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Soft Haptic Device to Render the Sensation of
Flying Like a Drone

Carine Rognon
Christian Duriez, Member, IEEE, Dario Floreano

Abstract—Haptic feedback located on the torso is proposed to
enhance the state awareness of a user in virtual reality or during
teleoperation while leaving the hands free for manipulation and
communication. We provide haptic feedback on the torso by com-
pressing a set of closed air pouches against the skin in order to
render the sensation of air pressure when piloting a drone. The
pouch devices are cable driven and integrated in a wearable soft
exoskeleton, called the FlyJacket. A mechanical model and sim-
ulation of a pouch device were developed in order to determine
appropriate parameters, including the air pouch inner pressure,
its attachment point, and the cable position. Using the simulation
results, a set of pouch devices were constructed and integrated into
the soft exoskeleton on both sides of the upper chest and middle of
the back. The mechanical performance of the constructed device is
close to that predicted by the simulation. Application of the haptic
device in a flight task in which the user controls a drone using upper
body movements was demonstrated with a user study. Adding hap-
tic feedback during a stabilization task reduced the user’s workload
and improved the state awareness of the user.

Index Terms—Soft robot applications, haptics and haptic inter-
faces, wearable robots.

I. INTRODUCTION

APTIC DEVICES that provide touch feedback to the
fingers and hands have proven to be a compelling way
of transmitting information and enhancing training and perfor-
mance of a variety of tasks. However, many applications require
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the hands to be available for manipulation or interaction. This
motivates the study of haptic feedback to other parts of the body,
such as the arms and torso, with a focus on tactile feedback (stim-
ulation of the skin). Another potential benefit of haptic feedback
located on parts of the body other than the fingers and hands is
that it could increase state awareness of the user in a virtual
or teleoperated task in which relevant sensations should occur
on those parts of the body. For example, it has been shown that
immersion in a virtual world can be improved with a tactile feed-
back vest using vibrations [1], [2] and pneumatic actuators [3].

Our work involves tactile feedback on the upper body in order
to enhance realism and increase the flight awareness of the user
during teleoperation of a flying drone robot. In prior work, vi-
brotactile vests have been used to communicate information to
pilots, e.g. [4]. Tactile feedback on the torso has also been used to
connect between humans located remotely from each other [5]—
[7] and enhance emotions [8], [9]. Various actuators have been
used to achieve tactile feedback on the torso. Shape memory al-
loy actuators [10] and vibrotactile actuators [11] have been used
for navigation tasks. Pneumatic actuators located on the torso
[12] and vibrators located on the limbs were used in rehabilita-
tion [13], [14], as well as for motor learning tasks [15]. Products
dedicated for gaming have also used pneumatics (e.g. Tactsuit
from bHaptics Inc., Daejeon, Republic of Korea) and vibration
(e.g. TN game vest from Phantomsense, WA, USA). A whole-
body haptic system used blowing air to create the sensation of
navigating a windy environment [16].

To enhance human teleoperation of a drone, researchers have
identified patterns of natural and intuitive body movements that
can be used to control a drone [17]. People use the inclination
of their torso with their arms spread out to control the drone.
Accordingly, an upper body soft exoskeleton, called FlyJacket,
was developed to record the body movements and transmit the
commands to the drone [18]. This exoskeleton includes passive
arm supports to prevent fatigue during the flight. In this previous
work, the user received only visual feedback about the drone
maneuvers.

‘We propose that, in order to enhance flight awareness, sensa-
tions of the air pressure during drone movements could provide
valuable feedback to help the user perceive the drone state. A
tactile feedback device, rather than a kinesthetic device, would
facilitate wearability and portability. In most prior work, tac-
tile feedback was provided using vibrotactile actuators. These
have the advantage of being small and lightweight, which makes
them easy to integrate into wearable devices. However, the
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Fig. 1. Forces rendered on the torso relating to the drone orientation and
schema of the actuated tactile devices. The actuated devices are highlighted in
red on the top view of the user. (a) During pitch maneuvers. (b) During roll
maneuvers.

vibration sensation cannot realistically transmit the sensation
of skin compression as is required to recreate the air pressure
felt by the drone. Another approach is using active pneumat-
ics. Such device could transmit compressive force normal to the
skin. However, pneumatic actuation requires valves and an air
source, which is currently cumbersome and complex to inte-
grate in a portable system. Our device combines the advantages
of a soft device that is conformable and safe to interface with
the human body, while being actuated by motors in order to be
responsive and portable.

The FlyJacket aims to be used for drone rescue missions or
inspection and therefore should be portable for easy use in the
field. Here, we present a novel approach to render tactile feed-
back on the torso in order to improve the control of a drone and
increase the flight awareness. The developed device gives cues
on the drone orientation by rendering air pressure on the torso
proportional the centripetal acceleration of the drone via a soft
air pouch pressed against the skin. The forces rendered on the
user are shown in Fig. 1(a) for pitch maneuvers and in Fig. 1(b)
for roll maneuvers.

II. DEVICE DESIGN

To render the sensation of distributed pressure against the
body, we developed a tactile device composed of soft, closed air
pouches that are compressed against the skin by cables driven
by electric motors (Fig. 2).

The portable actuation via motors is less cumbersome than a
pneumatically actuated device. The inner pressure of the pouch
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Fig. 2. Tactile device. (a) Analytical model of the soft air-filled pouch being
compressed by the plate onto the skin. (b) Image of the mechanism.

can be varied for different applications using more or less in-
flation, which gives this technique an advantage over other soft
material approaches such as foam. In addition, pouches can be
deflated during transportation to gain space. Furthermore, the
holding structure, in this case the soft exoskeleton, does not
need to be tightly attached to the body; the cables allow a large
range of motion to generate compression. In order to make the
compression of the pouch against the skin relatively uniform,
the cables do not pull directly on a pouch’s corner or edge, but
rather on a rigid plate situated on top of it as shown in Fig. 2. If
the cables were directly attached to the pouch, the pouch would
deform, and the force transmission efficiency would decrease.
One end of both the pouch and the plate are attached to the
exoskeleton, and on the other end the plate is attached to the
cables.

In order to design the force transmission from the actuator
to the skin and make the sensation as realistic as possible, two
output variables are considered: the force vector (magnitude and
direction), and the pressure distribution. First, we optimize the
change in the force vector that occurs between the uncompressed
and compressed state. The aim is to effectively minimize the
motor torque and limit losses on the exoskeleton, to avoid ap-
plying unnecessary reaction forces to other parts of the body.
The direction of the force is an important component. Force in
the y direction (according to Fig. 2) applies normal pressure
on the skin, triggering Merkel mechanoreceptors [19]. Forces
in = and z directions induce shear forces, which trigger Ruffini
mechanoreceptors. Stimulating multiple types of mechanore-
ceptors raises the awareness of the user. The force magnitude
and pressure distribution are related; humans are sensitive to
magnitudes of forces as well as the contact area [20]. Ideally, no
pressure should be applied by the pouch on the skin before com-
pression, and the area in contact with the skin once the pouch
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Fig. 3. Simulation of the air pouch being compressed against the skin by a
plate, using SOFA software. (a) Top perspective view of the pouch, with the
triangular meshing of the pouch (in red). (b) Side view of the inflated air pouch
(in red) being compressed by the plate. (c) Top perspective view of the force
distribution on the skin during compression. Only the meshing points of the
pouch are visible (orange dots) to enable visualization.

is fully compressed should be as large as possible to have the
largest spreading possible and therefore maximizing the change
of sensations.

III. MODELING AND SIMULATION
A. Model and Simulation Procedure

In order to study the influence of the tactile device parameters
on both outputs (the force vector and the pressure distribution)
and determine the best parameters, a simulation of the device
was implemented using SOFA (Simulation Open Framework
Architecture) software [21] as shown in Fig. 3.

The pouch is represented by two rectangular thin shells sealed
together at the four sides. These two layers are defined by a mesh
of 10 x 8 triangles (Fig. 3(a)). The number of triangles for the
mesh was chosen as a compromise between precision and sim-
ulation duration. Refining the mesh further did not substantially
change the results, while greatly increasing the time required for
each simulation.

The pouch is attached on one side to a rigid fixation point. The
distance between the pouch fixation and the skin is Dy, (see
Fig. 3(b)); this represents how closely the jacket is tightened to
the body. The skin is represented by a non-deformable and flat
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TABLE I
PARAMETERS OF THE AIR POUCH

Parameters [[ Range tested [ Device parameters
Thickness (m) 0.0005 - 0.005 0.0005
Young modulus (GPa) 0.05 -4 0.3

Initial Inner Pressure, P; (kPa) 1-10 6
Angular Stiffness, AS (ITV;Z 0.5 -10.5 2

Cable offset in X (m) 0-0.32 0

Cable offset in Z (m) 0-02 0

Danin (m) 0.005 - 0.021 0.0011
Dplate (m) 0.002 - 0.018 0.01

plane. It consists of two gridded planes: a reference plane that
does not move and a second plane of very high stiffness (10° T]X)'
The small displacements between these two planes, due to the
force applied by the pouch, are used to calculate the force on
each grid element. The upper plate used to compress the pouch is
also non-deformable and attached at a distance D)4 from the
fixation point of the pouch. Opposite these attachment points,
two cables, one attached at each corner, pull on the plate. The
interaction between the upper plate and the pouch and the skin
and the pouch is modeled as Coulomb friction with p = 0.5.
At the start of the simulation, the pouch is inflated to an initial
inner pressure with no force on the cables. For the remainder
of the simulation, the amount of air in the pouch remains con-
stant, and the pressure in the pouch depends on the volume of
the pouch according to Boyle’s law (i.e., the product of pressure
and volume remains constant). The compression of the pouch is
simulated as a cycle that starts from no force (0 N) on the cables,
increases gradually to 14 N, and then decreases to O N at the same
rate. The cables pull from a fixed pull point, which is assumed
to be the location of the cable routing on the jacket. The forces
on the skin in x, y, and z directions are recorded during the sim-
ulation. The pressure distribution on the skin is recorded using
the normal force on each element of the grid divided by its area.

B. Simulation Parameters and Results

The parameters are described in Table I, and the effects of
varying these parameters on simulation results are shown in
Fig. 4. The parameters were varied independently, and the result-
ing force vectors and pressure distributions were obtained us-
ing the simulation in SOFA. Parameters were tested in a range
of value that were physically possible to be used when build-
ing the hardware. The simulation was done quasi-statically, so
dynamic forces are not reflected in the results. The physical
characteristics of the pouch — the Young’s modulus of the mate-
rial and the thickness — where also tested but did not have a major
influence on either the force vector or the pressure distribution,
for a realistic range of parameters.

The plate can be thought of as a lever. The torque applied
by the cables is balanced predominately by the pressure of the
pouch but also by the small angular stiffness at the attachment
point. The distribution of contact of the pouch on the plate, which
is influenced by the pouch internal pressure and the mounting
distances, Dpin and Dpq¢c, determines the effective radius of
the force and contact area between the pouch and the plate.
Given a particular cable force, the torque on the plate from the
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Fig. 4. Results of parameter variation in simulation. (a) Pressure distribution

(kPa) normal to the skin (in y direction) at maximum cable force for an inner
pressure (P;) of 4 kPa (left) and 12 kPa (right). (b) Pressure distribution (kPa)
normal to the skin (in y direction) at maximum cable force for no cable offset
(left) and 0.2 m offset in = direction (right). (c) Influence on the two outputs
(force in y and pressure distribution) when varying each device parameters over
their tested range. The first two graphs include the force component in z and z.

cables and therefore the reaction force required from the pouch,
is maximized when the cables are perpendicular to the plate.
All of these variables influence the force vector and pressure
distribution on the skin.

The initial inner pressure of the pouch P; influences both the
resulting force and the pressure distribution (Fig. 4(a) and (c)).
When the initial inner pressure increases, the amount of air in the
pouch increases, leading to different contact conditions between
the pouch and the plate, as well as between the pouch and the
skin. The torque applied by the cables is the same for these
tests, but the change in contact conditions results in different
force distributions on the skin. As the pouch internal pressure
increases, the force applied to the skin increases (Fig. 4(c)).
On the other hand, as the initial inner pressure increases, the
pressure distribution decreases; less of the surface of the pouch
is in contact with the skin (Fig. 4(a)) but the maximum pressure
on one cell increases; the pressure is less distributed. Depending
on the application and the desired tactile sensations, more weight
can be given to the resulting force or the pressure distribution
by varying this initial inner pressure.

The angular stiffness of the plate should be as small as possible
in order to have the force produced by the cables be used to
compress the pouch and not to rotate the plate. Both the resulting
force and the pressure distribution decrease when the angular
stiffness of the plate increases.

As in the case of increasing the initial inner pressure, both
distances — between the pouch and the skin (D) and the
plate (Dpiqte) — have a trade-off between the resulting force and
the pressure distribution; the force decreases when the distance
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increases (when the jacket is less tightly attached to the body)
but the change in pressure distribution increases. These three
parameters (P;, Dgyin and Dy,q4) can be set according to the
desired sensations.

The offsets of the cables in the  and z directions influence
the resulting force and the pressure distribution (Fig. 4(a) and
(b)). As the cables become more perpendicular to the top plate,
more force is transmitted to the pouch because less force is lost
to reaction forces from the fixation point of the plate. Angling
the cables away from the perpendicular does not greatly increase
the shear force (x and z directions), but it does decrease the nor-
mal force substantially, which is more critical to our application.
Nevertheless, the current configuration already gives a substan-
tial shear force in x direction because the compression of the
plate is not vertical, but rather is done by rotating the plate.

IV. HARDWARE

A. Implementation

The aim of the haptic device is to render the sensation of
the centripetal acceleration of the drone to the FlyJacket user.
Therefore, in order to give compressive forces on the torso
when “pitching up”, “pitching down”, “rolling left”, and “rolling
right”, four pouches are included in the soft exoskeleton.

The dimensions of the pouch need to be as large as possible
in order to have the largest surface in contact with the body.
However, this characteristic is limited by the space available in
the soft exoskeleton. Pouches were located on the torso so that
the haptic feedback was collocated with the point of actuation
on the user’s body. They were placed on the upper torso as these
parts remain more stable during torso movements compared to
the lower part of the torso. Four pouches were used, as this is
the minimal number which can render the sensation in all the
flight directions. More pouches could give finer sensations, but
would also increase the complexity and the weight of the device.
Looking at the results of the user study (see Sec. V), the pouch
is sufficiently large (100 mm x 80 mm) to be clearly perceived
by the user and transmit a noticeable sensation.

Two pouches are placed on the front part of the jacket
(Figs. 5(a) and 5(c)). They are located on each side of the upper
chest with the cables pulling against the torso to give the sensa-
tion of being compressed when the drone is pitching down. The
other two pouches are placed on each side of the back as shown
in Fig. 5(b) and highlighted in Fig. 5(d) to give the sensation of
being pushed forward when the drone is pitching up.

Using the simulation results to inform the design, the
following parameters for the device were selected and are
summarized in Table I. The pouch is made of low-density
polyethylene (LDPE) with a thickness of 0.5 mm and a Young’s
Modulus of 0.3 GPa, and it can be inflated and deflated easily
via tubing closed with a removable cap. The compressive plate
is made of acrylic in order to be both rigid and lightweight, and
it has the same dimensions as the pouch. Both the pouch and the
plate are connected to the soft exoskeleton with a piece of fabric
(Fig. 2(b)), which provides a low angular stiffness (2 fa’;;) at the
fixation point of the plate.

LEINT3




2528
Electronics  Bottom belt
(®
Cable
routing
Motors I
Locking .
mechanism Whip plc?tree
mechanism
Fig. 5. Hardware implementation of the device in the FlyJacket (a) View of

the front pouches. (b) View of the left back pouch. (c) Front view of the device.
The cables of the left side are highlighted in green. (d) Back view of the device
highlighting the pouch placement. (e) Side view highlighting the front cable
routing in green. (f) Whippletree mechanism to distribute the tension equally on
both cables, and the locking mechanism.

In cases where the force and pressure distribution response
were the same with the variation of the parameter (such as cable
offset in the = and z directions and the angular stiffness of the
plate), the parameter was made small as possible within feasible
manufacturing constraints. In other cases, the tradeoff between
force and pressure distribution, as well as the manufacturing, was
considered. An inner pressure of 6 kPa was used as a compro-
mise between high force and large pressure distribution. Dy,
and D4 were also set in the middle of the tested range, to
0.0011 m and 0.01 m respectively, for the same reason. The ca-
bles should be oriented as perpendicular to the skin as possible to
optimize the force transmission. However, as the cable cannot go
through the torso, a perfectly perpendicular angle is not possible.
Adding an extra band of material to the exoskeleton and a pulley
below the pouch was tested as a way to achieve a more perpen-
dicular angle, but due to the compliance of the textile, the pulley
was pulled upwards toward the plate and off the skin, rather
than pulling the plate down and applying force to the user. Thus,
this modification did not show significant improvement for the
force transmission. Instead, a wedge can be inserted between
the compressive plate and the pouch in order to decrease the
angle of the cable pulling on the plate and therefore increase the
force applied on the skin (Fig. 6(c)). The angle of the wedge in-
fluences proportionally the output force. An angle of 20 degrees
was chosen for the hardware measurement as a proof of concept.
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Fig. 6. Testing setup to measure the force transmitted by the hardware on the
skin using a mannequin. (a) Front view. (b) Close up view of the pouch. (c)
Close up view of the pouch with the wedge. (d) Side view highlighting the force
Sensor.

The wedge is made of 3D-printed Polylactic Acid (PLA) plastic
of the same dimension then the pouch and the acrylic plate.

In order to apply forces on the torso in the directions described
in Fig. 1, the four electrical motors (DC22S, gear ratio 6.6:1,
Maxon Motor, Switzerland) that pull on the cables are placed on
the waist belt of the exoskeleton (Fig. 5(d)). The cables, made of
Dyneema (diameter 0.4 mm, Spiderwire, SC, USA), are routed
along the structure of the soft exoskeleton through Polytetraflu-
oroethylene (PTFE) tubes in order to limit losses due to friction
(Fig. 5(e)). The four motors can be actuated separately, and the
control is performed by an Arduino Mega 2560 (Arduino, Italy)
with a shield including two double H-bridge drivers (DRV 8412,
Texas Instruments, TX, USA) located in a pocket on the lower
back of the exoskeleton (Fig. 5(d)). In order to prevent the belt
from moving when the motors pull on the cables, an extra bot-
tom belt, passing under the person, was added to the exoskeleton.
Because only one motor pulls on both cables connected to each
compressive plate, a whippletree mechanism was inserted be-
tween the output of the motor and the separation of the cables
on their routing tubes (see Fig. 5(f)). This mechanism is used to
distribute equal tension on the two cables.

A locking mechanism made of a screw and a bolt was used
to quickly change the nominal length of the cables to adapt the
device between different users’ morphologies. It is placed at
the end of each cable on the plate (see Fig. 2(b)) and on the
whippletree mechanism (Fig. 5(f)).

B. Comparison With Simulation

In order to compare the performance of the hardware de-
vice to the results found from simulation, the compression
force on the skin (the pressure distribution and the maximum
pressure) were measured by placing a capacitive pressure sen-
sor array (Conformable TactArray, Pressure Profile Systems,
Los Angeles, CA, USA) between the pouch and the skin as
shown in Fig. 6. The pressure sensor is made of an array of 8 x
6 pressure cells of 25.4 mm x 25.4 mm. The resulting pressure
values were recorded with Pressure Profile System’s Chameleon
visualization software with a resolution of 0.0276 4 0.0069 kPa
and a scan rate of 20 Hz. The resulting force was calculated by
multiplying the recorded pressure by the area of the cell and
summing the values of all the cells. Only the normal force (in
the y direction) is measured with this pressure sensor array.
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TABLE II
COMPARISON BETWEEN SIMULATION AND HARDWARE MEASUREMENTS
Maximum Normal Force Maximum Normal Force of Maximum Pressure Maximum Pressure of
in Simulation (N) the Hardware (N) (mean =+ std) | in Simulation (kPa)  the Hardware (kPa) (mean =+ std)
Normal 20.82 20.29 + 2.11 7.1 5.78 + 0.52
Initial Inner Pressure: 1 kPa 4.12 4.10 £ 0.88 1.89 0.92 + 0.20
Initial Inner Pressure: 20 kPa 39.86 37.18 £ 1.62 13.65 14.85+ 0.52
Wedge 31.01 34.10 + 4.92 9.77 9.17 + 0.65
(a) Simulation L (b) Hardware f:ell increase bot.h when thf: ~initial inner pressure of the pouch
s m ’s ‘ increases and with the.addmon of a v&fedge be.twef.:n the ppuch
” — Pulling force : ~ :Egilc‘gffnf‘;rce and the plate. The maximum pressure in a cell is slightly higher
=15 P20 / —Filtered Force|  in simulation than for the measurement with the hardware. This
510 3N can be due to the alignment between the surface of the pouch
o H . . .
= s : 210 and the cells in the pressure sensing array. With the hardware
- 0 s measurement, the pouch was likely located in between three
P I columns of cells instead of the two used in the simulation. This
0 02 T,0-4 0.6 08 0 10 20 effect can be seen when comparing the pressure distribution be-
() me (5) 6 b (d) Time (s) tween Figs. 7(c) and 7(d). The pressure distribution is similar
. between the simulation (Fig. 7(c)) and the hardware measure-
§ .+ 8 | ment (Fig. 7(d)). However, it is difficult to quantify because of
g 3! g the lower resolution of the pressure sensor array — only 4 x
;5,: 5, i 4 instead of 20 x 20 in the previous results of the simulation
1 (Fig. 4).
Z-directi ° Z-directi
-direction H -direction
V. APPLICATION IN A VIRTUAL FLIGHT TASK
Fig.7. Comparison of the forces and pressures transmitted to the skin between A. Methods

the simulation and the hardware, with a force of 14 N pulling on the cables. (a)
Resulting force (N) in y direction in simulation. The simulation is quasi-static so
its rate is not significant. (b) The evolution of the resulting force (N) in y direc-
tion measured with the hardware. The resulting force is dependent on the applied
pulling force, and the arrow points to the data at a compression of 14 N. (c) Pres-
sure distribution (kPa) normal to the skin in simulation. (d) Pressure distribution
(kPa) measured with the hardware. (-) denotes the value of the force at 14 N.

A force sensor (ELFS-T3E-25N, Entran Sensors and Elec-
tronics, NJ, USA) was placed in series with the cable in order
to measure the applied force (Fig. 6(d)) at a rate of 100 Hz.
During the test, the cable was pulled gradually until the force
on the cable reached 15 N and then released (this explains the
non-symmetric profile of Fig. 7(b) in comparison to the results
of the simulation (Fig. 7(a))). Recorded forces were low-pass
filtered using a Butterworth filter with a cut-off frequency of
10 Hz. Fig. 7(b) shows the effect of the filtering. Four compari-
son tests were done: (1), using the device parameters displayed
in Table I, (2,3) when lowering the initial internal pressure of
the pouch to 1 kPa and then increasing it to 20 kPa in order to
investigate the effect of the change of the initial inner pressure,
and (4) adding a wedge of 20 degrees between the pouch and
the plate. The wedge makes the cables more perpendicular to
the plate within the physical constraints of the jacket. The tests
were performed on a plastic mannequin as shown in Fig. 6 to
avoid the variability between individuals.

Results for the four experiments are listed in Table II, and the
data recorded for the device parameters condition are shown in
Fig. 7. For the normal device parameters, the mean maximum
normal force output is over 20N. The measurements with the
hardware are close to the results of the simulation for the four
tests; the force in y direction and the maximum pressure in a

The effectiveness of the haptic device was evaluated in a task
in which users stabilized a simulated fixed-wing drone following
a perturbation. The aim of this study is to investigate how the
haptic feedback can improve the user’s awareness of the drone
attitude and whether it can reduce the workload of the user during
flight. Twelve participants took part in the study (four women
and eight men, age 27 4 4.9 years; mean £ SD). They flew in a
flight simulator developed in Unity3D (Unity Technologies, San
Francisco, CA, USA). The simulator is similar to the one used for
previous experiments on drone teleoperation [18]. Participants
started with two sessions of free flight of one minute and 30
seconds each, once with tactile feedback and once without. The
goal of these sessions was to familiarize participants with the
flight setup and the tactile feedback.

Then, they had to perform two sessions of stabilizing the
drone after perturbations in roll (i.e. from the side). One session
was performed with the tactile feedback, and the other session
without. The order of these two sessions was pseudo-randomized
among participants. A cross in the middle of the field of view
indicated the drone’s attitude (Fig. 8(a)). Each session was com-
posed of 36 perturbations in which the roll angle of the drone
was shifted by —30, —20, —10, 10, 20 or 30 degrees (a negative
angle corresponds to a counter-clockwise roll and a positive to a
clockwise roll). After each perturbation, the participants had to
re-align the cross with the horizon as fast as possible (Fig. 8(b)).
An example of perturbation is shown in Fig. 8(c)). Most of the
time, due to its slow dynamics, the drone did not reach the whole
shift of roll angle because the user reaction to straighten the posi-
tion was faster than the drone to reach its new commanded angle.
The perturbations were pseudo-randomly ordered and separated
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Fig. 8.  Application to a flight task. (a) Environment after a perturbation of 30
degrees. (b) Environment stabilized. (c) Example of the drone roll angle for a
perturbation of 20 deg with feedback (Participant 7). (d) Results of the workload
questionnaire, where the relative score is the difference between the score with
haptic feedback and the score without haptic feedback. Asterisks (*) denote p <
0.05.

by either seven, eight, nine or ten seconds. During these tasks,
participants had control on only the roll of the plane by bending
their torso laterally. Participants were free to move their torso
in any direction, but other movements had no influence on the
the drone. The torso movements were recorded with an inertial
measurement unit (Xsens, Enschede, The Netherlands) located
on the torso and transformed into drone commands.

They received tactile feedback through the device recreating
the drone centripetal acceleration (Fig. 1), where the desired
force is related to the drone motion as follows:

02
F=ma=m— =mow (1)
R

In the simulator, the mass of the drone (m) and its forward
speed (v) are constant. The force varies with the angular velocity
of the drone (w). To simplify the information the user receives,
the aerodynamic forces of the drone (drag, lift, external distur-
bances, etc.) were not recreated. During maneuvers, the force
applied by the tactile device is proportional to the angular ve-
locity of the drone. The relationship between angular velocity
and the force rendered during the flight is given by Eq. 2.

F=2 /|w|+2 (2)
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The force is proportional to the square root of the angu-
lar velocity to intensify the force for small angular velocities.
The purpose of the offset (2 N) is to always keep some ten-
sion in the cable to prevent slack. The maximal angular ve-
locity (£15 deg/s) corresponds to a force slightly lower than
10 N. The actuator can produce a higher force but it was
found uncomfortable during preliminary experiments. The roll
angle of the simulated drone was recorded. Stability criteria
were to maintain the roll angle within a stabilization zone de-
fined as a range of —3 to 3 degrees, which corresponds to the
static noise of the IMU, for a stability period of three seconds
(Fig. 8(c)). The stabilization time (the time between the pertur-
bation and the end of the stability period) and the number of over-
shoots (defined as crossing outside the stabilization zone) were
computed.

At the end of each task, participants completed a NASA-TLX
questionnaire, in which participants had to assess the workload
for the two flight stabilization tasks on a scale from 1 to 100.
Workload is composed of six components: physical demand,
mental demand, effort, temporal demand, frustration, and per-
formance. For stabilization time, overshoot, and workload met-
rics, on a per participant basis, relative results were computed
as the results from the task with feedback subtracted from the
results from the task without feedback. Therefore, a positive
relative result signifies an improvement in the task with tactile
feedback.

B. Results

While the stabilization time was not influenced by the haptic
feedback (—0.17 £ 0.39 seconds), the absence of haptic feed-
back led to slightly larger number of control overshoots (2.33 &
3.94 more overshoots, p = 0.065). As shown in Fig. 8(d), there
is no difference in the overall workload between the two tasks,
but some of the components of workload are reduced with haptic
feedback. Statistically significant differences (based on a t-test)
were found for the relative mental workload (p = 0.0112), physi-
cal workload (p = 0.0356) and temporal workload (p = 0.0132).
There is no statistical difference for the other contributions (ef-
fort, frustration, and performance). Participants reported that it
was easier to know how to stabilize the drone — in which direc-
tion and with what intensity — and that the haptic feedback was
a good complement to the visual feedback.

VI. CONCLUSION

The presented haptic feedback device addresses the chal-
lenges of rendering forces relative to the centripetal acceleration
of a drone on the torso of a human teleoperator, while maintain-
ing compliance and portability. Its parameters were studied with
a simulated model of the device. The hardware built based on
the results of the simulation showed performance close to the
simulation. Also, the construction of the device is simple and
its components are inexpensive, which makes this tactile feed-
back device widely accessible. The tactile device was assessed
on twelve participants who performed a virtual drone stabiliza-
tion task. The tactile feedback increased the state awareness of
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the user by giving them information about the direction and in-
tensity of the perturbation while reducing their mental, physical
and temporal workload.

Some improvements can be made in future work. The aero-
dynamic forces (lift, drag, external disturbances such as wind
gusts, etc.) could be implemented with the same hardware by
changing the actuator control. It would be interesting to test if
users can still understand the tactile cues in this more complex
scenario. More actuators can also be implemented into the soft
exoskeleton to render more complex sensations such as force
propagation along the torso. Additional work could explore a
change in the texture of the pouch surface. Indeed, changing
the friction coefficient between the pouch and the skin could
produce other types of sensations.

The next step of the project will be to perform quantitative
experiments with a larger number of participants in order to
assess the feedback accuracy, the time to recognize cues, the
influence on flight performance, and a quantitative measurement
of the sense of realism.

Due to its simplicity, this tactile feedback approach can be
used for many different applications such as the teleoperation of
underwater robots, the transmission of emotion between remote
humans, and for gaming applications.
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