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Abstract— With the increasing demand for new healthcare
solutions and technologies, such as those resulting from the
COVID-19 crisis, and the growing elderly population, exoskele-
tons for teleoperation are a promising solution for many future
medical applications. In this context, we propose two force-
sensitive upper-limb exoskeletons for teleoperation, that are
characterized by: i) torque-controlled robotic actuators, ii)
rigid-body model compensations, and iii) a lightweight design
achieved through the use of Bowden cable transmissions and
remotely placed actuators. Specifically, we present a semi-active
upper-limb exoskeleton for which we demonstrate human-
device interaction control and bilateral teleoperation with force-
feedback, evaluated via simulation, in the lab and over the
Internet. We also introduce a design for a future fully-active
upper-limb exoskeleton with two contact force/torque sensors,
for a dual-arm device, which features a novel 3-degrees-of-
freedom exoskeleton shoulder design and a contact wrench
mitigation controller, as demonstrated through simulation. With
this work, we propose the essential technical steps towards a
novel teleoperation system for elderly care.

I. INTRODUCTION

With the elderly population steadily growing worldwide,
there is a rising demand for home healthcare due to the
shortage of healthcare workers (HCWSs). A home healthcare
robot, like GARMI [1], provides a potential solution for
this shortage and flexibility to HCWs in terms of time and
patient management. For instance, force-sensitive exoskele-
tons designed for robotic teleoperation with haptic feedback,
allow HCWs to use GARMI as an avatar [2] for remote
healthcare scenarios. This scenario does not only reduce
the time and costs of patients and HCWs, but also reduces
the exposure to infectious diseases, such as COVID-19 [3],
[4]. Tele-healthcare provides access to safe, high-quality
and essential healthcare services to people with mobility
issues (e.g. people living in rural and remote areas, and
elderly people) [5]. In particular, haptic interfaces allow the
operators, and especially doctors, to send position commands
and receive force-feedback from the patients’ site in addition
to the well-established audio-visual feedback. This is crucial
for some examinations that require doctors’ sense of touch,
for instance, abdominal anomalies and breast cancer [4], [6],
[7].

Therein, the exoskeleton of this work is proposed as a
haptic input interface for the GARMI robot to e.g. remotely
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Fig. 1: Teleoperation of the GARMI robot via an exoskeleton

examine a patient using the world-wide infrastructure of the
Internet, see Fig. 1.

A. Literature Review

Current exoskeletons for teleoperation are able to map the
human pose to the remote robot arm using the encoder of
the joints [8], [9]. Alternatively, they can map the interaction
forces from the remote robot system to the human [10],
[11]. Some bi-manual-arm teleoperation systems also use the
industrial robot on the leader side [12]. However, the moving
inertia of such a system is high, and the force feedback can
only be applied on the operator’s hand, instead of the whole
arm.

Many exoskeletons target rather simple designs and place
the robotic joints directly at the joint axis [13]-[15]. Others
increase the number of actuators for an improved workspace
[16]. However, these design approaches tend to get bulky
and heavy, since an additional motor mass needs be com-
pensated by an even larger motor size. For tackling this
problem, remote actuation via Bowden cables appears to
be a promising solution, as this provides lightweight yet
strong structures and high actuation dynamics [17]. Some
interesting first designs have already been shown in [18]—
[21], which still focus on rather low interaction forces, and
which do not contain contact force measurement.

Exoskeletons require special sensor and control strategies,
as discussed below. As the exoskeleton is directly attached
to the human, the system should follow the motion of
the operator, not vice versa. A key feature for achieving
this behavior is the use of torque-controlled robot joints
[19] [20], which allow for force sensitivity, back-drivability,
and human-inspired impedance. Based on torque-controlled
joints, impedance control [22] has been applied in several
exoskeletons [19], [23]. The impedance controller shapes the
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relation between exoskeleton end-effector position and the
joint torque. Another possibility to realize the guidance of a
human operator via interaction forces is admittance control,
which shapes the relationship between exoskeleton force
and joint position. Admittance control allows the exoskele-
ton to appear much lighter by controlling the interaction
force, which is measured by Force/Torque (F/T)-sensor in
contact with the human body. Some designs use multi-axis
F/T-sensors at the exoskeleton end-effector to estimate the
wrench applied by the human [15], [24].

Exoskeletons for teleoperation are applied in tasks from
different areas. Manipulation tasks in the industry like turn-
ing switches in ISS mockup [11], connecting 380V plugs
[25] and stiffness distinction [26] are realized by using an
exoskeleton to teleoperate a humanoid robot or robot arms.
In the medical area, the exoskeleton ARMin is used in tele-
rehabilitation, where the motion can be learned by the remote
side, and the operator can feel if the remote side is actively
participating in the rehabilitation [27]. Typical real-world
tasks in teleoperation, that improve the quality of life of the
elderly, when performed by a robot, include lifting boxes
[11], [25] or opening a door [28]. Table I compares the
properties between our design and other exoskeletons that
are used for teleoperation.
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Ours + v v w)* Yes

TABLIS [29] — X v X No

ARMin IV [30] — X v v No

SAM [31] — Ve Ve X No

ALEx [32] — X v X Yes
exoskeleton [33] + v X X Passive

Capio [11] — v v X No

exoskeleton [34] + X v X Yes

TABLE I: Comparison of exoskeletons used for teleopera-
tion. High/low limb inertia is -/+ from estimate. *Proof of
concept in simulation and CAD.

B. Motivation

A teleoperation system combines human intelligence with
the remote robot’s physical body. This has several advan-
tages. Firstly, it enables the robot to execute tasks that are
currently difficult for robots, such as medical examination.
Secondly, the system allows HCWs to provide remote as-
sistance to the elderly and patients without being physically
present.

For current active exoskeletons, electromechanical actua-
tors are the main source of actuation because of their supreme
control characteristics. The actuators are often placed next to
the robot joints which however i) increase the limb inertia,
ii) require more energy for acceleration, iii) reduce robot
safety and iv) also reduce the transparency of the whole
mechanism. This is specifically crucial for an exoskeleton
which is attached to the human. Reshaping of this inertia
through a torque controlled interface demands extra effort by
embedded force torque sensing relying on high-speed control
loop [35]. However, a more wise solution is to relocate the
actuators as much as possible from the stationary base of the
robot to the backpack.

In this work, a lightweight exoskeleton is proposed, and
applied for tele-healthcare scenarios. Specifically, we pro-
pose two exoskeletons (i.e. semi-active and fully-active)
including control and teleoperation architecture which are
used for operating a remotely controlled GARMI robot.
The systems are actuated by Bowden cables to allow de-
signing lower weight and inertia structures by placing the
actuators at a remote location. Custom-made robot joints
with a specially designed torque sensor are implemented
to provide a seamless, backdrivable, torque-controlled, and
strong actuator. This hardware concept is the foundation of
the control strategy: The controller is designed in such a
way that the exoskeleton follows the attached human arm
only via interaction forces and real-time models reduce
the mechanical properties of the system such as gravity
influences.

The contributions of this work are:

o A technical realization of a teleoperation concept for el-
derly care, see Fig. 1, which includes i) an exoskeleton-
based haptic control device and ii) a tactile service
robot, whereas both interact via bilateral force-sensitive
control.

o Two single-sided lightweight 4-degrees-of-freedom
(dof) upper-limb exoskeleton designs for teleoperation:

— A semi-active exoskeleton!, featuring a RRRR
kinematics, which is realized in hardware and ex-
amined by experiments.

— A fully-active exoskeleton?, featuring a RRRR
kinematics and two FT sensors in the contact points
between human and device, for which a computer-
aided design (CAD) is provided.

o A force-sensitive control concept for the proposed
human-robot-exoskeleton teleoperation system, with op-
tional wrench mitigating controller (using the FT-
sensors), which is investigated by a rigid-body con-
troller simulation for the cases of i) human-interaction
control and i) bilateral teleoperation.

o An experimental evaluation of the human-exoskeleton
interaction as well as human-exoskeleton teleoperation
within the lab and over the Internet (100 km distance).

The remainder of this paper is structured as follows. Sec-
tion IT and Sec. III deal with the modeling and control of the
proposed systems. Section IV presents the mechanical design
of the exoskeletons. Section V shows the simulation study of
the human-exoskeleton interaction, as well as a simulation
of force-feedback teleoperation. Section VI discusses the
validation of the teleoperation capabilities of the systems via
several experiments. Section VII concludes the paper.

II. MODELING

The teleoperation system is modeled by three separate
serial kinematics, namely an exoskeleton (E), a human (H)
and a robot (R), depicted in Fig. 2. These systems are
described in generalized coordinates qp € R™EX! q; €
R™1X1 and gz € R™*! with mg = 4, mg = 7 and
mpr = 7.

The RRR shoulder of this exoskeleton is based on our wearable shoulder
exoskeleton prototype from [36].

2 A bimanual design, required to operate both arms of the GARMI robot
in the future, is proposed, as well.
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Fig. 2: Systems and controllers of the robot teleoperation

Based on the system kinematics®, the dynamics of each
system follows as

Mg (qg)ds + Ce(qr, 4r)dr + 9r(qr) = TE + Texte

(D
Mu(qu)gu + Cu(qu, 4u)du + 9u(qu) = Ta + Textn

2
MR((IR)QR + CR(qR7 qR)qR + QR(QR) = TR t+ TextR»

3)

where M (q) € R™*™ is the inertia matrix, C(q,q) €
R™*™ s Coriolis/centrifugal matrix, and g(g) € R™*!
is the gravity vector, 7 € R™*! is the joint torque and
Text € R™*! the vector of external torques, omitting the
indices for simplicity. Note that the dynamic of the human is
assumed to be given by a geometric and density assumptions.
This enables us to give a detailed human-robot interaction
analysis. Exoskeleton and human are coupled via

TextE | _ JuE(qE)T JWE(qE)T W’g:u (4)
Texeti)  \—Jun(qu)” —Jwnlgm)’) \"'F,
with Ju(qp), Jwe(gp)s Jun(gn)s Jwn(gy) € RO™
being the Jacobians which are derived from the coordinate
frames of the upper arm attachment WT' i, WT ;; € R¥*4
and wrist attachment VT g, WT 4 € R**?, see Fig. 2,
on human and exoskeleton side, respectively. V&, € R6*!

and WF, € RO*! are the wrenches which occur between
exoskeleton and human at upper arm (u) and wrist (w), with

F = (fT,mT)T, where f € R3*! and m € R3*! are
the force and moment, respectively. For simplicity, m =
0. These are modeled based on spring-damper systems as
described in [36], utilizing the translational components (and
its time derivatives), between WT  and WT 4, as well
as WT, and WT, ;. Consequently, the wrenches can be
written as VF, = WF VT 5, V) and VF, =
WF (WT 5, VT 45). All frames are described in world

3The kinematics of system (R) is essentially a Panda robot by Franka
Emika GmbH, Germany [37]. The kinematics of systems (E) and (H) can
be derived using modified DH-parameters from Fig. 3

coordinates (w), requiring to map body related coordinate
frames (E) and (H), via the base frame location VT, and
WTbH, to the world frame (w), respectively.

III. CONTROL

The controllers of exoskeleton (E), human (H) and robot
(R) are

TJE = THE + Tve + TE (5
Tau = Kimpuen + Dimpnén + Tu (6)
Tdr = Kimprer + Dimpuér + TR, (N

where human and robot are equipped with a joint impedance
controller, where Ky, € R™*™ and Djy,, € R™*™ are
the joint stiffness and damping. e € R™*! is the joint control
error and 74 € R™*! is the desired joint torque controller
input*. All three systems are equipped with a rigid body
compensation 7, 7 and ¥g € R™*! which result from
(1), (2) and (3), neglecting acceleration. A desired human
joint motion is given by g4y and e = g4 — gy-

The feedforward term for the force contact controller is
given by,

rim = k1 [Jup(ge)T VF, 4+ Tenlag) TV F] L ®)

whereas k1 = {0,1} is a binary key. The idea is to
apply virtual contact wrenches W&, and W& which act
in addition to the physical ones’ onto the system.

The virtual joint coupling between the robot’s desired joint
position and the exoskeleton joints is obtained by a joint
position based coupling

er = P <QE - ‘IE,O) +4r,0 —4rs 9

dar

whereas the joint assignment between robot and exoskeleton
is done by the sparse binary matrix P, and the joint coordi-
nate mapping by qg o and qp o for exoskeleton and robot,
respectively. g4 corresponds to the desired joint position.
Force feedback from the robot to the exoskeleton is realized
by

Tye = k2PT+extRu (10)

with ko = {0,1} being a binary key. External joint torques
of the robot 7.xtr are estimated by a generalized momentum
observer [38].

IV. MECHANICAL DESIGN

The mechatronics concept of each exoskeleton is based
on physical human robot interaction (pHRI) [39], enabling
a guidance of the system solely via interaction forces.
For this, joint-torque-controlled actuators in combination
with real-time-capable rigid body model compensations and
controllers from Sec. III are used. Both systems utilize a
light-weight exoskeleton kinematics which was designed for
reducing the weight and inertia of all movable parts. This
is enabled by i) light-weight aluminum structure elements,

4We assume ideal joint torque controllers via T4 = T.

SIn plant simulation, Wi}"u and Wﬂ’w are measured by the sprir\}g—damper
systems, as described in [36]. In a future real system, Wﬂ"u and " F, will
be measured by a 6-dof force/torque sensor at (u) and (w), respectively.
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ii) a remote actuator placement and iii) spool/Bowden-cable-
transmissions between actuators and exoskeleton joints. Ta-
ble II compares the features of the proposed systems of this
work in contrast to our previous work [36] as well as the
used investigation methods for the particular systems.

Our work [36] This work
Name ExoPro Gen I SemiActiveTeleop | FullyActiveTeleop
Status Realized Realized, Fig. 3a | CAD, Fig. 3b4
Application Arm prosthetics Teleoperation Teleoperation
‘Wearable Yes Attached mode Attached mode
Investigation Sim + Exp Exp, Fig. 8,9,10 Sim, Fig. 5,6
Shoulder RRR RRR RRR
Elbow None R R
Contact sensing None None 2x 6 dof F/T
Dual Arm No No Yes

TABLE II: Features and evolution of our exoskeletons.

1) Design I: Semi-active (single-arm) exoskeleton: The
exoskeleton is based on a RRR gimbal-like shoulder kine-
matics design, mimicking the complex shoulder kinematics
of the human, as well as on a single R joint following
the motion of the human elbow joint, see Fig. 3a. While
joint 1 was designed passive, joint 2 and 3 are actuated
by Bowden cables (omitted in the image), using the spools
to drive the exoskeleton elements. All three active joints
of the exoskeleton are driven by the same-type, custom-
made, torque-controlled robotic actuators. More information
regarding the design and the hardware characteristics of the
shoulder exoskeleton may be found in our work [36].

3-dof shoulder’
Upper arm K»
Attachment
Robotic joint

Lower arm

£ 3-dof shoulder
q, & (fully active) :
: Upper arm ~_""
Attachment

it Robotic joint

FT-sensor

Handl

: Exploded view

(b) Fully active dual-arm shoulder exoskeleton (design only)

Fig. 3: Upper limb exoskeletons of this work (simulated)

2) Design II: Fully-active (dual-arm) exoskeleton: The
design of the fully-active exoskeleton is depicted in Fig. 3b.
The system features four active dof and is also equipped
with two 6-dof FT-sensors located at the hand and upper arm
attachment between user and device. These FT-sensors allow

for an implementation of a force contact controller, such as
(8), mitigating the interaction forces between user and device
and improving the back-drivability, and thus usability, of the
system. The image also shows the potential of a dual-arm
version of the exoskeleton.

_________________________________________________________________________________________________

Housing

Bearing holder ;
Double spool
Rigid spool ‘

Keys
Arcl
Bearing holder !

Joint limits
Arc0

Tensioning
rail

Tendon
Lever

Fixation !

(b) Schematics

Fig. 4: Active shoulder rotation of joint 1

In the following, the new active shoulder rotation of the
exoskeleton is proposed, see Fig 4a, and aims for providing a
space-saving Bowden-cable-driven actuation concept for ¢;
of the kinematics from Fig. 3a. Due to the truncated structure
of the shoulder kinematics, the Bowden-cabled-based actu-
ation solutions from ¢ and g3 cannot be transferred to ¢.
Instead, a new actuation concept is proposed, see Fig. 4a:
The key idea is to fix the rigid spool to ArcO and twist Arcl
around it, instead of rotating the spool directly (as in g» and
q3). This, however, requires the tendons to be i) in a cross
arrangement and ii) to be nonparallel to the lever, since a
non-negative tendon force component Fiy, is required for a
generation of the joint torque M;, see Fig. 4b. A double
spool is used in the joint design to control the angle of the
leaving Bowden cables®.

In the following, the kinematics of the joint is derived.
Looking at Fig. 4b, the deflection of spool 1 and spool s can
be described via « and S, respectively. The radii of spool
1 and s are r; and rs. As spool 1 and s are connected via
tendons in cross arrangement, it yields

ary = Brs. (11)
For the relation between ¢; and ¢; it follows, with ¢; = «,
gs=a+p (12)
r
45 = q (1 + 7}) : (13)

60therwise, the Bowden cables would follow the orientation of the
tendons in the cross arrangement, which results in a space-wasting Bowden
cable routing.
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The kinematic and mechanical relation can be derived
based on the virtual work. It yields

dq My — 0gs My =0 (14)
F,
M, = <1+“)MS: <1+“> L5
Ts Ts Ts
M, = iy M, (16)
F,
My, = 2% for rq = rq A7)
T

S

where M is the torque affected by the Bowden cables, M;
is the toque of the lever or the robotic joint and g is the
corresponding gear ratio constant.

V. SIMULATION

Rigid body simulations were performed in Mat-
lab/Simulink with a variable step solver to investigate the
modeling and control concepts of this work. For a better
understanding, the human-exoskeleton interaction of the sim-
ulation is depicted in Fig. 5. Here, the 7-dof model of the
human (grey) is connected to a 4 dof exoskeleton (color) via
the two attachment points at arm (u) and hand/wrist (w).

4-dof
Exoskeleton

Torso and
7-dof human arm

Attachment (u)
& 6-dof F/T sensor

Attachment (w)
& 6-dof F/T sensor

Fig. 5: Animation of the simulated exoskeleton with human
attachment

The first simulation investigates the human-exoskeleton
interaction at location 1, according to Fig. 2, and compares
the interaction forces at (u) and (w) with/without force
contact control. The first row of Fig. 6 depicts a sinusoidal
joint motion using the human controller (6). It can be noticed
that the joints of exoskeleton and human are seamlessly
connected due to the coupling of these two systems via
(4). The second and third row of Fig. 6 also show the
actively mitigated interaction forces, when using the 6-dof
F/T sensors and the force contact controller (8).

The second simulations investigate the teleoperation and
force-feedback capabilities of the system. For this, the sys-
tems are coupled via (7), (9), (10) and considered to be at
two different location 1 and 2, according to Fig. 2. The first
row of Fig. 7 depicts the interaction force F'oxtr Which acts
on the robot end effector via Toxir = J(EE, qg)T Fextr
with J(EE, gy ) being the end effector Jacobian matrix. The
second row shows the coupled motion of the robot and ex-
oskeleton affected by F'oy¢r. Note that the remaining control
error between gr and gy is affected by damping response
of the robot (R) which not fed back to the exoskeleton, see
(10).

o0 20
)
=0
ST
=20 &
ZIO
= 57
=]
=
ZoAf
= ;
0 2 4 6 8
Time [s]

Fig. 6: Simulation: human-guided joint motion with/without
force contact controller. Result: Interaction forces are miti-
gated.

o Yu-=set & oAt
Z 5 e
g 0
"
& -5t : ; H 1| — 4E1
_ . T T 1| — 9E2
@ 10 /‘\/\ e
=0 — g4
0 0.5 1 1.5 2 2.5
Time [s]

Fig. 7: Simulation: motion of the systems when applying a
contact force at the remotely located robot

VI. EXPERIMENTS

In this section, the single-sided exoskeleton is validated
in tele-manipulation using the GARMI robot [1]. The ex-
oskeleton runs with a Matlab/Simulink on a Linux machine
with a real-time kernel. The GARMI robot is also controlled
in real-time through a dedicated ROS architecture. The
exoskeleton and the robot are connected via the Unified
Datagram Protocol (UDP), transferring joint positions and
velocities of the exoskeleton, and external torques of the
robot at 1 kHz. As the kinematics of robot and exoskeleton
complement each other, a joint-to-joint mapping of angles
and torques is performed by (9). By this, the motion of the
exoskeleton is mirrored to the robot.

For the first experiment, the robot and exoskeleton are
connected to the same network (delay of less than 1 ms)
and are placed at the same location. The exoskeleton is used
to teleoperate the right arm of GARMI considering the two
cases i) without force feedback, see Fig. 8 (ko = 0), and ii)
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Fig. 8: Exoskeleton angular tracking in the same lab

—gR1

@ 50 —qr2
< 0y qr3
S 50 e e TS R4
100 NS s e ; T - QB

,g, 10 | m q 77A-cxtR1

0 plasma AR BA A petiintise | TextR2

S i\w AT ot

= _1() r %extRA

0 5 10 15 20

Time [s]

Fig. 9: Exoskeleton in interaction in the same lab

with bi-directional communication via the force feedback,
see Fig. 9 (k2 = 1). Note that the joint angles of the
exoskeleton and the robot are shown in the same figure. The
second operator on the robot side can move the exoskeleton
freely, due to the applied torque control schemes given by
(10), while the interaction on the teleoperated robot arm can
be felt with accepted level of transparency, see Fig. 9.

In the next experiment, the performance of the teleop-
erated system over a large distance is illustrated. For the
sake of simplicity, one arm of the robot is utilized for
this teleoperation experiment. The exoskeleton is located
in the Laboratory in Munich and the robot is located at
the Geriatronic center in Garmisch-Partenkirchen which are
approximately 100km away from each other. Additionally,

= 107 /«\ ﬂ /\ /\ [\ — FextiR1

_%extRQ

E 0 cho il ﬂ .-‘rw'—n——- S e e %CXth

= 10 i U 72extR4
Time [s]

Fig. 10: Exoskeleton tracking and interaction over 100 km
distance

the operator of the exoskeleton receives live video data of
the robot via a video conference software to obtain visual
feedback. The experiment, comprising the exoskeleton-based
teleoperation over the internet, is illustrated in Fig. 10. The
joint tracking performance, the control error, as well as
the interaction torques during this bilateral teleoperation are
depicted in the figure. It can be seen that the exoskeleton and
the robot follow each other perfectly, while the systems are
in physical interaction with the other one, respectively. The
video of the above simulations and experiments are provided
in the multi media attachment of this paper.

VII. CONCLUSION

This paper proposed two designs of lightweight exoskele-
tons that can be used as force-sensitive haptic interfaces
for controlling remotely located robot arms. Specifically,
the systems were designed for teleoperation of the Garmi
robot in daily-life tasks. A semi-active exoskeleton with 4-
dof (3-dof-actuated) was introduced and its performance for
interaction control and tele-manipulation was investigated
through simulation study as well as several experiments.
The results illustrate that the system can be used effec-
tively for transparent tele-manipulation even over 100 km
of distance. Based on the first single-sided prototype design,
a fully-active (4-dof-actuated) exoskeleton is further intro-
duced towards bi-manual teleoperation. Further research will
concentrate on realizing the bimanual-arm system and the
experimental implementation of the force feedback control.
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