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Abstract— While robotic arms have been used in a vast
range of application areas, so far no extensive reports on
the utilization as human-machine interface exist. Compared
to HMI devices from literature, the robotic arm used in
this work (KUKA LBR iiwa 14 R820) features a relatively
large workspace and is able to generate force and torque
feedback that surpasses the capabilities of literature devices.
We describe the setup allowing to use the robotic arm as HMI
and analytically determine the optimal initial pose of it based
on the manipulability measure of Yoshikawa. To demonstrate
that the robotic arm is able to serve as HMI, we report on a
comparative study with a state of the art haptic HMI featuring
20 participants. Additionally, two applications from the context
of planetary exploration are presented: The first considers the
teleoperation of the pan-tilt unit of a lightweight rover unit
and illustrates how the large workspace of the HMI benefits
the precision of the teleoperation compared to a setup with a
smaller workspace. The second experiment showcases the use of
the force feedback of the HMI to enable a cooperation between
the operator and a supporting path-following automation in a
shared control of a simulated ground robot. Both the study
and the applications highlight the performance, precision and
reliability of our proposed system.

I. INTRODUCTION

In 2015, Jan Wörner of the European Space Agency pro-
posed the concept of a permanent basis on the moon called
Moon Village [1]. In the various stages of the development of
the Moon Village, robotic assets will be crucial for erecting
buildings, setting up infrastructure, transporting equipment,
scientific exploration and maintenance tasks [2], [3], [4].
Due to the variety and complexity of tasks required for this
endeavor, heterogeneous teams of robots will likely play
an important role for its success [5]. While autonomous
capabilities of the robotic assets will be crucial, teleoper-
ation by humans is also of importance [6], [7], [8], e.g.
if the limits of the autonomous capabilities are reached or
a deviation from the automated behaviour is necessary. In
such a teleoperated case, a suitable human-machine interface
(HMI) is required. In similar applications, dedicated HMIs
are currently used [9]. However, as the transportation of
one kilogram of payload to the lunar surface costs around
$1, 200, 000 [10], the question arises whether hardware that
might be available anyways can be used as an HMI.

Robotic arms have been widely applied e.g. in medicine
[11], service robotics [12] or manufacturing and assembly
[13]. This variety of application areas stems from their
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Fig. 1: KUKA LBR iiwa 14 R820 as HMI.

flexible usability, hence they might also be applied in various
tasks in a future Moon Village. Robotic arms usually feature
the ability to be positioned in multiple degrees of freedom
(DOF) as well as sensors to determine the position of their
end-effector, thus making them applicable as HMI by merely
attaching a suitable handle to the end-effector and mounting
them in a convenient height for the operator. Hence, a robotic
arm that will likely be available due to a different use-
case could increase payload efficiency of the mission by
additionally serving as HMI. To the best of our knowledge,
there is no report on the application and evaluation of a
robotic arm as HMI, thus this work aims to close this gap
by reporting on the HMI depicted in Fig. 1.

To do so, the remaining paper is organized as follows: In
Section II we compare the features of the robotic arm used
in this work to existing HMIs. We then describe the setup
allowing to use it as an HMI in Section III. Next, the resulting
HMI is evaluated in a comparative study as well as in two
robotic applications described in Section IV. Subsequently,
Section V compiles the findings of this work and gives an
outlook on future work.

II. COMPARISON TO THE STATE OF THE ART

While the robotic assets deployed in the context of a Moon
Village may be heterogeneous, the teleoperation of the robot
pose in the up to three dimensional space is universally
relevant to all of them. Due to their importance, we focus
on these pose control tasks of up to three rotational plus
three translational DOFs. To operate these six DOFs, HMIs
that feature six DOFs themselves are of special interest, as
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they allow for a direct mapping of one DOF of the HMI to
one DOF of the robotic asset. The robotic arm exemplarily
investigated in this work, a KUKA LBR iiwa 14 R820
(LBR), features seven DOFs and is thus able to act as six
DOF HMI with a kinematic redundancy. Due to the great
importance of force feedback in the space exploration context
e.g. for telepresence or to provide guidance from a supporting
automation, we focus on HMIs featuring meaningful force
feedback to enable these applications. Table I analyzes how
the LBR compares to established HMI devices with six DOFs
and force feedback to evaluate its general suitability to serve
as six DOF HMI. Considering the workspaces listed in the
third and fourth column, the LBR is able to provide at
least the same if not a larger one compared to seven out
of the eight literature devices. Only the Phantom Premium
3.0 features a workspace that cannot be enclosed by the
robotic arm, even though the overall workspace volume of
the LBR exceeds the one of the Phantom Premium 3.0. While
the larger workspace volume can be used in applications
that allow for movement around the LBR’s base, we mostly
limited it e.g. to cubes of sizes 350mm× 350mm× 300mm
for a stationary operation. Overall, the workspace of the
robotic arm is relatively large compared to the majority
literature HMI devices but still reasonable for the application
as HMI. Columns five and six of Table I list the maximum
forces and torques the HMIs are able to provide e.g. for
telepresence or feedback from a supporting automation. The
robotic arm exceeds the capabilities of all the literature
devices by far, allowing to utilize the whole range forces
admissible in human-robot interaction [23]. The comparably
small forces and torques applied by literature devices are
therefore easily realizable, further underlining the capability
of the robotic arm to serve as HMI. At the same time, the
abilities of the literature devices make it clear that the reverse
does not hold: While a robotic arm may serve as HMI, it will
not be possible to utilize an established HMI for most of the
application areas of robotic arms as the build of the HMIs
is usually too fragile to do so. Hence, this literature analysis
supports the idea of increasing payload efficiency by using
a robotic arm as HMI.

III. SYSTEM SETUP

In order to achieve the goal of teleoperating a robotic
asset using the HMI, two core functionalities have to be
implemented: Firstly, the current pose of the robotic arm
needs to be mapped to the range of command values of
the robotic asset, secondly, suitable wrenches have to be
applied to its end-effector e.g. to enable shared control
approaches or to generate suitable forces for a telepresence-
setting. Both functionalities require communication and thus
ideally a common interface with the environment, especially
with different robotic assets.

The robot operating system (ROS) [24] is both popular
and able to serve as such a common interface, hence we aim
at interfacing the HMI to ROS. The LBR is controlled by a
KUKA Sunrise Cabinet that allows to run Java applications
and provides TCP/IP communication. Even though no inter-
face to ROS is implemented out-of-the-box, a direct interface
to ROS could be implemented on the Sunrise Cabinet in
principle; however, we choose to use the KST-Toolbox [25]
to interface the Sunrise Cabinet to MATLAB via TCP/IP.
This allows for using the whole suite of MATLAB-tools
for research and development, while additionally providing
the ROS-functionalities of MATLAB to further interface the
LBR to ROS. Additionally, all application-specific param-
eterization can be performed in MATLAB while the code
on the Sunrise Cabinet remains the same which allows for
more rapid development cycles. While using MATLAB does
introduce some delay, we measured an average cycle time of
1.9ms with a standard deviation of 0.465ms for sending one
set of set-values to the Sunrise Cabinet via MATLAB and
receiving pose data from the Sunrise Cabinet in MATLAB
in over 7000 cycles, which is acceptable for the proposed
application.

Figure 2 shows an overview of the software components
used to operate the HMI. The ROS-network depicted on
the left-hand side interfaces the operated robotic asset(s),
a visualization e.g. of the camera stream of the robot and
the data logging. To prevent bandwidth-issues from influ-
encing other functionalities implemented in MATLAB, both
the publishing of commands to the operated robotic asset

TABLE I: Comparison of properties of a KUKA LBR iiwa 14 R820 and literature HMI devices.
The sign ’-’ indicates missing information in references.

Device Reference Translational workspace
in mm

Rotational workspace
in degree

Force Feedback
in N

Torque Feedback
in Nm

KUKA LBR iiwa 14 R820 [14] 820 outer diameter, 420
inner diameter spherical
shell

340 x 340 x 340 140 40

Phantom Premium 3.0 [15] 838 x 584 x 406 297 x 260 x 335 22 0.17
Sigma.7 [16] 190 x 130 ellipsoid 235 x 140 x 200 20 0.4
Delta with gimbal [17] 150 diameter sphere 140 x 140 x 140 10 0.71
Parallel kinematic machine [18] 300 diameter sphere 120 x 120 x 360 20 3
Parallel kinematic machine [19] 110 diameter x 100 height

cylinder
- 20 2

Modified Stewart platform [20] 300 sphere - 23 -
Modified Stewart platform [21] 320 x 170 ellipsoid - 15 -
Delta combination [22] - - 30
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Fig. 2: Overview of the software components used to operate the HMI (BT=Background-Thread).

and subscribing e.g. to measurement data is performed in
asynchronous background-threads. The pose of the LBR is
acquired through another background-thread that provides its
information to the Main script which maps it to commands
to the operated robotic asset and computes set-values for
the wrenches of the LBR. A KST Server on the Sunrise
Cabinet is used to send the set-values to the KST Main script
that configures an impedance controller to realize the desired
wrenches.

While the mapping of the measured pose-data to the com-
manded values can easily be performed by a normalization of
the measured pose value to the workspace and a subsequent
normalization to the expected value range of the commanded
values to the operated robotic asset, the generation of a
desired wrench vector F ∈ R6 requires more extensive steps.

A. Concept for realizing wrenches

The cartesian impedance control already available on the
Sunrise Cabinet allows the LBR to exert wrenches based on
the distance of the measured cartesian LBR pose pmeas ∈ R6

and a commanded cartesian pose pset ∈ R6:

F = C (pmeas − pset) (1)

Here, the diagonal matrix C ∈ R6×6 contains the stiffnesses
of virtual springs in each of the six DOFs as diagonal
elements (Cii ≥ 0, i ∈ {1, . . . , 6}). As only the diagonal
elements of C are populated, each row of (1) can be con-
sidered individually. Without limiting the generality of our
consideration, we discuss the first row of (1) in the following,
all results are analogous for the remaining rows. Please note
that we omit the time-dependencies of all variables for better
readability.

To generate a desired Fx at the end-effector of the
LBR, suitable parameters C11 and pset,x have to be set.
While in theory setting C11 to a constant non-zero value
and solving (1) for pset,x is feasible, we found the hap-
tic experience using the KUKA impedance control to be
the smoothest, the closer pset,x was to pmeas,x. Due to
C11 being limited to positive values below or equal to
C11,max = 5000Nm−1, a maximum deviation of pset,x and
pmeas,x of ∆xmax = 28mm is required to achieve the
maximum force of Fmax,x = 140N. With these limits it
is possible to allocate the generation of the desired force

F set,x equally to C11 and pset,x as follows:

pset,x = pmeas,x − sign (F set,x)

√
F set,x

Fmax,x
∆xmaxλ (2)

C11 =

√
F set,x

Fmax,x
C11,max

1

λ
(3)

Here, λ ∈ (0, 1] is an optional design factor allowing for
adjusting the trade-off between higher stiffnesses and larger
deviations of the set-point to the measured one. Inserting (2)
and (3) as well as their analogues for the remaining DOFs
into (1) yields the validity of the approach.

B. Generation of wrench set-values

While (2) and (3) can be used to compute stiffnesses and
set-points for wrenches of any origin, they often depend on
the pose of the HMI and thus the current commanded values.
This is for example the case if certain commanded values
are to be avoided e.g. to prevent a collision of the operated
robotic asset or to generate a general haptic experience for
the operator like e.g. snaps to certain poses.

In these scenarios, we found it particularly useful to
consider potential fields Φ (p) : R6 → R to generate the set-
values for the wrenches. Doing so allows to compress the
problem of assigning each pose of the robotic arm a vector of
set-values for wrenches to only assigning each pose a value,
which makes visualization and design more transparent in
many cases. The set-values for the wrenches in each pose
of the workspace can then be obtained by computing the
gradient field of Φ:

F set (p) = grad(Φ (p)) (4)

Please note that Φ can be time-variant to generate dynamic
haptic experiences for the operator.

C. Optimal initial configuration

During the dynamic behaviour described before, the kine-
matic redundancy of the LBR is used to avoid the joint limits
as well as singularities that would restrict the movement
of the HMI through nullspace motion. The distance from
singularities is termed manipulability [26] and forms a key
aspect for the application of a kinematic machine as HMI.
While the pose of the LBR is mainly influenced by the
operator during use, the initial pose can be freely chosen
within ergonomically feasible limits. Hence, to ensure the
best manipulability possible, we compute the pose of optimal
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manipulability to subsequently utilize it as initial pose of the
HMI. To do so, we consider the manipulability measure µ
of [27]:

µ =

√
det

(
JJ⊤

)
(5)

Here, J denotes the Jacobian matrix of the first-order
differential kinematics [26]. As the redundant seventh axis
only improves manipulability, we continue to consider the
pose of optimal manipulability for the remaining six joints
of the LBR. For six joints, J is a square matrix, hence
det(J) = det(J⊤). Using the multiplication property of the
determinant det

(
JJ⊤

)
= det (J) det

(
J⊤

)
yields:

µ = |det (J)| (6)

Defining J as in [26] and [28], (6) can be analytically
expressed as:

µ = |kkin sin(θ2) sin(θ4) cos(θ5)| (7)

Here, θi, i ∈ {1, ..., 6} are the joint angles of the LBR
and the factor kkin denotes a constant depending only on the
dimensions of the robotic arm. The maximum manipulability
is hence achieved if

θ2 = (2n1 + 1)
π

2
, θ4 = (2n2 + 1)

π

2
, θ5 = n3π (8)

holds with n1, n2, n3 ∈ Z. Considering the joint limits as
well as the distance to them, we get the following conditions
for a pose with optimal manipulability:

θ2 = ±π

2
, θ4 = ±π

2
, θ5 = 0 (9)

Only joints 2, 4 and 5 affect the pose of optimal manipulabil-
ity, the other joint angles can be set arbitrarily. The optimal
initial configuration used in the experiments is determined
by ergonomic considerations and shown in Fig. 1.

IV. EVALUATION AND APPLICATIONS

We ran numerous tests using the HMI to operate simulated
drones, mobile robot platforms and ground robots as well
as real ground robots, a real mobile robot platform and
a real miniature robotic arm. Here, we exemplarily report
on a comparative study depicted in Fig. 3a and the two
applications shown in Fig. 3b and Fig. 3c.

A. Comparative Study

To evaluate whether the proposed system is able to be used
as an input device, we performed a study with 20 participants
(17 male, 3 female, 17 in their twenties, all of them operating
with their right hand) comparing it to a state of the art
Brunner CLS-E Joystick with two degrees of freedom and
up to 4.2Nm of haptic feedback.

1) Setup: To compare the two HMIs, the workspace of
the LBR HMI was limited to the x- and y-DOF, matching
the workspace of the Brunner CLS-E with 160mm×160mm.
The inputs of both HMIs were linearly mapped to the
position of a cross on the screen in front of the participants.
The participants were given the task to move the position
of the cross to a displayed goal position. During the study,
this goal position was discretely switched and the resulting
input trajectories were recorded. Each participant used five
HMI configurations in five measurement phases; before each
measurement phase a training phase took place where the
participants familiarized themselves with the system they
then used during the measurement phase. Only data from
measurement phases was used for evaluation. The five input
configurations were (C1) LBR HMI w/o automation support,
(C2) LBR HMI with automation support, (C3) Brunner
CLS-E w/o automation support, (C4) Brunner CLS-E with
automation support and (C5) LBR HMI with an increased
workspace of 320mm×320mm. The supporting automation
was implemented as impedance control around the goal state,
its stiffness was tuned such that a residual distance from the
goal state of approximately 15% of the workspace remained
without an operator. The order of the usage of either the LBR
HMI or the Brunner CLS-E was randomized to account for
possible overarching learning effects outside of the training
phases; 10 participants started with the LBR HMI, 10 started
with the Brunner CLS-E, respectively. The main focus of
the study is to compare C1-C4. Here each measurement
phase consisted of 15 switches of the goal state in intervals
ranging from 5 s to 10 s. To avoid fatigue of the participants,
the duration of the experiment had to be limited, hence C5
was only evaluated on a goal sequence of length three. The
goal pattern was mirrored and rotated for each phase to
prevent the participants form recognizing the pattern while

(a) Setup of the comparative study. (b) Setup of the ARCHES experiment. (c) Setup of the MIRACLES experiment.

Fig. 3: Real-world applications of the HMI.
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still allowing for a direct comparison of the measurements.
After each measurement phase, the participants filled out a
questionnaire rating their mental load and their perceived
performance on a scale of zero to 21.

2) Results: Fig. 4a depicts the mental loads reported by
the participants, Fig. 4b shows the perceived performance
ratings for C1-C4. The results with and without automation
are pairwise comparable for both HMIs thus indicating that
the proposed system is able to serve as HMI. They further
underline the benefit of haptic support by an automation:
The participants reported a decreased mental load and an
increased perceived performance for both HMIs. The slightly
lower perceived performance for C1 is probably due to the
slightly lower agility of the LBR HMI compared to the Brun-
ner CLS-E. The input measurements support this assertion.
When evaluating the whole timeseries of N measurements
u with respect to the goal inputs ugoal using

∆RMSE =

√√√√ 1

N

N∑
i=1

∥ugoal − u∥2, (10)

the average errors given in Table II result. The slightly slower
regulation of errors due to goal switches with C1 and C2
compared to C3 and C4 leads to increased ∆RMSE values.
Nevertheless, using C2 allows for achieving slightly better
performance than the much more agile C3.

Focusing on movements within a radius of 10% of the
workspace size around the goal that require less agility but
more precision yields the errors in Fig. 4c. They show a more
uniform performance among the configurations with C2 even
surpassing C3 and C4 slightly, indicating the suitability of
the LBR HMI for high-precision tasks with lower agility
requirements. The averages of the performance measure
depicted in Fig. 4c strongly correlate (ρ = −0.9889) with the
averages of the questionnaire results of Fig. 4b. This hints
at the participants evaluating their performance more on the
fine tuning around the goal than the movement towards it.

Due to time constraints C5 was evaluated and compared
on an additional goal sequence of three goals that was only
performed with C1, C3 and C5. The average errors within
a radius of 10% of the workspace size around the goal are
depicted in Fig. 4d. The results indicate an improvement
of performance of C5 compared to C1 almost reaching the
performance of C3. This is plausible as the larger workspace
reduces input sensitivity, hence making precision tasks easier.

Overall this study shows that using an LBR as HMI
is possible, underlines the benefits of force feedback and
indicates that especially in precision tasks with medium to
low agility requirements its performance might even surpass
established HMI devices. The flexiblity of adjusting the

TABLE II: Average ∆RMSE error for C1 to C4 considering
all participants and the entire measurement phases.

C1 C2 C3 C4

0.2567 0.2184 0.2260 0.1643

workspace is also a promising feature for precision tasks.

B. Teleoperation in ARCHES

The first application examines the teleoperation of the pan-
tilt unit (PTU) of a Lightweight Rover Unit (LRU) [29] as
a part of the ARCHES mission [30] depicted in the front
right of Fig. 3b. The two DOFs pan-angle α and tilt-angle
β are linearly mapped to the x- and y-DOFs of the HMI,
respectively. Apart from limiting the workspace to a square
of 35 cm × 35 cm, no force feedback was applied via the
HMI. The resulting movement of the PTU after mapping
the raw values to command values and communicating
them via ROS is depicted in Fig. 5a. The evolution of the
measured tilt-angle βm of the PTU follows the tilt-angle βset

commanded via the HMI precisely, demonstrating that the
HMI is capable of operating under real-world conditions.

C. Teleoperation in MIRACLES

The second application considers the teleoperation of robot
Scout Rover [31] as a part of the MIRACLES mission [30].
Over the course of the mission, the LBR HMI was used
twice for three days each with durations of up to 13 hours
without faults, not including countless operating hours during
mission preparation, thus demonstrating its reliability.

The commanded rover features velocity commands in one
translational and one rotational DOF, which are mapped to
the x- and y-DOFs of the HMI. Due to safety reasons, the
simultaneous commanding of both a significant rotational
and a significant translational movement had to be avoided
to ensure proper vision with the front-facing camera of Scout
Rover. To support the operator in complying with this rule
via haptic feedback, we used the following potential field:

Φ(x, y) = c1x
2y2 − c2 exp

(
−c3

(
x2 + y2

))
(11)

Here, c1, c2 and c3 are positive design parameters, x and y
are considered displacements from the initial position. The
first summand of (11) creates a gradient field counteracting
movements in directions where both a translational and
rotational command would result. The second summand
creates a zone of attraction around the initial position to
make it easier to command velocities of exactly zero. Fig.
5b depicts this potential field in the workspace of the HMI.
To demonstrate the effect of the potential field, the operator
was asked to command values in all DOF like they would
do during operation. Subsequently, they were asked to move
the handle randomly. Fig. 5c depicts the resulting trajectories.
During nominal operation the potential field enables moving
the handle in straight lines along the DOFs. The trajectory
of the random movement shows how the wrenches are able
to maintain a pose within the desired workspace, supporting
the operator by doing so.

To relieve the operator from workload, a path-following
automation was implemented to automatically follow pre-
planned paths. Through an additional potential field overlay,
(11) was manipulated to create a minimum at the command
value computed by the path-following automation. Hence,
the HMI was automatically moved to this command value.
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Fig. 4: Results of the comparative study (C1 = LBR HMI w/o automation, C2 = LBR HMI with automation, C3 = Brunner
CLS-E w/o automation, C4 = Brunner CLS-E with automation, C5 = LBR HMI w/o automation but larger workspace).

While this does allow for a fully automatic operation of
the rover, the operator was able to intervene at any point
by overruling the force of the automation overlay. This was
necessary as the paths were only planned on a coarse map,
hence the operator e.g. had to take over control to avoid
obstacles that were unknown during planning.

Fig. 5d shows such a hand-over scenario where the op-
erator created a deviation between the actually commanded
values utrans and urot and the commands intended by the
path-following automation utrans,A and urot,A by overruling
the guiding force. First, the automation commands a constant
translational speed of the Scout Rover. The operator detects
an obstacle after 20 s and slows the rover down to perform
a point-turn. This leads to a reaction of the path-following
automation that now aims at compensating the rotational
movement of the operator as it is unaware of the obstacle.
The operator experiences this as a force pointing towards
the new set-points. This effect increases while the operator
performs a translational movement at 28 s. After finishing the
movement, the operator rotates the rover towards the nearest
point on the path segment, handing off to the automation at
53 s. After the automation starts a translational movement,
the operator increases the commanded velocity for 5 s beyond
the velocity intended by the automation to progress more
quickly. Afterwards, the automation proceeds to follow the

path. This application showcases the ability of the HMI
to facilitate active cooperative operation concepts through
wrenches.

V. CONCLUSION AND OUTLOOK

In this paper we demonstrate that a collaborative robotic
arm can be used as an HMI. The proposed setup and control
concept as well as the connection to ROS allow for a flexible
use in a variety of scenarios with various operated robotic
assets. The experiments reported in this work underline the
applicability of the HMI to real-world teleoperation tasks
highlighting its precision, reliability, and performance both
with and without actively supporting the operator.

HUMAN SUBJECT DATA

All experiments were conduced in a safe and responsible
manner and the operators and participants consented for the
data to be used for anonymous publication.
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