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Abstract—Tactile sensor is an important medium to receive
touching information. The rapid development of the tactile
sensor technology was boosted by various application
needs and fabrication approaches. Among the applications,
force sensing is important in a variety of fields. Sev-
eral processes including polymer-based, silicon-based, and
CMOS-based fabrication techniques have been developed
to realize compact, low cost and power consumption, and
superiorly performing micro tactile force sensors. Among
them, CMOS-based tactile force sensor could leverage the
mature semiconductor fabrication technologies and services
and is also equipped with the potential of on-chip circuitries
with better signal processing capability and quality, which
transforms the tactile system into the next level by system on chip (SoC) integration. This article stands on an overall
scope of the CMOS-based tactile force sensor to systematically conclude and compare the advanced approaches. The
literature on CMOS-based tactile sensor will be reviewed, and process approaches and design concerns of various sensing

Piezoresistive Inductive Piezoelectric

Capacitive

mechanisms are introduced and discussed.

Index Terms— CMOS, MEMS, tactile sensor, force sensor, piezoresistive, capacitive, inductive, piezoelectric.

I. INTRODUCTION

ISION, hearing, olfaction, gustation, and tactile per-
Vception are five major senses for human. According
to the booming of industry 4.0, autonomous car, internet
of things, many sensors are required to act as human-
machine interfaces [1]. As inspired from the senses of human,
the vision, hearing, and tactile perception are considered as
promising approaches to serve as the human-machine interface
and have been extensively investigated. Comparisons with
the human cutaneous touch and use as e-skins have also
been discussed extensively in [2]-[6]. The tactile sense is
an approach to receive information such as force, temper-
ature, texture, etc. through the contact of object [2], and
spatially mapping tactile information can also be sensed by
employing tactile sensing arrays as compared with single-
point tactile sensing unit [2]-[6]. Presently, the tactile force
sensor has been widely used in various fields. Using the
robotics application as an example, it is required for nursing
care robots to be equipped with tactile force sensors for
the dexterous manipulation or collision detection and tactile
communication with human [7]. Furthermore, the tactile sen-
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sor systems with 3D force sensor in coordinate measuring
machine (CMM) system is a typical industry application to
monitor the process and quality control during the device
fabrication [8]. Also, for medical applications, a force feed-
back signal could minimize traumatic effects in minimally
invasive surgery [9], monitor the loads during the prosthetical
treatment [10], and improve medical treatment in orthodontic
therapy [11]. Lastly. the tactile sensor could also penetrate
into the consumer market as human machine interfaces for
entertainment applications [12]. Further information regarding
the numerous applications for tactile sensors and details of
their measurement specification, price, etc. have been dis-
cussed in [6], [13]. In this review article, the force detection
function for tactile sensors is the main target unless otherwise
specified.

The commercially available conventional force sensors are
made by precision-made metal structures with the attachment
of strain gauges [14]. Despite their stable performances,
the conventional sensors are bulky and costly. Therefore, the
approach to integrate the tactile sensor into the target systems
for applications is challenging. The silicon or non-silicon
based micromachining technologies have been extensively
exploited to implement the micro-electro-mechanical sys-
tems (MEMS) and find broad applications in the miniaturized
sensors and actuators. The MEMS technology paves way for
the size as well as cost reduction of the tactile sensor, and
MEMS tactile force sensors are commercially available for
specific applications [15]-[19]. Moreover, additional benefits
taken from the semiconductor materials such as the higher
gauge factor from the doping silicon [20] for piezoresis-
tive force sensing, higher initial capacitance and capacitance
change from the fine sensing gap defined by MEMS process
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Fig. 1. Schematic illustrations of commercial MEMS tactile force
sensors, (a-d) piezoresistive sensing devices [15]-[18] and (e) capacitive
sensing device [19].

for capacitive sensing, etc. provide superior performance as
compared with non-MEMS fabrication approach. Fig. 1 shows
schematic illustrations of five commercial MEMS tactile
force sensors, including the piezoresistive sensing devices in
Fig. la-d [15]-[18], and the capacitive sensing device in
Fig. le [19]. Various micro deformable structures such as
membranes and bridges have been designed for these sensors.
The tactile forces could deform the microstructures and further
lead the resistance or capacitance changes of the sensors, and
hence the applied loads can be detected through electrical
sensing signals. Moreover, to properly apply the tactile load
on the micro deformable components and also to protect these
fragile thin film structures are critical design concerns for these
products. In this regard, these commercial tactile force sensors
have adopted polymer materials to serve as the force contact
interface or force transmission medium, as depicted by the
green color in Fig. 1.

To date, various MEMS technologies have also been inves-
tigated and developed to design and fabricate micro tactile
sensors. For instance, polymer-based fabrication processes
have been reported to implement the flexible, stretchable,
and large area tactile force sensors [21]-[25]. The silicon-
based fabrication processes have successfully been adopted
to realize many commercial sensors [26]. Thus, the avail-
able design tools and process technologies, and the com-
mercial supply chain and research resources are relatively
mature. Many silicon-based tactile sensors fabricated using
different processes have been reported [27]-[29]. However,
it remains challenging to transfer these silicon-based fabrica-
tion processes developed in research institutions to commercial
foundries. On the other hand, various standard Complementary
Metal-Oxide-Semiconductor (CMOS) processes have been
established in many foundries worldwide. It could shorten the
development time for commercialization by leveraging these
existing CMOS process technologies to develop the MEMS
tactile sensors. Moreover, the CMOS process offers various

(a) 2P4M (2 poly-Si, 4 metals ) CMOS process

Silicon substrate

(b) 1P6M (1 poly-Si, 6 metals ) CMOS process

Silicon substrate
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Metal Via Poly-Si  Silicon  Field P+ N well
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Fig. 2. Typical commercial standard CMOS processes, (a) TSMC 0.35
um 2P4M CMOS process and (b) TSMC 0.18 um 1P6M CMOS process.

advantages such as on-chip circuitry and device integration,
small linewidth definition, multi-layer electrical routings, and
so on [30], [31]. Thus, the CMOS-based process technologies
are regarded as promising approaches to develop MEMS
tactile sensors.

This review will introduce the CMOS-based MEMS
processes and their applications for the development of various
tactile sensors. Section 2 will focus on detailed discussions
of CMOS process platforms and the post-CMOS processes
for MEMS sensors and the advantages of using the platform
for tactile sensors are emphasized. After that, CMOS-based
tactile sensors of different sensing mechanisms, including
piezoresistive, capacitive, inductive, and piezoelectric are
respectively reviewed in Section 3-6. Distinct CMOS and
related post-CMOS processes, sensing mechanisms, mechani-
cal structure designs, tactile force contact interfaces, and force
transmission medium are highlighted. Besides, the design
concerns regarding the fabrication processes and mechanical
structures of sensors are also commented and concluded.
Finally, the conclusions and future outlook on the overall scope
of CMOS-based tactile sensors are summarized in Section 7.

Il. CMOS-BASED MEMS SENSOR

The CMOS process platforms are originally developed for
the fabrication of integrated circuits, including microcontroller,
microprocessor, digital logic circuit, and so on. Presently, there
are various mature and standard CMOS process platforms
provided by many commercial foundries. Take TSMC (Taiwan
Semiconductor Manufacturing Co., Taiwan) foundry as an
example, as shown in Fig. 2, the 0.35 ym 2P4M (two poly-Si
and four metal layers) and the 0.18 um 1P6M (one poly-Si
and six metal layers) CMOS platforms are two available
standard processes. The CMOS processes, including the front-
end-of-line (FEOL) and back-end-of-line (BEOL) processes,
typically consist of silicon (with different dopants), polysil-
icon (with different dopants), metal, and dielectric layers.
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Thus, the electronic components such as the transistor, capac-
itor, resistor, etc., and their electrical connections and outputs
are achieved. The rest of the cross-section schematics in
this article will follow the color scheme of Fig. 2. From the
perspective of sensor development, existing CMOS processes
offer the required materials for different sensing mechanisms,
for example, the doped silicon and polysilicon with piezore-
sistivity, the polysilicon with thermoelectric effect, and the
metal layers for capacitive sensing electrodes and inductive
coil. Thus, various post-CMOS processes such as the etching
of metal and dielectric films and the silicon substrate on the
CMOS chips have been developed to fabricate the micro sens-
ing devices (CMOS-based MEMS sensors), by which MEMS
sensors of piezoresistive [32], thermoelectric [33], capacitive
[34], and other sensing approaches have been demonstrated.
Moreover, the electronic components available in the CMOS
processes can also be exploited to realize sensors, for instance
the diode for temperature sensing [35]. Since the CMOS
process is mainly used to implement integrated circuits (ICs),
it is easy for CMOS-based MEMS sensors to be monolithically
fabricated and integrated with microelectronics, hence the sen-
sors or sensing systems can be achieved through the system-
on-chip (SoC) approach. In this regard, the CMOS-based
MEMS sensor could offer many advantages such as to reduce
the electromagnetic interference [36] and the footprint of
sensing system [37], to enhance the signal-to-noise (SNR)
ratio [38], etc. [30]. In conclusion, the CMOS-based MEMS
technology is a promising approach for sensor development
and sensing system integration. Presently, many CMOS-based
MEMS sensors and sensing hubs have been developed in
research organizations as well as in the industry, such as
the accelerometer [39], humidity sensor [40], bolometer [41],
thermopile based infrared sensor [42], and so on.

Despite the CMOS-based MEMS sensors exhibiting many
advantages, some design concerns and limitations resulted
from the fabrication processes cannot be ignored. For
instance, micro mechanical structures implemented using the
CMOS-based processes are composed of metal and dielectric
films with process-induced residual stresses. Thus, MEMS
structures have unwanted deformations after being suspended
from the substrate [43]. Moreover, the metal and dielectric
films have different coefficients of thermal expansion (CTE),
and hence the MEMS structures will deform due to the tem-
perature variation [44]. Furthermore, some of the functional
materials such as the piezoelectric film are not available for
the standard CMOS processes [45]. The process compatibility
issues such as the thermal budget [46], contamination, and so
on, will be critical concerns to deposit new functional materi-
als. In short, to leverage the process technologies of existing
CMOS platforms is a convenient approach to fabricate MEMS
sensors, however, many design issues need to be considered
to implement reliable CMOS-based MEMS sensors. Note that
the above design concerns will not be investigated or discussed
for articles reviewed in the following sections.

[1l. PIEZORESISTIVE TACTILE FORCE SENSORS

The piezoresistive sensing (strain gauge) iS a common
approach to detect static and dynamic loads, for example
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Fig. 3. The schematic illustration and SEM micrograph of the CMOS-
based piezoresistive tactile force sensor for normal force detection using
cantilevers with poly-Si piezoresistors, and deforming schematic for

the cantilever sensing structure (SEM micrograph reprinted from [32],
copyright © 2019, IEEE).
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in tire pressure sensors [47] and accelerometers [48]. The
piezoresistive materials, such as the doped single crystal
silicon and polysilicon, are available for the CMOS processes,
as shown in Fig. 2. These functional materials can be exploited
to develop the CMOS-based piezo-resistive tactile force sen-
sors [32], [49]-[63]. Similar to most of the piezoresistive
MEMS sensors, higher gauge factors can be achieved for
these CMOS-based devices through the superior piezoresistive
coefficient of single crystal silicon and polysilicon [20]. Nev-
ertheless, piezoresistive sensors are sensitive to temperature
changes, and this poses a design concern [64]. In addition to
the functional materials, the deformable mechanical structures
are required to yield the stress or strain when tactile load is
applied. Thus, the stress or strain can be detected by piezore-
sistors embedded in the deformable structures, so as to further
determine the tactile loads. Typically, the dielectric and metal
layers for the BEOL of CMOS processes can be employed to
fabricate the deformable MEMS structures [65]. In this regard,
many different novel structures such as cantilevers, bridges,
diaphragms, etc., have been developed to meet the design
specifications of various applications. Moreover, as mentioned
in Section 1, the real physical contact of force and sensing
chip is an occurring concern for tactile sensors. It is of special
importance to consider the force contact interface and the
force transmission medium as critical design issues. Based
on different deformable mechanical structures, this section
will introduce various piezoresistive tactile sensors. These
tactile sensors are designed and implemented through different
CMOS processes. In some cases, the force contact interface
and force transmission medium will also be discussed. The
SEM micrographs in the following section were selected to
show the structural design of the sensor and are not meant to
represent the fabricated sensor in final use, that is, the force
contact interface and transmission medium are missing in the
micrographs. Note that the following literatures will focus on
the longitudinal/transverse piezoresistive effect design.

A. Cantilever-Like Structure

The cantilever (a beam with only one end fixed) is a
simple mechanical structure which can be easily fabricated
using the micromachining processes, and hence finds extensive
applications in MEMS devices. Fig. 3 shows a typical example
of using the cantilever with embedded poly-Si piezoresistor
at the fix end of the beam as sensing elements to detect
normal tactile loads [32]. The deforming schematic under
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Fig. 4. The schematic illustration and SEM micrograph of the CMOS-
based piezoresistive tactile force sensor for fingerprint detection using
cantilevers with poly-Si piezoresistors (SEM micrograph reprinted from
[49], copyright © 2004, IEEE).

influence of external load for the cantilevers is also shown. The
CMOS chip is prepared by the TSMC 0.18 xm 1P6M standard
process, and followed up with the etching of sacrificial metal
films and tetramethylammonium hydroxide (TMAH) bulk Si
etching. This particular CMOS process offered six metal
layers. In addition to serving as the sacrificial layers, two
metal layers are respectively exploited to fabricate the spiral
coil and electrical routings. Thus, the inductive proximity
sensor is monolithically integrated with the tactile sensor in the
vertical direction. The object can be monitored by this sensor
before and after contact. This sensor shows the advantage of
the CMOS process for integrating multiple sensing elements.
In this study, the chip is encapsulated by polymer after the
molding process, and a glass bump is bonded on the polymer.
The polymer serves as the buffer layer to transmit tactile
load to micro cantilevers (force transmission medium), and
also protects fragile suspended cantilevers. Moreover, the glass
bump acts as the force contact interface for the tactile sensor.
As shown in Fig. 4, a fingerprint sensor using mechanical
cantilever array embedded with polysilicon piezoresistors was
presented in [49]. The fingerprint sensor is implemented by
the CMOS process (Austriamicrosystems 0.6 x4m 3M CMOS
process) and the post-CMOS releasing process of TMAH bulk
Si etching. A polymer layer is placed on the surface of the
sensing chip to act as the protective layer as well as the
force contact interface and the force transmission medium.
The pattern of fingerprint can be determined by measuring
resistance changes of the cantilever array induced by tactile
loads from ridges and valleys of the finger. Sweeping of
the finger is required to receive the whole pattern of the
fingerprint. This study demonstrates the concept of using array
type cantilevers to detect the surface profile through tactile
contact. The sweeping fingertip speed and the reliability of
the cantilever (breakage under higher loads) are two major
design concerns. Moreover, algorithms for the detection and
scanning of the fingerprint information are required [50].

B. Bridge-Like Structure

The bridge (a beam with both ends fixed) is also a common
mechanical structure for MEMS devices. The piezoresistors
can be embedded in the two fixed ends of the bridge, and
further be employed to form a Wheatstone bridge sensing
circuit. Fig. 5 shows an example of using two orthogonal
bridges to detect the 3-axis tactile loads [51]. The deforming
schematics under influence of external load for the bridges
are also shown. The device is fabricated by the TSMC 0.18
um 1P6M standard CMOS process, the etching of sacrificial
metal films, and the TMAH bulk Si etching. This design takes
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Fig. 5. The schematic illustration and SEM micrograph of the CMOS-
based piezoresistive tactile force sensor for tri-axial force detection

using bridges with poly-Si piezoresistors, and deforming schematic
for bridge sensing structure. (SEM micrograph reprinted from [51],

copyright © 2020, IEEE).
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Fig. 6. The schematic illustration and SEM micrograph of the CMOS-
based piezoresistive tactile force sensor for tri-axial force detection
using bridge-like structures with poly-Si piezoresistors (SEM micrograph
reprinted from [52], copyright © 2019, IEEE).

advantage of the selected CMOS process with 6 available
metal and dielectric layers to offer the required structure and
sacrificial layers as well as the electrical routings. Thus, the
two vertically-integrated bridges and three sets of Wheat-
stone bridges can be realized. The vertical integration of
the bridges can successfully reduce the footprint required to
realize tri-axial force sensing. As indicated in Fig. 5, twelve
embedded piezoresistors are distributed in the fixed ends
of bridges and the silicon substrate to form three sets of
Wheatstone bridges to respectively measure the 3-axis tactile
loads. The in-plane bending of these two bridges enables
the detection of shear forces in two orthogonal directions,
and the normal tactile load is detected by the out-of-plane
bending of bridge. Finally, this study employs the molded
polymer to protect the bridges and also to serve as the force
contact interface and the force transmission medium. Fig. 6
displays another example of using bridge-like structures to
detect the 3-axis tactile loads [52]. In this study, four sensing
elements are distributed in the four corners of the CMOS
chip. Each sensing element consists of the bridge-like cross
structure with embedded piezoresistors to form the Wheatstone
bridge. The in-plane shear loads and the out-of-plane normal
loads will cause sensing elements to produce different sets
of resistance changes. Based on the relation of resistance
changes, the 3-axis tactile loads are extracted. As compared
with the vertically-integrated bridges in [51], the design in [52]
requires less dielectric layers to form the mechanical structure,
and hence the TSMC 0.35 gm 2P4M standard CMOS process
is used in this study. Similar to the design in Fig. 3, the spiral
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Fig. 7. The schematic illustrations of the CMOS-based piezoresistive
tactile force sensor for normal force detection using membrane with
doped-Si piezoresistors [53].

coil for proximity sensing can also be integrated in these
two 3-axis tactile sensors by using the metal film of CMOS
process.

C. Membrane (Diaphragm) Structure

The membrane (diaphragm) structures have been exten-
sively applied in MEMS pressure sensors and microphones.
However, since the membrane structure has its boundaries
completely fixed, there are several design and process concerns
for the CMOS-based tactile sensors such as the complicated
warpage due to the release of residual stresses, the etching of
sacrificial layer or substrate underneath, the fill-in of polymer
protection layer, and so on. As shown in Fig. 7, the CMOS
process on the p-type SOI wafer (KEC Corp.) is used to
fabricate the normal load tactile sensor with a membrane as the
load-deflection structure [53]. After the etching and patterning
of the handling substrate of the SOI wafer, the membrane is
formed by the suspended device silicon layer and the BEOL
metal and dielectric layers. The tactile bump is achieved by the
patterned handling substrate, and the piezoresistor is defined
by the doped device layer. Finally, the chip is flip bonded
on the printed circuit board (PCB) for applications, and the
photoresist is patterned as the spacer to define the gap between
the deformable membrane and the PCB. Note that the device
is covered with silicone rubber as the protection layer as
well as the force contact interface and the force transmission
medium. This study shows the possibility to use the bulk
silicon etching and bonding to form the suspended membrane
with piezoresistors on the CMOS chip.

As inspired by the human fingertip, the high density piezore-
sistors array embedded in a suspended diaphragm on the
CMOS chip has been investigated in [54]-[58]. As shown in
Fig. 8a, the CMOS process (Toyohashi University) is used to
fabricate the piezoresistors and sensing circuits on the device
layer of SOI wafer. After flip bonding to a package wafer with
cavity and through-via, the handling substrate is patterned and
thinned by DRIE to define the diaphragm and the attached
pillar array [54]. Another design is displayed in Fig. 8b.
In this design, the CMOS chip with piezoresistors and sensing
circuits on the SOI wafer is etched from backside (handling
substrate) to define the suspended diaphragm. The CMOS chip
is then bonded to a package wafer with cavity and through-
via, and the SU-8 pillar array is fabricated on the diaphragm
by lithography [55]. These designs enable the modulation
of diaphragm stiffness and surface profile pneumatically to
tune the sensing performances of the tactile sensor and to
imitate the 3D surface topology of the human fingertip [56].
Special applications can be achieved through this design

(@

@latm

Force contact interface

thermometer Piezoresistor Membrane
l Packaged wafer

bonding wire Pneumatic pressure

@latm

bondmg wire Force contact interface

—
Piezoresistor

Membrane

thermometer

Packaged wafer
aneumatic pressure

Fig. 8. The schematic illustrations of the CMOS-based piezoresistive
tactile force sensors with multi-function tactile load sensing using mem-
brane with doped-Si piezoresistors, (a) design in [54] and (b) design in
[55].

at the cost of system complexity. Moreover, the embedded
piezoresistors could detect normal loads and their distribution
on diaphragm [57]. And by adding the pillar array to act
as the force contact interface, the sensing of slippage and
in-plane shear force loads can be achieved [58]. In short,
the diaphragm structure is needed in these CMOS chips
to fulfill the requirement of pneumatic modulation sensing
devices. In addition to the tactile force detection, the thermal
distribution of contact object can also be measured through the
thermometer monolithically integrated with each sensing taxel
by the polysilicon of the CMOS process. The signal fluctuation
of piezoresistors caused by the temperature variation can also
be monitored and compensated.

D. Hybrid Structure

The vertical integration of two bridge structures in Fig. 5
shows the advantage offered by the multi-layer BEOL of
CMOS platform. Fig. 9 further demonstrates the vertical
integration of membranes and cantilevers using the TSMC
0.18 um 1P6M standard CMOS process [59]. Two vertically-
integrated membranes are suspended after the sacrificial layers
etching, and the cantilever array is suspended after the TMAH
bulk silicon etching. The two membrane with metal elec-
trodes forms the capacitive-type force sensing (first stage), and
the cantilever array with embedded polysilicon piezoresistors
forms the Wheatstone bridge for piezoresistive-type force
sensing (second stage). The top membrane will be deformed
by tactile load to cause the variation of capacitive sensing gap,
and as the load increases, the top membrane will eventually
contact the bottom membrane resulting in the deflection of the
cantilever array. Thus, the first stage capacitive sensing is used
to detect smaller loadings, while the second stage piezore-
sistive sensing is used to sense larger loadings. However,
the mechanical coupling between the first stage and second
stage mechanical structures, and the suitable force contact
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Fig. 9. The schematic illustration and the SEM micrograph of the
CMOS-based piezoresistive/capacitive tactile force sensor for normal
force detection using hybrid structure with poly-Si piezoresistors and
capacitive sensing electrodes (SEM micrograph reprinted from [59],
copyright © 2017, IEEE).

interface and force transmission medium should be integrated
for future application.

In conclusion, this section reviewed various existing
CMOS-based piezoresistive type tactile force sensors.
As demonstrated in these articles, various deformable mechan-
ical structures, such as the cantilever, bridge, and mem-
brane, with embedded Si or polysilicon piezoresistors are
implemented by different CMOS and post-CMOS processes.
As indicated in Section 2, the poly-Si and doped Si layers
prepared in the CMOS FEOL processes provide available
piezoresistive sensing materials. Moreover, the metal and
dielectric layers prepared in the CMOS BEOL processes
enable the fabrication of various suspended deformable struc-
tures such as cantilever, bridge, membrane, and hybrid struc-
ture designs. The patterns of the stacked layers together
with different post-CMOS processes have been developed
to implement these structures to meet the requirements of
applications, and the sensors introduced in this Section are
categorized based on the designs of micro mechanical struc-
tures. In addition to the thin films of CMOS processes, the
polymer and structure for the force transmission medium and
force contact interface are also important design concerns for
the tactile force sensor, as depicted in Fig. 1. Through the
proper combination of piezoresistors, flexible structures, and
polymer layer designs, various 1-axis and 3-axis tactile force
sensors have been demonstrated [32], [49]-[59]. According
to the similar concept, the performances (e.g. force sensitivity,
cross-talk between different axes loads, etc.) of CMOS-based
tactile force sensors can be further improved by designing the
piezoresistors, flexible structures, and polymer layer. Note that
the piezoresistor is sensitive to ambient temperature changes.
It is convenient to leverage the advantage of CMOS process to
monolithically integrate the thermometer with the tactile force
sensors on a single chip. The in-situ temperature monitoring
of the piezo-resistive tactile force sensor for signal processing
and compensation can be achieved. Last but not least, in
addition to the longitudinal/transverse piezoresistive effect,
the doped Si also has the shear piezoresistive effect which
has also been exploited to develop CMOS-based tactile force
sensors [60]-[63].

IV. CAPACITIVE
The capacitive sensing is also a mature technology adopted
by many commercial products such as the pressure sensor [66],
microphone [67], accelerometer [68], and so on. The defor-
mation or displacement of mechanical structures caused by
physical loads (pressure, acceleration, etc.) will be detected by

the capacitance change of sensing electrodes. Two approaches
are frequently exploited to induce the capacitance variation
of capacitive tactile force sensors, such as the gap difference
between two electrodes (gap-closing effect [24]), and the
change of overlapped area between two electrodes (area-
change effect [69]). As displayed in Fig. 1, the CMOS process
is equipped with the functional material (multilayers of metal)
to realize capacitive sensing electrodes and their electrical
routings. Moreover, the multiple metal and dielectric layers of
CMOS process offer capabilities of superior electrical routing
and vertical integration of structures and electrodes. Besides,
the monolithic integration of the capacitive sensor with circuit
could reduce parasitic capacitance. These are especially impor-
tant for the capacitive tactile force sensors to form multiple
sensing electrodes and their electrical routings for signals input
and output. Similar to the approach in Section 3, the dielectric
and metal layers for the BEOL of CMOS processes can be
employed to fabricate the deformable MEMS structures [65].
However, it is not straightforward to implement the flexible
in-plane mechanical structure on the CMOS-based tactile
sensors to cause the area-change of sensing electrodes [69].
Presently, the gap-closing sensing based on the out-of-plane
deformation of membrane (diaphragm) by normal load is the
most common mechanism for the CMOS-based capacitive tac-
tile force sensor [70]-[81]. In this regard, the gap (including
size and material) between electrodes can be exploited to
change the sensitivity and sensing range of tactile sensors.
Thus, the force contact interface and the force transmission
medium mentioned in Section 3 remain important design
concerns. Two approaches to implement membrane structures
with embedded capacitance sensing electrodes on CMOS chip
will be discussed in this section.

A. Membrane Through Etching

As shown in Fig. 10 [70], the membrane with embedded
sensing electrode is suspended on the CMOS chip (TSMC
0.35 um 2P4M CMOS process) after removing the sacrificial
metal layers. The reference electrode is anchored to the
substrate. This step also defines the capacitive sensing gap.
Finally, the gap will fill with the polymer to modulate the net
stiffness of the tactile force sensor. The out of plane tactile
force can be detected by the capacitance change of sensing
electrodes after the deformation of the suspended membrane.
This design enables the distinct sensitivity and sensing range
of the tactile sensor through different fill-in polymers. Thus,
the economical, fast, and flexible approach to modulate sensor
performances is achieved without changing photo masks. The
concept is further extended to develop the tactile sensor
with vertically integrated sensing electrodes using the CMOS
process with more metal and dielectric layers (TSMC 0.18 um
1P6M CMOS process) [71]. As shown in Fig. 11, the capaci-
tive tactile sensor consists of two deformable membranes (top
and middle membranes) with embedded sensing electrodes
and one reference electrode anchored to the substrate. After
removing the sacrificial metal layers to suspend the mem-
branes, the CMOS chip is encapsulated by the polymer. The
top glass bump is used as the force contact interface and
the polymer fill-in between electrodes served as the force
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Fig. 10. The schematic illustration and micrograph of the CMOS-based
capacitive tactile force sensor for normal force detection using CMOS
membrane with polymer filler (micrograph reprinted from [70], copyright
© 2011, IEEE).
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Fig. 11.
capacitive tactile force sensor for normal force detection using vertically
integrated CMOS membranes with polymer filler (micrograph reprinted
from [71], copyright © 2019, IEEE).

The schematic illustration and micrograph of the CMOS-based

Capacitive sensing (1% stage)
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-

Fig. 12. The schematic illustration and SEM micrograph of the CMOS-
based capacitive tactile force sensor for normal force detection using two-
stage capacitive sensing design with ER-fluidics filler (SEM micrograph
reprinted from [72], copyright © 2015, IEEE).

transmission medium. Thus, the upper and the middle mem-
branes with electrodes can simultaneously deform after load-
ing. These vertically integrated electrodes form two parallel
connected capacitors to increase the sensing capacitance, and
the footprint of sensing chip remains the same. By leveraging
the superior electrical routing capability of CMOS process, the
single membrane can be discretize into array membrane to
offer the design flexibility.

Moreover, the similar fabrication process (TSMC 0.18 um
1P6M CMOS) has also been exploited to develop the
two-stage capacitive tactile sensor for sensing range enhance-
ment [72]. Fig. 12 depicted the cross section view of the
sensing structure composed of three sensing electrodes. The
electrorheological (ER) fluid is dispensed and sealed (by
parylene) into the upper gap between two deformable mem-
branes with embedded electrodes to act as the first stage
capacitive sensing unit, and the bottom gap with no fill-in and
its adjacent electrodes to act as the second stage capacitive
sensing unit. Similar to the structure in Fig. 9, the smaller
normal tactile load deforms the top membrane and sensed by
the first stage sensing unit, while the larger force is further
transmitted and deforms the middle membrane and sensed
by the second stage sensing unit. The enhancement of the
sensing range is then achieved. Moreover, the ER fluid can be
modulated by electric field to tune the stiffness as well as the
characteristics of the first-stage sensing unit. Thus, the in-use
modulation of the sensing performances is demonstrated by

Two-by-two array
of membrane
capacitors

Bandgap

reference  1°C interface

Force contact interface/
force transmission medium

= =
Fig. 13. The schematic illustration and micrograph of the CMOS-based
capacitive tactile force sensor for normal force detection using CMOS

membrane defined through backside Si etching (micrograph reprinted
from [75], copyright © 2007, IEEE).

Programmable M
reference
element

ZA-modulator

this CMOS-based sensor. The concept of in-use modulation of
the sensing performances for tactile sensor is also achieved in
[73]. The chip is fabricated using the similar processes as the
one in Fig. 12 except the fill-in material is dielectric PDMS
nanocomposite. This design consists of the top loading unit
with two driving electrodes, and the bottom sensing unit with
two sensing electrodes. Thus the stiffness of the loading unit
can be modulated either in-use or in-process by varying the
input voltage. Thus, sensitivity and sensing range of the tactile
sensor can be modulated.

As reported in [74], [75], the etching of oxide or alu-
minum sacrificial layers is exploited to fabricate the suspended
membrane to realize the capacitive tactile force sensor on
the CMOS chip (Austriamicrosystems 0.8 um 2P2M CMOS
process). Fig. 13 shows the cross-sections of sensors respec-
tively defined through the removal of oxide or aluminum
sacrificial layers after the bulk silicon micromachining. Note
that the backside cavity on the silicon substrate was patterned
by KOH to suspend the BEOL layers to define the membrane.
The CMOS-based tactile sensor shows novel application for
extravascular blood pressure monitoring [75], as shown in
Fig. 13. The CMOS chip composed of 2 x 2 capacitive
membranes and the peripheral circuits is displayed in this
micrograph. In this application, the thick polymer was used
as the force contact interface as well as force transmission
medium of the tactile sensor to ensure the effective contact and
force transmission. The proposed tactile sensor can be used to
measure the amplitude of blood pressure, as well as extract the
frequency of the extravascular pulse. The measurement results
of both were demonstrated to show the fluctuations of the
hemodynamic circulation, namely the effect of intrathoracic
pressure on blood pressure, and the heartrate difference due
to the vagus nerve stimuli on the SA node.

The concept of TI DMD has been adopted in [76] to
fabricate dense deformable membrane array (57334 total taxels
over 11.2mmx12.8mm array area) on top of the CMOS chip
for fingerprint detection. In this application, each taxel is a
capacitance sensing element. As shown in Fig. 14a, the post-
CMOS surface micromachining is employed to fabricate the
protrusions (tactile bumps), suspended membrane array, and
sensing electrodes on top of a CMOS chip (prepared by
the Nippon Telegraph and Telephone Corp (NTT) using the
0.5 um CMOS process). A special STP (spin-coating film
transfer and hot-pressing) process is used to seal the sensing
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Fig. 14. (a-b) The schematic illustration and (c) SEM micrograph of the
CMOS-based capacitive tactile force sensor for fingerprint sensor using
CMOS membrane array (SEM micrograph reprinted from [76], copyright
© 20083, IEEE).

electrodes of all taxels [82], thereby the concerns of water
and other contaminations during fingerprint sensing can be
avoided. Note the post-CMOS processes meet the thermal
budget requirement of CMOS chip. Fig. 14b also indicates
the scheme of fingerprint sensing. The ridges (valleys) on the
fingertip will (will not) deform the membrane of each sensing
taxel, and hence the fingerprint image can be determined
through the sensing capacitances distribution of the membrane
array. The typical fabricated fingerprint sensor with MEMS
structure on top of the CMOS chip is shown in Fig. l4c.
The protrusion defined by the polyimide was the force contact
interface of each taxel.

B. Membrane Through Bonding

In addition to the single chip approach discussed above,
the two chips solution is also available to realize the tactile
force sensor on the CMOS chip. In this regard, the CMOS chip
and an additional auxiliary chip can be separately fabricated
and then integrated through bonding to offer the process and
material flexibility [77], [80], [81]. As shown in Fig. 15a,
the CMOS chip (TSMC 0.18 um 1P6M CMOS) undergoes
in-house post-CMOS backside silicon substrate etching (by
TMAH) to fabricate the boss as the force contact interface
and meanwhile the thickness of the deformable membrane
(consisting of silicon substrate and the BEOL layers) for the
tactile sensor is also defined [77]. Moreover, the auxiliary chip
with reference sensing electrodes and electrical interconnec-
tion on the low temperature cofired ceramic (LTCC) substrate
is fabricated, and the Au layers are prepared and patterned
on both chips (also in-house process). Finally, the CMOS
chip is flip-chip bonded on the LTCC substrate using the
Au-Au bonding (thermal compression at 180°C). The bonding
temperature is lower than the thermal budget of CMOS chip,
and the LTCC substrate is selected for the matching of thermal
expansion coefficient with silicon [83]. The gap of the sensing
electrodes is defined by the height of the Au bump. Note that
under this architecture, the boss, suspended membrane, and the
sensing electrodes can be designed to meet the specifications
of multi-axes forces sensing [78]. More flexible designs on
the shape of boss and membrane can be defined by the
DRIE, and other sensing components such as the diode-based
thermometer can also be added onto the CMOS chip [79].

On the other hand, as shown in Fig. 15b, the deformable
membrane with sensing electrode is fabricated on the auxiliary
chip using the double side bulk micromachining on silicon
substrate [80]. Thus, the flexible membrane, the sensing gap,

(2)

CMOS-

diaphragm
Boss,

Force contact interface (silicon boss) ©

Flipped
CMOS

LTCC with electrical routing

(b)

Force contact interface (silicon boss)

BCB
= = 330303033 = =

CMOS

Force contact interface (silicon boss)

Dlaphraﬂm M E\IS structure

Fig. 15. Schematic illustrations and micrographs of the CMOS-based
capacitive tactile force sensors, (a) normal force detection design using
bonded capacitive membrane (micrograph reprinted from [77], copyright
© 2016, Elsevier), (b) tri-axial force detection design using bonded
capacitive membrane (micrograph reprinted from [80], copyright © 2012,
Elsevier), and (c) tri-axial force detection design using bonded capacitive
membrane (micrograph reprinted from [81], copyright © 2018, Elsevier).

and the boss for force contact interface are defined after the
TMAH wet etching. In this case, the CMOS chip is only used
to provide the sensing circuits. The benzocyclobutene (BCB),
with high chemical and thermal stability, small outgassing and
low permittivity [84], is selected as the adhesive bonding layer.
However, special treatments on the BCB layer are required.
By extending the concept in Fig. 15b, Fig. 15¢ shows the
implementation of deformable membrane, boss, and sensing
electrode on the auxiliary chip using the micromachining on
SOI wafer [81]. The boss and membrane are defined on the
handling substrate of SOI wafer using the DRIE, and the sens-
ing electrodes are patterned on the device layer. The process
on SOI wafer offers the design flexibility for realizing sus-
pended electrodes supported by torsional springs. Thus, novel
sensing mechanism is achieved through these electrodes. Note
that special requirements on the electrical interconnection and
routings such as the TSV are needed for the tactile force
sensors using membrane through bonding designs.

In conclusion, this section reviews CMOS-based capac-
itive tactile sensors fabricated using various CMOS and
post-CMOS processes. Based on the formation of deformable
structure (membrane) for these sensors, the discussions are
categorized as the single chip solution (membrane through
etching) and the two chips solution (membrane through bond-
ing). Similar to the approaches in Section 3, the suspended
MEMS structures are mainly formed by the metal and dielec-
tric layers of CMOS BEOL after the post-CMOS release
for the single chip solution. The single chip solution could
leverage advantages of the CMOS process to offer sub-micron
sensing gaps and multiple metal-layers electrical routings for
capacitance sensing electrodes. Thus, the design and inte-
gration of sensing electrodes are relatively flexible and the
sensing signal can be improved accordingly. Moreover, the
polymer filler between sensing electrodes could further be
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exploited to modulate the characteristics of tactile sensors.
Through this approach, the re-design and change of photo
masks are not required which can save development time
and cost. It is worth noting that, to enhance the capacitance
signal, a smaller gap between sensing electrodes is preferred.
In this regard, the residual stresses and CTE mismatch for
the metal and dielectric layers of CMOS BEOL will cause
unwanted deformations of the suspended MEMS structures
and further change the performances of the sensors. On the
other hand, for the two chips solution, the suspended MEMS
structures are formed through the wafer bonding. Thus, there
are more choices for the materials to fabricate the suspended
MEMS structures. The influence of residual stresses and CTE
mismatch for the thin film layers of CMOS BEOL can be
avoided. However, some concerns such as the uniformity and
repeatability of the sensing gap size defined by the whole
wafer bonding process cannot be ignored.

V. INDUCTIVE

As compared with the piezoresistive and capacitive MEMS
sensors, inductive sensors are found in fewer commercial
MEMS products (e.g. fluxgate magnetometer using the mag-
netic induction sensing mechanism [85], [86]), which is
due to the process development and integration of cus-
tomized magnetic film (e.g. strong magnetic field inside the
process equipment). Nevertheless, many research investiga-
tions regarding the inductive MEMS sensor are continuously
being reported, such as the proximity sensor [87], tactile force
sensor [88], [89], pressure sensor [90], accelerometer [91],
and so on. The sensing signal is mainly introduced by the
magnetic flux variation of the coil (or inductor) and can
be detected by either the inductance output or the voltage
output induced by the electromagnetic induction [92]. Thus,
the inductive MEMS sensors are typically equipped with
coils to generate magnetic flux, and a movable or deformable
medium as well as preferred materials to induce magnetic flux
change. In terms of fabrication processes, the electroplating
technique is the typical way to implement the micro planar-
shaped coil [87]-[89]. However, as limited by the process
capability, a relatively large device is required to fulfill the coil
number design. In this regard, the CMOS process (as depicted
in Fig. 1) with the available functional material (metal) is a
promising option to implement the sensing coil for inductive
sensors. The fine linewidth/pitch and multiple metal layers
processes enable the size reduction of the sensing coil [93]
as well as of the inductive tactile sensor. Moreover, when
applying the tactile load, the methods to induce and pick-up
magnetic flux variation of the sensing coil are also impor-
tant design considerations [94]. The existing articles mainly
employ the CMOS technology to fabricate coils and sensing
circuits, and then further integrate deformable and signal
pick-up structures on chip [94]. The force contact interface
mentioned in Section 3 plays a more important role here.

As shown in Fig. 16a, the CMOS chip (TSMC 0.35 um
2P4M standard CMOS process) with coils is encapsulated by
polymer (molding process) and then bonded with the stainless
steel sheet (laser-cut process) to form the inductive 1-axis
tactile sensor [94]. The flexible polymer acts as the deformable
spring, and the rigid stainless steel sheet serves as the force

Force contact interface
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Driving coil Lamml ===="

(b) Single coil: inductance output (c) Dual coils: voltage output

Force

Force contact
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Force contact
interface

Sensing
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Fig. 16.  (a) The schematic illustrations and the micrograph of the
CMOS-based inductive tactile force sensor for normal force detection
using stainless steel sheet force contact interface (micrograph reprinted
from [94], copyright © 2019, Elsevier), (b) single coil signal pick-up for
inductive sensing, and (c) dual coils signal pick-up for inductive sensing.

contact interface as well as the medium to interact with
magnetic flux (magnetic bump). In Fig. 16b and Fig. 16c¢, the
equivalent electrical-mechanical model (including magnetic
bump, mechanical spring, and the sensing coil with AC input)
is shown. When applying normal tactile force, the polymer
would deform, causing the stainless steel sheet to approach the
coils, which leads to magnetic flux change. Thus, the tactile
normal force is detected by the magnetic flux variation (AL,
from Ly to Lg). Since four metal layers are available in this
CMOS process, two coils can be vertically integrated in the
chip. Thus, the CMOS chip offers two magnetic flux pick-up
methods based on single coil or dual coils designs, as shown
in Fig. 16b [94]. For single coil design, the coil (sensing coil
in Fig. 16a) will generate, as well as pick-up, the magnetic
flux to detect the inductance change. For dual coils design (as
shown in Fig. 16a), the input signal is applied to the driving
coil and the output voltage change signal (AV, from Vq to
V) is pick-up by the sensing coil. Note that the sensing
performances can be easily modulated by using different
polymers and different sizes of the stainless steel sheets.

The sensing architecture in Fig. 16 can be extended to
different designs. As shown in Fig. 17a, the force contact
interface is replaced by the commercially available chrome
steel ball [95], [96]. Moreover, as displayed in Fig. 17b, two
distinct force contact interfaces (chrome steel ball and mag-
netic polymer composite (MPC)) are respectively integrated
with the polymer encapsulated CMOS chip by using the
wafer-level silicon molding process [97]. Thus, the charac-
teristics of inductive sensors can be modified by changing the
polymer materials (acting as spring in these designs) and the
changing of photo masks is not required. Furthermore, the tri-
axial tactile forces sensing can be achieved by changing the
coil design. As shown in Fig. 18a, sensing coils on CMOS
chip become the 2 x 2 array design [98]. The in-plane and out-
of-plane forces will cause the deformations of polymer, and
respectively lead to the gap and overlap-area change between
stainless steel sheet and coil array. Thus, tri-axes tactile
forces are detected by signals from four coils. Furthermore,
the above concept can be applied to the application of micro
joystick by changing the design of force contact interfaces
[99], as depicted in Fig. 18b. The stainless steel sheet with
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(b) Fig. 19. The scheme illustration and the micrograph of the CMOS-based
Force contact inductive tactile force sensor for normal load/temperature detection using
. flip-chip design (micrograph reprinted from [100], copyright © 2020,
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I Fig. 20.  The schematic illustration and SEM micrograph of the

inductive tactile force sensor for normal force detection using differ-
ent force contact interface designs, (a) chrome steel ball (micrograph
reprinted from [95], copyright © 2018, IOP Publishing), and (b) the
encapsulated chrome steel ball and magnetic polymer composite (MPC)
through polymer molding (micrograph reprinted from [97], copyright
© 2019, IEEE).
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Fig. 18. Schematic illustrations and micrographs of the CMOS-based
inductive tactile force sensors, (a) for tri-axial force detection using stain-
less steel sheet force contact interface (micrograph reprinted from [98],
copyright © 2019, IEEE), and (b) for micro joystick application using 3D
etched stainless steel sheet force contact interface (micrograph reprinted
from [99], copyright © 2019, IEEE).

bumps is fabricated by the commercially available etching and
laser cutting processes.

To shrink the size of the sensor, a flip bonded backside
loading design is presented in [100], as shown in Fig. 19.
A cavity is defined on the backside of the CMOS chip
with inductive sensing coil to house the polymer filler as
spring and chrome steel ball (force contact interface). Thus,
the additional mold for polymer filling in [94]-[99] is not
required, and the detaching of the assembled ball by shear
loads could be avoided [95], [96]. This design also shows the
capability of monolithically integrating the resistive temper-
ature detector (RTD) on the CMOS chip to in-situ monitor
the temperature of the contact object, and the thermal drift of
sensing signals can also be compensated.

CMOS-based piezoelectric tactile force sensor for normal dynamic force
detection (SEM micrograph reprinted from [109], copyright © 2009, AIP
Publishing).

In conclusion, magnetic sensing is a promising approach
for the development of various sensors. However, the chip
scale MEMS magnetic sensors are limited by the fabrication
and integration of thin magnetic film. This section reviews
the approaches to fabricate coils using the standard CMOS
process, and further implement the CMOS-based inductive
tactile sensors [94]-[100]. The deformable structures are
mainly contributed by the molded polymer instead of the
suspended CMOS layers in Sections 3-4. Thus, the prob-
lems resulted from the residual stress and CTE mismatch
of CMOS layers can be avoided. Through the design and
integration of coils and force contact interface (magnetic
bump), various inductive tactile force sensor (e.g. 1-axis to
3-axis force sensors) for different applications can be achieved.
Moreover, multiple coils can be realized through the available
metal layers of CMOS processes to offer different sensing
mechanisms. As a result, by using the polymer molding and
metal assembly processes on the CMOS chip, inductive tactile
force sensors can be easily achieved. Note that the inductive
tactile sensors reviewed in this section exploit the assembly
approach to integrate magnetic bump as the sensing interface,
hence the process to prepare the magnetic film is not required.
Nevertheless, the inductive sensors reviewed in this section
employed the molded polymer as the spring, and hence their
performances (e.g. sensitivity, initial offset, etc.) are sensitive
to the fluctuation of ambient temperature [94]-[100]. The
monolithically integrated thermometer on the CMOS chip
could help to in-situ monitor the ambient temperature for
signal compensation.

VI. PIEZOELECTRIC
The bulk piezoelectric materials have been applied in
many commercial transducers [101], [102]. According to the
progress of process technologies, the applications of thin film
piezoelectric materials have remarkably increased recently. For
instance, the piezoelectric sensing mechanism is exploited
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TABLE |
CMOS AND POST-CMOS PROCESSES FOR CMOS-BASED TACTILE SENSORS IN THIS REVIEW

CMOS process Post-CMOS processes
®  Austriamicrosystems 0.8 um 2P2M CMOS process ®  Surface micromachining
®  Austriamicrosystems 0.6 um 3M CMOS process ® Bulkssilicon etching
® X-FAB Semiconductor Foundries 0.6 pm 2P3M ® Electroplating
® Micronas 0.45 pm CMOS process ® Poling treatment (Piezoelectric sensing)
® Jazz Semiconductor 0.35 pm BiCMOS process ® Polymer dispensing, gluing, or molding
® KEC Corporation 1.5 pm SOI CMOS process ® Force contact interface integration
® TSMC 0.35 um 2P4M CMOS process ®  Wire bonding/Flip chip bonding
® TSMC 0.18 um 1P6M CMOS process ® MEMS/CMOS chip integration (two chips solution)
® In-house NMOS/CMOS process
TABLE Il
CMOS-BASED TACTILE SENSORS WITH DIFFERENT TRANSDUCTION METHODS AND THEIR BENEFITS/CONCERNS
:l’ ;ZZ”Z:C"”” Benefits Design concerns Process concerns
Piezoresistive ®  Simple signal processing ® Thermal influences (material, etc.) ®  Selectivity of the etchant in releasing process
® Compatible with various structure ®  Suspended thin film structures (residual ®  Piezoresistivity control of CMOS
designs (easily to embed the stress of CMOS films) ® Residual stress of CMOS layers
piezoresistors in the CMOS process) ® Relatively high power consumption ®  Thermal budgets of CMOS
® Relatively compact sensing unit as
compared with other transduction
methods
Capacitive ®  Submicron gap precisely defined using ® Thermal influences (CTE mismatch of One chip solution (membrane through etching):
CMOS layers (one chip solution defined the CMOS composite thin films, etc.) ®  Selectivity of the etchant in releasing process
in CMOS BEOL process) ®  Suspended thin film structures (residual ® Residual stress of CMOS layers
® Low power consumption stress of CMOS films) ®  Thermal budgets of CMOS
®  Parasitic capacitance influences in the Two chips solution (membrane through bonding):
circuit ®  The control of the gap between the capacitor
® Dielectric film or stopper to prevent electrical short
® The control of the thickness of the etched silicon
®  Thermal budgets of CMOS
® Bonding alignment issues
Inductive ®  Thin film structure avoidable ® Thermal influences (expansion of the ®  Thickness and uniformity control of the polymer
® Simple fabrication processes polymer, etc.) ® Magnetic properties fluctuation by laser machining
® Distinct signal pick-up options ®  Material selection of the magnetic (magnetic bump)
bump spring design ®  Pick-place issues of magnetic bump (e.g.
® Relatively high power consumption misalignment, etc.)
(same level with piezoresistive type)
Piezoelectric ®  Thin film structure avoidable ® Thermal influences (material) ®  Availability and compatibility (thermal budget,
® MOS transistor for sensing and circuit ®  Sensitive to dynamic load only poling voltage, etching...) of piezoelectric film in
configuration ®  Noise of the bottom piezoresistive CMOS
® Wide dynamics load sensing capability signal of the MOS transistor ®  Uniformity of the thickness of the piezoelectric film
(~1kHz) ®  Pre-load is a necessity in operation ®  Uniformity strength of the poling process

® Low power consumption

to detect dynamics loads such as accelerometer [103],
microphone [104], piezoelectric micromachined ultrasonic
transducers (PMUT) fingerprint sensor [105], and so on.
The piezoelectric sensing mechanism is mainly accomplished
through the variation of the electrical dipole inside the material
under external physical loads [106]. As the piezoelectric film
is subjected to external physical loads, it will generate stress
and further introduce charges. Thus, the external loads (such as
pressure, acceleration, etc.) applied on sensor can be detected
through the charge variation. In this regard, as the piezoelectric
film is attached to the suspended MEMS structure, the stress as
well as charges can be increased [107]. Moreover, the sensor
performances can be further enhanced by larger piezoelectric
coefficients of the film (e.g. d31, d33z) [108]. Though the
concept is similar to the piezoresistive type sensors, it is
challenging to fabricate and integrate the piezoelectric films
and their electrodes. Especially since existing thin films in
the standard CMOS processes have no piezoelectric materials.
Other issues such as the process conditions (for example:
temperature), contamination, and so on, are also criti-
cal concerns for the CMOS foundry. Furthermore, due

to the characteristic of piezoelectric film, it can only be
applied to detect dynamic loads [109]—-[112]. In this section,
the integration of the piezoelectric film with the CMOS
process to implement the tactile force sensors will be dis-
cussed [109]-[112].

The integration of the piezoelectric film on top of the
NMOS/CMOS chip (in house process in Italian Institute of
Technology) to fabricate the Piezoelectric oxide semiconductor
field effect transistor (POSFET) for the detection of the tactile
normal dynamic force is reported in [109], [110], [111].
As depicted in Fig. 20, after the NMOS/CMOS processes,
the piezoelectric polymer film (P(VDF-TrFE)) and the top
electrode are then defined on the MOS structure. Note that the
poling condition of piezoelectric polymer film (85 °C, 200 V
(in four cumulative steps of 50 V each)) is considered in the
process to avoid damaging or altering the characteristics of
underlying MOS devices. When applying the normal tactile
load on sensor, additional charges will be induced in the
piezoelectric film, and further transferred to generate the
channel current into the MOS transistor for signal detection.
The same concept can be extended into the array design to
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detect the tactile load distribution, and the temperature sensor
is integrated during the NMOS/CMOS process to monitor
the thermal distribution and calibrate the noise from the
pyroelectric noise of the piezoelectric film [112].

Presently, many process technologies have been developed
to fabricate piezoelectric films, such as ZnO, AIN, PZT, and so
on, with good material properties [108]. Thus, the piezoelectric
films can find extensive applications in micro sensors and
actuators. Nevertheless, for the application of piezoelectric
film on the CMOS platform, the process integration remains
a critical concern. This section reviews an article to show a
simple approach to integrate the piezoelectric film and the
MOS device by using the post-CMOS process. For future
applications, through the additional backside Si etching on the
device in Fig. 20, the piezoelectric film could be attached to a
suspended MEMS structure so as to enhance its sensitivity.
Thus, the sensitivity and sensing range of this device can
be modulated by the depth of backside Si etching. For real
applications, the static tactile load sensing unit is still required
on this CMOS chip to ensure the proper contact of the loading
object during the dynamic force measurement.

VIl. CONCLUSION AND FUTURE OUTLOOK

The standard CMOS platforms together with post-CMOS
processes have been extensively applied to implement various
micro sensors. Such approaches could leverage the mature
CMOS technologies and also offer the capability of monolithic
integration of sensing circuits. The available thin film layers
in FEOL/BEOL of CMOS processes provide the required
functional materials and electrical routings to realize tactile
force sensors of piezoresistive, capacitive, and inductive types.
The piezoelectric type sensor can also be developed by adding
the functional thin film in the post-CMOS processes. In sum-
mary, the CMOS-based fabrication processes are a promis-
ing approach to implement micro tactile force sensors. This
review introduces various CMOS-based tactile force sensors.
Table I summarizes the fabrication processes, including the
CMOS and post-CMOS processes, employed and developed
to realize the tactile force sensors in this review. Among
them, the standard CMOS processes available in the com-
mercial foundries are mature and stable, whereas the cus-
tomized CMOS processes available in IDM (Integrated Device
Manufacturer) or research laboratories are flexible. Moreover,
most of the post-CMOS processes introduced in this review
mainly used thin film layers and silicon substrate etching
to fabricate the suspended MEMS structures. The additional
photolithography, thin film deposition and patterning, and even
bonding processes have also been exploited in some review
articles to show the flexibility of the post-CMOS fabrication.
In fact, TI and TDK-InvenSense have demonstrated commer-
cial products by adding additional MEMS processes on the
CMOS chip [39], [112]. However, if not an IDM, the support
from foundries for process development is required.

The article also respectively reviewed tactile sensors of
different sensing mechanisms by using the functional materials
available in the CMOS processes. As discussed in Section 3,
the poly-Si and Si defined in the FEOL CMOS process are
used to implement the piezoresistive tactile force sensors.

As reviewed in Sections 4 and 5, the metal layers in the BEOL
CMOS processes enable the realization of the capacitive and
inductive tactile force sensors. Although piezoelectric materi-
als are not available in the CMOS platform, the piezoelectric
tactile force sensor can be fabricated through the compati-
ble post-CMOS processes introduced in Section 6. Table II
summarizes the advantages, design and process concerns for
CMOS-based tactile sensors of different sensing mechanisms
in this review. Moreover, as shown in Fig. 1, the commercial
tactile sensors generally exploit polymer materials as the force
transmission medium or the force contact interface. Thus, for
real applications, to use the polymer materials as the force
transmission medium or the force contact interface is also a
critical design consideration for tactile force sensors. Some
of the articles in this review have shown different approaches
to add the polymer layer on the CMOS-based sensing chip,
and the polymer layer can even be exploited to modulate the
performances of the tactile force sensor. However, as reported
in [100], the high CTE and low thermal conductivity of
polymer material will cause problems for the tactile force
sensors. The performances of tactile force sensors are also
affected by the characteristics of polymer materials, such as the
stress-strain hysteresis, non-linear deformation, viscoelastic
behavior, reliabilities, and so on [114]-[124]. It is suggested
that the integration and influence of polymer contact interface
cannot be ignored while designing the tactile force sensors.
Additionally, the processing of the polymer during fabrication
of the sensor is also a concern, for example, necessary vacuum
operations to prevent air bubbles in the polymer. Table II also
summarizes the advantages and design concerns for polymer
materials in this review.

This review has summarized various CMOS-based tactile
force sensors of different sensing mechanisms. In fact, many
different information other than force (for example, tempera-
ture, texture, etc.) can also be detected and received through
the contact of objects. Thus, the integration of different tactile
sensors could offer more contact information to the machine to
enhance the human-machine interaction. Moreover, additional
sensing device such as proximity sensor can be integrated
with tactile sensors for safety concern. The CMOS-MEMS
technology has shown its capability for monolithic integration
of multiple sensors [39]-[42]. In other words, to achieve
the monolithic integrated tactile sensing hub (including force,
temperature, proximity, etc.) on a single chip will be another
advantage for the CMOS-MEMS technology. In summary,
the CMOS-MEMS is a promising technology for the tactile
sensing applications.

REFERENCES

[1] Nextlnput. (2018). Solutions—Industrial, Medical, IoT. Accessed:
Jul. 29, 2019. [Online]. Available: https://nextinput.com/industrial-
medical-and-iot/

[2] R. S. Dahiya, G. Metta, M. Valle, and G. Sandini, “Tactile sensing—
From humans to humanoids,” IEEE Trans. Robot., vol. 26, no. 1,
pp. 120, Feb. 2010.

[3] J. Tegin and J. Wikander, “Tactile sensing in intelligent robotic
manipulation—A review,” Ind. Robot, Int. J., vol. 32, no. 1, pp. 64-70,
2005.

[4] H. Yousef, M. Boukallel, and K. Althoefer, “Tactile sensing for dexter-
ous in-hand manipulation in robotics—A review,” Sens. Actuators A,
Phys., vol. 167, no. 2, pp. 171-187, 2011.

Authorized licensed use limited to: National Tsing Hua Univ.. Downloaded on September 21,2021 at 17:16:58 UTC from IEEE Xplore. Restrictions apply.



YEH et al.: CMOS-BASED TACTILE FORCE SENSOR

12575

(51

(6]
(71
(8]
(91

[10]
[11]

[12]

[13]

[14]

[15]

[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

M. L. Hammock, A. Chortos, B. C. K. Tee, J. B. H. Tok, and Z. Bao,
“25th anniversary article: The evolution of electronic skin (E-skin):
A brief history, design considerations, and recent progress,” Adv.
Mater., vol. 25, no. 42, pp. 5997-6038, 2013.

M. H. Lee, “Tactile sensing: New directions, new challenges,”
Int. J. Robot. Res., vol. 19, no. 7, pp. 636-643, 2000.

R. S. Dahiya, and, M. Valle, Robotic Tactile sensing: Technologies and
System. Dordrecht, The Netherlands: Springer, 2012.

R. J. Hocken and P. H. Pereira, Coordinate Measuring Machines and
Systems. Boca Raton, FL, USA: CRC Press, 2016.

P. Puangmali, K. Althoefer, L. D. Seneviratne, D. Murphy, and
P. Dasgupta, “State-of-the-art in force and tactile sensing for mini-
mally invasive surgery,” IEEE Sensors J., vol. 8, no. 4, pp. 371-381,
Apr. 2008.

F. Burny et al., “Concept, design and fabrication of smart orthopedic
implants,” Med. Eng. Phys., vol. 22, no. 7, pp. 469—479, 2000.

S. J. Lindauer, “The basics of orthodontic mechanics,” Seminars
Orthodontics, vol. 7, no. 1, pp. 2-15, 2001.

Knowles  Acoustics. KMJ0401IC MEMS Joystick. Accessed:
Dec. 2, 2020. [Online]. Available: http://investor.knowles.com/press-
releases/press-release-details/2011/Knowles-Acoustics-Introduces-an-
Ultra-Low-Power-Digital-MEMS-Joystick-for-Handheld-Consumer-
Devices/default.aspx

L. Zou, C. Ge, Z. J. Wang, E. Cretu, and X. Li, “Novel tactile sensor
technology and smart tactile sensing systems: A review,” Sensors,
vol. 17, no. 11, p. 2653, 2017.

ATT Industrial Automation. Multi-Axis Force/Torque Sensors. Accessed:
Dec. 2, 2020. [Online]. Available: https://www.ati-ia.com/products/
ft/sensors.aspx

Honeywell. FSS Series Low Profile Force Sensor. Accessed:
Dec. 2, 2020. [Online]. Available: https://sensing.honeywell.com/
sensors/force-sensors/FSS-series

RightHand Labs. TakkTile Sensors. Accessed: Dec. 2, 2020. [Online].
Available: https://www.labs.righthandrobotics.com/takkstrip
Touchence. Shokac Chip. Accessed: Dec. 2, 2020. [Online]. Available:
http://www.touchence.jp/en/products/chip.html

Alpsalpine. Force Sensor HSFPAR Series. Accessed: Dec. 2, 2020.
[Online].  Available: https://tech.alpsalpine.com/prod/e/html/sensor/
piezo/hsfpar/hsfpar_list.html

Panasonic. Force Sensing Capacitive Device. Accessed: Dec. 2, 2020.
[Online].  Available: https://www3.panasonic.biz/ac/e/control/force-
sensor/force-sensor/force-sensing-switch/index.jsp

Y. Kanda, “A graphical representation of the piezoresistance coeffi-
cients in silicon,” IEEE Trans. Electron Devices, vol. ED-29, no. 1,
pp. 64-70, Jan. 1982.

S. Khan, L. Lorenzelli, and R. S. Dahiya, “Technologies for printing
sensors and electronics over large flexible substrates: A review,” IEEE
Sensors J., vol. 15, no. 6, pp. 3164-3185, Jun. 2015.

H.-K. Lee, S.-I. Chang, and E. Yoon, “A flexible polymer tactile sensor:
Fabrication and modular expandability for large area deployment,”
Microelectromech. Syst., J., vol. 15, no. 6, pp. 1681-1686, Dec. 2006.
M.-Y. Cheng, X.-H. Huang, C.-W. Ma, and Y.-J. Yang, “A flexible
capacitive tactile sensing array with floating electrodes,” J. Micromech.
Microeng., vol. 19, no. 11, Nov. 2009, Art. no. 115001.

E.-S. Hwang, J.-H. Seo, and Y.-J. Kim, “A polymer-based flexible
tactile sensor for both normal and shear load detections and its
application for robotics,” J. Microelectromech. Syst., vol. 16, no. 3,
pp. 556-563, Jun. 2007.

Y.-J. Yang et al., “An integrated flexible temperature and tactile sensing
array using Pl-copper films,” Sens. Actuators A, Phys., vol. 143, no. 1,
pp. 143-153, May 2008.

M. Tilli, M. Paulasto-Krockel, M. Petzold, H. Theuss, T. Motooka,
and V. Lindroos, Handbook of Silicon Based MEMS Materials and
Technologies. Amsterdam, The Netherlands: Elsevier, 2010.

C.-C. Wen and W. Fang, “Tuning the sensing range and sensitivity
of three axes tactile sensors using the polymer composite membrane,”
Sens. Actuators A, Phys., vols. 145-146, pp. 14-22, Jul. 2008.

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.

K. Noda, H. Onoe, E. Iwase, K. Matsumoto, and I. Shimoyama,
“Flexible tactile sensor for shear stress measurement using transferred
sub-xm-thick Si piezoresistive cantilevers,” J. Micromech. Microeng.,
vol. 22, no. 11, Nov. 2012, Art. no. 115025.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[40]

[47]

[48]

[49]

[50]

[51]

[52]

J. Bryzek, A. Flannery, and D. Skurnik, “Integrating microelectro-
mechanical systems with integrated circuits,” IEEE Instrum. Meas.
Mag., vol. 7, no. 2, pp. 51-59, Jun. 2004.

G. K. Fedder, R. T. Howe, T.-J. K. Liu, and E. P. Quevy, “Technologies
for cofabricating MEMS and electronics,” Proc. IEEE, vol. 96, no. 2,
pp. 306-322, Feb. 2008.

J.-H. Lee, S.-K. Yeh, and W. Fang, “Monolithic/vertical integration
of piezo-resistive tactile sensor and inductive proximity sensor using
CMOS-MEMS technology,” in Proc. IEEE 32nd Int. Conf. Micro
Electro Mech. Syst. (MEMS), Jan. 2019, pp. 826-829.

J. Xie, C. Lee, M.-F. Wang, Y. Liu, and H. Feng, “Characterization
of heavily doped polysilicon films for CMOS-MEMS thermoelectric
power generators,” J. Micromech. Microeng., vol. 19, no. 12, 2009,
Art. no. 125029.

H. Xie and G. K. Fedder, “Vertical comb-finger capacitive actuation
and sensing for CMOS-MEMS,” Sens. Actuators A, Phys., vol. 95,
no. 2, pp. 212-221, 2002.

G. C. M. Meijer, G. Wang, and F. Fruett, “Temperature sensors and
voltage references implemented in CMOS technology,” IEEE Sensors
J., vol. 1, no. 3, pp. 225-234, Oct. 2001.

A. Richelli, L. Colalongo, and Z. M. Kovacs-Vajna, “Increasing the
immunity to electromagnetic interferences of CMOS OpAmps,” IEEE
Trans. Rel., vol. 52, no. 3, pp. 349-353, Sep. 2003.

D. Huang et al., “A 60 GHz CMOS VCO using on-chip resonator with
embedded artificial dielectric for size, loss and noise reduction,” in
IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, 2006,
pp. 1218-1227.

J. Citakovic et al., “A compact CMOS MEMS microphone with 66dB
SNR,” in [EEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech.
Papers, Feb. 2009, pp. 350-351.

TDK InvenSense. 3-Axis Motion Tracking. Accessed: Dec. 2, 2020.
[Online].  Available:  https://invensense.tdk.com/products/motion-
tracking/3-axis/

Sensirion. Humidity Sensor. Accessed: Dec. 2, 2020. [Online]. Avail-
able:  https://www.sensirion.com/en/environmental-sensors/humidity-
sensors/

Mikrosens. CMOS Infrared (CIR) Microbolometer. Accessed:
Dec. 2, 2020. [Online]. Available: http://www.mikrosens.com.tr/
en/products/13-ms1635a

Micro-Hybrid Electronic. IR Thermopile Detector Chip. Accessed:
Dec. 2, 2020. [Online]. Available: https://www.microhybrid.com/en/
products/thermal-ir-detectors/

W. Fang, S. S. Li, Y. Chiu, and M.-H. Li, “MEMS using CMOS
wafer,” in 3D and Circuit Integration of MEMS. Weinheim, Germany:
Wiley-VCH, 2020, ch. 6.

C.-L. Cheng, M.-H. Tsai, and W. Fang, “Determining the thermal
expansion coefficient of thin films for a CMOS MEMS process using
test cantilevers,” J. Micromech. Microeng., vol. 25, no. 2, Feb. 2015,
Art. no. 025014.

S. Shelton et al., “CMOS-compatible AIN piezoelectric micromachined
ultrasonic transducers,” in Proc. IEEE Int. Ultrason. Symp., Sep. 2009,
pp. 402-405.

H. Takeuchi, A. Wung, X. Sun, R. T. Howe, and T.-J. King, “Ther-
mal budget limits of quarter-micrometer foundry CMOS for post-
processing MEMS devices,” IEEE Trans. Electron Devices, vol. 52,
no. 9, pp. 2081-2086, Sep. 2005.

STMicroelectronics. MEMS Nano Pressure Sensor. Accessed:
Dec. 2, 2020. [Online]. Available: https://www.st.com/en/mems-and-
sensors/pressure-sensors.html#products

PCB Piezotronics. Piezoresistive MEMS Shock Accelerometer.
Accessed: Dec. 2, 2020. [Online]. Available: https://www.pcb.
com/sensors-for-test-measurement/accelerometers/piezoresistive-shock
B. Charlot, F. Parrain, N. Galy, S. Basrour, and B. Courtois, “A sweep-
ing mode integrated fingerprint sensor with 256 tactile microbeams,”
J. Microelectromech. Syst., vol. 13, no. 4, pp. 636-644, Aug. 2004.
N. Galy, B. Charlot, and B. Courtois, “A full fingerprint verification
system for a single-line sweep sensor,” IEEE Sensors J., vol. 7, no. 7,
pp. 1054-1065, Jul. 2007.

J.-H. Lee, S.-K. Yeh, and W. Fang, “Vertically integrated double-
bridge design for CMOS-MEMS tri-axial piezo-resistive force sensor,”
in Proc. IEEE 33rd Int. Conf. Micro Electro Mech. Syst. (MEMS),
Jan. 2020, pp. 693-696.

J.-H. Lee, S.-K. Yeh, and W. Fang, “CMOS-MEMS tri-axial piezo-
resistive tactile sensor with monolithically/vertically integrated induc-
tive proximity sensor,” in Proc. 20th Int. Conf. Solid-State Sensors,
Actuat. Microsyst. Eurosensors XXXIII (TRANSDUCERS EUROSEN-
SORS XXXIII), Jun. 2019, pp. 1835-1838.

Authorized licensed use limited to: National Tsing Hua Univ.. Downloaded on September 21,2021 at 17:16:58 UTC from IEEE Xplore. Restrictions apply.



12576

IEEE SENSORS JOURNAL, VOL. 21, NO. 11, JUNE 1, 2021

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72])

[73]

Y.-K. Kim et al., “Technology development of silicon based CMOS tac-
tile senor for robotics applications,” in Proc. IEEE Sensors, Oct. 2006,
pp. 734-737.

H. Okada, M. Yawata, M. Ishida, K. Sawada, and H. Takao,
“A membrane type Si-MEMS tactile imager with fingerprint structure
for realization of slip sensing capability,” in Proc. IEEE 23rd Int. Conf.
Micro Electro Mech. Syst. (MEMS), Jan. 2010, pp. 608-611.

H. Takao, H. Okada, M. Ishida, K. Terao, T. Suzuki, and F. Oohira,
“A robust and sensitive silicon tactile imager with individually formed
SU-8 protective layers on piezoresistor pixels,” in Proc. IEEE Sensors,
Nov. 2010, pp. 2079-2082.

H. Takao, H. Okada, M. Ishida, T. Suzuki, and F. Oohira, “Flexible
silicon triaxial tactile imager with integrated 800 um-pitch sensor
pixel structures on a diaphragm,” in Proc. IEEE Sensors, Oct. 2011,
pp. 663-666.

H. Takao, K. Sawada, and M. Ishida, “Monolithic silicon smart tactile
image sensor with integrated strain sensor array on pneumatically
swollen single-diaphragm structure,” IEEE Trans. Electron Devices,
vol. 53, no. 5, pp. 1250-1259, May 2006.

H. Takao, M. Yawata, K. Sawada, and M. Ishida, “A multifunctional
integrated silicon tactile imager with arrays of strain and temperature
sensors on single crystal silicon diaphragm,” Sens. Actuators A, Phys.,
vol. 160, nos. 1-2, pp. 69-77, May 2010.

S.-Y. Tu, W.-C. Lai, and W. Fang, “Vertical integration of capacitive and
piezo-resistive sensing units to enlarge the sensing range of CMOS-
MEMS tactile sensor,” in Proc. IEEE 30th Int. Conf. Micro Electro
Mech. Syst. (MEMS), Jan. 2017, pp. 1048-1051.

M. Baumann, A. Peter, D. Moser, P. Ruther, and O. Paul, “CMOS-
based force sensor with overload protection and improved assembly
tolerance,” in Proc. IEEE 25th Int. Conf. Micro Electro Mech. Syst.
(MEMS), Jan. 2012, pp. 543-546.

M. Herrmann, P. Gieschke, P. Ruther, and O. Paul, “CMOS-integrated
three-axis force sensor for coordinate measurement applications,” in
Proc. IEEE Sensors, Nov. 2010, pp. 2648-2652.

P. Gieschke, J. Richter, J. Joos, P. Ruther, and O. Paul, “Four-degree-
of-freedom solid state MEMS joystick,” in Proc. IEEE 21st Int. Conf.
Micro Electro Mech. Syst., Jan. 2008, pp. 86—89.

J. Handwerker, P. Gieschke, M. Baumann, and O. Paul, “CMOS inte-
grated silicon/glass-bonded 3D force/torque sensor,” in Proc. IEEE 25th
Int. Conf. Micro Electro Mech. Syst. (MEMS), Jan. 2012, pp. 136-139.
N. D. Arora, J. R. Hauser, and D. J. Roulston, “Electron and hole
mobilities in silicon as a function of concentration and temperature,”
IEEE Trans. Electron Devices, vol. 29, no. 2, pp. 292-295, Feb. 1982.
G. K. Fedder, “CMOS-based sensors,” in Proc. IEEE Sensors,
Oct./Nov. 2005, pp. 125-128.

TDK InvenSense. Barometric Pressure Sensor ICP-10100. Accessed:
Dec. 2, 2020. [Online]. Available: https://invensense.tdk.com/products/
icp-10100/

Knowles, SiSonic. Surface Mount MEMS Microphones. Accessed:
Dec. 2, 2020. [Online]. Available: https://www.knowles.com/
subdepartment/dpt-microphones/subdpt-sisonic-surface-mount-mems
Bosch. Acceleration Sensor: BMA490L. Accessed: Dec. 2, 2020.
[Online]. Available: https://www.bosch-sensortec.com/products/
motion-sensors/accelerometers/bma4901/

M. Chandra, S.-Y. Ke, R. Chen, and C.-Y. Lo, “Vertically stacked
capacitive tactile sensor with more than quadrupled spatial resolution
enhancement from planar arrangement,” Sens. Actuators A, Phys.,
vol. 263, pp. 386-390, Aug. 2017.

Y.-C. Liu, C.-M. Sun, L.-Y. Lin, M.-H. Tsai, and W. Fang, “Develop-
ment 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.

M.-L. Hsieh, S.-K. Yeh, J.-H. Lee, P.-S. Lin, M.-F. Lai, and W. Fang,
“Vertically integrated multiple electrode design for sensitivity enhance-
ment of CMOS-MEMS capacitive tactile sensor,” in Proc. 20th Int.
Conf. Solid-State Sensors, Actuat. Microsyst. Eurosensors XXXIII
(TRANSDUCERS EUROSENSORS XXXI1I), Jun. 2019, pp. 2174-2177.
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. Transducers-18th Int. Conf. Solid-
State Sensors, Actuat. Microsyst. (TRANSDUCERS), Jun. 2015,
pp. 1175-1178.

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 XXXIII
(TRANSDUCERS EUROSENSORS XXXIII), Jun. 2019, pp. 2523-2526.

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

T. Salo, T. Vancura, and H. Baltes, “CMOS-sealed membrane capac-
itors for medical tactile sensors,” J. Micromech. Microeng., vol. 16,
no. 4, pp. 769-778, Apr. 2006.

T. Salo, K.-U. Kirstein, T. Vancura, and H. Baltes, “CMOS-based tactile
microsensor for medical instrumentation,” IEEE Sensors J., vol. 7,
no. 2, pp. 258-265, Feb. 2007.

N. Sato et al., “MEMS fingerprint sensor immune to various finger
surface conditions,” IEEE Trans. Electron Devices, vol. 50, no. 4,
pp. 1109-1116, Apr. 2003.

S. Asano et al., “Surface-mountable capacitive tactile sensors with
flipped CMOS-diaphragm on a flexible and stretchable bus line,” Sens.
Actuators A, Phys., vol. 240, pp. 167-176, Apr. 2016.

S. Asano et al., “3-axis fully-integrated surface-mountable differential
capacitive tactile sensor by CMOS flip-bonding,” in Proc. IEEE 29th
Int. Conf. Micro Electro Mech. Syst. (MEMS), Jan. 2016, pp. 850-853.
S. Asano, M. Muroyama, T. Nakayama, Y. Hata, and S. Tanaka,
“CMOS-on-LTCC integrated fingertip sensor with 3-axis tactile and
thermal sensation for robots,” in Proc. 19th Int. Conf. Solid-State
Sensors, Actuat. Microsyst. (TRANSDUCERS), Jun. 2017, pp. 516-519.
M. Makihata et al., “Integration and packaging technology of MEMS-
on-CMOS capacitive tactile sensor for robot application using thick
BCB isolation layer and backside-grooved electrical connection,” Sens.
Actuators A, Phys., vol. 188, pp. 103-110, Dec. 2012.

Y. Hata et al., “Integrated 3-axis tactile sensor using quad-seesaw-
electrode structure on platform LSI with through silicon vias,” Sens.
Actuators A, Phys., vol. 273, pp. 3041, Apr. 2018.

N. Sato, K. Machida, K. Kudou, M. Yano, and H. Kyuragi, “Advanced
transfer system for spin coating film transfer and hot-pressing in
planarization technology,” J. Vac. Sci. Technol. B, Microelectron.,
vol. 20, no. 3, pp. 797-801, 2002.

S. Tanaka, S. Matsuzaki, M. Mohri, A. Okada, H. Fukushi, and
M. Esashi, “Wafer-level hermetic packaging technology for MEMS
using anodically-bondable LTCC wafer,” in Proc. IEEE 24th Int. Conf.
Micro Electro Mech. Syst., Jan. 2011, pp. 376-379.

D. Burdeaux, P. Townsend, J. Carr, and P. Garrou, “Benzocyclobutene
(BCB) dielectrics for the fabrication of high density, thin film mul-
tichip modules,” J. Electron. Mater., vol. 19, no. 12, pp. 1357-1366,
Dec. 1990.

Texas Instrument. DRV425 Fluxgate Magnetic-Field Sensor. Accessed:
Dec. 2, 2020. [Online]. Available: https://www.ti.com/product/DRV425
Bosch. BMC050 eCompass (6-Axis Electronic Compass). Accessed:
Dec. 2, 2020. [Online]. Available: http://www.spezial.cz/pdf/BMC050_
eCompass.pdf

P-H. Lo, S.-H. Tseng, J.-H. Yeh, and W. Fang, “Development of a
proximity sensor with vertically monolithic integrated inductive and
capacitive sensing units,” J. Micromech. Microeng., vol. 23, no. 3,
Mar. 2013, Art. no. 035013.

S. Wattanasarn, K. Noda, K. Matsumoto, and I. Shimoyama, “3D
flexible tactile sensor using electromagnetic induction coils,” in Proc.
IEEE 25th Int. Conf. Micro Electro Mech. Syst. (MEMS), Jan. 2012,
pp. 488-491.

H.-C. Chang et al., “Magnetostrictive type tactile sensor based on metal
embedded polymer architecture,” in Proc. IEEE 27th Int. Conf. Micro
Electro Mech. Syst. (MEMS), Jan. 2014, pp. 1189-1192.

H.-C. Chang et al., “Wireless magnetostrictive type inductive sensing
CMOS-MEMS pressure sensors,” in Proc. IEEE 29th Int. Conf. Micro
Electro Mech. Syst. (MEMS), Jan. 2016, pp. 218-221.

Y. Chiu, H.-C. Hong, and P.-C. Wu, “Development and character-
ization of a CMOS-MEMS accelerometer with differential LC-tank
oscillators,” J. Microelectromech. Syst., vol. 22, no. 6, pp. 1285-1295,
Dec. 2013.

K. Finkenzeller, RFID Handbook: Fundamentals and Applications in
Contactless Smart Cards, Radio Frequency Identification and Near-
Field Communication, 3rd ed. Hoboken, NJ, USA: Wiley, 2010.

C.-1. Chang, M.-H. Tsai, C.-M. Sun, and W. Fang, “Development of
CMOS-MEMS in-plane magnetic coils for application as a three-axis
resonant magnetic sensor,” J. Micromech. Microeng., vol. 24, no. 3,
Mar. 2014, Art. no. 035016.

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.

S.-K. Yeh, H.-C. Chang, and W. Fang, “Development of CMOS MEMS
inductive type tactile sensor with the integration of chrome steel ball
force interface,” J. Micromech. Microeng., vol. 28, no. 4, Apr. 2018,
Art. no. 044005.

Authorized licensed use limited to: National Tsing Hua Univ.. Downloaded on September 21,2021 at 17:16:58 UTC from IEEE Xplore. Restrictions apply.



YEH et al.: CMOS-BASED TACTILE FORCE SENSOR

12577

[96] S.-K. Yeh, H.-C. Chang, C.-E. Lu, and W. Fang, “A CMOS-MEMS
electromagnetic-type tactile sensor with polymer-filler and chrome-
steel ball sensing interface,” in Proc. IEEE Sensors, Oct. 2018, pp. 1-4.
S.-K. Yeh and W. Fang, “Molding/encapsulation/integration approach
for tactile-bump and sensing-interface of inductive tactile sensor,” in
Proc. 20th Int. Conf. Solid-State Sensors, Actuat. Microsyst. Eurosen-
sors XXXIII (TRANSDUCERS EUROSENSORS XXXIII), Jun. 2019,
pp. 285-288.

S.-K. Yeh and W. Fang, “Inductive micro tri-axial tactile sensor using
a CMOS chip with a coil array,” IEEE Electron Device Lett., vol. 40,
no. 4, pp. 620-623, Apr. 2019.

S.-K. Yeh and W. Fang, “Integration of stainless-steel tactile bump with
inductive tactile sensor array for 3D micro joystick button application,”
in Proc. 20th Int. Conf. Solid-State Sensors, Actuat. Microsyst. Eurosen-
sors XXXIII (TRANSDUCERS EUROSENSORS XXXIII), Jun. 2019,
pp. 1882-1885.

S.-K. Yeh, J.-H. Lee, and W. Fang, ‘“Development of the backside
loading inductive tactile force sensor using the flip-chip bonding of
CMOS sensing chip,” IEEE Sensors J., vol. 20, no. 6, pp. 2868-2876,
Mar. 2020.

Thorlabs. Piezoelectric Chips and Stacks. Accessed: Dec. 2, 2020.
[Online]. Available: https://www.thorlabs.com/navigation.cfm?guide_
id=82

CeramTec. Piezo-Ceramic Sensors and Sensor Application. Accessed:
Dec. 2, 2020. [Online]. Available: https://www.ceramtec.com/
applications/piezo-applications/sensor-technology/

TE Connectivity. 820M1 Single Axis SMT Accelerometers. Accessed:
Dec. 2, 2020. [Online]. Available: https://www.te.com/global-en/
product-CAT-EACO0021.html

Vesper. VM 1000 MEMS Microphone. Accessed: Dec. 2, 2020. [Online].
Available: https://vespermems.com/products/vm1000/

Qualcomm. Qualcomm 3D Sonic Sensor. Accessed: Dec. 2, 2020.
[Online].  Available: https://www.qualcomm.com/products/features/
fingerprint-sensors

G. Gautschi, “Piezoelectric sensors,” in Piezoelectric Sensorics. Berlin,
Germany: Springer, 2002, ch. 5. [Online]. Available: https:/link.
springer.com/chapter/10.1007/978-3-662-04732-3_5

S. C. Ko, Y. C. Kim, S. S. Lee, S. H. Choi, and S. R. Kim, “Micro-
machined piezoelectric membrane acoustic device,” Sens. Actuators A,
Phys., vol. 103, nos. 1-2, pp. 130-134, Jan. 2003.

R. C. Buchanan, Ceramic Materials for Electronics,
Boca Raton, FL, USA: CRC Press, 2004.

R. S. Dahiya, G. Metta, M. Valle, A. Adami, and L. Lorenzelli,
“Piezoelectric oxide semiconductor field effect transistor touch sensing
devices,” Appl. Phys. Lett., vol. 95, no. 3, Jul. 2009, Art. no. 034105.
R. S. Dahiya, A. Adami, C. Collini, and L. Lorenzelli, “POSFET tactile
sensing arrays using CMOS technology,” Sens. Actuators A, Phys.,
vol. 202, pp. 226-232, Nov. 2013.

R. S. Dahiya, A. Adami, L. Pinna, C. Collini, M. Valle, and
L. Lorenzelli, “Tactile sensing chips with POSFET array and integrated
interface electronics,” IEEE Sensors J., vol. 14, no. 10, pp. 3448-3457,
Oct. 2014.

R. S. Dahiya et al., “Towards tactile sensing system on chip for
robotic applications,” IEEE Sensors J., vol. 11, no. 12, pp. 3216-3226,
Dec. 2011.

Texas Instruments. DLP Products. Accessed: Dec. 2, 2020. [Online].
Available: https://www.ti.com/dlp-chip/overview.html

M. Mooney, “A theory of large elastic deformation,” J. Appl. Phys.,
vol. 11, no. 9, pp. 582-592, Sep. 1940.

M. G. Northolt, J. J. M. Baltussen, and B. Schaffers-Korff, “Yield-
ing and hysteresis of polymer fibres,” Polymer, vol. 36, no. 18,
pp. 3485-3492, 1995.

G. M. Odegard, T. S. Gates, and H. M. Herring, “Characterization
of viscoelastic properties of polymeric materials through nanoindenta-
tion,” Exp. Mech., vol. 45, no. 2, pp. 130-136, Apr. 2005.

J. E. Mark, Physical Properties of Polymers Handbook. New York, NY,
USA: Springer, 2007.

F. Schneider, T. Fellner, J. Wilde, and U. Wallrabe, “Mechanical
properties of silicones for MEMS,” J. Micromech. Microeng., vol. 18,
no. 6, Jun. 2008, Art. no. 065008.

M. Liu, J. Sun, and Q. Chen, “Influences of heating temperature on
mechanical properties of polydimethylsiloxane,” Sens. Actuators A,
Phys., vol. 151, no. 1, pp. 42-45, Apr. 2009.

P. Du, L.-K. Lin, H. Lu, and X. Zhang, “Extension of the beam theory
for polymer bio-transducers with low aspect ratios and viscoelastic
characteristics,” J. Micromech. Microeng., vol. 20, no. 9, Sep. 2010,
Art. no. 095016.

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108] 3rd ed.

[109]

[110]

[111]

[112]

[113]
[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121] T. K. Kim, J. K. Kim, and O. C. Jeong, “Measurement of nonlin-
ear mechanical properties of PDMS elastomer,” Microelectron. Eng.,
vol. 88, no. 8, pp. 1982-1985, Aug. 2011.

I. D. Johnston, D. K. McCluskey, C. K. L. Tan, and M. C. Tracey,
“Mechanical characterization of bulk Sylgard 184 for microfluidics and
microengineering,” J. Micromech. Microeng., vol. 24, no. 3, Mar. 2014,
Art. no. 035017.

R. Hopf, L. Bernardi, J. Menze, M. Ziindel, E. Mazza, and A. E. Ehret,
“Experimental and theoretical analyses of the age-dependent large-
strain behavior of Sylgard 184 (10:1) silicone elastomer,” J. Mech.
Behav. Biomed. Mater., vol. 60, pp. 425-437, Jul. 2016.

N. Kumar and V. V. Rao, “Hyperelastic Mooney-Rivlin model:
Determination and physical interpretation of material constants,” MIT
Int. J. Mech. Eng., vol. 6, no. 1, pp. 4346, 2016.

[122]

[123]

[124]

Sheng-Kai Yeh was born in Taichung, Taiwan.
He received the B.S. and M.S. degrees from
the Department of Power Mechanical Engineer-
ing, National Tsing Hua University, Taiwan, in
2016 and 2017, respectively, where he is cur-
- rently pursuing the Ph.D. degree. His research
interests include the design and implementa-
tion of the micro tactile sensor, contact interface
design/integration of the micro tactile sensor, and
the implementation of CMOS-MEMS sensors.

Meng-Lin Hsieh was born in Taipei, Taiwan.
He received the B.S. and M.S. degrees from
the Department of Power Mechanical Engi-
neering, National Tsing Hua University, Taiwan,
where he is currently pursuing the M.S. degree.
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 doctoral
research focused on determining the mechani-
cal properties of thin films using micromachined
= structures. In 1995, he worked as a Postdoctoral
Research Fellow with the Synchrotron Radiation
Research Center, Taiwan. He joined the Power
Mechanical Engineering Department, National
Tsing Hua University, Taiwan, in 1996, where
he is currently a Chair Professor as well as a
faculty of the NEMS Institute. In 1999, he was with the California
Institute of Technology as a Visiting Associate, under the supervision
of Prof. Y.-C. Tai. His research interests include MEMS with emphasis
on microfabrication/packaging technologies, CMOS MEMS, CNT MEMS,
micro-optical systems, microsensors and actuators, and characterization
of thin-film mechanical properties. In 2015, he became a Fellow of the
IEEE to recognize his contribution in the MEMS area. He has served as
a member of the International Steering Committee (ISC) of Transducers
(2009-2017), and the ISC Chair (2017-2019). He has also served as
the General Chair of the Transducers Conference in 2017. He was the
TPC of the IEEE MEMS and EPC of Transducers for many years and the
Program Chair of the IEEE Sensors Conference in 2012. He has served
as the Chief Delegate of Taiwan for the World Micromachine Summit
(MMS) from 2008 to 2012, and the General Chair of MMS in 2012.
He has a close collaboration with MEMS industries and is currently the
VP of the MEMS and Sensors Committee of SEMI Taiwan. Prof. Fang
is currently the Chief Editor of JMM, an Associate Editor of the IEEE
SENSORS JOURNAL, and a Board Member of the IEEE TRANSACTIONS on
DEVICE and MATERIALS RELIABILITY.

Authorized licensed use limited to: National Tsing Hua Univ.. Downloaded on September 21,2021 at 17:16:58 UTC from IEEE Xplore. Restrictions apply.




<<
  /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


