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ABSTRACT

Urban Air Mobility (UAM) is a transportation system that integrates vertical takeoff
and landing (VTOL) aircraft into the National Airspace System, with the goal of
transporting passengers and small goods within metropolitan areas. Although
the vehicles are capable of VTOL, a glideslope landing approach was studied
due to its advantage over VTOL in air traffic management coordination, energy
consumption and passenger comfort. This study evaluated whether vibrotactile
feedback improved manual glideslope landing performance when applied to the wrist
on the dominant versus non-dominant arm. Participants performed glide slope landing
using recommended flight parameters provided on a glideslope display to descend
and land at a vertiport. Using a CAVE virtual reality simulation, sixteen novice, non-
pilot participants completed 18 simulated landings at three different vertiports along
two arrival entry routes (clockwise and counterclockwise direction) under three tactile
feedback conditions: no feedback, feedback on dominant arm, and feedback on non-
dominant arm. Performance data and subjective ratings of workload, usability, and
situational awareness were collected. There was no significant effect of feedback
condition. However, participants found the wrist placement for the vibrotactile alerts
to be comfortable and suggested that dynamic vibration cues could further improve
guidance from the alerts. Additionally, participants made more forward speed errors
when landing at specific vertiports in the clockwise direction, which may have been
due to the route characteristics that increased the difficulty of maintaining a consistent
forward speed. These findings suggest that route design is a critical factor to consider
when planning the approach paths for UAM operations, and could inform future tactile
feedback design for enhancing pilot performance.
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INTRODUCTION

Urban Air Mobility (UAM) uses vertical take-off and landing (VTOL)
vehicles to provide fast, on-demand transport within metropolitan areas.
Integrating these aircraft into the National Airspace System poses new
challenges for air traffic management especially when landing at vertiports
positioned near existing airports. In addition, the use of a glideslope landing
approach is being studied due to its advantage in air traffic management
coordination, energy consumption and passenger comfort over VTOL
(Schmitz et al., 2025). However, manually controlling the glideslope descent
path and airspeed requires the operator to make continuous adjustments,
often leading to high workload. Thus, techniques that improve the precision
of glideslope landings are needed to reduce operator workload and increase
overall performance.

Vibrotactile alerts have been shown to enhance operator performance
and situational awareness in a variety of high-demand tasks such as fighter
pilots hovering over moving targets and maintaining precise navigational
orientation (Kelly et al., 2013). However, their effectiveness in supporting
manual glideslope landings remains largely unexplored. Research shows that
tactile sensitivity is heightened in the lower arm, especially in areas where skin
receptors are more concentrated (Pardo et al., 2022). Thus, vibrotactile cues
can be delivered more effectively through the wrists than other parts of the
body. Prior studies have explored complex spatial patterns, such as hexagonal
vibrotactile arrays on the back and legs, to provide directional information.
However, these approaches have resulted in increased cognitive workload
and decreased spatial localization accuracy, making them less suitable for
time-sensitive tasks like manual landing (Wenzel & Martine, 2021). Thus,
we explore the use of simple vibrotactile feedback to alert the operator when
the UAM vehicle is off the glide slope path.

In this study, we used a CAVE-based, virtual reality (VR) simulator to
compare the effects of three vibrotactile feedback conditions–no feedback,
vibration on the dominant arm, and vibration on the non-dominant arm
during simulated UAM glide slope approaches for landing. A glideslope
display was added to a virtual cockpit display to guide the pilot along
the desired landing trajectory. When vibrotactile feedback was provided, a
vibration was applied to the wrist of the participant’s dominant or non-
dominant arm when a deviation of ±2 degrees from the desired glideslope
trajectory occurred. It was hypothesized that tactile alert would allow the
UAM operators to make the appropriate adjustments to remain on the
recommended glideslope path, reducing the number of errors, the amount of
deviation, and the correction time.We also examined whether there would be
any difference in performance based on whether the tactile cue was presented
on the dominant versus non-dominant arm.

SYSTEM OVERVIEW

The VisCube CAVE VR system (VisBox, IL) consists of four panel displays
with real-time body tracking to provide participants with an immersive VR
experience. Our research group has developed a VR simulation of a VTOL
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aircraft operating in the San Francisco Bay Area (Marayong et al., 2020). The
operator controls the simulated aircraft through a flight control joystick. The
virtual cockpit includes various user interfaces showing vehicle status, route
status, a mini map, and a glideslope display (see Figure 1). Additionally,
a haptic-feedback unit was added to deliver vibrational cues to the user
when specific deviations occur. The following sections outlines the glideslope
display’s components and functions, and describes the haptic unit for emitting
vibrotactile alerts.

Figure 1: Cockpit interface display in the CAVE VR system showing the mini map and
the glideslope display in the middle. The speed and altitude tapes are on the left and
the right side, respectively.

Glideslope Display

The glideslope display consisted of a VSD (Vertical Situation Display) which
is a side view of the aircraft’s vertical path in space. The horizontal axis shows
the distance along the route in nautical miles, relative to an approaching
vertiport and waypoints along the route. The vertical axis shows the vehicle’s
current altitude in feet. A fixed white triangle marks the aircraft’s position.
The white line projects the aircraft’s predicted location 60 seconds ahead,
based on its current speed and climb/descent rate. A magenta glideslope line
provides visual guidance for the optimal descent path from the top of descent
location down to the vertiport landing. Intermediate waypoints along the
landing trajectory and the target vertiport are represented as vertical dotted
lines on the VSD with its associated names (e.g., PAO for Palo Alto).

The desired forward speed is shown below the current forward speed
in green text, and the desired rate of descent is shown below the current
climb/descent rate in green text. Both values are calculated based on how
far the pilot has progressed along the glideslope. As the aircraft descends,
the desired speed and descent rate gradually adjust to maintain the correct
descent angle and ensure a smooth approach. Overlapping of the white and
the magenta line indicates that the pilot is on the desired glideslope trajectory.
The mini map provides a bird’s eye view of the flight path, where the desired
route is shown with the orange line, vertiports are marked with a green V,
communication and navigational (e.g., a “T” for top of descent) markers are
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represented by grey circles, and a blue chevron represents the aircraft current
position. The VSD along with the mini map provided participants with a
complete picture of the route.

Haptic Feedback Unit

The haptic feedback unit used was a single C2 tactor (Engineering Acoustics,
Inc.) connected to a controller shown in Figure 2. Although the controller
supported up to eight tactors, only one was used for this study. The controller
allowed adjustments to vibration frequency, gain (intensity), and duration.
For maximum sensitivity, the tactor was directly placed along the ventral
side of the participants’ wrist, wrapped in place using a medical bandage.

Figure 2: (Left) experimental setup showing a participant performing a glideslope
landing (right) tactile feedback unit placement on the wrist and the controller unit.

USER STUDY

Three vibrotactile feedback conditions were tested: no feedback, feedback
on the dominant arm, and feedback on the non-dominant arm. Figure 2
shows the system set up of the user study. Sixteen novice participants were
asked to make glideslope landings at three different vertiports located in the
San Francisco metropolitan area, near Palo Alto Airport (PAO), San Jose
Mineta International Airport (SJC), and Hayward Executive Airport (HWD).
Participants approached these vertiports in a clockwise or counterclockwise
direction with respect to the vertiports as shown in Figure 3. This resulted in
18 counterbalanced conditions representing three tactile feedback conditions,
three vertiports, and two routes (i.e., a 3× 3 x 2 factorial design).

Prior to data collection, participants were given a 15-minute overview
presentation explaining the purpose of the study, the procedure, and what
to expect. They were also provided with a 15-minute practice session with
the system, which included landing on a vertiport that was not used in
the data analysis. During the experiment, participants wore noise-cancelling
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headphones to prevent any influence of the auditory noise produced by the
activated tactor. Each trial beganwith the participant positioned at a specified
distance from the top of descent location for the vertiport (see Figure 3).
Table 1 provides the characteristics of the route and the landing approach at
each vertiport. Participants were instructed to follow the desired glideslope
trajectory by adjusting flight parameters to match the recommended forward
speed and rate of descent, and to land precisely on the designated vertiport.
Tactile feedback was delivered as a non-directional vibration for one second
at a frequency of 250hz with a gain of 255dB on the wrist each time the
participant deviated from the desired glideslope angle by ±2 degrees.

Figure 3: CW and CCW routes to (Left) PAO, (middle) SJC, and (right) HWD vertiport.
The vertiport location and the current aircraft position are shown on the mini map as
a green V and a blue chevron, respectively. The T marker shows the top of descent
location.

Performance metrics included the number of deviations, mean correction
time, and mean speed error. A deviation was defined as any instance in which
the participant veered more than±2 degrees from the target glideslope angle.
Correction time measured how long the participant took to return to the
correct trajectory after each deviation. An occurrence of speed error was
marked when the forward speed exceeded ±5% of the recommended value.
The mean speed error was calculated by dividing the sum of the absolute
value of forward speed errors by the number of instances that errors occurred.

After each condition, participants completed the NASA Task Load Index
(NASA TLX), Situation Awareness Rating Technique (SART), and System
Usability Scale (SUS) to assess their subjective evaluation of workload,
situational awareness, usability, respectively. In addition, a post-experiment
questionnaire was administered to gauge participants’ perceptions of
comfort, usability, clarity, and the helpfulness of the vibrotactile feedback
using a 7-point Likert scale, along with open-ended questions for qualitative
feedback on potential tactor improvements.
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Table 1: Description of the route and landing approach characteristics of each vertiport.

Vertiport Route and Starting
Altitude

Approach
Description

Distance from Top of
Descent to First Turn
into Vertiport (nm)

PAO Clockwise (600 ft) Turned 90◦ right into
the vertiport

0.02

Counterclockwise
(800 ft)

Turned 90◦ left into
the vertiport

0.35

SJC Clockwise (600 ft) Turned 100◦ right
into the vertiport

0.75

Counterclockwise
(800 ft)

Turned slight right
into the vertiport

0.80

HWD Clockwise (600 ft) Turned 90◦ right into
the vertiport

0.21

Counterclockwise
(800 ft)

Turned 100◦ left into
the vertiport

0.14

Figure 4: Mean forward speed errors by vertiport for clockwise and counterclockwise
routes.

RESULTS

Three 3 (Feedback condition: no feedback, dominant arm, non-
dominant arm) x 3 (Vertiport: PAO, SJC, HWD) x 2 (Route: clockwise,
counterclockwise) within-subjects ANOVAs were conducted with the
dependent variables of number of deviations, correction time, and speed
error. Table 2 provides the mean number of deviations and correction times
for each of the three Feedback conditions. There were no significant main
effects or interactions for the number of deviations (Fs < 4.09, ps > .061)
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and correction time (Fs < 3.16, ps > .096). While not statistically significant,
vibrotactile feedback resulted in numerically shorter average correction times
compared to the no feedback condition, but participants made lower number
of deviations with the no feedback condition.

Speed error showed a significant two-way interaction of Vertiport and
Route, (F(2, 30) = 6.246, p = .005), as shown in Figure 4. Simple effects
analyses revealed that speed error differed significantly between clockwise
and counterclockwise routes at the PAO (t(15) = 2.482 p = .025) and
HWD (t(15) = 2.779, p = .014) vertiports but not SJC. Additionally,
for the clockwise route, it differed significantly across the vertiports (F(2,
30) = 7.943, p = .002). Pairwise comparisons showed significantly lower
speed error at SJC (M = 7.574, SE = .556) compared to PAO (M = 10.505,
SE = 1.150, p = .037) and HWD (M = 11.013, SE = 1.021, p = .010) in
the clockwise direction.

For the questionnaires, repeated measures ANOVAs with Feedback
condition (dominant arm, non-dominant arm, or no feedback) as a factor
were conducted on the NASA TLX, SUS, and SART scores, as illustrated in
Figure 5. There were no significant effects for workload (F(2, 30) = .616,
p = .547), usability, (F(2, 30) = 0.183, p = .834), or situational awareness
(F(2, 30) = 3.108, p = 0.059).

Table 2: Mean number of deviations and correction time of each feedback condition.

Feedback Condition Mean Number of Deviations Mean Correction Time (s)

Dominant 5.53 13.56
Non-dominant 5.31 13.99
No feedback 5.02 16.42

Figure 5: (Left) average NASA TLX scores, (middle) SUS scores, and (right) SART
scores across feedback conditions.

The post-experiment questionnaire data shown in Table 3, indicated that
a majority (≥75%) of participants believed the vibrotactile feedback to be
comfortable, positioned well on the wrist, and conveyed a clear meaning.
Participants had varied responses regarding the level of intensity of the



Evaluating Simple Vibrotactile Feedback for Manual Glideslope Landings 2041

vibration, helpfulness of the vibrotactile feedback for landing, and its
distraction during that phase of flight. Qualitative feedback also provided
suggestions to improve the frequency of the vibrations to indicate the
magnitude of deviation from the desired glideslope trajectory. For instance,
several participants shared a similar viewpoint in which vibrotactile alerts
could be enhanced through using different characteristics of the tactile cue,
such as intensity or duration, or different vibrating patterns to indicate what
adjustments to make and the magnitude of those adjustments.

DISCUSSION

Contrary to our hypotheses, vibrotactile feedback did not impact
performance measures such as the correction time and number of deviations.
Though not statistically significant, lower number of deviations and longer
correction time observed in the no feedback condition as compared to the
two tactile feedback conditions illustrate a speed-accuracy trade-off. A speed-
accuracy trade-off describes the relationship between response speed and
accuracy in which faster responses are at the expense of increased errors
(Pew, 1969). Upon receiving the vibrational alert, participants may have
hastily moved the joystick, leading to overadjustments beyond the 2-degree
threshold from the desired glideslope angle. In doing so, precision was
sacrificed for speed.

Table 3: Percentage of participant ratings on vibrotactile feedback conditions (N =16).

Questionnaire
Items

Rating Scale Rated 1-3 Rated 4 Rated 5-7

Comfort of
Vibration
Feedback

(1 = Low,
7 = High)

6.25% 12.50% 81.25%

Goodness of
Tactile Unit
Placement

(1 = Low,
7 = High)

6.25% 18.75% 75%

Vibration
Intensity Level

(1 = Low,
7 = High)

37.50% 31.25% 31.25%

Meaning of
Vibration

(1 = Did not
understand,
7 = Understood
well)

12.50% 12.50% 75%

Helpfulness of
Vibration

(1 = Not
Helpful,
7 = Helpful)

37.50% 18.75% 43.75%

Distraction of
Vibration

(1 = Distracting,
7 = Not
distracting)

50% 6.25% 43.75%

The significant difference in speed error across Vertiports and Route
may be attributed to the varying levels of difficulty when approaching the
vertiports from clockwise versus counterclockwise directions. Higher error
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observed in the approaches to PAO and HWD vertiports may have been
due to the need to make a sharp right turn after the top of descent. This
required more attention to the parameters of direction, speed, and rate of
descent to follow the glideslope for landing at those vertiports. For SJC,
the turns were wider and occurred at some distance from the top of descent
making the approach easier to maneuver, explaining the lower speed error.
The combination sharp turns and shorter distance between the top of descent
and the first turn into the PAO and HWD vertiports along the clockwise
directional route may have increased the difficulty of maintaining a consistent
forward speed relative to the glideslope display. These findings suggest that
route design is a critical factor to consider when deciding on the vertiport
location and the approach paths taken to land at the vertiport.

Perceived workload, usability, and situational awareness did not differ
significantly across the three feedback conditions. For the NASA TLX,
the scores were within the 25–50% range of the cumulative frequency
distribution for NASA TLX total workload scores across other pilot aircraft
tasks (Grier, 2015). This may suggest that workload in the present simulation
was neither excessively low nor high, but within a common and manageable
range for aircraft operations.

Post-experiment responses showed that the majority of participants had
a clear understanding of the vibrotactile feedback. In contrast to the no
feedback condition, the alert served as a source of navigational information
to signal deviations from the glideslope trajectory. Participants also indicated
that altering the intensity, frequency, or pattern of vibration based on
the magnitude of deviation may enhance correction accuracy and overall
performance. The nonsignificant effect of the feedback location (dominant
vs. non-dominant arm) may support placement of a tactile alert on the
non-dominant side to avoid interference with other tasks performed by the
dominant hand in an actual application. These factors could be examined in
future studies to investigate the appropriate design of informational cues for
UAM operations.

CONCLUSION

The study aimed to evaluate the use of a simple tactile alert during a
glideslope landing approach for UAM. Vibrotactile feedback was provided
to help the operator maintain the desired trajectory during a glideslope
landing approach. The results showed that simple vibrotactile cues may
not be sufficient; however, participants found vibrotactile feedback to be
comfortable and easy to understand. Future studies should explore whether
other characteristics of vibrotactile cues such as intensity, frequency, or
vibration pattern are more effective in enhancing operators’ performance and
situation awareness for UAM operations.
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