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Abstract—This study presents the design and
implementation of a MEMS capacitive tactile force sensor
with polydimethylsiloxane (PDMS) filler for in-process and
in-use modulation of the sensing range and sensitivity
performance. The presented MEMS tactile force sensor
consists of a loading unit with driving electrodes, PDMS filler,
and a sensing unit. By varying input voltages on the driving
electrodes (either in curing process or in-use), the stiffness of
the PDMS filler as well as the loading unit can be modulated.
Thus, the sensitivity and sensing range of the presented
tactile force sensor was modulated accordingly. Since each
sensor has its own driving electrodes and electrical routings,
different input voltages can be applied to modulate the PDMS
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for each individual sensor. As a result, tactile sensors of different sensitivities and sensing ranges can be simultaneously

fabricated and monolithically integrated on the same chip

using the presented approach. The tactile sensors were

implemented using TSMC 0.18 xm 1P6M standard CMOS process together with the in-house post-CMOS releasing and
the polymer filling processes. Experiments demonstrate the capabilities of implementing various tactile sensors with
different sensing ranges and sensitivities on a single chip by the in-process and in-use modulation techniques. Through
the in-process and in-use modulation, the presented CMOS-MEMS tactile sensors show the sensing window: (1) for
sensitivity modulation: 8.6 fF/N to 219.1 fF/N, and (2) for sensing range modulation: 30 mN to 270 mN.

Index Terms— CMOS-MEMS, electric modulation, tactile force sensor.

I. INTRODUCTION
ACTILE sensors are important human-machine interfaces
and can find broad applications in various fields, such
as consumer electronics (mobile phones, notebooks), robots,
or medical instruments. Tactile load sensors provide contact
information for different applications, such as grasping forces
for robot manipulation, contact forces for medical surgery and
precision assembly, and so on. The size and cost of tactile
force sensors can be reduced through the MEMS (micro-
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electro-mechanical-systems) technologies, so as to enhance
their performances in applications. To date, many MEMS
tactile force sensors with different sensing mechanisms, such
as piezoresistive, piezoelectric, inductive, and capacitance,
have been reported [1]-[5]. Moreover, many micromachining
process technologies have also been developed to fabricate
the tactile force sensors. For example, the silicon-based and
the polymer-based process technologies have been reported
for different applications [6]—[8]. The Complementary Metal-
Oxide-Semiconductor (CMOS) processes are mature fabrica-
tion technologies available in many commercial foundries.
Since the CMOS processes offer many dielectric, metal, and
poly-silicon layers, the design of multi-layer structures and
the electrical routings for sensing units can be achieved. Thus,
the CMOS processes have been exploited to fabricate various
MEMS devices [9] including the tactile force sensors [10].
Based on the requirements of applications, tactile force
sensors with different sensing ranges and sensitivities are
required to meet specifications [11]. Many approaches have
been presented to modify the sensitivity or sensing range of
the tactile sensors, such as by varying the stiffness of MEMS
structures as well as the dielectric constant of capacitive
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sensors. It is straightforward to change the design of MEMS
structures to meet the specifications of tactile force sensors.
However, the time and cost [12] required for the new design
are concerns. Thus, many approaches have been investigated
to modify the sensitivity and/or sensing ranges of the tactile
force sensors without changing the mask designs. For example,
as reported in [13], [14], the stiffness of tactile sensors is
modulated by using different fill-in materials (e.g. PDMS
with different curing ratios) after the fabrication of MEMS
structures. Furthermore, the approach of in-use modulation (by
applying voltage) of sensitivity and sensing range is revealed
in [15] to be by tuning the dielectric constant of the capacitive
sensing tactile sensors by varying the shape of dielectric
liquid. Moreover, the suspended MEMS structures that are
filled with smart materials such as Electrorheological (ER)
fluid or ER-elastomer have been used to tune the stiffness as
well as sensitivities and sensing ranges of tactile force sensors
[16], [17]. The distribution of nanoparticles in fluid or polymer
is changed by applying voltages so as to further modify the
stiffness of the sensing structures. Thus, through the existing
technologies, the sensitivities and sensing ranges of tactile
force sensors can be modified either during the fabrication
processes (in-process), or during operation (in-use). Table I
lists common strategies of modulable tactile sensors.

This study extends the concept in [17] to present an
approach for modulating the stiffness of the MEMS structures
in-process and/or in-use to modify the sensitivity and sensing
range of the capacitive type tactile sensors. As discussed
in [17], the gap between two driving electrodes is filled
with PDMS nanocomposite (PDMS mixed with dielectric
nanoparticles). However, it is challenging to prepare the
PDMS nanocomposites with good uniformity. In this regard,
the MEMS devices are fabricated first and then filled with
the PDMS elastomer with electric polarization characteristics.
Thus, the stiffness of the PDMS filler as well as the sensitivity
of the tactile sensor can be modulated using input voltages.
To achieve the proposed design, many thin film layers are
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Fig. 1. (a) Schematic of the proposed CMOS-MEMS tactile sensor with
polymer fill-in for in-use and in-process performance modulation, and (b)
the cross section view of a single tactile sensor to show its loading unit
and sensing unit, with the stacking of thin film layers and polymer fillers
also displayed.

Sensing Electrodes

required to fabricate the MEMS structures, the sensing and
driving electrodes, and the related electrical routings. Thus,
this study leverages the standard CMOS process with its many
available thin film layers to implement the proposed design.
Moreover, the post-CMOS micromachining/polymer coating
processes, and the voltage modulation during the polymer
curing are also adopted to fabricate the MEMS tactile sensor.
Experiments demonstrate the capabilities of in-process and
in-use modulation approaches to implement various tactile
sensors with different sensing ranges and sensitivities on a
single chip.

[I. DESIGN CONCEPTS

Figure 1 illustrates the proposed capacitive tactile sen-
sor design based on the TSMC (Taiwan Semiconductor
Manufacturing Co.) 0.18 gm 1P6M CMOS standard process
with in-house metal wet-etching releasing and PDMS fill-in
techniques. Such a design enables the in-process as well as the
in-use modulation of the sensitivity and sensing range of
the proposed tactile sensor. Figure la depicts the surface
of the capacitive tactile sensing chip showing the top electrode
of loading unit, electric pads, inlet holes for the PDMS filler,
and outlet holes for the exhaust air. Each tactile sensor has
its own electric routings to input DC driving voltage indepen-
dently (for instance, Vi to Vy). Thus, different voltages can
be applied to each sensor simultaneously. The cross section
in Fig. 1b further reveals the detailed structure of the tactile
sensor. As marked with the dashed lines, the loading unit
consists of two suspended circular diaphragms formed by
dielectric layers with the embedded M3 and M6 metal films
(as the driving electrodes), and the PDMS filler. The boundary
of circular diaphragm is anchored to the substrate. Note that
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Fig. 2. The sensing schematic of the proposed CMOS-MEMS tactile

sensor, (a) before applying a tactile load, and (b) after applying a tactile
load to deform the loading unit, the deflection of the loading unit can be
detected by the capacitance change of sensing unit. The stiffness of the
PDMS filler as well as the loading unit can be modulated by the driving
electrodes.

the space for the PDMS filler is defined by the sacrificial
metal (M4 and MS5) and dielectric layers. This study also
employed the M1 and M3 metal layers to form the sensing
unit. The M3 metal layer that is embedded in the suspended
structure acts as the deformable sensing electrode, and the
M1 metal layer that is anchored to the substrate acts as the
reference sensing electrode. PDMS is also filled into the space
defined by the sacrificial metal (M2) film as the buffer layer
for the sensing electrodes. Moreover, the electrical routings
for the sensing and driving electrodes can be achieved by
using the metal layers of CMOS process. When the loading
unit is deformed by a tactile force, the electrode (M3) will be
bent to cause a gap variation between the sensing electrodes,
as shown in Fig. 2. Thus, the tactile force can be detected
by the capacitance change of the sensing electrodes. The gap
variation induced by the tactile force is proportional to the
net stiffness of the loading unit. Moreover, since the loading
unit is stacked with the metal films, dielectric layers, and
PDMS filler, the net stiffness of the loading unit is determined
by the stiffness of metal films, dielectric layers, and PDMS
filler.

In this study, the stiffness modulation of the PDMS filler (in
the loading unit) by applying voltage on the driving electrodes
is proposed as a method to modify the sensitivity and sensing
range of the tactile sensor. Figure 3a displays the 1% approach
to modulate the stiffness of the PDMS filler during the curing
process (named the in-process modulation). After the uncured
PDMS molecules (mixed with PDMS base and cure agent) are
filled into the gaps of sensors, the PDMS molecules are dis-
tributed randomly. As shown in Fig. 3a, the PDMS molecules
inside the gap of the loading unit will be aligned when apply-
ing a voltage (curing voltage, V.) on the M3 and M6 driving
electrodes during curing. The electric field E. polarizes the

Increasing Applied Voltage

E,>0

Fig. 3. The mechanism of electric stiffness modulation of the loading
unit for performances modulation of the proposed tactile sensors, (a)
in-process modulation, during the curing process, to change the dis-
tribution of PDMS molecules (in loading unit) by varying the intensity of
electric field; after the curing process, the distribution of PDMS molecules
after removing electric field; (b) in-use modulation, during use, to further
change the distribution of molecules for cured PDMS (in loading unit) by
applying voltage on driving electrodes.

dielectric materials (uncured PDMS molecules) into polarized
dipoles [18]-[21]. The electric field E. also provides an
electrostatic force to the polarized dipoles to influence the
distribution of the PDMS molecules [22]-[24]. As such, the
alignment of the PDMS molecules can be enhanced with
the increasing electric field. After curing and removing the
applied voltage, the PDMS molecules were crosslinked with
the curing agents and maintained their distribution as driven
by the electric fields. The equivalent stiffness of the loading
unit changes with the distribution of molecules in the cured
PDMS. Therefore, the performance (such as sensing range
and sensitivity) of the proposed tactile sensor can be modified
by varying the voltage applied on driving electrodes during
curing. Moreover, as shown in Fig. la, each sensor on the
chip has its own electrical routings for driving and sensing
electrodes, and hence different driving voltages (electric fields)
can be applied to the selected tactile sensors. Thus, sensors
with loading units of different stiffnesses can be monolithically
and simultaneously realized on the same chip through the
post-process voltage modulation. Figure 3b depicts the 274
approach to modulate the characteristics of the proposed tactile
sensor during use (named the in-use modulation). For the in-
use modulation, a driving voltage (Vq) was applied on the
cured PDMS to form an electric field Eq. When Eq = 0,
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Fig. 4. Fabrication process steps, (a) chip prepared by TSMC 1P6M
CMOS process, (b) the metal wet etching to define sensing gaps and
fill in channels, (c) RIE to remove passivation for wire bonding, (d) wire
bonding on PCB and wire protection using epoxy, (¢) PDMS coating, and
curing with different voltages V¢, and (f) remove residual PDMS on top
of the chip.

the distribution of the cured PDMS molecules is as depicted
in Fig. 3a. While the electric field is applied, the dielectric
molecules will be polarized. Therefore, the alignment of the
dielectric molecules can be enhanced by increasing the electric
field and electrostatic force. Despite the fact that PDMS
molecules are crosslinked by the curing agents, the distribution
of molecules can still be modified by varying the driving
voltage V4. Therefore, the equivalent stiffness of the loading
unit can be modified through the in-use modulation to further
change the performance of the tactile sensor.

[1l. FABRICATION AND RESULTS

The proposed tactile sensors were implemented using the
standard TSMC 0.18 xm 1P6M process together with the in-
house post-CMOS micromachining process. Figure 4a shows
the stacking and patterning of metal and dielectric layers
on the CMOS chip prepared by the TSMC. As shown in
Fig. 4b, the H»SO4 and H>O; solutions were employed to
etch the sacrificial metal layers (M2, M4, and M5) and the
tungsten vias [25]. Thus in this step, the two suspended
circular diaphragms formed by the dielectric layers with
embedded M3 and M6 metal films were patterned, and the
M1 metal film that is anchored to the substrate as the reference
sensing electrode was also defined. Moreover, the gaps to
accommodate the PDMS filler, and the inlet channels to fill in
the PDMS were also fabricated. In this step, the metal layers
that act as the driving/sensing electrodes as well as the electric
routings were protected by dielectric films. As depicted in
Fig. 4c, the reactive ion etching (RIE) was used to remove the
passivation layer to expose the metal pads. Figure 4d indicates
that the wires for electric connections between the chip and the
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Fig. 5. Typical fabrication results, (a) the optical micrograph of CMOS
chip after the in-house post-CMOS metal etching, and the zoom-in SEM
micrograph to show more details (metal release, polymer inlet, and air
exhaust holes) on the chip; and (b) the optical micrographs to display the
fabricated chip after wire-bonding on PCB with epoxy protection of wires,
and the right zoom-in micrograph to show the exposed sensing area with
tactile sensors.

PCB (printed circuit board) were bonded and then protected
by epoxy. As shown in Fig. 4e, the PDMS (Sylgard 184, Dow
Corning Corporation with 10:1 curing agent ratio) was coated
on the chip and ready for curing process. During the curing
process, multiple voltages V. can be simultaneously applied
on different tactile sensors, as displayed in Fig. la. Thus,
sensors of different characteristics can be simultaneously and
monolithically fabricated on the same chip. The in-process
modulation was achieved during this step. Note that the curing
process is completed under room temperature. Finally, as
shown in Fig. 4f, the cured residual fill-in material on the chip
surface was removed.

Micrographs in Fig. 5 display the typically fabricated
devices. The optical micrograph in Fig. 5a shows the CMOS
tactile sensor chip, and the chip has five tactile sensors. The
brown color shows the metal layer of the top driving electrodes
and bonding pads. Moreover, the left optical micrograph in
Fig. 5a depicts the CMOS chip after the in-house metal
releasing process (in Fig. 4b), with the inlet holes to fill in the
PDMS filler and the air exhaust holes are fabricated. The top
electrodes and bonding pads (in brown color) that is protected
by the passivation layer survived after the metal release. The
zoom-in scanning electron microscope (SEM) micrograph in
Fig. 5a shows more details including the driving electrode,
the etching release holes, and the air exhaust holes of the
tactile sensor (at voltage: 0.5 kV, magnification: x270). The
top micrograph in Fig. 5b displays a typically fabricated chip
after wire-bonded onto the PCB. The chip and bonded wires
are protected by the epoxy. The zoom-in micrograph shows
that the tactile sensors are not covered by the epoxy in order
to conduct the following loading tests.

Authorized licensed use limited to: National Tsing Hua Univ.. Downloaded on February 22,2021 at 09:37:14 UTC from IEEE Xplore. Restrictions apply.



5832

IEEE SENSORS JOURNAL, VOL. 21, NO. 5, MARCH 1, 2021

KEITHLEY

Vy=0-3.9V

- ’&ﬂ- =
LCR Meter

Loading
Probe

Nano Position Stage

Fig. 6. The schematic of the measurement setup.

IV. MEASUREMENTS AND DISCUSSIONS

The experimental setup shown in Fig. 6 was established
to characterize the modulation performance of the tactile
sensors. The precision PZT position stage (Physik Instru-
mente (PI) P-841.6 preloaded piezo actuators) was used to
specify an upward displacement of the sample. The sample
displacement was precisely controlled by a feedback controller
(PI E-503/509 controller with E-518.13 computer interface)
with a resolution of 1.8 nm. After the rigid probe on the
force gauge (Yotec FSH-5N with 1 mN input force resolution)
contacted the sample at the center of the loading membrane,
a tactile load was applied onto the sensing chip. Thus, the force
gauge readings were recorded as the tactile load was applied
on the sample. Meanwhile, an LCR meter (Keysight 4980A)
was employed to measure the output signals from the sensing
electrodes of the tactile sensor. Moreover, a source meter
(Keithley 2410) was used to apply a modulation voltage V4
(or electric field Eq) on the driving electrodes of sensors.
A computer was used to control the position of stage and
also record the measurement results. By using this experiment
setup, this study further performs the loading tests on the
fabricated sensors prepared through both the in-process and
in-use modulation of the PDMS filler.

Firstly, this study characterizes the performances of the
proposed CMOS-MEMS tactile sensors (on the same chip)
prepared under different in-process modulating curing voltages
V. of the loading unit PDMS filler. Thus, four different V. (0
V,39V,7.8V, and 11.6 V; i.e. 0-3 kV/mm) are respectively
applied onto the loading units of four tactile sensors on
the CMOS-MEMS chip. After that, the sensing ranges and
sensitivities of these four tactile sensors were characterized
using the test setup in Fig. 6. Measurement results in Fig. 7
shows the variation of sensing capacitances under tactile loads
for these four different sensors. Table II further summarizes
the sensing ranges and sensitivities of these four in-process
modulated sensors based on the results in Fig. 7. The results
indicate that the sensitivity of tactile sensors is enhanced from
8.6 fF/N to 23.9 fF/N as the driving voltage V. is increased
from 0 V to 11.6 V. On the other hand, the sensing range of
tactile sensors dropped from 270 mN to 30 mN as the driving
voltage V. is increased from O V to 11.6 V. In conclusion,
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Fig. 7. Measurements of sensing capacitance variation under tactile
loads for four different samples prepared with different driving voltages
(0 V to 11.6 V) on the PDMS filler during curing (in-process electric
modulation).

TABLE Il
IN-PROCESS ELECTRIC MODULATION OF THE
PROPOSED TACTILE FORCE SENSORS

In-process Electric Modulation Results

Curing Voltage V. (V) 0 3.9 7.8 11.6
Sensitivity (fF/N) 8.6 14.2 23.8 23.9
Sensing Range (mN) 270 125 40 30

the stiffness of the PDMS filler can be modulated by the
driving voltage V. during curing, so as to change the net
stiffness of loading unit. Thus, the sensitivity and sensing
range of the tactile sensor can be modulated by varying the
driving voltage V.. The results demonstrate the concept of
in-process modulation depicted in Fig. 3a.

This study further characterizes the CMOS-MEMS tactile
sensors during the in-use modulation of PDMS filler using
voltage Vq4. The in-use modulation voltage V4 was applied
onto tactile sensors (on the same chip) respectively cured
at four different voltages V. (0V, 3.9V, 7.8V, and 11.6V;
ie. 0-3 kV/mm). As shown in Fig. 3b, the PDMS mole-
cules can be re-distributed by the driving voltage V4 even
after it is cured. Thus, the test setup in Fig. 7 was used
to characterize the variation of sensing signals with tactile
loads when applying driving voltages Vg4 onto the electrodes
of the loading unit. Measurement results in Fig. 8 show
the variation of sensing capacitances under tactile loads at
various Vq (0 V, 1.9 V, and 3.9 V; i.e. 0-1 kV/mm) for the
four test samples prepared with different curing volatages.
Table III summarizes the sensing ranges and sensitivities of
these four in-use modulated sensors based on the results in
Fig. 8. As shown in Fig. 8a, the PDMS filler in the test device
was cured under V. = 0 V. Measurement results show that as
Vg is increased from O V to 3.9 V, the sensitivity is enhanced
from 8.6 fF/N to 205 fF/N and the sensing range is decreased
from 270 mN to 40 mN. As shown in Fig. 8b, the PDMS filler
in the test device was cured under V. = 3.9 V. Measurement
results show that the sensitivity is enhanced from 14.2 fF/N to
219.1 fF/N and the sensing range is decreased from 125 mN
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Fig. 8. Measurements of sensing capacitance variation under tactile
loads while applying in-use modulation voltages (1.9 V and 3.9 V) on
proposed sensors. The tests are performed on four different samples
prepared at distinct curing voltages Vc on the PDMS filler (a) Ve =0V,
(b) Ve =38.9V, (c)Vc=7.8V,and (d) Vc = 11.6 V.

to 35 mN when Vy is increased from 0 V to 3.9 V. It is worth
noting that the sensitivity and sensing range of this sample
will reach a limit (~219 fF/N, and 35 mN) as Vg > 1.9 V.
Moreover, Fig. 8c shows the measurements on the test sample
cured at Vo = 7.8 V. The initial sensing range and sensitivity
are respectively 40 mN and 23.8 fF/N when Vg = 0 V.
As the driving voltages Vg is increased to 3.9 V, the sensitivity
is increased to 37.9 fF/N and the sensing range becomes
35 mN. In this case, the sensitivity and sensing range of this
sample also reach a limit (~38 fF/N, and 35 mN) as V4 >
1.9 V. Finally, Fig. 8d reveals the modulation behavior under
V. = 11.6 V and V4 = 0 — 3.9 V. However, the sensitivities
(~20 fF/N) and sensing ranges (~30 mN) of this sample do
not vary with differing driving voltages V4. In conclusion,
the stiffness of the PDMS filler as well as the net stiffness
of the loading unit can be further modulated by the driving
voltage V4 while in use. Thus, the sensitivity and sensing range
of the tactile sensors can be modulated by varying the driving
voltage V4 to demonstrate the concept of in-use modulation as
shown in Fig. 3b. Measurement results reveal that increasing
Vq will reduce the stiffness of PDMS filler, thus causing an
enhancement in sensitivity and reduction in sensing range. The
applied curing voltage V. also affects the characteristics of
sensors during in-use modulation. Moreover, the modulation
of sensitivity and sensing range for the presented tactile sensor
may reach a limit as V4 exceeds a given voltage. In conclusion,
measurement results indicate that the voltage applied on the
driving electrodes of loading unit could reduce the stiffness of
the PDMS filler while in-process or in-use.

Regarding the modulation mechanism of PDMS, it has
been reported in [26]-[28] that the stiffness of the electrode-
polymer-electrode structure can be modulated by applying
voltages on the electrodes. In these cases, the electrostatic
force (pressure) between two electrodes will cause the polymer

TABLE IlI
IN-USE ELECTRIC MODULATION OF THE PROPOSED
TACTILE FORCE SENSORS

In-use Electric Modulation Results

Curing Voltage V_ (V) 0 3.9

Driving Voltage V, (V) 0 1.9 3.9 0 1.9 3.9

Sensitivity (fF/N) 8.6 | 57.4 | 205 | 14.2 [213.2|219.1
Sensing Range (mN) 270 | 115 40 125 35 35
Curing Voltage V_ (V) 7.8 11.6

Driving Voltage V, (V) 0 1.9 | 3.9 0 19 | 3.9

Sensitivity (fF/N) 23.8 | 38.1 | 379 | 23.9 | 19.9 | 22.2

Sensing Range (mN) 40 35 35 30 30 30
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Fig. 9. Measurements of the radius of curvature of bent top electrode
(by driving voltage) using the white light interferometer to determine the
related thickness variation of PDMS filler.

to be squeezed in thickness and stretched in length and width,
modulating its equivalent stiffness [29]. However, in this
study, since the suspended structures (consisted of dielectric
layers with embedded driving electrodes) are anchored to the
substrate, the bending of the suspended structures caused by
the electrostatic force between driving electrodes is very small.
To better understand the nature of the stiffness modulation
mechanism in this study, the radius of curvatures (R) of
the top electrodes have been measured by a white light
interferometer to determine the thickness variation (Ah) of
PDMS filler caused by the electrostatic force, as shown in
Fig. 9. Measurements in Fig. 10 summarize the percentage
of thickness variation (Ah/h) during in-process curing and
in-use modulation. Figurate 10a reveals a change in radius
of curvature from Rjniiag = 3641.6 um to Rpyodulation =
3657.1 um after applying 11.6 V (the maximum curing
voltage) during the curing process. The related percentage of
thickness variation is 0.46 %. Moreover, for in-use modulation,
the tactile sensor cured under 0 V was chosen as the testing
device. Figure 10b shows a change in radius of curvature
from Riniial = 3657.6 um to Rpodulation = 3670.1 um and
3665.6 um after applying 1.9 V and 3.9 V during in-use
modulation. Due to these radius of curvature measurements,
the stiffness change of the loading unit caused by the thickness
variation of PDMS filler can be ignored. Thus, as shown in
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Fig. 10. Measurement results of the top electrode radius of curvature
variation and the loading unit PDMS thickness variation caused by the
driving voltages during, (a) the in-process modulation, and (b) the in-use
modulation.

Fig. 3, this study considers the modulation mechanism of the
PDMS stiffness to be the alignment or distribution of polarized
PDMS molecules by the driving voltages V. and V4. Further
investigations are required to better understand the mechanism
of PDMS stiffness modulation by applying voltages.

V. CONCLUSION

This study presents the CMOS-MEMS capacitive tactile
force sensor consisting of a loading unit with driving elec-
trodes, PDMS filler, and a sensing unit. The stiffness of the
PDMS filler as well as the loading unit can be modulated
by varying the input voltage on the driving electrodes. Thus,
the sensitivity and sensing range of the presented tactile force
sensor can be modulated either in curing process or in use.
Since the CMOS process offers multiple metal and dielectric
layers, each sensor has its own driving electrodes and electrical
routings, and different input voltages for distinct sensors were
applied to modulate the PDMS filler. By using the TSMC
standard CMOS platform and in-house post-CMOS processes,
tactile sensors of different sensitivities and sensing ranges
can be simultaneously fabricated and monolithically integrated
on the same chip through the presented approach. In-process
modulation tests show that, as the driving voltage V. is
increased from 0 V to 11.6 V, the sensitivity of tactile sensors
is enhanced by 2.8-fold (from 8.6 fF/N to 23.9 fF/N) and the
sensing range of tactile sensors is dropped by near 10-fold
(from 270 mN to 30 mN). Moreover, the sensitivity and sens-
ing range can be further modulated by applying the voltage
Vg4 while in-use. The presented CMOS-MEMS tactile sensors
show that the tactile sensing window through the in-process
and in-use modulation, the sensitivity modulation is from 8.6
fF/N to 219.1 fF/N, and the sensing range modulation is from
30 mN to 270 mN. In conclusion, the PDMS under electric
field reveals a stiffness reduction; applying higher voltages
during curing or driving results in higher sensitivity and lower
sensing range.

ACKNOWLEDGMENT
The authors would like to appreciate the Taiwan Semi-
conductor Manufacturing Company (TSMC) and the Taiwan
Semiconductor Research Institute (TSRI), for the supporting
of CMOS chip manufacturing. The authors also appreciate the

Center for Nanotechnology, Materials Science and Microsys-
tems (CNMM) of National Tsing Hua University for providing
the tools in the processes.

REFERENCES

[1] A. Wisitsoraat, V. Patthanasetakul, T. Lomas, and A. Tuantranont,
“Low cost thin film based piezoresistive MEMS tactile sensor,”
Sens. Actuators A, Phys., vol. 139, nos. 1-2, pp. 17-22, Sep. 2007,
doi: 10.1016/j.sna.2006.10.037.

[2] C. Li, P-M. Wu, S. Lee, A. Gorton, M. J. Schulz, and C. H. Ahn,
“Flexible dome and bump shape piezoelectric tactile sensors using
PVDF-TrFE copolymer,” J. Microelectromech. Syst., vol. 17, no. 2,
pp. 334-341, Apr. 2008, doi: 10.1109/JMEMS.2007.911375.

[3] S.-K. Yeh, J.-H. Lee, and W. Fang, “On the detection interfaces for
inductive type tactile sensors,” Sens. Actuators A, Phys., vol. 297,
Oct. 2019, Art. no. 111545, doi: 10.1016/j.sna.2019.111545.

[4] K. Chun and K. D. Wise, “A high-performance silicon tactile imager
based on a capacitive cell,” IEEE Trans. Electron Devices, vol. 32, no. 7,
pp. 1196-1201, Jul. 1985, doi: 10.1109/T-ED.1985.22100.

[5] Z. Chu, P. M. Sarro, and S. Middelhoek, “Silicon three-axial tactile
sensor,” Sens. Actuators A, Phys., vol. 54, nos. 1-3, pp. 505-510, 1996,
doi: 10.1016/S0924-4247(95)01190-0.

[6] H. Takahashi, A. Nakai, N. Thanh-Vinh, K. Matsumoto, and
I. Shimoyama, “A triaxial tactile sensor without crosstalk using pairs
of piezoresistive beams with sidewall doping,” Sens. Actuators A, Phys.,
vol. 199, pp. 43-48, Sep. 2013, doi: 10.1016/j.sna.2013.05.002.

[7] C.-F. Hu, W.-S. Su, and W. Fang, “Development of patterned carbon
nanotubes on a 3D polymer substrate for the flexible tactile sensor
application,” J. Micromech. Microeng., vol. 21, no. 11, Nov. 2011,
Art. no. 115012, doi: 10.1088/0960-1317/21/11/115012.

[8] A. Charalambides and S. Bergbreiter, “A novel all-elastomer MEMS
tactile sensor for high dynamic range shear and normal force sensing,”
J. Micromech. Microeng., vol. 25, no. 9, Sep. 2015, Art. no. 095009,
doi: 10.1088/0960-1317/25/9/095009.

[9] C.-M. Sun, C. Wang, M.-H. Tsai, H.-S. Hsieh, and W. Fang, “Monolithic
integration of capacitive sensors using a double-sidle CMOS MEMS
post process,” J. Micromech. Microeng., vol. 19, no. 1, Jan. 2009,
Art. no. 015023, doi: 10.1088/0960-1317/19/1/015023.

[10] C.-T. Ko, S.-H. Tseng, and M. S.-C. Lu, “A CMOS micro-
machined capacitive tactile sensor with high-frequency output,”
J. Microelectromech. Syst., vol. 15, no. 6, pp. 1708-1714, Dec. 2006,
doi: 10.1109/JMEMS.2006.883569.

[11] E. Pritchard, M. Mahfouz, B. Evans, S. Eliza, and M. Haider,
“Flexible capacitive sensors for high resolution pressure mea-
surement,” in Proc. IEEE Sensors, Dec. 2008, pp. 1484-1487,
doi: 10.1109/ICSENS.2008.4716726.

[12] U. Bihin, “A low-cost, human-like, high-resolution, tactile sensor based
on optical fibers and an image sensor,” Int. J. Adv. Robot. Syst., vol. 15,
no. 4, pp. 1-13, Jul. 2018, doi: 10.1177/1729881418783631.

[13] C.-C. Wen and W. Fang, “Tuning the sensing range and sensitiv-
ity of three axes tactile sensors using the polymer composite mem-
brane,” Sens. Actuators A, Phys., vols. 145-146, pp. 14-22, Jul. 2008,
doi: 10.1016/j.sna.2007.10.011.

[14] Y.-C. Liu, C.-M. Sun, L.-Y. Lin, M.-H. Tsai, and W. Fang, “Development
of a CMOS-based capacitive tactile sensor with adjustable sensing range
and sensitivity using polymer fill-in,” J. Microelectromech. Syst., vol. 20,
no. 1, pp. 119-127, Feb. 2011, doi: 10.1109/JMEMS.2010.2090494.

[15] K.-W. Liao, M. T. Hou, H. Fujita, and J. Andrew Yeh, “Liquid-based
tactile sensing array with adjustable sensing range and sensitivity by
using dielectric liquid,” Sens. Actuators A, Phys., vol. 231, pp. 15-20,
Jul. 2015, doi: 10.1016/j.sna.2014.07.007.

[16] W.-C. Lai and W. Fang, “Novel two-stage CMOS-MEMS capacitive-
type tactile-sensor with ER-fluid fill-in for sensitivity and sensing range
enhancement,” in Proc. 18th Int. Conf. Solid-State Sensors, Actuat.
Microsyst., 2015, pp. 1175-1178, doi: 10.1109/TRANSDUCERS.
2015.7181138.

[17] W.-C. Lai, M.-Y. Lin, Y.-C. Lee, and W. Fang, “In-Process And In-
Use Modulation Of Sensitivity And Sensing Range For CMOS-MEMS
Tactile Sensor With Dielectric PDMS Nanocomposite,” in Proc. 20th Int.
Conf. Solid-State Sensors, Actuat. Microsyst. Eurosensors, Jun. 2019,
pp. 2523-2526, doi: 10.1109/TRANSDUCERS.2019.8808608.

[18] W. Noll, Chemistry and Technology of Silicones. Amsterdam,
The Netherlands: Elsevier, 1968, p. 392.

[19] G. Koerner, M. Schulze, and J. Weise, Silicones: Chemistry and Tech-
nology. Boca Raton, FL, USA: CRC Press, 1991, p. 52.

Authorized licensed use limited to: National Tsing Hua Univ.. Downloaded on February 22,2021 at 09:37:14 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1016/j.sna.2006.10.037
http://dx.doi.org/10.1109/JMEMS.2007.911375
http://dx.doi.org/10.1016/j.sna.2019.111545
http://dx.doi.org/10.1109/T-ED.1985.22100
http://dx.doi.org/10.1016/S0924-4247(95)01190-0
http://dx.doi.org/10.1016/j.sna.2013.05.002
http://dx.doi.org/10.1088/0960-1317/21/11/115012
http://dx.doi.org/10.1088/0960-1317/25/9/095009
http://dx.doi.org/10.1088/0960-1317/19/1/015023
http://dx.doi.org/10.1109/JMEMS.2006.883569
http://dx.doi.org/10.1109/ICSENS.2008.4716726
http://dx.doi.org/10.1177/1729881418783631
http://dx.doi.org/10.1016/j.sna.2007.10.011
http://dx.doi.org/10.1109/JMEMS.2010.2090494
http://dx.doi.org/10.1016/j.sna.2014.07.007
http://dx.doi.org/10.1109/TRANSDUCERS.2019.8808608
http://dx.doi.org/10.1109/TRANSDUCERS.2015.7181138
http://dx.doi.org/10.1109/TRANSDUCERS.2015.7181138

LAl et al.: ELECTRIC MODULATION ON THE SENSITIVITY AND SENSING RANGE OF CMOS-MEMS TACTILE SENSOR

5835

[20] S. H. Jeong, S. Zhang, K. Hjort, J. Hilborn, and Z. Wu, “PDMS-
based elastomer tuned soft, stretchable, and sticky for epidermal
electronics,” Adv. Mater., vol. 28, no. 28, pp. 5830-5836, Jul. 2016,
doi: 10.1002/adma.201505372.

W. Jennings, Analytical Gas Chromatography, 2nd ed. Amsterdam,
The Netherlands: Elsevier, 1987, pp. 59-73.

H. Frolich, Theory of Dielectrics: Dielectric Constant and Dielectric
Loss. London, U.K.: Oxford Univ. Press, 1987, pp. 1-9.

G. Raju, Dielectrics in Electric Fields, 2nd ed. Boca Raton, FL, USA:
CRC Press, 2016, pp. 34-50.

T. Shiga, A. Okada, and T. Kurauchi, “Electroviscoelastic effect of
polymer blends consisting of silicone elastomer and semiconducting
polymer particles,” Macromolecules, vol. 26, no. 25, pp. 6958-6963,
Dec. 1993, doi: 10.1021/ma00077a038.

[21]
[22]
[23]

[24]

[25] M.-H. Tsai, C.-M. Sun, Y.-C. Liu, C. Wang, and W. Fang,
“Design and application of a metal wet-etching post-process
for the improvement of CMOS-MEMS capacitive sensors,”

J. Micromech. Microeng., vol. 19, no. 10, Oct. 2009, Art. no. 105017,
doi: 10.1088/0960-1317/19/10/105017.

L. Rasmussen, Electroactivity in Polymeric Materials. Boston, MA, US:
Springer, 2012, pp. 16-23.

R. E. Pelrine, R. D. Kornbluh, and J. P. Joseph, “Electrostriction of
polymer dielectrics with compliant electrodes as a means of actu-
ation,” Sens. Actuators, A Phys., vol. 64, no. 1, pp. 77-85, 1998,
doi: 10.1016/S0924-4247(97)01657-9.

J. Cheng, Z. Jia, and T. Li, “Dielectric-elastomer-based capacitive force
sensing with tunable and enhanced sensitivity,” Extreme Mech. Lett.,
vol. 21, pp. 49-56, May 2018, doi: 10.1016/j.em1.2018.03.004.

R. D. Kornbluh et al., “Electroelastomers: Applications of dielectric
elastomer transducers for actuation, generation, and smart structures,” in
Proc. Ind. Commercial Appl. Smart Struct. Technol., vol. 4698, Jul. 2002,
pp- 254-270, doi: 10.1117/12.475072.

[26]

[27]

(28]

[29]

Wei-Cheng Lai was born in Taipei, Taiwan.
He received the M.S. degree from the Insti-
tute of Nano Engineering and Micro Systems,
National Tsing Hua University, Taiwan, in 2010,
where he is currently pursuing the Ph.D. degree
in power mechanical engineering. His major
research interests include MEMS tactile force
sensor, microphone, microspeaker, and fuel cell.

Meng-Lin Hsieh was born in Taipei, Taiwan.
He received the B.S. degree from the Depart-
ment of Power Mechanical Engineering, National
Tsing Hua University, Taiwan, where he is
currently pursuing the M.S. degree with the
Department of Power Mechanical Engineering.
His research interests include the design of
CMOS-MEMS tactile sensors and the application
of polymer for micro tactile sensors.

Weileun Fang (Fellow, IEEE) was born in Taipei,
Taiwan. He received the Ph.D. degree from
Carnegie Mellon University in 1995. His doc-
toral research focused on the determining of
the mechanical properties of thin films using
micromachined structures. In 1995, he worked
as a Postdoctoral Researcher at the Synchrotron
Radiation Research Center, Taiwan. He joined
the Power Mechanical Engineering Department,
4 National Tsing Hua University, Taiwan, in 1996,

where he is now a Chair Professor as well as a
faculty of the NEMS Institute. In 1999, he was with Prof. Y.-C. Tai at the
California Institute of Technology as a Visiting Associate. He became
the IEEE Fellow in 2015 to recognize his contribution in MEMS area.
His research interests include MEMS with emphasis on micro fabrica-
tion/packaging technologies, CMOS MEMS, CNT MEMS, micro optical
systems, micro sensors and actuators, and characterization of thin film
mechanical properties. He is now the Chief Editor of JMM, the Associate
Editor of IEEE SENSORS JOURNAL, and the Board Member of the IEEE
TRANSACTIONS ON DEVICE AND MATERIALS RELIABILITY. He served as
the member of ISC (International steering committee) of Transducers
in 2009-2017, and the ISC Chair in 2017-2019. He also served as
the General Chair of Transducers Conference in 2017. He was the
TPC of IEEE MEMS and EPC of Transducers for many years, and the
Program Chair of IEEE Sensors Conference in 2012. He served as the
Chief Delegate of Taiwan of the World Micromachine Summit (MMS)
in 2008-2012, and the General Chair of MMS in 2012. He has close
collaboration with MEMS industries and is now the VP of MEMS and
Sensors Committee of SEMI Taiwan.

Authorized licensed use limited to: National Tsing Hua Univ.. Downloaded on February 22,2021 at 09:37:14 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1002/adma.201505372
http://dx.doi.org/10.1021/ma00077a038
http://dx.doi.org/10.1088/0960-1317/19/10/105017
http://dx.doi.org/10.1016/S0924-4247(97)01657-9
http://dx.doi.org/10.1016/j.eml.2018.03.004
http://dx.doi.org/10.1117/12.475072


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


