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Silicon-Based Piezoresistive Stress Sensor Arrays
for Use in Flexible Tactile Skin
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and Ralf Brederlow , Senior Member, IEEE

Abstract—Bioinspired robotics and smart prostheses have
many applications in the healthcare sector. Patients can use
them for rehabilitation or day-to-day assistance, allowing them
to regain some agency over their movements. The most common
way to make these smart artificial limbs is by adding a “human-
like” electronic skin to detect force and emulate touch detection.
This paper presents a fully integrated CMOS-based stress sensor
design with a high dynamic range (100 kPa to 100 MPa)
supported by an adaptive gain-controlled chopping amplifier.
The sensor chip includes four identical sensing structures capable
of measuring the chip’s local stress gradient and complete readout
circuitry supporting data transfer via I2C protocol. The sensor
takes 10.2 ms to measure through all four structures and goes into
a low-power mode when not in use. The designed chip consumes
a total current of ∼300 μA for one complete operation cycle and
∼30 μA during low power mode in simulations. Moreover, the
complete design is CMOS-based, making it easier for large-scale
commercial fabrication and more affordable for patients in the
long run. This paper further proposes the concept of a tactile
smart skin by integrating a network of sensor chips with flexible
polymers.

Index Terms—Artificial skin, CMOS stress sensors, piezoresis-
tive, silicon stress sensors, flexible sensors, tactile sensors.

I. INTRODUCTION

NATURE has always inspired innovation. Numerous ad-
vancements in engineering, architecture, medicine, ma-

terial technology, and agriculture have been inspired by the
features of organisms that have adapted to survive even in the
harshest environments. Some of the most notable examples of
“biomimicry” in engineering are how Leonardo da Vinci’s study
of bird wings inspired the model of flying machines, which
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later became the current-day aeroplanes, or how Eiji Nakatsu
modelled the bullet train after the beak of the kingfisher bird,
the wings of an owl, and the bellies of penguins. He made the
trains faster and solved the problem of sonic booms caused by
air pressure accumulation when the high-speed trains exited the
tunnels [1].

Another field that routinely derives inspiration from biol-
ogy is robotics, especially for biomedical applications. Con-
ventional prostheses and orthoses are designed to provide only
basic functionality and support. However, if we can combine
sensory interface features with soft robotics principles, we
can significantly improve the rehabilitation of individuals with
paraplegia and muscular disabilities. A biomechatronic system
typically has four main components: biosensors that can detect
the intended action through the transmitted impulses sent by the
user’s brain; the controller that can translate biological impulses
into electrical signals; mechanical sensors that can detect and
convert physical stimuli into relevant data for the controller; and
the robot actuator which acts an artificial muscle to produce
the desired movement corresponding to the human body func-
tion [2]. References [3], [4], [5], [6], [7], [8] show the current
progress in decoding such brain-controlled impulses into actual
motor movement intentions and the possible role of artificial
intelligence (AI) in prosthetic and orthotic rehabilitation [9].

So far, all the papers mentioned above focus more on biosen-
sors, controllers and actuators. However, all four components
should function properly and fit seamlessly for a well-designed
biomechatronic system. The mechanical sensors’ design is
equally essential as it ensures the robotic actuators interact with
the environment correctly and the sensor feedback data is sent
to the controller on time. Therefore, the overall effectiveness of
a sensing system, especially for use as a tactile artificial skin,
depends on a few critical factors. These include (a) sensor per-
formance in terms of sensitivity, accuracy, robustness, etc., (b)
sensor placement and conformability, (c) integration of sensing
structures with robots, (d) data collection and transmission, and
(e) data processing algorithms [10]. Many biomedical applica-
tions require tactile sensors, so the sensor material, transcon-
ductance medium, and structures can vary significantly based
on the requirements. Sensors that need to be implanted within
the body must be small, biodegradable and, most of all, com-
fortable. In contrast, wearable sensors are frequently affected
by external forces and would benefit from being robust and
flexible [11]. The advantages and disadvantages of using dif-
ferent materials and sensing techniques have been extensively
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discussed over the years [12], [13], [14], [15]. Furthermore,
specific considerations for designing tactile sensing systems for
robotic applications have also been reported in [10], [16].

The main challenge for developing artificial tactile skin has
always been to design flexible and stretchable electronic sen-
sors. Silicon is the most widely used semiconductor material
for modern electronics, but its brittle nature makes it chal-
lenging for use in applications where flexibility is essential.
On the other hand, organic semiconductors, elastomers, and
polymers are flexible and can conform to uneven surfaces.
However, due to lower mobility, electronic circuits designed
using organic semiconductors often perform inferior to their
silicon counterparts. Over the last decade, various techniques
to make silicon wafers flexible by thinning to 20 - 50 μm have
been tested with positive results [17], [18], [19], [20], [21],
[22], [23]. Embedding these ultra-thin silicon chips in flexible
polymer substrates can allow us to enjoy the benefits of both
materials. Since the silicon fabrication process is already well
established, and polymer foils can be made on a large scale
using roll-to-roll manufacturing, the cost of production can be
controlled effectively.

Considering all the above observations, we decided to design
a silicon-based sensor. Additionally, the inherent piezoresistive
property of silicon makes it an attractive material for pressure
sensors. Piezoresistivity in semiconductors like silicon and ger-
manium has been extensively studied since the early 1950s [24],
[25], [26], [27]. Pressure-sensitive sensors can be made using
either silicon resistors or transistors as the primary sensing ele-
ment [28], [29], [30], [31], [32], [33]. Based on the comparison
between the different silicon devices presented in [34], it can
be concluded that silicon resistors offer the better choice for de-
signing highly sensitive stress sensors. As a result, we will focus
on silicon resistor-based stress sensor design in the following
paper. This work aims to expand the available research and use
it to create low-power, low-noise, directionally sensitive stress
sensors with a high dynamic range. Furthermore, this paper
presents a system-level concept for using the proposed sensors
in a more extensive network to design an efficient and flexible
tactile skin. The proposed system is based on the requirements
expected from such artificial skin as presented in [16], [17] and
will be discussed in detail in the upcoming sections.

This paper is organised as follows: The basic concept of our
tactile skin and its construction is explained in Section II. Sec-
tion III describes the implementation of the sensor unit along
with the critical considerations behind certain design choices.
Section IV dives into the design of the readout circuitry that
supports the main sensing structure. A final top-level algorithm
for the tactile network using the silicon sensor array is explained
in Section V, and some simulation results are provided in Sec-
tion VI. Finally, Section VII presents the conclusion to the paper
with a few discussions and suggestions about the future scope
of this work.

II. FLEXIBLE TACTILE SKIN

The target application for our stress sensors is as an artificial
skin for prostheses. As mentioned earlier, such tactile systems
must be flexible and conform to the mechanical device for
seamless operation. Therefore, it is crucial to integrate the

sensor chips with a substrate that can make them flexible
without compromising their sensitivity. Since covering large
areas with only silicon is impossible due to cost and bending
limitations, an alternate “network” approach is used here [35].
The idea is to place multiple silicon sensor chips in an array
with a fixed spacing between them. Each chip, therefore, acts
as a taxel in the more extensive network. These chips are then
embedded into a flexible polymer substrate that can be used to
cover parts of the prosthesis as needed. Although papers with
similar sensing array concepts have been summarised in [11],
[12], most are capacitive or microelectromechanical systems
(MEMS). Capacitive stress sensors show a high sensitivity
and are more resilient to temperature variations; however,
they are non-linear and more prone to stray capacitances.
Since typical capacitive tactile sensors can only detect touches
from electrically conducting objects, their use case can be
significantly limited. Similarly, silicon-based MEMS devices
are incredibly delicate and may not be capable of bearing the
range of forces that are applied on a typical prosthetic device.
This makes them a less-than-ideal choice for such applications
where robustness is valued.

The fundamental principle behind the design of our tactile
skin is based on the behaviour of thin plates under an applied
load [36]. When an external force is applied to an object, it
undergoes deformation, resulting in internal stresses within that
object. The internal stresses depend on the magnitude of the
applied force, so if one can measure the value of the generated
stress, it can be used to calculate the force. We use this concept
to create artificial skin by using polymer substrates to mimic
the behaviour of human skin under deformation and an array
of stress-sensing silicon chips to measure the stress after de-
formation. To maximise the efficiency of the skin, the effective
distribution of chips in the array is essential.

On the one hand, large spacing within the array will prevent
more chips from responding to the applied touch, increasing the
chances of missing stimuli. The chips must be more sensitive to
compensate for this, making the design more challenging. It will
also affect the system’s power consumption by increasing the
current required to achieve such high sensitivity specifications.
On the other hand, too little spacing will increase the cost due
to a higher chip density. It will also increase the data collected
from the network, lowering the system’s speed. Using a higher
frequency clock for data transmission could help compensate
for the slow speed; however, it would increase the power con-
sumption again. Further disadvantages of denser arrays include
difficulty in wire routing and a decrease in the overall flexibility
of the skin. It must be noted that the chip spacing within the
array is also application-dependent. Tactile skin designed for
areas with a higher contact probability (such as the tips of a
robotic hand) can have a more dense array, while larger areas
like the forearm can be more sparse.

A. Material and Assembly

After introducing the basic principle behind the tactile skin,
we will discuss its construction before moving on to the de-
tailed working concept. The model for our proposed system
was created in COMSOL Multiphysics and optimised to obtain
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Fig. 1. Diagrammatic representation of the flexible tactile skin with a 5× 5
chip array. The chips are 1.46 mm× 1.46 mm and are placed with an edge-
to-edge spacing of 6 mm between them. This patch of skin has dimensions
of 37.3 mm× 37.3 mm [35].

Fig. 2. A cross-sectional view of the tactile skin assembly. The chips are
sandwiched between two layers of flexible PI foils. The electrical connections
are provided via the conducting balls in the ACA epoxy.

Fig. 3. Traditional flip-chip bonding process using anisotropic conducting
adhesive (ACA). Since this process involves the chip being flipped, all the
fabricated circuit components now lie at the chip-substrate boundary.

suitable values of the material dimensions for higher perfor-
mance and sensitivity. Fig. 1 shows the pictorial representation
of our proposed tactile skin, and Fig. 2 shows the different
layers within the assembly. The base is constructed using a
flexible Polyimide (PI) foil of 50 μm thickness as the sub-
strate1. The chips are then placed on the PI foil using flip-
chip bonding. All the chips in the array are supplied with the
relevant power and data signals via copper trace lines deposited
on the PI foil. The trace lines and chip pads are connected via
an Anisotropic Conducting Adhesive (ACA) containing small
conducting Nickle (Ni) spheres [37], [38]. Fig. 3 shows how the
ACA epoxy establishes electrical connections in a typical flip-
chip bonding process. This approach is preferred over conven-
tional wire bonding because of its robustness during repeated
bending operations. The possibility of breakage in wire-bond
connections after repeated use or during assembly limits its

1COMSOL simulations show that thinner foils are more flexible, and hence,
transfer a larger stress to the surrounding chips. However, a 50 μm value was
chosen as a trade-off between higher sensitivity and sturdiness to support the
entire assembly.

Fig. 4. Representation of the stress profile of a beam under external load.

viability for tactile applications. Finally, another 50 μm thick
PI foil is adhered to the entire assembly as a protective layer.
It ensures the silicon chip is protected from dust, scratches and
other environmental factors. Moreover, it is evident from the
literature [39] that having chips encapsulated in a protective
layer or a chip-in-foil (CiF) system is more robust than a chip-
on-foil (CoF) assembly.

Previous research [37] has shown that ultra-thin chips (<20
μm) are more flexible and can withstand higher bending cy-
cles before failure. However, for bending-based stress sensing
applications, one needs to consider the structure of the entire
assembly. Fig. 4 shows a bent beam under external load. Within
the cross-section of such a structure lies an area of zero strain,
i.e., a line where no longitudinal compressive or tensile stress
exists. The location of this neutral axis depends on the material
property and thickness of all assembly layers. The closer the
sensing elements lie to the neutral axis, the less stress they
experience, irrespective of the applied force. If the position of
the sense structures coincides with the location of the neutral
axis for the tactile skin assembly, it would significantly reduce
(in the worst case- completely negate) the skin’s stress sen-
sitivity, even if advanced sensor design techniques are used.
Since we have chosen to use PI foils of the same thickness2 as
both our substrate and top layer, our system becomes relatively
symmetric. The neutral axis, therefore, lies close to the centre
of the silicon chip. Since traditional semiconductor devices are
fabricated at the chip surface, the only way to distance the
sensors from the neutral axis is to use thicker chips. Keeping the
trade-off between stress sensitivity and flexibility in mind, we
decided to keep our chips 50 μm thick. Even with these values,
the overall thickness of the entire structure remains within 200
μm and should remain pretty flexible.

B. Working Concept for Array-Based Tactile skin

Fig. 6 shows the displacement of the chips in the array when
an external “touch” is applied to the tactile skin (Fig. 5). COM-
SOL simulations were performed to verify the working concept
of our proposed system. The tactile skin was designed based
on the materials and specifications mentioned in Section II-A.
It can be observed that the sensor chips closer to the contact
area see a higher displacement and, hence, are expected to

2PI foils such as UPILEX S50 are preferred due to their superior mechan-
ical, electrical and thermal properties [40]. Using a thinner protective layer
would bring the neutral axis closer to the sense elements on the chip, which
would lower the sensitivity of the skin.



VERMA et al.: SILICON-BASED PIEZORESISTIVE STRESS SENSOR ARRAYS FOR USE IN FLEXIBLE TACTILE SKIN 837

Fig. 5. Point of contact (shown in red) for an externally applied force to
emulate “touch” on the tactile skin. The contact area is roughly 8 mm in
diameter and lies at the centre of 4 chips of the array. The red line represents
the x-axis for the stress response plots in Fig. 7.

Fig. 6. The displacement of chips in the array from their “zero stress
positions” due to the deformation of the tactile skin under an applied force
of 5 N.

experience higher stress levels. This is confirmed by Fig. 7,
which shows the response of the middle row of chips in the
array (at the cut line) and the different stress components. There
are a few important things that can be noticed here:

1) The stress magnitude decreases as the distance between
the chips and the point of contact increases.

2) The overall magnitude of stress depends on the value of
the applied force; however, the behaviour of the stress
profile in all the chips of the array follows the same
pattern as above.

3) The chips in our proposed assembly experience tensile
stress because the components lie below the neutral axis
(at the interface between the chip and the foil substrate
due to the flip-chip bonding process).

Based on the observations above, we can now explain the
working concept of our array-based flexible tactile skin. All
the chips in the array experience different magnitudes of stress
depending upon the applied force and their positions relative to
the point of contact. The chips convert the sensed stress value
into a corresponding digital signal, which can be transmitted
to a central Microcontroller Unit (MCU) using any communi-
cation protocol. Once the stress data from all the chips in the
array is collected, the point of contact can be easily interpolated

based on the stress profile of the entire network (Fig. 8). Addi-
tionally, after a one-time initial calibration of the applied force
and its resulting stress, we can estimate the magnitude of the
contact force from the stress values. The advantage of using
interpolation for post-processing is twofold: it allows us to use
a sparse chip array while still detecting contacts even if they
have no cross-over with any chip in the array, and secondly,
it is a relatively simple algorithm to realise. There might be
other sophisticated algorithms capable of giving a more precise
location of contact; however, that is different from the focus
of this paper. This paper aims to demonstrate the design of
silicon-based stress sensors and their possible use to create
highly sensitive, flexible, tactile skin. The steps to optimise the
data collection and processing algorithms can be a subject of
interest once the basic proposed design and its proof of concept
are verified.

It may be important to mention here that the array spacing is
large enough to cause a significant decrease in stress as we move
farther away from the point of contact. As such, it is reasonable
to expect that the chips closest to the “touch” will always see
the highest stress magnitude. Therefore, the proposed system
design can provide accurate contact information even if minor
variations in chip sensitivity exist due to fabrication.

We can also see from Fig. 8 that the maximum stresses are
located at the edges closest to the point of contact. It may,
therefore, be a wise choice to place multiple sensing structures
near the outer perimeter of the chip to get more information
about the stress gradient. We can determine the equivalent stress
direction from the magnitudes of individual chips’ X and Y
stress components. However, designing sensors that can detect
the magnitude and the exact direction of the stress would make
the analysis for the point of contact much more simple and
accurate. Additionally, since the type of stress experienced by
the chip depends on the position of the sensing elements with
respect to the neutral axis, the chip must have the capacity
to measure and differentiate between tensile and compressive
stresses. Any change in the type of stress experienced by the
chips can then be calibrated at the post-processing stage. This
will make the tactile skin more robust against variations caused
due to assembly. Therefore, the primary sensing mechanism
used in the chip must be able to measure the magnitude, type
and direction of the external stress. With the basic requirements
of the sensor chip being established, we can now move on to
the actual chip design.

III. STRESS SENSOR IMPLEMENTATION

We have briefly discussed why silicon resistors are the pri-
mary choice for our sensing element in Section I. The stress
sensitivity of silicon, which is a function of its doping con-
centration and temperature, can be characterised in terms of
its p-factor [26]. For doping densities less than 1018 cm−3,
the p-factor remains relatively constant for any variations in
impurity concentration but becomes highly dependent on tem-
perature fluctuations. However, as one moves to concentrations
higher than 1018 cm−3, the temperature dependence decreases,
but at the cost of a lower p-factor, which now becomes more
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Fig. 7. COMSOL simulation results showing the (a) X component and (b) Y component of stress under an applied force of 1 N, 3 N and 5 N. The x-axis
of the plots is the cut-line shown in Fig. 5. The results will vary depending on the thickness and mechanical properties of the materials used and how they
are assembled.

Fig. 8. The stress profile of the entire array for X component (left) and
Y component (right) of stress. These surface plots are for the chip-substrate
interface of the tactile skin under an applied force of 5 N (at the location
shown in Fig. 5).

sensitive to doping variations. For our application, a higher
sensitivity to stress is preferred over a constant temperature
response; therefore, a lower-doped N-well resistor is used as
the primary sensing unit. There are techniques used in the sen-
sor design to specifically target the temperature compensation
for a more robust design. These will be discussed exclusively
in Section III-A.

Since Cadence Design Environment does not have an in-
built feature to analyse any stress behaviour, it was essential
to first create a model to mimic the stress response of silicon
resistors. Our VerilogA stress model is based on the relative
change in silicon resistivity (ρ) as a function of the resistor
orientation and the stress direction (equation (1)), as reported
by Freutt in [41]. Temperature dependence of the piezoresis-
tance coefficients is also included based on the characterisa-
tion presented in [42]. All the angles are defined with respect
to the crystal reference [100] of the silicon wafer (Fig. 9).
The final VerilogA model uses resistor orientation and the
magnitude and direction of applied stress as input variables
to simulate the stress response. The additional voltage drop
across the resistor due to stress is added to the voltage drop
calculated by the Process Design Kit (PDK). This also al-
lows us to use all other PDK models for corner and mismatch

Fig. 9. Angle of resistor orientation and the stress direction with respect to
the crystal reference direction [100].

simulations as usual.

Δρ
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)]
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where,
ϕ = angle between the resistor orientation and [100],
λ = angle between the applied stress direction and [100],
σ = value of applied stress (+ve for tensile and −ve for
compressive),
π11, π12 = normal piezoresistive stress coefficients,
and π44 = shear piezoresistive stress coefficient.

The doping-dependent values of the piezoresistive stress co-
efficients were obtained experimentally using a bending setup
(Fig. 10). A testing wafer with N-well resistors layouted in
different directions was designed and diced to create thin silicon
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Fig. 10. Bending setup for measuring piezoresistive coefficients of N-well
resistors.

TABLE I
PIEZORESISTIVE COEFFICIENTS FOR SILICON N-WELL RESISTORS

Coefficients in 10−11 Pa−1

Smith [25] Matsuda [27] Measured Values
π11 -102.2 -77.3 -98.9456
π12 53.4 -40.1 49.4729
π44 -13.6 -14.8 -12.4675

stripes. The resistor pads on the wafer stripes were bonded
to a printed circuit board for electrical connectivity, and the
entire structure was clamped between two steel plates to provide
a mechanically fixed end. A downward force was applied on
the other edge of the stripe, which generates a surface stress
given by equation (2) [43] in the direction of the stripe length.
The relative change in resistance of 3 resistors with known
ϕ, λ and σ values was used in equation (1) to solve for the
piezoresistance coefficients (Table I)

σ =
6F (l − x)

wh2
(2)

where,
F = magnitude of applied force in Newton,
w = width of the stripe,
h = thickness of the stripe,
l = distance between the fixed edge and the point of applied
force,
x = distance between the fixed edge and the resistor position.

A. Sensor Design

Fig. 11 shows our chip’s basic stress sensor design. The sens-
ing mechanism is similar to the one presented by Nurmetov in
[34], [44] as this solution provides a direct first-order tempera-
ture compensation as long as the temperature coefficients of the
reference (Rref ) and the sense (Rsense) resistors are identical.
Moreover, as long as Rref is designed to be insensitive to stress
variations, the final sensed voltage Vsense will only respond to
changes in stress and will be largely independent of tempera-
ture effects. Further trimming capability is also implemented
in the design to reduce the effect of process variations and
other mismatches. A 9-bit current mirror trimming is used to

Fig. 11. Basic stress-sensing mechanism used in the chip as presented in
[34], [35], [44].

target current mismatch and to ensure that Vsense matches Vref

closely for “Zero Stress” conditions. Additional 7-bit resistor
trimming is used to compensate for any mismatches in the
temperature coefficients of Rref and Rsense.

The same principle is extended to introduce directional sensi-
tivity to the design by using identical sensing resistors oriented
in different directions. The sensed voltage corresponding to the
desired direction can be measured at the Vsense node by giving
the appropriate select signal to the multiplexer. This requires
minimum addition to the design for its implementation and
saves power and area by redirecting current to the relevant
resistor when needed. The resistors can be cycled through at
the desired speed based on the target application. Furthermore,
the same trimming circuitry can be reused for all four resistors if
the corresponding trim bits are stored in the memory correctly.
The four sensing resistors are oriented in the [110], [110], [010]
and [100] directions and are denoted as R0, R90, R45 and R135

respectively3. Fig. 12 shows the Monte Carlo results for Vsense

after all trimming steps are over. When no stress is applied,
the sensor has a nominal voltage of ∼900 mV with a standard
deviation of ±295 μV. The voltage variation w.r.t temperature
remains relatively constant for -40 ◦C to 120 ◦C range with a
mean of 3.036 μV and a standard deviation of ±79.39 μV.

The stress response of sense resistors R0, R45 is presented
in Fig. 13. The close fit between the simulation results and the
experimentally measured values shows the VerilogA model’s
accuracy4. We can see from the figure that N-well resistors
behave linearly within a ±100 MPa stress range. They show
a decrease in resistance when positive (or tensile) stresses are
applied and an increase in resistance for negative (compressive)
stress values. This behaviour proves to be very useful to detect
the type of applied stress for our application. Furthermore, due
to the crystalline structure of silicon, it can be observed that

3Resistor oriented in [110] direction is assigned R0 as it is the direction of
the wafer notch, and hence is considered the primary axis for the chip going
forward.

4Since the experiments were performed using wafer stripes cut in 0◦ ([110])
only measurements corresponding for R0 are shown. R45 resistors show a very
low response to stress applied in purely 0◦ direction. Furthermore, the bending
setup applied force from the top, and hence, the resistors were subjected to
only tensile stress during our experiment. However, the resistors will behave
similarly under compressive stress as shown in numerous prior art, including
[44] and [32].
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Fig. 12. Results after mismatch analysis: (a) Vsense after trimming for process variations, (b) the residual Vsense variation for a -40 ◦C to 120 ◦C
temperature range, (c) the final Vsense w.r.t. temperature after trimming. These results are based on Monte Carlo simulations for 200 samples.

Fig. 13. The response of N-well resistors for an applied stress range from
-100 MPa to +100 MPa. The stress response corresponds to the case when the
applied stress is in the same direction as the sense resistor orientation [35].

Fig. 14. Simulated stress response of N-well resistors oriented in different
directions when +100 kPa tensile stress is applied in different directions [35].

R45 (and R135) show higher stress sensitivity as compared to
R0 (and R90). This can be seen more clearly from Fig. 14,
which shows how each of the four sensing resistors reacts to
different directions of applied stress. As expected, each resistor
has the highest sensitivity to stresses in the same direction as its
orientation. However, it is interesting to observe that orthogonal
resistors behave symmetrically, e.g., R45 shows similar results
for a tensile stress applied in 45◦ and for a compressive stress
in 135◦. The same issue exists in both orthogonal resistor pairs
and is consistent with observations made in [44]. This problem

can be solved by using the values sensed by one resistor pair to
determine the type of stress and then establishing the direction
through the other.

The exact direction of stress can be easily calculated from
the data obtained from the sense resistors. Equation (1) can be
written for each individual sense resistor by putting the values
for ϕ based on their orientation. Care should be taken that
equation (1) requires ϕ values with reference to [100] while
we use the direction of the notch, i.e., [110] for our resistor
direction nomenclature.
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Adding (3) and (5), we get:

A+ C

2
=
(π11

2
+

π12

2

)
σ (7)

We can get the two unknown values of stress magnitude (σ)
and direction (λ) by solving the above linear equations. Upon
substituting equation (7) in (3) and (4) and then dividing them,
we get the following solutions:

λ=
1

2
tan−1

(
A− (A+C

2 )

(A+C
2 )−B

.
(π11 − π12)

π44

)

σ =
A− (A+C

2 )

(π44

2 ) sin(2λ)
(8)

The stress direction (λ) can be used to obtain the stress with
respect to the notch direction to better match the notation of
resistor orientation.
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Fig. 15. A low-noise instrumentation amplifier with an adaptive gain
control. The block between A1 and A2 represents the notch filter.

As shown above, four sense resistors (oriented in 45◦ in-
crements) are sufficient to calculate the stress direction at all
intermediate angles. In the complete tactile array, similar data
can be obtained from all chips closest to the point of contact.
This makes our system over-determined and more robust to
sensitivity variations of the chips in the array.

IV. READ OUT ELECTRONICS

We have seen from the previous section that the N-well
resistors have roughly ten times lower sensitivity in 0◦ and
90◦. This results in a very low magnitude voltage being gen-
erated in some instances. Therefore, the sensor voltage must
be amplified before further processing can occur. Additionally,
since there is an inherent directional dependence of sensitivity,
the amplifier must have a variable gain that can be adjusted
based on the target direction. This section describes the design
and selection criteria for the readout circuitry that follows the
sensing structure.

A. Amplifier

For low magnitudes of stresses (∼100 kPa), only a few μV
of the signal is generated, especially in less-sensitive directions
(Fig. 14). Combined with the fact that touch applications have
low-frequency stimuli, the signal is highly susceptible to flicker
noise. Our sensor chip contains a variable gain chopping am-
plifier to solve this issue. The amplifier gain can be set to 2, 10,
20 and 100 V/V using a 2-bit signal. These values are stored in
a dedicated “gain trimming” memory and can be changed for
different resistor orientations.

Fig. 15 shows the general block diagram of the amplifier.
Amplifier A1 is a two-stage, fully differential amplifier. The first
stage is realised using a conventional folded cascode, followed
by a current reuse amplifier as an output stage for better swing
and current drive (Fig. 16). Both stages have a common drain
common-mode feedback circuit. Only the first stage of Am-
plifier A1 is chopped, as most of the gain is provided by that
stage. Amplifier A2 (Fig. 17) is realised using a conventional
single-output two-stage amplifier with a miller compensation
for stability. The chopping is performed at A1 using a 200
kHz clock, and a switched capacitor (SC) based notch filter
(presented in [45]) is used to remove ripples (Fig. 18).

The advantages of chopping in our system are twofold: firstly,
it reduces the input-referred noise is to ∼80 nV/

√
Hz at the

Fig. 16. Circuit diagram of the fully differential amplifier with a chopped
first stage (A_1).

Fig. 17. Circuit diagram of a two-staged single-ended amplifier (A_2).

Fig. 18. A switched capacitor notch filter for ripple reduction.

input signal frequency5 after chopping (Fig. 19), and secondly,
it lowers the offset of the signal. Fig. 20 shows the Monte Carlo
simulations for the amplifier output with and without chopping.
The high gain of our amplifier could cause the amplified voltage
to rail if the offset is too large. Therefore, chopping the first
stage keeps the offset at a manageable value where it can be
compensated later digitally (as explained in detail in Section V).
The resistors R1 and R2 set the gain depending upon the signal
requirement. A2 is connected in a voltage buffer configuration
to avoid loading before A1’s amplified differential output is

5The input of the amplifier changes when the multiplexer switches to
another resistor. Therefore, the input signal frequency for the amplifier will
be the same as the multiplexer select signal, i.e., 1.5625 kHz.
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Fig. 19. The Input-referred noise plot of the instrumentation amplifier with
and without chopping. Chopping is performed using a 200 kHz clock.

Fig. 20. Monte Carlo simulations with 200 samples for a 1 mV input signal
amplified by a gain of 100.

converted into a single-ended voltage ready for digitisation. Re-
sistors R3 and R4 can provide additional gain levels if needed.
However, they are kept the same in our design. The final Vout

signal is then ready to be sent to the next stage for digitisation.
During normal operation, the complete amplification stage con-
sumes an average ∼190 μA current. Power saving techniques
such as a “Low Power Mode (LPM)” are used in the chip to
gate the supply voltage and clocks when the chip is not in use.
The amplifier only consumes a few μA of current during LPM.

B. Analog to Digital Converter (ADC)

An asynchronous 12-bit hybrid Successive-Approximation-
Register (SAR) ADC converts the amplified sensor voltage into
digital bits. The hybrid ADC uses a 7:5 segmentation between
the capacitive and resistive components (Fig. 21) [46]. The ar-
chitectural choice is based on a trade-off between conversion
time, power consumption, area, and multiplexing capabilities.
The unit capacitor value for the 7-bit capacitive Digital to
Analog Converter (DAC) is 40 fF. Due to their lower stress
sensitivity, 32 N-poly resistors, each of value 1 kΩ are used in
the 5-bit resistive DAC. Care is taken during layout to keep the
orientation same for the entire structure so that all resistors react
similarly to any applied stress, and any stress-related variation
is automatically nullified after voltage division. The complete
ADC has a Signal-to-Noise (SNR) ratio of 71 dB and an Effec-
tive Number of Bits (ENOB) of 11.5 bits.

Fig. 21. A 12-bit hybrid SAR ADC with 7:5 segmentation [35].

Fig. 22. The transient response of the asynchronous hybrid SAR ADC for
Vin = 902 mV. The DAC operates at a higher internally generated frequency
for faster conversion and VDAC converges to the common mode voltage
(Vcm = 900 mV).

Fig. 23. Block diagram for the generation of the asynchronous comparator
reset.

Fig. 22 shows the transient response of the ADC. A 50
kHz clock is used for sampling. When the sampling clock is
high, the positive input of the comparator is connected to the
common mode voltage (Vcm), while the bottom switches S11-
S5 are connected to the input (Vin). Once the clock goes low,
the bottom switches are connected one by one to the supply
voltage to figure out the relevant bit value. The comparator is
reset asynchronously until all bits are calculated and the node
voltage at the positive input of the comparator converges back
to Vcm. Figs. 23 and 24 show the block diagram of how the
comparator reset is generated and the simplified signal wave-
forms. The conversion starts when the sampling clock (Sample)
goes low, and the ‘Comparator Reset’ is pulled down, which
initiates a comparison. Once the comparator reaches a stable
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Fig. 24. Simplified waveforms to explain the working of the asynchronous
SAR ADC.

output, it pulls up the ‘Start’ and the ‘Valid’ signals, and the
bit cycling process begins. The ‘Start’ signal remains high until
all digital bits are evaluated, while ‘Valid’ is pulled up after
every successful bit resolution after comparison, which resets
the comparator. The ‘Delay’ block ensures that all the switches
are connected properly for the new bit and that the DAC has
sufficient time to settle to the corresponding voltage before the
comparison begins. Once all 12 bits are determined, the End-
of-Conversion (EoC) signal is pulled up and remains high until
the sampling clock becomes high again.

Since the asynchronous SAR ADC functions at a much faster
internal clock, the conversion is finished in ∼800 ns and con-
sumes an average current of 213 μA during this time. Once the
conversion is finished, only 31.7 μA current is consumed due
to the resistive string for the 5-bit DAC for the remaining clock
cycle. Once the ‘hold’ state is over, and the ADC clock becomes
high again, the current path in the resistor string is cut, and the
ADC only consumes 140 nA current. Therefore, the average
current value for one complete conversion cycle is ∼24.5 μA.
Since the clock is gated during LPM, and the current path in the
resistor string is opened using a switch and the ADC consumes
little to no current.

C. Digital Logic and Memory

The digital logic block is one of the most important elements
of the sensor chip. It generates the relevant clocks for the
amplifier and the ADC blocks, along with all the other control
signals used in the chip. It handles the communication and
data transfer to and from the external MCU and the transition
between different modes of operations (Functional Mode, Test
Mode, Low Power Mode). The digital block contains several
registers that act as the on-chip memory. These registers store
trimming information, offset values for calibration, and the
ADC output data before it is ready to be sent to the MCU via the
I2C data transmission protocol. A serial protocol is preferred
in our design to minimise unnecessary routing between the
chips in the array. However, the disadvantage of lower data
transmission throughput is handled using a creative “snapshot”
methodology for our tactile skin. This will be elaborated in
detail in Section V. As the digital block contains all the memory
registers and state-controlling logic, it is always ‘ON’ even

when all analog blocks are in low power mode. The entire
digital block consumes ∼ 30 μA current.

V. TOP LEVEL ALGORITHM

Fig. 25 shows the top-level block diagram for the entire
chip. It can be seen that all components of our design, i.e.,
the piezoresistive sensors, amplifier, ADC, and the digital and
I2C logic blocks, are all integrated within the same chip. All
chips in the final tactile sensing array will be connected using
only an I2C bus. This makes the interface between the proposed
tactile skin and the MCU purely digital and more robust against
noise. The complete tactile skin patch targets a 60 Hz refresh
rate (16.6 ms), similar to any standard touch-based application.
As mentioned in the previous section, the data communication
happens via a 400 kHz I2C clock. The MCU initiates the
communication, and all the chips in the array act as targets that
transmit data when polled by the MCU.

Four identical sensing structures (each containing four re-
sistors oriented in various directions) are placed at different
positions within the chip. This is done to provide additional
information about the local stress gradients within each chip
if needed. The complete sensing unit only consumes ∼50 μA
current because, at any given point in time, only one sensor
resistor (of any one sense structure) is connected to the supply
voltage. The sensed voltage is then sequentially transmitted
to the amplifier and the ADC by changing the multiplexer
select signals. Once the sensed voltages from all 16 resistors
are measured and digitised, they are locally stored while off-
set compensation and preliminary on-chip data processing are
performed. Only the maximum output values for each resistor
orientation type (among all sense structures) are stored in the
“Final Max” memory in a 16-bit format6. These four highest
values (for R0, R90, R45 and R135 respectively) are then sent
to the MCU during polling operation. This approach of locally
filtering the data to send only the maximum values for each
resistor direction helps to reduce data traffic and saves time and
power if multiple sense structures are placed on the chip.

Fig. 26 shows the chip’s data memory overview. We can
see the “Offset” memory, which stores the values of all the
resistors under “zero external stress”. Similar to the trimming
procedure in testing mode, the offset values can be measured
for all resistors of the chip array once the tactile skin is assem-
bled. The offset values are then stored locally and subtracted
from all measured values during regular operation, and the
corrected values are stored in another memory register. This
can compensate for any unwanted stresses that may have been
introduced during the assembly of the tactile skin. The digital
logic and memory are unaffected when the chip goes into low-
power mode. However, copies of all trimming and offset data
should be stored in the MCU to prepare for cases when fluc-
tuations in the power supply to the tactile skin may cause the
memory registers to be corrupted. A special “Reset” mode is

61 sign bit to differentiate between tensile or compressive stress + 11-bit
ADC output + the 4-bit multiplexer information to show the location of the
corresponding sense structure and the resistor of the “maximum” value that is
stored. The least significant bit of the ADC is discarded to allocate space for
the sign bit, providing us with more relevant information for our application.
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Fig. 25. Top-level block diagram of the complete stress sensor chip [35].

Fig. 26. Overview of the on-chip data and offset memory registers.

Fig. 27. Polling algorithm of the tactile array network (5 x 5). The tactile skin’s refresh rate depends only on the time taken for data transmission (shown
in blue) and the number of chips connected in the array.

specially designed for such a scenario, where the relevant data
backup can be restored one by one in all array chips via the
I2C bus.

Fig. 27 represents the polling algorithm between the MCU
and the tactile sensing array. The chips of the array are in a
default LPM. When the MCU addresses a chip, the chip first
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Fig. 28. The sensing and data transmission process flow for a single chip
in the tactile sensing array.

transmits the data stored in the final max memory. After the data
transmission is over, the MCU moves on to the next chip in the
array while the current chip enters the functional mode to begin
new sensor measurement and storage for the next polling cycle.
It returns to the LPM once new sensor data overwrites the final
max memory (Fig. 28). This “send-first, sense-later” approach
has many advantages; firstly, the MCU can collect data from
the chips successively without waiting for each one to start and
finish sensing after being polled. Therefore, this significantly
relaxes the performance specifications for each analog block
within a chip. Secondly, this means that the speed of the tactile
skin is limited by the time taken for data transmission rather
than the time needed for sensing. The I2C protocol used for
our design operates with a 400 kHz clock and takes ≤ 450 μs
to transmit all the relevant data from one chip. That limits the
network size to 36 chips for a 60 Hz refresh rate. Larger patches
of tactile skin can be divided into sub-sections of 36 chips each,
and the data can be collected simultaneously using MCUs that
can support multiple parallel I2C protocols. Another way to
increase the network size would be to use parallel data transfer
protocols or serial protocols with higher data transfer rates.
However, these solutions come at the cost of denser wire routing
in the tactile skin or higher power consumption, respectively.

This method is called a “snapshot” approach because the data
collected by the MCU corresponds to an older stress value and
not the real-time measurement. The MCU, therefore, receives
data with a one-cycle latency. This drawback, however, poses no
challenge for low-speed applications where “touch” ordinarily
lasts longer than a few milliseconds and the stress values sensed

Fig. 29. Simulation waveforms for a complete sensing cycle on-chip under
a 100 MPa tensile stress is applied in 45◦ direction. The colour legend at the
bottom denotes the chip’s operation state corresponding to Fig. 28.

by the chips between two consecutive polling cycles of the
MCU are not expected to vary.

VI. SIMULATION RESULTS AND DISCUSSION

Fig. 29 shows the simulation results for one complete mea-
surement cycle of our stress sensor chip when a tensile stress
of 100 MPa was applied in a 45◦ direction. As stated in the
previous sections, the chip is in a default LPM. Once the MCU
polls the chip, it transmits the data stored in its output reg-
isters and starts the sensing operation. As seen from Fig. 29,
it takes roughly 300 μs for the chip to go from LPM into
functional mode. This time is allotted to ensure all the analog
blocks can reach their steady-state operating points before ac-
tual sensing begins. Once the chip enters the functional mode,
it cycles through all resistors in the chip at a frequency of
1.5625 kHz. The adaptive gain of the amplifier is controlled
by setting the values of the gain bits to compensate for the
lower stress sensitivity in some directions. The amplifier output
is then digitised and stored in the on-chip register memory.
The ADC output is only written into the memory when the
‘ADC wr_en’ signal is high. This signal is generated by the dig-
ital logic just before the multiplexer switches to the following
sense resistor. This prevents unnecessary power consumption
by overwriting the same memory register multiple times for a
single resistor and only stores the digital data corresponding to
the fully stabilised amplifier output. Finally, once all 16 resistors
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TABLE II
PERFORMANCE COMPARISON WITH PRIOR ART

This Work∗ Allinger [47] Nurmetov [44] Ramirez [48] Mahsereci [32]
2024 2023 2020 2018 2016

Process 0.18 μm CMOS 0.18 μm CMOS 0.13 μm CMOS 0.6 μm CMOS 0.5 μm CMOS
Sensor Type n-doped piezoresistors piezoFETs n & p-type piezoresistors piezoresistors piezoFETs

Stress Sensors 16 32 7 8 4
Silicon areaa 0.739 mm2 5 mm2 0.46 mm2 - 21.16 mm2

w/o digital
Sensitivity 2-bit adjustable 4-bit adjustable 0.3 mV/MPa 12 nA/MPa (NMOS)

upto 12 mV/MPa upto 16.1 mV/Mpa - 17 nA/MPa (PMOS)
Resolution 11-bit 12-bit 11-bit no adc 10-bit

48 kPa/LSB 11 kPa/LSB 175 kPa/LSB 600 kPa/LSB
Stress Range -100 MPa to 100 MPa -22.53 MPa to 22.53 MPab -100 MPa to 360 MPa 5 to 65 MPa -200MPa to 350 MPa

Stress Direction < 1◦ in-plane & shear only ±3◦ < 5◦ ±2◦

Offset Compensation digital + chopping analog no no no
Thermal Compensation analog analog analog + digital analog no

Power Consumption 540 μW (Functional) 1.28 mW 357 μW - 1.5 mW
of complete chip 54 μW (LPM) (only analog) (only analog)

∗ based on simulations only. The variability has been estimated using Monte Carlo simulations and may differ slightly in experimental silicon.
a chip core area for complete design.
b corresponding to the above resolution.

are sensed, the chip goes back to LPM until addressed again
by the MCU.

It is pretty easy to determine the direction of the applied
stress by observing the resistors with the highest Vsense mag-
nitude (45◦ and 135◦). The decision of whether the stress
was tensile in 45◦ or compressive in 135◦ can be made by
observing the values of the other two resistors (0◦ and 90◦).
Since the values for the 0-90 resistors are both below Vref

(i.e., corresponding to tensile stress), it can be safely concluded
that the stress sensed by the chip is tensile, and is applied
at a 45◦ direction. One can develop a simple algorithm for
data processing that can perform similar analyses based on
the 11 digital bits for magnitude and the first sign bit for the
type of stress to further simplify the interpolation steps to
determine the contact location. The precise stress magnitude
and direction can be calculated using the formulae presented
in Section III-A.

One complete measurement cycle takes roughly 10.2 ms
(2.55 ms per sense structure) and consumes an average cur-
rent of 300 μA during simulations. This value falls to ∼30
μA (corresponding to the digital logic and memory) during
the LPM. The time taken for sensing is below 16.67 ms, and
hence, each chip has new data stored and ready for transmis-
sion before the MCU can poll it again, thereby meeting the
60 Hz refresh rate specification set for the tactile skin. Based
on the sequential polling method and the time taken by each
chip for complete measurement, only 60% of the entire array
network will be in high current-consuming functional mode
at any given time. Hence, the average power consumed by
the tactile skin patch (5 x 5) will be 4.5 mA. This range of
operating current relaxes the resistance requirements for the
power supply lines for the array, which, combined with the
sparse placement of chips in the array, should not result in any
significant heating. Furthermore, the superior thermal proper-
ties of the PI foil used as the substrate should ensure that the
tactile skin can withstand these current values for prolonged
and repeated measurements. It should be noted that this value

does not include the power consumption during data transfer
via I2C.

VII. CONCLUSION AND FUTURE SCOPE

This work presents the concept behind an array-based
flexible tactile skin using fully CMOS stress sensor chips.
The system-level concept for our proposed tactile skin as-
sembly is optimised and verified using COMSOL simulations.
The specifications for the sensor chip are derived from the ex-
pected top-level tactile skin specifications for our targeted appli-
cation in prostheses. A simple “snapshot”-based data collection
algorithm is proposed and discussed to relax the design specifi-
cations of the sensor chips and make the overall system response
time faster and closer to a human-like response. Finally, we
demonstrated the simulation behaviour of our designed CMOS
touch sensor, which shows high-stress sensitivity and a large in-
put dynamic range because of the designed low-noise adaptive
gain amplifier.

Table II presents a comparison of our proposed sensor design
with the current literature based purely on CMOS designs.
The specifications mentioned in the table are for a single chip
and not for the complete proposed tactile skin. Our design
can achieve a resolution of up to ∼48 kPa/LSB (11-bit, as we
discard the LSB to make space for the sign bit) and a sensitivity
of up to 12 mV/MPa (using variable gain of the amplifier).
Although it is less than what is reported in [47], our chip can
resolve precise stress directions, which is a current limitation of
their work. Our design also has a lower power consumption than
the other designs. The active power is slightly higher compared
to [44]; however, our design shows a higher sensitivity due to
the adaptive gain amplifier and includes additional noise and
offset cancellation techniques such as chopping. The overall
current consumption of our proposed chip is still lower than
the other mentioned literature, and the presence of a low-power
mode makes our design superior for high-sensitivity and low-
power applications.
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The next step in this research includes experimental verifi-
cation of the sensor chip and the flexible skin network under
applied stress. Further work may also include sophisticated
processing algorithms to locate the point of contact from the
network data. Frequent data collection by the MCU during long
periods of no contact can be reduced by changing the polling-
based data collection to an event-driven one. However, that
would involve using a different data transmission protocol that
allows the target devices to initiate communication.

Another way to reach a compromise would be to use a com-
bination of sensors in the tactile skin. One can include sparsely
distributed wide-range, low-resolution proximity sensors in the
tactile skin. In the default state, the MCU would only poll
the proximity sensors at a lower sampling rate. This would
reduce the collected data and lower the power consumption by
keeping the stress sensor chips in the LPM. Once the proximity
sensors detect an approaching object, the MCU resumes the
regular polling-based operation with the high-sensitivity stress
sensors. Such a combination of dual sensors could provide an
ideal compromise between the saving power by allowing the
network to go into a no-sensing state when no external object
interactions are expected and keeping the tactile skin “alert” to
react to any change in stimuli when needed.

The proposed design can be customised based on the target
application requirements, while the general principle remains
the same. The design offers a great scope of optimisation and
can help to bridge the gap between artificial skin and human-
like sensitivity and comfort in the coming times.
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