IEEE TRANSACTIONS ON ROBOTICS, VOL. 27, NO. 3, JUNE 2011

389

Methods and Technologies for the Implementation of
Large-Scale Robot Tactile Sensors
Alexander Schmitz, Perla Maiolino, Marco Maggiali, Lorenzo Natale, Giorgio Cannata, and Giorgio Metta

Abstract—Even though the sense of touch is crucial for humans,
most humanoid robots lack tactile sensing. While a large number
of sensing technologies exist, it is not trivial to incorporate them
into a robot. We have developed a compliant “skin” for humanoids
that integrates a distributed pressure sensor based on capacitive
technology. The skin is modular and can be deployed on nonflat surfaces. Each module scans locally a limited number of tactile-sensing
elements and sends the data through a serial bus. This is a critical
advantage as it reduces the number of wires. The resulting system
is compact and has been successfully integrated into three different humanoid robots. We have performed tests that show that the
sensor has favorable characteristics and implemented algorithms
to compensate the hysteresis and drift of the sensor. Experiments
with the humanoid robot iCub prove that the sensors can be used
to grasp unmodeled, fragile objects.
Index Terms—Capacitance measurement, force and tactile sensing, grasping, humanoid robots, robot tactile systems.

I. INTRODUCTION
HE lack of sensitive skin for robots has proven to be a key
limitation preventing human-like performance in tasks that
require controlled physical interactions in uncontrolled environments. Tactile sensing is crucial for safe interactions of robots
with humans and objects, because contact sensing provides the
most direct feedback to control contact forces both in voluntary and involuntary interactions with the environment. Beyond
classical robot-interaction tasks (e.g., the peg-in-hole problem),
where the contact is expected and planned to occur at specific
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locations of the robot, more advanced applications require more
complex forms of interactions: the location and the characteristics of the contact cannot be predicted or modeled in advance.
Therefore, a tactile sensor system is required, which is capable
of measuring contact forces over large areas.
Tactile sensing in robotics has been widely investigated over
the past 30 years [1]. Research in this field has focused largely
on transduction principles and transduction technologies [2];
however, various technical issues have limited the transition
from a single tactile element (or a small matrix prototype) to a
large-scale integrated solution: A sensitive robot skin should be
formed by many spatially distributed sensing points and cannot
be achieved by simply aggregating manually a large number
of single elements. Embedded electronics and distributed computation are necessary to facilitate the integration in the robot;
otherwise, an overwhelming amount of wires would impede
the dexterity of the robot. The system should be modular, and
it should be simple to tailor the sensor system to the various
shapes of the surface of humanoid robots. Moreover, due to the
repeated contacts with the environment, the robotic skin will get
more often damaged than other robots parts; therefore, faulty
skin parts should be easy to repair or replace. Especially, if the
system is intended to be produced in large numbers, the ease
and speed of production have to be taken into account, and
off-the-shelf components should be used to decrease the costs.
Several tactile systems have been integrated into humanoid
robots and described in the literature (a representative selection
of them will be presented in the next section). Some of them
are modular and include hierarchical data processing. Yet, the
modules are usually big and cannot be installed on small robot
parts; furthermore, in many cases, the spatial resolution is low,
or the modules cannot communicate between themselves and
need to be individually connected to a control board. Instead,
small sensor modules are necessary (therefore, even small microcontrollers would be too big) that can also communicate
between themselves (therefore, locally integrated multiplexers
are not sufficient).
In this paper, we present a tactile-sensing system based on
relatively small, bendable, and serially interconnected modules.
They form a conformable mesh of sensors and provide pressure measurements and information about the contact locations
between the robot and the environment. Each module features
12 capacitive taxels and includes a small commercially available analog-to-digital converter [3]. Moreover, in most cases,
the modules have a triangular shape (where all sides are 3 cm
long). Each triangle has three communication ports placed along
its sides for communication with adjacent triangles. This way,
they are connected to each other in order to create a networked
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cially for humanoid robots. Section III describes the sensors we
have developed. Section IV presents the implementation of the
sensors on three different robots. Sections V and VI show the
characteristics of the sensor, for example, its drift, noise, spatial
resolution, and sensitivity. Moreover, we present compensation
algorithms for baseline drift and hysteresis, which commonly
affect capacitive pressure sensors. Section VII describes an experiment we have performed to evaluate the ability of the sensor
to aid grasping. Finally, Section VIII presents the conclusion
and future work.

Fig. 1. Network structure. The triangles communicate over an inter-integrated
circuit (I2 C) serial bus. Only one out of 16 needs to be connected to the MTB,
which sends the measurements over a controller area network (CAN bus).

structure (Patent No. I0128764). The measurements are sent to
a microcontroller board (MTB), which can control and collect
the measurements from up to 16 modules (see Fig. 1). From the
manufacturing point of view, the triangular modules are produced as large interconnected sheets of flexible printed circuit
boards (PCBs). The sheets can be cut along the interconnection
ports to form various shapes. As a result, the system has the
following benefits.
1) Modularity: The system consists, at the lowest level, of
relatively small and flexible modules, which enhances the
conformability to different shapes. Modules can be easily
added or removed to account for deliberate changes or
to replace broken ones. The triangular modules can be
interconnected and networked to achieve larger sensing
surfaces and conform to various shapes.
2) Portability: The methods and technologies are platformindependent in order to enhance portability to different
robotic platforms. This is demonstrated by the fact that
the skin has been installed on three robots: iCub, NAO,
and KASPAR. Just minimal changes between the implementations on the different robots were necessary, which
are described in Section IV. Only for the fingertips of the
robot iCub, we had to design a specific solution, due their
very small size and high curvature. Yet, even in this case,
the same capacitive technology and the same basic structure of the transducer could be used. This demonstrates
that the sensor can be customized to cover even smaller
robot parts if necessary.
3) Producibility: The construction of the sensor is relatively
fast, simple, and cheap. This allows implementing largescale robot skin systems, using state of the art technologies
and accessible servicing facilities, which can be tailored
for different robotic platforms. The general implementation steps are reported in Section IV, thus giving the
interested reader the possibility to reproduce them.
Moreover, a layer of silicone foam covers the entire skin,
thus protecting both the sensors and the robot. In addition, low
power consumption is important for autonomous robots; our
system uses only about 5 W/m2 .
The rest of this paper is organized as follows. Section II gives
an overview of existing approaches to tactile sensing, espe-

II. PREVIOUS WORK
A. Large-Scale Tactile Sensors for Humanoids
One of the first examples of a conformable and truly scalable
robot skin system was proposed by Ohmura et al. [4]. They
presented self-contained modules, which are based on a treeshaped flexible PCB with integrated digitization. Yet, because
microcontrollers are used and due to the shape of the PCB, the
modules are too big for small robot parts, and the spatial resolution is limited [5]. The tactile system that has been developed
for the robot RI-MAN also uses flexible PCBs with a tree-like
shape to conform to curved surfaces [6]. The tactile elements
are commercially available piezoresistive semiconductor pressure sensors, and the measurements show less hysteresis than
those of Ohmura et al. To reduce the number of wires, the sensor
modules include multiplexers, but this approach requires each
module to be connected individually to a controller board.
The robot ARMAR-III [7] uses skin patches based on piezoresistive sensor matrices with embedded multiplexers. The
patches have a flat or a cylindrical shape and are specifically
designed for the different parts of the robot; smaller patches are
used for the fingers. In Kotaro [8], tactile sensing is achieved
by using flexible bandages formed by two flexible PCBs with
an intermediate layer of pressure-sensitive conductive rubber.
Each bandage has 64 taxels, but no integrated data-acquisition
electronics are mentioned. Piezoelectric transducers are used for
the humanoid robots Robovie-IIS [9] and CB2 [10]. The transducers were placed individually on the robots and the sensitive
skin has a limited spatial resolution.
B. Stretchable Sensors
Another challenge is the development of sensors that are
not only bendable but stretchable as well. This would increase
the conformability to compound curved shapes, and they could
also be used to cover joints. A stretchable, flexible, large-area
“E-skin” that is formed by a net-like structure is presented
in [11]. According to the authors, issues of the perforated configuration are that the sensor array cannot be stretched biaxially
or in all directions, and the stretchability is limited to 25%–30%
because the utilized materials are not inherently stretchable.
In addition, in [12], a stretchable tactile distribution sensor is
presented. The authors also tackled the problem of the sensitivity to stretch: pressure-sensitive stretch-insensitive material was
developed. The resulting structure can be stretched to around
140% of its original size in both directions and can cover, for
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example, a human elbow. A drawback of the sensor is the relatively high power consumption. While no large-scale integration
of such sensors has been performed yet, it would be interesting
to implement them in the future above the joints of robots.
C. Skin Sensors for Robot Hands
Only a limited number of dexterous robotic hands incorporate skin sensors. The GIFU hand III [13] includes a tactile
sensor with 859 taxels. In addition, it has commercial six-axis
force–torque sensors in the fingertips. The skin is based on
pressure-sensitive piezo-resistive ink, which is is only 0.2-mm
thick and can conform to flat and cylindrical shapes. It includes
no local data processing and the sensor cables from all the transducers are routed along the fingers and the palm. Moreover, the
skin is not compliant. The sensors in the MAC hand [14] are
modular with embedded electronics. Each module includes a
three-axis force sensor and sensitive skin with 64 taxels based
on pressure-sensitive rubber. The modules are relatively big.
The Obrero hand [15] has 40 contact points that embed four
Hall-effect sensors each. Tactile sensors based on quantum tunneling composite (QTC) have been incorporated in the Shadow
hand [16] and the Robonaut hand [17]. However, little information concerning the performance of this technology has been
published.
D. Touch Sensors Based on Capacitive Technology
Capacitive sensors cannot only be used to detect pressure,
but, for example, in [18], a three-axis sensor is proposed. In [19]
and [20], sensor matrices with very high spatial resolutions are
reported. In [21], an artificial skin based on capacitive technology with interesting characteristics, like no apparent hysteresis
and low noise, is presented. However, these solutions have not
been integrated into a robotic system. A tactile system based
on capacitive sensing was developed for the robot Paro [22]. A
system using small brushes of fibers mounted on a diaphragm
was integrated into a robot gripper, thereby resulting in high
sensitivity [23].
Pressure profile systems [24] sells capacitive pressure sensors. The “RoboTouch” system has been included in the robots
PR2 [24] and Twendy-One [25]. Twendy-One has 241 pressuresensing points based on capacitive technology in each of its
hands and 134 sensor points on its arm and upper body. Moreover, the skin is compliant and the fingertips have a round shape
as well as include a six-axis force sensor. However, to the best
of our knowledge, no data has been published concerning the
performance of these sensors.
The concept of the sensor system used in this paper was
first introduced in [26]. The fingertips were described in detail
in [27]. The integration on the robotic hands and a comparison of
the characteristics of the fingertips and the palm was presented
in [28]. In [29], first grasping experiments were performed with
the help of the sensor system. In this paper, we show the implementation of the skin on different body parts and on diverse
robots. New experimental results, algorithms for hysteresis,
and drift compensation and grasping with tactile feedback are
presented.
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III. CAPACITIVE PRESSURE SENSOR
We designed a “skin” to cover the surface of humanoid robots.
It incorporates a distributed pressure sensor based on capacitive
technology. The transducer consists of a soft dielectric sandwiched by electrodes. When pressure is applied to the sensor,
the distance between the electrodes above and below the dielectric changes, and the capacitance changes accordingly (i.e.,
capacitance is a function of distance).
The basis of the sensor is a flexible PCB. It includes the
electronics to obtain 12 measurements of capacitance and send
them over a serial bus. In particular, each PCB includes 12
round pads, i.e., one for each taxel, and a capacitance-to-digital
converter (CDC) (AD7147 from Analog Devices [3]). The chip
can measure the capacitance of all taxels with 16-bit resolution;
however, in our implementation, three bits are affected by noise
and five bits are out of range. Therefore, we use only 8-bit
measurements, for which one measurement unit corresponds to
2.88 fF. The CDC has an I2 C serial interface and up to four
chips can communicate over the same serial line.
The shape of the PCB is, in most cases, a triangle (only for the
fingertips of the robot iCub we used a unique solution, which we
will discuss later). It is an equilateral triangle; the edges are 30mm long, and the altitude is 26 mm. The triangular PCBs also
include the electronics to communicate between themselves:
three communications ports placed along the sides of the triangle
relay the signals from one triangle to the adjacent ones. Up to
16 triangles can be connected in this way (four serial buses with
four different addresses each), and only one of them needs to
be connected to an MTB. This is a critical advantage since it
reduces the amount of wires and electrical connections that are
required. Moreover, the MTB is small (i.e., 17.4 × 25.5 mm).
The CDC chip works internally at 250 kHz, and the measurements sent from the CDC chip are the result of an averaging
process. In particular, the MTB can be used to program each
CDC to deliver individual measurements for each taxel at about
25, 50, or 100 Hz. It is also possible to average spatially, i.e., it
is possible to obtain an average of all 12 taxels at about 500 Hz.
Above the flexible PCB is a layer of silicone foam (Soma
Foama 15 from Smooth-On ). It is 2-mm thick for the hands of
the robot iCub and 3-mm thick in all other cases. It covers the
12 pads and acts as a deformable dielectric for the capacitive
pressure sensor. The foam makes the skin compliant as well.
For the hands of iCub, on top of the silicone foam, there
is a second conductive layer: electrically conductive Lycra-like
material for the palms and electrically conductive silicone for
the fingertips (see Section IV-B). This layer is connected to
ground and enables the sensor to respond to objects irrespective
of their material. It serves as the common electrode above the
silicone foam for all the taxels. When pressure is applied to the
sensor, this layer gets closer to the round pads on the PCB and
the sensor measures the distance. This layer also reduces the
electronic noise coming from the environment, in particular, the
stray capacity, which can be a problem for capacitive pressure
sensor systems [30].
For the lower arms of iCub and the other humanoids, we do
not use a conductive layer on top of the silicone foam, as in
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Fig. 3. Flexible PCB for the fingertips. (Left) Twelve pads for the capacitive
pressure sensor system and the soldering points for the CDC chip, for two capacitors, and for the connector cables for the digital output are visible. (Middle)
Flexible PCB wrapped around the inner support can be seen. The inner support
is produced with a 3-D printer. (Right) Flexible PCB wrapped around the inner
support and mounted on the last phalange of the finger can be seen. The AD7147
chip and the capacitors are soldered on the PCB.

Fig. 2. Production steps for the palm of iCub. (a) Palm without the sensor.
(b) Support with shallow round holes that provide space for the CDC chips.
(c) Mesh of triangles for the palm. The PCBs are shown from the back and their
size is indicated. (d) Triangles are bonded onto the support. (e) Palm with the
dielectric silicone foam layer. (f) Finished palm with the conductive Lycra-like
material.

these cases, the robot is intended to interact only with humans,
and in that case, the human constitutes the ground plane (like in
many consumer products, which are responsive to humans, but
are not responsive to insulators, for example).
IV. IMPLEMENTATION OF ARTIFICIAL SKIN ON THREE
DIFFERENT ROBOTS (I.E., ICUB, KASPAR, AND NAO)
The artificial skin has been implemented on three robots:
iCub, KASPAR, and NAO. The three robots have different sizes
and shapes, and the tactile feedback will be used for different purposes. Nevertheless, the methods that have been used
to implement the artificial skin were nearly the same, which
demonstrates the portability of the sensor system.
iCub is a humanoid robot with the size of a 3.5-year-old
child [31]. To enable the robot to grasp and manipulate objects,
touch sensors have been integrated into its hands [29]. Tactile
fingertips are particularly important for such tasks. Furthermore,
another target was to cover the lower arms with the artificial skin
to enable humans to provide corrective touch feedback, which
is used to indicate position adjustments [32].
KASPAR is a child-sized humanoid robot [33]. It is used to
study human–robot interaction and to investigate the possible
use of robotic systems as therapeutic and educational tools. In
particular, the robot is used to encourage autistic children to
engage in social interactions. In order to improve the interaction
possibilities with the children, the target was to cover the hands,
the arms, the cheeks, the feet, and the torso with sensors.
NAO is an autonomous, programmable, and medium-sized
humanoid robot. Tactile feedback is used in the problem domain
related to touch-triggered withdrawal reflexes. This contributes
to a safer human–robot interaction [34]. The target was to cover
the hands and the upper arms.
In order to implement the artificial skin on the robots, this
general procedure has to be followed:
1) identification of the part to be covered [see Fig 2(a)]. If no
computer-aided-design (CAD) model is available, obtain

the shape with a 3-D laser scanner (as, for example, for
the hands of KASPAR);
2) manufacturing of the part (or of a cover) with a 3-D printer
(Eden 3-D printer from Object) as a support for the sensor.
The resulting support looks, for example, like in Fig. 2(b);
3) identification and wiring of the mesh of flexible PCBs that
is needed to cover the part [see Fig. 2(c)];
4) bonding of the PCBs on the part with bicomponent glue
and the help of a vacuum system [see Fig. 2(d)];
5) covering the PCBs with silicone foam [see Fig. 2(e)]. To
this aim, specific purpose-built molds for each part are
employed;
6) covering of the silicone foam with a ground plane, as
shown in Fig. 2(f), if necessary for this part.
In the following sections, the implementation of the artificial
skin for each robot is discussed in detail.
A. Implementation on the Palms of iCub
Before the artificial skin was available, the palm of iCub
was made from carbon fiber. As this is a structural part, we
decided not to modify it, but instead we added another cover
above the carbon fiber part as a support for the sensor: It has a
thickness of 1.2 mm and provides space for the CDC chip and
the other electronic components (two capacitors for each CDC
chip) that are soldered on the PCB. No other particular points
had to be considered for the palm and the implementation steps
are reported in Fig. 2.
B. Implementation on the Fingertips of iCub
The small size and round shape of the fingertips make a
specialized solution necessary. In particular, each fingertip is
14.5-mm long and 13-mm wide and high and has a round shape
that resembles a human fingertip. Therefore, a flexible PCB with
a custom shape that can be wrapped around an inner solid core
had to be designed (see Fig. 3). The structure of the fingertip
is illustrated schematically in Fig. 4. To mechanically attach
the fingertip to the hand, the last phalange of each digit has a
protrusion that fits precisely inside a hole in the inner support of
the fingertip. A screw is used to hold the fingertip in place. The
screw also fixes a fingernail on top of the fingertip that covers
the PCB.
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Fig. 4. Fingertip. (Left) Closeup of the fingertip. (Right) Cross section of the
fingertip. The flexible PCB is wrapped around the inner support. To mechanically
attach the fingertip to the hand, the last phalange of each digit has a protrusion
that fits inside a hole in the inner support. A screw is used to secure the fingertip,
and in addition, the screw fixes a fingernail on top of the fingertip that covers the
PCB. The carbon black layer covers the dielectric made from silicone rubber.

Fig. 6. iCub hand and forearm. The hand has 108 sensitive zones based on our
skin technology. In particular, the palm has a skin with four triangular modules,
and each fingertip has 12 taxels. The forearm includes 276 contact points.

Fig. 5. Process steps for the forearm of iCub. (Upper row) Steps for the upper
part of the forearm and (lower row) lower part of the forearm. The first picture
in each row shows the support, the middle one shows the mesh of triangles
necessary to cover that part, and the right picture presents the result; the triangles
are bonded to the support and are covered by soft dielectric foam.

For the fingertips, we use a self-made mixture of silicone
CAF4 from Rhodia-Silicones and carbon-black particles Vulcan
XC72 from Cabot as a conductor on top of the silicone foam.
It conforms more easily to the round shape of the fingertip than
the Lycra-like material. For more details, see [35]. To protect
the conductive silicone layer, we spray a thin layer of silicone
glue (Sil-Poxy from Smooth-On) above it.
As we are using an I2 C serial bus, only four wires have to be
connected to the PCB. They travel along the sides of the fingers
to small boards at the back of the hand. These boards relay the
data from all five fingertips (and the four triangular modules in
the palm) to one MTB, which is located in the forearm of iCub.
C. Implementation on the Forearms of iCub
For the two parts that constitute the lower arm, we decided to
integrate the skin directly into the cover; therefore, new covers
were designed. The production steps are the same as for the
palm and are illustrated in Fig. 5. In Figs. 6 and 7, we show the
iCub arm covered with artificial skin. Each arm has 384 sensing
points: 23 PCBs in the forearm, four in the palm, and five in the
fingertips, with 12 sensing points each.

Fig. 7. iCub covered with artificial skin. Each arm has 384 sensing points: 23
PCBs in the forearm, four in the palm, and five in the fingertips, with 12 sensing
points each. Note that the artificial skin requires few wires, which can all be
routed inside the robot.

Therefore, the hands have been covered with colored silicone
foam (see Fig. 8). For the other parts (i.e., cheeks, torso, upper
arms, and feet), we did not take the human-like appearance into
consideration, because these parts are covered by clothes in the
final setup of KASPAR. Moreover, as the robot will interact only
with humans, the silicone foam was not covered with a ground
plane. We rebuilt the upper and lower arms with the 3-D printer.
Because of cost constraints, for the cheeks, torso, and feet, we
used the original parts, which do not include the shallow holes
for the electrical components. This results in a less smooth, but
nevertheless stable, attachment. In addition, no special molds
were designed, but instead, standard skin patches were attached
to the surface [see Fig. 8(e)]. In total, KASPAR incorporates
ten MTB boards and 68 triangles that correspond to 816 contact
points.
E. Implementation on NAO

D. Implementation on KASPAR
To obtain a human-like appearance, a child-sized mannequin
was used as the basis for KASPAR. The retention of this natural
appearance is important to encourage children to touch the robot.

For NAO, the goal was to sensorize the forearms and the
upper arms. Therefore, we designed six covers (two for each
forearm and one for each upper arm). Fig. 9 shows the steps
to cover NAO’s forearm with skin. NAO has 18 triangles that
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Due to these differences between the taxels, we calibrate
each taxel individually before using the sensor. In the calibration phase, which lasts a couple of seconds, we calculate the
baseline and the 95% percentile of the sensor measurements for
each taxel. The baseline is the average measurement during the
calibration phase.
B. Touch Detection

Fig. 8. Sensors for the hands and torso of KASPAR. (a) New hand rebuilt with
3-D printer and (b) triangles. (c) Triangles are glued to the hand. (d) Finished
hands: The triangles are covered by colored silicone foam. (e) Standard skin
patches are used for the torso.

The touch-threshold (if the value is larger or equal than this,
we define that the taxel has come in contact with an object)
is the 95% percentile plus a safety margin (we empirically set
this safety margin as two measurement units). This margin allows small fluctuations in the measurements to occur and be
detected by the drift-compensation algorithm (as described in
the next section) as well as accounts for additional noise that
was not present in the calibration phase. With this safety margin,
we could observe practically no false-positive touch detections
during our experiments.
C. Thermal-Drift Compensation
In some configurations, capacitive pressure sensors are sensitive to temperature (see, for example, [3]). The resulting thermal drift affects the accuracy of the pressure sensor in practical
applications. Many methods for drift compensation have been
studied, for example, in [36]. We use a simple method that was
inspired by the compensation algorithm utilized in the CDC
chip [3]. It is fast enough to be implemented in real time:

Fig. 9. Steps for implementing the skin on NAO’s hands. (a) Two parts of the
cover for NAO’s forearm. (b) Triangles for one half of the forearm. (c) PCBs are
glued to the cover. (d) Cover with the PCBs. (e) Silicone foam has been molded
onto the forearm. (f) Final result.

correspond to 216 contact points for each lower arm and nine
triangles that correspond to 108 contact points for each upper
arm.
V. CALIBRATION OF NOISE, TOUCH DETECTION, AND
THERMAL-DRIFT COMPENSATION
A. Calibration of Measurement Noise
Out of the 16 measurement bits that the CDC chips can provide, in our implementation, usually, 3 bits are affected by noise,
and 5 bits are out of range. Therefore, we use only 8-bit measurements. In these remaining 8 bits, the sensor measurements
usually oscillate between two neighboring values (not only due
to noise but due to the delta–sigma analog-to-digital conversation used by the CDC as well). Yet, in few taxels, the noise can
be up to ±3 measurement units of the baseline. We could trace
the cause of this back to the soldering quality of the CDC: If
a pin is not perfectly aligned with its soldering pad, the sensor
measurements include more noise. In Section VI-E, we will discuss that in the palm that we used for our tests the noise was
very low for all taxels.

MAX_COMP_PER_SECOND = 0.1;
CHANGE = MAX_COMP_PER_SECOND / FREQUENCY;
at each timestep, for each taxelj , if taxelj not touched:
measurementj − = baselinej ;
if measurementj > 0.5: baselinej + = CHANGE;
if measurementj < 0.5: baselinej − = CHANGE.
We adapt the baseline of each taxel in small steps at every
timestep. MAX_COMP_PER_SECOND, which is the maximum compensation per second, was set to 0.1 (given in raw
measurement units). This value is far higher than the maximum
drift per second that we encountered in our experiments, yet is
it low enough not to cause big oscillations in the baseline due to
noise. We do not change the baseline if the taxel was touched,
or if it is within a margin of ±0.5 of the baseline (given in raw
measurement units). We use this margin as the measurements
usually oscillate between two neighboring values, as explained
above.
The drift compensation was employed in all the following
experiments. As a result, we could observe no drift in the sensor
measurements (without causing a waveform distortion, a phase
shift, or a transient response).
VI. TESTING
Here, we present tests that have been performed with the palm
of iCub. Moreover, an algorithm to compensate the hysteresis
in the sensor measurements is presented.
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Fig. 10. Test setup. (Left) Test setup that is used to test the characteristics of
the sensor. The palm is mounted on a platform. A Cartesian robot (TT-C3-2020
from IAI) moves an off-center load cell (0.5 kg AS series, from Laumas). (Right)
Closeup of the load cell and the probe that pushes against the palm.

A. Test Setup
To test the capacitive pressure sensor, we use a Cartesian
robot (TT-C3-2020 from IAI). The robot moves an off-center
load cell (0.5 kg AS series, from Laumas). At the end of the
load cell, cylindrical probes of varying diameter can be attached
(see Fig. 10). The Cartesian robot moves the load cell with the
probe in the x-, y-, and z-directions, and can therefore push
the probe vertically against the palm at different locations. The
position of the load cell can be determined via the serial interface
of the robot, with a maximum frequency of 25 Hz. Therefore,
we collect all measurements with a frequency of 25 Hz. The
signal from the load cell is amplified by an AT-10 from Precise
Instruments. To digitize the signal, we use the same MTB that
we also use to send the measurements of the capacitive pressure
sensor system to the PC. Therefore, we get synchronized data
from the capacitive pressure sensor system and the load cell. The
pressure applied to the palm is calculated as the force measured
by the load cell divided by the contact area. The measurements
of the capacitive pressure sensor system are converted to Farad
(i.e., 1 measurement unit = 2.88 fF).
B. Spatial Resolution
We tested the spatial resolution of the sensor in the following
way: A metal probe with a 3-mm diameter applied pressure
to the palm at different positions, which have a distance of
0.5 mm to each other. We never applied pressure to two adjacent
positions one after another, to avoid the influence of hysteresis
on the measurements (which we will discuss later), but instead
covered the palm in a pattern where one push is 5 mm apart
from the next. At each position, the probe moved slowly down
and then quickly up, and subsequently changed the position.
After we got measurements for each position (which took a
couple of hours), we subsequently tested each position a second
time, to get more measurements and confirm the stability of
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Fig. 11. Sensor response at different positions. We show the superimposed
response of all taxels to a certain pressure (i.e., 150–160 kPa). In the background,
we show a grayscale picture of the palm (without the silicone foam and the top
conductive layer) to demonstrate the correspondence of the sensitive areas to
the round pads on the PCBs. For the illustration, an old version of the PCBs is
used, which better highlights the electrode areas.

Fig. 12. Spatial resolution of the palm. The probe (with 3-mm diameter) is
pushing the palm at different positions (i.e., 0.2-mm distance to each other)
along a straight line (corresponding to Fig. 11, where y-position = 0 mm). We
show the average measurement and standard deviation of all taxels in both the
triangular modules that the tip crosses. The letters show the correspondence of
the activated taxels to the taxels in Fig. 11.

the sensor measurements over time. In Fig. 11, we show the
response of all the taxels to a certain load; to do this, we filtered
the data offline and plot only those values that correspond to a
pressure of 150–160 kPa. To avoid the effects of hysteresis we
used only the measurements while the probe was moving down.
Furthermore, we tested only a part of the surface area, as we
can only compare positions where the whole probe touches the
palm nearly perpendicular. This is because we want to show the
response of all taxels to a certain pressure; yet, if only a part of
the probe touches the palm or if the probe is not perpendicular
to the palm, the pressure applied to the palm varies, even if the
load cell measures the same force. We show the superimposed
capacitance of all taxels, and in the background, we show a
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Fig. 13. Response of taxel 2 to varying pressure with different tip sizes. Probes
of different sizes were used to push the taxel with varying pressure. We show
the average and standard deviation of the first second of measurements.

Fig. 14. Response of taxels 1, 2, and 3 to varying pressure with a 3-mm tip.
A 3-mm probe was used to push the taxel with varying pressure. We show the
average and standard deviation of the first second of measurements.

picture of the PCBs to demonstrate the correspondence of the
sensitive areas to the round pads on the PCBs.
In Fig. 12, we present the results of another experiment
in which the y-position of the probe is always zero and the
x-positions are 0.2 mm from each other. The results show that
the taxels respond in a bell-shaped curve that little or no crosstalk
occurs and that the responsive zones overlap. We conclude that
the sensor can be used to localize where pressure is applied
to it.
C. Contact Area
We investigated the influence of the contact area on the measurements. The probe was placed above the center of the taxel 2
(see Fig. 11). The probe moved down to a certain depth as fast as
possible, remained there, and after 2 s, it moved up again to the
noncontact position. The probe remained in this position for 20 s
to minimize the effects of hysteresis on the measurements. After
that it moved down again, this time 0.1 mm deeper than before,
and the whole process was repeated until the probe had pushed
to the deepest defined point. We conducted these experiments
with probes of different sizes, in particular, 2, 3, 4, 5, and 6 mm.
The probes up to 5 mm were made from aluminum, and the one
with 6 mm diameter was made from plastic (with our sensor,
the material does not influence the measurements). For each
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Fig. 15. Response of taxels 1, 2, and 3 to varying pressure with a 6-mm tip.
A 6-mm probe was used to push the taxel with varying pressure. We show the
average and standard deviation of the first second of measurements.

Fig. 16. Response of taxel 2 to varying pressure with a 6-mm tip. A 6-mm
probe was used to push the taxel with varying pressure. We show the average
and standard deviation of the first second of measurements.

probe size, we conducted three consecutive cycles. In Fig. 13,
we plot the average and standard deviation of the first second of
capacitance measurements. The pressure was calculated as the
force measured by the load cell divided by the contact area.
As was expected, for the same pressure, the sensor measurements are higher while using probes of a bigger diameter. Yet,
the results from the probe sizes of 5 and 6 mm overlap and
cannot be distinguished; therefore, it can be concluded that the
response of the sensor is without regard of the probe size, starting from 5 mm diameter.
D. Difference in Response Between Different Taxels
When closely investigating the results of Fig. 11, it can be
seen that the maximum activation for different taxels is different. In particular, the maximum capacitance of taxel 1 is
200.5 fF, taxel 2 is 165.5 fF, and taxel 3 is 139 fF. Therefore, the
maximum measurements of taxel 1 are nearly 1.5× higher than
those of taxel 3. We investigated this further and conducted an
experiment similar to Section VI-C. We pushed the palm with a
3-mm probe at different depths, again waiting 20 s in between.
In Fig. 14, we show the results for the three different taxels
indicated in Fig. 11 (these correspond to a low-, medium-, and
high-response taxel). The results in Fig. 14 correspond to the
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ones given in Fig. 11: For taxel 1, the response is higher than for
the others, and taxel 3 has the lowest response. This is probably
due to the varying density of the silicone foam.
Yet, it is interesting to note that up to a certain pressure, the
responses overlap. Therefore, we repeated the experiment with
a probe size of 6 mm and with a lower maximum pressure (the
force we applied is nearly the same, but the contact area is bigger) (see Fig. 15). While there are still differences between the
taxels, they are small. We concluded that while there are differences between the taxels, they become increasingly negligible
with smaller pressure.
E. Noise, Stability, and Sensitivity
All the results presented thus far show that there is low noise
in the 8-bit measurements that we are using; the standard deviations as well as the differences between the repetitions are low.
Moreover, the response of the sensor is stable: even though it
took many hours to collect the results, given a certain probe size
and a certain location, the measurements of all testing cycles
overlap.
In Fig. 16, we plot the results that we collected in Section VI-C
and VI-D for taxel 2 (see Fig. 11) with a probe size of 5 and
6 mm, focusing on small pressure. We conclude that pressure
differences of about 5 kPa can be reliably detected.
F. Calibration, Part 1: Nonlinearity
The response of the sensor is slightly nonlinear, and we used
a quadratic function to convert the sensor measurements S(t) at
time t (in femtofarad) to pressure C(t) (in kilopascal) (without
taking into account the relaxation of the silicone foam, which
we will discuss later)
C(t) = aS(t)2 + bS(t)

(1)

with a = −0.001132, and b = 0.8141. To compute these values,
we used all the data described in the previous sections collected
for taxel 2 with a 5- or 6-mm probe. The quadratic term is
quite small and the sensor can be assumed to respond linear to
changing pressure if smaller precision is necessary.
G. Calibration, Part 2: Viscoelastic Behavior
So far we have applied pressure to the sensor only for short
time intervals. In such short time frames, the pressure can be
assumed to be constant if the position of the probe is steady.
However, when the sensor is loaded for extended time periods,
the pressure cannot be assumed to be constant anymore. This
is due to the viscoelasticity of the silicone foam. Viscoelastic
materials have not only an immediate elastic response but a
time-dependent viscous behavior as well: When the strain is
held constant, the stress decreases with time (i.e., relaxation);
if cyclic loading is applied, hysteresis (i.e., a phase lag) occurs.
Therefore, if we want to calculate the applied pressure out of
the sensor measurements, we have to take this time-dependent
behavior into account. Many models exist to describe the relaxation behavior of viscoelastic materials [37]. In our case, we
assume that the sensor measurements S(t) correspond to strain.
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We use C(t) instead of S(t), as it takes into account the nonlinear behavior of our sensor. Therefore, Pcal (t), which is the
calculated pressure, is given by
Pcal (t) = C(t) − relax(t)

(2)

where relax(t) is the time-dependent relaxation. In a first approximation, it can be said that the stress decays exponentially
with time. Suppose, due to a constant strain ε, we get a constant
value for C(t) = C; then, relax(t) is given by
relax(t) = Cβ(1 − e−t/τ )

(3)

where β is a scaling factor, and the relaxation approaches asymptotically the final value Cβ. The time constant τ is the time it
takes to reach 1 − 1/e ≈ 63.2% of the final value.
Now, let us consider a variable C(t) and write it as a sum of
ΔC1 , ΔC2 , . . . , at times T1 , T2 , . . ., respectively. According to
Boltzmann’s superposition principle, the relaxation is a function of the entire history of the sensor. The total relaxation is,
therefore, given by

ΔCi β(1 − e−(t−T i )/τ )
(4)
relax(t) =
i

where ΔCi is the incremental change of C at time Ti . In our
experimental setup, the strain, and as consequence of that, C
changes slowly and monotonically, even if the Cartesian robot
is static. This is because the load cell is slightly compliant, and
the tip changes its position as the silicone foam is relaxing. A
similar effect can be expected if the robot-actuation system is
compliant or the object that is in contact with the skin is soft.
On the other hand, the sensor measurements also vary slightly
at nearly every time step due to the digitization and the noise,
as discussed before; the resulting changes in C should not be
considered; otherwise, the algorithm becomes computationally
expensive. We, therefore, substitute ΔCi with ΔDi , which is
obtained with a moving-average and a threshold: Every second
we compute the average of C(t) and check whether it is more
than 1.5 kPa different than the sum of all ΔDi so far, in which
case, we add a new ΔDi .
Moreover, we observed that while unloading (i.e., ΔD is
negative in this case), the relaxation term has slower dynamics,
and therefore, different parameters should be used in this case.
This phenomenon has been described many times in literature,
for example, [38]. Therefore, we use βl and τl when ΔD is
positive and βu and τu when ΔD is negative.
Finally, the model, as described in (3), represents the relaxation behavior of viscoelastic materials only to a first approximation, which can be better described with the superposition of
many exponential functions. In our case, we found that a sum of
three exponential functions gives satisfying results. Therefore,
we have three βl , τl , βu , and τu each. The final result is given
by
relax(t) =



3


ΔDi βl k (1 − e−(t−T i )/τ l k )

Δ D i > 0 k =1

+



3


Δ D i < 0 k =1

ΔDi βu k (1 − e−(t−T i )/τ u k ).

(5)
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Fig. 19. iCub is grasping a fragile plastic cup. (Left) Without tactile feedback,
iCub crushes the cup. (Right) With tactile feedback, it grasps the cup without
deforming it. In addition, the resulting activation in the fingertips is shown; with
feedback control, it is so low that it is not visible. This visualization also shows
the schematic representation of how the sensors are distributed on the fingers
and the palm. The pictures are taken from a video that can be found in [39].
Fig. 17. Compensation of the relaxation of the silicone foam. We applied
pressure for 1 h. C (t) corresponds to the uncorrected sensor measurements ΔD i
to their stepwise approximation, relax(t) is the correction term, and P cal (t) are
the corrected measurements: P cal (t) = C (t) – relax(t). P ∗ (t) is the pressure
calculated from the load cell, and there is a clear correspondence to P cal (t).

Fig. 18. Compensation of the relaxation of the silicone foam. We applied
multistep, cyclic loading. C (t) is the uncorrected sensor measurements, ΔD i
is stepwise approximation, relax(t) is the correction term, and P cal (t) are the
corrected measurements: P cal (t) = C (t) – relax(t). P ∗ (t) is the pressure
calculated from the load cell, and there is a clear correspondence to P cal (t).
TABLE I
PARAMETERS TO CALCULATE THE RELAXATION

We subsequently tested whether our model works by calculating Pcal (t) for other datasets, using the parameters that we have
just found. The results were generally satisfying. In Fig. 18,
we present the most-difficult scenario and the worst result we
obtained: In this experiment, we used a different maximum pressures, different time periods, and multistep and cyclic loading.
Moreover, the total time of pressure applied to the sensor is far
higher than we expect it to be in the humanoid robots. In this
case, we could see slight differences in Pcal (t) and P ∗ (t). We
could observe this effect, in general, when applying pressures
higher than the one in our original dataset. Nevertheless, we
concluded that this model is good enough for our purposes.
Finally, we want to point out that the initial response of the
capacitive sensor to a change of displacement of the probe is
fast: There is no delay between the initial change of the measurements of the capacitive sensor and the load cell, and initially,
C(t) is nearly equal to P ∗ (t). This is further demonstrated by
the correspondence of the measurements in Section VI-B and
D, which were obtained in dynamic and static conditions, respectively. Yet, we did not measure the delay due to the MTB
and the subsequent CAN bus.
VII. GRASPING EXPERIMENTS

To get the parameters, we pushed a 6-mm probe with maximum speed against the palm and kept it in stationary position for
1 h. Subsequently, we quickly unloaded the sensor and collected
further 75 min of data. The goal was to find the parameters so
that Pcal (t) matches P ∗ (t), which is the pressure given by the
load-cell measurements divided by the contact area. We first
calculated the three βl and τl and used the data between the first
stress and the first release. Afterward, we used the data starting
at the unloading until the end of the measurements, subtracted
the relaxation due to the ΔD that happened before (we used
the parameters that we had just determined), and calculated the
three βu and τu for unloading. The result can be seen in Fig. 17.
The parameters are reported in Table I.

In [29], we grasped three different objects with a preprogrammed behavior, and could show that the sensor measurements are stable over time and can be used to detect touch. In
the experiment described here, we use the feedback provided
from the sensors to grasp a fragile object, in particular, a plastic
cup. In the video [39], we first show that the iCub can crush the
cup. Subsequently, with the help of the tactile sensors it grasps
the same cup gently without deforming it (see Fig. 19).
At start-up iCub calibrates its sensors: it opens the hand completely and collects measurements for 5 s. To compensate for
drift and to detect whether an object touches the skin, we use
the algorithm, as described in Section V. After the calibration, we place a plastic cup in the hand of iCub and start the
grasping. First, iCub grasps the cup without tactile feedback,
and afterwards with tactile feedback. The algorithm is simple:
For each finger, when one of the taxels in the fingertips detects
touch, the movement stops; otherwise, a closing movement is
performed. In Fig. 20, we show the resulting activation in all the
taxels that reached their touch threshold during the experiment.
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Fig. 20. Average activation of all taxels that reached their touch-threshold
while iCub is grasping a cup with and without tactile feedback. We subtracted
from each taxel its individual baseline (which includes the drift compensation)
and its individual touch threshold; therefore, a taxel detects a touch if it measures
more than 0 fF. The taxels are clearly more activated when grasping the cup
without tactile feedback.

The taxels are clearly more activated while iCub is crushing
the cup than while it is grasping it gently. We performed ten
such grasps, and in each case, iCub grasped the cup without
deforming it.
VIII. CONCLUSION AND FUTURE WORK
We have presented a sensorized skin system for humanoid
robots that incorporates capacitive sensors. The skin is modular and can be easily customized to cover nonflat surfaces;
to demonstrate this, we have shown the sensorization of three
different robots, which all have different sizes, shapes, and purposes. Hysteresis and thermal drift are problems that commonly
affect capacitive sensors. To overcome these limitations, we
have implemented simple algorithms to compensate for drift
and hysteresis of our sensor. The sensor has good performance
in terms of sensitivity and spatial resolution. This is further
demonstrated by experiments on the robot iCub that show that
the skin allows a fragile object to be grasped without deforming
it. Future work will focus on evaluating the sensor’s robustness
and usefullness for a wider range of robotic tasks.
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