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Abstract. In this work we present a novel haptic device that applies
cutaneous force feedback to the forearm. We called it HapBand. It is
composed of three moving plates, whose action on the forearm resembles the squeeze of a human hand. In order to validate the device, we
carried out an experiment of remote tactile interaction. A glove, instrumented with five force sensors, registered the contact forces at the remote
site, while the HapBand mimicked the registered sensation to the user’s
forearm. Results showed the HapBand to well resemble the squeezing
sensation on the forearm.
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Introduction

Haptic force feedback has been effectively used in teleoperation to sense objects
at a distance. An instrumented slave robot records the contact interactions with
the remote environment, and a haptic interface provides this information to the
human operator. Haptic feedback has been proved to play an important role in
enhancing teleoperation performance in terms of task completion time [1,2,3],
accuracy [1,4,5], peak [6,7], and mean exerted force [2,7].
More recently, haptic force has been also employed to transmit haptic sensations between humans. Instead of registering remote interactions using a slave
robot, another human user, through some kind of instrumented garment, interacts with the remote environment and sends this information back to the master
operator. Prattichizzo et al. [8] presented a system, called RemoTouch, to share
haptic sensations between humans. They employed an instrumented glove to
sense forces at the remote environment and a 2-DoF wearable cutaneous device
to feed back those forces at the master side. The wearable device they used has
been developed by Minamizawa et al. [9] for simulating weight sensations of virtual objects. It consists of two motors and a belt able to deform the fingertip.
When motors spin in opposite directions, the belt applies a force perpendicular
to the user’s fingertip, while when motors spin in the same direction, the belt
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(a) Prototype.

(b) CAD sketch.

(c) Plate’s principle.

Fig. 1: The HapBand device. The system employs three servo motors to apply the
requested force to the user’s forearm. Three force sensors enable the closed-loop
force control of the device. A belt secures the device to the human’s forearm.

applies a tangential force to the skin. Wang and Quek [10] developed a haptic
system to remotely transmit touch sensations to the upper arm. The device is
composed of an armband embedded with 6 Shape Memory Alloys (SMA) wires,
a squeeze sensing device and a programmable microcontroller board. The sensing device registers the pattern and amplitude of the force applied by the user,
and the armband generates the same haptic sensations at the remote site via
SMA wire’s contractions. Bonanni et al. [11] presented a wearable haptic system that allows nurturing human touch to be recorded, broadcast and played
back for emotional therapy. They used four kinds of actuators: vibrating motors, solenoids, air bladders and Peltier junctions. The motors were placed in
an adjustable neoprene brace that secured one of the actuators at a time over a
subject’s shoulder blade. More recently, Huisman et al. [12] presented a device
to remotely transmit vibrations to the forearm. It consists of a soft pressuresensitive input device and of a vibrating interface. A touch to ones own forearm
is felt as a vibration on the forearm of another person. Recently, Bark et al.
in [13] presented a rotational skin stretch device providing cutaneous feedback
in order to control movements of virtual objects in six degrees of freedom. The
results suggest that wearable skin stretch devices can be an effective means of
providing feedback about a users controlled joint or limb motions for motion
training and similar applications.
In this work we present a cutaneous haptic device to transmit remote tactile sensations to the forearm. It is composed of an instrumented glove, used
to register contact forces at the remote environment, and a cutaneous device,
which we called HapBand, used to recreate the registered sensations at the user’s
forearm. The HapBand device has been designed to resemble the shape and the
force capabilities of a human hand in the act of squeezing a human forearm (see
Fig. 1). It can be used together with an instrumented glove, to remotely transmit
the sense of touch (similarly to [8]); or alone, to re-play a pre-recorded tactile
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(a) The instrumented ring for the
glove.
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(b) A picture of the preliminary experiment.

Fig. 2: The instrumented glove. A conic bumper was placed on the sensible part
of the transducer to better stimulate the sensor (left). The external ring (β)
concentrates the fingertip forces at the center of the sensor (γ). The internal
ring (α) supports the finger. The instrumented glove is in charge of registering
the forces applied to the experimenter’s forearm (right). Distances between the
fingertips were calculated using a common raster graphics editor.

action. The rest of the paper is organized as follows: Sec. 2 presents the haptic
system, together with the results of a preliminary experiment to choose appropriate actuators and a design resembling the human hand. In Sec. 3 we carry an
experiment of remote tactile interaction and evaluate the performance of the proposed approach. Finally, Sec. 4 addresses concluding remarks and perspectives
of the work.
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The haptic system: sensing and actuation

The proposed system is composed of an instrumented glove, used to register
contact forces at the remote environment, and a HapBand device, used to apply
those forces at the user’s forearm (see Fig. 2 and Fig. 1).
The glove was instrumented with five FSR-400 single-point force sensors (Interlink Electronics Inc., Camarillo, CA), one for each fingertip. Each sensor (γ
in Fig. 2a) has a sensitivity range of 0.1 - 8 N and a resolution of 0.1 N. A plastic
ring (β) and a bumper (α) concentrate the force applied by the fingertip on the
sensor sensitive surface. In order to enable the HapBand device to correctly resemble the squeezing action of a human hand, we carried out a set of preliminary
experiments. Their objective was to characterize the force pattern involved in
the squeezing action and let us then choose appropriate actuators and a consistent hardware design. Ten participants (5 males and 5 females) took part in
the experiment. They were asked to wear the instrumented glove and gently
squeeze the right forearm of the experimenter for 3 seconds, as shown in Fig 2b.
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(a) Force exerted by each finger during
the experiment.

(b) Distance between fingers.

Fig. 3: Preliminary experiment. Force exerted by each finger and distances between fingers are reported (mean and standard deviation).
Force exerted and fingertip positions were registered. Results indicated an exerted mean force of 1.08 N (thumb 3.53 N±0.61 N, index 1.05 N± 0.18 N, middle
1.46 N±0.26 N, ring 0.42 N±0.07 N, little 0.53 N±0.09 N), and a mean distance
between the fingertips of 32.07 mm±0.02 mm (index-middle 33.7 mm±0.15 mm,
middle-ring 30.7 mm±0.16 mm, and ring-little 31.8 mm±0.10 mm), as shown in
Fig 3b.
The HapBand device is shown in Fig. 1. According to the above results, we
decided to couple the index and middle fingers, and the ring and little finger,
since they exert very similar forces. Moreover, we decided to employ three HS-55
HiTech servo motors (A in Fig. 1b). Each motor has a stall torque of 10.78 Ncm,
well in excess of the maximum 3.53 N exerted, in average, by the thumb. The
HapBand device is thus composed of three plates (B), controlled by three servo
motors (D) through three rotating pulleys (C). Three force sensors (E) permit
to register the actual force applied on the forearm. Three springs (F) keep the
plates in a reference configuration, away from the skin, when the servo motors
are switched off. A layer of foam (G) mediates the interaction between the plates
and the forearm. An AtMega328 microcontroller, installed on an Arduino Nano
board, controls the force exerted to the skin. At each cycle, the force signals
from the sensors are sent to the microcontroller, which compares them to the
reference force levels commanded by the system. Each servo motor then regulates
the force applied by changing the orientation of its rotating pulley. The pulley
changes the motor’s rotational movement into a vertical displacement; therefore,
a torque τ coming from the motor generates a force on the skin
τ
f= ,
l
where l = 20 mm (see Fig. 1c). To validate the performance of the force controller, we carried out an experiment of square wave tracking (see Fig. 4).
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Fig. 4: Response to two square waves. The mobile plate resembling the action of
the thumb (green) is following the dotted line, while the plates resembling the
action of the other fingers (coupled two-by-two, as described in Sec. 2, blue and
red) are following the dashed line.

Communication between the instrumented glove and the HapBand device was
set up through a User Datagram Protocol over IP (UDP/IP) socket connection
on an Ethernet Local Area Network (LAN).
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User Study

In order to validate our system, we carried out an experiment of remote tactile
interaction. Ten participants (6 males and 4 females) took part in the experiment.
They were divided into five couples. One participant for each couple was asked to
wear the instrumented glove in the right hand, while his/her partner was asked
to wear the HapBand device in the right forearm (see Fig. 5). The participant
wearing the glove was then asked to gently squeeze the other participant’s left
forearm (i.e., the one without device). The HapBand device then transmitted to
the right forearm the tactile sensation registered by the instrumented glove in the
left forearm. Each couple performed the squeezing task 10 times. The experiment
lasted approximately 1 minute. At the end of the experiment, the participant
wearing the HapBand device was requested to fill in a 10-item questionnaire,
considering the usability, comfort and effectiveness of the system. It contained
a set of assertions and was scored according to a 7-point Likert scale, where a
score of 7 was described as “completely agree” and a score of 1 as “completely
disagree”with the assertion. The evaluation of each question is reported in Table
1. Results showed that the HapBand device well resembled the squeezing action
of the human hand.
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Fig. 5: User study. The participant wearing the glove squeezes the other participant’s left forearm (i.e., the one without device). The HapBand device then
transmits to the right forearm the tactile sensation registered by the instrumented glove.
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Conclusions and future work

A novel cutaneous device to provide cutaneous force feedback to the forearm has
been presented. It is composed of three moving plates, whose action resembles
the squeezing action of a human hand. We carried out an experiment of remote
tactile interaction, wherein our device generated the contact forces registered by
an instrumented glove. Results showed the HapBand device to well resemble the
sensation of squeezing the human forearm. The main drawback of the HapBand
device is that it is not easily adaptable to arms of different sizes. Work is in
progress to design a new version of the device that address this issue. Moreover,
the device cannot provide more than 10 N on the forearm. In the future we will
employ servo motors with greater stall torque. This will allow us to test a broader
range of force intensities and increase the variety of achievable force profiles.
Other improvements will involve the communication and the portability of the
system. Wireless communication between the glove and the HapBand device will
be implemented. A portable battery pack will make the device wireless.
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