solved by using piezoelectric transducers for ultrasonic
tactile sensing which can effectively uncouple mechanical trans-
duction from electrical transduction through the use of ultrasonic
pulse-echo ranging, so that both the mechanical and electrical
transduction are optimized [21]. Shinoda et al. developed a tactile
sensing device consisting of a flexible fingertip with a quadruple
sound sensing piezoelectric matrix to detect localization of acous-
tic emissions during touch or contact movement [22]. Piezoelectric
transducers are of great importance as measurement tools for a
wide range of pulse-echo based ultrasonic applications in areas
like medical diagnostics, robotics and proximity detection [23,24].
Multilayer transducers produced from piezoelectric polymers like
PVDF have been used to increase overall transducer efficiency on
both the transmitter and receiver side [25]. PVDF is a well-known
piezoelectric polymer that can generate flexural ultrasonic waves
because of its flexibility and shows suitability for tactile sensing
due to advantages like high piezoelectric voltage sensitivity, work-
ability, responsiveness over a wide frequency range and inertness
to chemical agents [26].

In this study, we propose an ultrasonic tactile sensor integrated
with a TFT array for real time contact force measurements and
high-resolution identification of object shape. The tactile sensor can
effectively identify static normal forces due to the presence of a top
polymer layer with a microstructure array. When a normal force is
applied between the object and the sensor, it results in the deforma-
tion of the polymer microstructures that act as force concentrators.
The ultrasonic pulses generated by a transmitter PVDF film prop-
agate through the polymer layer and are reflected by the target
object and collected by a receiver PVDF film. By measuring the tran-

sit time or time of flight of the ultrasound pulses, it is possible to
measure the change in contact area of the microstructures under
compression, which can be related to the stress-strain characteris-

sonic pulse-echo ranging. (b) The localized piezoelectric voltage output is detected
rea. The image can also be analyzed to give contact force information based on the
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Fig. 2. The 2D model of the ultrasonic tactile sensor for numerical simulations.

Table 1
The physical specifications of tactile sensor.

Materials Diameter (�m) Thickness (�m)

PMMA  1500 10
PDMS 1000 500
TFT  Array Glass 1500 500
PVDF Film 1500 28

Table 2
Properties of materials present in tactile sensor.

Property Units PVDF Glass PDMS PMMA

Density kg/m3 1780 2203 970 1190
Young’ s modulus Pa – 73.1e9 75e4 3e9
Poisson’s ratio – 0.35 0.17 0.50 0.40
Relative dielectric – 11 2.09 2.75 3
50 C.-H. Chuang et al. / Sensors a

ics and hence provides a measure of the applied contact force. In
ther words, increasing the applied normal force increases defor-
ation of the microstructures and results in a larger contact area

nd this can be observed by ultrasonic imaging. The comparative
nalysis of the contact area pixels to the total image pixels enables
dentification of contact force. Based on the 2D greyscale image of
olymer microstructure deformation, we have successfully mea-
ured applied normal forces in the range of 1–6 N. Furthermore,
he tactile sensor can also differentiate between object contact
hapes while the resolution of shape recognition can be enhanced
y increasing the density of the microstructure array. The pro-
osed dual-purpose tactile sensor has good practical applicability
or effective robotic manipulation in unstructured environments.

. Sensor design

.1. Sensing mechanism

The sensing mechanism utilized in this tactile sensor is anal-
gous to ultrasonic pulse-echo ranging used in medical imaging
r sound navigation and ranging (SONAR). The sensor consists of

 TFT layer sandwiched between a piezoelectric PVDF transmitter
nd receiver layer as shown in Fig. 1a. The top of the sensor con-
ists of a thin compliant layer made of a soft polymer like PDMS
Polydimethylsiloxane) with an array of semi-circular bump like

icrostructures. Typically, a pulsed AC signal is applied to the
ransmitter layer that generates an ultrasonic pulses of a few mega-
ertz that propagate through the device until they are reflected

rom the exposed surface of the polymer layer. The transit time
nd amplitude of these reflected pulses depends on the thickness
f the PDMS layer, which changes when deformed on contact with
n object under a normal force. The reflected ultrasonic waves
eceived by the PVDF receiver layer results in a voltage genera-
ion, which is detected by the TFT array. A readout module analyzes
he output of the TFT array and a computer software produces a
wo dimensional grayscale image of the contact area. When no
bject is in contact with the PDMS layer, 100% of the acoustic
nergy is reflected from the PDMS/air interface, which results in
ncreased output of the PVDF receiver layer (V1 and V4) as shown
n Fig. 1b. However, in the case when an object contacts the sen-
or surface, only part of the acoustic energy is reflected and this
esults in a relatively lower voltage output (V2 and V3). Although
n ultrasonic sensor can provide a high-resolution image due to
he TFT array, the obtained 2D image can only reveal the contact
rea without force information. In this study, we tried to utilize
he advantage of ultrasonic imaging to measure the contact force
s well as contact area by adding the microstructure array to the
DMS layer. As the object applies a compressive force, it results in
eformation of the PDMS microstructures and an increase in the
ontact area, which can be observed in the obtained 2-D ultrasonic
mage, thus enabling real time force detection. A brief theoreti-
al explanation of the stress-strain relationship is provided when
olymers are deformed. In general, the high elasticity of polymers
an be related to their molecular structure. Under Brownian ther-
al  motion, polymer molecules are long and coiled up in random

onfiguration. When a force is applied, they are straightened out
nder deformation and then recoil back as soon as the force is
eleased. Elastic materials can be described in terms of their bulk
odulus which is a measure of the resistance to compression. The

ulk modulus, K, can be mathematically expressed as the relation-
hip between the applied pressure, P, and the consequent shrinkage

�V) of the original volume, V, as shown below:

 = K
(

�V

V

)
(1)
constant
Speed of sound m/s 1500 3962 1485 2000

This relationship explains the linear behavior observed between
an applied normal force and the subsequent deformation of elastic
materials. Furthermore, the Young’s modulus, E, which is a mea-
sure of the stiffness of a linear elastic solids, is the ratio of the tensile
stress (�) to the corresponding tensile strain (ε). The Poisson’s ratio
can be defined as the ratio of the transverse contraction strain nor-
mal  to the applied force to the longitudinal extension strain in the
direction of the applied force. The Young’s modulus (E), Shear mod-
ulus (G) and the Poisson’s ratio (�) for linear elastic materials are
related as shown below:

G = E

2 (1 + �)
(2)

While it is difficult to measure the Poisson’s ratio of elastomers
accurately, they generally have a value of about 0.3 to 0.5.

2.2. 2-D numerical simulations

A 2D model of the ultrasonic tactile sensor was established as
shown in Fig. 2 and analyzed using commercial finite element soft-
ware, COMSOL. Table 1 indicates that all dimensions are the same
with the finished sensor, while Table 2 lists the material properties
of each part. A hemispherical PDMS structure is contacted to the
sensor surface under different normal static forces that correspond
to contact areas of 200 �m and 900 �m while the bottom surface
was set as a fixed-end boundary condition as shown in Fig. 3a. The
maximum element size used is 25 �m and the total number of ele-
ments used is about 31,700. The PVDF transmitter film is excited
by the application of an AC signal with a frequency of 10 MHz to
produce the ultrasonic waves. The reflected ultrasonic waves after

interaction with the PDMS structure excite the receiver PVDF film
that produces a voltage output. It can be seen from the simulation
results that the observed electric potential is higher at the sen-
sor/air interface while it drops in the region where the ultrasound
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ig. 3. (a) 2D numerical simulation results of reflected ultrasonic waves and (b) elec
ith  (i) Cross sectional contact length of 200 �m and (ii) Cross sectional contact len
aves contact the PDMS structure. This is because the strength
f the reflected wave depends on the acoustic properties of the
aterial in contact with the sensor surface. At the sensor/air inter-

ace, 100% of the acoustic energy is reflected back which results

Fig. 4. Schematic of systematic fabrication
potential values when the sensor is in contact with a hemispherical PDMS structure
f 900 �m.
in a higher voltage output by the PVDF film. In general, for either
no object contact or the presence of a metallic object, large echo
signal are produced which are significantly higher than when con-
tacting polymer materials whose characteristic acoustic impedance

 protocol of ultrasonic tactile sensor.
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Fig. 5. The experimental setup fo

s closer to the PMMA top layer. The hemispherical PDMS contact
reas of 200 �m and 900 �m can be confirmed by the observed elec-
rical potential values with respect to position as shown in Fig. 3b.
onsequently, the simulation results show the feasibility of this
ltrasonic tactile sensor design for detecting the contact area of
he PDMS microstructures that varies based on the applied normal
orce.

.3. Sensor fabrication

The fabrication protocol of the ultrasonic tactile sensor, which
onsists of five layers, is schematically illustrated in Fig. 4. A com-
ercial 28 �m-thick PVDF film (Measurement Specialties Inc., USA)

s used as the ultrasonic transmitter and receiver layer. A 500 �m
FT glass layer is sandwiched between the bottom (ultrasonic

ransmitter) and top (ultrasonic receiver) PVDF films using a spray
dhesive which is key to minimizing acoustic energy losses. The
ourth layer provides encapsulation of the ultrasonic tactile sensor
nd is made of 5 �m thick Poly (methyl methacrylate) (PMMA). The

ig. 6. (a) 2-D greyscale image observed when tactile sensor with different microstructu
 N. (b) The linear relationship between the normal static force and observed contact area
ct area and force measurements.

fifth and uppermost layer is made of PDMS (Sylgard 184 Silicone
Elastomer, Dow Corning Co., USA) with bump-like microstruc-
ture array and is the layer that contacts with the object. These
microstructures are fabricated using an acrylic mold process with
controlled structural dimensions. The obtained PMMA  mold is then
sprayed with a releasing agent in order to facilitate the demolding
process. Next, the PDMS is poured into the mold and cured in a
vacuum oven at 90 ◦C for one hour. The microstructures are fab-
ricated in three arrangements consisting of 3 × 6, 4 × 9 and 6 × 15
arrays with individual semicircular spheres having a diameter of
1.2 mm,  1 mm and 0.4 mm,  respectively. We  have tested three dif-
ferent polymeric materials for fabricating the top soft layer, which
include PDMS (Sylgard 160 Silicone Elastomer and Sylgard 184 Sili-
cone Elastomer) and UV-curable polymer resin. The top layer is just
placed on the sensor and not attached using an adhesive, primarily

because we can test multiple polymeric layers (with different com-
pliance and microstructure densities) on the same sensor while also
achieving satisfactory results. However, for practical robotic grasp-
ing, it would be necessary to first identify which polymeric layer

re array arrangements is contacted under a normal static force ranging from 1N to
.
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ig. 7. (i) 2-D greyscale image and (ii) contact area observed when tactile sensor w
anging from 0.2 N to 1 N with (a) Triangular shaped PMMA, (b) Square shaped PMM

ould be most suitable based on the requirement and then this
ayer can then be attached to the sensor.

.4. Experimental setup

The experimental setup for contact shape recognition and force
istribution is shown in Fig. 5. A force gauge (Algol HF-10, Japan

nstrumentation System Co., Japan) is mounted on a Z-axis linear
ctuator to accurately move it to contact the upper polymeric layer
f the tactile sensor and apply a normal static force in the range of
–6 N. As the sensor is in contact with the force gauge, the signal
utput of the TFT array passes through the readout circuit where it
ndergoes filtering and rectification before the data is transferred
o a computer. An inbuilt software analyzes the data and converts
t into a 2-dimensional greyscale image displaying the contacted
rea. Furthermore, to simulate object shape recognition, we have
sed a 1.2 mm thick PMMA  sheet cut into three different shapes
circle with a diameter of 3 mm and square and triangle with side
imensions of 3 mm each). The shaped PMMA  is placed in the cen-
er of the sensor surface before being contacted by the force gauge
nder normal applied forces ranging from 0.2 N to 1 N. Both the
ontact area and force distribution measurements were performed
or all three microstructural arrangements (3 × 6, 4 × 9, and 6 × 15
rrays) and materials used. Based on the normal force applied and
he corresponding area, the lowest recognizable stress correspond-
ng to a force of 0.2 N is 0.002 MPa. In addition, the normal stress
etection range that we have tested is 0.002 Mpa–0.25 MPa.

. Results and discussion
.1. Normal static force detection

The 2D greyscale image obtained when the force gauge is con-
acted with the tactile sensor (top layer made of PDMS 184 with
ifferent microstructure array arrangements is contacted under normal static force
d (c) Circular shaped PMMA.

different microstructural array arrangements) under an applied
static force of 1–6 N is shown in Fig. 6a. As the applied force
increases from 1 to 6 N, the contact area of the microstructures
also increases due to larger deformation. The total contact area
is calculated as a percentage of the image pixels corresponding
to the microstructures as a function of the total image pixels. As
expected, the percentage of contact area increases almost linearly
as the contact force increases for all microstructural array arrange-
ments as shown in Fig. 6b. While a similar trend is observed for
all arrangements, the sensitivity for contact force measurement
decreases in the case of high microstructural density (6 × 15 array)
and this effect is more pronounced at large contact forces. This is
because the larger the contact force, greater is the deformation of
the microstructures, and consequently an increased cross talk effect
is observed when the microstructures are located closer to each
other.

3.2. Shape recognition

The 2D greyscale images observed when three different shaped
PMMA  sheets (triangle, square and circle) are contacted with
the tactile sensor (top layer made of PDMS 184 with different
microstructural array arrangements) under normal applied forces
ranging from 0.2 N to 1 N is shown in Fig. 7. It can be seen that the
tactile sensor can successfully identify the contact shape even at a
low normal applied force of 0.2 N. This should enable the robotic
fingers to map  the contact area while grasping the object before
a suitable force is applied for effective object manipulation. An
increase in the density of the microstructures results in improved
spatial resolution for contact area detection. The resolution of

shape sensing depends on the diameter of the hemispherical PDMS
microstructures present in the top layer. The smallest diameter
(0.4 mm)  and pitch (0.6 mm)  that we  have utilized is for the 6 × 15
array, although their size and density can be tuned depending
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ig. 8. (a) 2-D greyscale image observed when tactile sensor with top layer made of
anging  from 1N to 6 N. (b) The linear relationship between the normal static force 

n the application need and fabrication protocol used to fabri-
ate the microstructures. However, as mentioned in the previous
ection, high-density microstructures can also result in cross talk
ffects especially at high applied forces. Therefore, the density of
he microstructures can be tuned to suitably match the application
eed. It is also observed that the contact area of the microstructures

n the greyscale image shows a linear dependence on the applied
ormal force, thus confirming the feasibility of the tactile sensor

or both contact shape recognition and force detection.

.3. Material selection for top polymeric layer with
icrostructures

We  have used three different polymeric materials with varying
ardness (PDMS - Sylgard 184 Silicone Elastomer, PDMS - Syl-
ard 160 Silicone Elastomer and UV-curable polymer resin with
hore hardness values of 43, 56 and 76, respectively) to fabri-
ate the top layer with embedded microstructures. The 2-D grey
cale image obtained using the three polymeric materials with a

 × 6 microstructure array arrangement in a force range of 1–6 N
s shown in Fig. 8a. It can be seen that the contact area for the
ame applied force is higher for the two PDMS materials as com-
ared to the UV-cured polymer resin. This is because they have
elatively smaller shore hardness values as compared to the UV-
ured polymer resin, which is significantly harder and deforms less.
he non-uniformity of the contact area of different microstructures
bserved for the UV-cured resin layer could be related to inher-
nt defects introduced during the micromachining process such as
emolding issues and will be optimized in future works. Thus, the
hoice of material used to fabricate the top layer determines the
orce range that can be sensed. For general-purpose robots, which
unction in environments similar to humans, soft elastomeric poly-

ers are more suitable as they have similar mechanical properties
o human skin. However, harder materials may  be more suitable
here larger forces need to be sensed as in the case of certain

obotic applications in industry. All three materials demonstrate a
inear relationship between the applied force and the observed con-
act area as shown in Fig. 8 b. The sensitivity which can be described
s the rate of increase of contact area with respect to applied nor-
al  force and is the slope of the curve is highest for PDMS 184. This
s due to the fact that PDMS 184 has the lowest shore hardness of
he three materials and hence deforms the most under the same
pplied force, resulting in the largest increase in contact area. The
ost novel feature of this design is the ability to use the same tactile
ent polymeric materials of varying hardness is contacted under normal static forces
ntact area observed for all three materials.

sensor for a range of applications by simply tuning either the type
of polymeric material used to fabricate the top layer that contacts
the object or changing the density of microstructures.

4. Conclusions

Despite their importance and presence in robotics for nearly
as long as vision, tactile sensors have still not realized their full
potential and are used much less as compared to other sensory
modalities. Lack of high performance tactile sensing strongly limits
their cognitive ability and restricts their real world applicability.
Their lower usage can be attributed to challenges that arise due
to the complex distributed requirements of tactile sensing. Fur-
thermore, a lack of system approach by researchers like not taking
into account the wiring complexity and required processing power
has limited their use. The distributed nature of tactile sensor net-
works often requires high computing power and an interesting
approach would be to have distributed computing right from the
transduction level. We have used this approach by employing a
TFT array for localized signal transduction instead of distributed
sensing elements that are often utilized in piezoelectric tactile sen-
sors. The developed ultrasonic tactile sensor can not only detect
the contact area with high resolution owing to the TFT array
but can also detect contact force due to presence of microstruc-
tures. Increased microstructure density and reduced size results in
improved resolution of shape recognition. However, this results in
reduced sensitivity of contact force measurement, especially when
the applied force is large. By identifying the contact area of the
object and the reverse thrust force, the tactile sensor can be effec-
tively used for actual robotic applications, both in industry and for
human-robot interaction. To further extend usability and make the
tactile sensor suitable for flexible applications, future works will
include looking into replacing the rigid TFT layer with an organic
thin film transistor (OTFT) layer. Besides their excellent flexibil-
ity and ease of large area, low cost fabrication, they also possess
integrated functionality of signal transduction and amplification
[27–29]. An example of similar work is the realization of a tactile
sensor by P. Cosseddu et al. where they integrate a piezoelectric
polymer with a low voltage OTFT on flexible plastic substrates

[30]. In this way, the transducing element is directly connected to
the OTFT via an extended gate. Consequently, this makes OTFTs
excellent candidates for use in ultrasensitive tactile sensing and
integration into electronic skins.
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