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Abstract: Flying an unmanned aerial vehicle (UAV) is a challenging task, due to the absence of direct
sensory information such as a view of surroundings, sound, vibrations, and motion. It is important
to provide these sensory stimulations to an operator for better situational awareness and efficient
control. In this research, we study the effects of incorporating haptic feedback in UAV flight control.
We present an experimental evaluation of three flight control scenarios, that is, in the absence of haptic
feedback, in the presence of realistic haptic feedback, and an exaggerated haptic feedback. These three
conditions are tested for an altitude hold, gain, and descent task in the flight simulation environment.
A linear mathematical model is used to simulate the flight dynamics of a UAV controlled by a 6 DOF
Touch 3D Stylus haptic device. Fifteen untrained users are recruited to participate in the flight
simulation experiment. The analysis of the results of the experiment indicates an improvement in
the longitudinal flight control performance. Specifically, the altitude hold task is better performed
with no feedback, the altitude gain with exaggerated haptic feedback, and the altitude descent with
realistic haptic feedback. A subjective evaluation in the end corroborates these findings.

Keywords: haptic feedback; unmanned aerial vehicles (UAVs); flight control; flight simulation;
human–machine interaction

1. Introduction

Haptic aids in controlling unmanned aerial vehicles (UAVS) and remotely operated vehicles
are gaining interest. The provision of artificial stimulants in the control of UAV flight, remotely
as well as in simulation environments, is vital for an increased sense of immersion. Such sensory
stimulation is introduced artificially inside the flight simulator/ground control station (GCS) to
make the operator experience more natural and realistic than with a visual display alone, due to its
limited field of view being insufficient and often unsafe for achieving the flight objectives in flight
simulation/teleoperation [1,2]. In order to incorporate these sensory stimulations, different systems
are installed at the GCS, varying in the cost, fidelity requirement, manufacturer capability, and scope
of research and development. One of the most important stimulants that should be provided to a UAV
operator at the GCS are the forces that are analogous to those acting on the control stick in a manned
aircraft flight. Others sensory modalities include visual, vestibular, and auditory stimulations. In this
research, the effect of haptic feedback on the operator and his/her behavior in controlling the UAV is
explicitly investigated.

Aerodynamic loads on control surfaces of the UAV are used to obtain the forces acting on
the control stick. These forces are calculated and rendered to help the operator perceive the haptic load
that is on the control stick, due to the aircraft’s flight state [3]. For example, if an operator performs

Appl. Sci. 2020, 10, 3877; doi:10.3390/app10113877 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0003-1631-6002
https://orcid.org/0000-0001-5504-3727
https://orcid.org/0000-0003-0406-9438
http://www.mdpi.com/2076-3417/10/11/3877?type=check_update&version=1
http://dx.doi.org/10.3390/app10113877
http://www.mdpi.com/journal/applsci


Appl. Sci. 2020, 10, 3877 2 of 18

a turn during a flight, the loads experienced on the control surfaces are transmitted to the control
stick inside the cockpit, thereby delivering information about the status of the flight conditions to
the operator through the sense of touch. The steady/unsteady loads experienced on the control
stick stimulate the haptic sensors of the operator. The hardware for the haptic system consists of an
artificial force-loading mechanical device attached to the control stick. This mechanical device controls
the magnitude and rate of the force feedback to be transmitted to the control device. It is anticipated
in this research that the effect of artificial haptic feedback on the control stick will generate a more
immersive experience for the operator and improve his/her situational awareness. More specifically,
the goal of this research is to investigate the use of accurate force feedback on the basis of aerodynamic
models in improving handling qualities of fixed wing UAVs during flying.

Haptic feedback has been used to enhance the information provided by the visual display in
various applications. It has been shown that the use of haptic aiding systems improves the handling
qualities of UAVs or other remotely operated vehicles [4–7]. Haptic feedback was provided in the form
of attractive and repulsive magnetic forces by defining an artificial force field in obstacle avoidance
tasks and exploratory missions. It was demonstrated that the number of collisions and time of mission
completion were reduced, due to such haptic cues [8,9]. Control barrier functions (CBF) have been used
to generate force feedback for a quadcopter UAV to aid a safe operation and were evaluated against
two conditions, that is, no haptic aids and artificial force fields [10]. Generic haptic aids have been used
to investigate the change in pilots’ visual and neuromuscular response in target tracking tasks [11].
The utility of haptic feedback as a support system during pilot training was evaluated and shorter
training times were observed [12]. Another direction of research is to generate haptic feedback on
the basis of pilot intent estimation [13]. Emerging technologies such as robot-assisted surgeries
and self-driving vehicles are becoming more effective and risk free by introducing haptic feedback
technologies [14,15]. Instead of using conventional methods of providing feedback in response to
detected collisions, the authors [16] used optical flow measured by a wide angle camera mounted on
a moving robot for generating haptic forces in the virtual environment. The analysis of responses
solicited by using NASA TLX suggested that the operator workload was reduced when haptic feedback
was provided for the interaction with virtual environments [17,18].

Haptic feedback can be used to minimize visual illusions experienced by operators while landing
in a featured or featureless night environment. Operators rely on haptic cues more in a virtual landing
task, as compared to visual cues which can reduce landing illusions. Moreover, haptic feedback has
more impact for up/down movements (i.e., elevator control or pitch rotation) rather than left/right
movement (i.e., roll and yaw rotations) [19].

Other benefits of haptic feedback were presented in terms of efficient control [17,18], enhanced
skill learning [20,21], and improved situational awareness [22]. On the basis of the analysis of previous
studies, it is observed that there exists a significant effect of incorporating haptic feedback in UAV
controls for obstacle avoidance, exploratory missions, increasing situational awareness, minimizing
landing illusions, and so forth. Here, we evaluate the effect of haptic feedback on navigational tasks
for fixed wing UAVs. We develop a bare-bones UAV flight simulator for optimizing the navigational
control of a virtual aircraft. The external forces acting on the aircraft are simulated and the operator is
asked to continuously adjust controls to complete a navigation task. The operator provides motion
commands to the UAV while receiving force feedback from a 6 DOF haptic device. We believe that
the force feedback will provide better situational awareness and effective navigation. To this end,
the following hypotheses are made:

• While the presence of accurately modeled haptic forces provides better control of a UAV,
unrealistic or exaggerated forces may produce better handling of the aircraft.

• The role of haptic feedback in UAV handling varies for different phases of flight. In other words,
a single force model may not produce better navigational control across all phases of flight.
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2. Methodology

Keeping in mind that haptic feedback helps achieve mission objectives more efficiently
and provides better situational awareness without an increase in the workload of an operator, the focus
of this research is to develop a flight simulator for fixed wing UAV by incorporating haptic feedback
and study its effect on operator performance. This research consists of two main parts, the first
describes the flight simulation including the visual interface for the visualization of flight, the dynamic
modeling of a UAV, and the rendering of haptic forces. In the second part, we study the effects of
the proposed system on operator performance based on how accurately one can hold a specific altitude
for a given time.

Figure 1 shows the proposed system architecture, explains the mapping of functionality and how
different components are communicating with each other to produce the resultant output. It consists
of synchronized graphics and haptic loops, where the former updates the visual display which helps
the operator to see different flight parameters like altitude of the UAV, and the latter generates a
feedback force that helps the operator feel the forces acting on the control surfaces. These forces
are rendered on the basis of the flight parameters obtained from the dynamic modeling of UAV
and position/orientation of the haptic device.

Figure 1. System architecture.

2.1. Aerodynamic Modeling of UAV

The aerodynamic modeling of a UAV involves the modeling of control surfaces, the reaction to
varying flight conditions, and the response to different changes in aircraft [23]. Such mathematical
modeling allows for testing different flight parameters in simulations rather than real aircrafts which
are not economical or safe and require specialized equipment and environment [24].

In this paper, we limit our experimentation and discussion only to the pitch rotations of the aircraft
and its response to velocity and thrust. Therefore, we assume a decoupling between longitudinal
and lateral-directional dynamics [25]. The modeling of UAV is a stepwise process in which, firstly,
we linearize our model by considering small perturbation theory and steady state conditions [26],
and represent our system, using first order differential equations. Next, we solve moment and force
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equations to obtain dimensionless derivatives and, then, find numerical values of these derivatives
using the xflr5 analysis tool similar to the study [27] by using the UAV parameters given in Table 1.

Table 1. Unmanned aerial vehicles (UAV) parameters.

Parameter Value Notation

Wing span 1.0 m b
Area 0.24 m2 s

Weight 0.492 kg m
Air density 1.225 kg/m3 ρ

Rolling moment of inertia 0.01076 kg·m2 Ixx
Pitching moment of inertia 0.02514 kg·m2 Iyy
Yawing moment of inertia 0.03561 kg·m2 Izz

This study uses a UAV based on the conventional RC aircraft model, as shown in Figure 2.

Figure 2. Views of unmanned aerial vehicles (UAV).

Aerodynamic derivatives, mass, and inertial characteristics are written as coefficients in first order
differential equations, which are the state space representation of the system. The complete state of the
system is described by a set of variables whose number depends on the DOF of the system.

ẋ = Ax + Bu (1)

where A is the system matrix, x is the state vector containing variables describing state of the system,
B is the input matrix, and u is the input vector having input variables, that is, thrust and control
surface deflections.

The state space representation of our system is as follows:
u̇
ẇ
q̇
θ̇

ḣ

 =


Xu Xw Xq −g cos θo 0
Zu Zw Zq −g sin θo 0
Mu Mw Mq 0 0
0 0 1 0 0
0 − cos θ 0 u cos θ + w sin θ 0




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+


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0 0
0 0


[

δe

δt

]
(2)
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where u is forward velocity, w vertical velocity, q pitch rate, θ pitch angle, θo trim pitch angle, and h is
the altitude.

In the design of longitudinal control, pulling of the control stick conventionally corresponds to
negative elevator input which performs a pitch-up motion, that is, rotates the UAV nose upward,
causing an increased altitude. The response of the mathematical model of the UAV to −1◦ elevator
input is shown in Figure 3a. A push force on the control stick will have the opposite response, causing
the UAV to speed up with the nose downward and decreasing the altitude, as shown in Figure 3b,
where the UAV response to +1◦ elevator input is displayed. Figure 3 validates the mathematical model
and the longitudinal control convention.

(a)

(b)

Figure 3. Response of the aerodynamic model of A UAV with negative and positive elevator inputs.
(a) Effect on altitude. (b) Effect on pitch angle .

2.2. Haptic Rendering

For the calculation of haptic forces, we used the same idea as for the forces felt in a manned
aircraft. To deflect a control surface, an elevator in our case, the operator moves the control stick in
either direction, forward/backward in our case. The force F exerted by the operator to move the control
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surface, called the stick force, is proportional to the hinge moment He acting on the control surfaces.
To move the control surface, the operator has to overcome the hinge moment by applying force.

The hinge moment can be expressed as having the combined effects of the tail angle of attack αt,
elevator deflection δe, and tab angle δt separately. The hinge moment coefficient Che can be expressed as

Che = Cho + Chαt
αt + Chδe

δe + Chδt
δt (3)

where Cho is the residual moment, Chαt
= dCh

dαt
, Chδe

= dCh
dδe

, and Chδt
= dCh

dδt
. Precise hinge moment

parameters are hard to find analytically, so wind tunnel tests are required to find these values for
the optimal control system design.

As mentioned earlier, the work done for displacing the control stick is equal to the work done in
overcoming the hinge moment and moving the control surface to the desired deflection angle. This can
be mathematically expressed as

F =
Heδe

lsδs
(4)

where ls and δs are the length of control stick and stick deflection angle, respectively, and the δe
lsδs

part
of Equation (4) is the gearing ratio G used to provide mechanical advantage in a control system.

Now, we define the hinge moment as

He =
1
2

Che ρV2sece (5)

where ρ is air density, V is speed, se is the area of the hinge line and ce is the chord length of the UAV
whose values are state in Table 1.

Using He in Equation (4), the relation for the control stick force becomes

F =
1
2

δe

lsδs
Che ρV2sece. (6)

In order to mimic the forces experienced by an operator of a manned aircraft in a flight simulation,
forces are calculated and rendered using the relation expressed in Equation (6). It can be seen that
the magnitude of force increases with the UAV size and square of speed. The control parameter in our
case is δe in Equation (2), which depends on the control stick deflection simulated by the haptic device.
δe is updated based on the input from the operator and flight parameters (forward and vertical velocity,
pitch rate, angle and altitude) are calculated by solving the first order differential equations (FODEs)
of the mathematical model. Pitch angle θ is passed to the UAV model for the visualization of pitch
rotation. The speed of the UAV is obtained from the forward and vertical velocities u and w, respectively.
Similarly, the altitude of the UAV is determined from Equation (2) using FODE. These flight parameters
are then passed to the graphics and force rendering engines to update the visualization in real time
and render forces through the haptic device to the operator. The graphical user interface shown in
Figure 4 consists of the UAV model, an attitude indicator used to give immediate and direct indication
to aircrafts pitch and bank in reference to an artificial horizon, and an altimeter to show the altitude of
the UAV.
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Figure 4. Graphical user interface of the proposed simulation system.

The workflow of the developed system is shown in Figure 5. The operator continuously adjusts
the UAV controls, using the control stick modeled using a 6 DOF haptic device, the motions of which
are constrained to mimic those of the control stick of an aircraft. The computations for calculating
flight parameters are handled by a computational engine which comprises of graphics and force
rendering engines.

Figure 5. System workflow.

When designing the control mechanism for a UAV, it is important to maintain a relationship
between the control stick movement and the control surface (i.e., elevator) deflection that is within
acceptable limits. In our case, it is achieved by mapping in such a way that 1◦ control stick deflection
is equal to 1◦ elevator deflection and the total workspace is between +30◦ and −30◦, as shown in
Figure 6a. In terms of haptic rendering, the feedback force should be mapped such that it restricts an
operator from overstressing the UAV and it should be of enough magnitude that it gives the operator
a feel of the commanded maneuver. Moreover, the force magnitude also provides the operator with an
indication of the severity of the motion that will result from the control stick movement. In this study,
the effect of haptic feedback on lateral-directional dynamics is not considered. However, considering
coupling phenomena, the study can be extended by incorporating roll and yaw moments, if high angles
of attack are considered.
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(a) (b)

Figure 6. (a) Control stick acceptable range, (b) restriction mechanism for limiting haptic device
to 1 DOF.

In this study, we used the Touch 3D Stylus haptic device which can handle 6 DOF input and is
capable of producing 3 DOF force feedback. Since we only model longitudinal dynamics, as we
restrict our analysis only to pitch rotations of the UAV, we designed a mechanical linkage onto which
the haptic device stylus is mounted, i.e., at point A in Figure 6b. Point A is the reference point on
the basis of which the control stick deflection θ, by taking the dot product between vectors PA and PB
and the corresponding forces, is computed. Thus, the haptic device is limited to 1 DOF and has a close
resemblance to an actual control stick of an aircraft (Figure 7).

Figure 7. Experimental setup.

3. Experiment Design

The aim of the developed system is to study the effects of incorporating haptic feedback into
the controls of a fixed wing UAV on the handling capabilities of operators during different phases of
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flight. To this end, an altitude hold task was designed and validated on graduate students enrolled in
the Computational Engineering postgraduate program at National University of Sciences & Technology,
Islamabad. The altitude hold task was chosen on the basis of the findings from previous studies [19]
which show that haptic feedback has a significant effect on performance when it is related to pitch
rotation (up and down movement) as compared to yaw or roll rotations.

Fifteen graduate students enrolled in the Computational Engineering program participated in
the study. None of them had any previous experience in interacting with force feedback haptic devices.
A list of instructions on how to operate the haptic device was given to every user. To acclimatize
the users with the use of haptic forces, they were asked to use the haptic device in an application
available as an example in the OpenHaptics SDK. The application allowed them to interact with objects
in a virtual environment and experience force feedback on collision. The use of the application before
the study enhanced user confidence in haptic device control. The experiment on each user consisted of
three testing scenarios: flight control in the absence of force feedback, flight control in the presence
of realistic force feedback, and flight control in the presence of exaggerated force feedback, i.e., twice
the force computed by the mathematical model. These three force conditions were chosen to evaluate if
accurate haptic modeling always results in better UAV control. Each scenario was tested for 2 min 30 s.
The total experimentation time was 120 min with approximately 8 min for each user. In each scenario,
the task was to increase or decrease an altitude to a height specified by the acoustic command and hold
that altitude until the next command (30 s altitude hold time). The user had to move the haptic device
backward and forward to increase and decrease the altitude of the UAV, respectively. The three testing
scenarios were run in a random order for different users, and to remove bias, they were not informed
about which scenario was being played.

There was a total of five acoustic commands: (1) Hold altitude at 1000 ft. (2) Increase altitude
to 1200 ft. (3) Increase altitude to 2000 ft. (4) Decrease altitude to 1200 ft. (5) Decrease altitude to
1000 ft. With each command followed by a silence of 30 s. The specified altitudes were selected to
check the effect on operator performance, whether it is easy to hold an altitude if the difference is
larger (e.g., between 1200 ft and 2000 ft) or if it is easy if the difference is small (e.g., between 1000 ft
and 1200 ft). Such a design of the altitude variation task allows for the analysis of different phases of
flight against various time-related criteria. We were also interested in seeing the effect of increasing
and decreasing altitudes on undershoot and overshoot.

Moreover, in order to evaluate the effect of haptics on altitude hold subjectively, all the participants
were also asked to fill out a questionnaire after performing the experiment, which gave us a quick
insight into the individual’s perceived performance. Figure 7 shows the experimental setup, consisting
of a high resolution graphic display (altimeter on right and attitude meter on left), earphones, and a
Touch 3D Stylus haptic device with maximum force of 3.4 N, which is sufficient for this experiment.

4. Results and Discussion

In order to check the effect of the three conditions (no force feedback, realistic force feedback,
and exaggerated force feedback), we performed a one-way Analysis of Variance (ANOVA) on
the average of 15 users. The analysis revealed a significant effect in three conditions with [F(2, 15) = 39.9,
p < 0.01]. The p-value corresponding to the F-statistic of the one-way ANOVA is lower than 0.01, which
strongly suggests that one or more pairs of treatments are significantly different. Therefore, we can
conclude from the ANOVA results that haptic feedback have an effect on operators’ performance
in terms of handling qualities. ANOVAs do not tell us where the significant difference lies, so we
have treatments, for which we shall apply Tukey’s HSD (Honest Significant Difference) test to each of
the three pairs to pinpoint which of them exhibits a statistically significant difference. Table 2 shows
the results of the one-way ANOVA.
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Table 2. ANOVA results.

Source Degrees of Freedom v F Statistic p-Value

Conditions 2 39.9186 1.1102 × 10−16

Error 28,062

We first found the critical value of the Tukey HSD Q statistic based on k = 3 treatments
with v = 28, 602 degrees of freedom for error with α = 0.01 and α = 0.05 in the studentized
range distribution [28]. The critical values obtained for Q for α = 0.01 and α = 0.05 are:
Qα=0.01,k=3,v = 28062

critical = 4.1208, and Qα=0.05,k=3,v=28062
critical = 3.3147. We will check Qstatistic > Qcritical .

The highlighted results (boldface means significant effect) from Tukey HSD are represented in Table 3.
On the basis of Tukey’s HSD results, we can emphasize that the maximum operator’s performance
difference is between the scenarios of a no force feedback and exaggerated force feedback.

Table 3. Tukey’s HSD results.

Condition Tukey HSD Q Stat Tukey HSD p-Value Tukey HSD Inference

None vs. Realistic force feedback 8.73 0.0010053 p < 0.01
None vs. Exaggerated force feedback 12.2736 0.0010053 p < 0.01

Realistic vs. Exaggerated force feedback 3.5340 0.333626 p < 0.05

The results of the ANOVA and Tukey’s HSD suggest that the operator’s performance in the
altitude hold task varied for different testing scenarios with a maximum difference between the no
force feedback and exaggerated force feedback conditions, as presented in Table 3. We analyzed
the mission data of all the operators, as shown in Figure 8, for three force conditions, i.e., no force
feedback (force vector (0, 0, 0)), realistic force feedback (force vector (0, y, 0)), and exaggerated force
feedback (force vector (0, 2y, 0)). We divided the graph on the basis of time intervals and altitude
values, as discussed in Section 3 to analyze the operator’s performance with respect to rise time, peak
time, settling time, overshoot, and time elapsed in the tolerance band , which gave us an insight into
our system’s stability and performance.

analysis1.png

Figure 8. Mission analysis.

4.1. Rise Time and Overshoot Analysis

Figures 9–11 illustrate the performance analysis for three conditions on the basis of rise time
and overshoot. It depicts the average altitude holding capability of pilots at different altitude instances.
To determine the effect of force feedback on operator’s performance in terms of achieving the set point
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(i.e., altitude) we calculated rise time for increasing altitudes from time intervals 35 to 70 s and 70 to
100 s, respectively, as presented in Table 4. We can not use the rise time as a performance parameter
from 0 to 30 s because the simulation starts at 1000 ft, and the operator only has to hold that altitude
for 30 s.

Figure 9. Altitude analysis at 1000 ft.

Figure 10. Altitude analysis at 1200 ft.

Figure 11. Altitude analysis from 1200 to 2000 ft.

Analyzing the rise time from 35 to 70 s and 70 to 100 s intervals, as shown in Figures 10 and 11
and Table 4, we see that the rise time increases as the force getS stronger, this is because an operator
has to put in more effort to counter the forces acting on the control surfaces of the UAV by pulling
the control stick (having control surface forces), which significantly increased ‘tr’. It is actually a
good performance sign OF our application because by increasing the rise time we are controlling our
system’s overshoot.



Appl. Sci. 2020, 10, 3877 12 of 18

Table 4. Rise time, s (tr) at different time intervals.

Time (s) No Force Feedback Realistic Force Feedback Exaggerated Force Feedback

35 to 70 s 5 3 6
70 to 100 8 10 20

If we look at the average of first 30 s time of all the 15 users, it can be seen that users experiencing
exaggerated force feedback have a better performance in terms of achieving a close to steady state
condition and with the smaller % overshoot, as presented in Table 5. Similarly, from time intervals
35 to 70 s and 70 to 100 s in Figures 10 and 11, we can see that the overshoot is controlled using
force feedback conditions. The numerical values presented in Table 5 support this analysis. Hence,
we concluded that in the altitude hold task, where users have to increase the altitude and hold it
to the specified value (i.e., 1000 ft, 1200 ft and 2000 ft) for 30 s, force feedback conditions help in
controlling the overshoot, whether the altitude difference is small or large.

Table 5. % maximum overshoot at different time intervals.

Time (s) No Force Feedback Realistic Force Feedback Exaggerated Force Feedback

0 to 30 4.36 9.6 3.9
35 to 70 12.0 9.9 7.8

70 to 100 7.9 2.9 2.6

4.2. Fall Time and Undershoot Analysis

For the decreasing altitudes we calculated fall time (t f ) and % maximum undershoot to analyze
our results. From the fall time, we studied the time required by operators to decrease the UAVs’
altitude to the specified set point. The effect of the haptic feedback on the fall time and undershoot is
shown in Figures 12 and 13.

Figure 12. Altitude analysis at 1200 ft.

Figure 13. Altitude analysis at 1000 ft.
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In experiments, when users were asked to decrease the altitude from time interval 100 to 130 s
and 130 to 160 s to 1200 ft and 1000 ft, the ‘t f ’ is reduced for the realistic and exaggerated force feedback
condition, as shown in Table 6. This was due to the fact that decreasing the altitude caused the nose of
the UAV to rotate downward causing the increased speed as explained previously through Figure 3.
As a result, users experienced an additional increased force feedback which pushed the control
stick away from an operator, hence reaching the set point in less time. This also affected operators’
performance in the altitude holding task because the force calculation (i.e., Equation (6)) depends on
the square of the UAV speed.

Table 6. Fall time, s (t f ) at different time intervals.

Time (s) No Force Feedback Realistic Force Feedback Exaggerated Force Feedback

100 to 130 13 10 10
130 to 160 12 6 12

Just as the increase in ‘tr’ can be used to control overshoot. Similarly, reduced ‘t f ’, excessive
pushing force on control stick and increased values of undershoot as shown in Table 7 can be used to
increase situational awareness and immersion in a simulation environment by giving an indication to
an operator about sudden altitude loss.

Table 7. % Maximum undershoot at different time intervals.

Time (s) No Force Feedback Realistic Force Feedback Exaggerated Force Feedback

100 to 130 4.9 10.1 11.1
130 to 160 1.4 3.1 5.5

4.3. Settling Time Analysis

Settling time (ts) and time elapsed in the tolerance band can be used to make useful conclusions
about systems performance and stability. Less values of ‘ts’ imply that the system took less time to
achieve a close to steady state condition. Here, the width of tolerance band is calculated as a percentage
of the total change in altitude at specific time intervals. We took the band width of 20% and 5% of ∆
altitude for the change of 200 ft and 800 ft respectively.

At the time interval from 0 to 30 s, the settling time can not be used as a performance parameter
because there is no change in the altitude and the operator has to hold an existing altitude for 30 s.
In time intervals between 35 to 100 s, we can see that with the realistic and exaggerated force feedback
conditions, ‘ts’ is significantly reduced in each interval which proves that in the altitude hold task, we
can enter a steady state condition in less time when compared with no the force feedback condition.
The settling times for different time intervals are presented in Table 8.

Table 8. Settling time, s (ts) at different time intervals.

Time (s) No Force Feedback Realistic Force Feedback Exaggerated Force Feedback

35 to 70 26 16 10
70 to 100 26 23 18
100 t0 130 20 - -
130 to 160 8 11 5

As we can see in Tables 8 and 9, we do not have a settling time and time elapsed in the tolerance
band for realistic and exaggerated force feedback conditions from 100 to 130 s, this is due to the fact
that when operators were asked to drop the altitude to 1200 ft from 2000 ft (i.e., significant altitude
difference) they were not able to control the UAV to keep it in the steady state region.
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Table 9. Time elapsed in tolerance band at different time intervals.

Time (s) No Force Feedback Realistic Force Feedback Exaggerated Force Feedback

35 to 70 9 18 24
70 to 100 6 8 14
100 t0 130 10 - -
130 to 160 0 20 25

To support our conclusion, we also calculated the time elapsed in the tolerance band, which
illustrates the total time period an operator spent in the close to steady state. The numerical values
of the time elapsed in the tolerance band are presented in Table 9. We can see from Figure 13 that
from 130 to 160 s of time, the response is not in the tolerance band, so we increased the width of
the tolerance band to 50% ∆ altitude. Then, the time elapsed in the band was calculated for realistic
and exaggerated force feedback conditions, which are significantly higher, as seen in Table 9. Accuracy
is compromised by increasing the width of the tolerance band. The numerical values prove that
with realistic and exaggerated force feedback conditions, the time elapsed in the tolerance band is
significantly increased, thus, the operators spent more time in the steady state condition, which is
good performance sign.

4.4. Error Analysis

We calculated error at different altitude instances to further evaluate our results and it supports
the above analysis that with force conditions, the operator performance for the altitude hold task was
better, i.e., resulted in low error values. The mean values of errors are shown in Figure 14.

Figure 14. Mean error analysis at increasing and decreasing altitudes.

At the start of an experiment, when operators were asked to only hold an altitude at 1000
ft, the exaggerated force feedback condition gave optimum results with less error values, as in
Figure 14 and less % overshoot, Table 5, which is a good performance sign. Similarly, for increasing
and decreasing altitudes at 1000 ft and 2000 ft, realistic and exaggerated force feedback conditions
yielded better performance by improved handling qualities. The mean error values presented in Figure
14 validate our analysis.

4.5. Comparative Summary

The best condition (no force, realistic force, or exaggerated force) is selected on the basis of
the comparison of six performance parameters for altitude hold, gain, and descent phase (Table 10).
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The performance parameters include rise time, overshoot control, fall time, undershoot control, settling
time, and mean error. We can see that no force condition yields better results only when operators
execute the altitude hold command. Exaggerated force turns out to be the best performer for altitude
gain/climb phase. Similarly, the altitude descent task is performed better with a realistic force feedback.

Table 10. Best force condition on the basis of performance parameters.

Performance Parameters

Altitude Force
Condition

Rise
Time

Overshoot
Control

Fall
Time

Undershoot
Control

Settling
Time

Mean
Error

Best
Selection

Hold

No force • • •••
Realistic force
Exaggerated
force •

Gain

No force
Realistic force
Exaggerated
force • • • • •••

Descent

No force •
Realistic force • • • •••
Exaggerated
force •

4.6. Subjective Evaluation

After the experiments, operators were interviewed individually to describe their experience about
different force conditions and their perceived performance. In order to compare our results, operators
were asked to fill out a questionnaire consisting of seven questions. In every question, they had to
choose between the three conditions: no force feedback, realistic force feedback, and exaggerated force
feedback.

Figure 15 shows the questions with the corresponding responses of the operators. Most of
the operators agreed that by incorporating haptic feedback in the UAV controls, the mission objectives
can be achieved effectively. However, the answer to question 4 shows a controversial situation in which
8 out of 15 operators thought that haptic feedback demanded more effort. When asked about this in
the follow-up interview, most of the operators clarified that when they experienced force intermittently,
they pushed the control stick away from them, which compromised their performance and required
more physical effort to maintain the desired altitude.

Figure 15. Operator response to subjective questionnaire.
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5. Conclusions

A simulated haptic-aided flight control system of a UAV is developed that uses an aerodynamic
model of the UAV to obtain forces acting on the control stick. The developed system is used to study
the effects of haptic feedback on longitudinal flight control. Our analysis shows that the proposed
haptic aiding system has a significant effect on operator performance and situational awareness. On
the basis of six different performance parameters, it is concluded that no force feedback is acceptable
for altitude hold tasks, exaggerated force feedback works better for altitude gain, and realistic force
feedback is adequate for altitude descent. The findings suggest that it can be used in flight simulators
for effective operator training and to increase immersion, which is an important aspect for making a
smooth transition from simulator to real flight. The subjective assessment reported by the participants
also suggested an increased confidence with haptic feedback. In future, challenges of real-time
implementation will be addressed that include the effects of communication time delays, limited
control inputs, and designing barrier functions from on-board sensors data.
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HSD Honest Significant Difference
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