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Learning effect in joystick tactile guidance

Pavel Zikmund, Michaela Horpatzkd and Miroslav Macik

Abstract—Haptic feedback is a method to provide tactile
guidance in scenarios requiring multiple senses and divided
attention like aviation. Earlier tests on a flight simulator and an
in-flight test using the proposed tactile guidance method have
shown the need to study its learning process. In this study,
twelve participants completed two tactile guidance tasks without
visual feedback across twelve sessions to analyze the learning
effect. The paper shows an improvement between sessions in
guidance accuracy, response time, and self-assessed workload. On
the other hand, reaction delay is not affected by the training. The
percentage improvement between the initial and trained skills
reached 30 % in guidance accuracy performance.

Index Terms—Human-Computer Interaction, Human Perfor-
mance, Tactile Devices, Learning Effect.

I. INTRODUCTION

Tactile guidance methods promise intuitive and easy opera-
tion. Despite the simplicity of use, many researchers show the
presence of the learning effect, but only a few measure it. The
learning effect is usually eliminated by prescribing different
methods order for particular participants. That is possible in
experiments comparing two or more guidance methods. Such
experiments show the best guidance method among all tested
methods. On the other hand, such experiments have a first
impression character. The guidance methods performance of
trained participants is not provided. The lack of participants’
training increases results variance in the comparative exper-
iments. One example is a recent study by de Rooij et al.
[1], which presented a visual display to supplement haptic
feedback on the side stick to maintain safe flight conditions.
The experiment involved 15 professional pilots. The learning
effect was observed, though it was not initially expected, as
the pilots received training before the experiment.

The authors presented new hardware for tactile guidance [2].
The hardware consists of a joystick with a sliding element.
The sliding element moves into or out of the handle surface
of a joystick under the operator’s fingers, see Fig. 1. The
device has two main functions: warning and guidance. The
vibration mode of the sliding element is dedicated to the
warning. The front or back movement of the sliding element
means guidance instruction. The primary motivation for the
development of the device was the prevention of accidents
caused by unwanted stalls and spins. Loss of control is the
most common cause of general aviation accidents in recent
decades. Consequently, authorities such as the NTSB [3] have
repeatedly highlighted the loss of control in their most wanted
list of transportation safety improvements. One of the possible
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Fig. 1. Joystick with sliding and reference element used in the experiment.
The reference element defines the position of the sliding element when the
joystick is in the target position. The arrows represent possible sliding element
movement directions.

methods for reducing the number of these accidents is by
improving pilot-aircraft interaction. A loss of control occurs
when the aircraft reaches a critical angle of attack and starts to
stall. Stall warning systems are usually based on auditory and
visual warnings in general aviation. However, Geehan [4] has
presented findings that most pilots find haptic warnings to be
more effective than auditory or visual alerts. Despite this fact,
auditory and visual warning systems are more common due
to their lower price. Although the presented device is applied
to aviation, its use in other sectors using a joystick for any
scenario involving guidance methods, such as control of work
machines or telemanipulation is possible.

In the previous research, the authors tested the system with
tactile feedback on a flight simulator, and an in-flight test
[5]. These tests did not show the expected improvement in
pilot-aircraft interaction but revealed the necessity for defining
a training process. Piloting relies on muscle memory, and the
introduction of haptic feedback during rapid learning phases
led to significant performance changes and an increase in
measured parameter variances. Moreover, conducting training
in flight tests would entail high costs when compared to
laboratory investigations. Recognizing this, the primary focus
of the research presented in this article is to explore and
understand the learning curve associated with haptic feedback
guidance. The learning effect is investigated on a guidance
task without visual feedback. The reason is that pilots use
mostly only peripheral vision for aircraft control feedback.
Vision should stay reserved for other control and navigation
tasks. The long-term goal of our haptic feedback research is to
decrease the visual workload in aircraft control. The learning
process in using haptic feedback is tracked over time through
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participants’ performance. Understanding the learning curves
will enable us to determine the necessary training required
before conducting further tests, which should confirm or reject
the benefit of haptic feedback in aircraft control.

II. RELATED WORK

The section summarizes the prior research and important
aspects of haptic perception with a focus on tactile guidance
on the learning effect. The interaction method described in this
paper aims to be used in general aviation, where often one
aircraft is used by several pilots with only moderate experi-
ence. Such a system requires fast learning, good memorability,
adequate efficiency in its task, and minimizing user errors.
These requirements are in accordance with the definition of
classical usability by J. Nielsen [6]. Haptic perception involves
both cutaneous and kinesthetic stimuli [7], [8], where most
approaches to supplying various kinds of information to users
rely on cutaneous stimuli. Systems involving haptic guidance
are often used in application domains where the use of vision is
limited or where vision is saturated by other tasks like aviation.

Aviation is a domain where haptic methods are frequently
used, as the demands on vision are high, and divided attention
could be the source of human errors. Haptic feedback has been
a natural part of aircraft control since the beginning of heavier-
than-air flight. The forces in aircraft main controls correspond
to aerodynamic forces. The stiffness of controls increases with
airspeed, and aerodynamic effects cause stick vibrations at low
airspeed close to stall conditions when turbulent air hits the
surface of the elevator. Modern aircraft with power steering
simulate some natural effects by employing artificial systems.
For instance, the stick shaker provides stall warnings [9]
by vibrating the control column. More sophisticated systems
aimed to provide even more detailed information about the
angle-of-attack by modulating the vibrations [10]. The purpose
this system is similar to ours, however our method is based
on shape-change.

Several studies tried to employ haptic interaction as an addi-
tional channel to provide information in the aviation domain.
For example, Van Erp [11] studied a tactile display consisting
of 64 vibrotactile elements to help a pilot with guidance and
control tasks. He found that the localized vibration on the
pilot’s body was easily coupled with spatial information, such
as direction to a waypoint or threat. Cardin et al. [12] presented
a system comprising eight vibrotactile actuators attached to
the pilot’s body. The system stimulates a pilot to catch
his attention and provides information about the aircraft’s
attitude without needing to read the flight instruments. This
research shows the benefits of haptic warning and guidance in
comparison to only visual guidance during long-term flights.
Fellah and Guiatni [13] proposed a tactile display to help with
keeping an aircraft within safe limits and provide situational
awareness support. The tactile display consisting of low-cost
tactile actuators was designed to substitute the saturated visual
channel. Vibration motors were placed on the pilot’s body
(abdomen, back, left, and right sides). The authors concluded
that tactile feedback is suitable for feeding information about
the aircraft’s state. These sources highlight the opportunities
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and possibilities of using tactile feedback in aviation and
illustrate how rich information can be provided through the
haptic channel. On the contrary, they are inconvenient for
general aviation as they require attaching tactile actuators
directly to the pilot’s body. Also, the mentioned studies do
not focus on the influence of the participant’s experience and
details on how they learned to use the tested systems.

As described above, the application of the interaction
method described in this study requires fast training and
good memorability. The following paragraph focuses on these
aspects in methods that involve haptic interaction. One of
the frequently monitored parameters influencing performance
during training is the time intervals between each training
session. Wang et al. [14] investigated the training time inter-
val duration influence on a tactile orientation discrimination
task. Two compared groups trained at one-day and one-week
intervals. The training intervals affected only the early stage
of learning up to the third session. Both groups reached
the same level after five sessions. Such results indicate that
training intervals might be flexible if enough sessions are
planned. Tactile perceptual learning has also been studied
in the context of Braille script reading by Kass et al. [15].
They found that tactile learning is more intense between
sessions than within a session. These findings correspond to
previously published results by Karni and Sagi [16], [17] for
visual learning. Other research papers are dedicated to auditory
and visual perceptual learning. The concept of slow learning
between sessions and fast learning within the first session
were distinguished by Atienza et al. [18], Qu et al. [19],
and Molloy et al. [20]. Ashley and Pearson [21] presented
the importance of consolidation between sessions. Repeated
within-day testing or overtraining leads to detrimental effects
on perceptual learning. Consolidation of learned information
during sleep has the power to prevent such deficits in learning.
The time intervals between learning sessions have a minor or
no effect on performance after a small number of sessions [14].
Performance improvement is more evident between learning
sessions than within a session [15], except for the fast increase
in performance within the first learning session [18]-[20].
These facts were reflected in the design of the experiment
described in section III-B.

In order to evaluate the performance and improvement
of pilots during tactile guidance training, various parameters
might be used to measure the effectiveness of the training.
These parameters include measures of accuracy, reaction time,
workload, and situational awareness. In this paragraph, we
focus on reaction times, while the measurement of guidance
accuracy is discussed in the next paragraph. Reaction times
in visual and tactile tasks were measured by Kim et al. [22].
The average tactile reaction time was 0.241 seconds, while
the visual reaction time was 0.329 seconds. Workload and
situational awareness were addressed by Elliot et al. [23]. They
tested visual and tactile navigation displays in a navigation
and guidance task in a strenuous outdoor environment. The
research concluded that the visual display supported global
awareness, while the tactile display supported local guidance,
leading to a lower mental workload rating. The positive effect
of tactile guidance on workload reduction was also reported by
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De Stigter, Mulder, and Van Paassen [24] in the study on appli-
cation to a haptic flight director. An improvement in situational
awareness was reported also in [13]. The aim of this study
is to evaluate the effectiveness of tactile guidance methods,
so we need to emphasize important measurable parameters
along with results achieved by comparable methods. Humans
can manifest faster reaction times to tactile stimuli than to
visual ones [22], which further motivates the application of
our method in the aviation domain. Tactile interaction might be
better suited for local guidance, contributing to lower overall
mental workload rating in combined tasks [23], [24], possibly
leading to better situational awareness [13].

The effect of tactile feedback on the accuracy of guidance
needs to be considered from several perspectives. Haptic
guidance might improve the guidance accuracy as stated in
[24] and by Nieuwenhuizen and Bulthoff [25] in the context
of haptic shared control for personal aerial vehicles. On the
other side, Voudouris et al. [26] state that the perception of
tactile stimuli presented on a moving hand is systematically
suppressed, which could be attributed to the limited capacity
of the brain to process task-irrelevant sensory information.
Authors investigated whether humans are able to enhance
in parallel movement relevant tactile signals when perform-
ing goal-directed reaching movement. Conducted experiments
suggest that participants were able to flexibly modulate tactile
sensitivity by suppressing movement-irrelevant and enhancing
movement-relevant signals in parallel when performing goal-
reaching tasks. Juravle and Spence [27] investigated sensory
suppression in complex motor tasks like juggling. The exper-
iment required participants to detect gaps in the continuous
signal provided by different modalities (haptic, auditory). The
authors state that participants were significantly less sensitive
to detecting a gap in tactile stimulation while juggling. The
results demonstrate movement-related tactile sensory suppres-
sion related to the decision component in tactile suppression.
Humans could trigger tactile suppression in the brain before
the motor command. Tactile suppression might be a risk factor
for the application of our method in aviation as humans may
tend to suppress the tactile stimuli when focusing on another
demanding task.

Other articles focus on the change in sensitivity to tactile
stimuli. Chamnongthai et al. [28] propose a method to tackle
the effect of temporal decrease of human force-detection ca-
pabilities in finger holder setups. They investigated the impact
of Stochastic resonance on the user’s haptic performance.
The results show that human fingertip sensitivity significantly
increases when Stochastic resonance is applied. Bensmaia
et al. [29] investigate the effects of extended suprathreshold
vibratory stimulation on the sensitivity of three types of
neural afferents (slowly adapting Type 1, rapidly adapting,
and Pacinian). The results show that prolonged suprathreshold
stimulation can result in substantial desensitization of all
neural afferent types. Temporal change in sensitivity to tactile
stimuli — tactile adaptation should be reflected in the design
and experiment as users will be in contact with the sliding
element for long periods. Additionally, this factor is expected
to have adverse effects on performance over time, potentially
affecting within-session performance.
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Interaction methods that employ tactile guidance have ap-
plications in many domains, including medicine, aviation,
or even navigation of those with vision impairments. The
frequent motivation factor is that the use of vision is limited
in the particular domain, either by objective factors (visually
impaired, low light environment) or by the overload of vision
by another task (i.e., medicine, aviation). Many approaches
related to tactile guidance rely on complex apparatuses directly
connected to some part of the human body, e.g., [13]. Unlike
that, we decided to follow the come as you are design
constraint proposed by Triesch and Malsburg [30], which
means that the users do not need to wear special equipment
such as vests or gloves to use the system. This should enhance
the acceptance of our method in the general aviation domain.

The analysis of the related work supports the need to in-
vestigate the learning effect of the proposed guidance method.
Haptic feedback may help with faster skill acquisition and
improve performance in path-following tasks. On the other
hand, Sullivan, Pandey, Byrne, and O’Malley [31] observed a
slight decrease in accuracy in setup with haptic feedback in
research focused on movement smoothness while performing
a mirror-tracking (path-following) task. Also, it is necessary
to reflect on the effect of desensitization caused by physio-
logical limitations of human neural afferents involved in the
tactile sense as described by Bensmaia et al. [29] and by
Chamnongthai et al. [28]. The experiment should focus on
tactile guidance accuracy and reaction time and how these
measures are affected by training. As suggested by Ashley
and Pearson [21], the experiment should consider the effect of
overtraining. In our experiment, we will measure performance
changes within test sessions as well as between test sessions.

III. METHOD
A. Hardware

The hardware is based on the Mad Catz Pacific AV8R
joystick, as shown in Fig 1. The shape of the joystick mech-
anism was modified to decrease the force peak needed to
move out of the central position. The original handle was
replaced by a handle with a sliding element. The sliding
element performs a translational movement in and out of
the joystick handle and is located under the operator’s index
finger. Just above the sliding element is the reference element.
The reference element is rigid and represents the neutral
position of the haptic guidance system. The operator’s finger
can be placed on the interface between these two elements,
and information is obtained by comparing the position of
the sliding element relative to the reference element. There
are three main clues. If the sliding element is aligned with
the reference (the operator can’t feel any distinction between
the elements), that means the target position is obtained and
no action from the operator is required. In case the sliding
element moves backward compared to a reference, that means
the joystick should be pulled back. If the sliding element
moves forward compared to a reference, the joystick should
be moved forward as well (in this case, the operator feels a
force of the sliding element moving towards his finger). If
the required joystick movement is within one-quarter of the
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Fig. 2. The Haptic guidance dimension is proportional to the demanded
trajectory of the joystick, ranging from the actual position to the target
position. The Haptic guidance dimension reacts to continuous changes in both
the actual and target positions.

joystick’s range, the size of the position difference between the
sliding element and the reference front surfaces is proportional
to the joystick deflection required to reach the target position,
as shown in Fig. 2. If higher deflection is required, the sliding
element’s deflection saturates at its maximum inner or outer
position. The operator applies force only to the joystick handle.
The sliding element then reacts to the actual position and
indicates the distance to the target position. No force acting
on the sliding element is required. The sliding element is
powered by two SG90 digital servomotors, each providing a
maximum force of 20 N, and its movement range is 8 mm.
A vibration mode actuated by short-period front-back sliding
element movements has not been used in this experiment.

B. Test procedure

Twelve undergraduate and graduate volunteer students were
recruited to participate in this experiment. Participant eligibil-
ity was verified, and written informed consent was obtained
from each participant. The group contained two females and
ten males aged 19 to 26 (mean 21.67, SD 2.23). The partici-
pants were recruited from the student population in contrast to
the previous simulator and flight tests where professional pilots
were recruited [5]. The guidance task described in the follow-
ing paragraphs did not involve aircraft dynamics. Therefore, no
pilot skills were required to participate in this experiment. The
subjects repeated the experiment in 12 sessions with a break
between sessions of at least 8 hours. The mean time between
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Fig. 3. The time between every two following sessions for all participants
and the mean value.

sessions was 45 h (SD 36 h, and median 26 h) as shown in
Fig. 3. The difference between the mean and median values is
caused by weekend breaks between sessions. The maximum
time between sessions was seven days due to an illness in the
case of Participant no. 9.

Each session included two different tasks with no prior
training. Both tasks have been done only once in the same
order within each session. Subjects were guided only by the
sliding element without any visual feedback. The computer
screen provided information only about the beginning and
end of each task but did not provide information during
the experiments. As shown in Fig. 4, the first task was to
guide the joystick to 20 randomly generated positions. Each
position was generated as a constant random position with a
uniform distribution over the joystick front-back travel range
with a random duration uniformly distributed between 3 and
6 seconds. Both parameters were randomized across both
sessions and participants. All participants used their dominant
hand.

A continuously changing target position characterizes the
second task shown in Fig. 5. Twelve different variants of 60-
second courses of joystick movement were prerecorded before
the experiment. The angular rotation speed of the joystick
was (Mean 4.61 deg/s, SD 5.02 deg/s, and peak values of 30
deg/s). Each subject started with a different variant according
to Latin square order. Each session contained one of the twelve
variants. This helped eliminate the effect of the difficulty of
variants from the learning effect. The subjects completed a
short questionnaire after each session. They assessed their
workload in both tasks. The Bedford workload rating scale
published by Roscoe [32] was used. The questionnaire had a
range from 1 to 10, where 1 means an insignificant workload
and 10 means that is not possible to complete the task. Each
subject received a USB stick as a reward after finishing all
twelve testing sessions.
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Fig. 4. One set of measured data from Task 1, illustrating the actual and
target positions of the joystick over time. The task involves twenty random
target positions.
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Fig. 5. One set of measured data from Task 2, illustrating the actual and
target positions of the joystick over time.

C. Metrics

The learning effect was evaluated as an improvement of
some quantitative criteria over time. The two main criteria
were the time to reach the target position (TRTP) and the
average error (AE). TRTP was measured from the time of
the target position generation to the first reach of the target
position tolerance interval. The tolerance interval was set at +-
5 % of the joystick range around the target position. AE be-
tween the target and the actual joystick positions was measured
from the first achievement of the target interval till the new
target position was generated. These criteria were analyzed
both between-session and within-session. Additional evaluated
criteria were reaction delay (RD) and self-assessed workload.
RD represents the time interval between the generation of the
new target position and the beginning of the response. That
means RD is a part of TRTP. TRTP and RD criteria were
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Fig. 6. This is one of the correct response records. The correct response was
defined as reaching the target position tolerance interval without identified
overshoot or non-minimum phase response.

evaluated only for the first task. The second task was evaluated
by the AE between the target and actual joystick positions.

The learning effect was assessed within-session for AE and
TRTP in Task 1. For statistical analysis, twenty individual
attempts were combined into ten levels. This was done by
averaging each pair of consecutive attempts to create a new
value for each level. This approach was necessary because
Mauchly’s test of Sphericity could not be applied when the
number of repeated measurements exceeded the number of
participants.

The mean values of all criteria were calculated for each
session and each participant. The mean values of all parame-
ters were analyzed by one-way repeated measures ANOVA
to investigate the influence of the learning effect. In ad-
dition, Mauchly’s test of sphericity indicates the assump-
tion of sphericity and if Mauchly’s test has been violated,
Greenhouse-Geisser correction was used. The amount of p <
0.05 is considered as a significant difference. Finally, Post hoc
analysis was done with Tukey’s HSD Test. This test revealed
homogeneous groups which helped to define the learning curve
character along sessions.

D. Response characteristics

Most typical response characteristics were defined and iden-
tified among all the measured responses in Task 1. The correct
response pattern is shown in Fig. 6. It was defined by reaching
the target interval and remaining in it till the new random target
position was generated. Two other conditions defining correct
responses were that the overshoot and non-minimum phase
response did not occur.

The overshoot refers to response characteristics crossing
the target interval and returning back, remaining within the
interval for the last second of the target position duration. The
overshoot characteristic is shown in Fig. 7.

The non-minimum phase response is characterised by an
incorrect initial decision regarding the response direction, as
shown in Fig. 8.
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Fig. 7. A sample record of the response with overshoot. The overshoot was
defined by crossing the tolerance interval and returning to it.
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Fig. 8. A sample record of a non-minimum phase response. The non-
minimum phase response includes all attempts where participants initially
move in the opposite direction of the generated target position.

IV. RESULTS

The chapter is divided into two parts corresponding to Task
1 and Task 2. The first part begins with the results of response
characteristics, followed by a statistical evaluation for both
tasks.

A. Task 1

1) Response characteristics: Twenty-six responses of all
2,880 attempts (0.9 %) did not reach the target interval till the
last second of the interval duration. In this case, the time to
reach the target position and the error between the target and
actual positions were not defined in these attempts. The im-
provement of correct response attempts in Task 1 is shown in
Fig. 9. The number improved from 63.3 % in the first session
to over 90 % in the last three sessions. Other characteristic
responses were overshoot and non-minimum phase responses.
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Fig. 9. The count of all participants’ correct responses, responses with

overshoot, responses without the reaching tolerance interval of the target
position, and non-minimum phase responses over 12 sessions in Task 1.

Three hundred and eighty-one attempts (13.22 %) include an
overshoot of the target interval. The overshoot influenced the
error between the actual and target positions in a negative
way. The count of overshoot response improves from 22.9
% in the first session to 7.0 % in the last session. The time
to reach a target position was not influenced or penalized by
an overshoot. The non-minimum phase response includes a
representation of one hundred and thirty-eight attempts (4.79
%). The non-minimum phase response negatively influenced
the TRTP. The count of non-minimum responses improves
from 14.58 % in the first session to equal or less than 1.25 %
in the last three sessions.

2) Time to reach target position: TRTP Fig. 10 represents
the mean values of each participant for each session. The
TRTP showed statistical significance between sessions in re-
peated measures ANOVA with Greenhouse-Geisser correction
(F (4.292, 47.21) = 2.782, p = 0.0341). Post hoc analysis
was performed using Tukey’s HSD Test, which revealed
two homogeneous groups. These groups showed a significant
improvement only in time between the first two sessions. The
sessions from the second to the last can be grouped together
as one homogeneous group, with a slight increase in TRTP
value observed during the last two sessions.

The means of each participant’s TRTP evaluated within-
session are displayed in Fig. 11. The TRTP showed statistical
significance within-session in repeated measures ANOVA with
Greenhouse-Geisser correction (F (3.974, 43.719) = 5.161,
p = 0.0017). Post hoc analysis revealed three homogeneous
groups. The distribution of the homogeneous groups does not
indicate any within-session learning effect of TRTP. Homoge-
neous groups revealed the best performance in the middle of
Task 1 between attempts no. 9-14. The slowest response was
achieved in an attempt no. 4-8 and 15-16.

3) Average error between target and actual joystick po-
sitions: The AE between the target and actual position of
the joystick after the first achievement of the target interval
Fig. 12 represents the mean values of the parameter for each
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Fig. 10. Time to reach target position in Task 1 for all participants for each

session. The time was measured from the generation of the new target position
and the first reach of the tolerance interval.
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Fig. 11. Average time to reach target position in Task 1 for all participants
within-session.

participant for each session. The AE showed statistical signif-
icance between sessions in repeated measures ANOVA with
Greenhouse-Geisser correction (F (5.200, 57.206) = 4.256,
p = 0.0021). Post hoc analysis revealed three homogeneous
groups. Significant improvement is observed in the first six
sessions, however sessions 3 and 5 indicate a reversal. An
improvement cannot be distinguished from the sixth to the
eleventh session. The mean value decreased from 3.39 % (SD
= 1.08 %) in the first session to 2.16 % (SD = 0.51 %) in the
last session.

AE was analyzed within-session, as well as TRTP. The
means of each participant are shown Fig. 13. Again, twenty
single attempts were merged into ten levels. The AE showed
statistical significance in within-session repeated measures
ANOVA (F (9, 99) = 2.462, p = 0.0141). Post hoc analysis
was done with Tukey’s HSD Test. However, despite the
statistical significance in the ANOVA, post hoc revealed only a
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Fig. 12. Task 1: Improvement in guiding accuracy over 12 sessions. The
accuracy is defined as the mean difference between the target and actual
joystick positions after the first reach of the tolerance interval.

PN 1 =-=r=smr PN 8

10 PN 2 1
PN3 -

9t PN 4 B
PN5 -

8l ----PN6 1

Task 1, AE within session [% of joystick range]
[e2]

Attempt number within session

Fig. 13. Task 1: Average error between the target and actual joystick positions
within-session over 20 attempts.

single homogeneous group consisting of all levels. The within-
session learning effect on AE was not observed.

4) Reaction delay: RD represents the time interval between
the generation of the new target position and the beginning of
the response. Repeated measures ANOVA did not show any
significant difference in RD along sessions (F (11, 121) =
1.265, p = 0.253). Mauchly’s Sphericity Test was not violated
in this case. The total mean value of RD is 0.4459 s (SD
= 0.054 s). The fastest participant’s mean reaction delay was
only 0.369 s, whereas the slowest participant’s mean reaction
delay was 0.484 s.

5) Self-assessed workload: Workload assessments in both
tasks were included in the questionnaire after each session.
Participants ranked their workload using the Bedford workload
scale. The maximum value on the scale used by the participant
was 9 which means an extremely high workload with no spare
capacity. This value was used only by Participant 1. He was
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Fig. 14. Self-assessed workload in Task 1 over 12 sessions. Participant 1 was
removed from ANOVA analysis as an outlier.

excluded from the evaluation as an outlier. He was the only
one who assessed the workload as growing over the course of
learning time as shown in Fig. 14. Possible reasons are stated
in the discussion.

The last session was excluded from the ANOVA because
of the same reason as merging attempts to levels in within-
session analyses. The workload showed statistical significance
between sessions in repeated measures ANOVA (F (10, 100)
= 5.176, p < 0.0001). Post hoc analysis revealed three
homogeneous groups. These groups displayed an improving
trend until the eighth session. The mean values start around
levels 4 and 5 on the Bedford scale. These levels are defined
as “insufficient spare capacity for easy attention to additional
tasks” and “reduced spare capacity, additional tasks cannot be
given the desired amount of attention.” The mean values at the
end of the training were 2.81 (SD = 1.03). Values 2 and 3 are
characterized as "Workload low” and “Enough spare capacity
for all desirable additional tasks.”

B. Task 2

1) Average error between target and actual joystick posi-
tions: The average error between the target and actual joystick
positions throughout the second task in Fig. 15 represents
the mean values for each participant. The AE in Task 2
showed statistical significance between sessions in repeated
measures ANOVA with Greenhouse-Geisser correction (F
(4.0673, 44.741) = 5.222, p < 0.0001). Post hoc analysis
revealed three homogeneous groups. The homogeneous groups
revealed no improvement after the seventh session. AE in Task
2 decreased from 6.43 % (SD = 1.83 %) in the first session
to 4.58 % (SD = 1.16 %) in the last session. The reversal
in the sixth session is given mostly by the coincident weak
performance of Participants 8 and 10.

2) Self-assessed workload: The workload values on the
Bedford’s scale assessed for the second task differ slightly
from the first task. No outliers were identified in the workload
data for the second task. Each participant’s means shows
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Fig. 15. Task 2: Average error between the target and actual joystick positions
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Fig. 16. Self-assessed workload in Task 2 over 12 sessions.

Fig. 16. The workload in Task 2 showed statistical signif-
icance between sessions in repeated measures ANOVA with
Greenhouse-Geisser correction (F (4.305, 47.355) =7.082, p <
0.0001). Post hoc analysis revealed five homogeneous groups.
These groups demonstrate an improving trend throughout all
twelve sessions except few reversals. The mean values start
around levels 4 and 5 on the Bedford scale and reach 2.33
(SD = 1.15) at the end of the training.

V. DISCUSSION

The measurement of the learning effect was the primary
objective of the experiment. The specific research question
was to assess the necessary training duration for the guidance
method using the joystick with the sliding element. The effect
is evaluated by considering the performance of the participants
along with the session number. The average error (AE) and
the time to reach the target position (TRTP) in Task 1 were
evaluated both between-session and within-session.
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Building upon prior research by Zikmund et al. [2], which
consisted of a single session, this study extended the inves-
tigation to 12 sessions. Two parameters that were measured
in both experiments in the first session can be compared. The
mean value of TRTP in the previous research was 1.548 s (SD
=0.48 s), while a recent result was 1.31 s (SD = 0.35 s). There
was one difference in the Task 1 definition, which consisted of
30 attempts in the previous research. This difference might be
due to the improvement of the guidance function of the sliding
element during its development. Another parameter measured
in the previous research was AE in Task 2, where the result
was observed as 6.67 % (SD = 1.12 %), which is comparable
to the value of 6.42 % (SD = 1.77 %) measured in the first
session of the current study Task 2.

The parameter AE can also be compared between both
tasks in the current study. Both tasks exhibit differences in
their absolute values. One reason for this difference is that
the AE measurement started after the first achievement of
the target interval in the first task. AE in the second task
was continuously measured throughout the entire guidance
duration. The second reason is that guidance to a static position
allows for a more precise reaction compared to continuously
changing the target position in Task 2.

Within-session measurement of AE and TRTP parameters
did not reveal a learning effect during the session. Within-
session performance might be influenced by desensitization,
as described by Bensmaia et al. [29]. Their results exhibit
transitional characteristics that do not correspond to the within-
session characteristics analysed in this study. A longer duration
of Task 1 would be necessary to study this effect and dis-
tinguish between desensitization and within-session learning
effects. Within-session results correspond to the findings by
Kass et al. [15], who found more intense learning between-
session in the case of tactile learning. Fast learning within the
first session was not observed because within-session learning
was analyzed for all sessions together.

Another aspect of tactile feedback applied to moving hand is
suppressed or enhanced perception, as described by Voudouris
et al. [26] and Juravle and Spence [27]. In our case, the move-
ment of the hand and the sliding element are interconnected,
forming a closed control loop. Thus, we hypothesize that, in
this case, there is an enhancement of sensitivity as opposed to
the suppression of sensitivity during task-irrelevant movement.

Reaction delay (RD) is not significantly affected by the
training. We can decompose RD into perception and decision
time. The perception of tactile input was estimated at 0.241
s by a method suggested by Kim et al. [22]. Thus, we can
expect that the difference of approximately 0.2 s corresponds
to decision time. At this point, the participant decides the
direction of the reaction. The success rate in the decision is
shown in Fig. 9. Even though the decision time did not change,
the rate of correct decisions, described by the non-minimum
phase response count, increased significantly.

The next parameter for defining the learning effect was
workload. Participant number 1 was excluded as an outlier in
the case of workload in Task 1. The Participant’s performance
did not stand out of the general trend, but his self-assessed
workload in Task 1 did. The Participant considers this self-
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assessment as a sign of perfectionism. This raises the question:
why does his self-assessed workload in Task 2 indicate only
a slight increase in the last three sessions? A possible answer
could be found in two aspects. The first is the magnitude of
sliding element deflections from the reference element. The
first task appears to be easier in guiding participants to static
positions. After reaching the position, participants stopped
moving and waited for a new target position to be generated.
However, haptic guidance sometimes started with full sliding
element deflection, which meant high joystick deflection was
required. In contrast, the second task required continuous
effort, but the sliding element deflections were possible to
keep low throughout Task 2. The second aspect is the order
of the tasks. Task 1 was always the first, followed by Task 2.
Participants started Task 2 after refreshing their skills in Task
1. We assume that this fact explains why the workload was
assessed as lower for Task 2, while the AE was measured as
lower in Task 1 due to the different difficulty levels of both
tasks.

To answer the principal research question of necessary
training duration, one needs to focus on courses of TRTP
and RD over repeated sessions. While the TRTP and RD
did not show significant learning effect, AE is the most im-
portant parameter to consider in training duration. Significant
improvement was also observed in the self-assessed workload.
However, it cannot be measured as exactly as the AE while its
assessment is subjective. Considering AE, the learning effect
breaks in the 6th session in Task 1 and the 7th session in Task
2. Participants’ improvement after these sessions indicates
only insignificant progress. This study did not evaluate the
effect of interval duration between sessions.

The training interval duration between sessions affects the
learning effect in the early stage, according to Wang et al.
[14]. The seven sessions required to reach the trained skills
from our results are much greater than the three sessions
in Wang’s study, where the time between sessions affected
training performance. Additionally, the peak values in the
intervals between sessions shown in Fig. 3 do not correspond
to any peaks in TRTP, AE, or workload performance across
sessions. The stated interval duration between training sessions
should provide sufficient time for consolidation to prevent
overtraining. Except in one case, all intervals between sessions
included at least one night. However, due to the limited number
of sessions and participants, a more detailed analysis of the
effects of the intervals between sessions was not possible.

There is one effect that should not be neglected in the learn-
ing effect evaluation. Figures 10 — 15 demonstrate individual
differences between participants. That led us to an individ-
val training proposal. Individual training should be defined
based on the improvement and achievement of the required
performance in both tasks. The required performance might
be set as values where the observed parameters converged
in this experiment. We propose the following target values
to complete the training based on the results presented in
Tab. 1. The proposed values apply only to the used hardware
and participants with an average performance. Therefore, the
following criterion for stating that the learning process is
completed could be evaluated as a percentage of performance
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TABLE I
TARGET PARAMETER VALUES AFTER TRAINING
Task 1 Task 2
AE [% of joystick range]
24 4.7
Workload [Bedford scale]
3 3
TABLE 11
PERCENTAGE IMPROVEMENT WITH RESPECT TO FIRST SESSION
PERFORMANCE
Session AE 1 [%] AE 2 [%]
1 0 0
6 -30.7 -14.2
7 -29.6 -29.1
12 -36.1 -28.8

improvement. Tab. IT shows the relative mean improvement in
AE for the sixth, seventh and twelfth sessions compared to
performance in the first session. We propose a value of 30 %
for relative improvement to indicate that training is completed.
The value of 30 % for relative improvement corresponds to
other research in tactile learning, as previously mentioned by
Kass et al. [15] and Wang et al. [14].

Some other limitations of the work might be found in the
following aspects. Our experiment involved only the domi-
nant hand, and participants largely used the same joystick
handle grasping technique. We assume that different grasping
techniques could affect the performance of haptic guidance.
However, this effect could potentially be stronger if vibrations
were used, as suggested by Harris et al. [33]. Their study
pointed to the fact that human tactile learning is topograph-
ically distributed. Trained skills in vibration discrimination
did not transfer to other fingers; however, skills in pressure
and roughness discrimination are transferred to other fingers.
The short duration of each session limited our ability to fully
analyze the within-session learning effect, as well as the effect
of neural afferents. The application of our results to longer-
duration guidance tasks may be influenced by this limitation.
Therefore, we propose conducting another experiment after the
training phase to analyze the effect of haptic perception over
time, which would be separated from the learning curve effect.
Tactile suppression may also impact participants’ performance
when focusing on other demanding tasks. Therefore, haptic
guidance should be tested in parallel task scenarios and during
high-workload pilot situations.

The definition of the learning effect for the tactile guidance
method allows for planning a new set of experiments for
investigating the effect on flight performance/safety. Future
aerospace engineering research should explore crossover re-
search that compares the efficacy of visual and tactile guidance
and their interactions. While visual guidance is more effective
than tactile guidance in simple tasks, a comparative study
of these methods is needed for situations where the visual
modality is overloaded, such as in aircraft control during
an emergency situation. The next research step involves the
implementation of aircraft dynamics. At this stage, haptic
guidance should be tested with trained professional pilots to
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confirm the potential benefits in aircraft control. Moreover, the
proposed tactile guidance method could have applications in
contexts that require divided attention and the simultaneous
use of multiple senses. For example, this method could be
used for remote operation of machinery and medical devices,
navigation of people with vision impairments, and in the
automotive industry.

VI. CONCLUSION

We have presented experimental results that led to the
definition of the learning effect for the tactile guidance
task. Human participants tested the proposed tactile guidance
method in a set of position-targeting and trajectory-following
tasks. The participant’s performance progress between sessions
shows an improving trend, particularly in the first seven
sessions. The average error between the actual and target
positions and the self-assessed workload are parameters signif-
icantly influenced by the training. On the other hand, reaction
delay was not significantly influenced by training and time
to reach the target position improvement was identified only
between the first two sessions.

Achievable performance in tactile guidance has been pre-
sented. The guidance accuracy expressed in the average error
between the target and actual position is less than 5 %
of the joystick range in the trajectory-following tack. This
value means a competitive result in comparison to other
tactile guidance methods [34], [35]. These results are valid
only for the proposed haptic feedback device. However, the
presentation of hardware setup and corresponding performance
might be useful for designing novel tactile guidance methods.
The performance in haptic guidance is individual. In order
to apply the results to define an individual training setup, we
propose the additional criterion for defining trained skills as an
improvement of 30 % over consecutive sessions in the average
error between the target and actual positions between the initial
and trained skills.
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