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Tele-manipulation is indispensable for the nuclear industry since teleoperated

robots cancel the radiation hazard problem for the operator. Themajority of the

teleoperated solutions used in the nuclear industry rely on bilateral

teleoperation, utilizing a variation of the 4-channel architecture, where the

motion and force signals of the local and remote robots are exchanged in the

communication channel. However, the performance limitation of teleoperated

robots for nuclear decommissioning tasks is not clearly answered in the

literature. In this study, we assess the task performance in bilateral tele-

manipulation for radiation surveying in gloveboxes and compare it to

radiation surveying of a glovebox operator. To analyze the performance, an

experimental setup suitable for human operation (manual operation) and tele-

manipulation is designed. Our results showed that a current commercial off-

the-shelf (COTS) teleoperated robotic manipulation solution is flexible, yet

insufficient, as its task performance is significantly lower when compared to

manual operation and potentially hazardous for the equipment inside the

glovebox. Finally, we propose a set of potential solutions, derived from both

our observations and expert interviews, that could improve the performance of

teleoperation systems in glovebox environments in future work.
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1 Introduction

Nuclear decommissioning is one of the biggest challenges faced by the nuclear

industry and governments around the world. The United Kingdom has the largest nuclear

decommissioning and remediation programme in Europe, and the current plan to

decommission the legacy nuclear facilities will take a hundred years and cost billions

of pounds (Nuclear Decommissioning Authority, 2021).

Nuclear gloveboxes are an integral part of the decommissioning tasks, where

contaminated objects are handled by professional operators. In glovebox operations,

the radiation hazard for the operator is lowered but not completely eliminated. On a few

occasions, operators were exposed to radiation as a result of an accident with the glovebox
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(Rollow, 2000; Hagemeyer and McCormick, 2012; Cumbria,

2019). The risk of accidents forces operators to adopt strict

operational measures. Moreover, gloveboxes are unergonomic

by their designs, and as a result, working in a glovebox is a

strenuous job for the operators.

There are various challenges in nuclear decommissioning,

and gloveboxes are identified as a case study for implementing

robotic technology for manipulation by 2025. While the goal is to

implement a bilateral teleoperation system for performing some

of the decommissioning tasks in a glovebox, the current vision is

to take over 50% of the glovebox operations from human

operators by 2030 (Nuclear Decommissioning Authority, 2021).

Teleoperated robots offer safer manipulation in hazardous

environments by keeping the operators away from radiation

sources and allow operators to continue working on their

tasks without being limited by the levels of the exposed

radiation. Moreover, teleoperated robots with assistive control

techniques can potentially improve the performance on

decommissioning tasks. However, despite the common use of

robotic teleoperation in nuclear applications, the performance

levels of bilateral tele-manipulation systems are not clear and

often difficult to measure.

Understanding the task performance in tele-manipulation is

crucial for designing better and more capable robotic systems for

nuclear decommissioning. However, evaluating the performance

could be challenging since comparing two different manipulation

methods faithfully cannot always be achieved by objective

metrics, especially when humans are involved in the

manipulation process. Therefore, objective measures and

subjective assessments should be used coherently to

understand the task performance. To the best of our

knowledge, no systematic task performance assessment of

teleoperated robots used in nuclear sites has been carried out.

This study aimed to open a new perspective on understanding

the performance offers of teleoperated robots in nuclear

operations.

In this study, manual object manipulation, i.e., using hands

directly for manipulating objects, is assumed as the most intuitive

and easy-to-use manipulation method for humans, and it is

treated as the ground truth for our study.

Understanding the limitations of bilateral teleoperation-

based robotic systems is of great interest due to their current

popularity in the nuclear industry. This study aimed to evaluate

the performance of a bilateral tele-manipulation system working

in a nuclear glovebox for a realistic task to understand the

limitations of such teleoperated robots. As these systems are

based on the well-known 4-channel architecture, where the

motion and force signals of the local and remote robots are

exchanged in the communication channel (Lawrence, 1993), the

results can be extended to systems with a similar architecture.

Moreover, the performance of the tele-manipulation system is

compared to the humanmanipulation inside the glovebox, which

is referred to as manual manipulation. A manipulation system

which includes human intervention is hard to assess objectively

as the operators vary in every respect such as knowledge on the

system and dexterity in manipulation. Therefore, this study

proposes an experimental setup which is refined from a

realistic task performed daily by professional operators in the

nuclear industry. Objective metrics are used for measuring the

performance. The main contribution of this study is to provide a

clear understanding of the performance shortcomings of

glovebox bilateral tele-manipulation systems for real-life

manipulation tasks. Authors have hypothesized that due to

factors such as lack of sensory information and use of

unintuitive kinematic structure of the local (master) device,

the performance of robotic tele-manipulation is worse than

that of manual manipulation, and it places a higher cognitive

load on the operator. To support our experimental performance

evaluation approach, we interviewed our participants who are

nuclear industry professionals, and their subjective views on the

tele-manipulation system are presented.

The paper is organized as follows. Section 2 presents the

related work on the problem of evaluating the performance in

teleoperated robotics. Section 3 explains the experimental setup,

the design of the experiment is presented, and performance

metrics. Section 4 presents the results of the experiments, and

Section 5 provides a discussion of the results. Finally, Section 6

concludes the paper.

2 Related work

2.1 Performance in tele-manipulation

Research on assessing the performance of teleoperated

robotics can be organized into two groups: system or device

performance and task performance. The system performance

refers to the quantitative analysis of the robotic device used in the

tele-manipulation (e.g., robotic arm). In contrast, task

performance considers the user, the device, and the task

execution simultaneously to obtain metrics relevant to a use

case or application. Despite the importance of the manipulation

interface, this work focused on the operator and its interaction

with the robotic device while completing a task.

The literature on teleoperated robots has a wide spectrum of

task performance analyses; however, comparing tele-

manipulation to manual manipulation has drawn less

attention. Richard et al. (1999) considered the performance in

the pick-and-place task for teleoperated robots with different

feedback modalities and manual task execution. In order to

obtain reproducible results, the teleoperated system was

implemented in a virtual environment, and the operator used

a haptic interface for manipulation. It was shown that task

completion time and accuracy were better in manual

manipulation, whereas force feedback improved the accuracy

in teleoperation.
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In a different application area, the task performance of

teleoperated robots and manual manipulation was given by Li

et al. (2000). Experienced surgeons were asked to perform

suturing using conventional open surgery, with laparoscopic

tools, and finally, with teleoperated surgical robots. It was

shown that suturing with teleoperated robots took longer to

complete than conventional methods, with a higher leakage rate.

However, it was found that teleoperated robots provided better

performance than laparoscopic tools due to the lack of the

fulcrum effect.

Motor skills play a key part in manipulation, and being able

to assess the human motor skill capability is an important

measure of the task performance. Geiger et al. (2010)

developed a new test bed for assessing the fine motor skills

with teleoperated robots. The aiming, finger dexterity, manual

dexterity, and wrist-finger speed were evaluated. It was found

that, compared to human hand assessment, teleoperated robots

increase completion times. Moreover, all the evaluated factors

were negatively influenced by the teleoperation system.

In the context of this study, teleoperation with dissimilar

kinematics is an important concept to understand. In this

teleoperation setting, the master and slave robots have

different kinematic and, possibly, dynamic characteristics;

therefore, the control modality for this type of teleoperation

differs from the control modality of similar kinematic

teleoperation. Pan et al. (2017) addressed some of these

challenges, focusing on solutions that include a model of the

remote robot and its environment to solve problems such as

synchronisation (Xu et al., 2016) and controllability. Such

methods include the use of digital fixtures to deal with

dissimilar kinematics (Liu et al., 2019), which effectively

simplifies the control task but for which the task performance

is still challenging. Ben-Porat et al. (2000) investigated the task

performance analysis with dissimilar kinematics for surgical

application. The authors had investigated the placement of the

master robot and the visuo-motor mapping of the remote

environment. It was found that master robot placement has a

direct effect on the task performance. Moreover, it was shown

that simplifying assumptions on complex tasks could give

misleading results on the actual task performance.

Another study that focused on the effect of force feedback on

task performance was performed by Wagner and Howe (2007).

The performance of a teleoperated robot for a surgical task was

evaluated, and it was found that the force feedback reduces the

forces applied in the remote environment. It was also found that

force feedback reduces the completion times for trained

surgeons; however, novice users did not benefit from the

haptic feedback. Similar results about the trade-offs of using

force feedback were obtained by Wang et al. (2018) when

assessing the performance of different control algorithms for

robotically steered needles, with force feedback improving the

performance when used with Cartesian control but increasing

user cognitive load and muscular fatigue.

Yip et al. (2011) evaluated the task performance for a simple

peg-in-the-hole task with a time delay in the force signal.

Different teleoperation modalities, such as unilateral, bilateral,

and no force feedback with various time delay levels, were

considered. It was shown that time delay increases task

completion times regardless of the teleoperation modality.

Force feedback reduced the force applied to the remote

environment.

2.2 Robots in gloveboxes

Gloveboxes are protected environments used in many

applications [i.e., chemical pharmacy (Perera et al., 2018) and

nano-particle production (Masubuchi et al., 2018)] to create,

protect, and isolate an area that contains sensitive or dangerous

substances during a productive process. In applications such as

civil nuclear, they are used by operators to protect them while

manipulating hazardous objects during a maintenance task.

Using robots for glovebox operations has long been an

interest for the robotics community (Pedrotti et al., 1991;

Grasz and Perez, 1997). Akiyama (1996) used a robotic

manipulator as an early example of robotic decommissioning,

where the robot was used to dismantle the JDPR reactor. An

autonomous robotic system is proposed in Harden et al. (2009) to

reduce the radiation hazard for the operator and to improve

safety. Similarly, robotic systems are proposed for reducing

operational costs (Peterson, 2000; Sands, 2006). Robots inside

a glovebox are affected by hazardous radiation, reducing their

shelf life and functionality, with mitigating techniques such as the

one studied by O’Neil et al. (2012), which moves the robot away

from areas of larger danger. However, there are individual

differences among operators using teleoperated robotic

glovebox systems, which include preferences for improved

perceived comfort and for arm trajectories of robotic

manipulators during operation (Sharp et al., 2017).

Redundant manipulators have been extensively used in

gloveboxes for improving the manipulation capability inside

the contained space. Turner et al. (2001) used a redundant

manipulator to avoid collisions with the environment.

Another use of redundant manipulators in gloveboxes

includes improving the manipulation (Roa and Suárez, 2015)

for robust handling of objects.

The glovebox operations are physically demanding for the

operators who are exposed to radiation hazards. Therefore, not

only the operator’s safety is in question, but performance

limitations in glovebox operations also pose a challenge on

their own. Despite extensive training aimed at improving the

operator’s skills for executing glovebox operations, robotic

systems have been shown to provide assistance to operators

(O’Neil, 2010). Ghosh et al. (2020) investigated the use of

high-level voice commands for humanoid robots which are

designed to work in legacy gloveboxes. Finally, other robotic
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applications for gloveboxes include the use of humanoid robots

(Long and Padir, 2018; Onol et al., 2018) and continuum robots

(Lastinger et al., 2019) to help perform maintenance tasks in

constrained environments such as a glovebox.

3 Experimental performance
evaluation

3.1 Performance evaluation methodology

The main focus of this work is to identify the performance of

different manipulation methods in the context of a realistic task

performed in daily glovebox operations. The general

methodology for evaluation followed these four points:

• Identify the realistic task. Preferably, the task should be an

integral part of the daily operation routines.

• Identify the performance measures that indicate a

successful and efficient task.

• Design an experiment around the task. The experiment

should promote repeatability and highlight the essence of

the realistic task.

• Perform controlled and randomized experiments with

trained test subjects.

An experimental approach was used to understand and

evaluate the performance of bilateral tele-manipulation for

glovebox operations, considering task performance as its main

component. For this, we first selected a representative task

performed in glovebox operations, and then we created a

parametrizable test based on the task itself to be applied

under different manipulation methods (i.e., manual operation

or tele-manipulation). Performance metrics were derived based

on expected timings, accuracy, and possible effects that an

unplanned interaction with the glovebox would provoke (e.g.,

unplanned collisions with the glovebox and cross-

contamination).

The task for the experiments is radiation surveying, which

is common in many glovebox operations and often performed

by trained operators. In this work, we refer to tasks as a

sequence of operation-relevant activities performed during a

glovebox operation (e.g., opening and closing a sealed

container are tasks performed during a maintenance

operation). Basic actions such as grasping or moving an

object are interpreted as building blocks of a task

performed in a glovebox operation.

This general methodology can be adapted to other tasks.

However, our results should be indicative of the expected

performance while performing other tasks for the same tele-

manipulation system, as most tasks performed inside a glovebox

face the same limitations (i.e., use of tools to interact with

substances while suffering from poor visibility and dexterity).

3.2 Radiation surveying in glovebox
operations

In the context of glovebox operations, radiation surveying

is a task performed to know the levels of radiation in any

potentially contaminated object or area by using a handheld

sensor (probe) connected to a ratemeter outside the glovebox.

The sensor’s response to ionizing radiation, such as alpha and/

or beta particles, is dependent on its distance from and relative

orientation to the source. The main difficulties faced by trained

operators while performing radiation surveying are around

manipulating the handheld sensor at a constant distance to

the source while slowly moving the probe to avoid collisions as

it could damage or contaminate the probe. Moreover, the

operators perform radiation scanning while wearing multiple

layers of protective gloves, under reduced mobility and

dexterity due to the limitations of the glovebox and under

reduced visibility of the tinted glasses of the glovebox, which

makes it difficult to estimate the clearance between the probe

and the source.

Radiation surveying tasks can be classified into two groups:

1) an operator surveying a visible object (object radiation

surveying) and 2) an operator discovering potential

radiation sources or contaminants in the glovebox

(workspace radiation surveying). Object radiation surveying

is often the main focus of glovebox operations, where an object

of unknown levels of radiation is taken out of its specialized

container and surveyed to understand its level of degradation

over time. Workspace radiation surveying is a task where the

interior of the glovebox is surveyed to identify residual levels of

radiation.

Nuclear gloveboxes are activework environments, as they are

regularly used for decommissioning and maintenance tasks. As a

result, particular areas and surfaces in the glovebox can become

active with residual levels of contaminants. To contain the

contamination and minimize the radiation hazard, workspace

radiation surveying has to be securely and reliably conducted by

the operator.

3.3 Radiation surveying testing protocol

3.3.1 Test description
An experiment was designed based on workspace radiation

surveying, as defined in Section 3.2. A repeated measure

experimental design was used to quantify and measure the

task performance of two manipulation methods (manual

operation and tele-manipulation).

In the experiments, the test subject looked for an unknown

simulated radiation source inside the glovebox workspace and

reported it to the experimental officer. The glovebox workspace

was defined as a 30 cm × 40 cm area and segmented in sectors

of 10 cm × 10 cm, as shown in Figure 1. The number of

Frontiers in Robotics and AI frontiersin.org04

Lopez Pulgarin et al. 10.3389/frobt.2022.932538

https://www.frontiersin.org/journals/robotics-and-ai
https://www.frontiersin.org
https://doi.org/10.3389/frobt.2022.932538


contaminated sectors was unknown to the test subject, and it

varied from one to four tiles per iteration. Each participant

repeated the task four times, with each iteration being timed

and their answers recorded. A glovebox with multi-robotic

manipulator capabilities was used (Figure 2A), but only the

right robotic manipulator was used. The glovebox workspace

was located in front of the glovebox’s glove port for manual

operation and inside the robot’s workspace, as seen in

Figure 2B.

An STS Ionizing Radiation Simulator System was used to

simulate a contaminant in the glovebox workspace being

detected by a probe. The DP6-RE Simulated Probe (STS Ltd,

2022) and the Thermo RadEye SX radmeter were used with

the liquid simulated source LS1, which produces a gas when in

contact with the air that the probe identifies as ionising

radiation. The radmeter alerts the user of changes using its

display, a red LED and a sound alarm. The LS1 liquid was

sprayed on tiles placed in any of the sectors of the glovebox

workspace, changing its location in-between tests. The DP6-RE

Simulated Probe was fitted with a gripping block that enables a

robot to grasp it easily. This equipment is used to train

operators in cross-contamination and decontamination

exercises, as it simulates the size and behavior of a real

probe (i.e., it needs to be moved close to and slowly over a

surface).

The experiment began with a general explanation of

the task to be performed, the sensors and measurements

taken during each trial, and a short familiarisation

stage with the simulated radiation sensor and the robotic

manipulation method. Test subjects performed the

task manually and then switched to using the tele-

manipulation setup (see Section 3.3.3). At the end of the

experiment, a NASA-TLX test (Hart and Staveland, 1988)

was carried out, and a short interview was conducted to

understand the view of the participant on the preferred

manipulation method.

3.3.2 Test subjects
Test subjects were recruited from a pool of individuals

working or associated with the Remote Applications in

Challenging Environments (RACE) of the United Kingdom

Atomic Energy Authority (UKAEA). The recruitment process

FIGURE 1
Physical layout for a radiation surveying test.

FIGURE 2
(A)Glovebox used for experiments. The remote environment is manipulated using the Kinova Gen 3 robotic arm in the right. The glove ports are
used for accessing the glovebox interior. (B)Glovebox workspace during experimental trials. The grid is placed closer to the operator and robots are
turned off during manual manipulation trials.
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primarily focused on research engineers working in the area of

teleoperated robots and remote handling operators who are

experienced on remote maintenance tasks inside gloveboxes or

in similar environments. Moreover, experience in robotics was

required for the participants, and the participation in the

experiment was not imposed on the test subjects as a

requirement for their continuous employment. All health

and safety requirements were met to operate the devices, and

risk assessments were prepared for operating all the

equipment used in the experiment. The national guidelines

for close contact with test subjects were followed during the

experiment. No ethical approval was required as no personal,

sensitive, or confidential data were acquired, with the consent

given by the participants. The data recorded during the trials

were anonymised and kept away from third parties.

Individual views were not shared with anyone outside of

the authors of the work and were only grouped for further

reporting.

3.3.3 Manipulation methods
In the experiment, two different manipulation methods were

used to assess the operator’s performance in the radiation survey

task, as described in Section 3.3.1.

3.3.3.1 Manual manipulation

A radiation probe for measuring the (simulated) radiation

level on a surface was used by the subject, who was told to use

their dominant hand while wearing a pair of protective gloves.

Figure 2B captures an exemplary trial with a subject using the

probe on the grid given in Figure 1.

3.3.3.2 Tele-manipulation

In the experiment, a commercial off-the-shelf bilateral tele-

manipulation system was used to perform glovebox tasks. On

the remote side, the tele-manipulation system consists of a

Kinova Gen3 robotic arm with 7 degrees of freedom (DoF),

mounted with a Robotiq 2f-85 parallel jaw gripper with

modified fingers. The remote robot was fixed to a pedestal

outside the glovebox and fed into the glovebox through the

existing glove port, as seen in Figure 2B. The Kinova

Gen3 robot has been used to develop a robotic glovebox

(Tokatli et al., 2021), as they are of low cost and of ideal

size to fit through the entry port of most gloveboxes.

The local side of the tele-manipulation system is a Haption

Virtuose™ 6D haptic interface (Garrec et al., 2004). The haptic

interface allows intuitive control of the remote robot’s end-

effector; hence, it requires a minimal amount of

familiarization with the teleoperation system. Moreover, with

the help of the buttons on the haptic interface, the operators can

adjust the remote robot’s elbow configuration using the

redundancy available in the remote robotic arm. This is

achieved by utilizing the null space of the redundant robot’s

kinematics, where the joint space motion is projected into the

null space of the kinematic Jacobian of the redundant

manipulator; therefore, the end-effector position is kept

unchanged while the robot joints move (Siciliano et al., 2008).

This kind of motion is useful during manipulation to avoid

collisions. The test subjects held the haptic interface 0.5 m away

from the glovebox itself, with a clear view over the workspace as

seen in Figure 3.

The choice of this particular teleoperation setup is based

on its availability. The Haption Virtuose haptic interface is a

commercial solution that is being adopted in many

teleoperation and remote handling applications and

provides high force feedback in six DOF with out-of-the-

box integration with many robots, including the Kinova

Gen3 robotic arms. The control system and the inverse

kinematics of the tele-manipulation system were used as

supplied by the vendor.

3.3.4 Sensors and performance metrics
In order to identify the task performance of each subject,

three task performance metrics are defined.

• Task accuracy: identifying the cell number(s)

contaminated with simulated radiation,

• Completion time: which is measured in seconds, and

• Occurrence of a collision between the sensor and the

environment.

The performance metrics are designed considering the

objective of a radiation surveying task. A successful radiation

survey should identify the hot spots in the environment without

previous knowledge, and during the surveying, the probe and the

potentially contaminated surface should not collide.

FIGURE 3
Test subject operating the Haption device to perform
radiation surveying.
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In addition to the performance metrics, additional sensory

information was gathered during each experimental trial to

understand both the robot and human behavior during each

trial and how these change per the manipulation method. Three

video feeds were recorded with a timestamp overlay to aid

analysis, two from the inside of the glovebox (side and top

view) and one from the test subjects while performing the

task. Eye tracking glasses were used (Tonsen et al., 2020) with

fiducial markers on the scene to record gaze patterns and

compare them between manipulation methods.

3.4 Hypothesis

It would be expected that an appropriate teleoperation

method allows for a task to be performed similarly or better

than when performed manually. However, we expect that

compared to manual operation, tele-manipulation would make

a task take longer due to it being harder to control.

4 Experimental results

Experiments were conducted as described in Section 3.3.

Seven test subjects participated in the experiment, six of them

being trained remote handling operators and one novice user;

this number was representative of the number of available remote

handling operators on site. All the test subjects had experience

with robots and teleoperation systems, such as the MASCOT

system (Hamilton and Preece, 2001) used during operations in

the Joint European Torus (JET) (Sanders, 2006) project. All the

test subjects had training and experience using the haptic device

and had a familiarisation period with the robot holding the

sensor probe. All the test subjects managed to perform the

radiation surveying task using both manipulation methods

(i.e., they manipulated the sensor probe and found

contaminants in the glovebox workspace). Only one iteration

of the test had cross-contamination of the probe (i.e., the probe

was in direct contact with the LS1 liquid), leading to resetting the

test after appropriately cleaning the probe; this instance occurred

during one tele-manipulation trial. The task metrics introduced

in Section 3.3.4 were used to compare task performance between

manipulation methods with two sample t-tests (Delacre et al.,

2017). Table 1 shows the resulting task metrics averaged per

TABLE 1 Averaged performance metrics per manipulation method.

Manipulation method Completion time [s] False positives Number
of missed sectors

Manual 96.11 0.75 0

Teleoperation 199.36 1.82 0.42

FIGURE 4
Boxplot with overlaid beeswarm plot comparing the
occurrence of collisions between the probe and the glovebox
floor per trial.

FIGURE 5
Boxplot with overlaid beeswarm plot comparing the duration
per trial.
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manipulation method, and a more in-depth explanation of these

results is provided next. Furthermore, these results are shown

using boxplot figures (Figures 4–7) to express how sparsely

distributed the answers were, compared to the average results.

The number of trials where a collision occurred was

significantly larger while using the local device of the tele-

manipulation system, as seen in Figure 4. This difference is

statistically significant with p = 1.83d − 05. This result is of

significance considering that a single collision between the sensor

and a contaminated area is enough to potentially damage the

sensing probe and lose its measuring capabilities.

Figure 5 depicts the completion time in trials, where the

duration for each trial was significantly longer and more

inconsistent while using the tele-manipulation system. On

average, the manual operation took 96.11 s, whereas the tele-

manipulation system took 199.36 s to complete a trial. This

difference is statistically significant, with p = 2.95d − 05

reported from a two-sample t-test with unequal variance,

i.e., Welch’s t-test, (Delacre et al., 2017).

Regarding accuracy, both the number of tiles incorrectly

detected as contaminated (i.e., false positives) and the missed

sectors were significantly higher during tele-manipulation, with a

significant difference on the latter as no missed sectors were

reported during manual operation. Figure 6 shows the number of

false-positive sectors reported per trial, with on average

1.82 sectors badly reported during the tele-manipulation

against 0.75 during the manual operation; this is a statistically

significant difference with p = 0.007. In contrast, Figure 7 shows

the number of contaminated sectors that were not reported

during trials, with 0 reported during the manual operation

against 0.42 during the tele-manipulation on average; this

difference is statistically significant with a p = 0.0004 reported

from a two-sample t-test with unequal variance, i.e., Welch’s

t-test.

The subjective experience of test subjects using the tele-

manipulation device when compared to manual operation was

recorded using the NASA-TLX test. Figure 8 summarizes these

findings, with large variation between test subjects in the

frustration, mental demand, and physical demand factors.

Given that the NASA-TLX ranges from 1 to 20, the group

average for these factors was medium but with large

variability, which makes it difficult to draw conclusions from

these factors. Temporal demand and performance show less

variability and low average values, meaning most test subjects

did not feel pressed or rushed to finish the task using the tele-

manipulation system compared to manual operation. However,

most test subjects reported high values in the effort factor (12 on

average), which can be interpreted as the test subject having to

put in significantly more effort to perform radiation surveying in

the glovebox using the tele-manipulation system.

Although our study lacked sufficient test subjects to draw a

statistically significant conclusion, task performance was not

significantly worse off for the novice test subjects compared to

expert operators. All trials took longer than the group average

(above 260 s against 199.36 s), with half of the trials taking longer

than 300 s; however, the occurrences of collisions, false positives,

and missed sectors were similar to those of other test subjects.

This was expected due to the difference in expertise using both

teleoperation devices and performing radiation surveying.

There were no relevant performance improvements over

trials per test subject (i.e., task performance did not improve

FIGURE 6
Boxplot with overlaid beeswarm plot comparing the number
of false positives reported by test subjects per trial.

FIGURE 7
Boxplot with overlaid beeswarm plot comparing the number
of contaminated tiles not reported per trial.
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steadily with repetition). Test subjects reported feeling more

comfortable with the tele-manipulation interface, and there

was no significant improvement, meaning the duration stayed

above 100 s, and occasional collisions and missed detected

sectors were observed.

Regarding gaze patterns and engagement with the task being

performed, all test subjects focused on the scanning task using

any of the manipulation methods (i.e., keeping fixation inside the

workspace and around relevant equipment). A raster scanning

pattern was seen in most test subjects, going side to side and

changing rows one sector at a time. Fixations were either an onset

of the sector to be scanned next or pursuing of the probe as it

moves. In addition to workspace fixations, the radmeter was

consulted to verify a contaminant being detected; however, most

test subjects relied on the sound alarm produced by the radmeter

alone and focused on the workspace, except for the novice user.

Figure 9 shows the fixations and motion between fixations for a

manual operation and a tele-manipulation trial, with the latter

mimicking the manual operation until a contaminant was found.

Other fixation points during trials were only seen during tele-

manipulation, which were the Kinova second joint and the haptic

device itself. Five out of seven test subjects changed gaze from the

glovebox to the dials and controllers in the haptic device, either to

use the redundancy buttons or to confirm grip and grasp inputs;

FIGURE 8
Boxplot with overlaid beeswarm plot of the reported NASA-TLX results.

FIGURE 9
Example of fixations (green dot) and gaze patterns (purple lines) while performing radiation surveying using manual operation (left) and tele-
manipulation (right).
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three test subjects had to look at the haptic device in three trials,

one on two trials and one during a single trial alone.

4.1 Remote handling operator interview

After completing the trials, the JET remote handling

operators were asked the following questions, indicated with

Q, and the answers to the interview questions, indicated with A,

are summarized as follows:

Q The teleoperation system has haptic/force feedback for the

teleoperator. Were you aware of the haptic feedback during

the experiment? If you were aware, did you find it useful for

completing the task? Why?

A All interview participants, except for one, indicated that

they were aware of the force feedback in the bilateral

teleoperation system. The majority of the answers clearly

stated that they felt the weight of the sensor. All answers

indicated that the force feedback is useful for tele-

manipulation.

Q You have experienced two different manipulation methods

for gloveboxes. Which method would you prefer if you were

given the chance to select? Please do not take the radiation

hazard into account when answering the question.

A All interview participants, except for one, preferred manual

manipulation over tele-manipulation because it was

considered more intuitive, quicker, and easier. One

participant thought that manual manipulation is more

exhausting, and the participant finds tele-manipulation

easier to use.

Q Do you think that, from a user’s perspective, the

teleoperation system can be improved? How?

A Three answers suggested using a teleoperation system with

similar kinematics as the robots. Two answers highlighted the

importance of the relative positioning and orientation of the

local and remote robots. Two answers reported that the

inverse kinematics algorithm used in the teleoperation

systems should give more intuitive joint configuration. One

answer commented on improving the clutchingmechanism of

the teleoperation system for a smoother transition after

releasing the clutch. One answer suggested using auditory

or visual feedback to the operator in case of reaching the limits

of the physical workspace of the haptic interface. One answer

suggested having higher fidelity in force feedback so that

touching the remote environment with the sensor could be

perceived by the operator. One answer suggested having a

force scaling mechanism where heavier objects are felt lighter

on the operator side.

Q What was the most challenging part of the manual

manipulation?

A The answers were around the physical limitations imposed

by the glovebox. This is either working in a limited working

area, reduced reaching capability, or carrying a heavy object

(i.e., sensing probe) for prolonged time in uncomfortable

body positions.

Q What was the most challenging part of the tele-

manipulation?

A The answers highlight that understanding the foreign

kinematic structure of the local and remote robots was the

most challenging part of the tele-manipulation. Related to this

issue, one interview participant highlighted the importance of

training for the setup. With training, the operators are

expected to develop better intuition on how the remote

robot moves. In this context, the elbow motion of the

remote robot as a result of the redundancy was identified

as an important problem of the manipulation system. The

limited workspace of the local robot compared to the remote

one was identified as another limitation of the system. Moving

the remote arm without colliding with the remote

environment was considered as easy as they expected.

Finally, interviewees stressed out the relative orientation of

the local and remote robots.

5 Discussion

As seen in Section 4, there is substantial evidence to support

the claim that task performance during tele-manipulation was

considerably lower than during manual operation. Although one

might argue that it is not fair to compare the task performance of

any teleoperation system or device with that of manual operation,

it is necessary to adopt manual operation as the ground truth or

basic performance that any future robotic system should achieve

or outperform. The tele-manipulation system provided flexible

and effective haptic-enabled control of the robot’s end-effector,

but task performance was not ideal even when used by trained

operators. A task-aware technical analysis is necessary to

understand the reasons behind these results and ways to

improve them. The next step is to analyze the results, provide

our hypothesis for why task performance was so dissimilar, and

propose solutions for future teleoperation systems.

The largest factors affecting the teleoperation performance

are the same that define any task performed inside a glovebox: the

interplay between the limitations of the manipulation method,

environmental constraints, and tool characteristics. First, the

glovebox is a restricted space, with visibility only available

through shaded glasses placed on one side of the box. In

addition, the sensor used during the trials is a realistic

training probe that weighs 0.9 Kg, which was even reported as

heavy during manual operation by some test subjects.

Furthermore, the Kinova Gen 3 robot has a redundant joint

(elbow joint) that allows reaching many end-effector

configurations by rotating the redundant joint close to

kinematic singularities, leading to potential collisions between

the joint and the glovebox limits.
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The large numbers of probe collisions were primarily due to the

reduced depth perception inside the glovebox, which complicates the

test subject’s task of estimating the distance between the probe and

the floor; this estimation is crucial whilemoving the probe, as optimal

radiation surveying requires constant distance and orientation

relative to the floor. The weight of the sensor probe and the

robot’s joint configuration necessary to use the sensor lead to

further control difficulties. When starting control action from the

haptic device using the enabling clutch and the dead man’s switch, a

sudden and unplanned drop in the end-effector’s position occurred

the closer the probe was to the floor, sometimes leading to collisions

between the end effector and the glovebox’s floor. Although the

weight of the sensor is well within the robot’s reported 2 kg full-range

payload, it is theorised that the cantilever-like configuration required

to operate the probe (see Figure 2A) is particularly challenging for the

haptic device’s commercial weight compensating torque controller.

All these translate to reduced dexterity, with big effort needed to

stabilize and operate the haptic device, as reported in the NASA-TLX

at the end of Section 4. It could be argued that redesigning the sensor

probe or the gripping block to allow the sensor to be grasped and

manipulated from a different angle (i.e., vertical orientation instead of

a mostly horizontal) would help, but these ad-hoc solutions would

restrict the robot’s workspace, its usability, and incur redesigning

costs.

The situations described below can also explain the low

accuracy experienced during tele-manipulation (i.e., the large

number of tiles incorrectly detected as contaminated and missed

sectors). Low dexterity makes it difficult to differentiate one

sector from the next, as the probe requires slow and stable

movements parallel to the glovebox’s floor.

It is worth noting that both collisions between the probe

glovebox and contaminants not found are not acceptable during

any radiation surveying task. Although short surveying times and

no false positives are desired, long and overestimating survey are

safer and more desired than surveys damaging the sensor probe

or missing dangerous contaminants.

The experimental setup uses a simulated radiation source

and a sensor probe that can detect it. All participants are

informed before participating in the study about the simulated

radiation source. The experimental setup is kept as realistic as

possible; however, knowing the radiation source is simulated

could encourage participants to be less cautious while

operating the device. With a real radiation source, we

expect operators to take extra precautions, potentially

increasing their surveying times for both manipulation

methods. Whether it is simulated or real radiation, the

authors believe that the relative difference in performance

between manual and tele-manipulation will remain.

The interviews with professional remote handling operators

revealed interesting design pointers and helped researchers to have

a better understanding of the expectations from industry professionals.

The answers of remote handling professionals reflect their

experience with the JET remote handling system, and they are

inherently biased to favor this system over other tele-manipulation

systems. Their comments on force scaling and similar kinematics

reflect this preference. However, this bias is not something

researchers should ignore. On the contrary, the suggestion from

the interviews about having a similar kinematic structure for both

local and remote robots improves the operational safety and ease of

use of the tele-manipulation system. Being able to control each link

of the remote robot is crucial in this context.

The existence of force feedback is appreciated by the operators;

however, as pointed out in an answer by an interviewee, the force

rendering fidelity of the selected COTS teleoperation system did not

allow operators to feel low amplitude contact forces; hence, force

feedback was not utilized to secure a collision-free course for the

radiation sensor. On the contrary, all operators relied on their vision

to detect collisions. We deduce that the transparency of the tele-

manipulation system is crucial for safe operations and, in this

particular case, the agility of the operator. This hypothesis needs

further evaluation.

Using a robot with different kinematic structures offers

advantages such as reduced cost. However, the inverse

kinematics algorithm becomes crucial for such tele-

manipulation systems. In the presence of redundant

manipulators, the inverse kinematics could significantly

degrade the performance by causing redundant elbow motion.

This phenomenon was detected by the participants and identified

as a problem of the tele-manipulation system.

One participant identified an important problem regarding the

haptic interfaces. As the operator ismentally engagedwith the remote

task during teleoperation, there is noway to distinguish the end of the

physical workspace or a collision in the remote environment. In both

situations, the haptic interface resists themotion of the operator. This

situation creates confusion on the operators, and we argue that it

increases the cognitive load on the operator.

Considering the problems shown during tele-manipulation

using an advanced commercial solution, we present a list of key

features and improvements necessary for control interfaces used

in radiation surveying and other glovebox maintenance tasks:

• Cartesian motion and velocity compensation are used to

move at a fixed distance from a surface while holding a

fixed orientation.

• Collision avoidance between the robot joints, the sensor

probe, and the glovebox itself.

• Introduce a constant-torque mode for the Haption device,

which compensates for the payload weight and holds the

robot’s end-effector position between activations.

Additional assisting technologies have been explored in the

state-of-the-art to improve teleoperation systems’ performance

overall, which include adding automated control sub-routines

(Qi et al., 2021), including environment segmentation and object

classification for grasping using cameras (Su et al., 2020b),

intention reading of the operator (Oh et al., 2021), and other
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control-related technologies (Su et al., 2020a), that rely on sensor

feedback and deep-learning or neural networks. However useful

these technologies might be, the requirements for nuclear

glovebox operations limit the adoption of these solutions.

Adding sensors such as cameras inside nuclear gloveboxes is

difficult and costly, with a reduced shelf life and limited

performance observed in most cases. In addition, the use of

black box solutions such as neural networks makes the creation

of a safety case for a regulatory body such as the Office for

Nuclear Regulation (ONR) in the United Kingdom a very

complex problem. In future work, we will address this highly

constrained and complex research challenge.

Finally, the authors would like to highlight that the experimental

performance evaluation presented in this paper is very flexible in

terms of assessing newmanipulation interfaces or understanding the

performance of different tasks. Assessing the performance of

different manipulation interfaces, such as a new teleoperated

robotic manipulation system, is trivial, as it only requires

completing the experimental procedure. The evaluation of

performance in new tasks requires further work on designing the

experiment itself. For instance, understanding the pick-and-place

performance in glovebox operations requires designing an

experiment based on Fitts’ Law (MacKenzie, 1992) or peg-in-a-hole.

6 Conclusion

A methodology to compare tele-manipulation methods in a

glovebox environment was presented, using a radiation surveying

task and different performance metrics. Task performance was

measured for the tele-manipulation system compared to manual

operation while using ionising radiation simulator systems used

in the industry. A Haption Virtuose™ 6D TAO Virtuose

controlling a Kinova Gen3 arm was shown to be able to

perform radiation surveying by teleoperation; however,

measured task performance was significantly lower than that

of manual operation. A list of reasons and solutions to these

problems were presented. We managed to show the shortcoming

of the current off-the-shelf commercial offering for glovebox

operations, as the current iteration of this system is still not

sufficient to replace manual glovebox operations.

When faced with constraints in technical challenges, it is easy to

advocate for a complete redesign or change in the equipment used

(i.e., robot, glovebox, and sensor). However, these experiments

exemplify the current challenges faced by robotic glovebox

operations and systems, as robust and flexible solutions are

needed to fit both legacy equipment and build toward the robotic

gloveboxes of the future. By implementing and measuring a relevant

maintenance task involving tool handling and a defined workspace

similar to what an operator would face in manual operation, relevant

comparisons and limitations can be seen in teleoperation interfaces.

Future work includes testing more test subjects from both an

expert and novice background and creating a human–robot

interface (HRi) that implements some of the improvements

described in Section 5, namely, limiting end-effector motion

to a plane at a certain distance from the floor.
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