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The Functional Rotational Workspace of a
Human-Robot System can be Influenced by
Adjusting the Telemanipulator Handle Orientation

Esther I. Zoller
and Georg Rauter

Abstract—The handle design of telemanipulation master
devices has not been extensively studied so far. However, the
master device handle is an integral part of the robotic system
through which the user interacts with the system. Previous work
showed that the size and shape of the functional rotational
workspace of the human-robot system and its usability are
influenced by the design of the master device handle. Still, in
certain situations, e.g., due to user preference, a specific grasp
type handle might be desired. Therefore, in this article, we
provide a systematic approach on how to assess and adjust the
functional rotational workspace of a human-robot system. We
investigated the functional rotational workspace with two
exemplary grasp type handles and two different mounting
orientations for each handle. The results showed that by adapting
the handle orientation in the home configuration of the
telemanipulator, the functional rotational workspace of the
human-robot system can be adjusted systematically to cover
more of the mechanical workspace of the master device. Finally,
we deduct recommendations on how to choose and adjust a
telemanipulator handle.

Index Terms—Human-robot interaction, telemanipulation,
human factors and ergonomics.

I. INTRODUCTION

ELEOPERATED surgical robots are becoming more and

more popular. In 2018, an estimate of more than one mil-
lion robotic surgeries had been performed worldwide with
da Vinci systems alone [1]. In these surgeries, the surgeon
controls the surgical instrument (slave) via a remote input
device (master). The spatial separation of the surgeon and the
instrument allows the master device motions to be processed
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before they are transferred to the slave. The master device
motions can, for example, be downscaled, thus allowing more
precise instrument motions than a human could perform [2].
Or, if the master moves into a previously defined forbidden
region, the master device motions can be completely ignored,
thereby preventing the slave from damaging delicate tissue [3].

However, the use of such robotic systems also bears many
challenges. Most of these systems do not provide haptic feedback
to the user [4], [5], meaning that the surgeons have to rely solely
on visual information. Also, the mechanical workspace of the
master device is limited and therefore often does not allow all
motions the user would like to perform. This is commonly
addressed by indexing, which allows the operator to decouple
the master device motion from the slave and reposition the mas-
ter device end-effector within its workspace [6]-[8]. While
indexing disrupts the workflow of the operator and can become
cumbersome [9], it has also been described to be very useful for
surgical teleoperation [7]. Other methods to overcome the lim-
ited workspace of the master device include scaling control,
ballistic control, rate control, drift control, or a combination
thereof [10]. However, when applied to rotational degrees of
freedom (DoF) of the master device, all of these methods lead to
a variable misalignment between the master and slave orienta-
tions. Such variable master-slave misalignment makes it difficult
for the operator to understand how master rotations map to slave
rotations [7]. Kim et al. [11] showed that task performance
decreases with increasing orientational master-slave misalign-
ment. It can be assumed that in addition to decreasing perfor-
mance, variable master-slave misalignment also increases the
cognitive workload of the operator, as they permanently have to
adapt to the changing master-slave misalignment. Thus, the
importance of a master device that allows the operator to perform
the necessary orientational motions without indexing seems evi-
dent, especially as Boessenkool et al. [12] found that in teleoper-
ated fine positioning tasks, the control of the tool orientation is
particularly difficult, even without master-slave misalignment.

A lot of effort has been invested in the development of high-
fidelity haptic master devices with a large rotational work-
space. The results include devices such as the Virtuose 6D
Desktop (Haption S.A., Soulgé-sur-Ouette, France) [13], the
Phantom Premium (3D Systems, Rock Hill, USA) [14], or the
sigma.7 (Force Dimension, Nyon, Switzerland) [15]. How-
ever, in a teleoperation setting, the human operator interacts with
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hemisphere approximating

translational workspace

adapter

Fig. 1. The lambda.6 haptic device. The delta structure is used to position the
end-effector, while the serial structure is responsible for the orientation of the
end-effector. Different handles can be mounted to the handle adapter. The
experimentally determined translational workspace (purple) encloses a hemi-
sphere (orange) with a radius of 150 mm.

the master device, and therefore its end-effector motion is not
only constrained by the device mechanics, but also by the func-
tional anatomy of the operator’s hand and wrist [16]. The design
of the master device handle influences the hand and finger posi-
tion during operation [17], which in turn influences the motion
capability of the wrist [18]. These anatomical constraints could
explain why surgeons do not rest their forearms on the provided
armrest during robot-assisted surgery about one third of the
time [19]. Instead, they lift their forearms to maneuver the master
device end-effector to poses otherwise not reachable. However,
due to ergonomic reasons, operators of robot-assisted surgical
systems should maintain their forearms resting comfortably on
the provided armrest in a neutral position [20], [21]. Taking this
ergonomic recommendation into account, we define the func-
tional rotational workspace of the human-robot system as the
intersection of the mechanical rotational workspace of the master
device and the anatomical rotational workspace of the operator’s
hand and wrist with a given grasp type and a weight-supported
arm posture. We believe that such a task-independent handle
property allows a more informed choice of handle candidates for
both multi-task and task-specific teleoperation settings. For the
scope of this work, we consider the functional rotational work-
space of the human-robot system with one specific weight-sup-
ported arm posture, namely with the forearm strapped to an
armrest in a horizontal posture.

In a previous study, we assessed the functional rotational
workspace of nine different grasp type handles and showed
that it is critically influenced by the design of the master
device handle [22]. While the results indicated that for certain
grasp type handles, the mechanical rotational workspace of
the master device and the anatomical rotational workspace of
the operator’s hand and wrist were not concentric, they did not
reveal to what extent this was due to the grasp type or the
home wrist configuration. Thus, for these grasp type handles,
the functional rotational workspace of the human-robot system
could potentially be increased by improving the alignment of
the mechanical rotational workspace of the master device with
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TABLE
JOINT LIMITS OF THE LAMBDA.6 DEVICE AND LOCATION
OF SOFTWARE FEATURES TO PROTECT THE DEVICE

Joint Mechanical limits  Virtual walls Visual warnings
Delta CB5°/ +89°  —45°/ +80° —52.5°/ +87.5°
joints

Yaw (1)) -83°/ +79° +75° +77.5°
Pitch (6) -69°/ +72° +65° +67.5°
Roll (p) —144°/ +150° +140° +142.5°

the anatomical rotational workspace of the operator’s hand
and wrist. Improved workspace alignment could be achieved
by either adjusting the mounting orientation of the grasp type
handles or by rotating the whole master device.

To verify this hypothesis, we investigate whether systemati-
cally adjusting the mounting orientation of specific grasp type
handles allows increasing the functional rotational workspace
of the human-robot system. The investigations were carried out
on two exemplary grasp type handles for two different mount-
ing orientations. In addition, we explore the usability of the dif-
ferent grasp type handles to assess if an adjustment of the
handle mounting orientation also affects the handle usability.

In Section II, the experimental setup is described. Section III
presents a summary of the previously published functional
rotational workspace assessment study. The functional rotational
workspace adjustment study is described in detail in Section IV,
followed by a discussion in Section V and conclusions in
Section VL.

II. EXPERIMENTAL SETUP
A. Haptic Input Device

We used a customized, handleless, six DoF lambda.6 haptic
device (Force Dimension, Nyon, Switzerland), which was
designed for use with the right hand (see Fig. 1). At the end-
effector of the lambda.6 device, an adapter allows for easy
mounting of different handles. The device’s translational
workspace has been determined experimentally and encloses a
hemisphere with a radius of 150 mm (see Fig. 1). The experi-
mentally determined joint limits of the haptic device are pro-
vided in Table 1.

B. Functional Rotational Workspace Evaluation System

To assess the functional rotational workspace of the human-
robot system with each handle, we built a custom application
using CHAI3D [23] and the Force Dimension SDK (version
3.7.3.3210). The application’s core was a virtual environment
with a static hemisphere and a capsule whose position was
fixed at the center of the hemisphere (see Fig. 2). A black line
exiting from the capsule’s tip was used as a laser pointer, indi-
cating where the capsule’s longitudinal axis collided with the
hemisphere surface. The capsule’s orientation was controlled
by the orientation of the lambda.6 end-effector through a
direct mapping. To protect the device from any damage by the
user, virtual walls were implemented before reaching the
mechanical joint limits of the device. In addition, visual
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Fig. 2. System setup: The participant is seated in front of the lambda.6 haptic
device with the right forearm strapped to the armrest, thus fixing the wrist
position relative to the device. The extreme wrist orientation (high pitch and
yaw angles of the end-effector) was chosen for visualization purposes such
that the grasp type is clearly visible. The virtual environment is displayed on a
screen placed behind the lambda.6. The violet area of the hemisphere marks
the pitch/yaw workspace of the lambda.6 that the participant is trying to color.
The square at the top right shows a close-up of the area the end-effector is cur-
rently pointing at.

warnings were added to the virtual environment to let the user
know that the device end-effector is approaching the mechanical
workspace boundaries. The location of the virtual walls and
visual warnings is provided in Table I. The virtual walls were
constructed as spring/damper systems whose characteristics are
displayed in Table II. The border of the mechanical pitch/yaw
workspace, i.e., where the virtual walls were placed, was visual-
ized with a black line on the inner surface of the hemisphere.
The mechanical pitch/yaw workspace was colored violet and the
area outside the border grey. To interact with the virtual environ-
ment, the user was seated in front of the lambda.6 in a seating
posture of their own choice. The right forearm of the user was
aligned with the roll axis of the device in its home configuration
to achieve optimal wrist dexterity. The forearm of the user was
strapped to the armrest such that the wrist position relative to the
device was fixed. This was necessary to create controlled experi-
mental conditions, but it also ensured an ergonomic, weight-sup-
ported forearm posture. The pro-/supination of the forearm was
not restricted (see Fig. 2).

Upon the start of the application, the lambda.6 was gravity
compensated, and the user was asked to move the device handle
(and thus the capsule in the virtual environment) to a neutral,
i.e., 0°, pitch and yaw orientation. Once this orientation was
reached, the functional pitch/yaw assessment started. The inner
surface of the hemisphere was colored wherever the laser
pointer collided with it (see Fig. 2). Using only the motion
allowed by the hand and wrist, the user tried to color as much
of the virtual hemisphere as possible, thereby exploring
the pitch/yaw workspace of the lambda.6. During this phase,
the application recorded in the background which of nine dis-
crete pitch/yaw configurations spread on the hemisphere sur-
face were reached. These discrete pitch/yaw configurations
were at 5° from the virtual walls as well as at the neutral angle
(0°) on both the pitch and yaw axes, resulting in a total of nine

TABLE I
CHARACTERISTICS OF THE VIRTUAL WALLS IMPLEMENTED
BEFORE THE DEVICE JOINT LIMITS

Delta joints  Yaw  Pitch  Roll

Stiffness [Nm/rad] 6.0 4.0 4.0 3.0
Damping [Nm/ (rad/s)] 0.06 0.04 0.04 0.03

roll assessment points Fyy. Whenever the user decided that
they could not reach any further pitch/yaw configurations, the
application could be switched to the functional roll workspace
assessment by the experimenter using a foot pedal.

A new scene appeared on the screen where a study-
dependent selection of the nine discrete pitch/yaw configura-
tions was shown on the hemisphere surface. These pitch/yaw
configurations were used for the assessment of the functional
roll workspace. The user was asked to move to one of these
pitch/yaw configurations. Once there, the lambda.6 held its
end-effector at the respective pitch/yaw configuration using a
spring/damper system with the same characteristics as the vir-
tual walls at the boundaries of the pitch and yaw workspace
(see Table II). The rotation around the roll axis of the device
and all translational DoF were free. The user was asked to
explore the roll range that they could reach at the respective
pitch/yaw configuration by rotating the handle around the axis
of the last serial link of the device. The color of the roll assess-
ment point changed with the range of reached roll angles.
Whenever the user decided that they could not reach any addi-
tional roll angles at the given pitch/yaw configuration, the
application could be switched to the next pitch/yaw configura-
tion by the experimenter using a foot pedal.

During both the pitch/yaw and roll workspace assessments,
the application recorded the following device data: end-effec-
tor position, end-effector rotation, and the forces and torques
applied by the device on the end-effector. In addition, at the
end of both the pitch/yaw and roll workspace assessments, the
texture map of the virtual hemisphere was saved.

III. FUNCTIONAL ROTATIONAL
WORKSPACE ASSESSMENT STUDY

This section consists of a summary of a previously pub-
lished study [22], where we evaluated the functional rotational
workspace of a human-robot system with the forearm strapped
to an armrest in a horizontal posture for different grasp type
handles. It presents the basis for the functional rotational
workspace adjustment study presented in Section IV.

A. Summary of Design and Procedure

The functional rotational workspace for the lambda.6 was
assessed with the following nine different grasp type handles:
power disk, quadpod, power sphere, tripod, precision disk,
parallel extension, fixed hook, writing tripod, and adducted
thumb. These handles cover a selection of the 33 grasp types
described in [24], which we considered being appropriate for
six DoF telemanipulation tasks with the lambda.6 haptic
device [25]. Each of the nine participants performed the
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Fig. 3. Functional pitch/yaw workspace (within the virtual wall limits set to protect the device) of the nine participants with a fixed horizontal forearm posture

for each of the nine grasp type handles. The workspace color indicates the number of participants that reached a certain pitch/yaw configuration. In addition, the
center of mass of the functional pitch/yaw workspace that was reached by all nine participants, Cyy, is indicated by the orange circles. The overlayed pictures

depict the investigated handles and the corresponding grasp type.

functional rotational workspace assessment experiments with
all nine handles using the application described in Section II-B,
with their forearm strapped to the armrest in a horizontal pos-
ture. For the roll workspace assessment, only the points 4y, at
pitch/yaw configurations that the participant reached during the
coloring phase were displayed.

B. Summary of Results

The pitch/yaw workspace that was reached by all partici-
pants with a fixed horizontal forearm posture was dependent
on the grasp type handle (see Fig. 3). While the pitch/yaw
workspace reached by all participants covered more than 90%
of the mechanical pitch/yaw workspace of the lambda.6 with
certain handles (e.g., the fixed hook and quadpod grasp han-
dles), it covered only about half of the mechanical pitch/yaw
workspace of the lambda.6 with other handles (e.g., the power
disk and power sphere grasp handles).

The roll workspace that was reached by all participants with
a fixed horizontal forearm posture was also dependent on the

grasp type handle (see Fig. 4). For some handles, such as the
fixed hook and adducted thumb grasp handles, the roll work-
space reached by all participants was relatively symmetric
around 0° roll, while for others, such as the precision disk
grasp handle, it was completely in the negative range of the
mechanical roll workspace for several roll assessment points.

IV. FUNCTIONAL ROTATIONAL WORKSPACE
ADJUSTMENT STUDY

A. Rationale

In the pre-study described in Section III, some of the tested
handles showed a functional rotational workspace with a fixed
horizontal forearm posture that was clearly off-centered in the
mechanical rotational workspace of the haptic device (see
Fig. 3). For example, the power disk, power sphere, tripod,
parallel extension, and writing tripod grasp handles all
showed a functional pitch/yaw workspace extending to the
mechanical workspace boundary in the positive yaw direction,
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Fig. 4. Functional roll workspace of the nine participants with a fixed horizontal forearm posture at all nine discrete roll assessment points Fyy, spread in the
pitch/yaw workspace for each of the nine grasp type handles. The colored circle sectors depict the device roll workspace ranging from — 140° to 140°. At these
limits, the virtual walls for the roll axis were placed. The color indicates the number of participants that reached a certain roll configuration. In addition, the cen-
ter of the functional roll workspace that was reached by all nine participants, C, p,, , is visualized by the light orange ticks for each of the nine roll assessment
points. No light orange tick means that no roll configuration was reached by all participants. The dark orange tick at the center of the central circle sector depicts
the weighted average center of the functional roll workspace that was reached by all nine participants, C,.

while the mechanical workspace boundary in the negative yaw
direction was hardly reached.

Furthermore, the power disk, quadpod, power sphere, tripod,
precision disk, and parallel extension grasp handles showed a
functional roll workspace extending to the mechanical work-
space boundary in the negative roll direction for some roll
assessment points, while the mechanical workspace boundary
in the positive roll direction was hardly reached (see Fig. 4).

These results suggest that the overlap of the anatomical
workspace of the human hand/wrist and the mechanical work-
space of the lambda.6 was not optimal for the above-men-
tioned handles. However, surgeons prefer working with
instrument handles they are most familiar with [26], which
might well be handles that did not show a large or centered
functional rotational workspace with a fixed horizontal fore-
arm posture. Therefore, we conducted a second study where
we investigated whether we can systematically adjust the
overlap of the anatomical workspace of the human hand/wrist
and the mechanical workspace of the lambda.6 for two

exemplary grasp type handles. The following hypotheses were
to be tested:

H1: Systematically adjusting the pitch/yaw mounting orien-
tation of a grasp type handle with an off-center func-
tional pitch/yaw workspace increases the functional
pitch/yaw workspace of that handle.

H2: Systematically adjusting the roll mounting orientation
of a grasp type handle with an off-center functional roll
workspace increases the functional roll workspace of
that handle.

Additionally, we investigated whether an adjustment of the
pitch/yaw mounting orientation of a handle led to a change
in the functional roll workspace of that handle and vice
versa. Whether the performed adjustments led to a change
in the computed pitch/yaw and roll workspace center off-
sets was analyzed as well. Last but not least, we also
assessed whether an adjustment of the mounting orienta-
tion of a handle led to a difference in the usability of that
handle.
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TABLE III
FUNCTIONAL WORKSPACE CENTER OFFSET FROM THE CENTER OF THE
MECHANICAL WORKSPACE OF THE LAMBDA.6 FOR ALL NINE GRASP TYPE
HANDLES IN BOTH THE PITCH/Y AW (Cy/y,) AND ROLL (C);) SPACE AS WELL AS
THE WEIGHTED AVERAGE ROLL WORKSPACE RANGE
THAT WAS REACHED BY ALL PARTICIPANTS (R/,)

Handle Cory I Coyy (- ®
[°] [°] [°] [°]
Power Disk (-0.5,27.2) 27.2 -65.2 404
Quadpod (0.1,-0.6) 0.6 -48.6 753
Power Sphere ( 1.4,30.8) 30.8 -67.3 415
Tripod (-0.8,11.1) 11.2 -58.8  56.8
Precision Disk (-4.5, 7.9) 9.1 -76.3  64.7
Parallel Extension  (-0.3,23.0) 23.0 -14.7  84.0
Fixed Hook (09,-1.7) 1.9 56 682
Writing Tripod (1.1,25.8) 25.8 -3.7  39.6
Adducted Thumb (11.2,-7.2) 13.3 44 64.6

B. Design & Procedure

The exemplary grasp type handles for this study were cho-
sen based on the results from the pre-study. We wanted to
select handles that already performed well but had a consider-
able offset for the center of the functional rotational work-
space with a fixed horizontal forearm posture compared to the
center of the rotational workspace of the device. Such an off-
set indicates a potential for further improvement of the func-
tional rotational workspace size.

To investigate whether we could systematically adjust the
functional pitch/yaw workspace to be larger and more centered
in the mechanical pitch/yaw workspace of the lambda.6, we
had to select an exemplary grasp type handle where the func-
tional pitch/yaw workspace was not centered in the mechanical
pitch/yaw workspace of the lambda.6. Therefore, we calculated
the center of mass of the functional pitch/yaw workspace, Cy,,
on the recorded texture maps of the pre-study for all grasp type
handles (see Fig. 3). The three handles with the highest pitch/
yaw workspace center offset were the power sphere, the power
disk, and the writing tripod grasp handles (see Table III). We
chose the writing tripod grasp handle (Pen) because the writing
tripod grasp handle showed a higher mean usability score than
the other two handles (60.22 / 100 for the writing tripod grasp
handle versus 49.43 / 100 and 39.13 / 100 for the power disk
and power sphere grasp handles) [22].

From the data of the pre-study, we calculated the roll range
reached by all participants, Ry, p, , , for each roll assessment point
FPyy. Subsequently, we calculated how much the center of
Ry,p,,» Cy,py,» deviated from 0° roll. This was done for each roll
assessment point F, and each grasp type handle (see Fig. 4).
We consider a roll workspace that is symmetric around 0° more
important in the center of the pitch/yaw workspace than at its
borders. Thus, we computed the weighted average roll work-
space center that was reached by all participants, aﬂ, using a dis-
crete approximation of a 3 x 3 Gaussian blur kernel (see Fig. 4):

6 _ 29 Zx// (welﬁ'ctp,ng,)
0 = )

<y

ey
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where wgy, are the weights of the Gaussian blur kernel:

1 21
Wey = 2 4 2 s (2)
1 21
Co.p, , are the centers of the roll range reached by all partici-

pants for each roll assessment point Py, and g, is the nor-
malizing factor:

e, = 29: %:wm,, ¥ 6, ¥ where Ryp,, > 0. (3)

The three handles with the highest offset of the weighted aver-
age workspace center aa were the power disk, the power
sphere, and the precision disk grasp handles (see Table III).
To choose one of these handles for this study, we also com-
puted the weighted average roll workspace range that was
reached by all participants, R,. Again, we used a discrete
approximation of a 3 x 3 Gaussian blur kernel for the weight-

ing of the different roll assessment points:

= 26 Z¢ (U’OV/R%PW,)
R«; == 9

Ry

“

where wyy, are the weights of the Gaussian blur kernel (see
Eq. 2), Ry p,, are the roll ranges reached by all participants
for each roll assessment point Fyy, and ‘R, is a normalizing
factor:

)

CEW = ;;w&lr

We chose the precision disk grasp handle (Wheel) to investi-
gate whether we could systematically adjust the functional
roll workspace to be larger and more centered in the mechani-
cal roll workspace of the lambda.6, because }_E,,, was consider-
ably higher for the precision disk grasp handle than for the
power disk and power sphere grasp handles (see Table III).

To investigate whether a systematic adjustment of the
overlap between the anatomical workspace of the human
hand/wrist and the mechanical workspace of the lambda.6 is
possible for the two selected grasp type handles, we designed
a pitch/yaw adjusted writing tripod grasp handle (AdjPen) and
a roll adjusted precision disk grasp handle (AdjWheel). For
the AdjPen we took the same handle shape as for the Pen but
attached it to the mounting adapter of the lambda.6 with a
pitch and yaw rotation of 1.1° and 25.8°, respectively (see
Fig. 5). Analogously, the AdjWheel was created using the
same handle shape as for the Wheel, but attaching it to
the mounting adapter for the lambda.6 with a roll rotation of
—76.3° (see Fig. 5). These rotations correspond to the com-
puted workspace center offsets of the Pen and Wheel.

Thus, the handles of interest for this study were the Pen, the
AdjPen, the Wheel, and the AdjWheel (see Fig. 5). The study
had a cross-over (within-subjects) design with the handle as
the only independent variable.
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Fig. 5.
adjustment study (left to right): original writing tripod grasp handle (Pen),
pitch/yaw adjusted writing tripod grasp handle (AdjPen), original precision
disk grasp handle (Wheel), and roll adjusted precision disk grasp handle
(AdjWheel).

The four handles investigated in the functional rotational workspace

C. Protocol

Before starting the functional rotational workspace assess-
ment with any given handle, the participant was shown an
instructional video that explained how the handle should be
grasped for the following trial. The functional rotational work-
space of the human-robot system was then assessed with the
different handles using the workspace evaluation system
described in Section II-B. Only the right hand of the participant
was examined as both the device and the handles were designed
for use with the right hand. The forearm of the participant was
strapped to the armrest to achieve controlled experimental con-
ditions. The experimenter continuously observed the grasp
type of the participant and instructed the participant to restore
the instructed grasp type when necessary. At the end of the
experiments with any given handle, the participant was asked
to fill out a custom questionnaire (see supplemental material).

For the roll workspace assessment, all nine roll assessment
points were displayed. The participants were required to move
to the roll assessment points located at pitch/yaw configurations
they reached during the coloring part of the experiment. They
were also asked to try to reach the other roll assessment points
but were allowed to skip them if they could not reach them.

To get familiar with the experimental procedure, each par-
ticipant first conducted the experiments once with a training
handle (distal type grasp). Subsequently, the experiments
were conducted with the four test handles. To account for
learning and fatigue effects, the order of the handles was ran-
domized using a 4™ order row-complete Latin square. The
experiments were conducted five times per participant (once
with the training handle and four times with the test handles),
and the whole experimental session took approximately
75 minutes per participant.

D. Participants

Twenty-one healthy, right-handed participants (nine
females, age 23 to 35 years, mean age 27.4 years) volunteered
to participate in this study. All participants had normal or cor-
rected to normal vision and did not report any recent injury or
other disorders of the right upper extremity. Six of the

participants already participated in the pre-study. Other than
this, the participants did not have prior experience with haptic
telemanipulators. The participants were recruited from the
Department of Biomedical Engineering of the University of
Basel (students and researchers) and the general public. The
study was conducted according to the declaration of Helsinki
and the law of Switzerland and has been approved by the
responsible ethics commission (EKNZ 2018-01992). Written
informed consent was obtained from all participants.

One participant had to be excluded from the analysis, as dur-
ing one of the roll assessments, he let go of the handle
completely. The resulting uncontrolled handle motion gener-
ated invalid data for this handle. This participant had been
replaced with the 21 participant to guarantee that the total
number of participants was a multiple of four which is required
for a Latin square randomization with four conditions.

E. Data Analysis

The data collected with the training handle was not used for
the data analysis. From the texture maps generated during the
drawing experiment, we computed the area in the pitch/yaw
configuration space that was reached by each participant. This
data was then used to compute the number of participants that
could reach any of the pitch/yaw configurations in the
mechanical workspace of the device. This data was then used
to compute the pitch/yaw workspace percentage that was
reached by all participants.

The reached roll range at each of the nine roll assessment
points was computed from the logged device data for each par-
ticipant. The percentage of the roll workspace that was
reached by all participants and each individual participant was
then computed for each roll assessment point. Finally, the
weighted average roll workspace percentage over all nine roll
assessment points was computed for the roll workspace
reached by all participants as well as for the individual partici-
pants. As for the data from the pre-study, we calculated the
offsets of the pitch/yaw and roll workspace centers, Cpy, and
ap, for the different handles (see Section IV-B for details).

For the usability analysis of the different handles, only those
questions of the questionnaire targeting the system usability
were used (see supplemental material). These questions
addressed the system usability in terms of ease of use, intui-
tiveness, and comfort. The scores of the individual questions
were averaged over all nine relevant questions for each partic-
ipant and handle, resulting in a single usability score between
0 and 100 for each participant and handle.

For the statistical analysis of the data, we used nonparametric
methods, as recommended for small sample sizes [27]. An
alpha level of .05 was used. To test whether the functional
pitch/yaw workspace was larger with the AdjPen than with the
Pen, we conducted a right-tailed Wilcoxon signed-rank test. To
evaluate whether there was a change in the weighted average
functional roll workspace size between the Pen and the AdjPen,
we conducted a two-sided Wilcoxon signed-rank test. Simi-
larly, we used a right-tailed Wilcoxon signed-rank test to evalu-
ate whether the weighted average functional roll workspace
was larger with the AdjWheel than with the Wheel. To evaluate
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Fig. 6. Functional rotational workspace (within the virtual wall limits set to protect the device) of the participants with a fixed horizontal forearm posture for the
original writing tripod grasp handle (Pen) and pitch/yaw adjusted writing tripod grasp handle (AdjPen). The workspace color indicates the number of partici-
pants that reached a certain orientational configuration. The orange circles depict the center of mass of the functional pitch/yaw workspace that was reached by

all participants, Cy/y. The center of the functional roll workspace that was reached by all participants, Cy,

Py » 18 visualized by the light orange ticks for each of

the nine roll assessment points I%y. No light orange tick means that no roll configuration was reached by all participants. The dark orange tick at the center of the
central circle sector depicts the weighted average center of the functional roll workspace that was reached by all participants, C In the leftmost column, the data

from the pre-study is visualized for comparison.

whether there was a change in the functional pitch/yaw work-
space size between the Wheel and the AdjWheel, we conducted
a two-sided Wilcoxon signed-rank test. To test whether the par-
ticipants’ center of mass of the functional pitch/yaw workspace
was closer to the pitch/yaw center of mass of the device work-
space with the AdjPen than with the Pen, we conducted a left-
tailed Wilcoxon signed-rank test. To evaluate whether there
was a change in the weighted average functional roll workspace
centers between the Pen and the AdjPen, we conducted a two-
sided Wilcoxon signed-rank test. Similarly, we used a left-
tailed Wilcoxon signed-rank test to evaluate whether the
weighted average functional roll workspace centers were closer
to the mechanical roll workspace center of the device with the
AdjWheel than with the Wheel. To evaluate whether there was
a change in the offset of the functional pitch/yaw workspace
center of mass from the device workspace center of mass
between the Wheel and the AdjWheel, we conducted a two-
sided Wilcoxon signed-rank test. Two-sided Wilcoxon signed-
rank tests were performed to evaluate whether the usability
scores of the AdjPen and the AdjWheel were different from the
ones of the Pen and Wheel, respectively.

F. Results

1) Pitch/Yaw Adjustment: The functional rotational work-
spaces with a fixed horizontal forearm posture for the Pen and
AdjPen are shown in Fig. 6. The functional pitch/yaw workspace
of the individual participants with the AdjPen was significantly
larger than with the Pen, (Z = 3.901,p < .001, see Fig. 7).

Pitch / Yaw  Weighted Average
‘Workspace Roll Workspace Usability
% T T 1 T T T T
< 100F — | — 4100
g 90} O-ge @ ! o — d90 o
g o 3
& sof ! = 480 8
s. 2
g 70F o B . 70
g I e
g 6o ) 1% =
5 s0f 50 g
E ! o ° 8
o 40F | 440 P
2 30}  © o 430
o o
a 20f rem—_ _° . L q20
Pen AdjPen Pen AdjPen Pen AdjPen
Fig. 7. Functional rotational workspace with a fixed horizontal forearm posture

as percentage of the mechanical device workspace and usability scores for the
original writing tripod grasp handle (Pen) and the pitch/yaw adjusted writing
tripod grasp handle (AdjPen). The central mark on each box indicates the median
and the bottom and top edges of the boxes designate the 25" (¢1) and 75" (¢3) per-
centiles, respectively. The whiskers extend to the most extreme data points not
considered outliers. Data points greater than g3 + 1.5 X (g3 — ¢1) or less than
¢ — 1.5 % (g3 — q1) are considered outliers. The individual data points are
shown as circles on top of the box plots. Each color represents the data from one
participant. Significant differences (p < .001) between the Pen and AdjPen are
indicated with ***. A comparison without significant difference (p > .05) is indi-
cated with n.s.

The weighted average functional roll workspace range of the
individual participants was not significantly different between
the Pen and the AdjPen, (Z = 0.933, p = .351). However,
the weighted average functional roll workspace range that was
reached by all participants changed from R, p., = 48.8° to
Rﬂ’ Adjpen = 24.5°. The offset of the functional pitch/yaw
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Fig. 8. Functional rotational workspace (within the virtual wall limits set to protect the device) of the participants with a fixed horizontal forearm posture for the

original precision disk grasp handle (Wheel) and roll adjusted precision disk grasp handle (AdjWheel). The workspace color indicates the number of participants
that reached a certain orientational configuration. The center of the functional roll workspace that was reached by all participants, Cy,p,,,, is visualized by the light
orange ticks for each of the nine roll assessment points /%y. No light orange tick means that no roll configuration was reached by all participants. The dark orange
tick at the center of the central circle sector depicts the weighted average center of the functional roll workspace that was reached by all participants, C,. The orange
circles depict the center of mass of the functional pitch/yaw workspace that was reached by all participants, Cy/,,. In the leftmost column, the data from the pre-

study is visualized for comparison.

workspace center reached by all participants from the center of
the mechanical pitch/yaw workspace of the lambda.6 decreased:
1Coppenll = 21.2°, ||Cyy adjpen|l = 8.8° (see Fig. 6). Such an
offset decrease was also observed at the individual participant
level (Z = —3.901,p < .001). The weighted average func-
tional roll workspace center reached by all participants changed
from Cy, pon, = —17.9° t0 Cy adjpen = 12.5°. The magnitude of
the weighted average functional roll workspace center offset
was not significantly different between the Pen and AdjPen at
the individual participant level (Z = —0.523, p = .601).
However, closer inspection of the data revealed a significant
change in the location of the weighted average functional roll
workspace center between the Pen and the AdjPen at the individ-
ual participant level (Z = 3.659, p < .001). A significant
difference was found in the usability scores between the Pen and
the AdjPen (Z = 3.323, p < .001). Closer inspection of the
usability scores showed that the usability increased for the
AdjPen compared to the Pen (see Fig. 7).

2) Roll Adjustment: The functional rotational workspaces
with a fixed horizontal forearm posture for the Wheel and
AdjWheel are shown in Fig. 8. The weighted average func-
tional roll workspace range of the individual participants was
significantly larger with the AdjWheel than with the Wheel,
Z 3.491, p < .001, see Fig. 9). However, the weighted
average functional roll workspace range that was reached by
all participants changed only from Rp,Wheel =56.0° to
Rﬂ‘ Adjwheet = 59.3°. The functional pitch/yaw workspace size
of the individual participants was not significantly different
between the Wheel and the AdjWheel, (Z = 0.784,
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Fig. 9. Functional rotational workspace with a fixed horizontal forearm pos-
ture as percentage of the mechanical device workspace and usability scores
for the original precision disk grasp handle (Wheel) and the roll adjusted pre-
cision disk grasp handle (AdjWheel). The central mark on each box indicates
the median and the bottom and top edges of the boxes designate the 25™ (¢;)
and 75™ (g3) percentiles, respectively. The whiskers extend to the most
extreme data points not considered outliers. Data points greater than g3 +
1.5 x (g3 — q1) or less than ¢; — 1.5 x (g3 — ¢1) are considered outliers. The
individual data points are shown as circles on top of the box plots. Each color rep-
resents the data from one participant. Significant differences between the Wheel
and AdjWheel are indicated with *** (p < .001) and * (p < .05). A comparison
without significant difference (p > .05) is indicated with n.s.

p = .433). The offset of the weighted average functional roll
workspace center reached by all participants from 0° roll
decreased: ap?WhEd = —69.1°, ap, Adjwheel = —20.0°  (see
Fig. 8). Such an offset decrease was also observed at the indi-
vidual participant level (Z = —3.901, p < .001). The offset
of the functional pitch/yaw workspace center reached by all
participants from the center of the mechanical pitch/yaw
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workspace of the lambda.6 changed slightly: [|Cy/y whea|ll =
9.7°, ||Coy,adjwneall = 12.3°. The offset of the functional
pitch/yaw workspace center of the AdjWheel was not signifi-
cantly different from the one of the Wheel at the individual
participant level (Z = —0.635, p = .526). A significant dif-
ference was found in the usability scores between the Wheel
and the AdjWheel (Z = 1.979, p = .048). Closer inspection of
the usability scores showed that the usability increased for the
AdjWheel compared to the Wheel (see Fig. 9).

V. DISCUSSION

Extending the work presented in [22], this study provides
insights on how the grasp type and mounting orientation of a
telemanipulator handle influence the telemanipulator’s func-
tional rotational workspace with a fixed horizontal forearm
posture. We hypothesized that by systematically adjusting the
mounting orientation of a grasp type handle with either an off-
center functional pitch/yaw workspace or an off-center func-
tional roll workspace, the functional rotational workspace
with the respective grasp type handle can be increased. These
hypotheses have been confirmed for two exemplary grasp type
handles by the experiments described in this work. Not only
was the workspace that all participants could reach more cen-
tered in the mechanical workspace of the device after the
adjustment, the same was observed for the workspaces of the
individual participants as well.

While previous work focused on subjective ratings of dif-
ferent handle concepts that also allow for the control of a sev-
enth trigger DoF [28], we quantitatively assessed the
functional rotational workspace with a fixed horizontal fore-
arm posture for different grasp type handles and their mount-
ing orientation using a six DoF telemanipulator. Our results
suggest that both the grasp type and mounting orientation of a
telemanipulator handle influence the telemanipulator’s func-
tional rotational workspace. In a first study, we observed a
relation between the functional rotational workspace of differ-
ent grasp type handles and the wrist configuration when hold-
ing the handles in the home configuration of the device [22].
However, the results from that study gave no insight into
whether the grasp type or the home wrist configuration was
the limiting factor. Thus, we conducted a second study where
the functional rotational workspace of two exemplary grasp
type handles was assessed with different mounting orienta-
tions. The AdjPen was grasped with less forearm pronation
and less dorsal flexion of the wrist in the home configuration
compared to the Pen. This led to a better reachability of nega-
tive yaw angles. On the other hand, the AdjWheel was grasped
with less forearm pronation in the home configuration than the
Wheel, which improved the reachability of positive roll angles.
These results suggest that the home orientation of the telema-
nipulator handle is an important factor for the functional rota-
tional workspace of a human-robot system.

Adjusting the pitch/yaw mounting orientation of the writing
tripod grasp handle did not lead to a significant change in the
functional roll workspace range at the individual participant
level. However, this result has to be interpreted with care, as
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the weighted average functional roll workspace range reached
by all participants was clearly decreased for the AdjPen com-
pared to the Pen. In case a large functional roll workspace is
needed for a given application, the pitch/yaw mounting orien-
tation of the telemanipulator might still be of importance. We
also did not find a significant change in the size of the func-
tional pitch/yaw workspace that each individual participant
could reach when the roll mounting orientation of the preci-
sion disk grasp handle was adjusted.

Compared to the pre-study, the workspaces observed in this
study with the Pen and Wheel were very similar. However, the
pitch/yaw workspace that could be reached by all participants
with the Pen extended further into negative yaw. A closer
inspection of the data revealed that in the pre-study, there was
one participant that reached less into the negative yaw direc-
tion than all other participants. Ignoring this one outlier, the
workspace assessment seems to yield robust results. We thus
conclude that instead of using the workspace that all partici-
pants could reach for the adjustment of the handle orientation,
it might have been more representative to use the workspace
that a large majority could reach.

Surprisingly, the mounting orientation of the two investi-
gated grasp type handles showed an influence on the usability
of the handles. A possible explanation for this observation
could be that the adjusted mounting orientation of the two
investigated grasp type handles improved the ergonomics of
the system and thus led to higher usability scores.

Our results suggest that a large functional rotational work-
space with a fixed horizontal forearm posture for a telemanipula-
tor with a symmetric yaw/pitch/roll workspace can be obtained if
the handle is mounted in a telemanipulator home configuration
such that there is no dorsal wrist flexion and the user’s forearm is
in a neutral pro-/supination configuration. This is in accordance
with previous findings on ergonomics for workplaces [20] and
hand tools [29]. It thus seems that designing haptic telemanipula-
tors according to ergonomic recommendations is not only rele-
vant to prevent musculoskeletal disorders, but also to increase
the functional rotational workspace of the human-robot system
as well as its usability. However, our data is not sufficient to state
whether such a home configuration would maximize the func-
tional rotational workspace for any given handle and arm pos-
ture. Especially, we only performed the workspace adjustment
experiments with precision grip handles and in an ergonomic
posture with a fixed horizontal forearm posture. It thus remains
unknown if our findings also apply to power grip handles or con-
siderably different arm postures.

In real teleoperation settings, the master device is mostly
used to control a specific tool at the slave side. Usually, the han-
dle is mounted such that it is grasped in the same orientation as
the slave tool would be grasped. The original handles assessed
in [22] were developed for a slave tool whose longitudinal axis
corresponds to the x-axis of the lambda.6 haptic device (see
Fig. 1). Besides, for tools having a predominant roll orientation,
such as the cutting edge of a scalpel, it was assumed to point in
the negative z-direction. Changing the mounting orientation of
the master device handle would mean that either this handle-
tool-alignment would not uphold or that the slave device would
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have to be rotated with respect to the master device. According
to previous findings, humans can adapt to a constant handle-
tool-misalignment of up to 20 — 30° without any negative
effects on teleoperation performance [11]. Unlike applying
workspace spanning techniques to orientational DoF, a handle-
tool-misalignment introduced by a different mounting of the
telemanipulator handle would be constant. While variable han-
dle-tool-misalignment has been found to be confusing for the
operator [7], constant handle-tool-misalignments are common
also for real tools: while normal scissors have the handle
aligned with the cutting edge, bandage scissors typically come
with a constant handle offset of around 30°. We thus expect
that choosing the telemanipulator handle orientation based on
the resulting functional rotational workspace of the human-
robot system is feasible for most teleoperation settings. How-
ever, whether this approach would increase the functional rota-
tional workspace of the master device without any limitations
on the intuitiveness of the system and the required mechanical
workspace of the slave device for a specific teleoperation set-
ting cannot be guaranteed.

The goal of this study was to assess if the overlap of two lim-
ited workspaces (of the haptic device and the human hand and
wrist) can be increased by adjusting the mounting orientation of
the device handle. Most haptic devices have a limited workspace
due to a trade-off between different requirements, such as work-
space, stiffness, force feedback, or cost. If the haptic device does
not allow to measure the complete anatomical workspace of the
human hand and wrist with a given grasp type, several iterations
may be needed to maximize the overlap of the two workspaces.
In our experiments the lambda.6 device was workspace-limiting.
Nevertheless, we have observed satisfying overlap with a single
iteration and would expect that for most workspace-limiting
haptic devices a few iterations would be sufficient as well.

For this study, the participants’ right forearms were strapped
to the armrest. This was necessary to compare the functional
rotational workspace allowed by the human hand and wrist
between different handles. The strapping did not completely fix
the user’s forearm pose, but allowed slight motion. However,
in a real surgical setting, the operator is free to move their arms
while being provided with the opportunity to rest their forearms
on an armrest. It is likely that without a forearm fixation, the
user would simply adjust their movements and posture to the
device, which would lead to a larger functional rotational work-
space as reported here. However, lifting the forearms from the
provided armrest has been identified as a prevalent ergonomic
issue in robot-assisted surgery [19]. Ergonomic guidelines sug-
gest that robot-assisted surgical systems should allow users to
maintain their forearms resting comfortably on the provided
armrest in a neutral position [20], [21]. Thus, by strapping the
participants’ forearms we measured the functional rotational
workspace of the human-robot system that can be achieved
with an ergonomic upper body and arm posture.

Based on the herein presented work, first recommendations
for a systematic approach to choose and adapt a telemanipula-
tor handle for any given application can be formulated:

1) Define the required rotational workspace for the appli-
cation at hand.

2) Choose/develop a telemanipulation master device
according to the workspace requirements, i.e., the mas-
ter device should cover the whole required rotational
workspace.

3) Select a telemanipulator handle. This may be done
either based on a preferred handle shape (e.g., due to
the slave tool you want to control or user experi-
ence [26]) or according to the functional rotational
workspace.

4) Mount the selected handles such that in the home con-
figuration, it is held with an ergonomic posture (neutral
wrist position, neutral forearm pro-/supination, forearm
supported by armrest).

5) In a user study, assess whether the functional rotational
workspace of your system is sufficient for the task at
hand. If necessary, adjust the functional rotational
workspace of the system. This could be done by adjust-
ing the orientation the handle is mounted to the telema-
nipulator as we did, or by adjusting the orientation of
the whole telemanipulator as e.g. in [30]. Repeat this
step if necessary.

6) Make sure your adjustments do not compromise the
ergonomics of the system and that the handle-tool-
alignment is still intuitive for the operator. Therefore,
additional user studies might be necessary.

Previous work offers data to help decide on the telemani-
pulator handle (step 3) [22], [28] and an ergonomic home
configuration (step 4) [20], [29]. In this work, we present
one possibility for a systematic approach that could be
used for step 5.

VI. CONCLUSION

We investigated whether the functional rotational workspace
of two exemplary grasp type handles can be systematically
increased by simply changing the orientation in which they are
mounted to a telemanipulator. Our results indicate that such a
systematic adjustment is possible and even leads to higher
usability scores of the investigated handles. To achieve a high
functional rotational workspace, the telemanipulator handle
should be mounted such that in the telemanipulator home config-
uration, the user’s wrist and forearm are in an ergonomic pos-
ture, i.e., that there is no dorsal wrist flexion/extension and the
forearm is in a neutral pro-/supination position. However,
whether such a home position is feasible for any handle and
application is debatable. Therefore, we conclude that it is crucial
to carefully choose a telemanipulator handle specifically for any
given application.
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