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Abstract. This paper presents a novel approach to remote tactile interaction, wherein a human uses a telerobot to touch a remote environment.
The proposed system consists of a BioTac tactile sensor, in charge of registering contact deformations, and a custom cutaneous device, in charge
of applying those deformations to the user’s fingertip via a 3-DoF mobile
platform. We employ a novel data-driven algorithm to directly map the
BioTac’s sensed stimuli to input commands for the cutaneous device’s
motors, without using any kind of skin deformation model. We validated
the proposed approach by carrying out a remote tactile interaction experiment. Although this work employed a specific cutaneous device, the
experimental protocol and algorithm are valid for any similar display.
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Introduction

Cutaneous feedback has recently received great attention in the haptics research
field. The richness of information cutaneous receptors are able to detect, together
with their broad distribution throughout the body, makes the skin a perfect
channel to communicate with the human user [1]. Moreover, cutaneous feedback
provides an effective and elegant way to simplify the design of haptic interfaces:
cutaneous receptors’ very low activation thresholds [1,2] enable researchers to
design small, lightweight and inexpensive cutaneous haptic interfaces [3,4,5].
Cutaneous feedback has been also employed in teleoperation to provide haptic
feedback without affecting the stability of the system [6].
An example of a cutaneous device exploiting these capabilities is the one
presented by Minamizawa et al. [3], developed to simulate the weight of virtual
objects. It consists of two motors that move a belt that is in contact with the
fingertip. When the motors spin in opposite directions, the belt applies a force
perpendicular to the user’s fingertip, while when the motors spin in the same
direction, the belt applies a tangential force to the skin. This device was also
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(a) The BioTac sensor
(picture courtesy of SynTouch LLC)

(b) The 3-DoF cutaneous device

Fig. 1. The system is composed of (a) a BioTac sensor, which registers contact deformations at the remote environment, and (b) a custom 3-DoF cutaneous device, which
applies those deformations to the human user’s fingertip.

used by Prattichizzo et al. [7] for experiences of remote tactile interaction: an
instrumented glove sensed the forces at the remote environment, and the above
cutaneous device fed back those forces at the master side. Kuchenbecker et al. [4]
developed another interesting fingertip device, which provides the user with the
cutaneous sensation of making and breaking contact with virtual surfaces. The
device has no actuation and relies on the force feedback provided by the haptic
device to which it is attached. More recently, Prattichizzo et al. [5] presented a
wearable 3-degree-of-freedom (DoF) cutaneous device for interaction with virtual
and remote environments. It consists of two platforms: one placed on the back of
the finger, supporting three small electrical motors, and one in contact with the
volar skin surface of the fingertip. The motors control the length of three cables
that move the platform toward the user’s fingertip and re-angle it to simulate
contacts with arbitrary slanted surfaces.
Although these cutaneous devices have been successfully employed in several
scenarios, they all assume the cutaneous force is applied at just one contact point
on the user’s fingertip. On one hand, this simplified approach makes them easy to
control, with only a few input parameters and simple contact sensing systems.
On the other hand, this approach cannot correctly represent the wide range
of sensations the fingertip may encounter during real interactions. Moreover,
most of the aforementioned devices make use of skin deformation models to
determine the actuator inputs needed to apply a given force. While effective,
this method does not guarantee an accurate delivery of the desired force on the
user’s fingertip.
Motivated by these past investigations, this paper presents a novel approach
to remote tactile interaction. The proposed system (Fig. 1) consists of a BioTac
tactile sensor (SynTouch LLC, Los Angeles, USA), in charge of registering contact deformations, and a custom cutaneous device, in charge of applying those
deformations to the user’s fingertip via a 3-DoF mobile platform. We describe
a novel data-driven algorithm that directly maps the BioTac’s sensed stimuli to
input commands for the cutaneous device’s motors in real-time, without using
any kind of skin deformation model.
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Methods

Sensing and actuation. The BioTac tactile sensor mimics the physical properties and sensory capabilities of the human fingertip [8,9]. As shown in Fig. 1a,
it consists of three complementary sensory systems (deformation, vibration, and
temperature) integrated into a single package. Contact forces deform the elastic skin and the underlying conductive fluid, changing the impedances of 19
electrodes distributed over the surface of the rigid core. Vibrations in the skin
propagate through the fluid and are detected as AC signals by a hydro-acoustic
pressure sensor. From these values, a low-pass anti-aliasing filter also outputs a
DC pressure signal. The BioTac is internally heated above ambient, and temperature is measured by a thermistor placed near the surface of the rigid core.
As shown in Fig. 1b, the haptic interface employed in this work is a 3DoF fingertip cutaneous device, similar to the one presented by Pacchierotti
et al. [6]. It is composed of a static platform that houses three servo motors
and a mobile platform that applies the requested stimuli to the fingertip. Three
cables connect the two platforms, and three springs keep the mobile platform
in a reference configuration, away from the fingertip, when not actuated. By
controlling the cable lengths, the motors can orient and translate the mobile
platform in three-dimensional space. The device fastens to the finger with a
velcro strap. The actuators used in our prototype are Sub-Micro Servo 3.7g
motors (Pololu Corporation, Las Vegas, USA), which are position controlled
and can exert up to 39 N·mm torque.
Mapping between sensed data and motor commands. Our goal is to enable the
user to perceive, through the 3-DoF fingertip cutaneous device, the deformations experienced by the BioTac in the remote environment. In other words,
we aim to find a good many–to–few mapping between the rich sensory information provided by the BioTac and the limited actuation capabilities of the
fingertip cutaneous device. Our focus is in sensing deformations, so we consider
the 19 electrode impedance readings and the low-pass filtered output of the
hydro-acoustic pressure sensor (DC pressure). The BioTac senses these quantities at 100 Hz, with a precision of 12 bits. Let s(k) ∈ S = {(s1 (k), . . . , s20 (k)) ∈
Z20 : 0 ≤ si (k) ≤ 4095} be a vector containing these values sensed at instant
k. In contrast, our cutaneous device uses three position-controlled motors. Let
m(k) ∈ M = {(m1 (k), m2 (k), m3 (k)) ∈ R3 : 30◦ ≤ mi (k) < 195◦ } be a vector containing the commanded angles for these motors at instant k. In order to
simplify the notation, sampling time index k will be omitted from now on.
How can we map a given BioTac sensation to a congruent configuration of
the mobile platform? Since the BioTac mimics the physical properties of the
human fingertip [8,9], we made it wear the cutaneous device, so that we could
understand how the motion of the mobile platform affects the tactile sensor. As
shown in Fig. 2, the BioTac was placed between the mobile and static platforms,
in the same way a human user would wear it. We then moved the mobile platform to a wide range of configurations and registered the effect of each of these
configurations on the BioTac, saving both the commanded motor angles m∗
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Fig. 2. Data collection. The BioTac was placed inside the cutaneous device, and the
platform was moved to a wide range of configurations. The motor inputs m∗ and the
resultant cutaneous sensations s∗ were recorded.

and the resulting effect on the tactile sensor s∗ . Using a moderate step-size of 5◦
◦
◦
yields ( 195 5−30
)3 = 35937 unique platform configurations. Each configuration
◦
was tested ten times, and the values gathered by the BioTac were arithmetically averaged. At the end of data collection, we were thus able to evaluate the
mapping function
µ : S∗ → M∗ ,
(1)
µ(s∗ ) = m∗ ,
which links the BioTac sensed data to the motor input commands. Set M∗ ⊂
M contains all the angle triplets actuated during data collection, and S∗ ⊂ S
contains all the resulting sensed values registered by the BioTac. Since for each
point in M∗ we have only one corresponding point in S∗ , and vice versa, function
µ(·) is bijective. In this case the cardinality of sets S∗ and M∗ is 35937, which
is much lower than the 409620 different points the BioTac can sense (i.e., |S| =
409620 ). Function µ(·) is thus defined for a very small subset of all the possible
tactile sensations the BioTac can experience. For this reason, we cannot simply
deploy the sensor in a random remote environment and expect its sensed points
to be in the domain of our mapping function. Unfortunately, this problem cannot
be fixed by simply reducing the angle step-size during data collection. The shape
of the platform and the limited degrees of freedom of the cutaneous device will
always couple the behaviour of neighbouring electrodes, so not all points in S
are reachable with the given device.
We thus need a function that maps a generic point s ∈ S to one in our
mapping function’s domain S∗ . An idea, for example, is to look for the point in
our domain closest to the sensed one, and thus define
ν : S → S∗ ,
ν(s) = s∗ ,

(2)

as the function that maps a generic point s ∈ S, sensed by the BioTac, to the
closest one in S∗ . In this work we implemented the nearest point search using the
Approximate Nearest Neighbour (ANN) C++ library by Mount and Arya [10],
using the 20-dimensional Euclidean distance metric.
It is now trivial to combine functions µ(·) and ν(·) and define
f : S → M∗ ,
f (s) = µ(ν(s)) = µ(s∗ ) = m∗ ,

(3)
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Fig. 3. Proposed algorithm. The BioTac registers a tactile sensation s at the remote
environment. Function ν(·) looks for the closest point s∗ contained in the set recorded
during data collection. This point is then mapped by µ(·) to the corresponding motor
angle triplet m∗ .

as our final function, which maps a generic point s ∈ S, sensed by the BioTac,
to the motor angle triplet m∗ ∈ M∗ that most closely causes sensation s. The
algorithm is summarized in Fig. 3. Reducing the angle step size in data collection,
as well as increasing the degrees of freedom of the device and tailoring the
platform’s shape for a target environment, should increase the performance of
the proposed approach. Moreover, although here we employed a specific 3-DoF
cutaneous device, the experimental protocol and algorithm are valid for any
similar cutaneous interface.
A short video featuring the BioTac interacting with a remote environment
and the cutaneous device driven accordingly to our algorithm can be downloaded
from http://goo.gl/UeZlzI. Two representative frames are reported in Fig. 4.

3

Experimental Evaluation

We evaluated this algorithm by carrying out an experiment of remote tactile
interaction. We made a BioTac sensor interact with a heterogeneous environment for 5 minutes. The environment was composed of 32 rigid slanted surfaces,
inclined from 0◦ to 60◦ with respect to the BioTac sensing surface. All the
sensed data were saved. We then placed the same BioTac in the cutaneous device, as done for data collection (see Fig. 2). Finally, we sent the recorded data
through our algorithm and drove the cutaneous device to the resulting motor
angle triplets over time while recording what the BioTac sensed.
Averaged across sensing channels and over time, the mean difference between
the stimuli sensed at the remote environment and the ones created by the cutaneous device was 52.6 ± 68.5 bits, which is about the 1.3% of the full 12-bit scale

Fig. 4. Two frames from the video. The cutaneous device uses our algorithm to recreate
the deformations experienced by the BioTac in the remote environment.
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Fig. 5. Experimental evaluation. Data registered by a representative electrode from the
BioTac during the first 60 seconds of the experiment. At each time step, the cutaneous
device attempts to present the tactile sensations measured at the remote environment.

the BioTac can reach (0 – 4095). Fig. 5 shows the data sensed for one electrode
at both sides of the system.

4

Conclusions and Future Work

This paper presented a novel algorithm to map the cutaneous stimuli registered
by a BioTac tactile sensor to any fingertip cutaneous haptic interface. Our approach does not use any skin deformation model; instead it maps the sensed
stimuli directly to input commands for the device’s motors. In order to validate
the proposed approach, we carried out an experiment of remote tactile interaction, employing a custom 3-DoF cutaneous device. The average error between
the data sensed at the remote environment and the sensations applied by the
cutaneous device was 1.3% of the full 12-bit scale the BioTac can reach.
The main assumption of the proposed approach is that the BioTac is identical to the human fingertip in size and mechanical properties. In fact, the performance achieved when a human wears the cutaneous device may not be as
good as reported here. For this reason, experiments with human subjects will be
performed in the near future. Moreover, instead of making the BioTac interact
freely with the remote environment as in Sec. 3, we will analyze the behavior of
our algorithm during several simpler interactions, in order to better understand
which sensations can be rendered well and which cannot. Finally, we will study
how a different initial mapping (e.g., larger/smaller angle step-size), a different
hardware design (e.g., more/fewer degrees of freedom), and a different distance
metric can affect the performance of the proposed approach.
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