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Abstract

This work describes a fully flexible capacitive Micro-Electro-Mechanical-Systems (MEMS) based Large-Area (LA) triaxial
force sensor, compatible with the Flat Panel Display (FPD) production. Thus, it is obtained by means of standard
surface micromachining, unlike the reported other flexible sensor technologies, which are based on ad-hoc fabrication
processes, that limit their large-scale manufacturing, area covering feature and flexibility. The triaxial force sensor is
referred to as pixel. Its response is characterized in the mechanical and electrical domains. The effects of the
fabrication-induced residual stresses as well as the applied external pressure and shear load are measured. The 3D
Finite Element Method (FEM) model correctly captures the initial deflection due to the residual stresses. It properly
simulates the pressure and shear behavior taking into account the contact between the embedded MEMS and the
substrate. It represents a valuable tool to provide design guidelines for the MEMS optimization. The pixel normalized
pressure sensitivity is equal to 0.0013 kPa~'. While the shear one is 2.6 x 107> kPa~". The sensitivity values of the
presented device are higher than those reported for state-of-the-art capacitive triaxial force sensors. Potential sensing
capability and scalability of the array design are preliminary proved. Referring to a 29 x 29 array with 1 cm? footprint,
the predicted initial capacitance of each independent capacitor element is equal to 640 pF. The related pressure and
differential shear sensitivities are 0.841 pF/kPa and 2.859 pF/kPa, respectively. The presented work describes a novel
technology for highly sensitive flexible triaxial force sensors compatible with LA FPD cost-effective batch production.

Introduction fully compatible with the FPD manufacturing, to sensorize

Nowadays, flexible electronics technology' compatible
with the Flat Panel Display (FPD) fabrication process is
the focus of attention for the production of Thin Film
Transistor (TFT) based bendable screens. It provides a
cost-effective Large-Area (LA) manufacturing in combi-
nation with a flexible form factor. A standard generation
11 FPD fabrication plant currently produces Organic
Light-Emitting Diode (OLED) display sheets on substrates
with sizes up to 3000 x 3320 mm>. The application of a
flexible electronics in different research fields is reported
in refs. >~>, however, showing a very limited compatibility
with the FPD batch production capability. An innovative
use of it is investigated at imec, Leuven (BE) to create
flexible LA Micro-Electro-Mechanical-Systems (MEMS)
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any curved surface®. FPD technology overcomes the limits
in active surface of Silicon (Si) based technologies, which
are characterized by their rigidity and their small area.
Increasingly, fields of application, e.g., automotive,
consumer electronics, robotics and prosthetics’~ require
more sophisticated touch sensing features. Flexible
triaxial force sensors' are crucial in such markets to
enable more intuitive applications, safe human-machine
interactions and increase the devices usability'' >,
Touchscreens that are widely adopted in home appli-
ances, infotainment systems'*, consumer electronics'>*®,
smartphones and tablets'”'® and medical devices'® require
tactile feedback to the user, that mimics the natural
detected pressure felt by pressing physical buttons, as one
of the main targets of the next generation technology. This
required haptic feedback is achieved using Micromachined
Ultrasonic Transducers (MUTsS) technologyzo’z‘*. Such
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existing devices adopt either a piezoelectric material active
layer®~?® resulting in Piezoelectric MUTs (PMUTs)* >
or they are based on the capacitive transduction principle
Capacitive MUTs (CMUTs)***". Compatibility with the
FPD fabrication process is demonstrated for both PMUT's
and CMUTs devices, characterized by a fully flexible large
area tiling®®™*!,

The fields of robotics research and Electronic Skin (E-
Skin)**~* aim to provide a human skin-like capability to
robots, in order to detect sensory tactile stimuli. Robotic
devices would benefit from the integration of flexible
large-area triaxial force sensors. As such, a goal of this
field is to achieve the dexterous object manipulation by
intelligent grippers*®~*%, As a matter of fact, the grip and
the touch feeling relates to the independent detection of
shear and pressure load conditions due to an external
force oriented along a direction of the tridimensional
space. Equipping medical robots, service robots, colla-
borative (cobots) and wearable robots (such as prosthetics
and exoskeletons) with triaxial force sensors represents a
need for the next generation technology® >

Distributed triaxial force sensors enable the creation of
human-machine sensorized interfaces for wearable robots
with multiple applications. On one hand, the comfort
evaluation of the wearer in order to reduce skin injures
that are very frequent in people wearing a prosthesis or
exoskeletons for aided movements. On the other hand,
the intention recognition and prediction of motion, by the
correlation of the detected skin shear and pressure
stresses to the deep muscle activity, for a natural human-
like and real-time musculoskeletal assistance provided by
active devices®® ",

Capacitive triaxial force sensors, that are currently
manufactured through standard micromachining pro-
cesses, are based on monolithic Si-MEMS with embedded
CMOS technology. However, they are rigid and they can
be either assembled on a rigid-flex printed circuit board
(PCB) or integrated on a rigid substrate characterized by a
reduced area covering factor and spatial sensitivity. They
don’t provide enough flexibility to be deployed on curved
surfaces for conformal covering. The pressure and shear
sensitivities are respectively limited to the order of
10 ' pF/kPa and 10 *pF/kPa due to the limits of the
fabrication scheme. In fact, the creation of a sensing
capacitor is possible by means of the wafer-to-wafer
bonding of the Si-MEMS and the CMOS electronics with
electrically conductive bond pads and Through-Si-Vias
(TSV). However, the smallest fabricated capacitor gap is
limited to the order of 1 um resulting in reduced sensing
features®®~°",

In the relevant currently reported literature, flexible
capacitive triaxial force sensors, on the other hand, are not
compatible with the micromachining batch production.
At present, their fabrication is based on ad-hoc complex
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non-standard processes consisting, for instance, in casting
elastomer components into tailored 3D printed molds, 3D
printed parts and Layer-By-Layer (LBL) assembly by
means of advanced vertical aligning laboratory tools.
Therefore, they are characterized by a smallest features
size of the order of 1 mm®>®. The obtained devices rely
on stretchable elastomer materials, which are known to be
largely affected by thermal expansion, hygroscopic effects
and degradation. In devices of this type, the performance
is very sensitive to the deformation induced by the
bending of the substrate that limits their stability when
applied over a deformable surface. The stability is also
affected by the long-term deformation effects related to
the viscoelastic creep phenomenon that causes in-time
signal drifting when the device is subjected to constant
long-term stresses induced by either an external load or a
curvature of the substrate during the conformal covering
of a curved surface. Moreover, the stretchable behavior of
the elastomer doesn’t provide a sufficient displacement
restrain. Hence, the device performance is limited to a
range of application of few 10" kPa®*®> that limits the
sensor Full Scale (FS) range.

In the capacitive triaxial force sensors, the application of
a normal pressure load over a movable surface of a plate
capacitor implies a local out-of-plane displacement along
the normal direction. It is associated with the capacitor
gap variation and, consequently, the change of capaci-
tance. It represents the related pressure sensing
mechanism®»®’, On the other direction, a shear load
condition due to an external in-plane directed force dis-
tribution, naturally, translates into a local in-plane
translation and a rotation. The rotation is caused by an
induced bending moment with respect to the center of
rotation of the system, with consequently an out-of-plane
displacement distribution. Therefore, the shear sensing
mechanism relates to the combination of both in-plane
and out-of-plane movements. In this case, the translation
implies a decrease of the capacitor electrodes’ overlapping
area and the latter causes a change of capacitor gap. In
other words, the reduction of overlapping area leads to a
decrease of capacitance, while the gap variation translates
into an increased or a decreased capacitance depending
on the variation sign. A gap reduction implies a capaci-
tance increase, on the contrary, a gap increment gives a
capacitance decrease. For this reason, shear and pressure
sensing mechanisms are not independent and such devi-
ces are intrinsically characterized by coupled sensing
features. The presence of both effects may either com-
pensate each other or create a situation in which one of
the two movements disturbs the generated read-out sig-
nal. In certain load conditions no signal is obtained
because of the compensation or the excessive dis-
turbance®®®. In the monolithic Si-MEMS technology, the
described behavior is mitigated by means of in-plane
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beam-like springs with almost infinite axial stiffness
compared to the transversal one. Thus, the in-plane
translation is always negligible with respect to the out-of-
plane one. On the contrary, in the elastomer based devices
the axial and transversal stiffness are comparable and a
restrained in-plane translation is not possible.

This paper presents a flexible triaxial force sensor,
compatible with standard FPD processing for a LA
manufacturing. It consists of an arrangement on a flexible
foil, i.e. a patch, of independent micro force sensing
devices, referred to as pixels, analogously to pixels in an
image sensor, that embed a MEMS-based structure, with
independent pressure and shear sensing. Thus, the pro-
posed device represents an innovation with respect to the
described literature works. The key novelties and advan-
tages in this work are: (a) the cost-effective batch pro-
duction, thanks to the FPD fabrication compatibility; (b)
the adaptation to any curved deformable surfaces, due to
the flexibility of the foil; (c) the definition of different
sensor patch sizes, thanks to highly versatile large area
tiling; (d) the independency of the MEMS pressure and
shear sensing features, that are not affected by parasitic
deformation mechanism; (e) the sensor spatial sensitivity
of the order of 1 um thanks to the micromachining based
manufacturing; (f) and a highly sensitive performance due
to an efficient design.

The novel sensor stack is described and the fabrication
results are shown. Moreover, a capacitive electro-
mechanical analytical model of the performing behavior
is obtained together with a 3-Dimensional (3D) multi-
physics numerical simulation strategy. The proposed
numerical model takes into account the contact problem
between the suspended MEMS and the substrate and the
fabrication-induced residual stresses in the different
materials. Furthermore, its experimental validation is
presented in the mechanical and electrical domain.
Hence, the proof-of-concept is shown and assessed by
means of measurements and simulations, relating to both
the pressure and shear load conditions. Normalized
pressure sensitivity is equal to 0.0013kPa~'. While the
shear one results 2.6 x 10> kPa™'. They way more exceed
the state-of-the-art capacitive triaxial force sensors’ ones.
Preliminary array characterization results give an initial
validation of the sensing capability and the sensitivity
scalability at the array level. They predict that a device
with 1 cm? footprint area would have a pressure sensitivity
of 0.841 pF/kPa, while the differential shear sensitivity is
2.859 pF/kPa.

This manuscript is organized as follows.

In Section “Device”, the design of the device is pre-
sented. The sensor stack is shown together with the
design features and dimensions.

Section “Fabrication” is focused on the results of the
fabrication.
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Section “3-Dimensional multiphysics model” is devoted
to the 3D multiphysics modeling of the device behavior.
The 3D Finite Element Method (FEM) model is described
with a focus on the FEM domains, boundary conditions
and discretization. The carried out analyses and the per-
formance computation strategy are discussed. The
working principle is explained by means of an analytical
formulation.

Section “Numerical and experimental results” regards
the experimental characterization campaign. Performed
measurements in the mechanical and electrical domain
are presented. Hence, the numerical model experimental
validation is shown and the sensor pressure and shear
sensitivities are obtained.

The paper concludes in Section “Conclusion”.

Device

This section focuses on the design of the flexible LA
pressure and shear sensor patch, based on sensing micro
pixels with integrated MEMS. In particular, the sensor
stack, compatible with the FPD manufacturing and the
MEMS sensing features are detailed and the working
principle explanation is given.

A portion of the sensor patch is represented in Fig. 1a,
where a 3D sketch of the device is presented, including
the description of the different components and materials.
It consists of an arrangement of micro pixel sensing units
(see a detail in Fig. 1b) with triaxial force detection fea-
tures, fabricated on a flexible Polyimide (PI) foil. The pixel
embeds a capacitive MEMS. It consists of a SizN,
butterfly-shaped plate, suspended over four bridges, with
an integrated Ti/Pt top electrode. In addition, a photo-
sensitive organic epoxy permanent material, dry film
resist (referred to as DFR) is placed on top of the layered
plate forming a central bump. The role of this layer is to
capture the in-plane forces. Furthermore, the pixel is
coated by a photosensitive Siloxane-based elastomer
SINR, provided by Shin-Etsu Chemical Co., Ltd, that
creates a soft coating where the external load is applied
and forms a barrier for the external dust and liquids in
order to protect the embedded MEMS.

Plane cuts of the capacitive MEMS-based sensing struc-
ture are shown in Fig. 1c, d. For clarity, the protective
elastomer is not depicted. The four independent Ti/Pt
bottom electrodes form along with the top electrode one
that is integrated into the suspended butterfly layered plate,
four independent capacitors, namely, C3, Cip, Co1, Cyo that
are visible in the top view presented in Fig. 1c. Note that the
system is characterized by a double symmetry that guar-
antees the isotropy of the in-plane response.

According to the reported characteristic parameters, the
bottom electrode size is L =115 pm, the square pixel side
length is 1,,;.; = 300 pm, the separation width from the SizN,
lateral wall is Wy, = 10 pm, while the connecting ligaments
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Fig. 1 Sketch of the flexible triaxial force sensor with the description of main components, materials and characteristic dimensional
parameters. a A patch portion. b Sensing micro pixel. ¢ Cross-section AA and top view of the bottom electrodes. d Cross-section AA and top view of
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are characterized by a length 1,5, = 128 pm and a width
Waridge = 50 pm. They are monolithically linked to the SizN,
lateral wall with size d = 35 pm. One may notice that the four
corners of the butterfly wings are vertically aligned with the
capacitors, which are separated by wy,;se. along the hor-
izontal directions. As reported in the cross-section AA view,
the flexible PI substrate has a thickness equal to
thy,s = 15 um, while, bottom and top electrode metals are
two layers stack with a thickness of th,,..; = 130 nm where
10 nm refers to the Ti adhesion layer while the remaining
120 nm consists of Pt. The SizNy structural layer thickness is
formed by two conformal depositions with thickness
thgy =100nm and thy, =2.6 um. In particular, the former
coating role is to separate the top electrode from the air
cavity to prevent any short circuit in case of contact with the
bottom electrodes. While the latter coating creates the main
structural layer that governs the stiffness and, consequently,
the MEMS sensing response. The thin air cavity gap is
Eeaviey = 90 nm, the square bump is centrally placed over the

butterfly layered plate and it has a lateral size 1,,,,, = 150 pm
while the corresponding thickness is th,,,,, =50 um. The
protective SINR elastomer soft coating is photopatterned on
the MEMS sensing part. It is centered and square with sides
lsve =335 um and a thickness thgpg =100 pm, while the
array spacing parameter is s = 30 pm.

Fabrication

The device is manufactured in the advanced cleanroom
laboratory at imec in Leuven, Belgium. The processing
development is carried out on standard 150 mm (6 in)
glass wafer with thickness of 500 pm. The goal of this
procedure is to speed up the development on handy
substrates maintaining the full processing compatibility
with the FPD manufacturing.

Fabrication process
The step-by-step description of the fabrication process
is provided in Fig. 2. Note that alternative materials and
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Fig. 2 Fabrication process flow. a TFT stack deposition on a spin-coated Pl substrate on a temporary glass carrier. b Deposited SisN, dielectric layer.
¢ Patterned bottom electrode. d Deposited sacrificial layer. @ Deposited MEMS SisN, dielectric layer. f Patterned top electrode. g Deposited MEMS
SisNy structural layer. h Creation of the bump. i Trenches to sacrificial layer opening. j Sacrificial release. k Laminated elastomer coating. I Laser lift-off

.

delamination. m SEM cross-section of the edge of a bridge-like structure with description of different layers

convectional techniques may be used to create the same
cross-section. Hereafter, a description of the key fabrica-
tion aspects, reported in the authors’ patent’, is given
with particular attention on the creation of the MEMS
thin gap, providing alternative methodologies available in
literature. As the first step, the flexible substrate U-
Varnish-S Polyimide (UBE) is spin-coated on the tem-
porary glass carrier and cured at 450 °C. Then, the com-
patibility with the FPD manufacturing allows for the
deposition of a TFT stack on the PI polymer, to act as the
embedded electronics to reach and control each indivi-
dual pixel””?. It is currently used in TFT-based capacitive
fingerprint sensors able to detect 1 fF of capacitance
variations’®’*, Since the MEMS-based sensor is here
purely demonstrated, the TFT stack represents only the
metal routing without altering the generality of the pro-
cess flow. Continuing, a Si3N, dielectric layer is deposited
by means of Plasma-Enhanced Chemical Vapor Deposi-
tion (PECVD). The bottom electrode is then created by
means of the self-aligned lift-off processing. It consists in
dry etching the Si3Ny, in correspondence of the metal
place, with the aid of a photo-resist mask that is kept as
the lift-off layer for the subsequent metal deposition. This
technique reduces the step coverage issue in the next
steps’”. The SizN, etching is performed through Deep
Reactive Ion Etching (DRIE) by means of SF¢/O, while the
Ti/Pt metal is evaporated. The patterned Cr sacrificial
layer is deposited through evaporation and covered by a
PECVD obtained Si3N, dielectric layer. Note that a dry
etched sacrificial release technique, in combination with a
Cu sacrificial layer, to create suspended MEMS over thin

gaps with good uniformity is already demonstrated in
ref. 7°, where Si;N,-based CMUTs are fabricated by
means of a large-area FPD compatible process based on
Gen 3.5 glass panels. While a XeFe, dry etching sacrificial
release with a Mo sacrificial layer is used in ref. 7/, with
high selectivity against SizN,’®. A XeFe, - Mo dry sacri-
ficial release technique, for MEMS devices, compatible
with FPD manufacturing based on Gen 4.5 glass panels, is
also proved in ref. 7 for the fabrication of integrated
MEMS-and-TFT-on-Glass. Subsequently, the top elec-
trode is evaporated, patterned and covered by the SizN,
structural layer. This layer is deposited by means of
PECVD under controlled conditions in terms of tem-
perature, pressure, RF power and SiH, and N, gas flows in
order to control the residual stress in the layer, as
demonstrated in refs. **®!, where tensile and compressive
stresses are obtained at different deposition conditions.
Subsequently, an organic epoxy permanent highly cross-
linked DFR material is laminated at a temperature of 40 °C
and patterned to create the bump. The trenches through
the Si3N, to the Cr sacrificial layer are opened by means
of SF¢/O, dry etching (DRIE). The MEMS is released by
means of a wet etching, using Cr etchant (Chromium
Etchant 1020, Transene, Danvers, MA, USA). The device
is immersed for 4h to etch away the Cr sacrificial layer.
Subsequently, a CO,-based critical point dryer (Auto-
megasamdri-916B, Tousimis, Rockville, MD, USA) is used
to prevent capillary stiction. The created thin gap is visible
in Fig. 2m. The elastomer soft coating dry film SINR 3570
is laminated with a lamination pressure of 100 kPa and
temperature of 80 °C. It is photo-patterned using I-line
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Fig. 3 Full-stack sensor patches with description of the main components and dimensions. a Mapped patches on a 150 mm (6 in) glass wafer.
b A portion of a fabricated patch with 300 x 300 um? butterfly structure size, 100 um regular spacing and 150 x 150 pm? central bump size. ¢ A
portion of a fabricated patch with 150 x 150 um? butterfly structure size, 150 pm regular spacing and 90 x 90 pm? central bump size. d A portion of a
fabricated patch with 90 x 90 um? butterfly structure size, 75 um regular spacing and 40 x 40 um? central bump size
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exposure at 2000 mJ/cm?® and a Post Exposure Bake (PEB)
at 110°C for 2%, It has the ability to bridge over fea-
tures with nearly zero shrinkage after curing® ¢, Finally,
the flexible device is released by Laser Lift-Off (LLO) from
the glass carrier.

Fabrication results

Figure 3a shows the sensor patches mapped on a glass
wafer, where two patch sizes are highlighted, namely,
2.7 x 2.7 cm® and 2 x 1 cm?. In the two considered cases,
the sensing pixels area is respectively equal to
1.7 x 1.7 cm” and 2 x 0.5 cm?, while the remaining patch
area is occupied by the electrical connections for further
electronics integration. Note that the PI-based stack is
almost transparent.

To show the results of the fabrication process steps, a
portion of the described sensor patch in the previous
section is presented in Fig. 3b. The main components
description regarding the top and bottom metals, the

sensing layered plate, indicated with “butterfly structure”
and central bump are indicated along with the related
characteristic dimensions.

Additionally, other pixel sizes are manufactured.
Figure 3c shows a fabricated patch portion with 150 pm
regular spacing, butterfly layered plate size equal to
150 x 150 um*> and central bump dimension of
90 x 90 um”. In Fig. 3d, a portion of a 75 um regularly
spaced arrangement is reported with 90 x 90 um? but-
terfly structures footprint and central bumps size of
40 x 40 pm*>.

The sensor patches present a sensing area where pixels
are allocated and a peripheral area dedicated to the
electrical connections to the outside electronics. They are
diced and delaminated from the glass substrate to achieve
different patch sizes and a commercially available 68 pins
Flexible Printed Circuit (FPC), to act as flexible electrical
connector to the downstream electronics, is bonded on
the sides, as presented Fig. 4a. Note that, thanks to the
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FPD manufacturing compatibility, standard connections
to external electronic components, used in TFT-display
technology are possible®. The results of this procedure
are presented in Fig. 4b, where four flexible (flex) con-
nectors are glued to the four sides of a 2.7 x 2.7 cm?
footprint sensor patch, while Fig. 4c shows a 2 x 1cm?
footprint sensor patch with only one flex connector.

The fabrication results demonstrate the versatility of the
fabrication process, as well as, the potential of the first
pressure and shear sensor with fully flexible features and
compatibility with the LA FPD batch production.

3-dimensional multiphysics model
Numerical model

A 3-Dimensional (3D) Finite Element Method (FEM)
numerical model is built in COMSOL Multiphysics 5.6. The
pixel presented in Section “Device” is modeled considering
the full layered stack and the MEMS design features.

The mechanical pixel response is governed by the elasticity
equations. In particular, given the incompressibility of the
SINR soft coating, the mixed FEM formulation is imple-
mented, in terms of the unknowns (7, u), where 7(x)
represents the pressure parameter field and #u(x) the 3D
displacement field**™. While in the remaining compressible
FEM domains the displacement formulation is adopted.

The fabrication-induced residual stresses are taken into
account by means of an amount of initial isotropic stress
acting in the plane of each layer. Hence, each material is
subjected to a particular uniform membrane stress,
depending on the manufacturing process, so that the
device layered cross-section is characterized by both
tensile and compressive stresses.

It is worth noting that the pixel characteristic dimension
is of the order of 100 pm. Therefore, it is very small with
respect to a size 21 mm.

The device response is computed considering a dis-
tribution of external surface load f (x) applied to the pixel
top surface Sy as depicted in Fig. 5a and expressed by the
condition (1)

o(x) -n(x) = f(x)onSs (1)

where o(x) represents the Cauchy stress tensor and #(x) is
the outward normal unit vector.

Given this surface of contact between the sensor and an
external body with smallest feature >1 mm, when they get
in touch with each other and a transmission of contact
forces occurs over the area. In this case, the applied
external load is considered uniformly distributed over the
surface.

Displacement conditions are enforced, as reported in
the Egs. (2) and (3),

u(x) = 0on Sy, (2)

u(x) - n(x) = 0on Sy (3)

where Sy, represents the bottom surface of substrate, S,
is the lateral surface of the substrate and m(x) is the
outward normal unit vector.

Note that the condition (2) implies that the substrate is
clamped without any movements, while Eq. (3) corre-
sponds to a lateral displacement restrain due to the
symmetry of the system.

The embedded MEMS sensing structure is suspended
over a thin cavity with thickness equal to g.,,,, therefore,
a contact reaction is obtained when the following contact
condition between the butterfly structure bottom surface
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Fig. 5 Sensing pixel model description. a Applied load surface S¢in blue and displacement boundary conditions surfaces S, and Sy in yellow.
b Embedded MEMS cross-section AA with highlighted initial cavity gap geavir, Substrate top surface vertical displacement wy,, and butterfly bottom
surface vertical displacement wy,,.. € Pixel 3D FEM discretization transparent view d Detail of the embedded MEMS 3D FEM discretization transparent
view. e Pressure sensing mechanism: cross-section AA schematic representation with exaggerated motion of the embedded MEMS. f Shear sensing

mechanism: cross-section AA schematic representation with exaggerated motion of the embedded MEMS

and the flexible substrate top surface occurs

Whut (x) — Wsub (x) - gcavity =0 (4)
where wg,,(x) is the downward directed displacement
component of the flexible substrate top surface (which
could result from the bending of the flexible substrate)
and wy,.(x) represents the downward directed displace-
ment component of the butterfly structure bottom
surface, as depicted in Fig. 5b.

The contact problem is solved by means of the penalty
method®*”".

A 3D finite element discretization is obtained by means
of quadratic 18 nodes wedge elements, as depicted in Fig.
5¢, d. Accordingly with the adopted mixed formulation in
the SINR FEM domain, a quadratic interpolation is used
for the unknown displacement field u(x) and a liner
interpolation is used for the unknown pressure parameter
field 5z(x). The total number of element results are equal
to 21,336 and the total number of Degrees Of Freedom
(DOFs) is equal to 185,556.

Sensor performance computation

To compute the sensor performance a set of solutions
of the static contact problem are obtained. In particular, a
sweep analysis on the surface load intensity is carried out,
considering the human tactile range of perception®>“?, for
the case of pure shear and pressure, taking into account
the initial fabrication-induced residual stresses.

Therefore, the gap capacitance contribution Cg,, to the
capacitance of the each independent pixel capacitor is

calculated by means of numerical integration through the
expression (5)

Eair€o

Comp = / dA
“ Se gcavity + Woup (x) — Whut (x)

(5)

where S, is the overlapping electrode area between the top
electrode and the corresponding bottom one, ¢,
represents the air relative dielectric constant and g, is
the vacuum dielectric constant.

Considering the presence of the Si3N, layer with
thickness th,;, as a separation between the Ti/Pt top
electrode and the air gap, the expression (6) gives the
SizN, related capacitance contribution Cg;,n, of each
independent pixel capacitor

S
CsizN, = ESizN, €0 ﬁ (6)

in which, eg;,n, is the SizN, relative dielectric constant.

Thus, the total capacitance C of each independent pixel
capacitor is obtained by calculating the equivalent capa-
citance given by C,,, and Cg;y, connected in series,
obtained through (7)

CoapCsizn,

C= .
Cgap + CSi3N4

(7)

The sensor performance, in terms of variation of
capacitance AC with respect to the initial one C,, is
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expressed as
AC =C -G (8)

where C, is the initial capacitance value which includes
deformation induced by residual stress in the layers. C is
obtained by substituting Cgp, into Eq. (7). And Cgp,
itself accounts for initial deflection, which is computed by
substituting wg,;(x), and wy,(x), into expression (5) as
initial displacement fields due to the fabrication-induced
residual stresses.

By selecting S,,,, namely S, that corresponds to C;1, Egs.
(5) and (6) give, respectively, Cgyp,; and Cg;n,,,; conse-
quently, (7) and (8) give, respectively, C;; and AC;; cor-
responding to the total capacitance and variation of
capacitance. The same rule applies to the capacitances of
the other independent pixel capacitors Ciy, Cy; and Cs,.

Analytical model

Analytical modeling of MEMS sensors and structures,
which can be derived from relatively simplified formula-
tion for kinematics and electrical capacitance, provides
simple means to design and scale such devices. Although
these idealized models have shortcomings in accurately
accounting for initial deformation of structures and the
behavior of the sensors in the post-contact regime, they
still offer a useful understanding of how scaling may
impact sensor performance.

In the analytical model, we assume that the layered
system is flat.

For the case of an applied pressure, the change of the
capacitance of the device is that of a parallel plate closing
gap capacitor, thus Eq. (5) can be re-expressed with
Wpul®) = Wpymp Where wy,,,,, is the induced vertical dis-
placement of the central bump. This scenario is reported
in Fig. 5e.

However, the rigid vertical movement wy,,,, is not a
representative kinematic quantity because of the estab-
lished initial contact between the butterfly plate and the
substrate, due to the fabrication-induced residual stresses,
as reported in Fig. 6.

The proposed schematization is too simplistic. It purely
provides the reader the ideal representation of the
induced pressure sensing motion. Hence, the derived 3D
FEM approach is used hereafter.

For the case of a pure shear force, if the small angle
deflection is very reasonably assumed, i.e., sin® =~ @,
then the denominator in Eq. (5) can be written under the
form g 4., — @x, where x is the horizontal coordinate
along the length of the butterfly layered plate. The rota-
tion angle of the structure @ itself is obtained from the tilt
geometry, as shown in Fig. 5f, which can be approximated
as ©® =~ u,/thy,,, where here u, is the horizontal
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displacement of the bump under shear load, and thy,,,,,, is
the thickness of the bump.

Two cases can be identified in a tilting displacement, the
first case is where a capacitor’s gap is reduced, while on
the other side of the pivot point the capacitor’s gap is
increased. As such, the total capacitance change obtained
by integrating Eq. (5) and inserting the obtained Cg,, in
Egs. (7) and (8) is expressed, for the gap opening side, as

Csizn,

AC=Cp— " ———
®(Coapgk + Csiany)

(k—=1) ©)

where k = w and for the gap closing side, as
cavity
Csi;n.
AC =—-C L xk+1 10
0 (_CgapOK + CSi3N4) ( ) ( )
where k = M. Where L is the electrode’s width.

OL/ Scavity
Unlike the case of pressure force, a shear force will

result in one capacitance decreasing while the opposite
capacitance increases thus enabling a differential style
readout between the two capacitors.

Numerical and experimental results
Mechanical response

The proposed 3D FEM model properly captures the
initial deflection of the MEMS-based sensing structure
due to the effect of the fabrication induced residual
stresses. Figure 6a shows a picture of the embedded
MEMS initial configuration taken with an optical micro-
scope, where, the interference fringes indicate that the
system is deformed.

In fact, the butterfly structure’s four wings are bent
upwards. While, the MEMS central part is deflected
downwards. A limited area below the bump footprint is in
contact with the substrate, as reported in Fig. 6b where
negative displacements are observed.

The embedded MEMS surface topography is measured
by means of an optical profilometer Lyncée Tec Digital
Holographic Microscope (DHM). The corresponding
numerically computed configuration is shown in Fig. 6c.
The 3D model shows the upward concavity of the
butterfly wings.

The numerical results show a perfect two-axis symme-
trically deformed configuration. It is worth mentioning
that, in the experimental data, it is only nearly two-axis
symmetric because of the imperfections of the fabrication
process, which is not included in the numerical model.
However, FEM results largely confirm the effects of the
in-plane fabrication-induced residual stresses.

The maximum measured upward displacement occurs
at the butterfly tip corners. Considering the average over
the four corners tips values, which is equal to 807 nm,
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Fig. 6 Mechanical characterization of the embedded MEMS. a Initial configuration detected by the optical microscope with description of the
rounded fringes of interference. b Measured initial topography by means of Lyncée Tec DHM. ¢ Numerically computed vertical displacement. 3D plot
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whereas the maximum numerical displacement occurs at
the same location and is equal to 793 nm.

A mechanical pointwise load test is carried out to
validate the described 3D FEM model under an external
force condition. Figure 6d shows a detail of the Device
Under Testing (DUT). In particular, a concentrated ver-
tical force directed downward is applied to the corner tip
of a butterfly wing where the maximum induced flexural
response occurs.

The force point of application is indicated with P in the
inset of Fig. 6e. The load varies linearly in the range
[10-90 uN] and it is controlled by a load probe connected
to the DektakXT stylus profilometer that detects the
induced vertical displacement. Hence, a Force - Dis-
placement experimental curve is obtained. The test con-
dition is numerically replicated by means of the 3D FEM
model. The measured and numerical data are presented in
Fig. 6e. Here too, numerical and experimental results
show an excellent agreement.

Electrostatic response

The electrostatic response of the embedded MEMS is
measured by the Keysight E4980A Precision LCR Meter,
in these measurements the capacitance dependence on
voltage is quantified. Among the various single pixel
capacitors, no variations are observed, hence it is repre-
sentative of the average behavior, and we denote the
voltage-dependent capacitance as C. The test is carried
out by applying a linear static voltage ramp, in the range
[0-8 V], to the embedded MEMS integrated top electrode
while the bottom one is grounded. Note that no external
mechanical load is simultaneously applied for this char-
acterization. As a consequence of the linear voltage ramp,
the embedded MEMS is subjected solely to electro-
statically induced distributed forces. They bend the but-
terfly wings toward the substrate, closing the capacitor
gap. The applied voltage and the data acquisition are
controlled through a Python script running on a laptop.
The test represents a preliminary check of the electrical
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Fig. 7 Electrostatic characterization. a Experimental setup. b Detail of the DUT connected to the PCB on the DektakXT chuck. ¢ Measured DC
Voltage - Capacitance curve obtained by means of the Keysight E4980A Precision LCR Meter with reported measured Cy in blue dashed line and
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and mechanical integrity of the sensing pixel before the
pressure and shear characterization. Figure 7a shows the
experimental setup. The DUT is mounted on the Dek-
takXT chuck only for convenience, as presented in Fig. 7b.
Note that the flexible connector is plugged in the dedi-
cated Printed Circuit Board (PCB) through an electrical
Zero Insertion Force (ZIF) socket with 68 independent
channels each and every one connected to a single inde-
pendent metallic pin on the sides of the PCB.

The DC Voltage - Capacitance curve is reported in Fig.
7c. The measured initial capacitance C, corresponds to no
voltage applied, and it is only due to the initial separation
and deflection of the MEMS butterfly structure. It is equal
to 0.76 pF and indicated with a blue dashed line. The
corresponding numerically simulated value of Cy is indi-
cated with a red dashed line. It is obtained by means of the
3D FEM model, by inserting the fabrication stresses
induced pre-deformation fields wy.; (%), and Wy, (%), into
Eq. (5), and applying Eq. (7). It results in a C, value of
0.764 pF. Therefore, the numerical model correctly
replicates the initial electrical capacitance. An electro-
static saturation test up to 35 V DC, carried out with the
described set-up, shows a saturation capacitance variation
of around 6 pF. It is obtained when the MEMS gap is fully
closed because of the butterfly wings downward bending
and the in parallel capacitance C reduces to Cg;,n,. The
observed experimental trend, with the voltage increment
is in line with the expected capacitive MEMS behavior of
suspended movable plate capacitors where the

capacitance increases as the function y(x) = x ! because
of the gap reduction induced by the increasing applied
voltage”™.

Pressure response

The experimental pressure characterization is carried
out to measure the pixel response when a pressure is
transmitted to the bump and detected by the capacitive
sensing pixel. In particular, an external load is applied via
the vertical load probe connected to the DektakX T, while
the capacitance variation AC is detected by the Keysight
E4980A Precision LCR Meter. A detailed picture of the
DUT is taken by an optical microscope and shown in Fig.
8a where the vertical load probe tip shadow is highlighted
together with the bump top surface, while the corre-
sponding 3D FEM model load condition, where the load is
superimposed on the pre-deformed device is shown in
Fig. 8b. The diamond load probe tip has a radius of 25 pm.
Applied vertical forces ranges from 30 uN up to 141 uN
resulting in the reported pressure range by simply divid-
ing the force value by the diamond tip contact area. Figure
8c shows the obtained measured and numerically com-
puted results in terms of capacitance variation AC for
each considered pressure intensity indicated with p. In
particular, the symmetry of the design implies a sym-
metric mechanical response where each capacitance var-
iation is equal and is indicated by AC. The capacitance
changes replicated by the 3D FEM model fit with the
measured experiments. The model is validated with
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Fig. 8 Pressure characterization. a Optical microscope image of a detail of the DUT with highlighted vertical load probe shadow and bump
surface. b 3D FEM model representative load condition. ¢ Pressure - Capacitance Variation curves: measured in blue and numerically computed in
cyan. d Numerically computed full-scale Pressure - Capacitance Variation curve. @ Numerically computed Pressure - Capacitance Variation curve in the
range of human skin pressure perception. f Numerically computed embedded MEMS vertical displacement induced by the combination of the
residual stresses and p = 175 kPa. Highlighted capacitance increments. Plot depicted on the related deformed configuration with exaggerated
motion. g Numerically computed embedded MEMS SisN, dielectric layer vertical displacement induced by the combination of the residual stresses
and p = 1800 kPa. Plot depicted on the related deformed configuration with exaggerated motion. h Numerically computed longitudinal bridge stress
induced by the combination of the residual stresses and p = 1800 kPa. Highlighted cross-section AA stress distribution

respect to the pressure load condition. The full-scale pixel
pressure response is then computed by means of the
validated 3D FEM model, considering the operating
condition of an applied pressure on the pixel top surface,
up to the saturation pressure level of 1800 kPa. Figure 8d
reports the full-scale pixel pressure response. In the lower
range [0—-300 kPa] the sensitivity is computed and a detail
of the curve is shown in Fig. 8e. The adopted lower
pressure range is in line with the human skin percep-
tion”>. This is also indicated on the horizontal axis by the
correspondence between the pressure intensity and typi-
cal human activities that involve a touch event. Indeed, a
benchmark of the technology concerning a human-like
tactile sensing application is presented.

The pressure sensitivity Szix of a single sensing micro
pixel is expressed as the tangent of the Pressure -
Capacitance Variation curve in Fig. 8c. A sensitivity of
Szi’czl x 1073 pF/kPa is obtained, for a pressure of
p =150kPa, corresponding to the maximum pressure at
the hill during the gate. Multiple metrics for expressing
the sensitivity are reported in literature. The normalized
sensor sensitivity is obtained by dividing the
computed Sg"‘ by the initial capacitance C,. It results
S = S;i" /Co = 0.0013kPa™" and it represents a sensor
intrinsic sensitivity metric. Dobrzynska et al. report in

ref. ©/, a flexible 3D force sensor on a PI substrate, where
the obtained normalized pressure sensitivity is 6.6 x
10 *kPa ™!, in the human pressure range of perception. In
the paper’””, Lee et al. show a flexible poly-
dimethylsiloxane (PDMS)-based capacitive -axial tactile
array capable of measuring forces up to 131 kPa. They
report a normalized pressure sensitivity value equal to
2.3 x 10~* kPa~'. While in the work®®, they obtain a value
of around 10™* kPa ' with a working device in the
0-250 kPa pressure range. Surapaneni et al. present in
ref. ° a polymer-based pressure and shear capacitive
sensor, operating up to 120 kPa of pressure, with a mea-
sured normalized pressure sensitivity of 4.4 x 10~ * kPa™".
Alternatively, the pixel pressure sensitivity can be
expressed respect to the vertical resulting force F, instead
of the pressure and normalized with respect to the initial
capacitance C,. The presented technology gives S7"
S A i = 1444 N, where A,,;, = 300 um” is the pixel
top surface size where the pressure is distributed. In
ref. ®*, Yulu et al. report a flexible 3D capacitive force
sensor with sensitivity much better then the other
reported ones in literature. They obtain a value of
2.375 N, Hence, the sensitivity values of the presented
device are much higher than those reported for state-
of-the-art capacitive triaxial force sensors.
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Fig. 9 Shear characterization. a Shear sensing mechanism characterization setup with highlighted DUT, lateral probe, electrical probes and Keysight
E4980A Precision LCR Meter. b Optical microscope image of a detail of the DUT with highlighed lateral probe bump surface and applied
displacement u,. ¢ 3D FEM numerical model representative load condition. d Lateral Displacement - Capacitance Variation curve: measured in blue
and magenta, numerically computed in cyan and green. e Numerically computed full-scale Shear - Capacitance Variation curve. f Numerically
computed embedded MEMS vertical displacement induced by the combination of the residual stresses and u, =80 nm, with highlighted
capacitance variations. Plot depicted on the related deformed configuration with exaggerated motion. g Lateral Displacement - Capacitance
Variation curve: analytical in blue and magenta, numerically computed in cyan and green. h Numerically computed Shear - Capacitance Variation
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Considering an applied pressure p=175kPa, the
obtained numerical deformed configuration of the
embedded MEMS sensing structure is shown in Fig. 8f. It
is representative of the pressure sensing mechanism. Even
if the bump is initially in contact with the substrate as an
effect of internal stresses, it still deforms under the effect
of the applied pressure, and the deformation of the bump
is transmitted to the layered butterfly wings that conse-
quently bend downward symmetrically with respect to the
initial deformed configuration. These displacements
induce the capacitor gap reductions and, therefore, the
capacitance variations. The saturation pressure level of
1800 kPa gives a fully closed gap deformed configuration
of the MEMS suspended plate, as reported in Fig. 8g
where the SizN, dielectric layer surface is flat and moved
down of a value equal to gcayiy =90 nm, up to the sub-
strate level. The maximum stress level coincides with the
tensile longitudinal stress along the bridge axis. It is
obtained at the bridge cross-section AA, in correspon-
dence of the SizN, structural layer, and it is equal to
0.25 GPa, as shown in Fig. 8h. Note that it is far below the
failure limit strength of CVD deposited SizN4 thin film
that results around 6 GPa, as reported in refs. **%°

Shear response
The experimental characterization of the shear sensing
mechanism is carried out using the setup presented in

Fig. 9a In this case, a controlled horizontal movement u,
is applied to the mid point of the bump top edge, by
means of a lateral probe. The enforced displacement
replicates the consequence of an applied horizontal shear
load on the pixel top surface. The bump movement is
recorded by the camera of the optical microscope. Hence,
the displacement is obtained by the time frame recorded
images. While the capacitance variations are measured by
means of the Keysight E4980A Precision LCR Meter for
each applied horizontal displacement intensity. The tests
are replicated by means of the 3D FEM model.

Figure 9b reports the detail of the DUT picture taken by
the camera of the optical microscope, in which the probe,
the bump and u, are highlighted. Figure 9c shows the
corresponding representative 3D FEM model numerical
load condition, where the horizontal displacement is
superimposed on the initial configuration. While, Fig. 9d
shows the obtained measured and numerically computed
results in terms of capacitance variation AC, for each
applied horizontal movement. The symmetry of the
design implies an equal capacitance increase for the
couple (Cia, Cy,) and decrease for (Cy;, Cy1). Hence, only
AC;; and ACy, are presented. The obtained numerical
results show a good fit with the measured experimental
ones.

The model is validated with respect to the shear sensing
mode. The full-scale pixel shear response is then
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computed by means of the validated 3D FEM model,
considering the operating condition of an applied shear
on the pixel top surface, up to the saturation shear
level of 1400 kPa. Figure 9e reports the full-scale pixel
shear response. In the lower range [0-150LkPa] the
sensitivity is computed and a detail of the curve is shown
in Fig. 9h. Note that the maximum level of stress is here
obtained in the case of 1, = 1400 kPa. It relates to the
longitudinal tensile stress in the bridge. As the one
presented in Fig. 8h, also in this case it is far below the
limit strength.

Considering an applied horizontal displacement
u, =80 nm the obtained numerical deformed configura-
tion of the embedded MEMS sensing structure is shown
in Fig. 9f. It is representative of the shear differential
sensing mechanism. In particular, the bump movement is
transmitted to the butterfly layered structure in which the
wings defining the couple (Cj,, Cs5), placed on the side of
the displacement verse, bends downward while the
remaining other one, in correspondence of (Cy;, Cy),
bends upward. It results in an opposite change of capa-
citor gap that implies an increment of capacitance for the
former couple and a decrement one for the latter.

The 3D FEM model Capacitance Variation - Lateral
displacement curves are compared with the analytical
ones obtained by means of the expressions (9) and (10).
Figure 9g shows that the proposed analytical formulation
abruptly overestimates the induced capacitance variations.
As noted, the analytical model only considers the perfectly
flat butterfly layered plate suspended over the four
bridges, while the 3D FEM model includes the effect of
the contact with the substrate that limits the induced
butterfly movement. The results are reported up to
u, =40 nm, since above this threshold the analytical for-
mulation fails. In fact, the induced vertical movement of
the butterfly’s wings, that are closing that capacitor gap,
exceed the initial gap geaviry-

To compute the shear sensitivity, the 3D FEM numer-
ical model is used to simulate a pure shear condition,
oriented along the horizontal x direction, where the load
is applied to the pixel top surface in combination with
the fabrication-induced residual stresses, as described in
Fig. 5a.

Hence, the corresponding capacitance variation of the
four independent capacitors is computed for each ana-
lyzed value of the shear load intensity, in the range of
human skin perception®?,

Figure 9h reports the numerical shear sensitivity S?*
curves of the single pixel independent capacitors. It is
worth noting that it results $”* =2 x 10> pF/kPa for the
couple (Cio, Cyo) in the case of 7, around 40 kPa corre-
sponding to a soft grip activated by grasping an object.
While, it results S‘;ix =4 x 1073 pF/kPa considering
7, =100 kPa associated with a good grip condition.

Page 14 of 20

Moreover, the couple (Ci;, Cy;) is characterized by an
almost constant sensitivity $?* = —1.4 x 102 pF/kPa in
the analyzed range.

Considering 7, around 40kPa, the couple (Cip, Cy»)
normalized shear sensitivity is " = 2.6 x 10> kPa~" and
the corresponding normalized shear force sensitivity results
S7r =28.88 N™'. Dobrzynska et al. report in ref. ® an
obtained normalized shear sensitivity of 2.8 x 10~ *kPa*, in
the human pressure range of perception. In the paper®®, Lee
et al. measure a value equal to 2 x 10~ *kPa . While in the
work”®, they obtain a value of around 10™* kPa™* with a
working device in the 0-250kPa pressure range. Sur-
apaneni et al. present in ref. °” a measured normalized shear
sensitivity of 7.6 x 10~* kPa ", In ref. ®, Yulu et al. report a
normalized shear force sensitivity of 0.98 N~" that is much
better then the other reported ones in literature. Hence, the
sensitivity values of the presented device are much higher
than those reported for state-of-the-art capacitive triaxial
force sensors.

Stability characterization

Since the structures presented in this work are based on
traditional MEMS materials, e.g., silicon nitride and
metals, they do not suffer from creep, fatigue, and plastic
deformations as much as polymer-based touch sen-
sors®”19%1%1  Therefore, we undertake dynamic cycling
whereby the pixels are forced to vibrate at their resonance
frequency with an amplitude of 4 nm, undergoing roughly
110 million cycles. The pixels show no change of reso-
nance frequency, which would have indicated fatigue or
stress relaxation, nor do they show change in the ampli-
tude/voltage response, which would have indicated char-
ging of the silicon nitride. This vibration amplitude
corresponds to a displacement due to an applied pressure
of 175kPa, which corresponds to a firm grip, while the
number of cycles would correspond to a usage over a full
year, assuming a robotic manipulator operating at a rate
of 1 grasp/second.

These measurements are carried out using a Polytec
MSA-500 vibrometer. A structure pictured using the
Polytec MSA-500 is shown in Fig. 10a. First, a frequency
sweep is undertaken to determine the resonance fre-
quency of the structure, Fig. 10b, then a continuous wave
(CW) excitation is applied at the resonance frequency and
the response of the structure monitored, Fig. 10c.

Array characterization

The array is primarily characterized in the electrostatics
field. Figure 11a presents the DUT on the stage connected
to Keysight E4980A Precision LCR Meter through an
external PCB with a point probe to the Source Meter Unit
(SMU) 2612B Keithley. The test is carried out using the
described methodology in Section “Electrostatic
Response” in which a linear static voltage ramp, in the
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Fig. 10 Stability characterization. a Picture of the scan points defined in the Polytec MSA-500 to measure the vibrations of the structure.
b Frequency sweep to determine the resonance frequency of the structure. ¢ Continuous wave excitation at resonance, which results in a 4 nm
displacement amplitude, is then monitored over the large cycling time
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range [0-8 V], is applied to the embedded MEMS inte-
grated top electrode while the bottom one is grounded. As
a consequence, the MEMS is subjected solely to electro-
statically induced distributed forces that bend the

butterfly wings toward the substrate. Figure 11b shows the
measured capacitance by means of the LCR Meter of an
individual capacitor of a single pixel. The test is per-
formed on two pixels, respectively, with 300 pm2 and
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150 um? size. The trend presented in Fig. 7c is here
confirmed. The same test is performed on two 9 x 9
arrays where the measured pixels with 300 um* and
150 um? size are now connected in parallel with two
independent channels, as illustrated in Fig. 11d. Note that
the 9 x 9 array is surrounded by dummies, i.e., non-
connected pixels. This mimics the large-array condition in
which the considered 9 x 9 array is a sub-array of in-
parallel-connected pixels. Figure 11c shows the measured
single channel capacitance between top electrode, con-
nected to the electric terminal 3, and bottom electrodes
connected to the terminals 1 or 3. In this condition the
SMU is not used. Such measurements can be performed
using inline metrology, alongside the production line. The
measured array capacitance scale up, with good approx-
imation, with the total number of in-parallel-connected
pixels in the array for different applied voltage and for
both measured arrays. This represents a proof of a good
pixel uniformity, i.e., response consistency. Note that, in
the arrays, all the in-parallel-connected pixels are con-
temporary subjected to the same electrostatically induced
distributed forces. Despite they are not due to an external
mechanical load, they act as transmitted pressures dis-
tributed over the array of pixels. This test represents,
additionally, a preliminary proof of the array

responsiveness under distributed loads. To measure the
crosstalk due to the applied electrostatic voltage, the SMU
is connected to the pin 2, and a static voltage V DC is
applied with values 1V, 4V and 8V, while the induced
capacitance variation is measured at the terminals 1-3 by
means of the LCR meter. The time recorded signals are
reported in Fig. 11le. Average values do not exceed 5 fF.
Note that, this is not pure electrical crosstalk, instead, it
represents a combination of electrical and mechanical
one. It is due to the presence of both the input signal, i.e,
the static voltage, and the induced electrostatic distributed
forces. To solely measure the mechanically generated
crosstalk, pressure and shear sensing mode tests are car-
ried out over a single pixel. In this case, the methodology
described in Section “Pressure Response” for the pressure
case, and in Section “Shear response” for the shear one, is
applied, while the crosstalk-induced variation of capaci-
tance is measured over a neighbor-pixel under a zero-load
condition, i.e. absence of applied pressure and shear
stresses. For brevity’s sake, the recorded time signals of
the crosstalk-induced capacitance variations, over the
load-free neighbor-pixel, are reported in Fig. 11f for the
pure pressure case with maximum applied pressure,
p =250kPa, and pure shear case with maximum shear-
induced bump lateral displacement, u, =200 nm. They
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are associated with the highest detected crosstalk level.
The loaded pixel time recorded average values of the
induced capacitance variations confirm the trend pre-
sented in the curves in Fig. 8c and Fig. 9d. In the case of
the neighbor-pixel, under the load-free condition, the
average recorded values of the crosstalk-induced capaci-
tance variations do not exceed 3 fF. The result is justified
by the fact that the pixels are physically separated, as
illustrated in Fig. 2. It is a proof of the spatial indepen-
dence, ie. selectivity, of the sensing capability of the
sensor array to correctly capture mechanical stimuli
applied to only a certain restricted area, that in the lower
limit coincides with the pixel footprint. This represents
the hardest scenario for the selectivity evaluation, proving
that an applied force distribution over the sensor patch
can be mapped with a spatial resolution equal to the pixels
inter-distance. The described experiments represent a
preliminary array characterization that initially validates
the adoption of the technology as a mechanical force
sensor at the array level.

Array sensitivity

The advantage of a capacitive array-based sensor design
consists in magnifying the signal by electrically collecting in
parallel multiple pixels providing a potential scalability of the
sensor patch sensitivity. Given the preliminary proved scal-
ability of the array design, considering a 1 cm” sensor patch,
an array of 29 x29 sensing pixels can be arranged and
electrically connected in parallel in order to magnify the
capacitance, of each independent capacitor, by a factor equal
to the total number of in-parallel-connected pixels. Such an
array would have an initial capacitance Cj” = 640 pF.

In realistic large-area robotics applications, during a
touch event, applied forces may be considered resulting in
pressure and shear uniformly distributed over 1cm?®
contact area with a reasonable approximation. As pre-
viously considered, the arrangement of 29 x 29 pixels,
electrically connected in parallel, subjected to a dis-
tributed pressure p =150 kPa, would have an array sen-
sitivity S, = 0.841 pF/kPa.

Concerning the shear sensing, it leads to an array
shear sensitivity for the couple (Cip, Cyy) equal to
S§%" =1.682 pF/kPa in correspondence of a soft grip and
S§%" =3.364 pF/kPa for a good grip. Instead, the given
array shear sensitivity for the couple (Cy;, C,p) results
§%" = —1.177 pF/kPa. Furthermore, a combined differ-
ential sensitivity S?7 can be assumed resulting in
Sy = 2.859 pF/kPa, considering the soft grip condition.
Note that the reported array sensitivity values are pre-
dictions based on a preliminary array characterization and
a pixel-level validated FEM model. Their accuracy will be
assessed in dedicated future works by means of a deeper
array characterization campaign.
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Application validation

A validation of the usage of our fabricated devices as
pressure and shear sensors is shown in Fig. 12a—d, where
tactile stresses are applied to an array, as reported in Fig.
12a, and the induced changes in capacitance are measured
and presented in Fig. 12b.

These changes in capacitance are, thereafter, used to
extract pressure and shear stresses shown in Fig. 12¢, d,
respectively.

Conclusion

In this paper, a flexible capacitive MEMS-based triaxial
force sensor is presented. The reported stack is compatible
with the LA FPD cost-effective batch manufacturing. The
design concept and the results of the fabrication are shown.
The capacitive pixel response is investigated under the effect
of the fabrication-induced residual stresses and the applied
external pressure and shear load. A simplified analytical
formulation is derived for sensing mechanisms. Considering
the human skin range of pressure and shear perception, the
device behavior is experimentally proved and correctly
simulated by means of a 3D FEM model. In particular, the
experimental and numerical results relate to: the initial
deformed embedded MEMS configuration induced by the
residual stresses; the pointwise vertical load-displacement
mechanical behavior; the electrostatic capacitive response;
the pressure and the shear sensing performance. Hence, the
presented numerical model represents a valuable tool to
provide a set of design guidelines for the sensor optimization.

The obtained pixel’s normalized pressure sensitivity is
equal to 0.0013 kPa—'. While the shear one results 2.6 x
1072 kPa~'. The reported pixel’s sensitivities are much
higher than those reported for state-of-the-art capacitive
triaxial force sensors. A preliminary experimental valida-
tion of the array sensing capability and scalability is given.
Referring to a 29 x29 array of pixels electrically con-
nected in parallel, with 1 cm? footprint, an initial capaci-
tance equal to 640pF of each independent capacitor
element is estimated. The predicted pressure and shear
sensitivities are 0.841 pF/kPa and 2.859 pF/kPa, respec-
tively. An initial validation of the device performance is
conducted at the array level through a human-finger
touch test. Further array measurements will be per-
formed, considering proper distributed mechanical load
tests, and presented in dedicated future works.

Therefore, the presented technology represents a
novelty and a solution for a highly sensitive LA flexible
triaxial force sensor compatible with FPD batch manu-
facturing. It will open new frontiers in robotics and
beyond by enabling multiple applications.
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