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Abstract: In this article, we report on a highly sensitive tactile shear sensor that was able to detect
minute levels of shear and surface slip. The sensor consists of a suspended elastomer diaphragm
with a top ridge structure, a graphene layer underneath, and a bottom substrate with multiple
spatially digitized contact electrodes. When shear is applied to the top ridge structure, it creates
torque and deflects the elastomer downwards. Then, the graphene electrode makes contact with
the bottom spatially digitized electrodes completing a circuit producing output currents depending
on the number of electrodes making contact. The tactile shear sensor was able to detect shear
forces as small as 6 pN, detect shear direction, and also distinguish surface friction and roughness
differences of shearing objects. We also succeeded in detecting the contact slip motion of a single
thread demonstrating possible applications in future robotic fingers and remote surgical tools.

Keywords: shear sensor; high sensitivity; friction detection; surface roughness detection

1. Introduction

When tactile sensors are used for robotic or biomedical applications, they are used to ‘feel” the
tactile environment [1,2]. The resulting signals from tactile shear and slip sensors would act as
triggers for certain predetermined actions, such as termination of mechanical movement, initiation
of an electrical function, or adjustment of applied mechanical pressure. In these cases, the tactile
pressure or shear sensors are acting as level indicators. They are used to determine, at the moment of
contact, whether a threshold pressure has been reached, whether the contact pressure has changed
to a predetermined level, or a sudden change in pressure at the contacting surface, which is detected
as a shear event [3,4]. Therefore, the measurement values returned by the sensor should have a
high signal-to-noise ratio and be highly reliable at very low levels of pressure and shear, which is
required for controlling sophisticated robotic movements or monitoring the interaction between remote
biomedical tools and patients [5-7].

Currently, various types of experimental tactile sensors are being reported that have extremely
high sensitivity with abilities ranging from tactile shape recognition to insect landing detection [8-12].
For the actual application of these tactile sensors to robotics or biomedical equipment, however, they
must be reliable and be able to detect shear and slip, as well as contact pressure, making object
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manipulation or tactile discrimination possible. There have been sensors developed that detect
vertical pressure and lateral shear forces simultaneously, but this simultaneous detection made it
difficult to distinguish the signals [11-14]. To resolve this issue, sensor systems have been developed
to distinctively sense shear force using separate dedicated sensors that are integrated into the
system. For example, capacitive sensors that detect pressure and shear by measuring the differential
capacitance [15-17], sensors that use a bump structure on their surface to measure the difference in
torsional strain to determine shear forces [18,19], and sensors that use the piezoresistive response
difference of a deflected cantilever or beam to determine shear forces [20-23]. Normally, to enhance
the spatial resolution of tactile sensors, one would need to reduce the sensor dimensions for large
area integration. This adversely affects most tactile sensors due to an increase in noise and reduced
reliability. Capacitance sensor arrays, with their reduced capacitor surface area would be highly
susceptible to noise from the slightest changes in the surface environment and from parasitic coupling
with adjacent cells [24]. For Si micro-electromechanical systems (MEMS) type piezoresistive sensor
arrays, scaling the sensor dimension changes the sensitivity and range of the sensors drastically due to
the change in their piezoresistive properties [25]. Thus, a tactile shear sensor that is immune to external
noise at reduced dimensions and that does not suffer from active material instability is needed.

In this report, we introduce a highly sensitive tactile shear sensor with spatially digitized contact
electrodes (CEs). The tactile shear sensor consists of a suspended elastomer diaphragm with a graphene
flexible electrode layer on its bottom surface and spatially digitized electrodes distributed within the
open cavity formed by the spacer layer on the substrate. When tactile interaction with the sensor
surface leads to lateral shear, the top elastomer deflects and the graphene makes contact with the
substrate electrodes. The tactile shear sensor, with a 100 x 100 um? area, produces variable output
currents depending on the number of electrodes making contact with the graphene layer. The sensor
was able to detect tactile shear direction and produce surface roughness dependent on the output
signals. Also, the contact slip of a gripped single thread was detected, demonstrating the possibility of
the tactile shear sensor being applied as sensors in future robotic fingers and remote surgical tools.

2. Device Concept and Operating Mechanism

Figure 1a shows a schematic diagram of the tactile shear sensor. Its operational concept is similar
to the stepped output tactile sensors we have reported previously [26], except that it has a central spacer
that supports the top diaphragm directly under a ridge structure on its surface. The sensor consists
mainly of two parts, the upper diaphragm with a ridge structure and the bottom substrate. A ground
electrode is placed at the center of the pit on the bottom substrate. Multiple spatially digitized CEs
are placed at different distances from the ground electrode. The graphene layer was used as a flexible
electrode that connected the ground electrode and the CEs under shear application for its mechanical
stability under strain. Considering the designed pit dimension with 45 x 100 um? area and 200 nm
thickness, the maximum strain that may be applied to the deflecting diaphragm was calculated to be
~0.9% (=0.4/45). For a flexible electrode on the deflecting diaphragm, graphene with ~25% fracture
strain [27] would be more suitable than a metallic thin film such as Au or Pt, which would start to
show film cracks under ~1% strain [28,29].

An illustration of the operating concept is shown in Figure 1b,c. Shear forces applied to the ridge
structure generate torque around the central spacer, which acts as the axis of rotation, and the torque
is converted to a vertical pressure, creating diaphragm deflection. When enough shear is applied,
the deflecting graphene on the bottom of the diaphragm completes the circuit between the central
ground electrode and the CEs on the substrate, thereby allowing shear to be detected (see Figure 1b).
As higher shear is applied, the degree of diaphragm deflection becomes higher, increasing the number
of electrodes being shorted, and raising the sensor’s current level output (see Figure 1c). Since the
bottom electrode configuration is mirrored about the central spacer, the sensor is able to detect the
direction as well as the degree of shear applied. Resistors connected in series to the CEs allow for a
higher level of current output difference leading to enhanced shear detection sensitivity.
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Figure 1. Schematic illustration and operating mechanism of the tactile shear sensor: (a) schematic
diagram of the sensor; (b) 3D cross-sectional image along a-a’ in (a), showing the shear sensing
mechanism; (c) 3D cross-sectional image along b-b” in (a), showing a short-circuit with multiple
electrodes making contact with the graphene layer.

3. Fabrication Process

Figure 2 shows illustrations of the fabrication process. The fabrication process can be divided
into two parts, one for the top layer with a ridge structure and the other for the bottom substrate.
For the top layer (see Figure 2a-h), we used a molding technique starting with a silicon substrate that
had a 60 pm thick SU-8 ridge master pattern defined using optical lithography. Then, a 20 pm thick
polydimethylsiloxane (PDMS) was spin-coated on the master and cured. The CVD-grown graphene
on Cu foil (Graphene Square Inc., Seoul, Korea) was transferred to the bottom of the ridge-molded
PDMS layer. A thin layer (20 nm) of Pt was deposited using a stencil mask and thermal evaporation to
reduce the contact resistance and to increase the mechanical stability under repeated contact operation.
Then the graphene was etched by O, reactive ion etching, using an evaporated Pt electrode as a hard
mask. The bottom substrate fabrication processes (see Figure 2i-k) begin with the defining of the WO
resistors (~1.7 k(). The resistors were patterned by electron-beam (e-beam) lithography and 30 nm of
W was sputtered in an oxygen atmosphere. The CEs and ground electrode were also patterned using
e-beam lithography and 20 nm Cr/80nm Au that was deposited by thermal evaporation. A 200 nm
thick spacer was fabricated with SU-8 2002 diluted to 1/4 in SU-8 thinner. Commonly, SU-8 is used as
a negative photoresist. However, SU-8 can occasionally be used as a negative e-beam resist due to its
cross-linking characteristics induced by the e-beam [30]. Finally, as shown in Figure 21, the fabricated
top layer was aligned and attached to the patterned bottom substrate.
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Figure 2. The fabrication process of the tactile shear sensor: (a) forming the SU-8 master for the top
ridge structure; (b) polydimethylsiloxane (PDMS) molding and curing; (c) peel-off; (d) graphene
growth; (e) pressing PDMS to graphene; (f) Cu foil etching; (g) Pt deposition; (h) graphene etching; (i)
resistor formation; (j) electrode deposition; (k) spacer formation; (1) combining the top layer with the
bottom substrate.

4. Fabrication Result and Base Operating Characteristics

A scanning electron microscope (SEM) image (false color) of the fabricated bottom substrate of
the tactile shear sensor is shown in Figure 3a. The spatially digitized CEs were placed symmetrically
on either side of the central ground electrode as well as above and below the ground electrode wing.
The CEs were arranged with each electrode width and space being 4 pm, with the ground electrode
wing placed in the center of the pit. This makes the closest CE-ground spacing 4 um, with the next
closet being 8 um from the ground electrode. A 100 x 100 um? pit centered on the ground electrode
was patterned in the 200 nm thick SU8 photoresist, with the spacer formed on top of the ground
electrode. The PDMS ridge structure on the sensor surface was 60 um in height and 30 um in width
and is shown in Figure 3b.

To test the sensor’s basic shear detection operation, we used a 125 um thick polyethylene
teraphtalate (PET) strip and scanned it over the sensor ridge structure. To set the scanning height over
the sensor surface, a Pt electrode was patterned on the sensor surface and on the bottom of the PET
strip (see Figure 3c). The PET strip was lowered until a current was detected and then raised to the
measuring height. The contact height and contact speed were controlled by a motorized stage that
controlled the PET strip motion. Figure 3d shows the measured sensor current induced by a PET tip
scanning at a speed of 50 um/s over the ridge structure at a height of 44 um. The tactile shear sensor
was designed to produce an output current with magnitude depending on the number of bottom CEs
making contact with the ground electrode via the graphene layer. The detected current levels represent
the degree of diaphragm deflection induced by the shear force on the ridge structure. Therefore,
the observed current fluctuations were caused by the stick—slip interaction between the PET strip
scanning over the sensor ridge structure. The detected current magnitudes were between 0~0.28 mA
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(the supply voltage was 0.1 V). Considering that the resistance of the WOy resistor was ~1.7 k(}, it was
estimated that the number of shorted CEs was five at maximum, which indicates that the contact area
of the diaphragm was 44~48 um. The inset in Figure 3d shows the simulated (COMSOL Multiphysics
5.3a, Comsol Inc., Burlington, MA, USA) result of the relationship between the applied shear force
and the output current. It was deduced that the applied shear force was about 7 uN at maximum
from the simulation. The simulation showed a stepped output current, since the resistance of the
contact was considered to be uniform, whereas in the actual sensor, the varying contact area with
varying applied shear force would cause the contact resistance to change, producing shear dependent
currents. This result demonstrated that our sensor had the highest shear sensitivity of 1.23 uN~! in the
range of 6~11 uN, compared to the shear sensitivities of previously reported sensors: 29.88 N~ [13];
—2.21 N~ [14]; 16.7 N~! [15]. This high shear sensitivity was the result of the small spacing between
CEs, which can be sequentially and rapidly contacted by the low shear levels.
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Figure 3. Basic characteristics of the tactile shear sensor: (a) false color scanning electron microscope
(SEM) image of the fabricated bottom substrate that shows spatially digitized electrodes (yellow),
resistors (red), ground electrodes (green) and spacers (blue). Inset image shows the false color SEM
image of the spacer pit region taken at low accelerating voltage (tool bar indicates 50 pum); (b) PDMS
ridge structure with 30 um width and 60 um height; (c) schematic diagram of the measurement scheme
for detecting contact height; (d) measurement result of the sensor by polyethylene teraphtalate (PET)
strip scanning at 50 pm/s scanning speed v and 44 um contact height /. Inset figure shows the
simulated output current of the sensor depending on shear magnitude; (e) signal duration 7 of the
sensor dependent on & and v; (f) real-time sensor output depending on alternating left (blue) and right
(red) shear.

To determine how the contacting height on the ridge structure and how the contact speed affects
sensor output characteristics, we investigated the sensor’s response under various contact speeds and
heights. Figure 3e shows the duration T of the sensor current responses with various contact speeds v
and PET contact heights h. Each scan was repeated five times. For & = 30 pm and 44 pm, we observed
that the higher the contact speed, the lower the signal duration, which reflects the reduced contact
duration with contact speed. When h = 58 um, we observed that T was very low regardless of v.
This was due to the minimal frictional force between the ridge and the strip, resulting in insufficient
torque applied to the ridge. When shear scanning was repeated back and forth, the right and left CEs
detected the shear, alternatively demonstrating that the tactile shear sensor was able to detect 6~11 uIN
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shear forces in both directions (Figure 3f). The slightly lower average level of output current for the
right scan direction may be from the Pt deposited on the right surface of the PET reducing friction
with the PDMS ridge.

5. Friction and Roughness Detection

Based on the shear detection characteristics of the tactile shear sensor, we investigated the effects
of the friction and roughness of contact objects on the detected shear levels. Figure 4a shows the sensor
output when a low friction PET strip with surface nanobrush structures (see Figure 4a inset SEM
image), was scanned on the sensor surface with v = 15 um/s and / = 44 pm. The nanobrush structure
on PET was fabricated by physical plasma etching with CFy [31,32]. The PET strip with nanobrushes
showed a low frictional coefficient due to the highly-reduced real contact area. The friction force F
for a nanostructure is determined by the relation F = T x A,, where 7 is the shear strength of the
interface, and A, is the real contact area [33]. The measured frictional coefficient of the PET strip with
nanobrushes was about 0.04, in contrast to that of pristine PET, which was about 0.2. The scanning of
the pristine PET strip induced 0.26 mA of output current, as shown in Figure 3d, however the scanning
of the nanobrushed PET induced less than 2 uA (see Figure 4a inset figure). We can gather that the
tactile shear of the nanobrushed PET on the sensor produced minimal diaphragm deflection, enabling
only one CE to make contact.
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Figure 4. Friction, roughness and slip-sending characteristics of the tactile shear sensor: (a) low friction
PET with nanobrush scanning result. Inset shows the SEM image of nanobrushes (tool bar indicates
1 pm); (b) rough PET surface scanning result. Rough PET surface formed by rubbing with sandpaper.
Inset shows an SEM image of the rough PET surface (tool bar indicates 300 um); (c) optical image of
the measurement set-up testing the sensor’s slip motion detection capability using a polyester thread;
(d) absolute value of differential current measured during the slip motion of the thread repeated three
times. Left inset shows the short-time Fourier transform (STFT) result at 0~18 s. Right inset shows the
SEM images of a polyester thread (tool bar indicates 1 mm).
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Figure 4b shows the output of the tactile shear sensor when a rough PET strip was horizontally
slipped on the sensor surface. The rough PET strip was prepared by rubbing sandpaper on the PET
surface at pressure. This produced a rough surface with structures with tens of micron dimensions on
their surface, as can be seen in the inset SEM image in Figure 4d. The rough PET strip made contact
with the top of the ridge with 100 Pa pressure and was scanned at a speed of 80 um/s. During shear,
the sensor showed irregular output currents changing between 0~0.26 mA. This aperiodic current
response was created by the interaction of the irregular hump structure of the rough PET strip with
the sensor ridge, which generated aperiodic torque resulting in fluctuating numbers of CE shortings.
Thus, we concluded that differences in contact surface friction and roughness were also detectible
using the tactile shear sensor.

For applications that require the detection of grip and slip, most systems rely on the time
dependent variation in the detected tactile pressure to infer that a slip event has occurred [3,4].
Here, we demonstrate that our sensor is able to detect the pulling of a softly held thread, without the
need to detect changes in tactile pressure. We placed a polyester thread on the sensor surface
perpendicularly to the ridge structure with 100 Pa vertical pressure (see Figure 4c), mimicking a
string being held at minimal force between two fingers. When the polyester thread was pulled with
no change in the applied vertical pressure, resulting in slip (at 2 mm/s speed for 2 s period in 10 s
of intervals), we measured the time dependent fluctuation in the sensor’s current output, coinciding
with the moment of slip, as can be seen in Figure 4d, demonstrating the sensor’s ability to detect
slip. For a more detailed analysis, we converted the absolute value of the time-dependent current
differential to the signal frequency amplitude using short-time Fourier transform (STFT), as shown in
the left inset of Figure 4d. In the 10~12 s of STFT, we observed a primary peak at about 2 Hz and also
in its harmonics. Considering the frequency peak f determined by the relationship between contact
speed v and surface period A, f =v/A, the primary peak can be understood as that caused by ~1 mm
periodicity of the surface structure of the thread periodically running over the sensor ridge structure.
The measured surface period was confirmed by the observed surface period in the winding of the
thread seen from the SEM image of its surface (see the right inset of Figure 4d).

6. Discussion

Since the tactile shear sensor’s operational principle does not depend solely on the active sensing
element’s material properties, the sensitivity and sensing range can be adjusted by simple modifications
to the dimensions of its component parts. The current tactile shear sensor demonstrated a shear force
sensitivity of 6 pIN, which is only equal to 0.61 mgf (see Figure 3d), but showed a narrow sensing range.
Here, the sensor was designed to detect fine slip motion and surface characteristics. As the sensor
operation was based on the diaphragm deflection model [34], the sensing range and sensitivity of the
tactile shear sensor can be easily tailored by changing the sensor design, e.g. the height and size of
the open cavity, the CE interval distance, the number of spatially digitized CEs, and the diaphragm
thickness [35]. In principle, it would be difficult for our sensor to detect shear forces that are parallel in
direction to the ridge structure. If two shear sensors were integrated perpendicularly to each other,
shear from different in-plane directions will be detectable. For vertical pressure detection, we could
integrate a stepped output tactile sensor [26] that we have developed previously, which utilizes a
digitized CE configuration similar to the shear sensor. Therefore, one pressure sensor integrated
with two perpendicular tactile shear sensors will be able to detect tactile forces applied from various
directions. Since the sensor has a small active sensing area, it may be possible to integrate it on a
laparoscopic grasper for applications in minimally invasive surgery. Also, with further research,
applications in prosthetic limbs or in robotic fingers could make highly sensitive artificial tactile shear
feedback a real possibility [5-7].
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7. Conclusions

We developed a microfabricated, highly-sensitive, tactile shear sensor that can detect minimal
tactile shear. The sensor’s operation relies on the shear-dependent deflection of the elastomer
diaphragm making contact between top graphene layer and bottom spatially digitized contact
electrodes. The tactile shear sensor is favorable for integration due to its small 100 x 100 um? active
sensing area and showed high shear sensitivity, demonstrating the ability to detect shear force as small
as 6 uN. Our tactile shear sensor can discriminate the difference in friction and roughness of contact
objects. We also demonstrated the sensor’s ability to detect slip motion. With further developments,
the tactile shear sensor may be applicable to future robotic fingers and remote surgical tools.

Author Contributions: Conceptualization, E.C. and S.H.; Formal analysis, E.C., H.S., O.S. and S.-B.L.; Funding
acquisition, S.-B.L.; Investigation, S.H., S.Y.,, G.R. and S.K.; Methodology, E.C., O.S. and S.-B.L.; Project
administration, S.-B.L.; Resources, Y.Y. and J.L.; Supervision, S.-B.L.; Visualization, H.Y. and O.S; Writing—original
draft, E.C.; Writing—review and editing, S.-B.L.

Funding: This research was supported by the Basic Science Research Program (2012R1A6A1029029) through the
National Research Foundation of Korea (NRF), funded by the Ministry of Science, ICT and Future Planning, and
partly by the Nano Material Technology Development Program (2012M3A7B4035198) through NRF funding by
the Ministry of Education. This work was also supported by the Samsung Research Funding Center of Samsung
Electronics under Project Number SRFC-I1T1701-03.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yi, Z.; Zhang, Y.; Peters, ]. Biomimetic tactile sensors and signal processing with spike trains: A review. Sens.
Actuators A 2018, 269, 41-52. [CrossRef]

2. Luo, S; Bimbo, J.; Dahiya, R.; Liu, H. Robotic tactile perception of object properties: A review. Mechatronics
2018, 48, 54-67. [CrossRef]

3.  Dahiya, R.S.; Valle, M. Robotic Tactile Sensing; Springer: New York, NY, USA, 2013.

4. Schmidt, PA.; Maél, E.; Wiirtz, RP. A sensor for dynamic tactile information with applications in
human-robot interaction and object exploration. Robot. Auton. Syst. 2006, 54, 1005-1014. [CrossRef]

5. Kaboli, M.; Cheng, G. Robust tactile descriptors for discriminating objects from textural properties via
artificial robotic skin. IEEE Trans. Robot. 2018, 34, 985-1003. [CrossRef]

6. D’Anna, E.; Petrini, M.E,; Artoni, F,; Popovic, I.; Simani¢, I.; Raspopovic, S.; Micera, S. A somatotopic
bidirectional hand prosthesis with transcutaneous electrical nerve stimulation based sensory feedback. Sci.
Rep. 2017, 7, 10930. [CrossRef]

7. Shi, C; Luo, X; Qi, P; Li, T; Song, S.; Najdovski, Z.; Fukuda, T.; Ren, H. Shape sensing techniques for continuum
robots in minimally invasive surgery: A survey. IEEE Trans. Biomed. Eng. 2017, 64, 1665-1678. [CrossRef]

8. Wu, Y Liu, Y; Zhou, Y;; Man, Q.; Hu, C.; Asghar, W.; Li, E; Yu, Z.; Shang, J.; Liu, G.; et al. A skin-inspired
tactile sensor for smart prosthetics. Sci. Robot. 2018, 3, eaat0429.

9. Zhang, J.; Zhou, L.J.; Zhang, HM.; Zhao, Z.X.; Dong, S.L.; Wei, S.; Zhao, ].; Wang, Z.L.; Guo, B.; Hu, PA.
Highly sensitive flexible three-axis tactile sensors based on the interface contact resistance of microstructured
graphene. Nanoscale 2018, 10, 7387-7395. [CrossRef]

10. Wan, Y; Qiu, Z.; Hong, Y.; Wang, Y.; Zhang, ].; Liu, Q.; Wu, Z.; Guo, C.F. A highly sensitive flexible capacitive
tactile sensor with sparse and high-aspect-ratio microstructures. Adv. Electron. Mater. 2018, 4, 1700586.
[CrossRef]

11. Mu, C;; Song, Y.; Huang, W.; Ran, A.; Sun, R.; Xie, W.; Zhang, H. Flexible normal-tangential force sensor
with opposite resistance responding for highly sensitive artificial skin. Adv. Funct. Mater. 2018, 28, 1707503.
[CrossRef]

12. Pang, C,; Lee, G.-Y;; Kim, T,; Kim, S.M.; Kim, HN.; Ahn, S.-H.; Suh, K.Y. A flexible and highly sensitive
strain-gauge sensor using reversible interlocking of nanofibres. Nat. Mater. 2012, 11, 795-801. [CrossRef]

13.  Choi, D,; Jang, S.; Kim, ].S.; Kim, H.-J.; Kim, D.H.; Kwon, J.-Y. A highly sensitive tactile sensor using a
pyramid-plug structure for detecting pressure, shear force, and torsion. Adv. Mater. Technol. 2018, 2018, 1800284.
[CrossRef]


http://dx.doi.org/10.1016/j.sna.2017.09.035
http://dx.doi.org/10.1016/j.mechatronics.2017.11.002
http://dx.doi.org/10.1016/j.robot.2006.05.013
http://dx.doi.org/10.1109/TRO.2018.2830364
http://dx.doi.org/10.1038/s41598-017-11306-w
http://dx.doi.org/10.1109/TBME.2016.2622361
http://dx.doi.org/10.1039/C7NR09149D
http://dx.doi.org/10.1002/aelm.201700586
http://dx.doi.org/10.1002/adfm.201707503
http://dx.doi.org/10.1038/nmat3380
http://dx.doi.org/10.1002/admt.201800284

Sensors 2019, 19, 1300 90f9

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

Park, J.; Lee, Y,; Hong, J.; Lee, Y,; Ha, M,; Jung, Y,; Lim, H.; Kim, S.Y.; Ko, H. Tactile-direction-sensitive
and stretchable electronic skins based on human-skin-inspired interlocked microstructures. Acs Nano
2014, 8, 12020-12029. [CrossRef]

Cheng, M.Y; Lin, C.L,; Lai, Y.T; Yang, Y.-]. A polymer-based capacitive sensing array for normal and shear
force measurement. Sensors 2010, 10, 10211-10225. [CrossRef]

Boutry, C.M.; Negre, M.; Jorda, M.; Vardoulis, O.; Chortos, A.; Khatib, O.; Bao, Z. A hierarchically patterned,
bioinspired e-skin able to detect the direction of applied pressure for robotics. Sci. Robot. 2018, 3, eaau6914.
[CrossRef]

Asano, S.; Muroyama, M.; Nakayama, T.; Hata, Y.; Nonomura, Y.; Tanaka, S. 3-axis fully-integrated capacitive
tactile sensor with flip-bonded CMOS on LTCC interposer. Sensors 2017, 17, 2451. [CrossRef] [PubMed]
Hu, C.-E; Su, W.-S,; Fang, W. Development of patterned carbon nanotubes on a 3D polymer substrate for the
flexible tactile sensor application. J. Micromech. Microeng. 2011, 21, 115012. [CrossRef]

Zhu, Y,; Jiang, S.; Xiao, Y.; Yu, J.; Sun, L.; Zhang, W. A flexible three-dimensional force sensor based on PI
piezoresistive film. J. Mater. Sci. Mater. Electron. 2018, 29, 19830-19839. [CrossRef]

Hosono, M.; Noda, K.; Matsumoto, K.; Shimoyama, I. Dynamic performance analysis of a micro cantilever
embedded in elastomer. J. Micromech. Microeng. 2015, 25, 075006. [CrossRef]

Zhang, W.; Lua, K.B.; Truong, V.T.; Senthil, K.A.; Lim, T.T.; Yeo, K.S.; Zhou, G. Design and characterization
of a novel T-shaped multi-axis piezoresistive force/moment sensor. IEEE Sens. ]. 2016, 16, 4198-4210.
[CrossRef]

Oddo, C.M.; Raspopovic, S.; Artoni, F.; Mazzoni, A.; Spigler, G.; Petrini, F.; Giambattistelli, F.; Vecchio, F.;
Miraglia, F.; Zollo, L. Intraneural stimulation elicits discrimination of textural features by artificial fingertip
in intact and amputee humans. eLife 2016, 5, €09148. [CrossRef]

Tsukamoto, T.; Asao, H.; Tanaka, S. Stylus type MEMS texture sensor covered with corrugated diaphragm.
J. Micromech. Microeng. 2017, 27, 095006. [CrossRef]

Pottie, G.J.; Kaiser, WK. Principles of Embedded Networked System Design, Cambridge University Press:
New York, NY, USA, 2005.

Baglio, S.; Castorina, S.; Savalli, N. Scaling Issues and Design of MEMS; John Wiley & Sons Ltd.: New York,
NY, USA, 2008.

Choi, E.; Sul, O.; Kim, J.; Kim, K,; Kim, J.-S.; Kwon, D.-Y.; Choi, B.-D.; Lee, S.-B. Contact pressure level
indication using stepped output tactile sensors. Sensors 2016, 16, 511. [CrossRef] [PubMed]

Lee, C.; Wei, X.; Kysar, ].W.; Hone, ]. Measurement of the elastic properties and intrinsic strength of monolayer
graphene. Science 2008, 321, 385-388. [CrossRef] [PubMed]

Kim, J.-H.; Nizami, A.; Hwangbo, Y.; Jang, B.; Lee, H.-].; Woo, C.-S.; Hyun, S.; Kim, T.-S. Tensile testing of
ultran-thin films on water surface. Nat. Commun. 2013, 4, 2520. [CrossRef]

Meirom, R.A.; Clack, T.E.; Muhlstein, C.L. The role of specimen thickness in the fracture toughness and
fatigue crack growth resistance of nanocrystalline platinum films. Acta Mater. 2012, 60, 1408-1417. [CrossRef]
Bilenberg, B.; Jacobsen, S.; Schmidt, M.S.; Skjolding, L.H.D.; Shi, P; Beggild, P.; Tegenfeldt, ].O.; Kristensen, A.
High resolution 100 kV electron beam lithography in SU-8. Microelectron. Eng. 2006, 83, 1609-1612. [CrossRef]
Fernandez-Blazquez, ].P.; Fell, D.; Bonaccurso, E.; Campo, A. Superhydrophilic and superhydrophobic
nanostructured surfaces via plasma treatment. J. Colloid Interface Sci. 2011, 357, 234-238. [CrossRef]
Tserepi, A.D.; Vlachopoulou, M.-E.; Gogolides, E. Nanotexturing of poly(dimethylsiloxane) in plasmas for
creating robust super-hydrophobic surfaces. Nanotechnology 2006, 17, 3977-3983. [CrossRef]

Yoon, E.-S.; Singh, R.A.; Oh, H.-J.; Kong, H. The effect of contact area on nano/micro-scale friction. Wear
2005, 259, 1424-1431. [CrossRef]

Giovanni, M.D. Flat and Corrugated Diaphragm Design Handbook; Marcel Dekker: New York, NY, USA, 1982.
Choi, E.; Sul, O.; Hwang, S.; Cho, J.; Chun, H.; Kim, H.; Lee, S.-B. Spatially digitized tactile pressure sensors
with tunable sensitivity and sensing range. Nanotechnology 2014, 25, 425504. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/nn505953t
http://dx.doi.org/10.3390/s101110211
http://dx.doi.org/10.1126/scirobotics.aau6914
http://dx.doi.org/10.3390/s17112451
http://www.ncbi.nlm.nih.gov/pubmed/29068429
http://dx.doi.org/10.1088/0960-1317/21/11/115012
http://dx.doi.org/10.1007/s10854-018-0111-0
http://dx.doi.org/10.1088/0960-1317/25/7/075006
http://dx.doi.org/10.1109/JSEN.2016.2538642
http://dx.doi.org/10.7554/eLife.09148
http://dx.doi.org/10.1088/1361-6439/aa7ec2
http://dx.doi.org/10.3390/s16040511
http://www.ncbi.nlm.nih.gov/pubmed/27070626
http://dx.doi.org/10.1126/science.1157996
http://www.ncbi.nlm.nih.gov/pubmed/18635798
http://dx.doi.org/10.1038/ncomms3520
http://dx.doi.org/10.1016/j.actamat.2011.11.015
http://dx.doi.org/10.1016/j.mee.2006.01.142
http://dx.doi.org/10.1016/j.jcis.2011.01.082
http://dx.doi.org/10.1088/0957-4484/17/15/062
http://dx.doi.org/10.1016/j.wear.2005.01.033
http://dx.doi.org/10.1088/0957-4484/25/42/425504
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Device Concept and Operating Mechanism 
	Fabrication Process 
	Fabrication Result and Base Operating Characteristics 
	Friction and Roughness Detection 
	Discussion 
	Conclusions 
	References

