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Impact of Haptic Feedback in High Latency Teleoperation for Space Applications
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Remote manipulation is a key enabler for upcoming space activities such as in-orbit servicing and manufacture (IOSM). However, due
to the large distances involved, these systems encounter unavoidable signal delays which can lead to poor performance and users
adopting a disjointed, ‘move-and-wait’ style of operation. We use a robot arm teleoperated with a haptic controller to test the impact
of haptic feedback on delayed (up to 2.6 s: Earth-Moon communications) teleoperation performance for two example IOSM-style tasks.

This user study showed that increased latency reduced performance in all of metrics recorded. In real-time teleoperation, haptic
feedback showed improvements in success rate, accuracy, contact force, velocity, and trust, but, of these, only the improvements to
contact forces and moving velocity were also seen at higher latencies. Accuracy and trust improvements were lost, or even reversed, at
higher latencies. Results varied between the two tasks, highlighting the need for further research into the range of task types to be
encountered in teleoperated space activities. This study also provides a framework by which to explore how features other than haptic
feedback can impact both performance and trust in delayed teleoperation.
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1 INTRODUCTION

Long-range teleoperation capabilities will enable key developments for the next steps of the space industry, such as
in-orbit servicing and manufacture (IOSM) of spacecraft, orbital debris management [1], and construction of large-scale
infrastructure on the Lunar surface [16, 20, 58]. These activities would bring benefits including: lower financial costs of
providing satellite services, by facilitating reusability and reducing the number of launches [24]; sustained accessibility
to space, by delaying the formation of an Earth-orbiting collision belt [27]; and, improved capabilities for exploration
and research [47]. Teleoperated systems are targeted for these services, over manual maintenance and manufacture by
astronauts, as they avoid the high risk and cost associated with human spaceflight [24, 31]. Despite automated systems
being used where possible, the variability in legacy satellite configurations [39] means that a large proportion of tasks
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would still require the adaptability of human control, and would therefore require some form of human-in-the-loop
teleoperation [51].

The problem, still yet to be overcome, is how best to perform tasks with the inherently long time delays [38] – as
dictated by the speed of light and the large distances between control center and robot. Round trip signal times between
points of interest range from 100s ms for Earth Surface–Low Earth Orbit (LEO) to 2.6 s for Earth Surface–Moon Surface
(Table 1) [32]. These communication times are further increased if travelling via a relay of communications satellites,
for example, to the other side of the Earth or the Moon. At this scale of delay, telemanipulation tasks become more
difficult and increase the chance of errors [23]. The cost of failure is extremely high in the space environment [44], and,
hence, when considering the adoption of these technologies, the barrier for entry is also very high [11, 39]. While the
concept is not new and the technology has matured to commercial usage for other applications, to date there are few
implemented examples of Earth-Space telemanipulation.

Table 1. Typical ‘best case’ 2-way delay times between points of interest for IOS and exploration. Adapted from [32].

2-Way Delay Between Points

130 ms Deimos–Mars Surface

240 ms Earth Surface–Geostationary Orbit (GEO)

260-360 ms Deimos–Mars Surface
(via Areostationary Orbit relay)

410 ms Earth Surface–Earth Moon L1
or Earth Moon L2–Moon Surface

460-960 ms Earth Surface–LEO via GEO relay
2,600 ms Earth Surface–Moon Surface

The challenge, in these systems, is that once a command is sent, there can be no human intervention until the
command has been acted upon, and the user will face a further return delay before they can know the outcome. As
latency increases, this involves the operator taking greater risks [52], delegating more responsibility to the remote
system. For this to occur smoothly, the robot must be trustworthy and the operator must trust the robot [52]. Here,
we use the following definitions: ‘system trustworthiness’ - assurance that a system will behave as the user expects [3],
and ‘trust in the system’ - willingness to rely on the system, based on confidence that it will behave as expected without

negative consequences [9, 46]. At higher latencies, the user must predict the outcomes of their commands further in
advance, which magnifies any errors as uncertainties are propagated. Additionally, users receive out-of-sync feedback,
which makes it more difficult to accurately update and adjust their expectations [48]. Both of these factors, combined,
lead to greater disparity between user expectations and robot behaviour.

It has been reported that, under high-latency conditions, operators will generally adopt a ‘move-and-wait’ strategy [49]
(interrupting sequences of movements with stationary periods). This behaviour introduces stationary, predictable
periods for the user to interrupt erroneous movements and re-baseline their predictions [14] in response to increased
expectation-behaviour differences – i.e. it is a behavioural reflection of the decreased trust that users have in a delayed
system. Using this strategy greatly increases the completion time [14], and highlights how behaviours resulting from
poor trust in a system can negatively impact performance. Consequently, there is benefit in quantitatively measuring the
‘demonstrated trust’ in a system [52], to allow assessment and comparison of the impact of different features with fewer
Manuscript submitted to ACM
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biases than when using self-reported measures based on subjective questionnaires commonly used in the literature
[25, 46], to systematically address the issue of trust in delayed teleoperation.

1.1 Related Work

Expert operators report that the most important factor for high-latency teleoperation is understanding of the situation,
i.e. information quality and quantity [56]. Providing haptic feedback could improve this situational understanding, and
subsequently trust [13], by increasing the sensory information available to the user. This has been widely demonstrated
to enhance performance in a range of application areas, for example in surgical [12] and nuclear robotics [50], and is
also being explored for space robotics [2]. However, it is not clear whether addition of haptic feedback is advantageous
with communication delays, as it could have a destabilising effect on the system [48] and, by providing users with more
temporally disconnected information, this can become more cognitively demanding. Delayed bilateral haptic feedback
systems must, therefore, find a balance between transparency and stability [38].

The prevailing strategies for ensuring stability in delayed haptic feedback systems are either to use Model-Mediated
Teleoperation (MMT) with a time-adjustment, which allows users to interact with a time-adjusted simulation in real-time
[7, 44], or to use passivity control algorithms to ensure system stability, as with a Time Domain Passivity Approach
(TDPA) [41] or Wave Variable Controllers [59]. However, these strategies come at a cost. MMT is heavily reliant on
having an accurate model, making it less suitable for complex, non-deterministic environments, as errors can arise
when users place too much trust in an inaccurate model [44]. Passivity control, such as TDPA, results in position
drift when in contact with objects, and the increased completion time as a consequence may lead astronauts to prefer
no haptics or passivity control [41]. This paper examines the effect of situational awareness on trust, and therefore
considers the ideal transparency condition only, where the haptic feedback provided to the operator is equal to that
which was sensed by the physical remote system [38]. Instead of utilising control or modelling strategies, we focus on
the often overlooked approach of using the human operator to stabilise an unstable delayed system [40].

Most delayed teleoperation research to date has assessed the impacts of ≤ 1 s delay. Negative impacts on performance
as a result of delay are commonly reported in the 100 to 500 ms latency range, for systems where either only visual
[28, 35, 36, 42, 57] or haptic [4, 5] feedback types were tested. However, these studies did not compare the two feedback
types on the same system. Perez et al., for example, found that across four tasks in a virtual surgical robotics trainer
(dv-Trainer) which used visual feedback only, completion times doubled as latency increased from 100 to 500 ms, and
the number of errors in a task increased at latencies ≥500 ms [42]. In another virtual surgical trainer study, a similar
doubling in completion times was recorded after increasing the delay from 0 to 500 ms [35].

From the literature, it is not clear at what latency the advantages of haptic feedback are lost, or become disadvanta-
geous. Ivanova et al. found that, although telemanipulation performance (accuracy and smoothness) declined as latency
was increased from 180 to 540 ms, haptic feedback was still beneficial to the user up to the largest latency tested (540
ms) in a 1-degree of freedom (DOF) tracking task [22]. However, the difference between feedback types decreased with
latency, and these results do not show for how long haptic feedback maintains its advantage. Similarly, Yip, Tavakoli
and Howe reported increased completion times and tip forces when latency was increased up to 500 ms in visual and
haptic feedback conditions, for a 6-DOF peg-in-hole task [59]. For the delays tested (≤500 ms), haptic feedback had the
benefit of reducing contact forces at the cost of increasing completion time, suggesting that selecting an appropriate
feedback type will depend on the task’s priorities. However, the impact of adding haptic feedback at higher delays,
relevant to Earth-Moon teleoperation, has not yet been assessed, and was identified by the authors as an important
next step for future work [59].

Manuscript submitted to ACM



4 Louca, et al.

There are a few examples of previous work which examined the impact of larger delays up to 4 s [21, 33, 38, 55].
These studies reported similar trends (further increases to completion time, decreased accuracy and speed), but did not
successfully evaluate visual vs visual and haptic feedback systems. A comparison is required between these feedback
types at higher latencies, as this would inform the design of a telemanipulation system for use in the space environment.

Further to the impacts on performance, to the authors’ knowledge, there have been no prior reports of user studies
investigating trust in delayed haptic telemanipulation systems. Rogers et al. [45] and Khasawneh et al. [28] explored
how trust is affected by small delays (500 ms) when operating visual-only feedback mobile robots operated with a
joystick. In both studies, increased delay did not reduce trust when operating a single robot. Telemanipulation, however,
requires a different style of control to the teleoperation of mobile robots, so the results of these studies are not directly
applicable to space manipulation tasks such as IOSM.

1.2 Contribution

Our work addresses the recommendation of Khasawneh et al. to investigate the effects of haptic feedback on trust in
delayed systems [28] and, additionally, it extends it to higher latencies relevant to Earth-Moon communications.

In this paper, we investigate how haptic feedback affects performance and trust in systems with high communication
delays, and identify whether there is a latency beyond which adding haptic feedback becomes detrimental. We explore
this impact through two tasks which suit different aspects of haptic feedback. We also aim to assess the ‘move-and-wait’
behaviour as a measure of ‘demonstrated trust’ in teleoperation with delays. To the authors’ knowledge this is the first
study that assesses a delayed telemanipulation system on both the participants’ perceived and demonstrated trust.

The rest of the paper is structured as follows. First, Section 2 outlines the user study, describes the telemanipulation
system, the tasks, the feedback and latency conditions tested, and the metrics for assessment. Section 3 presents the
results of the user study as a summary across metrics for all conditions and then in greater detail by each individual
metric. The discussion in Section 4 explores the effect of increasing latency on these metrics, alongside the associated
impact of haptic feedback. Finally, the conclusions of the paper are stated in Section 5, including the implications for
implementing telemanipulation systems for space applications, and recommendations for further research.

2 METHODOLOGY

2.1 Population Sample

The user study was approved by the Research Ethics Committee of the University of Bristol (ID: 2022-10027-10400).
Trials were carried out by 30 participants (10 female, 20 male, age range 22-55, mean age 33.17 years). Of these
participants, 28 were right-handed and 2 left-handed. Each participant gave informed consent and was given an
experiment overview before starting the experiment. The sample represented a broad range from people who currently,
or have previously, operated robots regularly, to those who have never operated a robot. On average, this sample was
accepting of technology; when asked to rate their attitude to technology on a scale from 1 to 5, 1 being extremely wary
and 5 being extremely accepting, the mean value was 3.9 (𝜎 = 1.4). Similarly, participants were quite risk tolerant;
reporting a mean value of 3.5 (𝜎 = 0.9) when asked to rate their tolerance (1: extremely risk averse, 5: extremely risk
tolerant).
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2.2 System description

The teleoperation system comprised two subsystems - local (user-side) and remote (task-side) (Figure 1). As information
was passed between the two subsystems, a signal delay was imposed to imitate the outgoing and incoming delays
which would be experienced between a control station on Earth and a manipulator in space.

Fig. 1. Overview of the teleoperation system. Each time information crosses the red, dashed line separating local and remote
subsystems, a one-way delay is added.

The remote subsystem consisted of a robot arm (KUKA LBR iiwa14 R820), fitted with a 6-axis force-torque sensor
(ATI Axia80-M8) at the wrist. A marker pen was fitted as an end effector to the force torque sensor. Two cameras
(Logitech C270) to capture video streams (640 x 480, 20 fps) of the task from two viewpoints.

The local subsystem consisted of a haptic arm (Haption Virtuose 6D Desktop) and a laptop (Intel i7-10850H CPU
2.70 GHz, 16GB RAM) running the ROS-based control software and displaying the two video streams of the task.

As in [17], velocity commands were sent from the haptic arm to the manipulator. In order to scale the commands
appropriately for the task, velocity commands were reduced from the local to the remote subsystems at a ratio of 2.5:1.
A foot pedal clutch control was included to let the user to pause control and refresh the start position. This enabled a
‘click and drag’-style motion, extending the possible workspace of the haptic arm and allowing participants to reset to a
more comfortable position. A direct force-reflecting bilateral control architecture was used in these experiments. The
measured forces (≤ 23 N) on the remote end-effector sensor were used as direct feedback forces on the local haptic
device. We opted to use the high-transparency direct force-reflecting method rather than passivity controllers such as
TDPA [7, 44] or Wave Variable Control [59], as those methods prioritise system stability at the cost of transparency [1].
Using the human operator to stabilise the system, on the other hand, does not reduce transparency [40]. Forces applied
to the local haptic device were limited to 5 N for user safety, and scaled to 30% of the sensor reading to scale down the
remote system forces to within this 0-5 N range. For these trials, angular components of velocity commands and force
feedback were removed, limiting control to 3-DOF to make it simpler for the untrained participants to learn to use the
system [21].

The intrinsic one-way delay of the system was measured to be 7 ms. This was below the 20 ms threshold at which
delay becomes noticeable [22], so can be considered to be real-time teleoperation.
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2.3 Tasks

Similar to Pryor et al. [44], our task selection was motivated by upcoming missions requiring high latency teleoperation,
such as NASA’s (National Aeronautics and Space Administration) On-Orbit Servicing Assembly and Maintenance 1
(OSAM-1) mission and ESA’s (European Space Agency) ESPRIT Refueling Module (ERM) planned for the Lunar Gateway.
The two tasks, illustrated in Figure 2, were chosen as examples of different challenges that an operator may be faced
with in real-world applications, and which may benefit from the addition of haptic feedback in different ways, e.g.,
maintaining contact with a surface in cutting or adhesive application tasks, or aligning and mating two objects in
refuelling or component replacement tasks [18]. The tasks used were inspired by the refueling task in [44] and the
cutting task in [55], and were designed after discussion with experts in space industry.

Fig. 2. Camera views of the two tasks. Left: Task A – Line Drawing, Right: Task B – Peg in Hole. Red arrows indicate direction of
travel.

2.3.1 Task A: Line Drawing.

Participants were asked to draw a line along a 110 mm long groove, maintaining contact with, but applying as light a
force as possible to, the surface of the path. This task was selected so that visual and haptic feedback both provided useful
information for the user – while they could feel contact with the surface, the cameras provided visual confirmation
of task success as the line was drawn. Furthermore, the soft felt tip of the marker added some compliance to the end
effector, meaning a range of forces could be detected depending how hard the user pressed against the surface.

2.3.2 Task B: Peg in Hole.

Participants were then asked to insert the pen (11.6 mm diameter) into a hole (12.0 mm diameter, 20.0 mm deep) at
the end of the path, as in typical peg in hole tasks that are commonly used to test telemanipulators [37]. This task
was designed to incorporate some of the challenges faced when operating based on visual feedback alone. Firstly, the
hole was placed at the end of the path where camera view is poorer (compared to the front). Additionally, the inside of
the hole was coloured black to make it more difficult to visually distinguish between it and the black pen, and a pen
was chosen with a filleted rim which was wider towards the base. This was to make it more difficult to visually assess
progress as the pen was inserted, while reducing the clearance between the pen and the hole. This task involved more
rigid object interactions than Task A, resulting in stronger, sharper forces being felt.
Manuscript submitted to ACM
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2.4 Conditions

2.4.1 Signal Delays.

In order to identify the signal delay limit beyond which teleoperation is not feasible, the participants were asked to
repeat the task with two-way delays, 𝑡delay, of: 0, 600, 1500, 2600 ms. I.e., an outbound delay of

𝑡delay
2 was imposed on

user commands to the remote subsystem, and an inbound delay of
𝑡delay

2 was imposed on camera and force sensor data
sent back to the local subsystem. This investigates delay for key points of interest (Table 1) and covers the range of
delays seen up to the level of Earth-Moon Surface communications.

2.4.2 Feedback Type.

Under each signal delay condition, the trial was repeated twice with: Visual Feedback (VF) only or Visual and Haptic
Feedback (VHF). In the following Sections, the different conditions will be referred to as ‘Feedback-Latency’, for example,
VF-0 for visual feedback only at 0 ms latency.

2.4.3 Order of Conditions.

Each participant completed the two tasks (A and B) under the eight different conditions (4 signal delays x 2 feedback
types). The order of these conditions was varied systematically between participants to ensure an even distribution in
order to counteract any effects of training on the system. Half of the participants completed the block of four trials
for VHF followed by VF, with the other half completing VF first. Within each block of four trials, the order of delays
was systematically randomised to avoid effects of adapting to latency [28]. Each of the 24 possible order combinations
of the four delays was assigned a random number from 1-24 with no repetitions. This determined the delay order
for each sequential block of four trials. Across the 60 blocks of trials (two each for 30 participants), half of the order
combinations were repeated twice, and half were repeated three times.

2.5 Metrics

For evaluating the impact of feedback under the various task conditions, we define the following metrics.

2.5.1 Success Rate.

The percentage of participants who completed the task successfully. Success was defined as having reached the target
without colliding with sufficient force to trigger the KUKA collision detection (activated if the torque at any joint
exceeded 30 Nm). By defining unrecoverable conditions, we simulated the high cost of failure experienced in the space
environment.

2.5.2 Completion Time.

The time taken to complete the task. Completion was defined for the two tasks as:

• Task A - Pen reached the end of the path.
• Task B - Peg fully inserted into hole.

This was measured using kinematic analysis of the robot’s joints to track its end effector position over time.

2.5.3 Accuracy.

The distance between the pen tip and the target. The pen tip position was tracked using kinematics and the target position
was defined for the two tasks as:
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• Task A - The path along the centre of the groove. Accuracy was measured as the root mean squared error (RMSE)
over the duration of the task.

• Task B - The centre of the hole when completely inserted. Accuracy was measured as the closest distance to this
point.

2.5.4 Contact Forces.

Mean magnitude of forces at the end effector when in contact with an object. This was measured by the wrist force/torque
sensor. Larger forces are present when the user overshoots and makes more contact than necessary with scene
objects. This has real-world safety implications, e.g., it is important to avoid pressing too firmly with a blade or drill,
over-tightening a bolt.

2.5.5 Perceived Trust.

Questionnaire score based on Schaefer’s 14-item trust subscale. [46] This aimed to capture how much the users trusted
the system. The shortened 14-item subscale was used to avoid fatigue as participants were asked to complete the
questionnaire after each condition (Task A and B combined).

2.5.6 Demonstrated Trust.

We divided the ‘move-and-wait’ behaviour [49] into ‘Move’ and ‘Wait’ periods. ‘Wait’ periods were defined as any
period when the magnitude of the velocity was below 0.01 mm s-1. This threshold was determined by comparing the
velocity profiles against qualitatively assigned ‘Wait’ period profiles taken from a random sample of videos of the tasks.
Any non-‘Wait’ period was assigned as a ‘Move’ period.

We measured the moving behaviours:Mean Move Duration, the mean time between wait periods;Mean Move Distance,
the mean distance travelled during a move period, and, Mean Move Velocity, the mean velocity during a move period.
Waiting behaviour was also measured:Wait Frequency, how many times the user waited per second of moving time.

Avoiding collisions while making contact requires careful control of the end effector position within a tolerance
range (contact position to collision position). The time that the user has to correct an erroneous command that moves
towards a collision is:

tcorrection = User Reaction Time + Latency

If: Velocity > (Distance to Collision / tcorrection), the user will not be able to respond quickly enough to avoid collision.
Moving at higher velocity, therefore, is a higher risk action which demonstrates greater trust that the command will be
acted out as expected, and that the commands do not contain errors. Assuming a constant reaction time for each user,
we would therefore expect velocity, and by extension, trust, to be inversely proportional to latency. Conversely, ‘Wait’
commands are safe, risk-free actions, so an increased wait frequency demonstrates reduced trust in the system.

We used these behavioural metrics to objectively measure demonstrated trust [15], which complements the subjective
perceived trust scores obtained from the questionnaires (comparable to using physiological workload data to complement
perceived workload scores from a questionnaire [53]). This approach avoids the potential for self-reported bias that can
occur when using questionnaires [6].

2.6 Statistical Analyses

We used the MATLAB Statistics and Machine Learning Toolbox to carry out statistical tests for significant differences
between samples. The success rate results were analysed using Pearson’s 𝜒2 test. The remaining metrics were analysed
Manuscript submitted to ACM
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using t-tests to compare the two feedback conditions at each latency level, and ANOVA tests to compare the four
latencies within each feedback type.

3 RESULTS

The raw results, showing the mean and standard deviations of each metric under each test condition for the two tasks,
are shown in Table 2. The results of the 𝜒2, t, and ANOVA statistical tests are given in Tables 3, 4 and 5, respectively.

3.0.1 Success Rate.

Neither latency nor feedback type had any significant effect on the overall success for the line drawing task. For Task B,
however, adding haptic feedback improved the success rate from 53.3% to 90.0% at 0 ms (𝜒2(1, N=58) = 9.93, p = 0.002),
although no significant improvements were seen at any other latencies. With increasing latency, the success rate
decreased for the VHF conditions only (90% for VHF-0 to 51.7% for VHF-2600, 𝜒2(3, N=114) = 12.61, p = 0.006), but no
such trend was seen across the VF conditions.

3.0.2 Completion Time.

Increased latency resulted in increased task completion time for both the VF and VHF conditions (p = 0.028 and p < 0.001
respectively) in the line drawing task. Although the differences between feedback types were not significant at any
latency, when haptic feedback was added, this metric increased more steeply with increasing latency than for the VF
trials. Between 0 and 2600 ms, the mean completion time increased by 73.8% for VHF vs 61.7% for VF conditions.

Similarly, for the peg in hole task, increased latency led to increased completion time (p = 0.022) in VF conditions.
With VHF, however, this was not the case. Furthermore, the addition of haptic feedback at 0 ms latency led to a
significant increase in mean completion time of 40.0%, (p = 0.026). As latency increases, the resultant increase of the
mean completion time from adding haptic feedback diminishes to 16.4% at 600 ms, 5.8% at 1500 ms, and no notable
difference at 2600 ms. These differences are not statistically significant (p = 0.092 and 0.056, respectively), possibly due
to wide distributions of values in the VF-600 and VHF-1500 conditions. This may be due to each participant attempting
each task once. Repeated trials for each condition were not possible for this study due to the large number of conditions
and time limitations. The mitigation steps that were taken are addressed in the discussion section.

Equivalence tests comparing the results between feedback types at each latency confirms that as the latency increases,
the results for feedback types become more similar (the margin of equivalence decreases). The results of the 0, 600,
1500 and 2600 ms are statistically equivalent, when the margin of equivalence = 75%, 40%, 30% and 20%, respectively, of
the mean of the VF condition.

3.0.3 Accuracy.

For Task A, RMSE increased with delay for both VF and VHF conditions (p = 0.030 and 0.023, respectively). Between the
0 ms and 2600 ms trials, RMSE increased by 25.8% for VF, and 27.9% for VHF. Using Tukey’s Test, the differences were
most pronounced when comparing 600 against 2600 ms delay (p = 0.021) for VF, and either 0 or 600 ms against 1500 ms
delay (p = 0.050 and 0.11 respectively), for VHF. However, as with completion time, the addition of haptic feedback did
not elicit any significant effects at any latency.

In Task B, increasing the latency resulted in a significant (p = 0.003) decrease in accuracy for the VHF condition only.
The final distance to the target was 70.8% greater in VHF-2600 vs VHF-0. Accuracy in the VF conditions was largely
unaffected by latency. With 0 ms delay, adding haptic feedback improved accuracy (-22.5% mean distance to target,
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p = 0.038), but this was not seen in any of the higher latency conditions. Despite the weak significance (p = 0.17), there
was a possible reduction in accuracy after adding haptic feedback at 2600 ms latency.

3.0.4 Contact Forces.

For Task A, increasing the latency increased the mean contact forces for VHF conditions (p = 0.037), but not for VF
(Figure 3). Furthermore, providing haptic feedback reduced contact forces for all latencies (0 ms: -44.4%, p = 0.013;
600 ms: -32.7%, p = 0.054; 2600 ms: -40.2%, p = 0.002) with the exception of 1500 ms (-18.4%, p = 0.35).

Although increasing latency did not affect the mean contact forces in Task B for VF or VHF conditions, a similar
trend was seen when comparing feedback types at each latency step. Adding haptic feedback reduced the mean contact
forces for all latencies (0 ms: -44.2%, p = 0.023; 1500 ms: -47.6%, p < 0.001; 2600 ms: -38.4%, p = 0.012) with the exception
of 600 ms (-34.6%, p = 0.15).

The insignificance seen at 1500 ms and 600 ms in Tasks A and B, respectively, may be due to each participant
completing each task once.

Fig. 3. Mean end-effector contact force for VF and VHF conditions over increasing latency for Task A (left) and B (right).
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3.0.5 Move - Wait Behaviour.

During Task A, increasing latency from 0 to 2600 ms decreased the mean move distance, duration and velocity for
both VF and VHF conditions (VF: distance -64.4%, p < 0.001; duration -54.0%, p < 0.001; velocity -37.0%, p < 0.010.
VHF: distance -67.8%, p < 0.001; duration -59.3%, p < 0.001; velocity -50.7%, p < 0.001). It is worth noting that these
metrics are all interlinked. Addition of haptic feedback resulted in increased move velocity and move distances for all
latencies. (Velocity for 0, 600, 1500 and 2600 ms: +70.1%, +40.3%, +26.2% and 33.3%; p = 0.026, 0.004, 0.006 and 0.007.
Distance: +47.3%, +56.8%, +49.1%, +33.4%; p = 0.068, < 0.001, 0.004, and 0.080, respectively). While increasing latency
decreased the mean duration of move periods, this was not affected by adding haptic feedback. Instead, VHF resulted in
higher mean moving velocities over similar durations, which, in turn, resulted in moving farther during each move
period, compared with the VF conditions. However, the velocity improvements provided by VHF diminished as latency
increased.

For Task B, increasing latency also decreased move distance, duration and velocity (VF: distance -67.0%, p < 0.001;
duration -52.5%, p < 0.001; velocity -44.7%, p = 0.003. VHF: distance -69.5%, p < 0.001; duration -55.6%, p < 0.001; velocity
-43.4% p = 0.041). However, adding haptic feedback did not offer any notable velocity improvements at any latency,
except for 1500 ms (+38.0%, p = 0.027).

The mean moving velocities were similar between the two tasks, comparing VF trials at each latency step. Participants
almost exclusively approached Task B by, firstly, aligning the end effector above the hole without making contact, and
then inserting it into the hole. This essentially converted the task into a VF task for both feedback conditions up until
inserting the pen. As this part comprised the majority of the task duration, the lack of difference between feedback
conditions at low latencies for Task B may be explained, even though it was so pronounced for Task A.

In Task A, for both feedback types, increased latency increased the wait frequency (VF: +162.1%, p < 0.001; VHF:
+107.7%, p < 0.001). Task B showed similar effects on wait behaviour. Wait frequency increased with increasing latency
(VF: +121.8%, p < 0.001; VHF: +127.3%, p < 0.001). However, adding haptic feedback did not have any significant effect
on the wait frequency at any latency.

3.0.6 Perceived Trust.

Across the two tasks, increased latency was found to reduce trust for both feedback types, although this decrease was
steeper for VHF trials. Between 0 and 2600 ms, mean trust score percentages decreased by 16.5% and 24.6% points for VF
and VHF conditions (p = 0.012 and p < 0.001). While there was a possible increase in trust as a result of haptic feedback
at 0 ms (+5.7%, p = 0.15), this gain was lost as latency increased. No significant difference was seen at 600 ms, while a
significant decrease of 5.6% was seen at 1500 ms (p = 0.046). At 2600 ms, no effect was seen by adding haptic feedback.

As this metric relied on individual responses to a questionnaire, we also evaluated each participant’s scores in relation
to their other responses (Table 6). For each participant, we calculated the change in trust score after increasing the
latency by one step, or after adding haptic feedback. From this, we report the average change in trust score across
participants, as well as the proportion of participants who reported reduced trust following the change of conditions.

The majority of participants reported decreasing trust scores between each increasing latency step. For VHF, the
initial rate of decrease was fast, but this slowed for higher latencies. There were particularly large decreases from 0-600
(-11.5%, p < 0.001) and 600-1500 ms (-8.6%, p = 0.006), but a smaller, insignificant decrease from 1500-2600 ms (-3.9%,
p = 0.21). Conversely, for VF, trust scores decreased more steadily, but this rate became faster and more significant at
higher latencies, -4.5% (p = 0.15) from 0-600 ms up to -7.2% (p = 0.012) from 1500-2600 ms.
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Table 4. Outputs of t-Tests, comparing the differences between VF and VHF conditions at each latency level.

0 ms 600 ms 1500 ms 2600 ms
Task Metric t(29) p t(29) p t(28) p t(28) p

Completion Time -1.11 0.28 0.45 0.66 -1.48 0.16 -1.29 0.21
RMSE 1.07 0.29 -0.47 0.64 -1.36 0.19 0.97 0.34

Contact Force 2.64 0.013 2.01 0.054 0.95 0.35 3.33 0.002
A Move Velocity -2.35 0.026 -3.10 0.004 -2.96 0.006 -2.93 0.007

Move Distance -1.90 0.068 -3.73 <0.001 -3.18 0.004 -1.82 0.080
Move Duration -0.86 0.40 -1.10 0.28 -1.17 0.25 0.02 0.98
Wait Frequency -0.75 0.46 1.72 0.10 0.25 0.81 1.36 0.18

Completion Time -2.52 0.026 -1.79 0.092 -2.19 0.056 -1.44 0.19
Accuracy 2.17 0.038 0.12 0.90 0.07 0.94 -1.41 0.17

Contact Force 2.41 0.023 1.48 0.15 4.32 <0.001 2.71 0.012
B Move Velocity -1.13 0.27 -1.51 0.14 -2.33 0.027 -1.85 0.075

Move Distance -1.21 0.24 -1.09 0.29 -2.47 0.020 -0.69 0.49
Move Duration -0.02 0.98 0.59 0.56 -1.97 0.059 0.21 0.83
Wait Frequency 0.13 0.90 -1.43 0.16 1.88 0.070 0.24 0.81

A & B Trust Score -1.47 0.15 0.41 0.69 2.09 0.046 0.81 0.42

Table 5. Output of ANOVA tests, comparing the differences between latencies for each of the feedback conditions.

VF VHF
Task Metric F-statistic p F-statistic p

Completion Time F (3, 87) = 3.18 0.028 F (3, 101) = 6.08 <0.001
RMSE F (3, 114) = 3.08 0.030 F (3, 114) = 3.31 0.023

Contact Force F (3, 113) = 1.50 0.22 F (3, 114) = 2.92 0.037
A Move Velocity F (3, 114) = 3.97 <0.010 F (3, 113) = 3.50 0.018

Move Distance F (3, 114) = 9.04 <0.001 F (3, 113) = 6.78 <0.001
Move Duration F (3, 114) = 9.75 <0.001 F (3, 113) = 9.58 <0.001
Wait Frequency F (3, 114) = 10.00 <0.001 F (3, 113) = 9.34 <0.001

Completion Time F (3, 72) = 3.42 0.022 F (3, 78) = 1.28 0.29
Accuracy F (3, 114) = 0.39 0.76 F (3, 114) = 5.01 0.003

Contact Force F (3, 108) = 0.84 0.47 F (3, 112) = 0.45 0.72
B Move Velocity F (3, 114) = 4.97 0.003 F (3, 111) = 2.84 0.041

Move Distance F (3, 114) = 10.04 <0.001 F (3, 111) = 8.59 <0.001
Move Duration F (3, 114) = 10.44 <0.001 F (3, 111) = 11.02 <0.001
Wait Frequency F (3, 114) = 17.65 <0.001 F (3, 111) = 12.36 <0.001

A & B Trust Score F (3, 114) = 3.79 0.012 F (3, 114) = 7.67 <0.001

Although VHF scored more highly at 0 ms (VHF: 83.3% vs VF: 77.6%), by 2600 ms the scores for each feedback were
similar, with VF actually scoring higher (VHF: 58.6% vs VF: 61.1%). This was because trust declined more steeply in the
VHF conditions, mainly occurring between 0-1500 ms. For VF, on the other hand, the decline was more gradual, with a
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greater impact between the two highest latencies. This is further supported by comparing the VF and VHF conditions
at each latency. At 0 ms, the majority of participants reported higher trust scores for VHF, and on average these scores
were larger than for VF. The strongest difference between VF and VHF occurred at 1500 ms (-5.6%), where 69.0% of
participants reported a lower score for VHF than VF.

Table 6. Comparison of each individual participant’s trust scores between latency steps and feedback types.

Comparing Conditions Mean (SD) % of participants
[A-B] change in reporting lower

Feedback Latency / ms trust score t-score p trust in B vs A

0-600 -4.5% (0.17) t(29) = -1.48 0.15 55.7%
VF 600-1500 -4.5% (0.12) t(28) = -2.07 0.047 58.6%

1500-2600 -6.7% (0.13) t(28) = -2.69 0.012 65.5%

0-600 -11.5% (0.15) t(29) = -4.13 <0.001 80.0%
VHF 600-1500 -8.6% (0.15) t(28) = -2.99 0.006 69.0%

1500-2600 -3.6% (0.15) t(28) = -1.28 0.21 72.4%

0 +5.7% (0.21) t(29) = 1.47 0.15 33.3%

VF-VHF 600 -1.4% (0.19) t(29) = -0.41 0.69 43.3%
1500 -5.6% (0.14) t(28) = -2.09 0.046 69.0%
2600 -2.5% (0.17) t(28) = -0.81 0.42 48.3%

4 DISCUSSION

Table 7. Summary of resultant changes in different metrics due to either increasing the latency or adding haptic feedback for the two
tasks. Arrows indicate an increase or decrease in the given metric. Green indicates practical advantages; Red indicates disadvantages;
Yellow indicates a mixed response.

Task A Task B

Metric Latency ↑ + Haptic Latency ↑ + Haptic

Success – – ↓VHF ↑0

Time ↑ – ↑VF ↑0*

Accuracy ↓ – ↓VHF ↑0

Force ↑VHF ↓0, 2600 – ↓

Velocity ↓ ↑ ↓ ↑1500

Wait Freq. ↑ – ↑ –

Trust ↓ ↓1500 ↓ ↓1500

VF / VHF / ## Directional change was only seen between the VF / VHF / ## ms latency conditions.

* Difference between VF and VHF decreased as latency increased.
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4.1 Impact of Latency

Firstly, we consider the effect of increased latency. By summarising the results from the previous section in Table 7,
it is clear that, for both tasks, increasing the latency negatively impacted the metrics assessed. This highlights the
challenges presented by high-latency teleoperation, and is comparable to the effects reported in the literature, although
the magnitude of the effects are different [4, 5, 22, 33, 35, 42, 59].

Considering completion time, for example, the literature reports two-fold increases as delays are increased from
0-500 ms for 1-DOF [42] and 6-DOF [59] tasks. However, our results showed a more moderate increase in completion
time from 0-600 ms delay (VF: 22% and 46%, VHF: 11% and 21% for Tasks A and B, respectively). Furthermore, in another
study, a nine-fold increase was reported under a 3 s delay for a 6-DOF manipulation and cutting task [33], which was
far greater than our results (VF: 61% and 74%, VHF: 87% and 35%).

There were some unexpected exceptions to these trends. When considering success rate, no effect was seen after
increasing latency in either the VF or VHF conditions for Task A. This was likely due to the task being easy to
complete, but difficult to complete ‘well’. Although several other performance metrics had deteriorated, participants
were successful in the 2600 ms delay trials 69% and 86% of the time for VF and VHF conditions, respectively (Table 2).
This result was contrary to those reported by Perez et al. [42], where the researches recorded a significant increase in
errors above 500 ms delay, and a delays ≥700 ms made it very difficult for participants to complete the tasks successfully,
particularly for more complex tasks.

For Task B, success rate was only impacted by latency in the VHF conditions, with the VF conditions all seeing
similarly poor results across all latencies. Surprisingly, the worst of these, by far, was VF-0 with 53%, which also saw the
greatest improvement by adding haptic feedback (increasing to 90%). This improvement highlights the benefits of VHF
that are frequently reported in the literature, particularly for tasks where visual data alone is insufficient to reliably
complete the task. We suspect that the unusually high failure rate at VF-0 was because users were over-confident
in what they perceived to be an ‘easier’ condition, without realising how difficult the task was. Task B had much
smaller margins for error when aligning the pen than Task A. Additionally, Task B involved contact between more rigid
materials, meaning the collision threshold was passed more quickly.

In VHF conditions for Task B, although not statistically significant, the overall trend was still towards greater
completion times as latency increases. It appears, however, that large distribution of values for the VHF-1500 condition
may have reduced the significance of the data. As the participants were asked to complete the two tasks under a total of
eight different conditions, time limitations of the experiment meant that we were only able to ask them to complete one
trial for each condition. In order to counteract the increased variance as a result of this, while staying within time limits
for individual participants, we systematically randomised the task order and used a sufficiently large population sample
size. However, considering the many metrics and conditions assessed in this user study, we were unable to avoid large
distributions in every situation.

Although the means trended upwards, there was no significant change in mean contact forces with increasing latency
for VF conditions in Task A or B, and for VHF conditions in Task B. Therefore, this does not appear to be one of the
major challenges presented by high latency. The distribution of forces was much narrower for all VHF conditions
vs their VF counterparts (Figure 3), and this wider variance for VF conditions may account for the low significance
between samples. While the lower end of the ranges is comparable between VF and VHF conditions, the upper quartile
in VHF conditions was limited to around 2 N in both tasks, compared with 3-4 N in VF conditions. This demonstrates
that the feedback provided in both conditions was sufficient for users to carry out both tasks with gentle contact forces.
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However, VHF enabled more of the population to achieve this higher performance. Although the upper quartiles of
contact forces were larger for Task B than Task A in VF conditions, these were similar across VHF conditions.

4.2 Impact of Haptic Feedback

At 0 ms delay, adding haptic feedback improved:

• Success Rate (Task B only)
• Accuracy (Task B only)
• Contact Forces (Tasks A and B)
• Moving Velocity (Tasks A and B)
• Perceived Trust (Combined Task A and B)

In previous studies exploring the benefits of real-time haptic teleoperation, similar improvements have been demon-
strated in success rate, accuracy and reduced contact forces [12].

If only considering completion time, adding haptic feedback with no delay was disadvantageous for Task B only,
similar to reports in the literature [59]. The literature reports, both, faster [10] and slower [54] moving velocities as a
result of adding haptic feedback, indicating that this may be task dependent. The tasks used here resulted in faster
moving velocities with VHF, but the magnitude of the differences between VF and VHF velocities varied between the
tasks, indicating that this is affected by the various individual constraints and challenges presented by each specific
task.

Next, we consider whether the addition of haptic feedback mitigated any of the negative impacts of increased latency.
Out of the above metrics, only the mean contact forces and mean move velocities were improved by adding haptic
feedback at higher latencies, for both tasks. The combination of these two benefits demonstrate how haptic feedback
enables the users to move ‘confidently’ (high velocity, low force), as opposed to ‘over-confidently’ (high velocity, high
force) or ‘over-cautiously’ (low velocity, low force), resulting in a faster but safer operation. The gap between VF and
VHF conditions decreases at higher latencies, however, reducing the magnitude of this benefit.

Similarly to our study, Yip Tavakoli and Howe [59] reported increased tip forces when latency increased up to 500 ms
in VF and VHF conditions in a peg-in-hole task, while the tip forces were also lower for VHF than VF at each latency.
Unlike our setup, their system used a passivity based wave variable controller for stability, but we still demonstrated
the same benefits in the absence of a passivity controller.

Of the benefits seen when adding haptic feedback in real-time operation, success rate, accuracy and trust improve-
ments were not maintained at higher latencies. In fact, haptic feedback possibly even reduced accuracy at 2600 ms
latency for Task B. This expands upon the results of Ivanova et al. [22], where a reduction in VHF performance (accuracy
and smoothness) benefits was seen at delays up to 540 ms. In bilateral haptic telemanipulators such as this, the user
becomes the damper in the system. If they are not ready to absorb the force feedback, it will move the local haptic arm
and send a new command. By absorbing the feedback force, users maintain a steady position and constant contact force.
At low latencies, users can predict when the robot is about to make contact and are, hence, ready to damp the feedback.
At higher latencies, however, the user needs to predict when the haptic feedback will arrive some seconds in advance to
be ready to absorb it. If they react too late, the feedback will make the local haptic controller move, and therefore the
remote robot too, and if they react too early, they may send an unwanted command. This makes unexpected movements
more likely with haptic feedback at high latency, and accounts for haptic feedback improving accuracy at 0 ms, but
reducing accuracy at 2600 ms delay.
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Although most participants reported greater trust in the VHF than VF systems at 0 ms delay, the results in Section 3.0.6
show that perceived trust degrades more rapidly in systems with VHF than in those with VF, up to 1500 ms. From
1500-2600 ms delay, however, trust declined more steeply for VF, leading to similar trust scores for both feedback
conditions at the highest latency. These delays are relevant for systems in space (Table 1). Our results show that, at
1500 ms delay VHF leads to reduced trust compared to the VF system. This is within the range of communication
delays from Earth to LEO via GEO relay, so has direct implications for applications in IOSM. Operators may be more
willing to rely on a VF system during these medium delays. This preference was also reported by expert operators of
telemanipulators from the underwater and ordnance disposal sectors, in our previous work [34]. Our results build on
those of Rogers et al. [45] and Khasawneh et al. [28], who found no significant reduction in trust when increasing the
latency from 0-500 ms. These studies used VF mobile robots operated with a joystick and, hence, differ from our work
which involves a physical manipulator using a haptic device. Despite this, in both VF mobile robot studies, increased
latency did not reduce trust when operating a single robot, which is also supported by our results at lower latencies
(VF-0 - VF-600). It should also be noted that they used between-subjects designs, which make comparing subjective
scores between participants more difficult than the within-subjects design that we used in our work, albeit at the cost
of having fewer repetitions for each condition.

VHF provides more information on the task to the user, which improves transparency [4, 19]. However, this
information becomes more temporally disconnected as latency increases, which can be more cognitively demanding.
Human response times to visual and haptic stimuli vary due to differing neural pathways; it takes approximately 100
ms for meaningful fingertip reaction to a haptic stimulus, whereas this increases to >200 ms for a visual stimulus [26].
This difference may be the cause of the more rapid decline in trust seen in VHF conditions as latency increased. The
destabilising effect of haptic feedback in the delayed teleoperation systems [48] may have also negatively impacted
trust more in the VHF rather than the VF conditions as latency increased. Without any prior knowledge of the system,
it was not obvious to participants why the haptic arm was “pushing them” off the path seconds after they had moved.
Participants also reported that the robot was “unhelpful”, “disruptive”, “interfering” and “counter-productive” in the
high latency VHF conditions, but not in the VF equivalent.

It may seem intuitive that trust would degrade with increased latency, but it is not yet clear how significant the
problem is, or how to solve it. These results quantify the problem in order to test the effectiveness of one possible
solution, haptic feedback. Furthermore, these results identify that adding haptic feedback would range from improving
trust (with no delay), to reducing trust (with high delay). This corroborates the findings of our previous work, where
expert operators reported mixed opinions on whether haptic feedback would build their trust in a delayed system [34].

Although move velocity increased and there was no change in the wait frequency or duration, adding haptic feedback
led to an increase in the completion time at all latencies for Task B. This was due to an increase in the number of
movements which did not progress the task; for example, spending more time finalising the peg alignment before fully
inserting it into the hole. Completion times for VF and VHF conditions became more similar as latency increased.

Of the two tasks explored here, Task B better demonstrates the benefits of haptic feedback, particularly in real-time.
However, it was also susceptible to the negative aspects of haptic feedback, e.g., increased completion time and, hence,
there is a trade-off to be made depending on the desired application. In Task A, haptic feedback offered fewer benefits,
but did not hinder performance. The tasks used here represent a subset of the possible actions which might be required
of telemanipulators, and are analogous to some of the tasks to be encountered in space applications. Comparing just
these two examples highlights how the impact of haptic feedback can vary between tasks. Both tasks were carried
out in 3-DOF using haptic feedback to support visual feedback, although the camera views for Task B were partially
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occluded. Even for these relatively simple examples, we found that participants approached the task using a variety of
strategies, which increased the variance within our results. Prescribing a strategy for participants to use may be an
effective method of decreasing this variance when assessing more complex tasks.

There will be other telemanipulation tasks encountered in space with different requirements and constraints, and
will, therefore, be differently suited to haptic feedback devices. For larger movements, a simple GUI based control is
often preferable to a complex haptic controller [4]. A similar view was held by expert NASA robot operators [43]. Direct
telemanipulation will likely be most relevant for less prescriptive tasks, where it is difficult to model the environment
or automate control and, thus, the adaptability of human decision making is required [51]. More research is therefore
needed into high latency systems for the variety of potential tasks.

4.3 Limitations and Future Work

One of the aims of this work was to assess the use of ‘move-and-wait’ behaviour as a measurement of demonstrated
trust. We have defined trust as willingness to rely on a system, based on confidence that it will behave as expected
without negative consequences. If ‘unwillingness’ is demonstrated by not taking any actions that might have negative
consequences, we can say that ‘willingness’ is demonstrated by taking more actions with risks of negative consequences.
Waiting 100% of the time would demonstrate complete ‘unwillingness’, whereas waiting less, or moving more (e.g., with
greater velocity) would demonstrate greater ‘willingness’. ‘Willingness’ does not in itself demonstrate trust, however,
as it does not take into account the user’s understanding of the action’s associated risks, nor does it consider their
attitude towards the risks. We define four possible states for a ‘willing’ user: cautious (unaware of the risk, concerned
with the consequences), oblivious (unaware of the risk, unconcerned of the consequences), reckless (aware of the risk,
unconcerned with the consequences), or trusting (aware of the risk, concerned with the consequences). Our results show
that as latency is increased, participants use reduced moving velocities and increased wait frequencies, demonstrating a
reduced ‘willingness’ to use the system. However, without identifying their understanding of the system, we cannot be
sure that we were not detecting cautious, oblivious or reckless behaviour. It is plausible that untrained users may be
cautious or oblivious, or that participants in a safe and approved laboratory experiment may be unconcerned with the
consequences [15], and were therefore reckless, particularly when compared with a real-world teleoperation application
in space. Therefore, future work is required to assess this measure further, with a particular emphasis on using trained
participants who understand the risks of using their systems, and ensuring the participants are suitably concerned with
avoiding any negative consequences of errors.

Although our sample size was comparable to (or greater than) similar studies [4, 30, 35, 36, 42, 45, 55, 57, 59], one
limitation of this work was the use of only naive operators. This introduced a large variance within the sample, making
the differences between some conditions less explicit. In the space industry, operators are experts, trained to adapt to
delay conditions (≤ 600 ms) [28, 58]. As trust is developed over time [8, 19], experience and training will have an impact.
We have previously identified this as a key requirement for developing trust in teleoperated systems [34]. Future work
will look into how training impacts performance and trust at higher latencies. Training users in the same way should
reduce sample variance, meaning smaller samples should show significant results (overcoming the practical constraints
of conducting larger user studies).

The tasks tested in this work were simplified versions based on examples from IOSM. More complex and realistic
versions of these tasks could also be explored in future work to determine whether the same trends are seen. For
example, a modified Task A could be to follow an irregular, undulating surface using 6-DOF control, or Task B could
be to mate fragile electrical connectors without any visual feedback. Other tasks could be designed in the future to
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explore other capabilities in examples relevant to the space environment such as peeling multi-layer insulation [29] or
component inspection without visual feedback. Future work should map the expected tasks for IOSM, or other space
applications, against a categorised list of capabilities required for those tasks, for example, ‘maintain contact with a
surface’, ‘grasp an object’, or ‘manipulate held objects’. From there, research can determine how appropriate haptic
feedback is for each task, given the latency and the required capabilities. This framework could also be extended to
other feedback modalities in the future, for example, vibrotactile feedback may be more compatible with latency [37].

While haptic feedback does improve trust in real-time systems, this is not the case at higher latencies. In order
to facilitate wider adoption of high latency telemanipulation systems, further research is required to identify which
features can improve trust in the presence of large delays. Additional work is required to experimentally assess technical
features such as control [41, 59] or model-based [7, 44] approaches, as well as non-technical, user-centric approaches
such as training [34], for their effectiveness in developing trust.

5 CONCLUSIONS

Increasing latency negatively affects several performance metrics, with most detrimental impact occurring between 600
and 1500 ms. This is within the range of best-case transmission times for Earth–LEO communications via a GEO relay
and, hence, it would be impactful for IOSM tasks. This limit may also be exceeded in non-optimised communication
systems between Earth Surface–Earth Moon L1 and Earth Moon L2–Moon Surface, extending these implications,
beyond IOSM, to activities to and from the Lunar Gateway.

Haptic feedback undoubtedly has some advantages in telemanipulator systems, particularly in real-time applications.
At higher latencies, however, haptic feedback can sometimes become a hinderance, rather than a help. Where, and to
what degree, haptic feedback will be beneficial in delayed systems will be task dependent. For example, if the top priority
for a peg in hole task is a fast completion time with little importance given to accuracy (e.g., connecting compliant
connectors), adding haptic feedback would not necessarily be the best choice. It is our recommendation that, when
considering which features to include in these systems, system developers should first consider the type of task to be
conducted and what attributes would be most valuable.
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