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Abstract— Tele-impedance increases interaction performance
between a robotic tool and unstructured/unpredictable en-
vironments during teleoperation. However, the existing tele-
impedance interfaces have several ongoing issues, such as
long calibration times and various obstructions for the human
operator. In addition, they are all designed to be controlled
by the operator’s arms, which can cause difficulties when
both arms are used, as in bi-manual teleoperation. To resolve
these issues, we designed a novel foot-based tele-impedance
control method inspired by the human limb stiffness ellipse
modulation. The proposed mechanical interface design includes
a disc and a foot pressure sensor that controls the orientation
and size/shape of the stiffness ellipse, respectively. We evaluated
the disc interface control method in an experimental study with
12 participants, who performed a complex drilling task in a
virtual environment. The results show the ability of the operator
to use the proposed interface in order to dynamically adapt to
different phases of the task and changes in the environment. In
addition, a comparison with low and high uniform impedance
modes demonstrates a superior interaction performance of the
proposed method.

I. INTRODUCTION

Teleoperation is a technology that offers the human opera-
tor to remotely control a robot by means of various interfaces.
Successful task execution often demands the remote robot
to be in physical contact with an unstructured environment,
where events are not fully predictable. A classic teleoperation
setup that can only command the position of the remote
manipulator makes it hard to control the interaction forces,
which can result in damaging the environment, manipula-
tor or tool. A solution to increase interaction performance
between tool and environment is the inclusion of force
feedback to convey proprioceptive or haptic feedback of the
manipulator and interaction with the remote environment,
which greatly increases telepresence but can be detrimental
to stability in some cases [1].

Another solution to increase interaction performance be-
tween tool and environment is a control architecture called
tele-impedance [1]-[3]. In tasks where a position reference
must be tracked, humans tend to increase arm impedance
to impose a desired posture/movement by reducing the
impact of perturbations [4], [5]. On the other hand, humans
decrease the impedance of their limbs to accurately control
reference forces during tasks where a force reference must be
maintained [6]. Consequently, tele-impedance has the ability
to increase the performance of position and force control
and compensate for unpredictable perturbations depending
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Fig. 1. Bilateral tele-impedance with the proposed foot-operated interface.
The human operator controls the motion of the remote robot (slave) with
a hand-operated haptic interface (master) and feels force feedback. The
operator simultaneously controls the remote robot’s stiffness ellipse through
the disc interface using a foot. The shape of the stiffness ellipse is defined
by orientation 6 and principal axes o that determine how stiff the robot
end-effector is in the respective direction of Cartesian space.

on task execution [2], [3]. Classic tele-impedance gives the
operator the ability to dynamically change the impedance of
the manipulator by replicating the human capacity to adapt
endpoint limb impedance [2]. For this, an extra interface is
required that enables the human operator to command remote
robot stiffness. Characteristic applications of tele-impedance
include: assembly [1], human-robot co-manipulation [7], and
control of prosthetic hands [8].

Many tele-impedance methods use electromyography-
based (EMG) interfaces, which can estimate the stiffness
of the operator’s arm by measuring muscle activation [2],
[7]1, [9]. These interfaces can be enhanced with human
arm posture measurement methods to improve the stiffness
estimation [10]. EMG-based interfaces have the ability to
generate multi-dimensional variable impedance commands
for the remote robot. However, generally, they create an
obstruction for the operator due to long calibration times
and require additional hardware to be attached to the arm.
Furthermore, in bilateral tele-impedance, the force feedback
can induce unintended changes to muscle activity and thus
the commanded stiffness [11].

Another method is based on estimating the impedance of
the operator arm endpoint by inducing force perturbations
and measuring corresponding displacements at the haptic
device [12]. While this method is effective, perturbing the
operator is not always possible due to task requirements or
safety (e.g., as in surgery). Furthermore, force feedback from
the remote robot can corrupt the measurement. There is also
an option to have a shared control system, where the remote
robot uses its vision to detect the material of the object with
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which the operator intends to interact in order to set a suitable
impedance [13]. However, this takes away the control of the
impedance from the operator.

It is also possible to command the variable impedance
to the remote robot by external devices, such as grip force
measurements [3], push-buttons [1] or tablets [14]. Exter-
nal devices are not subject to long calibration times or
complicated wearable hardware, however, they often enable
commanding impedance only in one dimension at a time.
Furthermore, since they are held by the operator’s hand, they
are hard to apply for bi-manual teleoperation use-cases.

To resolve the issues of the existing stiffness command
interfaces in tele-impedance, namely long calibration times,
obstruction for the operator with wearable hardware, and
occupying hands in case of bi-manual teleoperation, we
propose a novel tele-impedance stiffness command interface
that is operated with the foot rather than the arm/hand. The
disc interface design involves a rotating disc to command
the stiffness ellipse orientation and a force-sensorised pedal
to command its size/shape. For example, rotating the disc
with a foot in a certain direction rotates the commanded
stiffness ellipse in the same direction, while pressing on the
pedal increases the size of the major axis of the ellipse with
respect to the minor axis (see Fig. 1 and Fig. 2).

While there are no existing foot interfaces for tele-
impedance, there are some for general teleoperation. The
state-of-the-art gaming and simulator platforms for driving
and flying tend to be based on multiple one degree-of-
freedom (DoF) spring-return foot pedals [15]. Some exist-
ing surgical systems rely on similar pedals as well [16].
While these offer simplicity, multiple pedals are required
for controlling multiple DoF (or variables). Unlike multiple
pedals that occupy both feet for operating one device, the
proposed interface requires only one foot per device, thus
simultaneous bi-manual teleoperation is feasible. It can also
be difficult to control all DoF at the same time with multiple
pedals [17]. Other teleoperation-specific interfaces track the
motion/rotation of the foot either by sensors, such as motion
capture systems [18] and inertial measurement units [19], or
by mechanical devices [17], [20]-[22]. Nevertheless, in both
cases, the movement is limited by the range of the ankle
joint [15], which presents another form of obstruction to the
operator. Furthermore, they are designed to command the
motion/orientation of the remote robot, and not impedance.

Unlike the above-mentioned state-of-the-art foot inter-
faces, one can rotate the proposed foot interface beyond
the range of motion of the ankle. Furthermore, since the
commanded rotation depends on the rotation of the disc
rather than on the configuration of the foot itself, the operator
can keep the foot in a comfortable posture of the ankle in
any commanded rotation. Thus, there is no similar design yet
for teleoperation in general. Importantly, none of the existing
foot interfaces for teleoperation was designed or tested for
tele-impedance. In this respect, the proposed interface is
unique in enabling the human operator to command the
remote robot impedance with the foot. In summary, the main
contributions of this paper are: 1) first foot-operated interface

designed specifically for tele-impedance, 2) foot interface
whose commands are not limited by the posture of the
foot, 3) tele-impedance specific evaluation of the proposed
interface in a user study.

Based on the literature and the proposed interface design
we test the following design objectives:

e OI: The disc interface tele-impedance control method
has a superior performance regarding force and position
tracking in a dual task in comparison with uniform
impedance for unilateral and bilateral control settings.

e O2: The disc interface tele-impedance control method
has the ability to dynamically change the variable
stiffness according to task instruction and situation.

e 0O3: The disc interface introduces no significant in-
creased overall effort of the operator compared to preset
uniform impedance modes.

To demonstrate the new design and test the hypotheses
we conduct human factor experiments, where participants
perform a drilling task while being exposed to force and po-
sition perturbations. To evaluate the effect of the bilateral and
unilateral control architecture, the experiments are performed
under two teleoperation settings: with and without force
feedback on a haptic device (Force Dimension Sigma7). To
evaluate the performance of the proposed method regarding
the interaction with the environment, three conditions are
evaluated: high uniform impedance, low uniform impedance
and variable impedance controlled by the disc interface.
Furthermore, we rotate the environment to alter the required
ideal strategy in terms of stiffness ellipse orientation. Finally,
we also test the proposed method with respect to the uniform
impedance strategies by a NASA Task Load Index (NASA-
TLX) subjective analysis to assess the overall workload
during the drilling task.

II. METHOD OVERVIEW

The study developed and analysed a novel tele-impedance
control method for teleoperation in both unilateral and bi-
lateral teleoperation settings (Fig. 1). The unilateral setting
involves no force feedback at the hand-held haptic device,
while the bilateral setting includes force feedback from the
remote environment. Since we were only interested in the
performance regarding position and force tracking during
perturbations and not the corrupting effects of real-world
bilateral teleoperation issues such as stability, time delay
and transparency, we used a virtual impedance-controlled
robotic manipulator and a virtual remote environment [11].
Both were generated on the same computer. Furthermore, we
assumed that the robotic manipulator was perfectly gravity
and inertia compensated. The experiments were conducted
on a real hardware setup using the developed disc interface
(Fig. 2) and Sigma7 haptic interface (Fig. 3) to perform a
drilling task, involving two translations and one orientation.

A. Tele-impedance control

The study involved both bilateral and unilateral tele-
impedance controlled methods illustrated in Fig. 1. The
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Fig. 2. An overview of the disc interface design. The top left corner shows
the top view of the device with the hinged pad closed. The middle photo on
the left shows the top view of the device with the hinged pad open to show
the force sensor and force concentration pad. The bottom photo shows a
side view of the device to indicate the positions of the carousel bearings,
rotational axis and flexible shaft coupling with the potentiometer attached
under the frame to the rotational axis.

human operator controlled the reference position and a two-
dimensional stiffness ellipse located at the end-effector of the
remote virtual slave through the disc interface controlled by
the foot. The interaction force at the remote site depends on
the impedance parameters and the difference between the
reference position and velocity (desired position) and the
actual position and velocity of the slave as

fea:t = K(md - -’Ba) + D(md - :i’a), (1)

where f..: € R? is the external force acting from the remote
robot on the remote environment. Vector x, € R® is the
actual position of the robotic manipulator end-effector and
vector &4 € R? is the desired end-effector position controlled
by the master. K € R3*3 and D € R3*3 are the commanded
stiffness and damping matrices. The damping matrix was
defined as D = 2V K with ¢ = 0.7 to make the system
critically damped.

III. INTERFACE DESIGN

We designed a novel foot-operated disc interface that has
two inputs; a rotating part that enables rotating a stiffness
ellipse and a foot pad that enables elongation of the stiffness
ellipse (see Fig. 2). This gives the operator the ability to
adjust the stiffness ellipse in a 2D plane in real-time.

A. Design requirements

To support the demands for a successful tele-impedance
interface design, the following requirements have to be met:

e RI: The operator’s arm must not be obstructed by the
stiffness command interface.

e R2: The interface enables stiffness commands in more
than one DoF.

e R3: The design does not involve long calibration pro-
cedures and knowledge of human anatomy (e.g., for
placing muscle electrodes).

e R4: The design does not introduce the coupling effect
between force-feedback and commanded stiffness [11].

Force-grip [3] and push-button interfaces [1] fail to meet
R1 and R2, because of the need for an additional hand-
held device to regulate the impedance of the manipulator
only in one dimension. Perturbation-based method [12] may
interrupt and hinder the operator during the task performance
and thus also fails to meet R/. The likelihood that an operator
will use a tele-impedance device depends on the level that
the system will support or hinder their work [23]. Therefore,
the system design should minimise calibration times and
additional hardware attached to the operator is undesirable.
EMG-based interfaces [2] fail to meet R3 and R4, because
of the use of EMG interfaces, which involve long calibration
procedures and knowledge of the human anatomy to cor-
rectly place electrodes on specific muscles. Furthermore, the
use of EMG interfaces introduces a coupling effect between
the force-feedback and the commanded stiffness that can
corrupt the desired commanded stiffness [11].

B. Tele-impedance interface design

Using the Singular Value Decomposition, we are able to
generate a stiffness ellipse by two inputs as

Ky, =UEUT, (2)

where K4, € R?*? is the stiffness matrix. Note that the
existing disc interface design is limited to operating in 2D
plane, thus only two DoF of K from (1) can be commanded
at a given time. For this study, we limited the experiment task
to the horizontal plane, however, an extension to 3D space
would be possible by switching between the planes. U =
cos(0) —sin(0)

[sm(ﬁ) cos(0)
of the ellipse by Euler angles, where # € R! is the rotation
01
0
of the stiffness ellipse, where o1 € R! is the scaling of the
major axis and o2 € R! the scaling of the minor axis. To
control the stiffness ellipse with minimum input, the disc
interface controls 6 and o7, while o9 is dependent on o7y.

The disc is connected to a potentiometer that measures
the rotation, which is used to control the ellipse orientation
shown in Fig. 2. The rotation of the disc has a linear
relationship with the rotation of the ellipse. Furthermore, a
force sensor is attached under the foot pad using a hinge
system to exert the force on the force sensor, which is used to
control the major axis of the stiffness ellipse. The control of
rotation and shape is applied in the global frame. Therefore,
a rotation of the end-effector of the manipulator does not
rotate the stiffness ellipse. An important advantage of this is
that the human has preoperative feedback about the ellipse
orientation, therefore it can infer the state of orientation even
without extra visualisation interfaces.

The rotational potentiometer mounted under the structure
is attached to a shaft (Fig. 2). We use a flexible shaft coupler
to compensate for misalignment. The disc that rotates around
the shaft is stabilised by a carousel bearing and the main

is the matrix representing the rotation

angle of the ellipse. E = represents the scaling
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frame. To control the rotation of the disc, a foot pad is
attached to the disc by a carousel bearing in order to enable
a stable movement of the foot in a comfortable posture,
while rotating the disc. The rotation of the disc has a linear
relationship with the rotation of the ellipse. In our case we
used one-to-one scaling, however, other scaling factors can
be used. The rotation of the stiffness ellipse is calculated as

Ve

9 =
Vb,maz - Vb,min

(emaa: - 0mzn) + 907 (3)
with the rotation of the stiffness ellipse as § € R! and Vj €
R! as the voltage output of the potentiometer. Vo, min € R!
and Vg mar € R! are the minimum and maximum voltage
output. 0 € R and 6,5, € R! are the maximum and
minimum rotation of the stiffness ellipse and 6, € R! is a
rotational correction to align the disc interface to the virtual
stiffness ellipse. Vy comes from the rotation of the disc as
measured by the potentiometer, while the physical range
limits of the potentiometer were between 6,,;, = —160°
and 60,,,,, = 160° (see Fig. 2)

Changing the shape of the ellipse is done by elongating the
major axis controlled by a SingleTact force sensor (15mm,
450N/1001b) under the foot pad (see Fig. 2). Force to voltage

output has a linear relationship as Vp = 2
-

(VF,maa: -
VE min), Where Vi € R! is the voltage output of the force
sensor. F,, € R is the force applied on the footpad by the
operator and Fj 0, € R! the maximum force defined by
the force sensor. Vi pin € R! and VEmaz € R! are the
maximum and minimum voltage output. Since the sensor
is essentially a variable capacitor that cannot have zero
capacitance, exerting zero force has a voltage offset that we
need to account for. Therefore, the force sensor has a voltage
output translated to major axis scaling o1 € R! by

VF - VF,min

= —(Ul,maaz - Ul,min) + 01,min (4)
VF,maac - VF,m'm ’

01
where 01 0. € R and 074 45, € R? are the maximum and
minimum controllable stiffness.

IV. EXPERIMENT METHODS

Twelve male participants between 21 and 36 years old (M
= 24.8, SD = 4.0) participated in the experiment. Their par-
ticipation was voluntary, and their efforts were not financially
compensated. The interface design and experiment protocols
were approved by the Human Research Ethics Committee
of TU Delft and the research was performed in accordance
with relevant guidelines and regulations. All subjects gave
written informed consent prior to their participation.

A. Experiment setup

To test the design objectives for the disc interface control
method we designed a task that involved drilling a hole into
an object. The participants performed the drilling task with
two teleoperation settings: unilateral and bilateral control. To
assess the performance of the disc interface, we compared
three impedance conditions applied to the end-effector of the
virtual manipulator: high uniform impedance, low uniform

Fig. 3. Tllustration of the experiment setup. The participant controlled the
Sigma7 haptic device with the right arm and commanded the remote robot
stiffness by the disc interface using a foot. The monitor in front of the
participant was used to display the remote environment as shown in Fig. 4.

impedance, and variable impedance controlled by the disc
interface. The high and low uniform stiffness of the stiffness
ellipse located at the end-effector were determined in pilot
studies to be 1500 N/m and 200 N/m, respectively. To
stimulate the participants to create an ideal stiffness ellipse
strategy according to a variable environment, we rotated the
environment (-20, -10, 0, 10 and 20°) between sessions.

The experiment setup is shown in Fig. 3. We examined
translational movements in the x-axis and y-axis, and ro-
tational movement around the z-axis. A monitor was used
to display the drill operated by the remote robot in the
virtual environment and a reference force parallel to the
insertion direction of the drill in real-time (see Fig. 4). The
drilling task consisted of two phases: finding the hole and
drill insertion (see Fig. 4).

In the first phase, called the “finding the hole” phase,
the participant was instructed to continuously press on the
object in the perpendicular direction with 10 N reference
force for 10 seconds. On top of that, the participant was
instructed to hold the position at the reference position
indicated by a red surface area on the object. During the
task, the remote robot was subjected to a multi-sine force
perturbation perpendicular to the insertion direction. The
object indicated that the task was completed by changing
color from green to red. Subsequently, the participant had to
move the master back to a position located at the negative
x-axis of the master to activate the second phase. The ideal
strategy for this phase was to be stiff along the direction
of perturbation in order to maintain the position on the
object [4], [5]. In the direction perpendicular to the object,
the stiffness should be low in order to minimise the impact
force with the environment [2], [3].

For the second phase called the “drill insertion” phase, the
participant had to drill a hole in the object. Like the “finding
the hole” phase, the position of drill insertion was indicated
by a red surface area on the object. The participant had to
maintain the optimal drilling force of 10 N in the insertion
direction and was instructed to minimise forces perpendicular
to the drilling direction, which could potentially damage the
drill or object. During the drilling, the object was subjected
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Fig. 4. Unpredictable virtual environment with an object (green), a drill
(blue) and the goal position where the hole should be made (red). The
actual drilling force with respect to the desired one is displayed by the
bar in the bottom right corner. The top two pictures show the “finding
the hole” phase with force perturbation direction (e.g., external collisions,
wind, water current, etc.). The bottom two pictures show the “drill insertion”
phase with positional perturbation direction onto the object (e.g., emulating
an unexpected movement of the object or robot). The right column pictures
show cases when the object is rotated with respect to the robot base frame.

to a multi-sine position perturbation perpendicular to the
insertion direction. The object was infinitely stiff, thus the
stiffness of the remote robot had the dominant effect on the
interaction force. The ideal strategy for this phase was to be
compliant along the direction of perturbation to comply with
the movement of the environment (i.e., constraint) and reduce
the interaction force between the drill and the object [1]. In
the insertion direction, the stiffness should be low in order to
maximise the resolution of force control with respect to the
difference between the reference and actual positions [1].

B. Experiment protocol

Before the experiment, the participants were familiarised
with teleoperation and the stiffness commanding methods.
First, a familiarisation session was performed to get ac-
quainted with the environment with and without force feed-
back by performing the drilling task without perturbations
under high and low stiffness conditions. Thereafter, the
stiffness ellipse control was introduced and explained. After
a thorough explanation of the variable stiffness ellipse, the
participants performed the drilling task, including the vari-
able stiffness ellipse control with the disc interface, with and
without perturbations. Initially, the participants did it with
high and with low uniform impedance, which demonstrated
the benefits and drawbacks of both methods. Subsequently,
a training session was performed to minimise the effects
of learning. One training trial was performed for every
impedance condition and force feedback setting during the
training phase, resulting in six training trials. The training
trials were similar to the experiment trials, with random
orientation of the environment.

The experiment sessions involved two force feedback set-
tings (unilateral and bilateral settings) and three impedance

conditions (high uniform impedance, low uniform impedance
and variable impedance). During each combination of setting
and condition, five rotations of the object (-20, -10, 0, 10,
20°) were used. Therefore, the experiment sessions consisted
of 2 settings, 3 conditions and 5 rotations, resulting in a total
of 30 trials per participant. To diminish learning effects, we
randomised the order of settings, conditions and the rotations
of the object among participants based on Latin Square.

C. Dependent measures

During the “finding the hole” task, we analysed the
primary (position perpendicular to insertion direction) and
secondary (force in insertion direction) task performance.
During the insertion task we looked at the primary (force
perpendicular to insertion direction) and secondary (force
in insertion direction) task performance. In each case, we
looked at the subjective results from the NASA-TLX form.

In a drilling task, there is a high probability to damage
the tool or environment with high force peaks. Therefore,
we used the root mean square error of the force to have
more weighting on force peaks.

Finding the hole phase: We quantified task performance
as the average of the mean of the absolute error between
the signal and a reference position or force. In the following
definitions, err and ref are error and reference, respectively,
while N is the length of the corresponding time-vector. For
the “finding the hole” phase we used the following metrics:
mean absolute position error: Yery = M, root mean

V2 (Fa—Frep)?

square force error: F,,, = e VA

Insertion phase: During the insertion phase the following
metric was used for both force in insertion direction and
perpendicular to insertion direction: RMSE of force: F... =

Z(Fa]—vFref)2

Subjective analysis: A NASA-TLX form had to be filled
in by the participant between the sessions. In total, we
have collected six TLX forms for every control setting and
condition per participant.

D. Statistical Analysis

An N-way ANOVA was conducted to compare the position
and force errors in different directions between teleoperation
control methods, impedance modes and rotations of the
environment for both task phases. A significance level of
p < 0.05 is considered a significant difference. Because
we are performing multiple analyses on the dataset corre-
sponding to force and position tasks, we use a Bonferroni
correction, which compensated for the increased chance of
committing a Type 1 error. Afterwards, we conducted a t-test
on significant results to compensate for the increased chance
of committing a Type 2 error due to the multiple comparisons
with Bonferroni correction.

V. RESULTS

A. Finding the hole phase

An N-way ANOVA was conducted to compare the mean
absolute position error and root mean square error of interac-
tion force between teleoperation control methods, impedance
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TABLE I
OVERVIEW OF ANOVA RESULTS OF THE “FINDING THE HOLE” PHASE
FOR BOTH POSITION ERROR AND FORCE ERROR.!

TABLE II
OVERVIEW OF ANOVA RESULTS OF THE “DRILL INSERTION” PHASE
FOR BOTH PARALLEL AND PERPENDICULAR FORCE ERROR.?

Position error Force error Perpendicular Parallel

Source df. | F P df. | F P Force error Force error

IMP 2 799.12 | <0.001 2 37.93 | <0.001 Source df. | F p df. | F P

FFB I 746.93 | <0.001 1 5.18 0.024 IMP 2 407.61 | <0.001 2 11.49 | <0.001

ROT 4 2.73 0.029 4 3.24 0.013 FFB 1 0.88 0.349 1 0.02 0.875

IMP*FFB | 2 3.73 0.025 2 1.55 0.214 ROT 4 1.28 0.277 4 0.86 0.490

IMP*ROT | 8 0.68 0.071 8 1.73 0.091 IMP*FFB | 2 2.02 0.134 2 4.60 0.011

FFB*ROT | 4 1.16 0.330 4 2.18 0.071 IMP*ROT | 8 1.82 0.072 8 1.34 0.222

Error 338 338 FFB*ROT | 4 0.47 0.756 4 1.07 0.371
I'In the table, IMP is impedance mode (high uniform, low uniform and Error 338 338

variable impedance), FFB is force feedback setting (bilateral and unilateral)
and ROT is the rotation of the environment (-20, -10, 0, 10, 20°). The
position error is perpendicular to the insertion direction and the force error
is parallel to the insertion direction.

Mean absolute position error - finding hole task
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Fig. 5. Task performance results for “finding the hole” phase for different
force feedback settings and impedance control conditions. The top graph
shows the mean absolute position error in the direction perpendicular to the
object surface (i.e., along the perturbation) and the bottom graph shows the
root mean square of force error in the direction perpendicular to the object
(i.e., along the drill). The red line inside the boxplot indicates the median,
the box indicates the interquartile range, the arms indicate maximum and
minimum data points, while outliers are shown by red crosses.

modes and rotations of the environment. Table I shows the
ANOVA results of both dependent measures. The top graph
of Fig. 5 shows the absolute position error for the “finding
the hole” phase with force feedback setting and impedance
mode. The bottom graph of Fig. 5 shows the root mean
square error of the interaction force.

The ANOVA on position error perpendicular to insertion
direction (i.e., parallel to the object surface) revealed a main
effect of impedance mode (F(2,338)=799.12, p<0.001), and
a main effect of force feedback setting (F(1,338)=746.93,
p<0.001) (Fig. 5 and Tab. I). There was a significant interac-
tion effect between the impedance mode and force feedback
setting (F(2,338)=3.73, p=0.025). This means that the effect
of impedance mode depends on the effect of the force
feedback setting. Post-hoc analysis indicated that the position
errors were lower for variable impedance mode than for low
uniform impedance mode during both unilateral and bilateral
settings (p<<0.001). No significant difference was found
between high uniform impedance and variable impedance
mode during bilateral setting. For the unilateral setting,

2 Same description as in Tab. I. The parallel force error is the error
considering the optimal drilling reference force of 10N.
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Fig. 6. Task performance results for “drill insertion” phase for different
force feedback settings and impedance control conditions. The top graph
shows mean root mean square error of force perpendicular to the insertion
direction (i.e., along the perturbation) and the bottom graph shows the
root mean square of force in the insertion direction (i.e., along the drill).
The red line inside the boxplot indicates the median, the box indicates the
interquartile range, the arms indicate maximum and minimum data points,
while outliers are shown by red crosses.

a significant larger position error for variable impedance
mode in comparison with high impedance mode was found
(p=0.002). Furthermore, the effect of force feedback during
variable impedance mode yielded a lower position error for
the unilateral setting than for the bilateral setting (p<<0.001).
The ANOVA on force error parallel to insertion direction
(i.e., along the drill) revealed a main effect of impedance
mode (F(2,338)=37.93, p<0.001), and a main effect of force
feedback setting (F(1,338)=5.18, p=0.024) (Fig. 5 and Tab.
I). No significant interaction was found between impedance
mode and force feedback setting (F(2,338)=1.55, p=0.214).
Post-hoc analysis indicated that the force errors were lower
for variable impedance mode than for high impedance mode
(p<0.001). Also, larger force errors were found for bilateral
teleoperation than for unilateral teleoperation (p=0.024).

B. Drill insertion phase

Table II shows the ANOVA results of both dependent mea-
sures. The top graph of Fig. 6 shows the mean squared force
error perpendicular to the insertion direction for the “drill
insertion” phase for teleoperation setting and impedance
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Fig. 7. The overall workload estimated by the RAW NASA-TLX for
different impedance modes and force feedback settings.

control. The bottom graph of Fig. 6 shows the root mean
square error of the force parallel to the insertion direction.

The ANOVA on force error perpendicular to insertion
direction (i.e., parallel to the object surface) revealed a main
effect of impedance mode (F(2,338)=407.61, p<0.001), but
no main effect of force feedback setting (F(1,338)=0.88,
p=0.349) (Fig. 6 and Tab. II). No significant interaction
was found between impedance mode and force feedback
setting (F(2,338)=2.02, p=0.134). Post-hoc analysis indicated
that the force errors were lower for variable impedance
mode than for high uniform impedance mode during both
force feedback settings (p<0.001). No significant difference
was found between low uniform impedance and variable
impedance modes.

The ANOVA on force error parallel to insertion direction
(i.e., along the drill) revealed a main effect of impedance
mode (F(2,338)=11.49, p<0.001), but no main effect of
force feedback setting (F(1,338)=0.02, p=0.875) (Fig. 6 and
Tab. II). There was a significant interaction effect between
impedance mode and force feedback setting (F(2,338)=4.60,
p=0.011). Post-hoc analysis indicated that the force errors
were significantly lower for variable impedance mode than
for high uniform impedance mode during unilateral setting
(p<0.001). No significant difference was found between high
uniform impedance and variable impedance modes during
the bilateral setting. No significant differences were found
between low uniform impedance and variable impedance
modes for both force feedback settings.

C. Subjective analysis

Fig. 7 shows the overall workload of the raw NASA-
TLX between teleoperation settings and impedance condi-
tions. The ANOVA results of the NASA-TLX questionnaire
show a main effect between force feedback settings on
overall workload (F(1,66)=16.42, p<0.001). No interaction
between impedance mode and force feedback setting was
found. Post-hoc analysis indicated that the overall workload
was higher for the bilateral setting than for the unilat-
eral setting (p<0.001). Furthermore, no significant main

effect of impedance modes on overall workload was found
(F(2,66)=0.64, p=0.529).

VI. DISCUSSION

1) Design Results: The study introduced a novel tele-
impedance interface design for teleoperation applications,
called the disc interface, which is controlled with the foot.
This can be useful for bi-manual teleoperation due to a
free secondary hand, as opposed to some existing hand-held
stiffness-command interfaces that can occupy both hands for
controlling a single remote robotic arm [1], [3], [14]. Hence,
the proposed interface meets the requirements R/ and R4,
in contrast to the hand-held tele-impedance devices [1], [3],
[14] that do not. Since the interface can modulate the stiffness
ellipse by two independent inputs, it fulfils requirement R2.

Tele-impedance methods using EMG and positional mea-
surements enable a multi-dimension variable impedance [2],
[10]. However, these methods generally require long equip-
ping and calibration times, additional knowledge of human
anatomy, and additional hardware, such as EMG sensors and
motion capture markers. This adds up to a decrease in the
probability of utilisation and comfort of the operator [23]. In
contrast, the disc interface is not a wearable device and only
requires calibration for rotational precision. Thus, it meets
requirements R/ and R3, respectively.

The tele-impedance control method was evaluated during
uni-manual teleoperation but has the capacity to be used for
bi-manual teleoperation, due to a free secondary arm and
foot. Therefore, we strongly recommend further exploring
the influence of the interface design for bi-manual teleop-
eration regarding position and force tracking performance
and workload of the operator. The interface can also be
used for altering a stiffness ellipsoid rather than an ellipse,
where the interface can change the rotation and shape of the
ellipse in multiple 2D planes independently by switching
control modes via voice commands [13]. Furthermore, the
disc interface can be used for teaching methods [1] involving
variable stiffness transfer in multiple DoF.

2) Experiment results: The participants were able to
command the rotation of the stiffness ellipse relative to the
rotation of the environment in order to achieve an ideal
strategy for the task execution and environment. Design
objective O2 was achieved as participants were able to per-
form position and force tracking tasks in multiple directions
by dynamically adapting the stiffness ellipse to a changing
environment. In fact, Figs. 5 and 6 show that the ability
to adapt the stiffness ellipse improved the task performance
compared to constant stiffness settings. This is in line with
how the human central nervous system adapts the endpoint
stiffness ellipsoid of the arm based on the interaction with
unpredictable and unstructured environments [4], [5]. Fur-
thermore, it is consistent with results of dynamic adaptation
in other tele-impedance studies [1], [2].

During the “finding the hole” phase for both unilateral
and bilateral teleoperation, the disc interface allowed for a
significantly improved position tracking compared to low
uniform impedance mode, and a significantly improved force
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tracking compared to the high uniform impedance mode.
This suggests that tele-impedance control increases the in-
teraction performance between tool and environment and
improves tracking of a reference position for both teleopera-
tion settings in comparison with uniform impedance, which
confirms design objective O1.

During the insertion phase, the participants used the disc
interface to generate a low uniform impedance required
for the force tasks in the parallel and perpendicular in-
sertion direction. Since the end-effector was constrained
by the environment, high impedance was not desired [1].
During this phase, both the low uniform impedance and
the variable impedance modes performed significantly better
regarding force tracking in comparison with the high uniform
impedance mode during unilateral teleoperation. There was
no significant difference of the force tracking error in inser-
tion direction during bilateral teleoperation. This could be
due to the introduction of human arm stiffness dynamics by
force feedback [11]. The performance analysis confirmed our
design objective OI. This is especially true for the “finding
the hole” phase but not for the “drill insertion” phase due
to a similar performance between low uniform impedance
and variable impedance modes. Since drilling tasks consist
of two phases, we can confirm that our design objective O]
is true for the drilling task.

3) Subjective analysis: The subjective analysis by the
NASA-TLX did not show a significant statistical differ-
ence in overall effort between impedance control conditions,
which confirms the design objective O3. This can be ex-
plained by an increase in effort due to the use of the disc
interface but a decrease of effort by an easier task execution
due to the introduction of the variable stiffness. Furthermore,
participants experienced a statistically significant higher
workload during bilateral teleoperation in comparison with
unilateral teleoperation. This can be attributed to the force
feedback that requires exerting force at the master.

VII. CONCLUSION

We have developed and experimentally evaluated a novel
foot-operated disc interface for tele-impedance. By design,
the proposed interface is not restricted by foot range of
motion as current foot interfaces for classic teleoperation are.
The user study showed that the operator could effectively use
it to command various shapes and sizes of stiffness ellipsoid,
as required by the tasks in unpredictable environments.
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