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Abstract— Humans possess an innate ability to incorporate
tools into our body schema to perform a myriad of tasks not
possible with our natural limbs. Human-in-the-loop telerobotic
systems (HIiLTS) are tools that extend human manipulation
capabilities to remote and virtual environments. Unlike most
hand-held tools, however, HiLTS often possess complex elec-
tromechanical architectures that introduce non-trivial trans-
mission dynamics between the robot’s leader and follower,
which alter or obfuscate the environment’s dynamics. While
considerable research has focused on negating or circumventing
these dynamics, it is not well understood how capable human
operators are at incorporating these transmission dynamics
into their sensorimotor control scheme. To begin answering
this question, we recruited N=12 participants to use a novel
reconfigurable teleoperator with varying transmission dynamics
to perform a visuo-haptic tracking task. Contrary to our
original hypothesis, our findings demonstrate that humans can
account for substantial differences in teleoperator transmission
dynamics and produce the compensatory strategies necessary
to adequately control the teleoperator. These findings suggest
that advances in transparency algorithms and haptic feedback
approaches must be coupled with control designs that leverage
the unique capabilities of the human operator in the loop.

I. INTRODUCTION

The human ability to make and use tools is a key charac-
teristic defining the types of tasks we can perform, and how
well we can perform them. From a very early age, we learn
to utilize tools to interact with our environment and perform
tasks that are difficult to perform with only our natural limbs.
For simple mechanical tools, we can incorporate the tool’s
actuation dynamics into our motor control scheme [1]-[3].
Thus, we can exploit these dynamics to control our energetic
interactions with the environment.

Teleoperators are a special class of tools that are intended
to augment human capabilities to overcome challenges as-
sociated with distance, scale, and safety. Indeed, for the
original teleoperators, such as those developed by Goertz
[4], their inherent mechanical architecture and bilateral force-
reflecting capabilities allowed for dexterous control over
environment interactions in a manner consonant with sim-
pler, less complex, tools. Therefore, it is possible that the
actuation dynamics of these mechanical teleoperators too
can be incorporated in our motor control scheme in order to
accurately control the mechanical energy transmitted to the
environment. Despite these benefits, the purely mechanical
nature of these teleoperators severely limits their workspace.
This shortcoming has been overcome by the inclusion of
electromechanical actuation architectures that have catalyzed
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Fig. 1. A: Hand fixture with embedded force sensor; B) Object tracking
task virtual environment in which the participant controls the gray disc to
track the red target ball.

the development of human-in-the-loop telerobotic systems
(HiLTS) [5].

To achieve bilateral force-reflection in modern HiLTS,
closed-loop control schemes must be employed to link the
mechanical energy input by the operator at the leader side of
the telerobot to the mechanical energy output at the follower
into the environment. These controllers, however, inherently
introduce transmission dynamics between the leader and
follower that can significantly alter the energetic interactions
between the operator and the environment. Thus, telerobotic
transparency has been a topic of considerable research over
the last four decades [6]-[9].

Transparency, by definition, requires that the operator’s per-
ceived impedance matches that of the environment being
explored through the telerobot [10]. The transmission dy-
namics introduced by the telerobot’s closed-loop control
architecture cannot distort this mechanical energy flow [11],
[12]. Given the uncertainty associated with the dynamic state
of the operator’s limb(s), as well as the dynamic state of the
environment, the pursuit of perfect transparency generally
results in a tradeoff between system performance and control
stability [11], [13], as perfectly transparent telerobots require
infinite stiffness, continuous (non-quantized) sensing, and
zero time-delay between the leader and follower. Considering
these stability issues, approaches such as passivity have
attempted to improve teleoperator stability by monitoring
the energy flow in the system [14], [15]. Stable passive
controllers, however, often lead to increased damping in
the closed-loop dynamics, which decreases the telerobot’s
transparency and masks the dynamics of the environment
felt by the operator [16]. Thus, true transparency represents
a lofty ideal that has yet to be robustly achieved on physical
systems.
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As an alternative to direct force-reflection, there is a growing
body of work evaluating the efficacy of cutaneous sensory
substitution feedback as a means of replacing traditional
kinesthetic cues [17]-[20]. The benefit of this approach is
that it provides haptic information without directly affecting
the operator’s control over the telerobot or the closed-
loop stability of the human-robot system. To provide utility
to the operators, these cutaneous cues need to be easily
discernible and discriminable [21]. Likewise, they need to
intuitively convey information about environment dynamics,
a significant challenge given their non-collocated nature [12].

While passivity and sensory substitution offer significant
utility in many scenarios, they are focused primarily on
compensating for the transmission dynamics of the telerobot,
or bypassing these dynamics all together. It is still, however,
not known to what degree the human operator in the teler-
obotic control loop can account for, or even incorporate these
transmission dynamics into their existing control scheme.
While limited but promising evidence suggests that this ac-
commodation of tool dynamics extends to teleoperators [21]—
[25], it is unclear to what extent different telerobot trans-
mission dynamics impact an operator’s task performance.
We utilize a previously developed teleoperator testbed with
reconfigurable mechanical and electromechanical transmis-
sions [26] to investigate the effects of transmission dynam-
ics on performance in a visuo-haptic object-tracking task,
this manuscript serves as an extension of our prior work.
We chose object-tracking because of its relevance to many
teleoperation scenarios requiring precise position control.
We hypothesize, that teleoperator configurations with simpler
transmission dynamics will be more easily incorporated by
the operator, resulting in superior task performance.

II. EXPERIMENTAL SETUP

The teleoperation testbed is a reconfigurable 1DoF closed-
loop rotational electromechanical device that can be config-
ured into different model teleoperation systems. The testbed
consists of three modules: 1) operator interface, 2) reconfig-
urable teleoperator, 3) Environment. Each teleoperator con-
figuration is achieved by selectively engaging a combination
of four different transmissions with a common user input and
a common output to the environment. While key features
of the teleoperator testbed, relevant to this manuscript are
discussed below, complete details of the mechatronic design
and evaluation of teleoperator can be found in Singhala and
Brown [26].

A. Module 1: Operator Interface

The operator interface connects the operator to the leader
side of the teleoperator. The hand fixture (see Fig. 1A)
features a 3D printed open grip hand fixture. The hand fixture
consists of two symmetric sections coupled together through
an Omega single-point load cell (LC61SP-2KG) to measure
grip force. The fixture design includes ridges that allow
participants to comfortably hold the fixture with a tripod-
style grip using their thumb, index, and middle fingers.

Fig. 2. Reconfigurable teleoperator with four transmissions 1) Rigid, 2)
Electromechanical (EM), and 3) Combined (damping + elastic), connected
in parallel using capstan drives to a common leader and a common follower.
Follower is connected to a motor rendering the virtual environment.

B. Module 2: Reconfigurable Teleoperator

The reconfigurable teleoperator comprises four separate
transmissions in parallel (see Fig. 2). All transmissions
are connected via capstan drives and their input shafts
rotate in the same direction as the hand fixture in the
operator interface module. This allows the four different
transmissions to have one common input (leader) and one
common output (follower). The different transmissions can
be engaged and disengaged independently or simultaneously,
to create various teleoperator transmissions with varying
dynamics. Each transmission is described below.

1) Rigid Mechanical Transmission: A steel shaft mechan-
ically couples the leader and follower of the teleoper-
ator with no torque or position scaling.

2) Combined Mechanical Transmission: A bi-directional,
gearless, oil-filled rotary damper (9.45 mNm/rad/s) and
a bi-directionally compressible Neoprene rod (Shore
80D; 6.3 mm diameter; S0 mm length) mechanically
couple the leader and follower of the teleoperator.
The damper has a minimum torque rating of 15 mNm.
The neoprene rod is enclosed in a 3D printed housing
to prevent buckling.

3) Electromechanical Transmission: Two direct-drive
Maxon RES0 (200W) motors, each with a 3-
channel 500 CPT HEDL encoder electromechanically
couples the leader and the follower. The motors can
be programmed to enable unilateral and bilateral
teleoperation (control laws discussed in Section II-D).

C. Module 3: Environment

The environment comprises a Maxon RE50 (200W) motor
with a 3-channel 500 CPT HEDL encoder that can render
virtual environments with a peak torque of 467 mNm and a
maximum continuous torque of 233 mNm (see Fig. 2).

D. Data Acquisition and Control

All three Maxon DC actuators in the testbed are powered by a
Quanser AMPAQ L4 linear current amplifier. All data acqui-
sition and control operations are performed with a Quanser
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Q8 DAQ running at 1 Khz through a MATLAB/Simulink and
QUARC interface on a Dell Precision T5810 workstation.

To generate the bilateral electromechanical transmission (see
Section II-B), the leader and follower actuators are coupled
in a position-position control architecture with the following
proportional-derivative control law:

Ti(t) = Kp(0f — 6;) + Kd(éf —6))
Ti(t) = Kp(0, — 05) + Kq(6, — 64)

where T is the torque command sent to the leader motor, T’
is the torque command sent to the follower motor, 6; / 91 is the
angular position/velocity of the leader, 65/ 0 ¢ is the angular
position/velocity of the follower, K, is the proportional
gain (0.1), and K is the derivative gain (0.01). A unilateral
architecture can also be rendered by setting 7;(¢) = 0.

III. METHODS
A. Participants

We recruited n=12 individuals (9 female, 3 male) to par-
ticipate in the study. All participants were college-aged
adults attending undergraduate or graduate level engineering
programs. All participants provided written informed consent
according to a protocol approved by the Johns Hopkins
School of Medicine Institutional Review Board (Study#
IRB00263386). Participants were compensated at a rate of
$10/hour.

B. Study Design

After providing informed consent, participants were seated
in front of the teleoperator testbed. Direct view of the testbed
was obstructed by an opaque acrylic panel. Participants
could, therefore, only see and touch the operator interface
of the testbed (see Fig. 3). Participants were instructed to
maintain a tripod-style grip on the two halves of the hand
fixture with their self-identified dominant hand. A high-
definition monitor was placed directly above the panel at
eye-level to provide visual feedback and instructional cues.

A within-subjects study design was utilized, wherein each
participant performed an object-tracking task (described be-
low) as part of a larger set of object exploration tasks in
each of the teleoperator transmission configurations: Rigid
Transmission, Combined Transmission, Electromechanical-
unilateral, and Electromechanical-bilateral. The order in
which participants used each teleoperator configuration was
randomized and counterbalanced to control for any learning
affects.

C. Object-Tracking Task

In this task, participants were instructed to use the teleoper-
ator to track a moving ball displayed on the monitor with a
virtual disk (see Fig. 1B). The virtual disk was rendered by
the virtual environment motor as being rigidly attached to the
follower side of the teleoperator. The virtual disk rotated in a
viscoelastic medium with damping and stiffness coefficients
of .67 mNm/deg/s and 116.75 mNm/deg, respectively. Due
to the inherent inertia of the virtual environment motor, no

Fig. 3. Participant gripping the hand fixture while looking at the screen
displaying the virtual environment.

additional virtual inertia was rendered for the disk. The ball
rotated about the same axis as that of the disk and oscillated
between +45 degrees, always starting from the zero position.

The task included a training period of nine trials. In each
trial, the ball moved for 8 seconds, and the position fol-
lowed a sinusoidal oscillatory pattern at 0.25Hz, 0.5Hz and
0.75Hz frequencies (rendered separately). Three trials were
performed at each frequency, presented randomly. Once the
training was complete, participants completed the main track-
ing task wherein the ball followed a more complex trajectory
that included all three principal frequencies in a sum-of-
sines oscillatory pattern defined as 0.4 * sin(0.25) 4 0.25 *
sin(0.5) + 0.55 * sin(0.75) (see Fig. 4). A familiarization
phase of approximately 3 minutes was included before each
object-tracking block, for each teleoperator, where the par-
ticipants freely explored environments of different damping
and stiffness coefficients, presented randomly, to gain an
understanding of how to interact with the teleoperator.

The principal frequencies defining the trajectory of the ball
are of the same range as typically seen in fine upper limb mo-
tion tasks like surgery [27]. The angular velocities at which
the task was performed was informed by our prior work
investigating effects of exploration dynamics on perception
[28].

The amplitudes for each frequency were chosen heuristically
based on pilot studies to achieve a waveform that would
require intentional adjustments from the participant to ade-
quately track. Eight tracking trials were performed for each
teleoperator configuration, where each trial lasted for 12
seconds and the path of the ball was the same for each trial.
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Fig. 4. Visual representation of tracking task trajectory signals. Each plot
illustrates the trajectory of the ball for a single trial (black solid trace),
average leader displacement (color solid trace) and follower displacement
(color and dash trace) of all participants for each teleoperator configuration,
averaged over all trials.

D. Survey

Participants responded to the following survey questions after
the task, for each teleoperator configuration, on a scale of 1
to 5 (Strongly Disagree to Strongly Agree). Participants were
also allowed to voluntarily share any general comments after
each task.

1) I relied on visual feedback for tracking.
2) I relied on haptic feedback for tracking.

E. Metrics and Statistical Analysis

The following metrics were used to analyze participants’
performance in the object-tracking task, and were measured
separately for each participant and for each teleoperator
configuration.

1) Tracking error: Root-mean-squared differences be-
tween the angular position of the teleoperator follower
and the angular position of the ball.

2) Tracking adjustments: Root-mean-squared differences
between the angular position of the teleoperator leader
(directly controlled by the participant) and the angular
position of the ball.

3) Grip Force: The mean grip force used by the partici-
pant to grip the hand fixture on the operator interface.

Tests for assumptions of normality, outliers, and sphericity
were performed as needed for all tests mentioned below.
Bonferroni corrections for multiple comparisons were also
applied as needed. A two-way repeated measures ANOVA
was run to determine the effects of different “teleoperator
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Fig. 5. Mean tracking errors for each trial, for each teleoperator

configuration. Please note the general downward trend from first to last
trial for all teleoperators. R: rigid transmission, C: combined transmission,
U: Electromechanical-unilateral, B: Electromechanical-bilateral. Error bars
represent 95% confidence intervals.

configurations” and “trial number” on the tracking error. A
separate two-way repeated measures ANOVA was used to
determine the effects of different “teleoperator configura-
tions” and “trial number” on the tracking adjustments. A one-
way repeated measures ANOVA was used to compare the
mean grip force across the four teleoperator configurations.
Prefatory descriptive analysis was performed for the survey
responses.

IV. RESULTS

A. Tracking Error

There were two outliers in the tracking error data, however
the values were not unusually large and were not the result
of any measurement or system error. Therefore these outliers
were not removed from the analysis. The data was normally
distributed, as assessed by visual inspection of the normal
QQ plot and Kolmogorov-Smirnov test (p>0.05). The as-
sumption of sphericity was met, as assessed by Mauchly’s
test of sphericity, x? (5)= 0.941, p =.967. There were
significant differences in tracking errors based on the trial
number, F(7,77)=6.616, p<0.001, partial n> =.376 (see Fig.
5). Post hoc analysis with a Bonferroni correction revealed
statistically significant comparisons. The primary comparison
of interest is the difference in tracking performance between
first and last trial (trial eight). The tracking error in the first
trial was found to be significantly higher compared to the
eighth trial (1.34 (95% CI, 0.09 to 2.58) deg, p=0.031).

No statistically significant differences were found in partici-
pants’ tracking errors between the different teleoperator con-
figurations, F(3,33)=1.189, p<0.329, partial 772 =.098 (see
Fig. 6). No statistically significant interaction effects were
found between trial number and teleoperator configuration
p>0.05.
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Fig. 6. Mean tracking error for each teleoperator (left) and mean tracking
adjustment values (right). R: rigid transmission, C: combined transmission,
U: Electromechanical-unilateral, B: Electromechanical-bilateral. Error bars
represent 1 standard deviation.

B. Tracking adjustments

There were no outliers in the tracking adjustments data.
The data was normally distributed, as assessed by visual
inspection of the normal QQ plot and Kolmogorov-Smirnov
test (p>0.05). The assumption of sphericity was met, as
assessed by Mauchly’s test of sphericity, y? (5)= 3.225,
p =.667. There were significant differences in tracking
adjustments made by participants between the different
teleoperator configurations, F(3,33)=12.64, p<0.001, partial
n? =.54 (see Fig. 6). Post hoc analysis with a Bonferroni
correction revealed statistical significant differences in root-
mean-squared displacement between the leader and the ball
for the following teleoperator configuration pairs:

e Greater tracking adjustments (i.e., larger differences
between the leader and the ball) were made with the
combined teleoperator compared to the rigid teleopera-
tor (3.14 (95% CI, 1.15 to 5.13) deg, p=0.002)

o Greater tracking adjustments were made with
electromechanical-unilateral teleoperator compared
to the rigid teleoperator (2.62 (95% CI, 1.06 to 4.08)
deg, p=0.001)

o Greater tracking adjustment were made with the com-
bined teleoperator compared to the electromechanical-
bilateral teleoperator (1.32 (95% CI, 0.11 to 2.63) deg,
p=0.048)

We found no main effects from trial number or interaction
effects between trial number and teleoperator configuration
p>0.05.

C. Grip force

There were no outliers in the grip force data. The data was
normally distributed, as assessed by visual inspection of the
normal QQ plot and Kolmogorov-Smirnov test (p>0.05).
The assumption of sphericity was not met, as assessed by
Mauchly’s test of sphericity, x2 (5)= 12.99, p =.024. There-
fore, a Greenhouse-Geisser correction was applied (e=0.566).

Grip force (N)
w
f

R C u B
Teleoperator Configuration

Fig. 7. Mean grip force in Newtons for each teleoperator, for
the tracking task. R: rigid transmission, C: combined transmission, U:
Electromechanical-unilateral, B: Electromechanical-bilateral. Error bars rep-
resent 1 standard deviation.

There were significant differences in the grip force used
by participants for the different teleoperator configurations,
F(1.698,18.677)=13.686, p<0.001, partial 1*> =.554 (see
Fig. 7). Post hoc analysis with a Bonferroni correction
revealed statistically significant differences in participants’
grip force for the following teleoperator pairs:

o Grip force was higher for the rigid teleoperator com-
pared to the electromechanical-unilateral teleoperator
(1.67 (95% CI, 0.32 to 3.02) N, p=0.013)

e Grip force was higher for the combined teleoperator
compared to the electromechanical-unilateral teleopera-
tor (2.69 (95% ClI, 0.87 to 4.49) N, p=0.004)

e Grip force was higher for the electromechanical-
bilateral teleoperator compared to the
electromechanical-unilateral teleoperator (1.25 (95%
CI, 0.56 to 1.93) N, p<0.001)

D. Survey

Participants reported a higher reliance on visual feedback
compared to haptic feedback for all teleoperators configura-
tion. The mean response values for reliance on visual feed-
back were in the range of 4.67 to 4.92 for all teleoperators,
indicating a strong agreement. The mean response value for
reliance on haptic feedback were in the range of 2.08 to 2.75,
indicating a moderate disagreement, with lowest reliance
value reported for unilateral electromechanical teleoperator.
Figure 8 shows a visualization of these results.

V. DISCUSSION

In this manuscript, we investigated the impact of teleoper-
ator transmission dynamics on operator task performance.
Using a novel teleoperator testbed that featured four inter-
changeable teleoperator transmissions, we asked participants
to perform a visuo-haptic object-tracking task with each
teleoperator variant. In our experiment, task performance
metrics measured the degree to which participants were able
to accurately track the object, and the compensatory control
strategies participants adopted in their pursuit of perfect
tracking. While we hypothesized that configurations with
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Fig. 8. Mean scores from the survey to QI. I relied on visual feedback
for tracking (blue) and Q2. I relied on haptic feedback for tracking, for the
four teleoperator configurations in the order: R: rigid transmission, C: com-
bined transmission, U: Electromechanical-unilateral, B: Electromechanical-
bilateral.

simpler dynamics (e.g., rigid transmission) would result in
superior performance, our results highlight an interesting and
somewhat unexpected finding. We observed no significant
differences in tracking performance between the different
teleoperator configurations. At the same time, however, we
did find that participants used significantly different com-
pensatory strategies to achieve similar performance in each
teleoperator configuration.

Most surprising in our results, was the finding that the rigid
teleoperator configuration, which has often been referred
to as the “gold standard,” did not lead to significantly
better performance than any of the other three teleoperator
configurations. This configuration featured a rigid connection
between the leader and follower that allowed for a one-to-
one torque and position mapping. The other three teleop-
erators, however, featured mechanisms (mechanical or elec-
tromechancial) that introduced delays and varying amounts
of position or torque scaling between the operator and the
virtual disk. Therefore, in order to accurately perform the
tracking task, participants had to account for these dynamics
as they rotated the hand fixture. This is reflected in our results
as we found significant differences across the teleoperator
configurations in terms of the tracking adjustments partici-
pants made on the leader end of the teleoperator to produce
a given output on the teleoperator follower.

Our finding of differences in tracking adjustments, along with
observations that participants significantly improved their
performance as the experiment progressed, lends support
to the theory that humans can model their tools separately
from the environment, and that these models are updated
with more experience [29]-[32]. Generally, this ability to
invert and incorporate a tool’s dynamics is limited to tools
with simple dynamics [33]. However, the extension of this
behavior to continuous use of tools with complex dynamics,
such as the teleoperators used in this experiment, can have

significant implications on how we think about the human
operator in the teleoperator control loop.

Adding further support to our argument that participants were
likely inverting the teleoperator dynamics is our finding that
our participants used smaller grip forces when using the
unilateral (no force-reflection) electromechanical teleopera-
tor compared to all other teleoperators. This observation con-
forms to the theory that humans match their limb impedance
to the impedance of their tool [34]. Since the unilateral elec-
tromechanical teleoperator does not produce haptic feedback,
it offers the lowest impedance to the operator’s actions.

Our quantitative task performance findings are also sub-
stantiated by participants’ qualitative response. In particular,
participants reported a higher reliance on visual feedback
to complete the task. While visual dominance is expected
in a visuo-haptic tracking task, it seems as though partici-
pants negated the haptic feedback; on average, participants
disagreed with the statement that they found haptic feedback
to be useful for either of the two electromechanical teleop-
erators. It is therefore possible that participants are learning
to invert the model of the teleoperator (and incorporate the
teleoperator’s dynamics) based largely on visual observation.
This likely explains why performance with the rigid tele-
operator does not lead to superior tracking than the other
three teleoperators, nor why the bilateral electromechanical
teleoperator does not lead to superior performance than the
unilateral variant. It is worth reiterating here that the virtual
disk participants were controlling had second-order dynamics
resulting from the virtual environment motor inertia and the
rendered visco-elastic environment.

While our results can inform a wide variety of teleoperation
research and applications, we acknowledge that at present,
any inferences drawn from this study are likely task and sys-
tem dependent. Though not representative of all telerobotic
tasks, object tracking is a common task in teleoperation and
is used extensively in haptic-feedback research. For tasks that
require higher frequency motion, or tasks where environment
perception is of primary importance, these results may vary.
Likewise, different system parameters will likely lead to
different compensatory strategies. There also exist systems
for which no amount of compensation would lead to equiva-
lent performance (e.g., K,=K;=0, for the electromechanical
teleoperator). Still, the present study represents a first of
its kind robust and equitable comparison of four distinct
teleoperator configurations, with results demonstrating the
need to reconsider the human operator in the telerobotic
control loop. Future studies with this testbed will focus on a
variety of task performance and perceptual investigations. In
addition, this testbed and its associated tasks can be used to
investigate the role of internal models and tool embodiment
in motor control.
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