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1. Introduction

Soft tactile sensors are used in soft robots, electronic skins, and
wearable devices. At simplest, these sensors are single-channel
devices, able to only detect compression on the surface. Single-
channel tactile pressure sensors based on electrical,[1–5]

optical,[6–9] and fluidic sensing principles[10–15] have been dem-
onstrated. However, in many applications, it is important to
know more about the touch, including the contact location
and if the force is more focused to a point or distributed over
a larger area. In the best scenario, the entire contact pressure
can be mapped over the whole area. This necessitates using more
parallel sensor measurements, and a method to reconstruct the
necessary information (contact location, contact area, and contact
force) from the measured sensor signals.

This is usually solved with electrical
touchpads, which have two conductive layers
for measuring the x- and y-coordinates of the
touch. The sensing can be based on resistive
principle, where the compression opens a
conductive path between the two layers
at the location of contact, or capacitive
principle, where the capacitance between
each row/column crossing is measured.
The capacitance is affected by the presence
of an external object (stylus, finger, etc.).

However, traditional electrical touch-
pads are not made of soft materials.
Making touchpads from soft materials
requires using conductive materials,[16–18]

conductive fillers in elastomer matrix (e.g.,
nanoparticles, -flakes, or -wires),[4,19,20] or
conductive liquid alloys in microfluidic
channels.[2,21–23] All these approaches have
their challenges. The interface between a
conductive material and elastomer is a
common point of adhesive failure and
origin for cracks, compromising the
maximum elongations at break.[16,23] The

addition of fillers to soft material tends to increase the elastic
modulus of the material. Liquid alloy devices can fail due to
the introduction of a bubble in the conductive path. Finally, elec-
trical resistive sensors suffer from the hysteresis of the resistance
during elongation. This is due to the plastic deformations in the
polymer matrix of the filler and changes in the contact resistance
between the filler particles. Optical sensors based on stretchable
wave guides have also been used to detect the pressure
distribution,[24–26] but stretchable wave guides necessitate the
use of dissimilar materials with sufficient contrast in refractive
indices, for example, polyurethane core in silicone cladding.[6]

Again, such material interfaces are a common point of delami-
nation failure.

While the tactile sensors are often electrical or optical, soft
actuators are often fluidic,[27,28] with chambers that can be pneu-
matically or hydraulically expanded to produce motion. To con-
trol the actuators, soft fluidic logic has also been proposed.[29–35]

Fluidic logic is conceptually similar to electronic logic based
on transistors, but with fluidic valves taking the role of the
transistor. Using electrical or optical sensors, while using fluidic
actuators and/or fluidic logic means that transducers will always
be needed to go from one energy domain to another.

This mismatch of energy domains motivated us[10,36] and
others[11,14,37–40] to propose fluidic strain and tactile sensors as
an alternative to electrical and optical sensors. With such sensors,
together with actuators and logic, soft devices can be entirely flu-
idic. One advantage of entirely soft fluidic devices is that the devi-
ces are inherently compatible with strong magnetic fields, found

V. Lampinen, M. Pihlajamäki, A. Koivikko, V. Sariola
Faculty of Medicine and Health Technology
Tampere University
Korkeakoulunkatu 3, PL 692, Tampere 33014, Finland
E-mail: veikko.sariola@tuni.fi

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aisy.202400381.

© 2024 The Author(s). Advanced Intelligent Systems published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/aisy.202400381

Soft tactile sensors outputting fluidic signals have many potential applications in
soft microfluidic devices and soft robots. However, existing systems have been
limited to a single or a few sensors in parallel, so they are not comparable to the
state-of-the-art electrical resistive and capacitive touchpads, which can detect rich
tactile information, including touch location, pressure, area, and even multiple
touches simultaneously. This work reports a soft micropneumatic touchpad. The
touchpad consists of 32 pneumatic channels inside soft elastomer, with 16
channels aligned row-wise and 16 column-wise. The flow resistance of each
channel is measured using a pressure divider. When the pad is touched, the
cross-sectional area of the channels close to the contact location deforms, which
changes the flow resistance of those channels. With 32 sensing channels, the
location, depth, area of the contact, and even two simultaneous touches can be
detected. Letters hand-written on the touchpad can be reconstructed from the
measured data. With the assumption of sparsity, a tactile pressure map, with a
value at each 16� 16 grid point, can also be reconstructed. This work opens a
path to replace electronic tactile sensors in soft devices with all-fluidic
alternatives.

RESEARCH ARTICLE
www.advintellsyst.com

Adv. Intell. Syst. 2024, 2400381 2400381 (1 of 9) © 2024 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH

mailto:veikko.sariola@tuni.fi
https://doi.org/10.1002/aisy.202400381
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.advintellsyst.com


inside magnetic resonance imaging (MRI) devices. For example,
MRI compatible breast biopsy tool that works using pneumatic
stepper motors has been proposed.[41,42] The devices are also
inherently compatible with extreme environments (e.g., strong
radiation and explosive gases) and thus could find potential
future applications in nuclear decontamination, offshore oil
and any applications requiring certification for explosive
atmospheres.[43]

The underlying sensing principle in fluidic strain and tactile
sensors can be broadly categorized into two major approaches:
1) measuring the change in air pressure inside a closed, deform-
ing chamber (bladder);[12,14,38,39,44] and 2) measuring the flow
resistance of a fluidic channel.[10,36] The former approach works
because air, being a compressible gas, has pressure proportional
to volume. When the chamber is deformed, its volume changes
and thus the pressure inside the chamber changes. This
approach has issues with long-term stability: any air leaking
or diffusing in or out of the chamber changes the measured
output. Silicone elastomers, which are often used to make soft
robots and soft stretchable devices, are exceptionally gas perme-
able, so even perfectly sealed chambers do not remedy this
problem.

The problem with bladder-based sensors motivated us to
propose pneumatic strain sensors based on the measuring the
flow resistance of a micropneumatic channel.[10] The sensing
principle is a perfect pneumatic analogy of electrical strain gauge:
there is a small constant flow through the resistor, vented to
atmospheric pressure, and we measure the pressure drop over
the channel. The advantage of this sensing principle is that it
is relatively robust to leaks,[10] and that it can be fabricated using
the identical fabrication techniques that are currently used to
make soft devices. We also reported using four sensors in parallel
to detect forces in multiple axes.[36] Choi et al.[37] reported using
six sensors in parallel, combined with an actuator, and a data-
driven neural network to infer the inflation, contact force, inden-
tation, and contact location of the actuator combined with the
sensor. However, none of these sensing solutions could detect
the location of contact very accurately, yet alone multiple touches
or map the pressure over the whole surface.

This work reports a soft micropneumatic touchpad fabricated
entirely from soft elastomer (Figure 1). The touchpad can register
the location and pressure of touch; can detect the radius of the
probe used to compress the touchpad; and to a limited extent,
multiple simultaneous touches, and pressure distribution over
the whole surface. The touchpad consists of 32 fluidic channels
in a grid pattern (Figure 1a–c). When the touchpad is point-wise
compressed, only the channels immediately below the contact
location deform, increasing the flow resistance of those channels
(Figure 2a,b). We measure the flow resistance and use this infor-
mation to detect the touches. The touchpad is accurate enough to
reconstruct hand-written letters on the touchpad (Figure 2d).

2. Results and Discussion

2.1. Device Concept and Fabrication

The 32 pneumatic channels of the touchpad are in a grid pattern,
with 16 channels aligned row-wise and 16 channels column-wise

(Figure 1a). The row channels run under the column channels.
There is a small flow through all channels, and we measure the
flow resistance of each channel. When the pad is touched, only
the row and column channels near the contact location deform,
increasing their flow resistance. The channel immediately
below the contact location will deform the most. By detecting
which of the row and column channels have their flow
resistance increased, we can detect where and how the pad is
being touched.

The flow resistance of each channel is measured using a pres-
sure divider, which is the pneumatic equivalent of a voltage
divider.[10] The electrical equivalent diagram of our pneumatic
circuitry is shown in Figure 1b. Each pneumatic channel is con-
nected in series with a constant pneumatic resistor (a meander-
ing microchannel denoted as Rk in Figure 1a,b). A constant
positive supply pressure Psupply (60 kPa unless otherwise noted)
is applied on one side of the divider, and all channels vented to
the atmospheric pressure Patm on the opposite side of the divider.
For each channel, the pressure from junctions Pr1�16 and Pc1�16

(Figure 1a,b) is measured, by connecting the junctions to

Figure 1. Soft micropneumatic touchpad. a) Concept of the soft micro-
pneumatic touchpad. When the touchpad is point-wise compressed, only
the rows and columns below and near the contact location increase their
flow resistance. The color indicates the pressure at each point, red color
indicating higher pressures. In this illustration, only 8 rows and 8 columns
are shown for clarity, but the real device has 16 rows and 16 columns.
b) Measurement circuit for each row and column consists of a pressure
divider, with a constant pneumatic resistor Rk and a sensing channel
(Rr1�16 or Rc1�16). A constant positive supply pressure Psupply is applied
on one side of the pressure divider, while opposite side is vented to atmo-
spheric pressure Patm. The pressures between the dividers (Pr1�16 or
Pc1�16) are measured. These pressures depend on the compressive force
on each sensing channel. c,d) Photographs of the soft touchpad, with (c)
both row and column channels on top of each other and (d) with only row
channels shown. Channels are filled with dyed water for visualization.
e) A micrograph of the cross-section of the sensing channels.
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pressure gauges using tubing. These pressures depend on the
flow resistances of the channels. For most figures, we plot the
change in pressures Pr1�16 and Pc1�16; the pressure change being
the difference between values before and after compression.

The channels were fabricated from soft polydimethylsiloxane
(Shore A hardness 30) by casting the elastomer into microfabri-
cated molds. Figure 1c–e show the fabricated channels. The
channel cross-section is 200� 200 μm and length is 40mm.
The center-to-center distance between channels is 2.65mm, giv-
ing a total sensing area of 40� 40mm in 68� 68mm device.

2.2. Detecting Single Touch

To first confirm how different channels respond to compression,
the device was slowly compressed from a single contact location
(Figure 2a) using a mechanical tester with a spherical probe
(Ø 19.05mm). Figure 2b illustrates the response of different
channels. Channels r9 and c9 are immediately below the contact
location, channels r10 and c8 slightly to the side of the contact
location but still very close to the probe center, while channel r7 is
far away from the probe (Figure 2a). This is clearly seen in the
sensor responses from different channels: the channels r9 and c9
below the probe have the highest response, while there is hardly
any response from the channel r7 which is away from the probe.
At high forces, the responses from channels r9 and c9 start to
saturate. The saturation happens because the channel is almost
fully blocked, and the pressure starts to approach the supply pres-
sure. The initial pressure (before compression) varied slightly
from channel-to-channel but was typically 6–10 kPa. The satura-
tion is observable when the channel reading is around ≈40 kPa,
with the supply pressure being 60 kPa.

To look more closely how a compression is observed in the
row and column sensors, Figure 2c shows the data from the

row and column sensors at a force of 20 N from the same exper-
iment as Figure 2b. The data is approximately Gaussian:
Figure 2c includes Gaussian functions fitted to the row and col-
umn data. This motivated us to use Gaussian function fitting to
capture the important features of a point-like contact: the x- and
y-coordinates of the contact location are the centers of the fitted
Gaussian functions in the column- and row-data, respectively;
the heights of the peaks correspond to the compression
depth/force, and the standard deviations of the Gaussians can
be used to estimate the width and height of the contact area.

To demonstrate how this Gaussian curve fitting can be used to
detect the contact location, we wrote letters on the touchpad and
reconstructed those letters solely from the sensor information. If
the fitting was poor (R2 goodness-of-fit was small) or the peak
heights were not above a set threshold, the pen was considered
to be not in contact with the touchpad (Figure S1, Supporting
Information). Photographs of the original letters and the recon-
structed pen motions are shown in Figure 2d. The letters can be
clearly read from the reconstructed data.

The raw data from the experiment where the letter T was writ-
ten on the touchpad is shown in Figure 2e. The letter was written
with two separate strokes, which both are clearly visible in the
raw data. The first stroke was from the top to the bottom, and
the stroke passes over many different row channels, but stays
mostly above the same column channel. The second stroke
was from the left to the right, and the stroke passes over many
different column channels, but stays mostly above the same row
channel. The pressures before compression have not been
subtracted from the data, which is why the Figure 2e shows that
there are slight variations in the zero-levels of the sensors,
evidenced by the horizontal stripes in the image. This variation
is still smaller than the pressure changes resulting from the
compression.

Figure 2. Single touch detection. a) Contact location where the touchpad was compressed with a varying force and b) response of the sensing channels
close to this location. c) Response of the row and column sensors when compressed by a 19.05mm spherical probe with a force of 20 N, with Gaussian
functions fitted to the data. d) Photographs of letters written on the touchpad, and the same letters reconstructed based on the outputs from the
touchpad. e) Raw measurement data of all 32 sensors, from the experiment in panel (d) where the letter T was written on the touchpad. Brighter colors
correspond to higher measured pressures.
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To quantify the accuracy of the contact location detection, we
compressed the touchpad with a spherical probe (Ø 12.05mm)
and 5 N force from 40 predefined points throughout the sensing
area while recording the output of all sensors. Gaussian func-
tions were fitted to both row and column sensor data, giving
us three parameters (peak height, center, and standard deviation)
from both. Partial least squares regression was then used to find
a calibration model with the six parameters of the Gaussian func-
tions as the explaining variables and the two coordinates as the
explained variables. Cross-validation was done in a leave-one-
out-manner. The estimated contact locations in comparison to
the true contact locations are reported in Figure 3a. Root-
mean-square error of the location estimates was 2.8mm in
the row sensors and 2.2 mm in the column sensors. The column
sensors were more accurate because the column sensing chan-
nels are located on top, closer to the surface being touched. The
deeper the channels are, the strain is distributed over a larger
area, reducing our ability to detect the contact location accurately.
In short, the spatial accuracy of a calibrated touchpad is 2.8mm,
which is close to the center-to-center distance of the channels
(2.65mm).

To estimate the temporal resolution of the touchpad, we
impacted the touchpad with an impulse-like stimulus—hitting
the sensor with a hammer—and observed its time response.
Figure S2, Supporting Information shows the results from 10
different experiments. After the initial transient, the decay is
approximately a negative exponential curve, from which the time
constant can be estimated as 55� 7ms. This corresponds to a
bandwidth of 18 Hz.

To further show that we can detect not only the contact loca-
tion and the contact force, but also the contact area, we com-
pressed the touchpad with cylindrical probes of different
diameters (Figure 3b), while also varying the contact depth
and location. 40 different compression experiments were done.
Again, Gaussian functions were fitted to both row and column
sensor data; partial least squares regression was used to find a
calibration model, this time with the compression depth and
probe diameter as the explained variables; and cross-validation
was done in a leave-one-out-manner. The results are shown in

Figure 3c–e. Figure 3c shows the raw data and the fitted
Gaussian functions. The peak widths are more correlated with
the probe diameter, while the peak height is more correlated with
the compression depth. Figure 3d,e show the estimated probe
diameter and contact depth, compared to the true probe diameter
and the true contact depth.

Overall, the results in Figure 2 and 3 confirm that the touch-
pad can reliably detect the coordinates, contact area, force, and
depth of a single touch.

2.3. Detecting Multiple Touches

Many applications require detecting multiple touches simulta-
neously or even knowing how the pressure is distributed over
the whole area. Our touchpad has 256 crossing points between
row and column channels, so a pressure map with a value at each
grid point would be described by 256-dimensional data.
However, at each time point, we only record 32 sensor measure-
ments: 16 measurements from row sensors and 16 measure-
ments from column sensors. Therefore, it is impossible to
reconstruct the higher dimensional pressure maps from the
lower dimensional sensor measurements without further
assumptions.

One such assumption is sparsity:[45] that the pressure map is a
linear combination of some predictors, where many of the coef-
ficients of the linear combination are zeros. We chose to repre-
sent the pressure map as a linear combination of 256 2D
Gaussian functions, each centered at one of the grid points with
a fixed standard deviation. This choice was motivated by the
observed 1D Gaussian functions observed in the row and column
sensor signals (Figure 2c). We made the simplified assumption
that such a two-dimensional Gaussian function would result
in a 1D Gaussian function in the row and column sensors, with
matching centers and standard deviations, similar as in
Figure 2c. With these assumptions, we had a sparse regression
problem that could be solved using the popular LASSO algo-
rithm.[46] This method gives us the 256 coefficients, with many
of the coefficients being zero. Weighting the 2D Gaussian

Figure 3. Accuracy of the touch detection. a) Estimated contact locations versus true contact locations. b) Photographs of compressing the touchpad with
cylindrical probes of different diameters. c) Response of the touchpad when compressing with different probes and contact displacement. d,e) Estimated
probe diameters and compression depths versus the true diameters and depths.
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functions with the coefficients reconstructs the pressure map
over the whole surface (see Section 4).

Figure 4a,b show the touchpad being compressed with a
spherical probe(s) from different points, the observed pressure
signals in row and column sensors, and the pressure maps
reconstructed with sparse regression. With a single probe
(Figure 4a), the reconstructed pressure map corresponds well
to the contact location. When multiple probes are used
(Figure 4b), the pressure map corresponds accurately to the
two contact locations only when the touchpad is pressed from
points that are on the same column or on the same row.
However, the pathological case is when the touchpad is com-
pressed from two contact locations that are on different rows
and different columns. In such a case, we are not able to detect
which of the two corners are being compressed: top-left and
bottom-right versus top-right and bottom-left (Figure 4b). The
reason is that both situations give practically identical response
in the row and column sensors (Figure 4b). The ambiguity is
visible in the reconstructed pressure maps: the algorithm
suggests that all four corners are pressed simultaneously, and the
reconstruction is unstable, sometimes finding two corners and
sometimes finding the other two corners.

However, for many multitouch applications, this ambiguity is
not important. For example, in a pinch-zoom gesture, the zoom-
level is proportional to the distance of the two touch locations.
This distance does not depend on whether the two contacts
are detected in the top-left and bottom-right corners, or
vice versa. For other gestures, this ambiguity may be detrimental:
for example, we cannot unambiguously detect if a rotation ges-
ture is clockwise or counterclockwise. Overall, these results show
that the touchpad can detect two touches simultaneously, with
the ambiguity about which of the corners are being touched

if the two contact locations are on different rows and different
columns.

2.4. Effects of Bending and Ambient Conditions on Tactile
Sensing

One of the main advantages of soft devices is that they can con-
form to curved shapes and surfaces. To show that our pneumatic
tactile sensors can work even when it is bent, we placed one layer
of the touchpad (Figure 1d) on top of surfaces with varying cur-
vatures (Figure 4c) and compressed the sensors with a spherical
probe (Ø 19.05mm). Results of the experiment is presented in
Figure 4d. Here we plot the actual measured pressures and not
the pressure changes, to observe if the bending affects the neu-
tral pressure of the channels. Figure 4d inset shows that the neu-
tral pressures vary slightly, which we attribute to the dimensions
of the elastomeric channel changing slightly when it is bent.
However, all the neutral pressures are still very close to each
other, despite the bending. Figure 4d shows also that the sensor
response varies slightly with the bending, but again, all the
response curves are very close to each other. Overall, these results
show that the pneumatic tactile sensors can be bent, without
compromising its function.

Ambient conditions, such as air pressure, temperature, and
humidity, could influence the response of the pneumatic tactile
sensor. To study this, we first tested the effect of air pressure on
the system. Since the sensor is vented to atmospheric pressure,
changes in atmospheric pressure could in principle affect the
sensor response: ≈1 kPa variations due to weather are perfectly
normal and atmospheric pressure drops ≈1.2 kPa for every
100m above sea surface. To test the effect of the air pressure,
we manipulated the supply pressure of the system, which is

Figure 4. Pressure map reconstruction and detection on curved surfaces. a) Photographs of compressing the touchpad with a single spherical probe at
different locations; responses of the row and column sensors; and reconstructed pressure maps. b) Photographs of the experiments where the touchpad
was compressed with two spherical probes; responses of the row and column sensors; and reconstructed pressure maps. c) One layer of the touchpad
(with 16 sensing channels) placed on surfaces with varying radii of curvature. (I) A surface with two curves, both with a radius of curvature of 35 mm.
Surface with a radius of curvature of (II) 35mm, (III) 50 mm, (IV) 80mm, (V) 100mm, and (VI) infinity (straight surface). d) Response of the sensors
when compressed with a varying force while placed on the curved surfaces shown in panel (c).
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easier to manipulate in our system than the surrounding ambi-
ent pressure. Notice that the supply pressure is from a pressure
regulator, which always regulated the pressure relative to the pre-
vailing atmospheric pressure. The supply pressure was stepwise
decreased from 70 to 20 kPa, and with each supply pressure the
touchpad was compressed five times with a 2 N force. The results
are shown in Figure S3a, Supporting Information. As expected
for a pressure divider circuitry, the response of the sensor
decreases with the supply pressure and is roughly proportional
to the applied supply pressure. Figure S3b, Supporting
Information shows the results of the same experiment, but with
the sensor response normalized to the applied supply pressure.
Normalizing the response of the sensor removed most of the
effect of the supply pressure change. Also, the noise is relatively
larger with smaller supply pressures.

Next, we tested the effect of temperature, by placing the touch-
pad on a hotplate and increasing the temperature from 30 to
100 °C, in 10 °C increments. At each temperature, the touchpad
was compressed five times with a 2 N force. The results are
shown in Figure S4, Supporting Information. It is evident from
the Figure S4, Supporting Information that the response of the
sensor slightly decreases as temperature is increased. We attri-
bute the effect of the temperature to the change in viscosity and
density of the air and the change of material properties (e.g., elas-
tic modulus) of the channel walls and connective tubing as the
system is heated.

We then tested the effect of humidity, by increasing the local
humidity from 64% to 100%, with the help of an air humidifier.
In both conditions, the touchpad was compressed 10 times with a
2 N force. The response of the touchpad to humidity change is
reported in Figure S5, Supporting Information. The response of
the sensor decreased from ≈12.5 to ≈11 kPa when the humidity
was increased from 64% to 100%. These results confirm that
humidity can have an effect on the sensor response.

Overall, the results in Figure S3–S5, Supporting Information
show that the response of the sensor can be affected by the ambi-
ent conditions. In future, the effect of temperature could be
compensated with calibration and Wheatstone bridge type
measurements. Also, the materials could be potentially tailored
to have as neutral as possible response to temperature (e.g., close
to neutral coefficient of thermal expansion). To compensate for

the effect of the air pressure, the supply pressure relative to the
atmospheric pressure should be measured and the sensor
response should be normalized to the supply pressure, as was
done in Figure S3b, Supporting Information. This is perfectly
analogous to the practice in electrical Wheatstone bridge meas-
urements, where the output is often reported in units of V/V
(volts over volt): the bridge output is normalized to the excitation
voltage.

However, the static response of the sensor is relatively stable
over long periods of time, even in ordinary laboratory room envi-
ronment where the ambient conditions are not strictly regulated.
We tested the stability of the sensor by recording its response for
13 h. At the beginning of the experiment, a 900 g weight was
placed on top, and near the end of the experiment, the weight
was removed. The results are shown in Figure S6, Supporting
Information. In addition to minor noise, the sensor response
slowly increased during the measurement time by ≈0.03% per
minute, or 21% in total. We attribute this slow drift due to
the stress relaxation behavior of the elastomers. Notice, that
the forced changes in ambient conditions in Figure S3–S5,
Supporting Information (20 versus 70 kPa, 30 versus 100 °C
and 64% versus 100% humidity) were much larger than what
one would expect due to normal weather variations. Thus,
we conclude that the results in Figure S3–S6, Supporting
Information show that the touchpad response can be affected
by temperature, humidity and pressure, but mere weather varia-
tions are unlikely to affect the touchpad response to a significant
degree.

2.5. Comparison to Existing Works

Table 1 compares our work to previous works reporting fluidic
strain and tactile sensors. Depending on where the sensors are
located—near the surface or buried inside device—the sensors
can be sensitive to mostly touch or mostly body position, respec-
tively. The highest number of parallel sensors ever reported is
nine,[13] and in that work, sensors were used to measure the
pressure changes inside closed volumes (bladder-type strain
sensing). The nine sensors were used together with trained neu-
ral network to mainly provide proprioceptive information, with
limited tactile information. No works exploring fluidic sensors

Table 1. Comparison of our soft micropneumatic touchpad to fluidic strain and tactile sensors reported in literature. N.R., not reported.

Detection method Number of
parallel sensors

Main sensing
modality

Range of
detectable forces

Size of
sensing area

Bandwidth Notes References

Chamber pressure 1 Proprioception and touch N.R. 42� 10 mm N.R. No contact location estimation [44]

Chamber pressure 6 Touch N.R. 40� 40mm N.R. Neural network (multilayer perceptron) to
estimate contact location

[39]

Chamber pressure 5–9 Proprioception 25–180 N 50� 50mm N.R. No contact location estimation reported [13]

Flow resistance 4 Touch 0.1–4 N 15� 15 mm 10 Hz Contact location estimation [36]

Flow resistance 6 Proprioception and touch 0.9–4.5 N ø 48mm 1Hz Neural network to estimate contact
location, contact depth and contact force

[37]

Flow resistance 32 Touch 1–30 N 40� 40mm 18 Hz Gaussian fitting to estimate contact
location, contact depth and contact force.

First work reporting contact area
estimation and multitouch capability.

This work
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have reported detecting multiple touches simultaneously, likely
because the number of parallel sensors has been too low to
achieve that. Similarly, no previous works has been able to detect
the area of the contact, likely for the same reason. Our 32-channel
touchpad is the first device capable of both.

One advantage of our design with 32 identical channels is that
we do not have to use heavy data-driven models (e.g., neural
networks) that would require collecting large ground truth data-
sets.[13,37] Rather, the identical channels have nearly identical
response to similar compression, so simple data processing (fil-
tering, removing bias, and fitting Gaussian functions) already
gives us the contact location, depth, and contact area. Even with-
out any data processing, the coordinates of the touch can be easily
seen from the raw data, as in Figure 2e.

The main shortcoming of our design is that we only record 32
parallel measurements, yet a full pressure map with a value at
each crossing would require 256 measurements. This means
that, conceptually, our touchpad is closer to an electrical resistive
touchpad technology rather than capacitive touchpads. In capaci-
tive touchpads, each row and column crossing can be scanned
independently and detecting even 10 simultaneous touches is
possible. The scanning is achieved by multiplexing the row
and column selection, so that at each time instant, only one cross-
ing is being scanned. Modern capacitive touch screens have a
resolution of 4096� 4096 and the whole screen can be scanned
at a frequency of 200 Hz or even higher. In principle, we could
use similar measurement principle by using fluidic multi-
plexers,[29,33] but to achieve 200 Hz scanning rate in a 256 grid,
the multiplexers would require at least 25.6 kHz switching rate.
Such a scanning frequency is too high for pneumatic valves,
which is why we did not explore such approaches in our
touchpad.

3. Conclusion

Sensors outputting fluidic signals would allow replacing electri-
cal or optical sensors in soft devices with their fluidic alternatives,
so that soft devices could be entirely fluidic in the future.
To this end, this work reported a soft micropneumatic touchpad.
The touchpad works by measuring the flow resistance of
32 pneumatic channels, with 16 channels running row-wise
and 16 running column-wise. We showed that the touchpad is
accurate enough to detect shapes of hand-written letters on its
surface, and that the touchpad can detect rich touch information,
including contact location, depth, contact area and, to limited
extent, even multiple touches simultaneously. With the assump-
tion of sparsity, we can reproduce a pressure map over the whole
area.

In future, several aspects of the touchpad could be improved
upon. To improve the stability of the sensor in response to tem-
perature and pressure, the measurement principle could be
based on a pneumatic Wheatstone bridge instead of a pressure
divider. The resolution of the touchpad could be improved by
further miniaturizing the channels as the ability of the sensor
to detect the coordinates of the touch is expected to be directly
proportional to the distance between the channels. Currently,
the channels are fabricated by casting elastomers into
microfabricated molds (see Section 4 and Figure S7,

Supporting Information). This soft lithography method is
well-known to be capable of producing structures as small as
1 μm. The bottleneck now is the wet bonding process: with small
channels, the thin adhesive layer—used to bond the open chan-
nels to the lid—tends to clog the channels. In future, the bonding
method should be improved to bond smaller channels reliably.
To improve the multitouch capability of the device, one approach
would be to have more layers on top of each other, for example, a
layer with horizontal channels, a layer with vertical channels and
two layers with channels running diagonally. Reconstructing
the pressure distribution from the signals of these different
layers would be a kind of 1D tomography problem.[47,48]

Alternatively, the geometries of the sensing channels could be
more complicated than just lines: for example, they could vary
in width and meander on the surface. This way, the response
of each sensing channel would be more localized on the surface,
depending on its geometry. It remains future work to study what
is the best approach to achieve more advanced multitouch
capability: can two touches be detected without ambiguity
about which corners are touched and how many different
touches can be detected using the type of pneumatic approaches
explored here.

4. Experimental Section

Design and Fabrication of the Soft Micropneumatic Touchpad: An over-
view of the fabrication steps is shown in Figure S7, Supporting
Information, and detailed design drawings of the sensor in Figure S8,
Supporting Information. The drawings show the design of a single layer;
the device has two such layers stacked on top of each other in right angles.
Each channel contains the meandering constant resistor (width: 100 μm,
height: 200 μm, length: 114mm with 10 turns) and the straight sensing
microchannel (width: 200 μm, height: 200 μm, length: 45.55mm). The
touchpad was fabricated from soft polydimethylsiloxane (Dragon Skin
30, Smooth-On, Shore A hardness 30).

The channels were made by casting the elastomer into molds
microfabricated with photolithography (negative photoresist SU-8,
3050, Microchem). Before casting, the molds were treated with
trichloro(1H,1H,2H,2H-perfluorooctyl)silane to make demolding easier.
The device had three components: top layer with the column channels
at its bottom, middle layer with the row channels at its bottom, and a flat
elastomer piece (Dragon Skin 30), sealing the row channels. First, the
connections for the pressure sensors in the top layer were pierced with
a needle. Next, the top layer was bonded to the middle layer, by using
a thin spin-coated layer of elastomer (Dragon Skin 30) as an adhesive.
After this, the connections for pressure sensors in the middle layer were
pierced with a needle. Finally, the middle layer was bonded to the bottom
flat elastomer piece, again by using a thin layer of elastomer as an
adhesive.

After assembly, the touchpad was cut to shape, uncovering the horizon-
tal inlets and outlets for supply pressure and connections to the
atmosphere (Figure S8, Supporting Information). Metallic inserts were
used for the horizontal inlets. A 3D-printed insert was used for the vertical
pressure sensor connections. The design of the 3D-printed insert is shown
in Figure S9, Supporting Information. The insert was fabricated with ster-
eolithography (Form 3BL, Formlabs, resin: Clear). The 3D-printed inserts
were sealed with silicone glue (Sil-Poxy, Smooth-On).

Experimental Setup: Schematic of the experimental setup is shown in
Figure S10, Supporting Information. Pressure sensors (015PDAA5,
Honeywell, 15 PSI Differential 5 V) measured the pressures Pr1�16,c1�16

between the sensor and its constant pneumatic resistor (Figure 1b).
A similar pressure sensor was used to measure the constant supply pres-
sure Psupply applied to the sensors. All pneumatic connections between the
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touchpad and the measurement system were made using silicone tubes
(inner diameter: 1 mm) and plastic splitters. The lengths of the tubes from
the touchpad to the pressure sensors was 45 cm. The data from the pres-
sure sensors was recorded with a data acquisition device (USB-6356,
National Instruments).

A mechanical tester (TA.XT Plus, Stable Micro Systems) was used to
apply predefined compression forces on the touchpad. The probe of the
mechanical tester can be changed; different cylindrical and spherical
probes were used as described in the text. The mechanical tester can apply
predefined compression force or compression depth. The compression
was held for 0 or 10 s, depending on the experiment. To conduct the
measurement reported in Figure 2b, the crossing of sensing channels
r9 and c9 was aligned right under the probe with the help of a Ø
2mm cylindrical probe. The alignment was done by finding the contact
location giving the maximum sensor responses. Similarly, the contact
locations on the curved surfaces (experiment reported in Figure 4c,d)
were aligned with the Ø 2mm cylindrical probe. For the contact
location estimation (Figure 3a), the touchpad was placed on a X-Y table,
which allowed moving the touchpad under the probe with an accuracy of
1mm.

In the ambient condition studies, a 19.05mm spherical probe was
used to compress one layer of the touchpad to a contact location aligned
with the Ø 2mm cylindrical probe. To increase the temperature, the single
layer of the touchpad was placed on a hot plate and the temperature was
measured from between the hot plate and the touchpad with a tempera-
ture sensor (H401-T-CONTROLLER, Okolab). Humidity was increased
with an air humidifier (EHA002, Esperanza) and measured with a digital
humidity meter (Figure S5, Supporting Information) close to the
touchpad.

Data Processing: The pressure data was recorded at a sampling
frequency of 2000 Hz. In Figure 2d, for reconstructing the written letters,
the pressure data was low-pass filtered with a 1st order filter with a cut-off
frequency of 0.3 Hz to smooth out the pen motions. Gaussian functions
were fitted to the row and column sensor data using MATLAB curve fitting
toolbox.

In Figure 3a, the estimated locations were found with partial least
squares regression, with the X&Y-locations as the explained variables
and the six parameters of the fitted Gaussian functions as the explaining
variables. The cross-validation was done in a leave-one-out-manner, so
when estimating a point, that point was excluded from the data used
to develop the regression model. The partial least squares regression
was done with MATLAB function plsregress, with the number of latent
factors set as three. The partial least squares regression in Figure 3d,e
was done in a similar way, but with the probe diameter and compression
depth as the explained variables, and the number of latent factors set
as four.

To reconstruct the pressure maps in Figure 4a,b using sparse regres-
sion, the components for the sparse regression were 2D Gaussian func-
tions, each centered on one of the 16� 16 grid points and with a standard
deviation 2.65mm (equal to the pitch of the channel lines). It was
assumed that such a 2D Gaussian would result in 1D-gaussian distribu-
tions in the row and column sensors; these distributions were found by
taking the row or column sum of the 2D Gaussian. This gave us 256 vec-
tors of explaining variables in a 32-dimensional space, that is, a matrix
A ∈ ℝ32�256. The 32 actual measured pressures were used as the explained
variables, denoted with vector y ∈ ℝ32. MATLAB function lasso was then
used to solve the regression problem y ¼ Ax þ e, where e is the error. The
threshold for the regularization (λ-value) was 0.01 in Figure 4a and 0.05 in
Figure 4b. Solving the regression problem gave us vector x ∈ ℝ256, which
are the 256 coefficients of the pressure map. The visualized pressure maps
were obtained by weighting the 2D Gaussians with these coefficients.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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