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Abstract

This article presents a comprehensive evaluation of two nuclear-rated bilateral telerobotic systems, Telbot and
Dexter, focusing on critical performance metrics such as effort transparency, stiffness, and backdrivability. Despite
the absence of standardized evaluation methodologies for these systems, this study identifies key gaps by exper-
imentally assessing the quantitative performance of both systems under controlled conditions. The results reveal
that Telbot exhibits higher stiffness, but at the cost of greater effort transmission, whereas Dexter offers smoother
backdrivability. Furthermore, positional discrepancies were observed during the tests, particularly in nonlinear posi-
tional displacements. These findings highlight the need for standardized evaluation methods, contributing to the
development, manufacturing, and procurement processes of future bilateral telerobotic systems.

1. Introduction

Bilateral telerobotic systems have fundamentally transformed the way humans interact with distant
objects. These kinesthetically coupled systems facilitate an operator in receiving haptic feedback from a
local device as the remote manipulator engages with its environment. This additional feedback channel
enhances the operator’s ability to perform delicate tasks with higher precision and situational aware-
ness, significantly reducing the time needed to complete tasks (e.g., see refs. [1, 2]). Consequently,
telerobotic systems have become indispensable in critical sectors such as nuclear facilities (e.g., mate-
rial handling, waste disposal, or fusion power plant maintenance), space and underwater explorations,
military operations, and telesurgery, underlining their importance through decades of extensive research
[3, 4].

Two critical performance metrics in these systems are effort transparency—the ability of the system to
accurately transmit forces and torques between the local and remote manipulators—and back drivability,
which refers to the system’s capability to allow the local manipulator to be controlled through move-
ments applied at the remote manipulator. Both are essential for ensuring that the operator experiences
realistic and responsive interactions during teleoperation.

Central to the design of bilateral teleoperation systems is achieving absolute stability, especially given
the highly uncertain and variable dynamics of human arm and environmental interactions [5]. Balancing
stability with performance presents a major design challenge, making it a focal point of discussion in the
field [6, 7]. Historically, performance evaluations have primarily assessed position tracking and force
reflection. However, these assessments have mostly been limited to single-degree-of-freedom (DoF)
systems, which are inadequate for evaluating multi-DoF systems [8].
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Recent research has introduced advanced metrics and techniques for evaluating telerobotic systems.
For example, a cloud-based approach for nondestructive material characterization [9] could enhance
real-time inspection in telerobotic environments. Similarly, methods for optimizing energy consumption
in wireless sensor networks [10] could improve data transmission and control in systems relying on
wireless communication. These efforts have contributed to the ongoing development of robust, efficient
telerobotic systems.

However, despite well-established evaluation methodologies for industrial manipulators and collabo-
rative robots (e.g., [SO 9283:1998, ISO/TS 150:2016), a standardized approach for assessing multi-DoF
bilateral telerobotic systems remains absent [11]. This lack of standardization is particularly evident in
evaluating critical performance criteria such as stiffness [8] and backdrivability across different mechan-
ical design philosophies [12]. The absence of a standardized evaluation framework highlights the need
for developing methodologies that can experimentally assess these critical performance aspects.

Previous studies on bilateral telerobotic systems primarily focused on bandwidth and frequency
response, which are difficult to quantify or measure [13, 14]. Early performance measures, such as peak
force, peak acceleration, and impedance characteristics, were introduced by Hayward et al. [15]. Later
studies, such as those by Cavusoglu [16] and Taati [17], identified specific performance measures for
haptic interfaces, while backdrivability was experimentally evaluated in ref. [18] against communication
delays. A comprehensive review of haptic system evaluations, covering both qualitative and quantitative
aspects, was detailed in ref. [11].

Effort transparency remains a key performance metric for haptic systems, with various control
methodologies proposed to enhance it [19]. In an ideal bilateral telerobotic system, the force/torque
applied at the local end would be seamlessly transmitted to the remote end [20]. Achieving perfect
transparency is difficult due to stability constraints, as well as hysteresis introduced by system dynamics.

Also, the ratio between an applied force and the resulting displacement is important in both the
local and remote manipulators which is known as stiffness (also referred to as lost motion and rigidity)
[21-24]. Typically, high degrees-of-freedom bilateral telerobotic setups are position-based systems;
force reflection on the local side is achieved by comparing the pose of the local and remote manipu-
lators [25]. Therefore, stiffness is a critical criterion, as a low value might result in a spongy feeling
when the remote manipulator interacts with a stiff object [26, 27].

Backdrivability refers to a system’s capability to operate in reverse, allowing manipulation of the
local arm by driving the remote arm [28]. In position-based bilateral telerobotic systems, where the
remote joint angle is controlled by the local joint angles, backdrivability is also essential for generating
positional discrepancies that contribute to the sensation of effort at the local side, ultimately influencing
overall transparency [18, 29]. Additionally, highly backdrivable systems offer substantial operational
flexibility, reducing the risk of damage during contact with harsh environments and providing a safety
margin [28]. Therefore, assessing system performance includes considering its backdrivability as a
valuable indicator.

This study aims to contribute to the broader efforts of standardizing evaluation methodologies for
bilateral telerobotic systems, which will enhance consistency in development, manufacturing, and pro-
curement processes. Here, we experimentally evaluate quantitative performance measures—such as
effort transparency, stiffness, and back drivability—of two nuclear-rated bilateral telerobotic systems
known as Telbot and Dexter. Alongside presenting performance results, the paper comprehensively out-
lines test procedures, measurement methods, and conditions. This approach aims to establish accepted
sets of performance measures and benchmarks, facilitating comparison between different designs while
potentially guiding future developments.

2. Methods
2.1. Notations

Bold lower-case letters, x, represent the column vectors, nonbold upper case-letters, X, denote matrices,
nonbold lower-case letters, x, represent single variables, and " denotes the transpose. The transformation
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Operator

Figure 1. Telbot bilateral telerobotic system: on the left, the local station, and on the right, the remote
side, both featuring kinematically similar configurations.

Figure 2. Dexter bilateral telerobotic system: The left depicts the local side, while the right shows the
remote side, both sharing kinematically identical configurations.

from a vector to a skew-symmetric matrix is denoted by [ ],, operator. The identify matrix is denoted
as L.

2.2. Experimental setup

The experiment utilized two advanced robotic systems, the Telbot and Dexter, both dual-arm bilateral
teleoperation systems with distinct mechanical design philosophies. These systems consist of local and
remote manipulators designed for precise teleoperation tasks. The details of the systems’ configurations
are shown in Figures 1 and 2.

The Telbot and Dexter systems are bilateral teleoperation setups, each driven by gears and tendons,
respectively. Both systems feature local and remote manipulators. Excluding the gripper, Telbot’s local
manipulator offers seven degrees of freedom and is capable of carrying up to 20 kg at the end-effector.
Dexter’s local manipulator provides six degrees of freedom with a payload capacity of 10kg. Remote
control for both systems is facilitated through their local manipulators: in Telbot, the remote arm has a
kinematically similar structure, whereas Dexter’s remote arm is identical to its local counterpart.

Telbot’s remote arm uses a mechanism where the motion is transmitted from base-located motors
to the end-effector via concentric tubes and bevel gears, allowing for unrestricted rotation across all
axes. This design provides a positioning accuracy of 0.1 mm for repeated movements [30]. Conversely,
Dexter’s lightweight manipulators transmit motion through tendons, from base-located motors to the
handle or end-effector. Both local and remote arms of Dexter possess six degrees of freedom and are
operated manually by human users.

To measure transmitted effort, ATI Gamma Force/Torque (FT) sensors (calibrated with SI 330-30)
were installed close to the handle point on the local side and the tool center point (TCP) on the remote
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Figure 3. Experimental setup consisting of Telbot local and remote arms, 2 FT sensors, translational
and rotational stages.

side. These sensors captured the transmitted effort between the operator and the manipulators (and
between manipulator and the environment) during the experiment.

These telerobotic interfaces are designed for operator use. However, human-in-the-loop experiments
can be highly variable and difficult to replicate. To introduce consistent positional disturbances, we used
high-resolution multiaxis motorized stages that could be controlled remotely. These stages were mounted
at the operational points of both the local and remote manipulators. For added safety, the telerobotic
systems were activated and deactivated remotely. Telbot’s enabling switch, located on the handle, was
controlled by a solenoid system. This remote activation feature complemented existing safety barriers
and external emergency switches.

To induce perturbations in both local and remote manipulators along the x, y, z, roll (r,), pitch (r,), and
yaw (r,) directions, multiple motorized stages were assembled, as shown in Figure 3. When perturbing
the local manipulator, an FT sensor was mounted at the tip of the translational and rotational stages and
connected to the tip of the local manipulator using a custom attachment tools.

Typically, a displacement exists between the sensor frame’s origin and the main contact point’s origin
(e.g., the handle point at the local or the tool center point at the remote sides) due to the attachment
tools. This displacement affects the transformation of forces and torques (FT) from the sensor frame to
the contact point. In that case, the force/torque vector at the handle, f, is related to the sensor frame
measurement, f',., as

I 0
= 1)

wheref, = [f* f* f* * © ISZ]T is the FT exerted by the handle (end-effector) on its environment, derived
from the FT sensor reading by removing the efforts generated by the weight of the tool (and then taking
the negative as the force sensor measurement is the actual force applied by the end-effector on the
environment where in bilateral system we are interested how much environmental force transmitted to
the human/operator hand). The origin of the sensor frame (s) with respect to the contact point position in
the sensor frame is denoted by the position vector p’. This equation allows us to transform the sensor’s FT
readings to the actual point of interest, compensating for any displacement caused by tool attachments.
All reported efforts refer to those measured at the handle and tool-centre points in the depicted base
frame.

2.3. Experimental procedures

2.3.1. Testing conditions

In both systems, the operator could adjust the level of haptic feedback through the human—machine
interface (HMI). For the Telbot system, the feedback was set to 100% (full force/torque feedback), while
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for Dexter, the tests were conducted using a 1.5 scale ratio for the force feedback, which is the default
setting recommended by the manufacturer. This scale ratio reduce the perceived force by 1.5 times,
providing the operator with sufficient sensitivity to remote manipulations, facilitating finer control.

The performance measures in these systems are inherently dependent on the operating point. To
ensure consistency across trials, the remote manipulator in both systems was positioned near the center
of the operational workspace during the experiments. For example, in Dexter, this meant that each joint
was positioned approximately midway between its upper and lower limits, which represents the normal
operating posture of the system.

Prior to each test, all systems were powered on for 30-45 minutes to allow the equipment to stabi-
lize at its nominal operating temperature. This step is critical, particularly for mitigating sensor output
drift—especially in force/torque (FT) sensors, which are susceptible to drift over time due to fluctua-
tions in temperature and gage excitation voltage. By allowing the system to reach thermal equilibrium,
we reduced the risk of inaccurate measurements. To further counteract sensor drift, the FT sensors were
biased before each testing cycle in accordance with the manufacturer’s guidelines. Although biasing does
not eliminate drift entirely, it effectively reduces the cumulative effect, ensuring that sensor outputs start
from zero at the beginning of each cycle.

To minimize the impact of thermal drift during extended testing periods, we used 3D-printed plastic
tools as attachments, which offered better thermal stability compared to metal components.

The temperature of the ambient environment during the tests was (20 £ 2.5)°C, in line with the indus-
trial manipulator performance measure standard [31]. Since the measurement took place in the premises
that were not air-conditioned, it was not possible to secure the temperature (20 & 2.0)°C. The tests were
conducted in the allowed temperature range specified by the manufacturer of the Telbot and Dexter:
(10°C to 40°C), FT sensor ((0°C to 70°C)).

In addition to reporting the standard deviations from multiple measurements, we conducted a com-
prehensive review of potential sources of error that could have impacted the experimental results. All
force/torque sensors were calibrated by the manufacturers using appropriate calibration ranges to ensure
accuracy. The mechanical rigidity of the system was thoroughly examined, and any potential deflections
in the tools and attachment links were minimized through adjustments made prior to the experiments.

2.3.2. Initialization and data collection protocol

A slowly increasing and decreasing ramp input is applied to the motorized stages, allowing for the
generation of an output versus input force graph. This curve, also known as the transparency curve of a
device, illustrates the linearity of force transmission. From this graph, various output force limits can be
extracted, such as the maximum continuous force (due to saturation), dead zone (attributed to stiction
and Coulomb friction), and hysteresis (resulting from backlash, loose components, and friction). The
slope of the linear portion of the calibration curve, known as sensitivity, reflects the change in output for
a unit change in input, with higher sensitivity being desirable for any bilateral teleoperation system. The
limit of the dead zone indicates the minimum force that a haptic device can generate [11], also referred to
as the static friction breakaway (SFB) force. This term denotes the minimum amount of force or torque
required at the local side to initiate the transmission of effort to the remote side.

Tests were conducted in six directions within the Cartesian frame. In each test, the end effector of the
local arm (the handle) was displaced with a velocity of 0.01 mms™ (0.01° s~'0) at linear (orientation)
frames, reaching a maximum of 4 mm (2°) in 10 cycles, see Table I. In each direction, two sets of
experiments were conducted—one in the positive direction and one in the negative direction.

In order to test effort transparency of the bilateral teleoperation systems, FT sensors were mounted
to the local arm handle point and remote arm TCP, also motorized stages were mounted to the local arm
as seen in Figure 3. The diagram illustrating the overall test setup is presented in Figure 4.

The stiffness tests were conducted with FT sensors and motorized stages mounted on the local
manipulators. The remote manipulator grasped a stiff plate, and in Dexter, remote manipulators’ brakes
were engaged. and in the Telbot, the grippers were mechanically locked to prevent any undesirable
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Table I. Commanded displacements and velocities recorded during various tests.

Translation (Orientation)

Performance Max. Displacement Velocity
Effort Tr. 4 mm (2°) 0.0l mms~! (0.01°s7")
Stiffness 50 mm (20°) 0.1mm s~ (0.1°s7h)
Back dr. 50 mm I mms™!
-2 Hande FT TR Gripper FT
! “—’,’ Sensor Sensor
Local ¥~ v
robot @ @.."' Il
Motorized

Remote Stiff —7

Rotation & Translatlon/
robot Plate
[ Immobile Table |

Stages
, 4 « Immobile Table | ! i
Local Side Remote Side

Figure 4. In the transparency setup, a small input is applied to the local device, and the response is
recorded on both sides. During the effort transparency test, measurements from the FT sensor are taken
into consideration.

<. Handle : .—-,::‘Grlpper Gripper

Local I ‘;‘:_\'\ Sensor : L Attachment

robot — Stiff
@ OI_E B Plate
Motorized
Rotation & Translatlon :Rertr;o:e Motion
Stages i 1o locked
z « Immobile Table || [__Immobile Table |
Local Side Remote Side

Figure 5. In the stiffness test setup, input is applied to the local device, while the motion is constrained
in the remote device.

displacement at the TCP. Positional displacement is applied to the local arms by gradually increasing
the ramp input to the motorized stages. The diagram illustrating the overall test setup is presented in
Figure 5.

Stiffness is a fundamental concept in both mechanics and control systems, describing how much
an object resists deformation in response to applied forces or torques. Using Hooke’s law, stiffness is
defined as a linear relationship between the applied force/torque and the corresponding displacement:

f=KAp,

where K € R®*¢ is symmetric and positive definite stiffness matrix, representing the system’s resis-
tance to deflection in both translational and rotational directions. The displacement vector is denoted as
Ap = [Ap* Ap® Ap* AO* AG” AOZ]T, where Ap and A6 represent linear and angular displacements,
respectively. And f = [f* f f* T* T ‘L'Z]T is the effort vector [32, 19].

This equation is crucial for analysing the system’s stiffness behavior, especially in the context of
bilateral teleoperation, where stiffness needs to be carefully controlled to ensure both stability and
transparency.

During the backdrivability test, the local manipulator is allowed to move freely, while positional
displacement is applied at the remote end. Ideally, the local position should track the remote’s position
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Figure 6. In the back drivability setup, input is only applied to the remote device, and the response is
recorded on both sides.

within a stability boundary. Thus, motorized stages were only mounted on the remote manipulator end-
effector, and the actuators were operated while the local arm was in free space. The diagram illustrating
the overall test setup is presented in Figure 6.

3. Main results

We evaluated the transparency, stiffness, and backdrivability of telerobotic systems. Statistical analyses
were conducted to determine if there were significant differences between left and right hands or among
the manipulators. Normality tests confirmed that all data groups followed a normal distribution at a
significance level of 0.05.

To assess effort transparency, we used Welch’s ¢-test (implemented in Matlab using ttest2()).
A significance threshold of 0.05 was maintained for all statistical tests in this study.

3.1. Effort transparency results

In dynamic tasks, one critical parameter is the effort transmission point, often referred to as the SFB
point. This point indicates where static friction is overcome, allowing movement to occur. It can be
identified by the peak in the derivative of the remote force/torque vector (i.e., yank) [33] as:

d|f |
dt

Y = Max
1

dlfey]

where ft’cp is the force/torque component in the i-th operational space direction. The derivative —;

captures the rate of change of the force/torque, with the maximum point indicating the SFB.

To minimize the influence of sensor noise and ensure accurate identification of the breakaway point,
a Savitzky-Golay filter is applied to smooth the force/torque data. This filtering technique preserves
the significant features of the signal while reducing noise, enabling precise identification of the first
effort transmission point. Figure 7 illustrates local and remote forces and position of the local manipu-
lator (i.e., motorized stages) while conducting force transparency test with Telbot left-hand-side arm in
z-direction.

The estimated SFB FT for the Telbot manipulators is given in Table II. In the left-hand side (LHS),
the system demonstrated force transmission starting values ranging from 1.8163 N (in the x-direction)
to 4.5536 N (in the z-direction). Additionally, the LHS exhibited moment transmission values, with
T, Iy, and r, values at 0.6772N m, 1.1361 N m, and 0.7755 N m, respectively. On the right-hand side
(RHS), the force sensitivity ranged from 1.1461 N (in the y-direction) to 2.0707 N (in the z-direction),
while the moment transmission starting values was notable in r, (0.5745N m), r, (0.0027 N m, that
is a significantly lower value due to estimating points only close to/similar to the starting points), and
r, (0.4234 N m). These findings provide a comprehensive understanding of the telerobotic system’s
operator’s sensitivity to external forces and moments across different axes.
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Table I1. Telbot and Dexter SFB forces/torques (y).

Telbot Dexter
Direction LHS RHS LHS RHS
x (N) 1.8163 (£0.96)  1.8825(£0.84)  0.8403 (£0.59)  1.3403 (£0.91)
y (N) 1.8447 (£1.57)  1.1461 (£0.73)  0.7951 (£0.51)  0.2392 (£0.60)
Z(N) 4.5536 (£1.69) 2.0707 (£1.7) 0.4812 (£0.47)  1.6475 (£0.69)
r. (N m) 0.6772 (£0.23)  0.5745 (£0.17)  0.1121 (£0.04)  0.1049 (£0.03)
r, (N'm) 1.1361 (£0.48)  0.0027 (£0.002)  0.0394 (£0.07)  0.0058 (£0.003)
r, (N m) 0.7755 (£0.26)  0.4234 (£0.39)  0.7393 (£0.15)  0.0128 (£0.01)
Average
Translation (N) 2.7382 1.6998 0.7055 1.0757
Rotation (N m) 0.8629 0.3335 0.2969 0.0411
Local — — —Remote O Start Point
¥ Breakaway Force Displacement
5 T T T T T T 10

Pos (cm)

2500

2000

1000 1500

Time (sec)

Figure 7. Force transparency test with LHS Telbot manipulator in z-direction.

Although the Telbot LHS and RHS arms are identical, their friction compensation parameters are
tuned differently in the low-level controller.! This leads to varied outcomes, with the LHS arm typically
requiring higher efforts to initiate transmission to the remote side across multiple axes. The analyses
indicate a statistically significant difference (p =0.000364) in translational SFB FT between Telbot’s
LHS and RHS.

The estimated SFB FT for the Dexter manipulators is provided in Table II as well. The lightweight,
low-inertia mechanical design of both the local and remote manipulators, combined with the tendon
driving mechanism, influences the estimated results. As a result, relatively low effort is required in both
the LHS and RHS Dexter arms to initiate the transmission of effort to the remote side.

The Telbot system exhibits higher SFB forces in all translational directions compared to the Dexter
system (p =0.0001). Specifically, the z-direction in Telbot shows significant force resistance, with the
LHS recording a breakaway force of 4.5536 N and the RHS at 2.0707 N, whereas Dexter’s corresponding

!Confirmed by the manufacturer.
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Table I11. Stiffness (N m~' — N m rad=") of the Telbot system in both arms.
Left Hand Side (LHS) Right Hand Side (RHS)
Displacement  Effort Displacement  Effort
Direction (mm-deg) (N-Nm) Stiffness (mm-deg) (N-Nm) Stiffness
X 31.4136 69.5363  2213.56 33.6655 63.2644  1879.20
y 42.0333 33.8703 805.80 37.3331 40.0028 1071.51
Z 31.964 92.6219  2897.69 30.6785 101.773  3317.39
Ty 5.9099 6.0498 58.6522 6.5483 8.8324 77.2812
ry 4.1431 13.0491 180.4621 3.526 16.352 265.71
T, N/A N/A N/A N/A N/A N/A
(a) (b)
10 . . . . 4 . . . .
Telbot Dexter — — —Ideal Telbot Dexter — — —Ideal 7
8r ot P a2 e
R 6 ,g 2 -
= z0 A
i) o
e g
o) IS
et o -2F
ol o
ol -4 -
2 ‘ ‘ ‘ : : -6 : : : :
0 1 2 3 4 5 6 -6 -4 -2 0 2 4
Local (N) Local (Nm)
Translation Rotation

Figure 8. Force transparency test conducted with Telbot and Dexter manipulators on both arms (LHS
and RHS) across all translational and rotational axes. Left: translational axes; right: rotational axes.

values are much lower at 0.4812 N and 1.6475 N, respectively. These findings suggest that Telbot may
be more suitable for tasks requiring higher translational stiffness and resistance to displacement.

The effort sensitivity of both bilateral telerobotic systems for translation and rotation axes is depicted
in Figure 8. The hysteresis curve in Dexter is relatively lower compared to that in Telbot.

3.2. Stiffness results

During the tests, FT measurements were taken on the local side, while displacements were recorded
on both the local and remote sides. Stiffness values for both the Telbot and Dexter are provided in
Tables IIT and IV, respectively. Higher stiffness values indicate increased rigidity in the corresponding
axes. Typically, in the base frame, forward/backward (x) and upward/downward (z) stiffness values are
relatively higher compared to side stiffness. The utilization of a gear-driven system on the remote side
affects stiffness performance, and the Telbot system demonstrates notably higher stiffness values across
all directions, particularly in the z-axis, with stiffness values reaching 2897.69 N m~! on the LHS and
3317.39 N m~! on the RHS. Dexter’s stiffness values in the same axis are considerably lower, indi-
cating reduced resistance to vertical deflection. This implies that the Telbot system is better equipped
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Table IV. Stiffness (N m~"' — N m rad™") of the Dexter system in both arms.

Left Hand Side (LHS) Right Hand Side (RHS)
Displacement  Effort Displacement  Effort
Direction (mm-deg) (N-Nm) Stiffness (mm-deg) (N-Nm) Stiffness
X 49.4459 16.8583  340.9439 49.4823 16.8212  339.9475
y 48.679 14.2995  293.751 49.4956 15.0483  304.034
z 48.1913 25.2615 524.1923 49.4988 26.3672  532.6827
ry 19.9101 2.7833 8.0094 19.9944 2.4172 6.9266
ry 19.9544 14.3444  41.1875 19.9945 11.9613  34.2761
r. 19.9706 3.0081 8.6303 19.988 3.1439 9.012
(a) (b)
50 . . . . . . 20 . . , .
Telbot Telbot
Dexter Dexter
40+
15
E 307 g
£ = 10
3 &
@ 20 a
5 .
10
0 : : : : : : 0 : . . -
0 10 20 30 40 50 60 70 0 2 4 6 8 10
Effort (N) Effort (Nm)
Translation Rotation

Figure 9. Stiffness tests conducted with Telbot and Dexter manipulators on both arms (LHS and RHS)
across all translational and rotational axes. Left: translational axes; right: rotational axes.

to handle forces and torques with minimal deformation, especially in tasks involving vertical loads,
see Figure 9.

Similar observation can be made on the rotational stiffness, Telbot has higher stiffness values in most
directions, particularly in r, and r,. For instance, the r, stiffness in Telbot is 180.4621 N m rad~! on the
LHS, whereas Dexter exhibits lower stiffness at 41.1875N m rad~'. These differences may influence
the system’s ability to handle rotational movements without excessive deflection. Stiffness testing could
not be conducted for one rotation axis (r,) with Telbot due to limitations in the torque of the motorized
stages (the use of "N/A’ appropriately signifies instances).

3.3. Backdrivability results

To conduct backdrivability tests, motorized stages were mounted on the remote manipulators near the
TCP (see Figure 6), and the actuators were operated while the local arm was in free space. The mechan-
ical design of the Telbot remote arms, which incorporates gears from the base to the TCP for radiation
protection, suggests that the system is not backdrivable. This characteristic is evident in Figure 10, where
an application of approximately 200 N from the remote side is necessary to move both remote and
local arms around 15 mm. The conducted test specifically focused on the z-axis to prevent any potential
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~ 7 10 Remote — — —Local | |
= )
0 . | . . 0 . | . |
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E 100 [ B 5 |
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Telbot Dexter

Figure 10. Positions of TCP and handle with remote efforts during the backdrivability test in the z axis.
Left: illustrating that Telbot is not backdrivable. Right: demonstrating that Dexter is backdrivable.

damage to the robotic system. In contrast, Dexter is backdrivable as seen in Figure 10, where the remote
manipulator is easily manipulated via the motorized stages with 5 N of effort, and the local manipulator
closely follows the position of the remote manipulator.

4. Discussion

In addition to the performance criteria mentioned earlier, we also stress the systems to their operational
limits to observe their behavior when operating beyond design boundaries. This is crucial for overall
safety, as it ensures that the systems do not enter limit cycles—persistent oscillations with fixed amplitude
and frequency. Such oscillations or vibrations may occur when the local manipulator is pushed close
to its operational limits, such as when external forces are applied near maximum levels. One can state
that both systems can be pushed to their limits without compromising safety, as no limit cycles were
observed.

Effort transparency emerges as a pivotal performance criterion, although not explicitly specified by
the manufacturer. These systems are primarily designed to transmit remote side efforts to the local side,
enabling operators to execute precise manipulations without hardware and tool damage. The Dexter and
Telbot performed well in force transparency, where approximately 1 N and 4 N from the local side are
sufficient to transmit effort to the remote side, respectively. In free space, Dexter is highly transparent,
requiring operators to apply only about 5 N. However, with Telbot, operators need to apply approximately
20 N, equivalent to handling around 2 kg during operations. This unintended impedance can contribute
to fatigue during prolonged operations, and operators may find it challenging to distinguish efforts at
the remote side less than 25 N (approximately 2.5 kg).

In any teleoperation system, whether uni- or bilateral, the primary performance requirement is the
position tracking of the remote manipulator, where it is expected that the remote replicates the posi-
tion displacement of the local manipulator. Although the accuracy is not reported here due to the lack of
high-precision position measurement sensors, the representation of position displacement on the remote
side is crucial. During the tests, it was observed that the position tracking of the remote Telbot manipu-
lator contains discrete jumps (approximately 2 mm at the TCP) while tracking the position of the local
arm, as shown in Figure 11 (a) (refer to Figure 11 (b) for the Dexter as a comparison). This nonlinear
positional displacement is noticeable to the operators and can be attributed to the mechanical design of
the telerobotic system, which includes various gears.
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Figure 11. Positions of the handle and TCP while the remote arm is in free space and the local arm is
manipulated by the motorized stages in the z-direction. Left: Telbot including close-up view of the TCP
motion containing discreet jumps. Right: Dexter’s for comparison.

4.1. Potential limitations

While every effort was made to mitigate some limitations (e.g., sensor and actuator limitations, mechan-
ical rigidities and communication constraints), some inherent constraints in both the mechanical setup
and the electrical systems may still influence the results. For example, slight mechanical deflections,
sensor drift, and real-world communication latency might not be fully eliminated, despite our careful
design and setup. These factors should be kept in mind when interpreting the experimental results, and
further refinements in both hardware and testing conditions may be necessary for future work to reduce
these limitations further.

5. Conclusion

In this article, we conducted a thorough evaluation of the performance of bilateral telerobotic sys-
tems, using the Telbot and Dexter dual-hand systems as case studies. We specifically examined the
performances of the LHS and RHS systems, two distinct entities sharing the HMI for operational pur-
poses. Alongside presenting measured performances, we detailed the test methodology and experiment
procedures to standardize the evaluation of bilateral telerobotic systems. These operational capabili-
ties provided crucial insights into their limitations, particularly important in scenarios such as nuclear
operations where remote robustness is paramount.

Position tracking serves as a quantitative measure of performance; however, we acknowledged that
in human-operated systems, operators may prioritize the manner in which motions are transmitted.
They may prefer a linear, smooth transition over a non-linear hysteresis pattern. For a more compre-
hensive evaluation, future research will expand on performance metrics such as position accuracy and
repeatability. Additionally, qualitative psychophysical tests via an operator study will provide a better
understanding of human-robot interaction preferences, contributing to the design of more efficient and
intuitive telerobotic systems.

In addition to evaluating the Telbot and Dexter systems, this study sets the stage for future work on
standardizing the evaluation of bilateral telerobotic systems. By outlining a replicable methodology, we
aim to contribute to the growing efforts to unify testing and operational metrics in this emerging field,
ultimately benefiting the entire value chain—from design engineers to end users.
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