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ABSTRACT

Helicopter control presents significant challenges due to the system’s inherent
instability and the high cognitive demands placed on the pilot. This study investigates
the effect of haptic cueing on training effectiveness in a VR simulator-based
compensatory roll-tracking task. Task difficulty was varied through changes in system
dynamics, stability, and task type. Haptic cues, designed using McRuer’s crossover
model, were delivered via a vibrotactile suit to provide intuitive feedback on roll-
angle errors. Performance was assessed using mean squared error, training time,
and Bedford Workload Questionnaire. Results showed improved performance for the
haptic-trained group, particularly as task difficulty increased, with minimal impact on
training time. Although data variability was high due to the small sample size, findings
indicate that haptic cueing enhances training in complex control tasks.
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INTRODUCTION

The bare-airframe dynamics of rotorcraft (e.g., helicopters, tilt-rotors) are
inherently unstable across a large portion of their flight envelope, and
especially in hover and low-speed forward flight (Mcruer, Graham and
Ashkenas, 1973). Their flight dynamics are also high-order and characterized
by strong inter-axis coupling, which require pilots to actively regulate
all four control axes (roll, pitch, yaw, and heave) and demand a high
level of attentional and motor coordination. Moreover, rotorcraft have
restrictive flight envelopes due to complex power and structural limits.
All of these features contribute significantly to pilot mental workload
(MWL). Counteracting external disturbances such as turbulence or gusts,
or performing maneuvers beyond basic trim-holding tasks, introduces
additional challenges that further increase pilot workload. Hence, pilot
training is typically a lengthy, challenging, and stressful process designed to
enhance pilots’ situational awareness, responsiveness, and familiarity with
the helicopter unaugmented response to commands.

Multimodal cueing has been investigated as a potential solution to enhance
the training process, specifically in terms of situational awareness, pilot-
vehicle performance, flight envelope protection, and task learning rate.

© 2025. Published by AHFE Open Access. All rights reserved. 2120


https://doi.org/10.54941/ahfe1007024

Evaluating the Impact of Haptic Cueing on Training Effectiveness 2121

The principle of inverse effectiveness states that when sensory inputs such
as visual, tactile, and auditory cues are combined, the overall pilot-vehicle
performance can exceed that of individual cueing modalities (Colonius and
Diederich, 2002). However, this multisensory integration must be carefully
managed to avoid information overload, which could lead to confusion and
an increase in the pilot’s MWL (Brickman et al., 2000).

Among the aforementioned sensory cueing modalities, haptic feedback
has emerged as a promising channel for enhancing pilot performance and
situational awareness. Haptic feedback consists of the delivery of tactile
cues to the human operator through various strategies, namely force-
feedback control stick or full-body haptic systems. These cues support the
human operator in tracking control inputs and perceiving proximity to
flight envelope boundaries, thereby facilitating accelerated skill acquisition
in training (Alaimo et al., 2010).

Haptic feedback has been investigated across several research fields,
particularly in training and performance evaluation. For instance, an
assessment of drivers’ backward-parking training using haptic assistance
was presented by Tada and Wada (2015), where participants trained with
haptic feedback outperformed the control group during the evaluation phase.
Similar principles have been extended to the aerospace domain, where haptics
is commonly integrated as force feedback on the pilot’s control stick, given
its intuitiveness. Olivari et al., (2014) and Malik et al., (2020) provide
further insight into the implementation strategies adopted for such systems.
Moreover, haptic cueing has proven effective in improving training for one-
and two-degree-of-freedom (1- and 2-DOF) compensatory tracking tasks,
where the test group was able to achieve consistent performance early and
acquire the control approach more quickly through the use of haptic feedback
(D’Intino et al., 2016; 2017). However, pilot stick feedback has a limitation
on the amount of information to be cued, and the coupling of pitch and roll
inputs on the control stick can introduce confusion, and the coupling of pitch
and roll inputs on the control stick can introduce confusion.

Recently, there has been growing interest in full-body haptic as a technique
to dissociate feedback from the control stick, decouple cues across different
body parts, and enable cueing for additional control inputs such as pedals
and collective sticks. Full-body haptics in the form of electrical muscular
stimulation (EMS) combined with spatial audio cueing for a roll-tracking
task under both good and degraded visual, have demonstrated improvements
in pilot-vehicle system performance (Morcos et al., 2025). Furthermore, a
similar approach was extended to a position/velocity tracking task using
a vibrational full-body haptics suit for both Precision Hover and Slalom
scenarios (Morcos et al., 2025). Despite their potential, full-body haptic
cueing remains underexplored for training applications.

As such, this study aims to investigate the impact of full-body haptic cueing
during training in a helicopter roll-tracking task. The primary objective
is to understand how haptic feedback can enhance training effectiveness
and control precision under varying levels of task difficulty and dynamic
conditions. To achieve this, the study employs a comprehensive training
process integrating multiple compensation strategies and difficulty levels
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within a virtual reality (VR) simulation environment equipped with a motion-
base platform. Performance metrics, training duration, and subjective MWL,
assessed using the Bedford Workload Questionnaire (BWQ), are employed
to quantitatively evaluate training effectiveness. In addition, physiological
signals, including cardiac activity (ECG), electrodermal activity (EDA), skin
temperature, respiration, and cerebral hemodynamics (fNIRS), are recorded
to investigate their relationship with MWL and to gain deeper insight into
the psychophysiological responses of participants during the tests. This
experimental setup provides an immersive and realistic training experience
that closely replicates real flight conditions.

EXPERIMENT OVERVIEW & PROCEDURE

The experiment consists of three main phases: pre-test, training, and
evaluation. Across and within phases, task difficulty progressively increases
to ensure a structured training process. Figure 1 shows a graphical diagram
of the process.

‘ Control Group (No Haptic) Track |

Test 1 Test 2 Test 3
(Easy Difficulty) (Medium Difficulty) (Hard Difficuity)

Pre-Test Training Phase

Evaluation Test

Test 1 Test 2 Test 3
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Test Group (Haptic) Track |

Figure 1: Experiment procedure diagram.

In the pre-test phase, all participants perform five trials of a specific
task. This phase is aimed at familiarizing participants with the setup
and compensatory tracking tasks. Moreover, the initial performance of
participants is recorded to obtain a priori knowledge of the baseline skill
level of each participant. Haptics are not used in this phase.

Participants are then divided into two independent groups for the training
phase: the Control Group (NoHA) is trained traditionally without haptic
feedback, while the Test Group (Haptic) is trained using haptics. The training
phase consists of three tests corresponding to three levels of difficulty in
the tracking/disturbance-rejection task performed (easy, medium, and hard).
Task difficulty is adjusted by varying system dynamics, stability, and the
input/disturbance profiles. This variation ensures exposure to a broad range
of flight-control scenarios and ensures increasing levels of mental workload.
Each training milestone is completed once a defined performance metric is
achieved. If the metric is not met within ten trials per test, the participant
proceeds to the next test, and the attempt is recorded as a failure. Both groups
follow identical test conditions and performance criteria.
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In the evaluation phase, participants perform a different, more challenging
task without haptic aids. This task is common to both groups and serves
to assess the effectiveness of training by evaluating performance under
generalized conditions.

After each test phase, participants provided a subjective rating of their
perceived MWL using the 10-level BWQ.

EQUIPMENT

The vibrotactile bHaptics Tactosy for Arms was used as a haptic feedback
system. It consists of haptic sleeves, each equipped with 6 actuators per arm.
The VR motion-base simulator used in these tests was the Brunner Elektronik
NovaSim VR/MR system. Visual feedback is provided through Varjo Aero
VR goggles. The pilot seat is integrated with a seat shaker for vibration cueing
and is mounted on a six-degree-of-freedom motion platform. Visual scenes
were rendered using Lockheed Martin’s Prepar3D® software, providing a
high-fidelity cockpit and out-the-window view of the environment. The test
setup is visualized in Figure 2.

POPULATION

To date, sixteen participants (age range = 25 £ 2.5) performed the
experiment. Before starting, participants were briefed on all experimental
phases, procedures, and objectives. Each participant consented to wear
physiological sensors for data collection. The study complied with the
American Psychological Association Code of Ethics and was approved by
the University of Maryland IRB (ID 2212399-2).

Visual Stimulation
Varjo Aero VR goggles

bHaptics Tactosy Arm

1]
/

= Roll right
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Figure 2: Test setup.

TEST DESIGN

Compensatory Tracking Task

In a compensatory roll-tracking task, the objective is to minimize the
tracking error between the desired roll-angle trajectory ¢, and the actual
roll-angle response ¢ produced by the system dynamics. The pilot perceives
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the error (¢ = ¢; — @) visually and commands a stick input that drives
the system response. The haptic system also receives the error signal and
cues the required stick input to the pilot through variations in vibrational
intensity. Disturbances acting on the pilot’s stick input are generated using
control equivalent input turbulence model. Figure 3 shows a schematic of
the compensatory tracking task.

. . CETI Turbulence
> Haptics Model
' dq
Y
Pd —~ € - de System é

(- » Human Pilot .
T Dynamics

Figure 3: Pilot vehicle system in a compensatory tracking task.

In this study, a bow-tie display is used for the compensatory tracking task,
as shown in Figure 2. The displayed roll angle is represented by a green line,
while the desired roll angle is shown by an orange line. The orange line is
bounded by magenta lines, which indicate the thresholds for adequate and
desirable performance. Specifically, the outer magenta region represents the
adequate performance boundary, and the inner region represents the desired
performance boundary (Klyde et al., 2020).

Tracking Input

As shown in Figure 3, the input function ¢4(¢) is used to generate the
desired trajectory for the tracking task. For generating a signal with specific
frequency content, the multisine input function is applied. The function used
to define the desired roll-angle trajectory is given by:

N

galt) = D Aglk)sin(wgk)t + y(k) (1)
k=1

where Ay, wy, y are the amplitude, frequency and phase angle of each sine
component, respectively. N is the number of individual sine waves used,
which in this study is seven.

The signal is defined to have a second-order amplitude distribution
to attenuate signal power at higher frequencies (Zaal et al., 2008). The
sinusoidal amplitude at each frequency is defined as:



Evaluating the Impact of Haptic Cueing on Training Effectiveness 2125

(1 + 0.10y4 (k) j)*

Aa (k) =K4 (1 + 0.80y (k)})

(2)

where K; is a scaling gain for amplitude adjustment. The frequencies in
Eq. (1) are integer multiples of the base frequency wg = 2x/T, where
T denotes the trial duration, set to 60 seconds. The integer multiples
follow the Fibonacci sequence to ensure that the generated input frequency
range encapsulates key vehicle dynamics and typical closed-loop control
characteristics, spanning frequencies from 0.2 to 3.5 rad/s (Klyde et al.,
2020). Finally, the phase angles y are selected from a random, uniformly
distributed set from 0 to 2z radians.

Disturbance Model

To generate a more realistic disturbance for the tracking task, the
Control Equivalent Turbulence Input (CETI) model is employed. This
model represents gust turbulence as an equivalent disturbance input on
the control stick. It is derived from flight-test data collected from real
helicopters in hover. Based on these data, a white-noise-driven filter
model, resembling a Dryden form, was developed. The model is scalable
across different turbulence levels. The filter outputs are disturbance time
histories, which are combined with the pilot’s control inputs, as shown in
Figure 3, to simulate the effects of air turbulence (Lusardi and Hess, 2004;
Lusardi et al., 2004).

In this study, only the lateral disturbance component of the CETI model
is considered. The disturbance amplitudes are scaled according to the pilot
stick input definition. The white-noise shaping filter’s transfer function for
the lateral disturbance is given by:

GZUO
G, (5) = 0.081920.\;;.6265 _,ZTEO 5
s+=20
L

where 6,6, L, Uy denote the RMS vertical gust velocity, turbulence scale
length, and mean wind velocity, respectively. These parameters vary with
turbulence level, and representative values can be found in the referenced
works.

Scoring Metrics

The scoring metrics define the performance thresholds required to
successfully complete a single trial in the training phase, with three
consecutive successful trials required to progress to the next difficulty level.
This approach ensures that participants can achieve and maintain consistent
performance in each task. By keeping the performance metric constant across
groups, training time can be compared objectively. The metrics used in this
study are adapted from (Klyde et al., 2020).
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Performance is evaluated based on the percentage of time (Scoring
Time) the tracking error remains within predefined bounds (Error Bounds),
representing the Desired and Adequate performance regions. Table 1
summarizes these requirements. A trial is considered successful when both
conditions are satisfied. The Desired and Adequate regions are illustrated in
the bow-tie display shown in Figure 2, as discussed earlier.

Table 1: Adequate and desired performance scoring metrics.

Performance Error Bounds (deg) Scoring Time (%)
Desired |e¢| <5° >50%
Adequate |eg| <10° >75%

These metrics were used only to define progression during the training
phase, ensuring a consistent performance threshold between the Haptic and
NoHA groups. For performance comparison, the mean squared error (MSE)
of roll-angle tracking was used.

Dynamic Modelling

Pre-Test: this initial phase serves the purpose of obtaining baseline
performance data for the participants and familiarizing them with the
experimental setup and compensatory tracking task. Participants perform
five trials of a compensatory tracking task with no external disturbances. This
is the least challenging task, and the system dynamics represent a four-state
lateral/directional model of a UH-60-like helicopter in hover, which is stable
and highly responsive to stick inputs. The system dynamics are described by
the following state-space model:

x= Ax + Bu, where x = , U =0y (4)

ARSI S e BN

where x and u# denote the state and control vectors, respectively, and A and
B are the system matrices that contain the stability and control derivatives.
Only the roll-dynamics states (p and ¢) are utilized in the task, while the
remaining states are held constant. The system output is the roll angle ¢,
which is presented to the pilot via the bow-tie display.

Training Phase (Test 1): During each test in the training phase, participants
aim to complete three successful trials, as defined by the performance metrics
discussed previously. A maximum of ten trials is allowed per participant per
test, after which participants proceed to the next test regardless of outcome.

Test 1 in the training phase is also a compensatory tracking task. The
system dynamics remain stable but are less responsive compared to the pre-
test, requiring participants to adapt their control strategy accordingly. The
transfer function of the system dynamics, relating the roll-angle response to
the stick input, is given by:
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Pis) K
darl(s)  s(s + 1)

Hyq (5)= (5)

This configuration maintains system stability ~while reducing
responsiveness, thereby increasing the control challenge for participants.

Training Phase (Test 2): This phase is classified as medium difficulty.
In this test, participants perform a disturbance-rejection task. The desired
roll angle, and thus the bow-tie reference, are fixed at zero. The system is
driven by turbulence disturbances generated using the CETI model, and the
system dynamics are unstable. Task difficulty arises from the pilot’s need
to both compensate for the disturbance and stabilize the unstable system.
The transfer function of the system dynamics, relating roll-angle response to
lateral-stick input, is given by:

¢(s) K
51at(s)_s(s —-0.1)

Hgy (s) = (6)

The positive real pole at 0.1 rad/s introduces open-loop instability,
requiring continuous corrective input and increasing pilot workload.

Training Phase (Test 3): Test 3 in the training phase is classified as
high difficulty. In this test, participants return to a compensatory roll-
tracking task with no external disturbances. The system dynamics resemble
a double-integrator configuration, representing a marginally stable system.
Such systems exhibit oscillatory behaviour that can lead to pilot-induced
oscillations (PIO). Participants must track the desired roll angle while
simultaneously damping these oscillations, thereby increasing the task’s level
of difficulty. The transfer function of the system dynamics, relating roll-angle
response to lateral-stick input, is given by:

¢(s) K

= 7)

Ha =5 1972

Because the system lacks inherent damping, even small pilot inputs can
amplify motion, making control more demanding.

Evaluation Phase: The evaluation test consists of five trials conducted for
all participants without the use of haptic feedback. This phase serves to assess
the effectiveness of training on performance for both the Haptic and NoHA
groups and to evaluate performance retention after training. The evaluation
task is more challenging and combines elements of previous tests. Participants
perform a compensatory roll-tracking task under turbulence, requiring
simultaneous tracking and disturbance rejection. The system dynamics are
the same as in the pre-test; however, because these dynamics are highly
responsive, they also amplify the effects of turbulence disturbances. This
makes the task significantly more demanding and provides an effective means
of assessing post-training performance.

HAPTIC AIDS DESIGN

Since the goal of this study is training, the haptic cues are designed to
elicit realistic pilot responses rather than optimal ones. To achieve this, pilot



2128 Gomaa et al.

models are developed to represent typical human control behaviour. In this
case, the crossover model is adopted due to its simplicity and effectiveness.
According to McRuer, human pilots performing compensatory tracking tasks
adapt their control dynamics such that near the crossover frequency w, (i.e.,
where |[H,Hg4| = 1 or 0 dB), the open-loop dynamics are given by (McRuer
and Jex, 1967):

W _
YOL (5) :Hp HSd:?Ce STe (8)

where Yor,Hp,Hyy denote the open-loop transfer function of the pilot-
vehicle system, the pilot transfer function, and the system dynamics transfer
function, respectively (see Figure 3). 7, represents the effective time delay. The
corresponding Hgy for each training test is defined in the previous section.

The simplest pilot describing function consistent with the open-loop
crossover model is given by:

Hp (S) =Kp (TLS + 1) e_”e (9)

where K, T} are the pilot gain and lead time constant, respectively. These
parameters are tuned to match the dynamics of each system configuration
according to McRuer’s guidelines.

Once the pilot model is established, the haptic cues are designed to convey
the required stick input through a wearable vibrational upper-arm band. A
vibration on the right arm indicates a roll to the right, and vice versa. Figure 2
illustrates the vibrational haptic cueing scheme.

PHYSIOLOGICAL SIGNALS ANALYSIS

The signal processing of the five selected physiological signals (ECG, EDA,
respiration, skin temperature, and fNIRS) followed the pipelines reported
in (Luzzani et al., 2025; Luzzani et al., 2025). A total of 81 features were
extracted per trial: 10 from heart rate (HR) and heart rate variability (HRV),
8 from EDA including skin conductance level (SCL) and skin conductance
response (SCR), 14 from skin temperature, 12 from respiration (breath rate-
related), and 38 from fNIRS (temporal, statistical, and spectral domains).

RESULTS AND DISCUSSION

Performance Analysis

Participants’ performance was evaluated using the mean squared error (MSE)
of the roll-tracking angle, averaged over the last three trials of each test.
This was done primarily to avoid the influence of early trials, during which
participants were still familiarizing themselves with the system dynamics,
and to analyze performance independently from training effects, which are
discussed separately. For simplicity, any subsequent mention of MSE refers
to the average MSE computed over the final three trials in each test.
Pre-Test Analysis: The Pre-Test results indicated a bias in the participants’
initial skill levels, as evidenced by the MSE values of the Haptic and NoHA



Evaluating the Impact of Haptic Cueing on Training Effectiveness 2129

groups reported in Figure 4. To account for this bias, all performance
metrics were normalized with respect to each participant’s baseline value.
This baseline correction was performed by calculating the relative change
in performance with respect to the baseline condition, as expressed by the
following equation:

MSE — MSE pretest
MSEpretest

MSE, 4= (10)

All subsequent analyses of training and evaluation performance refer to
this relative MSE metric.

0.022

Pretest
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Figure 4: Baseline MSE in pre-test.

Training Phase Analysis: The performances of both Haptic and NoHA
groups across the three training-phase tests are shown in Figure 5. Statistical
significance was determined using two-tailed t-tests comparing the two
groups. Thresholds were set at p < 0.05 for significance and results are
reported in Table 2.

The results indicate a consistent trend of lower relative MSE values
compared to the baseline, reflected by the negative changes in relative
MSE. The haptic group demonstrates clear improvement relative to its initial
baseline performance. The effect in Test 1 is not statistically significant, likely
due to the simplicity of the task. However, as task difficulty increases in
Tests 2 and 3, the influence of haptic feedback becomes more pronounced,
resulting in greater performance enhancement.
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Figure 5: Baseline corrected MSE for training phase.
Table 2: P-values for training and evaluation phases.
Test P-Value Significance
Test 1 (Easy) 0.0526 Marginally Significant
Test 2 (Medium) 0.0263 Significant
Test 3 (Hard) 0.0072 Significant
Evaluation Phase 0.3585 Not Significant

Evaluation Phase Analysis: The evaluation test was designed to assess
post-training performance for both the control and test groups, as well
as to examine performance retention. Evaluation results are shown in
Figure 6.

The data indicate an initial trend of improved performance for the
haptic group, as evident from the box plot, however, the difference
between groups is not statistically significant. This outcome is likely due
to the adaptation period required when haptic assistance is removed.
Achieving comparable or slightly better performance than the NoHA
group, despite the change in conditions, demonstrates relatively strong
performance retention for the Haptic group. A t-test was performed for
the evaluation phase, and the corresponding results are summarized in

Table 2.
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Figure 6: Baseline corrected evaluation phase performance.

Training Analysis
Another metric used to assess training effectiveness was the time required
to pass each test during the training phase. Training time was defined as
the number of trials needed to achieve the progression criterion, meeting the
performance threshold in three consecutive trials, and is reported in Figure 7.
Participants performed a maximum of 10 trials per test. In the boxplot, a
value of 11 indicates that the participant was unable to meet the progression
requirement within the 10 allowed trials, while values less than or equal to 10
indicate successful completion. The results show no statistically significant
effect of haptic feedback on training time. The variability in the data is
relatively high due to the small sample size. The trend is more evident in Tests
2 and 3, achieving the goal was subjective and influenced by the participants’
inherent hand—eye coordination skills due to the difficulty of the tasks.

Mental Workload & Physiological Signals Analysis

Results of the perceived MWL across sensory modalities, assessed using the
BWQ are presented in Figure 8. Consistent with the performance outcomes
discussed earlier, the perceived MWL was lowest during the PreTest phase,
as expected, and progressively increased during the training and evaluation
phases. A consistent rise in both the median score (from 5 to 6) and the
variance of the distributions was observed from Test 1 to Test 2, reflecting
the same trend identified in the performance metrics shown in Figure 5.
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Physiological signals were processed according to the procedure described
in (Luzzani, Morcos and Saetti, 2025). This analysis focused on clustering
MWL levels based on the overall distribution of results into three categories:
baseline, low, and high MWL. Subsequently, a multivariate statistical analysis
was conducted using the Kruskal-Wallis (K-W) test, followed by pairwise
post-hoc comparisons via the Mann-Whitney U test with Benjamini—
Hochberg correction to account for non-normal distributions. The results
of this analysis, illustrated in Figure 9, report the percentage of features
found to be statistically significant at each step. Notably, more than 20% of
the analyzed features were significant in at least two post-hoc comparisons,

underscoring the sensitivity of these physiological measures to variations in
subjective MWL.
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Figure 9: Physiological signals statistical analysis results.

CONCLUSION

This study investigated the effect of haptic cueing on training effectiveness
in a compensatory roll-tracking task. A comprehensive VR simulator-based
experiment was conducted in which task difficulty was systematically varied
by manipulating system dynamics, stability, and task type. Haptic cues,
designed to replicate pilot responses to tracking errors between the system
output and the desired roll angle, were delivered through a vibrotactile
suit worn on the arms. The feedback controller was implemented following
McRuer’s crossover model to ensure realistic and responsive cueing behavior.
The results demonstrated enhanced performance for the haptic-trained
group, particularly as task difficulty increased, and a moderate improvement
during the final evaluation phase. Although no significant differences in
training time were observed, the limited sample size and variability in
participants’ initial skill levels introduced substantial variability in the
results. MWL assessments indicated higher perceived effort in the medium,
hard, and evaluation phases, which resulted in corresponding changes in
physiological measures. Overall, these findings provide preliminary evidence
supporting the effectiveness of haptic cueing in enhancing performance and
adaptive control behavior during roll-tracking tasks. The primary goal of
this study was to offer an initial investigation into the effects of haptic cueing
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within a controlled experimental framework. Accordingly, future work will
aim to address the current limitations, particularly the high inter-subject
variability arising from differences in baseline skill levels, by expanding the
participant sample to enable more robust statistical validation and a deeper
characterization of individual learning profiles.
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