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Evaluation of Haptic Feedback in the Performance of a Teleoperated Un-
manned Ground Vehicle in an Obstacle Avoidance Scenario
Chanyoung Ju and Hyoung Il Son*

Abstract: This study investigates the effect of haptic feedback on the teleoperation system. The performance of a
teleoperated unmanned ground vehicle (UGV) was analyzed in terms of the stability, task performance, and control
effort of the operator. The UGV navigation task was performed as a benchmark test for evaluation. The haptic
feedback applies a potential function based on an obstacle avoidance algorithm in which the operator receives a
repulsive force feedback. Psychophysical experiments were performed with three experimental cases to measure
nine performance metrics. A one-way analysis of variance and post-hoc analysis were performed for the statistical
analysis. In conclusion, the effect of haptic feedback is superior in terms of stability and task performance, but not
in terms of control effort.

Keywords: Haptic feedback, obstacle avoidance, psychophysical evaluation, teleoperation, unmanned ground ve-
hicle.

1. INTRODUCTION

Teleoperation, which is also known as telerobotics,
refers to the control of a robot’s motions by a human op-
erator, who sends a desired command from a remote lo-
cation. The teleoperation system can replace tasks that
are difficult for humans to perform in hazardous or un-
structured environments by remotely manipulating robots.
For example, the teleoperation system is used in disaster
rescue, exploration or construction in deep water, main-
tenance tasks in nuclear power plants, military opera-
tions, space exploration, and remote sensing in agricul-
ture [1–4]. In addition, agricultural robots, medical robots,
robotic vacuum cleaners, and robots for the inspection of
maintenance of power lines are remotely controlled by op-
erators; hence they replace a considerable amount of the
physical labor previously required of humans [5, 6].

Various efforts continue to be made to enhance the per-
formance of the teleoperation system as a human operator
has begun to remotely control the robots. For example,
visual feedback, auditory feedback, or haptic feedback is
provided to the operator through a bilateral teleoperation
system to make the virtual space or the remote site feel
more realistic [7–10]. A study of the egocentric multi-
modal feedback, which improves the performance of tele-
operation by effectively applying some feedback to the op-
erators, was also conducted [11]. In the teleoperation sys-
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tem, these feedbacks have given the operator a remarkable
performance improvement in terms of task performance,
stability of the slave robot, and the control effort of the
operator. Haptic feedback through the haptic interface
has become increasingly important because the best re-
sults were seen in haptic feedback with visual or auditory
compensation [12]. In addition, haptic feedback makes an
essential contribution to the sense of presence and helps
the performance of remote tasks [13, 14].

As a result, various haptic feedback algorithms have
been developed to further improve the teleoperation per-
formance. The effects or advantages of haptic feedback
were also evaluated [15–18]. In [19], the effect of haptic
feedback on telepresence and navigational performance
was evaluated through real experiments in terms of the
task performance. [20] and [21] evaluated the cues of hap-
tic feedback on the task performance of a remotely con-
trolled vehicle and investigated the control performance
of a mobile robot. [18–21] analyzed the effects of haptic
feedback on the performance of a teleoperation system.
However, Farkhatdinov et al. [22] showed that in some
cases, haptic feedback can act as a disturbance to the op-
erator and degrade the teleoperation performance.

Previous studies overlooked these problems and only
conducted performance evaluations based on the presence
or absence of haptic feedback. Furthermore, they only
considered the task performance aspect and not the aspect

c⃝ICROS, KIEE and Springer 2019

http://www.springer.com/12555


Evaluation of Haptic Feedback in the Performance of a Teleoperated Unmanned Ground Vehicle in an Obstacle ... 169

of the control effort, which is the problem faced by the
teleoperation system. While task performance and stabil-
ity are important factors of the teleoperation system, how
much fatigue the operator has felt or how much effort he
or she has put into the teleoperation system must also be
analyzed. [23] defined the remarkable performance metric
maneuverability, which considered both the task perfor-
mance and the control effort. [24] also conducted experi-
ments on control effort using the performance metrics of
operational effort and maneuverability and found that hap-
tic feedback increases control effort and deteriorates ma-
neuverability. Thus, the control effort aspect must be in-
vestigated together with task performance and stability as
an important metric for performance evaluation in a tele-
operation system.

We tried to investigate herein not only the presence or
absence of the haptic feedback, but also how it affects
the teleoperation system depending on the magnitude of
the haptic feedback, which was not well investigated in
the previous studies. Furthermore, a rigorously designed
psychophysical experiment was performed by considering
three aspects to evaluate the effects of haptic feedback in a
teleoperation system. First, we evaluated the stability per-
formance related to the physical safety of the UGV. Sec-
ond, we performed evaluations on the task performance
related to the navigation tasks of a UGV and the control ef-
fort performance in relation to the operator’s fatigue. The
workload was also studied. A total of nine performance
metrics was defined for the statistical analysis of the three
aspects of performance. The psychophysical experiments
were designed according to the presence or absence of the
haptic feedback and the magnitude of the gain value of
the haptic feedback. In this experiment, the teleoperation
system was constructed by selecting the UGV as the slave
robot and the haptic device as the master robot, in which
the impact of the haptic feedback was analyzed by apply-
ing the obstacle avoidance scenario as a benchmark test.
For the performance evaluation, a virtual dynamic envi-
ronment was constructed, whereby the operator performs
the given tasks according to psychophysical methods.

The structure of this paper is as follows: Section 2 intro-
duces the control architecture based on bilateral teleoper-
ation; Section 3 introduces the experimental methods and
psychophysical design that include an experiment setup,
an experimental task, and data analysis for the evaluation
of haptic feedback; and Sections 4 and 5 present the re-
sults of both the psychophysical experiments and statisti-
cal analysis and the discussion of the conclusions of this
study and future research directions, respectively.

2. BILATERAL TELEOPERATION OF THE UGV

2.1. Teleoperation control architecture
We developed a two-layer control structure for the tele-

operation of the UGV. The overall control architecture

Fig. 1. Control architecture for the bilateral teleoperation
system based on a haptic interface.

Fig. 2. Teleoperation system consisting of a 3-DOF mas-
ter haptic device, the slave wheeled UGV. The con-
trol method uses the configuration of the haptic de-
vice to control the velocity of the slave robot.

shown in Fig. 1 consisted of a teleoperation layer with the
operator and the master and a UGV control layer with the
slave and the environment. The human operator applies
the operational force to the master device, whereby the
position command of the manipulated haptic device enters
the slave through the controller as linear velocity control
and angular velocity control. The teleoperation control
and the obstacle avoidance control based on the potential
function for avoiding the obstacles are inputs to the UGV.
The haptic cue and the control input are processed based
on these inputs. Finally, the repulsive force feedback is
applied to the operator.

On the slave side (Fig. 2), the dynamics of a differential
wheeled UGV with the nonholonomic no-slip constraint
is modeled by [25]

d
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where, v, θ are the linear velocity and the heading an-
gle of the UGV, respectively; x := (xs,ys,θ ,ϕl ,ϕr) is the
configuration with (xs,ys) and (ϕl ,ϕr) being the position
of the UGV and the rotation of the left/right wheels, re-
spectively; u = [uv,uw]

T and δ = [δv,δw]
T are the velocity

control input and the external force/torque, respectively;
D(x) ∈ ℜ3 is the positive-definite/symmetric inertia ma-
trix; and Q(x, ẋ) ∈ ℜ3×3 is the Coriolis matrix.

On the master side, we consider a 3-DOF haptic device
(Fig. 2) for the master modeled by the following nonlinear
Lagrangian dynamics equation:

M(q)q̈+C(q, q̇)q̇ = τ + fh, (4)

where q ∈ ℜ3 is the haptic device configuration;
q := (xm,ym,zm), M(q) ∈ ℜ3×3 is the positive-
definite/symmetric inertia matrix; C(q, q̇) ∈ ℜ3×3 is the
Coriolis matrix; and τ ∈ ℜ3 and fh ∈ ℜ3 are the control
input and human forces, respectively.

2.2. UGV control
The operator controls the desired velocity of the UGV

by manipulating the haptic device. The UGV moves in the
x− y plane; hence the control input to the UGV is based
on the x and y positions of the end-effector. At this time,
a limitation occurs on zm, and haptic feedback is applied
such that the operator cannot move along the z-axis of the
haptic device. Similar to this control strategy, the position-
velocity command method is used for most teleoperation
applications of mobile robots [27]. Therefore, the velocity
input of the UGV is changed with respect to the position
of the master device as follows:

U =

(
uv

uw

)
= ut +uo, (5)

ut =

(
kv 0
0 kw

)(
ym

xm

)
, (6)

where uv, uw are the linear velocity input and the angular
velocity input, respectively; ut is the teleoperation control
input; kv, kw are the scaling coefficients; xm, ym are the
positions of the haptic device (q(t)); and uo is the obstacle
avoidance control input.

2.3. Obstacle avoidance control
The obstacle avoidance control, uo ∈ ℜ2, is expressed

by the following equation as a control input based on
a potential field that allows the UGV to avoid obstacles
through a certain distance threshold: Do ∈ ℜ+

uo :=− ∑
r∈O

∂φo
sr(∥ps − po

r∥)T

∂ ps
, (7)

where O denotes the set of obstacles with an obstacle
point po

r that corresponds to the position of the rth ob-
stacle in the environment; ps is the position of the UGV;
and φo

sr denotes a certain artificial potential function that
produces a repulsive action if ∥ps − po

r∥ < Do and a null
action if ∥ps − po

r∥ ≥Do. The repulsive potential function
increases to infinity when the distance between the UGV
and the obstacles becomes closer to Do. φo

sr denotes a re-
pulsive potential function to avoid collisions and requires
the following properties:

• φo
sr denotes a function of the square norm of the dis-

tance between the UGV and rth obstacles, not based
on vector

φo
sr = φo

sr(∥ps − po
r∥2) = φo

sr(βsr). (8)

• φo
sr attains its maximum value whenever βsr → 0. In

other words, we require that φo
sr → ∞ whenever βsr →

0.
• It is continuously differentiable from everywhere.
• ∂φo

sr/∂ ps = 0 and φo
sr = 0 whenever βsr > (Do)

2.
• ∂φo

sr/∂βsr < 0 whenever 0 < βsr < (Do)
2 and

∂φo
sr/∂βsr = 0 whenever βsr ≥ (Do)

2.

The distance information between the UGV and the ob-
stacle is required in the obstacle avoidance algorithm, and
can be obtained through the sensors mounted on the UGV.

2.4. Haptic feedback
Two repulsive forces can be found in haptic feedback:

bounded force and obstacle avoidance force. First, the
bounded force is the force that limits the z-axis when the
operator manipulates the haptic device. Therefore, the fol-
lowing haptic feedback is applied to the operator when
trying to move the haptic device along the z-axis:

Fz =−Kz ×∥zm∥−Bz ×∥żm∥, (9)

where Kz and Bz are the stiffness and damping parameters
of the virtual wall, respectively, and zm is the z-position
of the haptic device Second, the repulsive force to avoid
obstacles provides the force to the operator by reflect-
ing the obstacle avoidance control calculated in (7). This
force will guide the operator to automatically avoid obsta-
cles without the operator’s effort.Therefore, we define our
force feedback control as follows:

τ =−Brq̇−Kry, (10)

where Br > 0 and Kr > 0 are diagonal gain matrices; −Brq̇
represents a damping term whose role is to stabilize the
haptic device; and y ∈ ℜ3 indicates a haptic cue informa-
tive of the environment surrounding the UGV. The force
cue is presented as follows:

y =
1
λ

uo, (11)
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where λ ∈ ℜ+ is a constant scale factor used to match
different scales. This haptic cue corresponds to the force-
position (FP) class and means that the repulsive force is
from the environment in an obstacle avoidance scenario.
In conclusion, the operator receives two types of hap-
tic feedback during the experiment, and the haptic de-
vice moves only in the x-y plane through (9). Simulta-
neously, we receive repulsive haptic feedback to avoid ob-
stacles from the environment (11). We investigate herein
how haptic feedback affects the performance of a remotely
controlled UGV.

3. EXPERIMENTAL METHOD

3.1. Participants
Six right-handed participants (i.e., five males and one

female; age range: 23–26 years) were selected for the
psychophysical experiments. All participants with differ-
ent backgrounds were paid approximately 15 USD to take
part in this study. Two of them were familiar with haptics,
teleoperation, or psychophysics. Five of them reported
that they each drive a car, while the remaining one par-
ticipant was an inexperienced driver. However, all par-
ticipants reported that they were experienced with games
related to racing or driving. The experiments were con-
ducted in accordance with the requirement of the Declara-
tion of Helsinki.

3.2. Experimental setup
The apparatus mainly consisted of a commercially

available haptic device (Novint Falcon, Novint Technolo-
gies) used to remotely control the UGV in a virtual envi-
ronment, a desktop, and a monitor to display the experi-
mental environment and the psychophysical instructions,
as shown in Fig. 3. The Novint Falcon used as the master
device has three translational actuated axes and can gen-
erate three DOF force feedback up to 8.9 N at the nominal
position. Furthermore, it has a cube-shaped workspace
with a (4′′ × 4′′ × 4′′) edge and connected to the desktop
via a USB communication interface of 1000 Hz servo-
rate.The operator remotely controls the UGV by manipu-
lating the haptic device, and the monitor shows a dynamic
3D environment, in which the UGV and the slave robot
exist.

We used the Pioneer 3-DX mobile robot, which is an
open source model of UGV consisting of two wheels
(right wheel, left wheel), one caster wheel, and a body
frame (Fig. 4). The operator controls the linear and angu-
lar velocity by controlling the left and right wheels, re-
spectively. A commercially available camera (Kinect2,
Microsoft) was installed on the UGV. The operator drives
the UGV using only the depth information and the RGB
information of the Kinect camera during the experiment.
As for the performance of the Kinect camera, the range of
detection was up to 4.5 m, while the range of depth was

Fig. 3. Experimental setup. Subject, haptic device (Novint
Falcon), and two screens showing the virtual envi-
ronment and psychophysical instruction.

Fig. 4. Appearance of the UGV (Pioneer 3-DX). Laser
sensors and Kinect camera are used to avoid ob-
stacles and navigate.

Fig. 5. Procedure of the obstacle detection and repulsive
force feedback.

up to 8 m. The field of view was 70 ◦ in the horizontal
direction and 60 ◦ in the vertical direction. The resolution
was 1920 / 1080 (RGB) and 512 / 424 (depth).

A laser scanner was used as a sensor to detect obsta-
cles. It provided a scan resolution of 0.5◦and a coverage
of 45◦. The distance range of the laser scanner was 3 m.
Eight laser scanners were installed in the upper part of the
UGV such that all obstacles around the UGV can be de-
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tected (Fig. 5). At this time, the plane was not recognized
as an obstacle. Only walls and objects of various shapes
were recognized as such. The virtual environment used
the following: dynamic simulator V-REP in Windows 7,
Open Graphics Library (OpenGL) for the 3D graphics en-
gine, Open Dynamics Engine (ODE) for the physics en-
gine, and the CHAI3D library for rendering the haptic de-
vice. The virtual environment was constructed to simulate
the dynamics of UGVs and their control laws. Program-
ming was implemented through Lua, a regular application
programming interface (API) method in V-REP.

3.3. Navigation task
In this experiment, the subject was tasked with remotely

controlling the UGV using the haptic device while si-
multaneously avoiding the obstacles on the given route to
reach the destination as fast as possible. Before the driving
experiment, we showed the virtual environment and the
path that the UGV should drive and presented the starting
and arrival points. For better adaptation, the experimental
methods and psychophysics were explained, and the sub-
jects self-tested the experiments thrice.

As shown in Fig. 3, the subjects performed the driv-
ing experiment by watching the Kinect camera attached to
the UGV in the virtual environment. Note that they were
mainly watching the RGB image of the Kinect camera to
control the UGV. The depth image of the Kinect camera
was shown on the upper right. The given path consisted of
four straight courses and three rotation courses, as shown
in Fig. 6(a). It was a one-way method; hence, no multiple
paths existed. This was designed to exclude other factors
that may affect the experimental results. For example, ob-
taining the desired results is difficult if the subjects stray
to other directions when multiple paths are present.

In the virtual environment, the obstacles with different
shapes and sizes consisted of eight cylinders, three cubes,
and walls, in which the UGV recognizes them as obstacles
through a laser scanner. When a collision occurs between
the UGV and the obstacle, all the obstacles turn red, giv-
ing visual feedback to the operator about the collision, as
shown in Fig. 6(b).

The success criterion was set when the UGV reached
the goal point with a white plane opposite the starting
point. The psychophysical experiment was automatically
finished when the UVG was completely within the arrival
area.

3.4. Experimental design
Our objective in this study was to evaluate the haptic

feedback in terms of the performance of a teleoperated
UGV in an obstacle avoidance scenario. We set different
conditions of force feedback applied to the subject to in-
vestigate the performance. Therefore, the gain value of
the haptic feedback was used as a parameter in this exper-
iment, and the following three different conditions were

(a)

(b)

Fig. 6. View of the virtual environment: (a) normal state
and (b) collision state.

selected for the psychophysical experiment:

• NHF (No haptic feedback)
: The operator does not receive any repulsive force
feedback for obstacle avoidance.

• LHF (Low haptic feedback)
: The operator receives repulsive force feedback with
a low gain value for obstacle avoidance.

• HHF (High haptic feedback)
: The operator receives repulsive force feedback with
a high gain value for obstacle avoidance.

The repulsive force is used to avoid the obstacles as a
potential function-based force, and as the UGV and the
obstacles get closer, the larger repulsive force is given to
the subject. Therefore, in the NHF case, the gain value
becomes 0 (Kr = 0), and in the LHF case, the gain value
becomes constant (Kr = α). Finally, in the HHF case, the
gain value has a constant that is twice that of the LHF
(Kr = 2×α). α was set to a reasonable value by trial and
error.

In detail, we considered the following conditions when
choosing α . First, we considered the stability of the tele-
operation system. It was set such that the oscillation does
not occur in the master side as much as possible and does
not greatly affect the experiments. Second, we adjusted
the gain value such that the subjects can clearly notice the
difference between high gain and low gain. Finally, the
low gain was set such that the subjects could sufficiently
feel the repulsive force.

The psychophysical experiments were conducted on
three cases as mentioned earlier. The subjects performed
10 trials for each case and, therefore, performed a total of



Evaluation of Haptic Feedback in the Performance of a Teleoperated Unmanned Ground Vehicle in an Obstacle ... 173

30 trials (3 cases × 10 trials) during the experiment. At
the end of each trial, the three cases were randomly exe-
cuted, and the subject cannot see which case was executed.
The experimental method was designed for the method of
constant stimuli, one of the psychophysical methods.

3.5. Performance metrics
We approached the effect of haptic feedback on the nav-

igation task when the presence and the magnitude of hap-
tic feedback are different in the teleoperation of the UGV
from three aspects. The performance evaluation was ana-
lyzed based on physical stability, task performance of the
UGV, and control effort of the operator. A total of nine
performance metrics was analyzed.

3.5.1 Aspect of stability
First, the performance metrics of the stability reflect as-

pect risks, such as destruction or failure caused by colli-
sions with an obstacle. We applied these stability metrics
for each experimental case to analyze which condition is
safer.

• PNC (Number of collisions)
: the number of times that the UGV has collided with
all obstacles.

• PCS (Collision speed [m/s])
: the speed just before the UGV collides with the ob-
stacle.

• PCT (Collision time [s])
: the time during which the UGV collides with the
obstacle.

3.5.2 Aspect of task performance
Second, the performance metrics of the task perfor-

mance aspect reflect how well the UGV performs the nav-
igation task during the experiment.

• PT (Completion time [s])
: the time that the UGV took from the starting point
to the arrival point.

• PU
T D (Total distance of the UGV [m])

: the total distance traveled when the UGV moves
from the start point to the arrival point.

• PU
V (Velocity of the UGV [m/s])

: the velocity of the UGV during the experiment.

Basically, the smaller the PT , the smaller the PU
T D, the

higher the PU
V , and the better the system performance.

3.5.3 Aspect of control effort
Finally, the performance metrics of the control effort

aspect show how much effort the operator has put in to
control the UGV.s.

• PH
T D (Total distance of the haptic device [m])

: the total movement distance of the haptic device.

• PH
F (Force of the haptic device [N])

: the total force of the haptic device acting on the op-
erator.

• PT L (NASA Task Load Index (NASA-TLX))
: a subjective assessment tool to measure the mental
workload and the control effort associated with work-
load in this experiment [28].

Three different performance metrics were selected to in-
vestigate the effects of haptic feedback considering the
control efforts of the operator.

3.6. Data analysis
The position and the force of the haptic device, the posi-

tion and the velocity of the UGV, the number of collisions,
the event of collisions, and the simulation time during the
experiment were recorded at 100 Hz. The performance
metrics were analyzed through one-way analysis of vari-
ance (ANOVA). Post-hoc analysis was conducted to com-
pare each case. The results were significant when the p-
value was less than 0.05. The significance of the results is
shown as “***,” “**,” and “*” for p≤ 0.001, p≤ 0.01, and
p≤ 0.05, respectively.

4. RESULTS AND DISCUSSIONS

4.1. Analysis on stability
4.1.1 PNC: number of collisions (p∗∗∗ : 0.000)

Basically, the occurrence of a collision indicates a pos-
sibility of breakage or failure of the UGV. Therefore, the
greater the number of collisions, the larger the risk. We
assumed that the number of collisions is lower when there
is a repulsive force feedback for obstacle avoidance than
when there is no haptic feedback. Furthermore, we as-
sumed that the higher the gain of the haptic feedback, the
lower the number of collisions. The operator controls the
UGV to reach the destination as soon as possible; hence,
it can collide with obstacles, where repulsive haptic feed-
back will prevent collisions. Therefore, the lower the nu-
merical value of PNC, the better the performance and the
higher the stability.

Fig. 7 and Table 1 show the experimental results of the
number of collisions. From the quantitative index, we
observed that the number of collisions significantly de-
creased when haptic feedback was present. For LHF and
HHF, their number of collisions was close to zero on aver-
age. Even their maximum number of collisions was only
20% to 30% compared to NHF.

A statistically significant difference was found between
the three cases for the number of collisions through the
p-value. We confirmed that the number of collisions was
definitely different from that of NHF. In LHF and HHF,
although their number of collisions was relatively shorter
than that of NHF, no statistically significant difference can
be found between the two cases. However, on average,
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Fig. 7. Box plot of the number of collisions.

Table 1. Experimental results of the stability.

Metric Case Mean St.D Min Max

PNC

NHF 2.483 2.347 0.00 10.00
LHF 0.283 0.585 0.00 3.00
HHF 0.150 0.481 0.00 2.00

PCS

NHF 0.290 0.171 0.00 0.61
LHF 0.071 0.155 0.00 0.59
HHF 0.036 0.112 0.00 0.54

PCT

NHF 2.829 2.783 0.00 11.20
LHF 0.253 0.569 0.00 2.20
HHF 0.139 0.494 0.00 2.80

the number of collisions was shorter as the haptic gain
increased.

4.1.2 PCS: collision speed (p∗∗∗ : 0.000)
A faster collision or a higher speed when a collision oc-

curs means that the risk of breakage or failure of the UGV
further increases. Therefore, the faster the collision speed,
the greater the risk and the less the safety. We assumed
that the collision speed is lower when the repulsive force
feedback for obstacle avoidance exists, and the gain of the
haptic feedback increases. The reason is that the repulsive
force that feeds back the force in the opposite direction
of driving will act on the subject to reduce the collision
speed of the UGV before the collision occurs.As a result,
the lower the numerical value of PCS, the better the perfor-
mance and the higher the stability.

Fig. 8 and Table 1 present the experimental results of
the metric of the collision speed. As shown in the results,
the collision speed significantly decreased when haptic
feedback was present. In LHF and HHF, the average col-
lision speed was close to zero, and the maximum collision
speed was not significantly different from that of NHF,
but somewhat reduced because the collision did not occur
when haptic feedback was present. Therefore, the average
speed seemed to be low.

The p-values meant that statistically significant differ-
ences were found between the three cases of collision
speed. A difference in the collision speed was more read-

Fig. 8. Box plot of the collision speed.

Fig. 9. Box plot of the collision time.

ily observed in NHF than in the other cases. In LHF and
HHF, although the collision speed was relatively slower
than that of NHF, no statistically significant difference
was found between the two cases. However, on average,
the collision speed was lower when the haptic gain was
larger.

4.1.3 PCT : collision time (p∗∗∗ : 0.000)
The longer collision time means that the amount of im-

pulse received by the obstacles at the time of collision in-
creases, and the risk of breakage or failure of the UGV
further increases. Therefore, the longer the collision time,
the greater the risk of damage. As well as for the advanced
performance metrics related to stability, we assumed that
when force feedback is present and the gain of force feed-
back increases, a shorter collision time will be shown be-
cause the repulsive force on the UGV more quickly re-
duces the collision time. In summary, the lower the nu-
merical value of PCT , the better the performance and the
higher the stability.

Fig. 9 and Table 1 show the experimental results of the
metric of the collision time. As can be seen numerically,
the collision time was significantly reduced when haptic
feedback acted on the operator. In LHF and HHF, the av-
erage collision time was nearly zero, and the maximum
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Fig. 10. Box plot of the completion time.

Table 2. Experimental results of the task performance.

Metric Case Mean St.D Min Max

PT

NHF 82.208 7.684 70.45 104.30
LHF 77.008 4.649 71.25 89.80
HHF 76.234 4.105 71.70 90.80

PU
T D

NHF 38.625 1.013 37.41 42.73
LHF 38.263 0.574 37.20 39.79
HHF 38.208 0.430 37.38 39.95

PU
V

NHF 0.473 0.033 0.388 0.531
LHF 0.498 0.024 0.434 0.533
HHF 0.502 0.022 0.433 0.529

value was clearly different from that of NHF. Haptic feed-
back seemed beneficial in avoiding or reducing collisions.
These results demonstrated that a proper haptic feedback
is very useful. From the perspective of the analysis of
variance, a statistically significant difference was found
between the three cases in the collision time through the p-
value. We confirmed that the collision time was definitely
different from that of NHF. For LHF and HHF, the colli-
sion time was relatively smaller than that of NHF, and no
statistically significant difference was found between the
two cases. However, on average, the collision time was
smaller when the haptic gain was larger.

4.2. Analysis on the task performance
4.2.1 PT : completion time (p∗∗∗ : 0.000)

As the UGV reaches the same goal area and terminates
the experimental procedure, the task accuracy is the same
for all experimental cases. Therefore, the UGV shows a
better performance in the navigation task when the com-
pletion time is as fast as possible. We assumed that the
completion time of the navigation task would be shorter
when the gain value of the haptic feedback was greater and
if the repulsive force feedback for obstacle avoidance ex-
isted prior to the experiment. Reaching the destination is
easier and faster because of the haptic feedback that helps
obstacle avoidance.

Fig. 10 and Table 2 show the experimental results of

Fig. 11. Box plot of the total distance of UGV.

the completion time. The results showed that the com-
pletion time was somewhat reduced when haptic feedback
was present. In addition, the average completion time for
LHF and HHF was appropriately 6.3% and 7.3% less than
NHF, respectively. In other words, the haptic feedback
helped to drive faster in the teleoperation task. When we
checked the p-value, a statistically significant difference
was found between the three cases of completion time.
NHF had a larger difference in completion time than the
other cases. In LHF and HHF, although the completion
time was relatively shorter than that of NHF, no statis-
tically significant difference was found between the two
cases. However, on average, the completion time was
shorter when the haptic gain was larger.

4.2.2 PU
T D: total distance of the UGV (p∗∗∗ : 0.003)

The UGV must move backward when the UGV is in
contact with an obstacle or is misaligned, resulting in an
increase in the total distance traveled. It is necessary to
move from the starting point to the destination; hence,
the smaller the unnecessary movement or the shorter the
total moving distance, the better the performance of the
navigation task. We assumed that the total moving dis-
tance would be shorter when the gain value of the haptic
feedback was not too large and if the repulsive force feed-
back for obstacle avoidance existed before the experiment.
When the subject performs a navigation task, the impact
of the haptic feedback reduces the unnecessary movement
of the UGV to prevent collision, and will not excessively
avoid collision when the appropriate haptic feedback is
given. Therefore, the lower the value of PU

T D, the better the
performance.

Fig. 11 and Table 2 show the experimental results of
the total distance traveled by the UGV. As shown, the to-
tal moving distance decreased when haptic feedback was
present. In LHF and HHF, the average total moving dis-
tance did not significantly decrease, but decreased by ap-
proximately 3 m when the maximum value was confirmed.
In other words, haptic feedback reduces the unnecessary
moving distance in navigation tasks and improves perfor-
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Fig. 12. Box plot of the velocity of UGV.

mance.
As a result of ANOVA, a statistically significant differ-

ence was found in the three cases for the total distance
traveled by the UGV from the p-value. For NHF, a large
difference in the total moving distance from the other case
was observed. LHF and HHF did not seem to have a large
numerical difference, but statistically, a significant differ-
ence was observed when compared to NHF and a rela-
tively low total distance traveled. However, no statistically
significant difference was obtained between the two cases,
and only a little difference on the average was found.

4.2.3 PU
V : velocity of the UGV (p∗∗∗ : 0.000)

The average velocity of the slave robot in the teleop-
eration system is an important factor in the performance
evaluation index. In this experiment, when the same start-
ing point and target point are set, the higher the velocity
of the UGV, the better the performance of the navigation
task (e.g., performance evaluation of the completion time
or total distance traveled by the UGV). Prior to the exper-
iment, we assumed that the velocity of the UGV is greater
when the gain value of the haptic feedback is not too large
and when repulsive force feedback is present for obstacle
avoidance. When the operator performs a navigation task
with haptic feedback, the velocity is increased because the
impact of the haptic feedback reduces the UGV collision,
shortens the time, reduces unnecessary movement, and re-
duces the total distance. Therefore, the lower the value of
PU

V , the better the performance.
The experimental results (Fig. 12 and Table 2) showed

the velocity of the UGV. As shown in the table and the
figure, the average velocity of the UGV was higher when
influenced by haptic feedback. The mean velocity for
LHF and HHF was significantly higher than that for NHF.
When checking the maximum value, we set the maximum
velocity of the UGV such that there will not be a big differ-
ence in the performance. However, this quantitative index
means that the haptic feedback enhances the task perfor-
mance by improving the average velocity of the UGV in
the navigation task.

Statistically significant differences were observed in the
three cases for the velocity of the UGV through the p-
value, and NHF had a larger difference in velocity com-
pared to the other cases. The velocity of the UGV in LHF
and HHF was significantly higher than NHF, but no sta-
tistically significant difference was found between the two
cases. In addition, only a little difference was depicted be-
tween the two cases when we looked at the average veloc-
ity, as shown in Table 2.

4.3. Analysis on control effort
4.3.1 PH

T D: total distance of the haptic device
(p∗∗∗ : 0.000)

As in the total moving distance of the UGV, the total mov-
ing distance of the haptic device increased when it came
into contact with an obstacle or when it was misaligned
and when the UGV was backwards or reversed. There-
fore, the smaller the unnecessary movement or the shorter
the total moving distance of the haptic device, the better
the performance in terms of control effort. We assumed
that the total distance of the haptic device is smaller when
the gain value of the haptic feedback is not too large and
when repulsive force feedback is given for obstacle avoid-
ance before the experiment because the operator is guided
to avoid the obstacle by the influence of the haptic feed-
back when performing the navigation task. However, the
unnecessary movement of the operator can increase if the
haptic feedback is not necessary or the haptic feedback is
too large. Therefore, the lower the value of this metric, the
better the performance.

Fig. 13 and Table 3 represent the experimental results
of the distance of the haptic device. The numerical re-
sults meant that the total moving distance of the haptic
device may increase or decrease because of the presence
of haptic feedback. For this metric, LHF showed approx-
imately 15.5% less distance compared to NHF, but HHF
showed approximately 6.8% more distance compared to
NHF. These results implied that proper haptic feedback
lessens the operator’s control effort, but excessive haptic
feedback can interfere with the operator. However, we
found that the maximum value for NHF was larger than
that of HHF, indicating a significant increase in the haptic
device movement when the UGV collides with the obsta-
cles.

A statistically significant difference was found between
the three cases for the total distance of the haptic device
through the p-value. NHF showed a large difference com-
pared to LHF, while LHF presented a large difference
compared to HHF. The results illustrated no statistically
significant difference between NHF and HHF, indicating
that the excessive haptic feedback was applied to the op-
erator, and the performance of the control effort was low-
ered. However, LHF was given proper haptic feedback;
hence, the total distance of the haptic device showed an
excellent performance.
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Fig. 13. Box plot of the total distance of the haptic device.

Table 3. Experimental results of the task performance.

Metric Case Mean St.D Min Max

PH
T D

NHF 0.600 0.203 0.28 1.21
LHF 0.507 0.108 0.35 0.7
HHF 0.641 0.137 0.46 1.09

PH
F

NHF 1.920 0.015 1.88 1.95
LHF 3.604 0.279 3.04 4.36
HHF 5.420 0.466 4.74 6.70

PT L

NHF 57.233 2.677 54.00 62.00
LHF 55.033 3.309 50.00 60.00
HHF 60.800 2.869 56.00 65.00

4.3.2 PH
F : force of the haptic device (p∗∗∗ : 0.000)

This force refers to the force that the operator receives
from the haptic device. When the haptic force acts in the
desired direction, it works well in terms of control effort,
but is an obstacle when the force acts in the undesired di-
rection. In addition, this force is directly transmitted to
the operator; hence, the greater the force, the greater the
fatigue on the operator. Therefore, the less the unneces-
sary force transmitted, the better the control effort and the
better the performance. We assumed that the force from
the haptic device will increase more when the gain value
of the haptic feedback is greater and when repulsive force
feedback is given for obstacle avoidance before the exper-
iment. This is why the repulsive force that helps in ob-
stacle avoidance when the operator performs a navigation
task acts on the operator to increase the force of the haptic
feedback. As a result, the lower the value of PH

F , the better
the performance and the better the control effort.

The experimental results (Fig. 14 and Table 3) showed
the force of the haptic device. Quantitatively, the force
of the haptic device decreased when haptic feedback was
not present. In the case of LHF, no repulsive force feed-
back was given for obstacle avoidance, but the value did
not converge to zero because haptic feedback existed on
the z-axis limit. The gain value for NHF and HHF was
not exactly doubled because it followed the Gaussian dis-
tribution, and HHF showed a haptic force that was signif-

Fig. 14. Box plot of the force of the haptic device.

icantly larger than that of LHF. These results implied that
excessive haptic feedback may interfere with the control
effort of the operator.

A statistically significant difference was found between
the three cases for the force of the haptic device through
the p-value. NHF showed a large difference compared to
LHF and HHF, while LHF presented a large difference
compared to HHF. In this performance metric, three dis-
tinct cases were used, in which the gain value of the haptic
feedback greatly affected the results. Therefore, a large
haptic feedback is not necessarily good; instead, a proper
haptic feedback should be given in the experiment.

4.3.3 PT L: NASA-TLX (p∗∗∗ : 0.000)
NASA-TLX is one of the key metrics of control effort

in teleoperation systems and a subjective indicator of the
workload measurement. In this experiment, each subject
was evaluated based on NASA-TLX after all psychophys-
ical experiments were completed. NASA-TLX is a mea-
sure of the degree of workload from 0 to 100; thus, the
higher the value, the higher the control effort and the lower
the performance. We assumed that the NASA-TLX would
be smaller when the gain value of the haptic feedback is
not too large and when repulsive force feedback is given
for obstacle avoidance prior to the experiment. The ap-
propriate haptic feedback for obstacle avoidance will re-
duce the workload when the operator performs a naviga-
tion task. Therefore, the lower the value of this metric, the
better the performance.

Fig. 15 and Table 3 show the experimental results of
the NASA-TLX of the haptic device. In the presence of a
haptic feedback, the NASA-TLX values were not uncon-
ditionally less than when no haptic feedback existed. In
LHF, on average, the value was approximately two points
lower than that of NHF, but in HHF, the value was approx-
imately 3.5 points higher than that of NHF. These results
showed that like the total distance of the haptic device,
proper haptic feedback helps the control effort of the op-
erator, but excessive haptic feedback can interfere with the
operator. As shown numerically, HHF required the largest



178 Chanyoung Ju and Hyoung Il Son

Fig. 15. Box plot of the NASA-TLX.

workload, which was considered to be caused by the im-
proper haptic feedback acting on the operator, which re-
sulted in a significant increase in workload.

A statistically significant difference was observed be-
tween the three cases for the NASA-TLX through the p-
value. NHF showed a large difference compared to LHF
and HHF. LHF also showed a large difference compared
to HHF. A significant difference was obtained between
the values for NHF and HHF, which resulted in a lower
performance in HHF compared to NHF because of the
excessive haptic feedback. However, LHF had the best
performance because it was given proper haptic feedback.

In summary, when haptic feedback was present, the sta-
bility and task performance were excellent, but the control
effort was not affected. No significant difference based on
the magnitude of the haptic feedback was found when the
results were statistically analyzed. In terms of the control
effort, the appropriate haptic feedback gain value should
be applied to show a good performance without interrupt-
ing the operator.

5. CONCLUSION

This study evaluated the effect of haptic feedback on the
performance of a bilateral teleoperation system through
psychophysical experiments. For the psychophysical ex-
periment, we performed a navigation task and conducted a
comparative analysis on a total of three experimental cases
(i.e., no haptic feedback, low haptic feedback, and high
haptic feedback). We evaluated the system performance
by evaluating the stability, task performance, control ef-
fort, and a total of nine metrics (i.e., number of collisions,
collision speed, collision time, completion time, total dis-
tance of the UGV, velocity of the UGV, total distance of
the haptic device, force of the haptic device, and NASA
Task Load Index). A statistical analysis was performed
for all experimental results using one-way ANOVA, and
quantitative numerical values were presented.

The experimental results showed that the stability per-
formance of the UGV was better when haptic feedback

was present, but no significant difference was shown based
on the magnitude of the haptic feedback. Moreover,
the task performance was better when haptic feedback
was present, and no statistically significant difference was
found between LHF and HHF. However, much better re-
sults were shown when haptic feedback existed in HHF.
Finally, in terms of the control effort, the best results were
obtained with LHF. Excessive haptic feedback was ap-
plied in HHF, resulting in a lower performance and a
higher control effort.

Several possible future research directions include the
following: 1) experimental and statistical analyses of data
from more than 15 subjects, 2) maneuverability [23] as
measured by the human force using a force sensor, 3) psy-
chophysical experiment using a real UGV robot, and 4)
comparison and analysis between the results of real ex-
periments and those of virtual simulations. We are also
considering research to find the optimal gain value by ap-
plying the stabilization algorithm.
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