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Abstract

Automated alert systems for air traffic controllers (ATCOs) often generate many nuisance
visual warnings that ATCOs routinely ignore, potentially compromising safety. To ex-
plore an alternative modality, we tested vibrotactile alerts to warn ATCOs of aircraft en-
tering their sector. In two experiments with 118 novice participants, Experiment 1 com-
pared a visual color-change alert to a simple vibrotactile pulse. Using a high-difficulty
scenario with nine handoffs, simple vibrotactile alerts elicited significantly faster response
times than visual alerts without increasing mental workload or degrading performance.
In Experiment 2 we added gradual and continuous vibrotactile alerts, but no further ad-
vantage emerged from their implementation. Nevertheless, all vibrotactile alerts reliably
captured attention without adverse effects, demonstrating the feasibility of non-invasive
tactile devices to augment or replace visual alerts and help ATCOs allocate their cognitive
resources more effectively. However, this is an exploratory study at a pre-operational
stage without direct practical implications for ATC planning and control.
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1. General Introduction

In recent years, there has been a notable increase in the density of aircraft in airspace.
Despite the absence of an increase in the number of Air Traffic Controllers (ATCOs), there
have been endeavors to consider their cognitive capabilities [1], such as their mental work-
load (MWL) and situational awareness [2]. These efforts have included the development
of automation systems to assist the ATCO. One component of these automation tools is
the development of alert systems [3]. The process is straightforward: a computer algo-
rithm is developed to detect potentially conflicting or problematic events in advance.
Once the algorithm detects an event that exceeds the conflict thresholds, a signal is gen-
erated to notify the controller that a situation requiring attention is imminent. The ATCO
receives the alert and can decide whether to respond, as well as when and how to do so
(4].

Currently, several types of alerts are implemented in Air Traffic Control (ATC). The
most common include: (1) MSAW (Minimum Safe Altitude Warning), which informs the
ATCO if an aircraft is projected to be below the required minimum altitude based on its
flight plan; (2) CA (Conflict Alert) or STCA (Short-Term Conflict Alert), which generates
an alert if the trajectories of two or more aircraft may be in conflict, falling below certain
distance thresholds (e.g., less than 1000 feet and 5 nautical miles); and (3) APW (Area
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Proximity Warning), which alerts when an aircraft is about to enter restricted airspace.
These are the most common examples, but there are many alerts designed to inform
ATCO about different operational issues. During a work shift, ATCOs experience a high
volume and variety of alerts, making it common for ATCO to disregard them. In [4,5], it
was observed that enroute ATCOs ignored 62% of CA alerts and 91% of MSAW alerts.
This raises an important question: why are these alerts ignored if they are seemingly in-
formative?

One possible explanation for why alerts are being ignored is that the visual system is
completely overloaded during ATC tasks, making it difficult to process the alerts. Accord-
ing to the Multiple Resources Theory [6-8], individuals have attentional resources of dif-
ferent modalities for task management, but these resources are limited. For this reason,
the incorporation of auditory stimulation has been explored to support, relieve, or reduce
the strain on the visual system. Although research has demonstrated the potential of au-
ditory signals [9-12], interviews with ATCOs have revealed that acoustic alerts are often
perceived as “unpleasant” [4,13]. Ref. [14] found that, on average, ATC work environ-
ments are quite noisy, with ambient sound levels ranging from 52 to 63 dB, necessitating
alerts with higher volumes to be effective. In addition, the acoustic system is crucially
involved in other ATC subtasks like communication with pilots or other ATCOs. Conse-
quently, an alternative that has been proposed is the introduction of vibrotactile alerts
[4,12,15-19].

Unlike vision or hearing, touch is largely underutilized in everyday tasks [20]. Re-
search in ATC, as well as in other contexts such as driving [21-23] or intensive care [24,25],
has shown that vibrotactile signals improve performance compared to baseline and may
even outperform visual alerts when the task imposes high visual but low tactile demands
[26,27]. Unlike vision or hearing, vibrotactile stimulation can be provided to different
parts of the body [28]. In addition, one of the key advantages of using tactile signals is that
they yield positive results without increasing MWL or negatively impacting task perfor-
mance [15,26,27,29,30].

Returning to the question of why alerts are ignored in ATC, one might assume that
this deliberate omission is a reckless strategy that leads to numerous conflicts that might
otherwise be entirely avoidable. However, it has been demonstrated that ignoring these
alerts is actually the best strategy [4,5,31,32]. In many cases, the situation solves itself, or
the alert appears after the ATCO has already intervened [4,5,33]. Therefore, rather than
providing useful information, these alerts end up hindering the ATCO’s work. In the lit-
erature, such alerts are referred to as “nuisance alerts.” According to [4], the management
of nuisance alerts is one of the major challenges currently facing ATC.

When a worker experiences a high frequency of alerts, many of which are neither
high priority nor require any action, they tend to become desensitized or fatigued by these
alarms [4,25,34]. As a result, they are more likely to ignore alerts and develop a greater
distrust of automation [35,36]. This poses a clear risk: when an alert is genuinely urgent
and requires action, the worker may disregard it, affecting overall performance [31,37-
39]. As a result, the ATCOs must identify the conflict on their own, which could reduce
the available response time to mitigate the issue [40,41].

In summary, ATC is an extremely complex task that generates a high MWL and re-
quires extensive visual and auditory resources. In addition, ATCOs must contend with a
high frequency of alerts, that often feel like an overwhelming bombardment of excessive
information. As a result, a significant portion of cognitive resources is devoted to manag-
ing nuisance alerts. One of the main issues has been the failure to recognize that conflict
detection algorithms and ATCOs operate, gather information, and make decisions in fun-
damentally different ways. More recently, artificial intelligence has been proposed to en-
hance human-machine interaction and thereby reduce the frequency of nuisance alerts.
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Another approach involves implementing graded alerts that convey information about
severity, urgency, and/or the likelihood of conflict occurrence [4,23,25,41].

Our research aims to further explore the use of vibrotactile stimulation as a means of
conveying information to ATCOs. In [17], various vibrotactile stimulation alerts were in-
tegrated into an ATC system and compared to a control condition. This study was per-
formed with naive participants and, therefore, implications for real-world operations are
limited. Nevertheless, the findings indicated that participants detected conflicts earlier
when the vibration provided spatial information about the conflict location or when it was
accompanied by a text display specifying which pair of aircraft were in conflict. These
results align with the previous literature [15,26,27]. In the present study, we aim to assist
ATCOs during one of the most critical moments in ATC: handoffs. Based on multiple in-
terviews with ATCOs and analyses of alert responses, ref. [4] identified that “alerts occur-
ring near handoffs may be key places to look for human factors issues associated with
safety alerts” (p. 56). Essentially, a handoff refers to the transfer of aircraft from one
ATCO-managed sector to another. Despite there is a limitation to generalize results due
to the exploratory and pre-operational features of the study, the goal of our study is to
integrate a vibrotactile alert to indicate the accepting ATCOs when an aircraft is ready to
transition to their sector. Additionally, we aim to introduce graded alerts to specify the
time available to the ATCOs to accept the aircraft into their sector.

Previous research has already introduced vibrotactile alerts for handoff notifications
with promising results [15]. However, in [15], vibrotactile signals were also used to indi-
cate intra-sector conflicts. As a result, the vibrotactile alert lost specificity, requiring the
ATCO to determine whether the algorithm detected an inter-sector conflict or a handoff
event. Our study seeks to investigate whether limiting vibrotactile alerts exclusively to
events that require a response at the sector boundary could help ATCOs reallocate their
visual and attentional resources away from border management and toward more effi-
ciently handling of intra-sector operations.

Two experiments were conducted. In Experiment 1, we compared the response
times, MWL, and performance produced by using visual alerts or simple vibrotactile
alerts in a low-difficulty scenario. In Experiment 2, we compared these factors by intro-
ducing novel vibrotactile alerts with different gradations of pulse duration or intensity.
With this method, we wanted to study if the vibrotactile alerts were perceived as nuisance
alerts. If not, we wanted to test if participants were able to reduce their MWL and allocate
more attentional resources, thus improving task performance.

2. General Materials and Methods

2.1. Participants

A total of 118 university students participated in the study. On average, they were
20.33 years old (SD = 4.71). All of them had normal or corrected to normal vision. They
had no previous experience with ATC simulation tasks and were specifically trained in
the use of the ATC simulator.

2.2. Apparatus
2.2.1. ATC-Lab#dvanced Simulator

We use ATC-Labsadvanced [42] (Australia), a public-access air traffic control simulation
package. ATC-Labadvanced offers similar visualization features and participant interaction
with the system to those used in an operational environment. The simulator includes the
radar image of the airspace, and it allows the main interventions through data-com using
keyboard and mouse (Figure 1A).
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The simulator allows the participants to accept aircraft in the airspace sector and
transfer them to other sectors, as well as modify the altitude, speed and direction of the
aircraft. The simulator also offers tools to obtain important information about the aircraft:
a ruler to measure the horizontal separation between aircraft, route projection, time pre-
diction and aircraft information labels. The active sector has dimensions of 400 x 250 nmi
(nautical miles). There were no operational disruptions (i.e., weather restrictions) in the
airspace and only A320 aircraft were included. The speed range of the aircraft was be-
tween 400 and 500 nmi per hour, and their altitudes were between 36,000 and 39,000 ft
(feet). The objective of the task was to avoid conflicts between aircraft and to adhere to the
flight plan. Aircraft conflicts occurred when the vertical separation between two aircraft
was less than 1000 ft and the horizontal separation was less than 5 nmi. Participants could
make changes to the altitude and speed of the aircraft in order to avoid conflicts. These
changes had to be reversed before the aircraft left the sector to adhere to the flight plan.
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Figure 1. Correspondence between the vibrators and the edges of the sector. In (A) it can be seen a
screenshot of the ATC-Labadvanced simulator radar screen (active sector magnified). The circles repre-
sent the aircraft, along with information about each one of them. Aircraft under the control are
green. Aircraft that are about to enter the sector are orange. Approaching aircraft that have not yet
announced their entry are blue. Aircraft outside the sector are black. The black lines represent the
routes that the aircraft are following. The information for each aircraft includes the callsign, model,
current and intended altitude (/100) and speed (/10). The colors lines are a visual guide for the figure
to indicate which column of motors vibrate in relation to the location of the incoming aircraft. In (B)
it can be seen a picture of the waistband, with the vibrators in a 3 x 3 configuration. In color, the

correspondence between the edges of the sector (A) and the vibrators (B).

2.2.2. Vibrotactile Alert Device

The vibrotactile device consisted of nine ERM vibrotactile motors arranged ina 3 x 3
configuration on a waistband (Figure 1B). The purpose of this device was to alert partici-
pants of aircraft entering their sector of the airspace. The vibrators were controlled by a
National Instruments acquisition device (model NI USB-9162, Madrid, Spain), which sent
the information to a power board for power supply the vibrators. We can modulate: (1)
the vibration frequency of the motors, which produces different vibration intensities; (2)
the duration of vibration pulses of the motors. In the experiments, vibrotactile signals
were activated when an aircraft was announced to enter the airspace sector. Once aircraft
were accepted for entry into the sector, the vibrations stopped. The functioning of each
type of alert is explained in detail in the description of each of the experiments.
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The edges of the airspace sector and the vibrators were matched so that the left col-
umn corresponded to the left edge of the sector, the top row to the top edge, the right
column to the right edge, and the bottom row to the bottom edge (Figure 1). The vibrator
in the center was left unused, as it had no function in this experiment. The operation of
the device worked as follows. When an aircraft asked to be accepted into the sector, the
motors began to vibrate depending on the area through which the airplane was entering
(e.g., aircraft entering from the north activated the upper motors of the device.). Once the
participant accepted the aircraft, the vibration stopped. If the aircraft had not been ac-
cepted, even if the aircraft was inside the sector, the vibrators continued to vibrate until
the aircraft was accepted. Aircraft announced their entry into sector 119 s before reaching
the edge of the sector.

2.2.3. Mental Workload (MWL) Questionnaires

We employed the Instantaneous Self-Assessment technique (ISA) [43,44] to assess
MWL. Participants had to estimate their MWL every two minutes and could give values
from 1 (very low) to 7 (very high).

2.3. Design

The type of alert, delivered through the vibrotactile waistband described in Section
2.2.2 and shown in Figure 1B, was the main independent variable in both experiments.
Each type of alert will be explained in detail in the description of each experiment. All
tasks were performed in a “high difficulty scenario” [45,46] with a density of 12 aircraft
and 9 handoffs. In both experiments, participants had to manage a total of nine entries
into the sector over the 16-min task duration.

As dependent variables we measured: (1) the response time from receipt of the alert
until the aircraft is accepted into the sector; (2) the subjective MWL level by using ISA; (3)
the overall performance by assessing the number of conflicts between aircraft within the
sector.

2.4. Procedure

As a preliminary phase to the task, participants had a training phase of about 45 min.
First, they read the instructions for the simulator. Afterwards, a verbal explanation was
given and questions were answered. In the case of the participants who had to use the
waistband for the vibrotactile alerts, a small test of the spatial location of the vibrators was
done, so that they could clearly locate the edges of the sector on the waistband. After-
wards, participants performed a training scenario on the simulator. In this training sce-
nario, participants operated the simulator following the researcher’s instructions and
learned to control their sector of the airspace, read and manage relevant information from
each aircraft, accept aircraft into their sector, release aircraft moving to another sector, and
resolve potential conflicts between aircraft. In addition, participants were given an in-
struction sheet with the keyboard and mouse actions they could perform. Each participant
performed the training scenario with the alert type for the aircraft entries to be used in the
experimental scenario.

After the training phase, the task consisted of a 16-min scenario. Before the start of
the scenario, a sheet was located at the top right of the screen with the flight plan infor-
mation. During the performance of the task, participants had to report verbally on all the
interventions they made on the scenario. The researcher acted as a virtual pilot, respond-
ing with “copy” to the participants’ verbal instructions. Every two minutes, the researcher
asked the participant about the ISA estimate. The whole experimental session lasted ap-
proximately one hour.
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2.5. Data Processing

We collected two types of information during each task: the ATC-Labadvance Jogs and
the MWL estimates. By analyzing the .log files using a Python (version 3.11.11) self-rou-
tine, the number of conflicts between aircraft inside the sector were obtained for each par-
ticipant. In addition, during each task, the .log files were computed real-time to obtain the
time points at which each sector entry warning occurred and the time points at which each
aircraft were accepted. These time points were used to calculate response times for the
alerts. The ISA questionnaire was manually registered by the researcher.

3. Experiment 1: Simple Vibrotactile vs. Visual Alert

As suggested in the general introduction, ATC is a complex and highly demanding
task that places a significant strain on attentional and visual resources. Some of the infor-
mation that an ATCO must process must necessarily be presented in a visual format (e.g.,
the position and properties of aircraft). However, other types of stimuli, such as alerts,
could be conveyed through non-visual modalities. In this experiment, we explore the in-
troduction of simple vibrotactile alerts (constant intensity and pulse) to alert ATCOs about
in-sector handoffs. Since the vibrations specifically indicate events occurring at the sector
boundaries, attentional resources can remain focused on managing intra-sector events.

In Experiment 1, we aim to compare vibrotactile with a visual alert to assess the ex-
tent to which vibrotactile alerts can influence performance, positively or negatively. Pre-
vious research has shown that vibrotactile alerts are generally highly effective at capturing
attention [26,47-49]. Additionally, vibrotactile alerts can convey spatial information,
which can help direct attention precisely to the event triggering the alert [15]. Studies have
also indicated that vibrotactile alerts lead to improved performance compared to baseline
conditions [26,27].

Moreover, as long as the task is highly complex and/or imposes a high demand on
the visual system, vibrotactile alerts may outperform visual alerts [18,50,51]. However,
the literature does not always align on this point, as some studies have found that visual
alerts remain the superior alternative in certain scenarios [52,53]. Therefore, it is evident
that further research is needed to explore the integration of vibrotactile alerts in ATC en-
vironments [54].

3.1. Materials and Method

A total of 42 participants performed the experiment. Sample size was determined a
priori using GLIMMPSE to ensure 80% statistical power. Participants were divided into
two groups: the control group (visual alert) and the vibrotactile alert group. The vibrotac-
tile alert consisted of pulses of constant duration and intensity. The duration of each pulse
was 0.25 s and the vibration frequency was 49.6 Hz (see Figure 2A).

For the control group, the sector entry alert was visual, which is the default alert of
the simulator. Aircraft that were still outside the sector but would enter it at some point
appeared in blue. When the aircraft were ready to enter the sector, the color of the aircraft
began to blink between orange and white. For the vibrotactile alert group, the visual alert
was removed. Thus, aircraft remained blue when they were announced to enter the sector,
and the alert was generated by the vibrators. Regardless of the type of alert, once the air-
craft was accepted, the color turned green. For the control group, if the aircraft entered
the sector without being accepted, the aircraft continued to blink between orange and
white until accepted. For the vibrotactile alert group, if the aircraft entered the sector with-
out being accepted, the color remained blue, and the vibration continued until the aircraft
was accepted.
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Future Transp. 2026, 6, 48 7 of 18

A) 0.25s 0.255 0.25s (B) 53.7 Hz
492Hz
49.6 41.5 Hz
ﬁ-
!
;E.
g
g —
= 0.25s
5§ (©
3 0.1s 0.29s 0.475s
- -
§ 49.6

Pulse Duration (s)

Figure 2. Types of vibrotactile alerts. Note. A schematic representation of the four types of vibrotac-
tile alerts. Simple vibrotactile alert by pulses of constant duration and intensity (A). This alert was
used in Experiment 1. Gradual alert by pulses of variable intensity with constant duration (B). Grad-

ual alert by pulses of variable duration with constant intensity (C). Constant continuous signal (D).

We used mixed models for statistical analysis using R with a = 0.05 to indicate sig-
nificance. For each dependent variable, we verified that the model assumptions were met,
such as normality, outliers, and dispersion (DHARMA package). In case of violation, the
appropriate adjustments were made.

3.2. Results

Response time to entries in the sector. Response time was analyzed using a linear
mixed-effects model fitted on a normalized response time measure, with alert modality
(vibrotactile vs. visual) as fixed effect, aircraft handoff (nine per participant) as a covariate,
and participant as a random intercept. The effect of alert modality was not statistically
significant, (x?(1) =0.19, p =0.67), indicating comparable response times between vibrotac-
tile and visual alerts. Back-transformed estimated marginal means revealed similar re-
sponse times for vibrotactile alerts (Table 1). To further assess whether the two alert mo-
dalities could be considered practically equivalent, an equivalence test was conducted on
the normalized scale, defining equivalence as a difference not exceeding +0.05. The equiv-
alence test did not reach statistical significance (p = 0.52), and the 90% confidence interval
of the contrast exceeded the predefined equivalence margin. This indicates that, although
no statistically significant differences in response time were observed between vibrotactile
and visual alerts, the data does not provide sufficient evidence to conclude practical equiv-
alence within the specified margin.

ISA. Mental workload was assessed with a cumulative link mixed model including
alert modality as fixed effects, time of the simulation as a covariate (8 assessments), and
participant as a random intercept. The effect of alert modality was not statistically signif-
icant, indicating comparable levels of perceived mental workload between vibrotactile
and visual alerts (x%(1) = 0.30, p = 0.58). Descriptive statistics showed similar mean ISA
scores for vibrotactile (M = 3.13, CI = [2.97-3.29]) and visual alerts (M = 3.33, CI = [3.12—
3.53]). An equivalence test conducted on the log-odds scale, using a conservative +10%
equivalence margin (odds ratio € [0.9, 1.1]), failed to demonstrate equivalence between
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alert modalities (p = 0.60), indicating that both alert types did not elicit equivalent levels
of perceived mental workload.

Number of conflicts. We conducted a Poisson generalized linear mixed model with
alert type as a fixed effect and participant as a random intercept. Overall, conflicts were
relatively infrequent (M = 0.76), with approximately half of the observations correspond-
ing to zero conflicts (51.5%). The omnibus test for alert type was not statistically signifi-
cant, (x%(4) = 6.60, p = 0.16), indicating that conflict rates did not differ reliably across alert
designs. Model estimates suggested a tendency toward fewer conflicts for continuous vi-
brotactile alert (Figure 2D) compared to the simple vibrotactile alert (Figure 2A) (IRR =
0.30), although this effect did not reach conventional levels of statistical significance (p =
0.067). No other alert type showed a significant difference relative to the reference condi-
tion. Pairwise comparisons of estimated marginal means, adjusted for multiple testing,
revealed no significant differences between alert types.

Table 1. Mean and Confident Interval of dependent variables for each type of alert.

Response Time MWL Number of Conflicts

Simple alert 5.36 3.13 0.48

Exp. 1 [4.75-6.07] [2.97-3.29] [0.22-1.02]
Visual alert 5.56 3.33 0.60

[4.93-6.30] [3.12-3.53] [0.30-1.20]
Simple alert 8.33 3.67 0.77

[7.57-9.16] [3.43-3.91] [0.41-1.43]
Pulse intensity 10.80 361 1.00

[9.77-11.93] [3.36-3.86] [0.58-1.72]
. 12.85 3.56 1.08

Exp. 2 Pulse duration [11.63-14.20] [3.30-3.82] [0.64-1.82]
Continuous alert 967 378 023

[8.76-10.68] [3.53—4.04] [0.07-0.71]
Visual alert 10.26 3.92 0.71

[9.33-11.28] [3.92-4.18] [0.38-1.33]

3.3. Discussion

In this experiment, we compared a simple vibrotactile alert (with constant pulse in-
tensity and duration) to a visual alert (color changes in aircraft requesting entry into the
sector). A high difficulty scenario was used, with nine predefined sector entries. The pre-
vious literature has often shown that when a task does not require excessive demands on
attentional and visual resources, significant differences between visual and vibrotactile
alerts are typically not observed [26,27]. Our results are consistent with previous studies
[18,41,48,49], showing that participants allowed access to the sector earlier when vibrotac-
tile alerts were used than when visual alerts were used.

On the other hand, the results showed that there were no significant differences be-
tween visual alerts and simple vibrotactile alerts in terms of MWL and task performance
and neither significantly equivalent. This result is very important because it is useful for
users to notice and respond to alerts, but this attention to alerts cannot impair performance
or have other negative consequences. In other words, the vibrotactile alerts were easy to
interpret and informative. The duration and frequency, together with the frontal location
of the stimulation, were appropriate for its detection [55]. However, it is important to
highlight that in [55], the different locations were tested around the waist in a horizontal
correspondence with the locating device, whereas our device is in the frontal plane, in
correspondence to the frontal radar screen.

https://doi.org/10.3390/futuretransp6010048
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Participants did not need to perform additional mental processes to understand what
was happening or locate the conflict requiring their attention. That is, our vibrotactile alert
appropriately informed of the location of the entering aircraft, a result coherent with pre-
vious research that showed how directional vibrotactile alerts outperform non directional
and control conditions as well as reduce response times [56]. In addition, the vibrotactile
alerts were not so intrusive that they interfered with the performance or resolution of
other events that were occurring in parallel. Although these results are fully consistent
with the previous literature [15,18,19], we expected better performance and lower MWL
in the group that used vibrotactile alerts. These results would have indicated that partici-
pants were able to reorganize and allocate their cognitive and attentional resources to
events occurring within the sector, since it was not necessary to check what was happen-
ing from the boundaries of the sector outward until the vibration was received. In other
words, in agreement with previous results that showed that vibrotactile alerts can capture
attention timely and without relying on previous visual information [57], we expected that
simple vibrotactile alerts could divert or relieve the attentional and visual resources re-
quired by the ATC task producing a reduction in the number of conflicts and MWL.

Therefore, we can conclude that the use of vibrotactile alerts holds promising poten-
tial in ATC, given their minimal negative impacts and numerous benefits (i.e., they do not
cause interference, increase MWL, or degrade performance). However, in this experiment
we used ‘simple’ vibrotactile alerts, i.e., they did not change in intensity or pulse duration.
Although these simple alerts informed participants of the existence and location of an
event requiring their attention, the fact is that participants did not know the level of ur-
gency or severity of such an alert. For this reason, the release of attentional resources was
not total, as it was always necessary to be aware of how much time the participants had
to allow the aircraft to enter their sector. Therefore, the inclusion of gradual vibrotactile
alerts that inform about the degree of urgency may be a good candidate to improve per-
formance and reduce the mental load of ATCOs.

4. Experiment 2: The Inclusion of Gradual Alerts

Ref. [4] highlighted the potential benefits of incorporating graduality into alert sys-
tems to indicate the severity, urgency, and/or likelihood of a conflict [41,58,59]. This ap-
proach not only captures attention but also allows ATCOs to manage their response time
based on the intensity of the alert. In the domain of vibrotactile stimulation, several stud-
ies have explored how vibration frequency, intensity, and pulse duration can be modu-
lated [28,60]. For instance, ref. [25] conducted a study using eight different vibrotactile sets
to alert intensive care unit staff to different emergencies. Their findings indicated that vi-
brotactile patterns with pulse duration modulation were more informative than those us-
ing intensity variations. It is important, however, to consider the trade-off shown in [61]
between the reduction in response times and the poorer user experience reported on grad-
ual vibrotactile alerts. Despite user experience is out of the scope of our study, we will
study the possibility of such a trade-off over the MWL of our participant in relation to
gradual vibrotactile alerts.

In a context more closely related to ATC, ref. [19] compared a visual alert, a constant
vibrotactile alert, and a gradual vibrotactile alert (modulating pulse rate) to warn pilots
about adverse weather conditions. Although vibrotactile alerts enabled a faster response,
no significant differences were observed between the constant and gradual vibrotactile
alerts. However, this was likely because pilots responded immediately to the alert, pre-
venting the gradual alert from developing over time.

In Experiment 2, we introduced a continuous vibrotactile alert and two types of grad-
ual vibrotactile alert: (1) a constant-intensity alert with an increasing pulse rate and (2) a
constant-duration pulse alert with increasing intensity. Since handoffs do not demand the
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same immediate attention and action as in-sector events or conflicts, we expected partici-
pants to leverage the gradual alert modulation to manage their visual and attentional re-
sources more efficiently. Compared to the previous experiment, we anticipated longer re-
sponse times in accepting aircraft in the sector for gradual alerts relative to constant and
visual alerts. However, we expected a lower MWL and an improvement in overall perfor-
mance.

4.1. Materials and Method

Since this experiment used different vibrotactile signals with different intensities and
pulse duration, it was necessary to carry out psychophysical tests. These tests help us to
determine whether the participants were able to perceive and discriminate the range of
stimulation values proposed by the researchers. Depending on the type of vibrotactile
signal, some signals varied the intensity of the vibratory impulses while keeping the du-
ration constant. On the other hand, the other signals changed the duration of the pulses
while keeping the intensity constant. In the ATC experiment, these changes in the vi-
brotactile stimulation depend on the proximity of the aircraft to the edge of the sector.
Therefore, the closer the aircraft to boundaries of the sector, the greater the signal intensity
or the pulse duration.

11 students participated exclusively in the psychophysical tests. All the participants
performed two psychophysical magnitude estimation tests: the pulse intensity test and
the pulse duration test in a random order. For the pulse duration values test, a vibration
of 49.6 Hz of intensity was displayed but we modulated the duration of the pulse ranging
from 0.1 s to 0.475 s. We discretized this range into 11 values in steps of 0.0375 s. We used
the intermediate value of 0.2875 s as a reference for the magnitude estimation task. There-
fore, this pulse duration was given the subjective value of 50. Participants were asked to
provide a subjective value based on the pulse duration reference (e.g., if the duration of
the experienced pulse was twice the reference, it would be expected to receive a subjective
value of 100). The order of presentation of the rest of the pulses was randomized and each
stimulus was repeated five times. The reference was displayed and informed to the par-
ticipants after the presentation of five stimuli. For the pulse intensity values test, we used
a single pulse duration of 0.25 s with a range of intensity values between 41.54 and 53.51
Hz. The reference value was 47.53 Hz, and the procedure was the same as the previously
mentioned test. Finally, these two tests allowed us to establish the range of stimulation for
the ATC experiment.

Back to the ATC experiment, for Experiment 2, 65 participants performed the exper-
iment. Participants were divided into five groups with 13 participants per group: (1) sim-
ple vibrotactile alerts (constant intensity of 49.6 Hz and duration of 0.25 s, Figure 2A); (2)
gradual vibrotactile alert by pulses of variable intensity (linear increase from 42.1 to 52.8
Hz in pulses of 0.25 s, Figure 2B); (3) gradual vibrotactile alert by pulses of variable dura-
tion (linear increase from 0.1 to 0.475 s of the pulse with a constant intensity of 49.6 Hz,
Figure 2C); (4) vibrotactile alert by constant continuous signal (continuous signal of 49.6
Hz, Figure 2D); (5) visual alerts (color-changes). In the event that an aircraft crossed the
sector border without being accepted, the alerts maintained the maximum value of inten-
sity or duration.

For this experiment, we used a slightly modified version of the scenario used in Ex-
periment 1. The scenario contained nine entries but, in this experiment, there were simul-
taneous entries from different locations (e.g., one from the south and one from the east).
The scenario lasted 16 min, and prior to the experiment, participants received the same
instruction and familiarization with the simulator as in Experiment 1.

We processed the data in the same way as in Experiment 1 and used RStudio (version
(2025.09.1+401) and o = 0.05 for the statistical analysis. We conducted mixed models to

https://doi.org/10.3390/futuretransp6010048



Future Transp. 2026, 6, 48

11 of 18

analyze the influence of the type of alerts on the same dependent variables. We revised
the model assumptions through DHARMa package (normality, outliers, etc.) and perform
appropriate transformations and analysis. We expected longer response times for the
gradual alerts, but lower MWL and higher performance than simple vibrotactile and vis-
ual alerts.

4.2. Results

Psychophysical testing of the devices (Figure 3). For the pulse duration psychophys-
ical test, participants were able to discriminate the steps of the duration range in a random
order with high sensitivity (R? = 0.99). The same happened for the pulse intensity values
test (R2=0.99). Therefore, these results support the use of the ranges of stimulation for the

ATC experiment.
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Figure 3. Results of the two psychophysical tests. Results of the psychophysical magnitude estima-
tion tasks for the pulse duration test with constant intensity (A) and for the pulse intensity test with
constant duration (B). The black dots represent the mean value for each stimulus value. The dashed
line shows the linear regression. The reference value was included by a cross as a visual guide.
Finally, the linear regression equations and the R? for each type of stimulation were also included.

Participants were able to perceive and discriminate the changes in stimulation with great accuracy.

Response time. We conducted a linear mixed-effects model fitted on log-transformed
and winsorized response times, with alert type as fixed effect, aircraft handoff (9 entries
per participant) as a covariate, and participant as a random intercept. A significant main
effect of alert type was observed (y2(4) = 10.52, p = 0.033), indicating that response times
differed across alert types. Post hoc comparisons revealed that response times were sig-
nificantly longer (f = -3.15, p = 0.021) for vibrotactile alert by pulses of variable duration
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(Figure 2C) compared to the simple vibrotactile alert (Figure 2A), whereas no other pair-
wise comparisons reached statistical significance (Table 1). Estimated response times and
their corresponding confidence intervals are shown in Figure 4. The overall response time
was 10.38 s (SD = 1.65).

=
o

5 K &
e
—o—
o
o

o)}

Response Time (s)
o

2

%imple V.  Pulse Intensity Pulse Duration Continuos V. Visual

Figure 4. Response time across the type of alerts. Error bars represent the SEM. There was a signifi-
cant difference between simple vibrotactile alerts and vibrotactile alerts with changes in pulse du-

ration. The asterisk represents significant differences between these groups.

ISA. We assessed the MWL with a cumulative link mixed model including alert mo-
dality as fixed effects, time of the simulation as a covariate (8 assessments), and participant
as a random intercept. The effect of type of alert was not statistically significant (x%(4) =
1.08, p=0.89), indicating comparable levels of perceived mental workload between simple
vibrotactile, gradual vibrotactile and visual alerts. The overall ISA score was 3.71 (SD =
1.35).

Number of conflicts. We conducted a Poisson generalized linear mixed model with
alert type as a fixed effect and participant as a random intercept. Overall, conflicts were
relatively infrequent (M = 0.76), with approximately half of the observations correspond-
ing to zero conflicts (51.5%) (see Table 1). The omnibus test for alert type was not statisti-
cally significant, (x2(4) = 6.60, p =0.16), indicating that the number of conflicts did not differ
reliably across alert types.

4.3. Discussion

In this experiment, we introduced continuous vibrotactile and gradual alerts with
changes in intensity or pulse duration to examine how these manipulations affected task
performance. As discussed in the introduction, for an alert to be considered effective ra-
ther than a nuisance alert, it must provide the highest possible level of information while
remaining within the limited resources allocated for its processing [3-5]. Gradual alerts
not only signal the occurrence of an event that requires the attention of the ATCO (i.e., the
presence or absence of the alert) and the location of the event if spatial information is
embedded, but they also convey additional information about the severity, urgency, or
likelihood through gradual modulation of the event. The integration of these three infor-
mation components can significantly alleviate the attentional demands placed on the
ATCO. Therefore, gradual alerts can be considered as having greater potential to serve as
effective alerts [4,5,19].

The first step in Experiment 2 was to conduct a psychophysical test prior to the ATC
task to determine whether users could discriminate changes in both intensity (by increas-
ing the motor rotation frequency) and pulse duration (by extending the vibration duration
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of the motors). Results demonstrated that participants were able to reliably discriminate
both increases and decreases in stimulation duration and intensity, achieving an R? value
of 0.99. As noted in the introduction, a critical factor for ensuring alert effectiveness is their
perceptibility [3-5]. A key challenge of gradual alerts is ensuring that users can perceive
the full range of stimulation. If this is not the case, there would be no meaningful differ-
ence between simple and gradual alerts. In the case of auditory alerts, ATC environments
are often noisy, making it difficult to implement gradual modulation without generating
excessive noise levels or discomfort for the alert recipient [14].

In the previous literature, gradual alerts have been found to be more effective than
simple alerts. For example, ref. [25] demonstrated that intensive care unit staff often dis-
regard alerts due to the overwhelming frequency of generic and simple notifications, mak-
ing it difficult to effectively respond. To address this issue, they introduced vibrotactile
alerts, which did not interfere with other signals or stimuli related to primary work activ-
ities. They also examined different types of gradual modulation. Participants were able to
allocate their resources more efficiently, prioritizing the most urgent events thanks to the
gradual nature of the alerts.

Our hypotheses about the effects of gradual changes were not completely supported.
On the one hand, we expected response times to gradual alerts to be longer, as participants
could detect the urgency of the alert, devoting resources to resolving more severe intra-
sector conflicts. However, there were only differences between simple vibrotactile alerts
and alerts with gradual changes in pulse duration. This result was expected since, if the
gradual change was in duration, participants in this group had to wait for the pulse to end
to detect how imminent the entry into the sector was, which increased the response time.
However, in the alert with gradual changes in intensity, participants responded earlier. In
general, participants tried to enter the sector as quickly as possible, preventing the alert
from evolving. This result is in line with [19]. In their study, pilots wore a smartwatch that
alerted them to meteorological hazards using visual, simple vibrotactile, or gradual vi-
brotactile alerts. While the alerts were informative and perceived as useful, the gradual
increase in alert intensity was not leveraged for a more efficient response. In other words,
pilots responded almost immediately to the alert.

We observed the same pattern in our study, with participants responding to the alert
in an average of 10.38 s. It is important to recall that the alert started 119 s before the
aircraft physically entered the sector, meaning that all changes in alert gradation were
distributed over this period. In 10.38 s, there was barely enough time for the user to expe-
rience the alert’s evolution. Therefore, both in [19] and in our study, the gradual nature of
the alerts served as an additional source of information that was largely disregarded. One
possible explanation is the salience of vibrotactile alerts. In other words, we are accus-
tomed to visual and/or acoustic alerts, but not to salient vibrotactile stimulation. There-
fore, when we receive this stimulation, all our attention may be focused on responding to
it as quickly as possible. In the future, it would be interesting to investigate whether, once
users are more accustomed to these alerts, they would use the gradient to better manage
their resources.

Another striking result was the increase in response times from one experiment to
another. In Experiment 1, we saw that sector entry was accepted at an average of 5.36 s
with simple vibrotactile alerts and at 5.56 s with visual alerts. In Experiment 2, response
time increased for these two types of alerts (simple pulse = 8.33 s; visual alert = 10.26 s).
On the other hand, continuous and gradual alerts took a few extra seconds to respond to
(intensity changes = 10.80 s; pulse duration changes = 12.85 s; continuous alert = 9.67 s).
The difference between experiments may be due to the changes we proposed in Experi-
ment 2. In other words, although the nine entries into the sector were maintained, several
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of them occurred simultaneously. This effect increased the difficulty of the task, causing a
general delay in the acceptance of aircraft into the sector.

Our main explanation for this phenomenon lies in the changes we made to the sce-
nario. The scenario remained “high difficulty” [46,47] and maintained nine scheduled air-
craft entries and exits, the fact is that we changed the timing of these entries into the sector.
In other words, unlike Experiment 1, in this scenario multiple requests to enter the sector
could be made by different aircraft at different boundaries of the sector. The idea behind
this modification was that participants would use the gradual changes in the alert to their
advantage to play with the urgency of the event, but this did not happen. Nevertheless, it
is worth noting that under conditions involving simultaneous aircraft entries, visual alerts
could be expected to provide greater support to ATCOs, given the higher spatial and tem-
poral resolution of the visual system. For instance, if one aircraft was entering the sector
from the north and another from the east, visual information would allow controllers to
identify both events and their associated urgency in a rapid and nearly effortless manner.
In contrast, when relying on vibrotactile alerts, additional time and cognitive resources
might be required to determine which motors are vibrating (e.g., the upper row corre-
sponding to an aircraft entering from the north and the right column to an aircraft ap-
proaching from the east) and to assess the available margin for accepting aircraft into the
sector. Despite these potential limitations, participants were able to extract the relevant
information from the vibrotactile alerts and respond just as promptly as when visual alerts
were used. In fact, consistent with the findings of Experiment 1, the fastest response times
were observed with simple vibrotactile alerts, possibly due to their high perceptual sali-
ence.

As discussed previously, participants did not appear to take advantage of the inclu-
sion of gradual alerts. This pattern is also reflected in the absence of significant changes in
MWL and in the number of conflicts within the scenario. We originally expected that grad-
ual alerts would help offload and more effectively redirect cognitive resources toward
events occurring within the sector. However, participants tended to authorize aircraft en-
try as quickly as possible, regardless of the type of alert presented (even when the alert
was visual).

Thus, similar to the findings reported by [19], participants did not exploit the gradual
nature of the alerts to their advantage but rather appeared to treat alerts as events that
required an immediate response and needed to be resolved as quickly as possible. Never-
theless, even though our hypothesis was not supported, the absence of an increase in
MWL and in the number of conflicts following the introduction of vibrotactile alerts con-
stitutes a promising result. For future experiments, it would be worthwhile to design a
paradigm with a substantially longer familiarization period with gradual alerts, allowing
users to fully learn and make effective use of the information conveyed by this type of
alert.

This study has two main limitations. First, the participants had no prior experience
with ATC tasks. Although they were university students with higher cognitive resources
than the general population, their organization and management of these resources likely
differed significantly from those of expert ATCOs. Nonetheless, the introduction of vi-
brotactile alerts (both simple and gradual) remains an underexplored field, making it rea-
sonable to conduct exploratory studies with more specifically trained accessible samples.

Second, it is possible that visual and/or vibrotactile alerts (simple or gradual) cap-
tured and directed participants” attention more effectively when no other alerts required
a response. Future research should move toward more realistic scenarios, incorporating
greater environmental noise, the presence of both visual and auditory alerts, and the need
for simultaneous communication with pilots or other ATCOs while responding to
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vibrotactile alerts. This would allow us to determine whether vibrotactile alerts are truly
effective or whether they risk becoming nuisance alerts.

Moving towards a practical implementation of vibrotactile alert systems in real-
world air traffic environments would require validation studies with professional ATCOs
in realistic environments. In this context, studies must accomplish restrictions on the num-
ber of participants and possible experimental conditions. Our study supports the intro-
duction of simple vibrotactile alerts with spatial information concerning the position of
the event in the controlled area without including looming information, as the alert sys-
tem can induce fast response without increasing MWL on the ATCOs.

5. Conclusions

In this study, we supported the idea that vibrotactile alerts can convey spatial infor-
mation about the location of an event that requires a response. Additionally, vibrotactile
alerts tend to elicit faster responses compared to visual alerts. Although many researchers
and active ATCOs have advocated for the inclusion of gradual alerts, the effective utiliza-
tion of gradual vibrotactile alerts has yet to be demonstrated. In contrast, gradual visual
and auditory alerts have yielded positive effects on performance. Finally, we have pro-
vided further evidence that vibrotactile alerts have the capacity to capture and direct the
user’s attention to the event triggering the alert. By utilizing a perceptual channel that is
largely untapped in ATC, these alerts are non-invasive and do not appear to increase
MWL or degrade performance. Therefore, we believe that this line of research should be
pursued further to better understand how to maximize the benefits of gradual vibrotactile
alerts.
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Abbreviations

The following abbreviations are used in this manuscript:

ATCO Air Traffic Controller

ATC Air Traffic Control

MWL Mental Workload

MSAW Minimum Safe Altitude Warning

CA Conflict Alert

STCA Short-Term Conflict Alert
ERM Eccentric Rotating Mass

ISA Instantaneous Self-Assessment
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