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Abstract
The availability of additional force cues in haptic devices are often expected to improve control performance, over conditions
that only provide visual feedback. However, there is little empirical evidence to show this to be true for the teleoperation
control of remote vehicles [i.e., multiple unmanned aerial vehicles (UAVs)]. In this paper, the contribution of haptic force
feedback cues to the teleoperation of multiple UAVs was evaluated. These cues were based on either the UAVs’ velocity or
directed forces from sensed obstacles. Both induced improved teleoperator perception of the remote environment. However,
velocity-based cues resulted in more effortful maneuvering.
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1 Introduction

Sensory feedback information is necessary for effective
teleoperations. It enables the teleoperator to perceptually
experience the remote environment, inhabited by the agents
that are controlled. Typically, visual information can be
directly provided via a video connection from the remote site.
However, variable environmental conditions (e.g., smoke
particles) can compromise video quality, especially inmobile
robot teleoperations [1]. Moreover, suitable on-board cam-
eras for mobile robots (e.g., unmanned aerial vehicles) can
be further limited by a restricted field-of-view and resolu-
tion [2,3].

Visualizations can be contrived instead, using data such
as the relative bearing of multi-UAVs and their proximity to
nearby obstacles. Such information can be reliably derived
from on-board cameras and laser sensors respectively [4–
7]. Pertinently, these data can also be converted into haptic
feedback cues for the teleoperator, transmitted via the con-
trol device itself. This raises the question: Can such haptic
feedback cues improve human performance in multi-UAVs
teleoperation?
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It is generally accepted that haptic feedback in devices can
improve one’s sense of proprioception, which can improve
control performance in turn. For example, force cues from
a spring loading control device can improve the positioning
accuracy of human operators [8]. The same benefit has been
similarly argued for human performance in bilateral teleoper-
ation systems [9]. In such systems, the bilaterally controlled
teleoperator transmits a position command from the master
(i.e., haptic control device) to a slave device (i.e., robotic
manipulator) at a remote site (for a review, see [10]). Mean-
while, forces that are encountered by the slave are transmitted
back to the teleoperator, via the master.

To date, the benefits of haptic feedback to teleoperation
performance tend to be studied in the domain of surgical
applications (see [11] for an overview). In this context, empir-
ical evidence for the benefits of force feedback cues can be
mixed. For example, Wagner et al. [12] effectively demon-
strated that force feedback can improve performance in a
blunt dissection task, wherein accurate instrument control is
essential for success. Similarly, Reiley et al. [13] found that
additional force feedback cues improved the operational per-
formance of less experienced surgeons, but not experienced
ones. In contrast, another study has also shown that prior sur-
gical experience was necessary before force feedback cues
could make a significant contribution [14]. From this, it can
argued that the benefits of force feedback can vary, even in the
same application domain, depending on individual factors as
well as task demands.
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Mobile robot teleoperation poses an interesting sce-
nario for which the contribution of haptic force feedback
remain unclear. Unlike conventional teleoperation applica-
tions (e.g., telesurgery), effective teleoperation of mobile
robots demands minimal contact with the physical environ-
ment, such as to avoid collisions. This means that force cues
cannot be based on contact forces between the slave(s) and its
environment. Instead, they have to be fabricated; for exam-
ple, by using artificial force fields (AFFs) [1,2].

The implementation of haptic force feedback in mobile
robot teleoperation raises several critical considerations.
First, force feedback can cause system instability when time
delays are present in the master-slave communication chan-
nel [15], a circumstance that mobile robot teleoperation can
be particularly susceptible to. Second, enabling force feed-
back often requires bulky master devices and slave robots
that might be impractical for their intended environments
(e.g., aerospace) [16]. Finally, the design of beneficial hap-
tic force feedback depends on multiple factors and complex
issues pertain to their specific design and desired contri-
butions that are not easily generalizable across application
scenarios [17,18].

To warrant their implementation, it is appropriate to
first ask whether fabricated force feedback can bring about
improvements in the bilateral teleoperations of UAVs, given
a specific framework. This paper will address the contribu-
tion of haptic feedback cues in the teleoperation control of
a multi-UAV swarm. Multi-UAV swarms are increasingly
popular in their application, given their resilience to single
point failures and their ability to extend spatial domain cov-
erage [19–22]. However, they are alsomore complex in terms
of their dynamics and interactions with the environment. Do
haptic feedback cues better enable the teleoperator in perceiv-
ing the remote environment of the controlled UAVs? Does
the implementation haptic feedback cues interfere with the
control effort of the teleoperator?

Off-line simulations have previously endorsed the use of
various AFFs in reducing operator workload as well as colli-
sions in single UAV teleoperation [23]. Similarly, our human
evaluation studies on multi-UAV control have shown that
haptic feedback cues can benefit different aspects of perfor-
mance, depending on the type of information that they are
based on [6,7,24,25].

The structure of this paper is as follows. First, we describe
information from the remote site that can be haptically (and
visually) fed back to the teleoperator, within our chosen
multi-UAV control architecture [21]. Next, we present two
experimental studies that evaluated haptic cues for: (1) per-
ceptual sensitivity, (2) their influence on maneuvering effort.
We also address how different intensities of haptic feedback
can influence the teleoperator’s performance differentially.
Finally, we discuss the implications of our findings and the

expected contributions of haptic feedback information to the
bilateral teleoperation control of multi-UAVs.

2 Feedback cues within a haptic
teleoperation system for multi-UAVs

In this section, we describe the visual and haptic feedback
information that can be made available to the teleopera-
tor, within a haptic control architecture that allows for the
bilateral teleoperation of multi-UAVs. The reader is referred
to [21] for details of the control architecture itself.

In brief, three control layers comprise our chosen archi-
tecture:

– UAV control layer—each UAV is controlled to follow the
trajectory of their respective abstract kinematic virtual
point (VP). For this, we assumed the availability of some
reasonably-good trajectory tracking control laws for the
UAVs, which allowed us to abstract the UAVs by their
kinematic VPs, while bypassing issues of theUAVs’ low-
level control;

– VP control layer—the VPs behave as a deformable
(multi-node) flying object, whose motion is collectively
driven by teleoperation velocity commands received
from themaster side.Meanwhile, its shape is autonomously
adjusted according to local artificial potentials which are
designed to minimize inter-VP and VP-obstacle colli-
sions. In the absence of obstacle-induced forces, the VPs
assume a stable and constant shape configuration.

– teleoperation layer—this enables the human user to tele-
operate all (or some) of the VPs’ velocity using a haptic
control device, while haptically perceiving the state of all
(or some) of the real UAVs over the Internet. A passive
set-position modulation (PSPM [26]) is adopted for its
flexibility (i.e., to address master-slave kinematic dissim-
ilarity due to the fact that the master workspace bounded
while the UAVs workspace is unbounded), guarantee of
passivity, and less conservative passifying action, which
yields better performance.

2.1 Haptic feedback algorithms

Within the context of this haptic teleoperation system, we
have previously proposed two haptic feedback algorithms as
candidates for improving human performance [24]. They are:

– Velocity cue feedback (Hv). The haptic feedback signal
y(t) is designed as y(t) = 1

N

∑
ẋi , where N is the num-

ber of UAVs and xi ∈ �3 is the Cartesian position of each
UAV. Thus, the mean velocity of the UAVs is transmit-
ted as a haptic cue via the master control device, wherein
the corresponding teleoperation control τ(t) is defined as
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τ(t) = −Bq̇ − K [q − y(t)] where q ∈ �3 is the control
device’s configuration and B, K ∈ �3×3 are its damp-
ing and spring matrices respectively, which are positive
definite and symmetric.
Hv allows the human operator to directly perceive the
‘inertia’ of the UAVs. Furthermore, Hv should cue, albeit
indirectly, the presence of nearby obstacles. An obstacle
that obstructs the UAVs’ motion will induce an increase
in the velocity tracking error between an UAV and its
corresponding VP. Thus, the magnitude of Hv can be
expected to increase when UAVs are maneuvered toward
obstacles.

– Force cue feedback (H f ). The haptic feedback signal
y(t) is designed as y(t) = 1

N

∑
uoi , where uoi refers to

the obstacle avoidance control that produces a repulsive
action that varies with the inter-distance between a VP
and an obstacle. Its corresponding teleoperation control
is described as τ(t) = −Bq̇ − Ky(t). Hf is fed back to
the human only when an obstacle is detected.

The designs of Hv and Hf were based on control
schemes that are well-established in conventional teleop-
eration research; respectively, position-position and force-
position control [27]. In conventional teleoperation, force-
position control is generally regarded to deliver better per-
formance than position-position control, but has less robust
stability.

2.2 Visual feedback

Teleoperation systems tend to provide visual feedback by
establishing a communication network between a local dis-
play and a camera at the remote site of application. This,
however, is not practically feasible for UAVs. In our sys-
tem, the user is able to see the multi-UAVs move in a way
that is contingent to his manipulation of the master device.
However, obstacles are not visible. Nonetheless, our control
architecture allow for visual cues that can cue for the pres-
ence of obstacles in the remote site. UAVs are not likely to
follow their corresponding VPs perfectly, especially when in
a transient state. Thus, the tetrahedral formation of the UAVs
may be modified when there is a nearby obstacle. This is due
to the inter-VP collision avoidance and connectivity preser-
vation control and the obstacle avoidance control in the VP
control layer. This visual deformation of the UAVs’ relative
bearing can be expected to intensify, with increasing proxim-
ity between the UAVs and obstacle and can serve as a cue to
obstacles, regardless of whether or not haptic feedback cues
are available.

3 Evaluation of haptic feedback:
experimental method

The two haptic feedback algorithmswere subjected to human
evaluation studies to determine their respective contributions
to multi-UAV teleoperation, relative to each other and when
nohaptic feedback is provided.Theprimary aimwas to assess
if haptic cues could facilitate perceptual sensitivity to the
remote environment without increasing control effort. Our
evaluations compared human performance across the condi-
tion of haptic feedback algorithm: (1) no haptic feedback,
(2) Hv, (3) Hf . In addition, we tested how their contributions
varied across small and large gain levels.

In the first experiment, we assessed the perceptual sen-
sitivity of human participants to the haptic cues that were
provided to them, to the extent that these cues were able to
inform our participants on the relative proximity of invisible
obstacles to the controlled UAVs. In the second experiment,
we investigated whether haptic feedback cues would inter-
fere with maneuvering effort. This was performed across the
same haptic cue conditions as the evaluation for perceptual
sensitivity.

3.1 Participants

Thirty-two students (25 males; age range: 20–33 years) from
Korea University, Seoul were paid approximately US$20 to
participate in this study. Five participants took part in all the
experiments while the rest took part in at least one experi-
ment. There were eighteen participants per experiment. All
participants possessed normal/corrected-to-normal eyesight
and had no physical disabilities. Please note that all partic-
ipants have no prior experience in any UAV control. The
experiments were conducted in accordance to the require-
ments of the Helsinki Declaration.

3.2 Apparatus

The experiments’ set-up consisted of a commercially avail-
able haptic device (Omega 3, Force Dimension) that could
be employed to control a swarm of four UAVs which were
visually displayed in a virtual environment (see Fig. 1). The
Omega 3 has 3 translational actuated axes. ATI six-axis
force-torque sensors, Nano17, were additionally attached to
measure the teleoperator’s force on the device.

Visualization of the UAVs’ and their physical interac-
tions with the environment were simulated and renderedwith
custom-written software, based on the Ogre3D rendering
engine and PhysX libraries. This simulation ran at 60 Hz,
which dictated the data exchange rate between the Omega 3
and virtual UAVs.

This visualization was presented via a 22 in. TFT dis-
play (1280 × 1024 pixels resolution) from a fixed camera
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Fig. 1 Experimental apparatus with graphical user interface and haptic
control device

perspective (field-of-view: 21◦). This perspective was fixed
at a distance of 8 m from the UAVs’ starting position for
Experiment 1 and 32 m for Experiment 2. The UAV swarm
assumed a tetrahedral formation, whenever possible, with an
inter-UAV distance of approximately 0.8 m.

3.3 Control parameters for haptic gain

The intensity of our haptic cues is affected by the control
parameters K and B, which are defined in τ(t) for both Hv

and Hf (see Sect. 2.1). Two values of K were implemented
in our evaluations (i.e., 50N/m and 70N/m), resulting in a
small and large gain version of each cue. A constant value
of B (i.e., 2 Ns/m) was employed whenever haptic feedback
was provided to provide a consistent stability robustness and
motion agility of the UAVs. Zero values were adopted for K
and B when no haptic feedback was provided.

3.4 Experiment 1: Perceptual sensitivity

Participants performed the same task on every trial. A swarm
of four UAVs was visually presented in the centre of the
screen, between two invisible obstacles that were located on
the left and right of the swarm, at different distances (see
Fig. 2a). Participants were required to control the UAVs by
using the haptic device, which also provided a condition-
appropriate haptic cue, and to move them between the two
invisible obstacles. Following this, they had to indicate the
obstacle that was closer to the UAVs’ starting position by
mouse-clicking on one of two screen buttons. All participants
were provided with a detailed tutorial and training session
prior to experimentation.

There were two groups of participants. The first group of
participants were tested on three teleoperation systems that
provided: no haptic feedback, small-gain Hv or small-gain
Hf . The second group of participants were tested on two

testreference
obstacle environmentobstacle environment

multi-UAVs

a

reference path

4 UAVs

b

tracking
arget t

Fig. 2 Screen shot of the evaluations for a perceptual sensitivity and b
maneuvering effort. The camera perspective presented a side-view and
the gray obstacles were not rendered during testing

teleoperation systems that provided: large-gain Hv feedback
or large-gain Hf feedback.

Blocks of 70 trials comprised the experiment, which were
individually defined by a haptic cue condition, according to
participant group. Throughout each block of trials, one obsta-
cle was held at a constant distance to the starting point (i.e,
3.4 m) while the distance of the other obstacle varied relative
to this, in seven equal steps that ranged from 50 to 150%.
The positions of the reference and test obstacles—that is,
to the left and right of the multi-UAV swarm—were coun-
terbalanced and there were 10 trials for each level of tested
difference. The presentation order of trials was completely
randomized and each block took approximately 25min to
complete, with 10-min breaks between them.

The visual feedback described in Sect. 2.2 was avail-
able on all trials. The presentation order of the blocks was
counter-balanced across the participants tominimize practice
effects. We have fully counter-balanced across the three hap-
tic feedback types and all trials are randomized throughout
the experiment.

3.4.1 Results

To test perceptual sensitivity across the haptic feedback cues,
we employed a psychophysical metric known as the just
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Fig. 3 Experiment 1. Summary of JNDs across the small-(dashed line)
and large-(thin line) gain haptic cue conditions, relative to no haptic
feedback condition (thick line). Box plots indicate median, lower-upper
quartiles and range of data

noticeable difference (JND) (cf., [24,25]). Smaller JND val-
ues indicate that the system affords the user to make finer
discriminations. JNDswere estimated for each participant by
fitting cumulative gaussians to their data, using a maximum-
likelihood approach, for the probability that the test stimulus
was perceived as generating a stiffer response than the refer-
ence stimulus [28]. Specifically, the JND was the difference
of stimulus intensity between the 16th and 84th percentile
on these fitted functions. The results across haptic cue con-
ditions is summarized in Fig. 3.

Repeated-measures analyses of variance (ANOVAs) were
separately performed on the JND of each group of partici-
pants for the factor of haptic cue condition. In addition, an
independent samples t test was conducted on each of the
large-gain haptic cues to the no haptic feedback condition and
their small-gain counterpart.Analpha-level of 0.05was taken
to indicate that significant differences exist between haptic
cue type. This was Bonferroni corrected for the planned com-
parisons (i.e., α = 0.0125).

For the first group of participants, small-gain haptic cues
did not significantly differ on their JNDs. For the second
group of participants, large-gain Hv cues induced signif-
icantly smaller JNDs than large-gain Hf cues (F2,34 =
34.1, p < 0.001). This indicates that participants were more
sensitive to differences in the obstacles’ proximity when they
were prompted by a Hv than by Hf , but only at larger gains.

Planned between-group comparisons were conducted to
contrast performance on these two large-gain cues against
the no haptic feedback condition as well as their respec-
tive small-gain counterparts. Increasing the gain by 40%
led to significantly better perceptual sensitivity for both Hv

(t34 = 12.9, p < 0.001) and Hf (t34 = 9.6, p < 0.001),
relative to the no feedback condition; as well as to their
small-gain counterparts (Hv: t34 = 13.7, p < 0.001, Hf :
t34 = 6.4, p < 0.001). The current results suggest that hap-
tic feedback cues can support perceptual sensitivity to the
remote environment if appropriate gain values are chosen,
especially when they are based on the UAVs’ velocity infor-
mation.

3.5 Experiment 2: Maneuvering efficiency

Participants were required to maneuver a swarm of UAVs to
follow a moving target. The target preceded the UAV swarm
and travelled along a trajectory that was either straight or
curved (see Fig. 2b). S-shaped velocity profiles were imple-
mented in the acceleration and deceleration phases of the
target’s motion, which allowed for better tracking at trial
start. Four static obstacles were always present on each trial,
two on each side of the target’s trajectory, that could obstruct
UAV movement. Only the UAVs and tracking targets were
rendered in the visualization; the obstacles were invisible.

The full experiment was separated into blocks of 20 trials,
separated by 5 mins breaks. Each block was characterized by
a given haptic cue condition. Each trial took approximately
1min to perform.

There were two groups of participants. Like Experiment
1, the first group of participants experienced three blocks
of trials for the haptic cue conditions of: no haptic feedback,
small-gainHv and small-gainHf . The second group of partic-
ipants experienced two blocks of trials for: large-gain Hv or
large-gain Hf . The presentation order of the blocks was fully
counter-balanced across the participants. A detailed tutorial
and practice sessionwas provided prior to experimentation to
ensure good performance during testing. Here, we also have
fully counter-balanced across the three haptic feedback types
and all trials are randomized throughout the experiment.

3.5.1 Results

A high level of maneuvering accuracy was achieved by all
of our participants, in terms of the cross-correlation of the
moving target’s trajectory and multi-UAV’s controlled path
(range 90.6 to 99.4%).

A maneuverability function (Φmaneuv) was specified
for each participant, which was defined as the frequency
response of the intended-force from the human operator
as the input, and the manuevering accuracy (in terms of
cross-correlation) as the output. Two measures were derived
from this function; namely, its H2 norm (‖Φmaneuv‖2) and
bandwidth (ωbd ). In the current context, they respectively
represent the efficiency by which the teleoperator’s force
input translates to maneuvering accuracy and the respon-
siveness of maneuvering accuracy to force input (for more
details, see [24]). Figures 4 and 5 summarize the results for
the straight and curved path trajectories respectively.

These measures were separately computed for the vertical
and horizontal components of the UAV swarm’s movement,
resulting in four performance metrics that were submit-
ted to the same repeated-measures ANOVAs and planned
comparisons for haptic cue condition as Experiment 1.
An alpha-level of 0.05, Bonferroni-corrected for multiple
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Fig. 4 Experiment 2. Straight path: Box-plot summary of maneuvering
efficiency across the small-(dashed line) and large-gain (thin line) haptic
cue conditions for H2 norm (a, b) and bandwidth (c, d), relative to no
haptic cue (thick line). Box plots indicate median, lower-upper quartiles
and range of data
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Fig. 5 Experiment 2. Curved path: Box-plot summary of maneuvering
efficiency across the small-(dashed line) and large-gain (thin line) haptic
cue conditions for H2 norm (a, b) and bandwidth (c, d), relative to no
haptic cue (thick line). Box plots indicate median, lower-upper quartiles
and range of data

between-group comparisons, was taken to indicate that sig-
nificant differences exist between haptic cue conditions.

– Straight Path–H2 norm.
On the small-gain haptic cue conditions, a main effect
was found on only the horizontal component of H2 norm
(F2,34 = 8.7, p < 0.001). Specifically, Hv resulted in
significantly lower H2 norms relative to the no haptic
feedback condition and Hf .
Likewise, Hv produced significantly lower H2 norms
than Hf on the large-gain haptic cue conditions for both
the horizontal and vertical components (respectively,
F1,17 = 62.0, p < 0.001; F1,17 = 14.8, p < 0.001).
Compared to the no haptic feedback condition, large-gain
Hv had significantly lower H2 norms on the horizontal
component (t34 = 3.3, p < 0.01), but not on the verti-

cal component. The H2 norms of large-gain Hf , on the
other hand, did not differ significantly from the no haptic
feedback condition.
Compared to their small-gain counterparts, large-gain
Hv did not differ significantly on either components. In
contrast, large-gain Hf produced significantly higher H2

norms on the horizontal component (t34 = 2.73, p <

0.01), but not the vertical component.
– Straight Path–Bandwidth.
Small-gain haptic cue conditions did not significantly dif-
fer in terms of their bandwidth of the maneuverability
function on both the horizontal and vertical components.
The same was true of the large-gain haptic cues.
In addition, the bandwidth of large-gain Hv did not differ
significantly from the no haptic feedback condition, nor
its small-gain counterpart.
In contrast, the bandwidth of large-gain Hf was signifi-
cantly lower than the no haptic feedback condition on the
vertical, but not horizontal, component (t34 = 4.1, p <

0.001). The same pattern is seen when it is compared to
its small-gain counterpart (t34 = 3.7, p < 0.001). There-
fore, increasing the gain of Hf has the effect of making
maneuvering accuracy less sensitive to the force input on
the vertical component.

– Curved Path–H2 norm.
On the small-gain haptic cue conditions, a main effect
was found for the horizontal and vertical components
of H2 norm (respectively, F2,34 = 5.7, p < 0.01;
F2,34 = 14.9, p < 0.001). In both cases, Hv resulted
in significantly lower H2 norms relative to the no haptic
feedback condition and Hf . This pattern of results was
repeated on the large-gain haptic cue conditions. H2 norm
was significantly lower for Hv, relative to Hf , on both
the horizontal and vertical components (respectively,
F1,17 = 38.6, p < 0.001; F1,17 = 53.4, p < 0.001).
Large-gain Hv yielded significantly lower H2 norms than
the no haptic condition (horizontal: t34 = 3.3, p < 0.01;
vertical: t34 = 2.8, p < 0.01). Like its small-gain coun-
terpart, Hv requiresmore effort from the teleoperator than
a no haptic feedback condition. In comparison, large-gain
Hf does not produce significantly lower H2 norms than
the no haptic feedback condition.
Neither large-gain Hv nor large-gain Hf has significantly
different H2 norms than their small-gain counterparts.
In other words, the difference in gains did not result in
significantly different levels of control effort.

– Curved Path–Bandwidth.
There was no significant main effect for the measure of
bandwidth on either components across the small-gain
haptic cue conditions, as well as the high-gain haptic cue
conditions.
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In addition, the bandwidth of large-gain Hv was not sig-
nificantly lower than the no haptic feedback condition
and its small-gain counterpart.
However, the bandwidth of large-gain Hf was signif-
icantly lower than the no haptic feedback condition
on the vertical, but not horizontal, component (t34 =
2.9, p < 0.01). Likewise, it was significantly lower than
its small-gain counterpart, solely on the vertical com-
ponent (t34 = 3.7, p < 0.01). Therefore, larger gains
reduce the responsiveness of maneuvering accuracy to
force input for Hf but not Hv.

4 Concluding remarks

The current study addresses two aspects concerning the role
of haptic cue feedback in the bilateral teleoperation of multi-
UAVs. First, the possible influences of different haptic cues
on teleoperational performance. Second, how these influ-
ences might vary depending on the gain of haptic feedback.

To begin, the results of Experiment 1 indicate that haptic
feedback cues can help teleoperators to make more sensitive
psychophysical judgements on the remote environment—
that is, the UAVs’ relative proximity to nearby obstacles.
However, large gains in haptic feedback are necessary in
order for either velocity- or force-based haptic feedback to
be effective in this capacity, relative to a no haptic feedback
condition. With sufficiently large gains, perceptual sensitiv-
ity is better supported by velocity cue feedback compared to
force cue feedback.

In spite of this, the results of Experiment 2 indicate that
this benefit of velocity-based haptic feedback comes at a cost.
Namely, it demands significantlymore control effort from the
teleoperator during maneuvering, compared to force-based
haptic feedback. This is regardless of the magnitude that is
chosen for the gain of haptic feedback. In comparison, force-
based haptic feedback does not impose a significant effort on
the teleoperator, relative to the absence of haptic feedback.

Increasing the gains has a further implication for the
maneuvering efficiency of force-based haptic feedback.
Namely, it reduces the responsiveness of maneuvering accu-
racy to the teleoperator’s force input, in particular the vertical
component of UAV control.

With this in mind, the extra effort that is required when
velocity-based haptic feedback is employed in the bilateral
teleoperation of multi-UAV might be justifiable in situations
that require human operator to be highly aware of nearby
objects. Such a situation could be when multi-UAVs are used
to probe the spatial layout of an environment; for example,
search-and-rescue scenarios of enclosed spaces.

In light of these findings, we can conclude that the
availability of haptic feedback can support the perceptual
sensitivity of the teleoperator to the remote environment that

is inhabited by controlled UAVs. This is especially encour-
aging, given the known limitations of visual feedback in
the application domain of multi-UAV control. However, it
is also clear that haptic cues should be judiciously fabricated
such as to maximize their benefits without unduly increasing
the maneuvering effort of the teleoperator and the system’s
responsiveness. To conclude, the current results could pro-
vide guidelines for the design of haptic feedback cues,
especially in application domains wherein contact between
slave robots and their physical environments is strongly dis-
couraged.
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