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Fig. 1. Moving-Press enables pressure movement feedback in VR. In the VR handshake scenarios, interaction accompanied
the pressure movement on the user’s hand. To do so, we varied the indentation depth of two actuators to change the perceived
location of pressure feedback. We used a rack-and-pinion mechanism to render pressure feedback.

We propose a haptic interface, Moving-Press, enabling a pressure-based moving phantom sensation on the user’s hand. The
moving phantom sensation refers to an illusory perception of a continuous tactile stimulus traversing between two discrete
stimulation points. While this phenomenon has been studied in the context of vibrotactile feedback, it remains underexplored
in the domain of pressure feedback. As integrating phantom sensation offers a promising approach to simplifying typically
bulky pressure devices, employing this phenomenon enables more compact pressure rendering systems. Therefore, we
investigated whether pressure movement could be induced using two fixed-positioned actuators by leveraging pressure-based
phantom sensation. Our initial perception study validated the occurrence of pressure-based phantom sensations on the hand.
Then, we examined how varying the indentation depth of each actuator influences the perceived location, and how the
phantom sensation intensity differs from a single pressure stimulus. Finally, we proposed a rack-and-pinion-driven wearable
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haptic device and conducted a user study to identify an appropriate haptic rendering profile for producing natural pressure
movement. The results demonstrated that temporal modulation of indentation depth using the proposed device successfully
evokes pressure-based moving phantom sensation.

CCS Concepts: • Human-centered computing→ Haptic devices; Human computer interaction (HCI); User studies;
Virtual reality.
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1 INTRODUCTION
In virtual reality (VR), users frequently encounter touch when interacting with external environments. Touch
plays a crucial role in conveying information about virtual objects and enables emotional interactions with
others [3, 18]. Touch allows users to perceive the shape of virtual objects, manipulate them, or even foster social
or emotional connections, such as stroking another user’s arm or shaking hands with the other person’s avatar.
For an immersive experience in these scenarios, users anticipate a smooth movement of pressure on their hands.
Thus, implementing realistic pressure movement enriches embodied interactions in virtual reality.

However, delivering realistic pressure feedback through haptic devices typically leads to a bulky and heavy
form factor [6, 22, 33]. The addition of mechanical structures requires users to wear a device of substantial
size and weight, which increases user fatigue. To achieve a more compact actuator structure, researchers have
designed the pin array devices, which reduced the actuators’ size while increasing their number to provide
realistic feedback [4, 69]. Nevertheless, these remain bulky and unsuitable for wearable applications since each
actuator only provides sensation at a fixed point.
To address this, a haptic device should evoke sensation in regions without actuators, thereby reducing the

number of actuators while expanding the haptic rendering area. This study leverages a tactile illusion, specifically
phantom sensation, to enable the pressure feedback in locations without actuators. Phantom sensation refers to
an illusory tactile sensation perceived midway between two actuators [42]. Previous studies have employed this
illusion to achieve realistic feedback with fewer actuators, particularly in vibrotactile rendering [42, 70]. In this
study, we extend this approach to pressure feedback, enabling pressure sensations at unactuated regions.

Phantom sensation covers a large rendering area with only a few actuators, yet the research remains heavily
weighted toward vibration rather than pressure [28–30, 50]. Indeed, vibrotactile phantom sensation has advanced
toward moving phantom sensation [8, 70] and a rendering formula [19, 42, 56] for realistic sensation. However,
given that human mechanoreceptors for vibration and pressure differ [23, 46], prior knowledge from vibrotactile
feedback cannot be directly applied to pressure feedback. Therefore, research on pressure-based phantom
sensation should be explored.
There are only a few studies that apply tactile illusion on pressure feedback [11, 17, 66]. A recent study

demonstrated the pressure movement using pneumatic actuators [17]. Still, they did not investigate a moving
phantom sensation or explore their application on the hand, where most interactions occur. Here, we aim to
validate the feasibility of pressure-based moving phantom sensation on the hand, specifically the ulnar-sided
hand. To address this, we defined two research questions.
RQ1: Can we induce pressure-based phantom sensation on the hand?
RQ2: Can we induce pressure-based moving phantom sensation on the hand?
Given the limited studies applying pressure-based phantom sensation to the hand, we defined the research question
for a systematic investigation of this phenomenon. Since distinct receptors underlie pressure and vibration,
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Table 1. Comparison of existing pressure devices. Our device renders localized pressure and pressure movement on the
ulnar-sided hand while allowing free hand movement with a lightweight design.

Device Contact Location Pressure Type Pressure Movement Free Hand Weight (g) Normal Force (N)

Tasbi [45] Wrist Distributed ✗ - 200 12
Aggravi et al. [1] Forearm Distributed ✗ - 220 10
Henell et al. [17] Forearm Distributed ✓ - 68 4.0
Deltatouch [60] Hand (Palm) Localized ✓ ✗ 30 4.2
HapticSpider [33] Hand (Palm) Localized ✓ ✗ 450 6.0

Our Hand (Ulnar-Sided) Localized ✓ ✓ 50 6.0

we used a phased methodology rather than directly applying vibrotactile methods. To answer the RQ1, we
investigated the occurrence of phantom sensation (Perception Study 1), location of phantom sensation (Perception
Study 2), and intensity of phantom sensation (Perception Study 3). After verifying RQ1, we proceeded to examine
our primary research goal (RQ2). We developed a rack-and-pinion-driven wearable haptic device and validated
the rendering method for a more natural pressure movement experience (User Study).

Our work not only examines the perceptual traits of pressure-based phantom sensation but also incorporates
the findings into our newly designed haptic device. The main contributions of the paper are as follows:

• We identified the key perceptual features of pressure-based phantom sensation on the hand, including
occurrence distance, perceived location, and perceived intensity.

• We proposed a novel rack-and-pinion-driven wearable haptic device that renders pressure movement.
• We implemented a pressure-based moving phantom sensation and validated the appropriate rendering
method through a user study.

2 RELATED WORK

2.1 Pressure-based Haptic Feedback
To replicate the realistic sense of touch in VR, researchers have developed numerous pressure feedback devices,
including motor-based systems [45, 68], pneumatic devices [12, 16, 71], and soft materials [54, 55]. To provide
precise pressure feedback in a wearable form factor, researchers should design a device that is compact and
capable of precise force control. Motor-based actuators usually ensure non-backdrivability, allowing precise
device control without deformation under substantial forces. However, they typically suffer from bulky form
factors [32]. Pneumatic and soft materials suggest compact form factors, but their deformability under minimal
force prevents precise control [37, 55]. Additionally, these mechanical and pneumatic devices typically provide
stimulation only at fixed locations with a single actuator. Thus, the only solution for increasing the rendering
area is to increase the number of actuators.

Moreover, previous pressure-based haptic devices typically applied pressure around the entire circumference of
the arm [1, 45, 68]. Whereas devices targeting the hand [13, 32, 33, 60] often restrict finger mobility. Furthermore,
previous devices moved the actuator to render pressure movement, which caused mechanical instability due
to undesired vibrations. In contrast, our device is mounted on the ulnar-sided hand to maintain natural finger
mobility. By leveraging phantom sensation to simulate pressure movement, the actuators remain stationary,
resulting in improved stability and a more secure fit (Table 1).
In this work, we drew inspiration from conventional pin-array devices [4, 20, 69] to formulate a mechanism

capable of delivering localized pressure feedback. We designed the device using a rack-and-pinion structure that
transmits vertical indentation towards the skin. Rather than applying pressure around the circumference of the
arm [45], our system applies pressure to a localized region, providing a more realistic sensation in such scenarios.
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2.2 Tactile Illusion for Movement Sensation
Tactile feedback enriches the information transfer [14, 42]. However, designing the haptic device that faithfully
reproduces the sensation of real-object touch remains technically challenging. To address this, researchers have
explored the tactile illusions as a means to render feedback with fewer actuators. These tactile illusions also evoke
the tactile movement through temporal modulation of actuator outputs. Moving phantom sensation refers to the
user’s perception of two distinct stimuli as a single moving stimulus at a midway point of multiple actuators [8, 70].
Apparent tactile motion simulates the movement of a stimulus by overlapping actuation times and varying the
amplitude continuously [7, 52]. Among the various tactile illusion methods, we especially focus on the moving
phantom sensation, as amplitude-modulated phantom sensation yields more salient tactile perception [2].
Previously, researchers have predominantly studied the moving phantom sensations for the vibrotactile

feedback [19, 29, 48, 70], not for the pressure feedback. Because pressure feedback devices require more complex
structures than vibrotactile ones, tactile illusion techniques can be more effectively applied. However, we cannot
directly apply the rendering method identified in vibrotactile studies, as the receptors for pressure and vibration
are distinct [17, 23, 46].

A few studies demonstrated the pressure movement using apparent motion with pneumatic actuators [17, 66].
However, they didn’t employ the amplitude variation approach, and they conducted the experiments on the
forearm rather than on the hand, where the most interactions occur. Here, we investigated that varying the
indentation depths of two actuators can evoke the pressure-based phantom sensation on the user’s hand.

3 DESIGN RATIONALE FOR PRESSURE-BASED MOVING PHANTOM SENSATION
Realistic pressure movement sensation during touch interaction improves the immersiveness in VR experiences.
Instead of relying only on bulky, multi-actuator systems, we leverage the phantom sensation to simulate pressure
movement with a simplified device design. To this end, we investigate the perceptual characteristics of pressure-
based moving phantom sensation and present a wearable device that provides pressure feedback. By combining
these elements, we introduce Moving-Press, a novel haptic interface. In this session, we present the rationale
behind key design parameters necessary for rendering pressure feedback.

3.1 Choosing Hand Region for Pressure Feedback
In this paper, we chose the hypothenar region of the palm for delivering pressure feedback. Specifically, we applied
pressure feedback along the ulnar border of the hand [25], which we refer to as the ulnar-sided hand (USH).
We first aimed to render pressure movement on the hand surface. Prior research [63] has demonstrated that

two discrete pressure stimuli are merged in the metacarpophalangeal (MCP) joint region of the palm, forming a
single perceived sensation. Therefore, we chose the palm as a good candidate to apply pressure-based phantom
sensation. Within the palm, we specifically chose the hypothenar region because its broad and thick surface
provides a stable base for attaching the device. A commercial device [49] also stimulates the hypothenar region
as part of delivering pressure feedback to the entire palm.
Another reason that we chose the hand as a target region is that the hand plays a central role in social

interactions, particularly in virtual meeting scenarios. One of the most representative gestures is the handshake,
which serves as a medium for first impressions [9] and a foundation for further interaction. The USH is the primary
area of firm contact during a handshake [59]. Because USH receives direct contact from the opponent’s actively
moving fingers, this area experiences a high degree of contact variability. Previous haptic devices [59, 64, 67]
for handshake have yet to achieve dynamic movement of pressure. Our device applies pressure to the target
area using a rack-and-pinion mechanism and integrates phantom sensation to render the perception of pressure
movement. Placing the device on the USH allows the fingers to move freely, which enhances usability and enables
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Fig. 2. Perception study setup. (a) Study environment with a response GUI. (b) We define the knuckle line as the origin for
initial positioning. The actuator operates within a 2 ∼ 6 𝑐𝑚 range to avoid the MCP joint (c). Distal and proximal actuators
for pressure feedback. Users place their hands on the hand support, and we employ a capacitive sensor to calibrate the initial
contact point between the actuator and the skin.

easy integration with other hand-mounted devices. This configuration enhances the immersiveness of hand-based
haptic interaction.

3.2 Contact Area Size of Pressure Feedback
Previous work showed that tactile stimuli with a diameter of 1 𝑚𝑚 or greater can be perceived as a single
stimulus [61], and another study employed a 15𝑚𝑚 actuator diameter on the forearm [31]. Given that tactile
acuity on the palm is higher than on the forearm [24, 62], we applied the actuator diameter to 10𝑚𝑚 (Figure 2c).
In this study, we used a 10𝑚𝑚 diameter actuator to deliver pressure feedback, defining that indentation depth
is the displacement of the actuator after making contact with the skin. To do so, we performed a calibration
procedure using capacitive sensors to measure the contact point whenever the user’s hand position changed
during the perception study (Figure 2c).

4 PERCEPTION STUDY
We conducted three perception studies to validate our research question. The experimental setup and detailed
procedures are presented below. Participants were paid $10 following an IRB-approved study.

4.1 Study Setup
We designed a grounded experimental device (Figure 2c) for use in the three perception studies. The device
delivers pressure feedback by rendering a target indentation depth at a specified location on the USH. The device
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applies pressure using a linear actuator (Actuonix PQ12-P) with 10𝑚𝑚 diameter. We installed two linear actuators,
one positioned proximally and the other distally along the USH. For two-point stimuli, both actuators were
activated simultaneously. For a one-point stimulus, only the actuator closest to the target location was activated.
The sliding structure allowed each actuator to be positioned precisely along the USH. The hand support and
sliding structure were fabricated using a 3D printer (PLA material), and a velcro strap was used to secure the
user’s hand during the experiment.
Once participants placed their right hand on the support and fastened the velcro strap, the actuators were

positioned using the sliding mechanism and operated through linear actuator controllers to deliver the pressure
feedback. The system was controlled via an Arduino Mega (ATmega2560) microcontroller connected to a PC
through serial communication. The linear actuator provided a maximum stroke of 20𝑚𝑚 from its origin.

To ensure accurate detection of the initial skin contact point, we performed a calibration procedure. A capacitive
sensor (MPR121) was attached to the tip of the linear actuator to detect the moment of contact. We first measured
the distance from the actuator’s origin to the contact point on the skin. The final activation height of the actuator
was then determined by adding the target indentation depth to the calibrated contact point, allowing precise
delivery of the intended pressure feedback.

4.2 Perception Study 1: Actuators Spacing Threshold on the Hand
4.2.1 Methods. To investigate RQ1, it is essential to determine the maximum distance between actuators that
can reliably induce pressure-based phantom sensation. When two actuators are placed too closely, users may
perceive a single unified sensation, but this reduces the pressure rendering range. Conversely, if two actuators
are too far apart, users are likely to perceive two distinct stimuli rather than evoking a phantom sensation.
Therefore, we examine the maximum actuator spacing required to induce pressure-based phantom sensation
on USH. Given the limited prior research on pressure-based phantom sensation on the hand, our goal was to
establish its quantitative characteristics. We used the grounded experimental device for this study (Figure 2c).
Study Setup We recruited 18 participants (7 female, 25 ± 3.45 years old) for the experiment. All participants

provided written informed consent before the experiment. In this study, participants received pressure feedback
on either a one-point stimulus with a single linear actuator or two-point stimuli with two linear actuators.
To determine the pressure rendering area along the USH, we defined the knuckle line near the pinky MCP
joint as the origin (0 𝑐𝑚) point (Figure 2b). We established a consistent origin as a pinky knuckle line across
all participants. The actuator’s movement range is 2 ∼ 6 𝑐𝑚, with a total of 4 𝑐𝑚 movement range. We ap-
plied a 2 𝑐𝑚 offset to avoid direct pressure on the MCP joint because of its hardness. Additionally, we set the
maximum range to 6 𝑐𝑚 to accommodate across various users [21]. We positioned each actuator at 9 different
location (2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, and 6 𝑐𝑚). We divided the 4 𝑐𝑚 pressure rendering range into 0.5 𝑐𝑚 resolu-
tion intervals. For two-point stimuli conditions, the minimum distance between two actuators is set to 1.5 𝑐𝑚,
considering previous findings that summation of pressure feedback by small tips on the palm occurs around
2.5 𝑐𝑚 [63].

To determine how users’ perception varies for different indentation depths, we conducted the study under two
different amounts of indentation depth, 4𝑚𝑚 and 8𝑚𝑚, respectively. Given users’ pressure sensitivity [47] and
the 12𝑚𝑚 indentation depth range availability [44], we evenly divided this range to define the experimental
variables. In the 8𝑚𝑚 condition, we raised a single actuator by 8𝑚𝑚 for a one-point stimulus, whereas for two-
point stimuli, both actuators were raised by 4𝑚𝑚 each. We completely randomized the experimental conditions.
We carried out a total of 78 trials (2 indentation depths × (9 one-point stimulus × 2 repetitions + 21 two-point
stimuli)) per participant.
Procedure After a short briefing about the study and calibration session, participants carried out the main

session, which was conducted within an hour. During the calibration session, we recorded the height required to
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Fig. 3. Results of Perception Study 1. (a) The phantom sensation occurrence rate by the distance between two actuators for
the two-point stimuli condition. (b) The localization error of a one-point stimulus. Error bars indicate standard error.

reach the USH at each location. If the calibration height was 4𝑚𝑚 and the desired actuation depths were 4𝑚𝑚,
the actuator moved a total of 8𝑚𝑚

In this study, we randomly stimulated participants with one-point or two-point stimuli along the USH while
users didn’t know the stimulus type. After each trial, we asked participants to report the number of perceived
stimuli and their perceived locations. After each trial, participants reported the number of perceived stimuli and
their locations by entering them using a keyboard. To indicate the location, they used a positioning scale (Figure 2c)
with 0.1 𝑐𝑚 resolution attached to the ground device. Here, if users perceived two-point stimuli as a single
sensation, it means that pressure-based phantom sensation occurred on the USH.

4.2.2 Results. Figure 3a illustrates the occurrence of pressure-based phantom sensation by a distance of two
actuators for the two-point stimuli condition. If participants perceived the two-point stimuli as a single sensation,
it indicated that phantom sensations occurred (navy bar in Figure 3a). Conversely, if they distinguished them
as two distinct points, the phantom sensation did not occur (pink bar in Figure 3a). At both 4𝑚𝑚 and 8𝑚𝑚

indentation depth, the threshold at which more than 50 % of users feel the phantom sensation is 2.5 𝑐𝑚, and more
than 80% did so when the distance was within 2 𝑐𝑚.
Figure 3b shows the localization error between the actual location of the actuator and the perceived location

for the one-point stimulus. Overall, the perceived location was biased in the positive direction relative to the
actual location, indicating that users tended to perceive the stimulus proximally. Across all the trials, the mean of
localization error was approximately 0.76 𝑐𝑚. We conducted a statistical analysis to investigate the difference
in localization error between 4𝑚𝑚 and 8𝑚𝑚 conditions. Since the Shapiro-Wilk test indicated a normality for
the given data (p=0.086), we proceeded with a paired t-test and found no significant difference between the
groups (t=1.53, p=0.15).
Table 2 summarizes the perceived location when phantom sensation occurred. We excluded the groups with

fewer than 10 data points. It was observed that the user’s perceived location was slightly biased in the positive
direction (proximal) compared to the midpoint between the two actuators, similar to the one-point stimulus.
Likewise, we conducted a statistical analysis to investigate the difference between 4𝑚𝑚 and 8𝑚𝑚 conditions.
Since the Shapiro-Wilk test indicated a normality for the given data (p=.46), we conducted a paired t-test and
found that there is no significant difference between both 4𝑚𝑚 and 8𝑚𝑚 groups (t=1.43, p=0.17). In this phantom
sensation condition, the target location was defined as the middle of the two stimulated actuator positions. We
found the perceived location of two-point stimuli is biased 0.59 𝑐𝑚 toward the proximal direction.

4.2.3 Discussion. The study results confirm that pressure-based phantom sensation is induced on the USH. We
employed a two-actuator spacing of 2 𝑐𝑚 in the subsequent development of our wearable haptic device. We set

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 9, No. 4, Article 185. Publication date: December 2025.



185:8 • Kwak et al.

Table 2. Perceived location (mean value w/SD) by actuator locations and different indentation depth levels. PS (%) indicates
the proportion of participants reporting phantom sensations. Perceived locations are proximally biased compared to the
midpoint of two actuators (*). Rows with fewer than 10 data points were removed.

Two Actuator
Locations
(cm, cm)

Indentation Depth
4 mm 8 mm

PS (%) Perceived
location (cm) PS (%) Perceived

location (cm)
(2.0, 3.5) 88.9 3.8(1.3)* 88.9 3.6(1.0)
(2.0, 4.0) 94.4 4.2(1.1) 72.2 3.8(1.2)
(2.0, 4.5) 77.8 4.1(1.1) 61.1 4.1(1.3)
(2.5, 4.0) 100.0 4.3(1.1) 83.3 4.0(1.3)
(2.5, 4.5) 88.9 4.2(1.1) 77.8 4.4(1.2)
(2.5, 5.0) – – 66.7 4.5(0.9)
(3.0, 4.5) 94.4 4.3(1.2) 94.4 4.3(1.3)
(3.0, 5.0) 88.9 4.3(0.9) 94.4 4.9(1.4)
(3.0, 5.5) 61.1 4.9(0.9) 55.6 4.4(0.6)
(3.5, 5.0) 100.0 4.7(1.0) 100.0 4.9(0.9)
(3.5, 5.5) 88.9 5.1(0.9) 88.9 5.1(1.2)
(4.0, 5.5) 88.9 4.9(1.0) 88.9 5.1(1.0)
(4.0, 6.0) 77.8 5.3(1.0) 72.2 5.3(1.0)
(4.5, 6.0) 88.9 5.8(1.0) 94.4 5.5(1.0)

the 80 % threshold for robustly evoking the phantom sensation, considering the higher sensitivity of the hand
compared to other body regions [58].

An interesting finding is that the perceived location of pressure feedback reported by users exhibited a proximal
bias both for the one-point and the two-point stimuli. While it was intuitively expected that users would perceive
the location at the midpoint between two actuators when we drive two actuators at equal indentation depth, the
results revealed a bias in perceived location. An average proximal bias is 0.76 𝑐𝑚 for the one-point stimulus and
0.59 𝑐𝑚 for the two-point stimuli. This bias is also reported in other body parts [17, 27], and an explanation for
this phenomenon is by an anchor point effect [65], whereby the user’s perception is affected by an anatomical
reference point. In our experiments, the wrist appears to serve this role, which is reported in earlier research [10].
As a result, users perceived the stimulus as biased toward the wrist.

Additionally, we investigated how perceptual characteristics change with different indentation depths. Because
the actuator maximum distance for phantom sensation and the perceived location for one-point and two-point
stimuli are the same in both the 4𝑚𝑚 and 8𝑚𝑚 conditions, we conclude that the user’s perceptual traits do not
depend on the amount of indentation depth for 4𝑚𝑚 and 8𝑚𝑚 cases.

4.3 Perception Study 2: Effect of Varying Indentation Depths on Perceived Location
4.3.1 Methods. Perception Study 1 demonstrated that pressure-based phantom sensation can be successfully
induced on the USH. Building on this result, we designed a follow-up experiment to investigate whether the
perceived location of the stimulus shifts by varying the indentation depth of the two actuators. In contrast to the
previous study, where both actuators were driven at the same indentation depth, the current study varied their
depths to investigate how this manipulation influences the perceived location. We used the same device as in
Perception Study 1.
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Study Setup We recruited 18 participants (7 female, 25.8 ± 4.3 years old) for the experiment. All participants
were provided written informed consent before the experiment. For the experimental setup, we defined the
indentation ratio, which represents the indentation depth by proximal actuator (Figure 2c) divided by the total
indentation depth of two actuators. The ratio can vary between 0 and 1. A value of 0 indicates that the total
amount of indentation depth is entirely allocated toward the distal actuator, whereas a value of 1 is allocated
toward the proximal actuator. We investigate whether different ratios could induce a shift in the perceived
location. Based on a pilot study that revealed a sigmoid-like relationship between indentation ratio and perceived
location, we selected seven indentation ratios (0, 0.3, 0.4, 0.5, 0.6, 0.7, and 1) to densely sample the middle range
to capture this sigmoid perceptual trend.

Since we validated that pressure-based phantom sensation occurs within the 2 𝑐𝑚 spacing of two actuators, the
distance between the two actuators was fixed as 2 𝑐𝑚. The distal actuator was placed at three different positions,
2 𝑐𝑚, 3 𝑐𝑚, and 4 𝑐𝑚 in figure 2b. Accordingly, the proximal actuator was positioned at 4 𝑐𝑚, 5 𝑐𝑚, and 6 𝑐𝑚.

To investigate the perceptual effect from different indentation depths, we set the total amount of indentation
depth into 7 different conditions (4, 5, 6, 7, 8, 9, 10𝑚𝑚). This design allowed us to investigate how the perceived
location varies with the size of the indentation depth. Each distal actuator location was treated as an experimental
block where both the indentation ratio and indentation depth were fully randomized, and the sequence of blocks
was counterbalanced using a Latin square design. Considering the 3 distal actuators’ locations and two repetitions,
each participant completed a total of six blocks. The overall number of trials was 294 trials (7 indentation ratios × 3
different actuator positions × 7 different indentation depths × 2 repetitions). After each trial, participants reported
the perceived location, and if the sensation was felt as a spatially extended range, they indicated both the start and
end points of the interval. Even when the stimulus was perceived as an interval, we collected a single perceived
location, as users are capable of identifying a local maximum even when the stimulus spread laterally [61] This
approach enabled us to estimate the most prominent point of perception under realistic conditions where the
wearable device is implemented with a 2 𝑐𝑚 actuator spacing.

Procedure Participants received a brief explanation of the study and completed a calibration step identical to
that in Perception Study 1. After a minute of practice sessions involving example stimuli, participants proceeded
to the main experiment. We offered a 1-minute break whenever the distal actuator location changed, where the
calibration step was repeated. During each trial, participants reported the perceived location of the pressure
feedback using a keyboard and a positioning scale (Figure 2c) and proceeded to the next trial by pressing the
spacebar. The entire experiment lasted about an hour.

4.3.2 Results. Figure 4 shows the perceived location across seven indentation ratios and seven different in-
dentation depths. As the ratio increased from 0 to 1, the perceived location shifted proximally as we expected.
Additionally, we observed a tendency for greater indentation depth to result in a more distal perceived location.
When the distal actuator is located at 2 𝑐𝑚, users’ average range of perceived location was 2.9 𝑐𝑚 to 4.0 𝑐𝑚. When
it is located at 3 𝑐𝑚, users’ average response range is 3.7 𝑐𝑚 to 5.2 𝑐𝑚. When it is located at 4 𝑐𝑚, users’ average
response range is 4.6 𝑐𝑚 to 6.0 𝑐𝑚 (Table 3). For the statistical analysis, we applied ART ANOVA to assess the
effects of indentation depth and indentation ratio at each actuator position since the data show non-normality
with the Shapiro-Wilk test. Subsequently, Wilcoxon signed-rank tests with Bonferroni correction were conducted
as post-hoc analyses.

At the distal actuator position located at 2 𝑐𝑚, a significant main effect was found for both indentation depth
and indentation ratio (𝐹 (6, 102) = 4.0, 𝑝 < .001 and 𝐹 (6, 102) = 87.9, 𝑝 < .001). No significant interaction
effect was observed. Post-hoc analyses revealed that the 4 𝑚𝑚 indentation depth differed significantly from
all other depths except 5 𝑚𝑚, and that 5 𝑚𝑚 shows a significantly different with 9 𝑚𝑚. This indicates that
indentation depths of 4 and 5𝑚𝑚 exhibit distinct perceptual characteristics compared to greater indentation
depths (6 ∼ 10𝑚𝑚). For the indentation ratio, all levels showed significant differences except between 0.7 and 1.0.
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Fig. 4. Results of Perception Study 2. Users’ perceived location by indentation ratio for different indentation depth levels and
distal actuator location at (a) 2 𝑐𝑚, (b) 3 𝑐𝑚, and (c) 4 𝑐𝑚.

Fig. 5. Perception study 2 results. (a) Average length of the interval when users responded with an interval, (b) Response rate
indicating how often users reported perceiving an interval, (c) Relative perceived location within the reported interval.

At the distal actuator position at 3 𝑐𝑚, a significant main effect was found for indentation depth (𝐹 (6, 102) = 2.4,
𝑝 < .024) and indentation ratio (𝐹 (6, 102) = 102.7, 𝑝 < .001). Post-hoc analyses revealed that the 4𝑚𝑚 and 10𝑚𝑚

indentation depths differed significantly. For the indentation ratio, all levels showed significant differences except
between 0.3 and 0.4 and between 0.7 and 1.0. At the distal actuator position at 4 𝑐𝑚, a significant main effect
was found for indentation ratio (𝐹 (6, 102) = 96.3.7, 𝑝 < .001) but not for indentation depth (𝐹 (6, 102) = 1.75,
𝑝 = .107). Post-hoc analyses for the indentation ratio showed significant differences except between 0.6 and 0.7
and between 0.7 and 1.0.
When participants responded the perceived location as intervals, the average length of the interval across

all trials was 1.46 𝑐𝑚, whereas the actual physical distance between the two actuators was 3 𝑐𝑚 (2 𝑐𝑚 actuator
spacing and 1 𝑐𝑚 actuator diameter). For the distal actuator at 2 𝑐𝑚, the average length of the interval was 1.51 𝑐𝑚
and 1.48 𝑐𝑚 at 3 𝑐𝑚 and 1.40 𝑐𝑚 at 4 𝑐𝑚. Interval length did not differ significantly across conditions.
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Table 3. Perceived location, interval start/end, and interval rates (mean value w/SD across indentation ratios and distal
actuator positions of Perception Study 2. Perceived locations are shown in bold to highlight their modulation by the
indentation ratio. Interval rate indicates the proportion of trials in which participants responded with an interval.

Indentation
Ratio

Distal actuator at 2cm Distal actuator at 3cm Distal actuator at 4cm
Perceived

Location (cm)
Interval
Start (cm)

Interval
End (cm)

Interval
Rate (%)

Perceived
Location (cm)

Interval
Start (cm)

Interval
End (cm)

Interval
Rate (%)

Perceived
Location (cm)

Interval
Start (cm)

Interval
End (cm)

Interval
Rate (%)

0.0 2.9 (0.9) 2.4 (0.8) 3.9 (1.0) 28.0 3.7 (0.7) 3.3 (0.7) 4.6 (0.8) 35.0 4.6 (0.9) 4.1 (0.8) 5.5 (0.9) 34.0

0.3 3.2 (0.9) 2.7 (0.8) 4.2 (0.9) 57.0 4.0 (1.0) 3.6 (0.9) 5.0 (0.9) 70.0 4.7 (1.2) 4.4 (1.0) 5.7 (1.1) 81.0

0.4 3.2 (1.1) 2.7 (0.8) 4.3 (1.0) 73.0 4.1 (0.9) 3.7 (0.9) 5.2 (0.9) 86.0 5.1 (1.1) 4.5 (1.0) 6.0 (1.1) 88.0

0.5 3.5 (1.1) 2.9 (0.9) 4.5 (1.0) 83.0 4.4 (1.1) 3.8 (0.9) 5.3 (1.0) 86.0 5.4 (1.2) 4.7 (1.1) 6.1 (1.1) 88.0

0.6 3.8 (1.1) 3.1 (0.9) 4.6 (0.9) 78.0 4.7 (1.1) 3.9 (0.9) 5.4 (1.0) 79.0 5.7 (1.1) 4.8 (1.2) 6.3 (1.1) 76.0

0.7 4.0 (1.1) 3.2 (1.0) 4.6 (1.0) 67.0 5.0 (1.0) 4.1 (1.0) 5.6 (1.1) 59.0 5.8 (1.0) 4.8 (1.1) 6.2 (1.0) 62.0

1.0 4.0 (0.9) 3.2 (0.9) 4.5 (0.8) 31.0 5.2 (0.9) 4.3 (1.0) 5.7 (1.0) 34.0 6.0 (0.7) 5.2 (1.0) 6.3 (0.8) 28.0

The proportion of trials in which participants responded with an interval was highest when the indentation
ratio was 0.5, and lowest at 0 and 1 in Figure 5b. For the distal actuator at 2 𝑐𝑚, the proportion of responses across
the seven indentation ratios (0 to 1.0) was 28.1%, 57.0%, 72.6%, 83.2%, 77.7%, 67.3%, 30.7% showing a rise and fall
pattern peaking at a 0.5 ratio. For the distal actuator at 3 𝑐𝑚 the proportion was 35.3%, 69.7%, 85.5%, 85.9%, 79.1%,
59.0%, 34.1%. For the distal actuator at 4 𝑐𝑚 the proportion was 34.4%, 81.1%, 87.6%, 87.6%, 76.0%, 62.0%, 28.3%.
In addition, when participants responded with an interval, the location of the maximum perceived point is

shown in Figure 5c. As the indentation ratio increased, the relative perceived location also shifted toward the
proximal side. This trend is reasonable because a higher perceived location indicates stronger stimulation near the
proximal actuator, which aligns with the fact that increasing the indentation ratio results in a greater indentation
depth at the proximal actuator. At the 2 𝑐𝑚 distal actuator location, the relative perceived location gradually
increased across the indentation ratios (0 to 1.0), with values of 31.1%, 30.8%, 35.0%, 37.0%, 45.7%, 58.0%, and
63.8%. At 3 cm, the relative perceived locations were 36.2, 29.9%, 31.9%, 40.0%, 55.9%, 63.8%, and 63.1%, and at
4 cm, the relative perceived locations were 34.9%, 29.0%, 37.4%, 47.5%, 62.9%, 73.1%, and 63.4%.

Finally, similar to Perception Study 1, we found the proximal bias with an average value of 0.47 𝑐𝑚 across all
trials. For the distal actuator at 2 𝑐𝑚, the proximal bias was 0.58 𝑐𝑚 and 0.49 𝑐𝑚 for the distal actuator at 3 𝑐𝑚
and 0.34 𝑐𝑚 for the distal actuator at 4 𝑐𝑚.

4.3.3 Discussion. In this study, we found that user-perceived locations varied by indentation ratio and indentation
depth. This suggests that a moving phantom sensation can be achieved, as the perceived location of the stimulus
shifts progressively with an increasing indentation depth at either the proximal or distal actuator. While this is
an intuitively expected result, such a tendency has not been thoroughly examined in the context of pressure-
based phantom sensation. This study reaffirms the presence of this phantom sensation trend through empirical
validation. Furthermore, we also observed a proximal bias in this study. Similar to Perception Study 1, the current
results demonstrate that a proximal bias emerges even during phantom sensation during the modulation of two
actuators’ indentation depth. The underlying causes of proximal bias and potential strategies for accounting for
it in haptic rendering scenarios are addressed in more detail in the Discussion.

We also observed an intriguing finding that the perceived location varied depending on the indentation depth.
As the indentation depth increased, users tended to perceive the pressure sensation further in the distal direction,
indicating a reduction in proximal bias. This aligns with previous findings [34, 47] that greater skin deformation
enhances tactile sensitivity. In other words, stronger stimuli enable users to localize pressure sensations more
accurately. Additionally, the experimental results show that 4𝑚𝑚 and 5𝑚𝑚 indentation depths were significantly
different from the deeper indentation depths (6, 7, 8, 9, 10𝑚𝑚). Therefore, depths up to 5𝑚𝑚 were classified as
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Table 4. Results of Perception Study 3. Average measured threshold and normalized threshold for each condition. Normalized
threshold = measured threshold / indentation depth.

Indentation
Depth

Distal actuator at 2 cm Distal actuator at 3 cm Distal actuator at 4 cm
Measured

threshold (mm)
Normalized
threshold

Measured
threshold (mm)

Normalized
threshold

Measured
threshold (mm)

Normalized
threshold

5mm 3.8 0.76 3.4 0.69 3.9 0.77
8mm 6.5 0.81 6.4 0.80 6.0 0.75

producing weak pressure sensations in the USH, while greater depths were categorized as strong pressure. In
subsequent experiments, indentation depths were selected from each group accordingly.

4.4 Perception Study 3: Midpoint Stimulus vs Phantom Sensation
4.4.1 Methods. The naive approach to implementing a moving phantom sensation is to linearly modulate the
amplitude of two actuators over time. However, in the context of vibrotactile feedback, this linear profile reveals
an attenuated sensory response at the midpoint in vibrotactile feedback [2]. To investigate whether a similar
attenuation occurs with pressure-based phantom sensation, we designed an experiment to quantitatively assess
the extent of the diminished pressure sensation at the midpoint. Specifically, this study aims to determine the
indentation depth required from each actuator to match the perceived intensity of a single midpoint stimulus
with an indentation of ℎ 𝑚𝑚. We adopted the simple up-and-down method [15, 26, 35] and employed the same
device used in the previous study.
Study SetupWe recruited 18 participants (8 female, 23.5 ± 3.52 years old) for the experiment. Participants

filled out written informed consent before the experiment. To investigate the effects of indentation depth, we set
two different indentation depths for a single midpoint stimulus, 5𝑚𝑚, and 8𝑚𝑚 based on the classification in
Perception Study 2 as low and high indentation depth conditions. respectively. We also set three different distal
actuator locations: 2 𝑐𝑚, 3 𝑐𝑚, and 4 𝑐𝑚. The proximal actuator is located 2 𝑐𝑚 away relative to the distal actuator.
Each distal actuator location was blocked, and all other experimental conditions were randomized within blocks.
Block order was systematically balanced across participants using a Latin Square. Thus, each participant was
tested with a total of 6 conditions (2 indentation depths × 3 distal actuator locations).

ProcedureA two-interval one-up one-down double staircase procedure was used. On each trial, the participant
was presented with two consecutive stimuli, and a 2AFC (Two-alternative forced choice) method was used to
choose the stronger stimulus. The order of a single midpoint stimulus and two-point stimuli, and the order of the
ascending and descending are randomized. In the ascending order condition, since the intensity of the phantom
sensation needs to be lower compared to the single midpoint stimulus, we activated each actuator by 0.5𝑚𝑚

for the 5 𝑚𝑚 condition, and 3 𝑚𝑚 for the 8 𝑚𝑚 condition. For the descending order, to ensure the stronger
sensation for phantom sensation, the initial indentation depth was 5𝑚𝑚 for the 5𝑚𝑚 condition and 10𝑚𝑚

for the 8𝑚𝑚 condition. We determined these parameters through a pilot study, selecting sufficiently strong or
weaker sensations. We set the 6 reversals, and we calculated the threshold with the last 4 reversals. We set the
step size at 2𝑚𝑚 until the first reversal, and we reduced it to 1𝑚𝑚 until the third reversal, and after we fixed it
at 0.5𝑚𝑚. A 2𝑚𝑚 step size means that each actuator indentation depth is decreased by 1𝑚𝑚.
Participants received a brief study overview and calibration before starting the main session. In each trial,

participants performed a 2AFC identifying the more intense stimulus, and the condition ended upon reaching
six reversals. Between each condition, participants rested for about a minute and continued with the following
condition with an additional calibration process.

4.4.2 Results. Table 4 presents the results in this study. The measured threshold of 3.8𝑚𝑚 for 5𝑚𝑚 indentation
depth and a distal actuator location of 2 𝑐𝑚 indicates that to replicate a 5𝑚𝑚 single midpoint stimulus at 2 𝑐𝑚
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on USH, each of the two actuators should be indented by 3.8𝑚𝑚. We assumed that this result is proportional
to the indentation depth; thus, we divided the threshold by the indentation depth level to get a normalized
threshold (Figure 6a). Normalized threshold appears consistent across all conditions. For statistical analysis, we
conducted a two-way repeated-measure ANOVA with two factors: indentation depth and distal actuator location.
The analysis revealed no significant effect for either factor, indentation depth: 𝐹 (1, 17) = 3.23, 𝑝 = .09 and distal
actuator location: 𝐹 (2, 34) = 0.87, 𝑝 = .43 . The overall average of the normalized threshold was 0.76. This result
indicates that to deliver equal intensity of a 𝑦 𝑚𝑚 pressure sensation at the 𝑥 𝑐𝑚 location, the two actuators
located at 𝑥 − 1 𝑐𝑚 and 𝑥 + 1 𝑐𝑚 should each indent to 0.76 × 𝑦.

4.4.3 Discussion. In this experiment, we analyzed the needed indentation depth for two actuators inducing
phantom sensations to replicate the single midpoint stimulus. The results show that both actuators must be
driven to an indentation depth of stimulus multiplied by 0.76 to replicate the midpoint sensation. This result is
quite notable in that we obtained consistent results regardless of the indentation depth or the specific location of
the actuators.

The ratio of 0.76 indicates that inducing pressure-based phantom sensation through two actuators requires a
stronger actuation than simply driving each actuator at 0.5 intensity, as in a linear amplitude modulation. This
observation aligns with previous findings in vibrotactile feedback [2], where linear amplitude modulation tends
to produce a weakened sensation near the midpoint. Therefore, we can expect that users prefer a profile that
delivers greater intensity at the midpoint than a simple linear modulation as in vibrotactile feedback [50].

5 RACK-AND-PINION-DRIVEN WEARABLE HAPTIC DEVICES
Building on the results from previous perception studies, we aimed to implement a wearable haptic device
capable of rendering pressure-based moving phantom sensations. We designed the haptic device based on the
following design rationale. First, the device needed to precisely modulate the indentation depth while ensuring
non-backdrivability, allowing it to resist deformation caused by external force. Second, the total device weight
had to remain below 100 𝑔 to ensure wearability.

To satisfy the first design rationale, the device needed a mechanism capable of precisely rendering the target
indentation depth while exhibiting non-backdrivability to resist deformation under external loads. Thus, we

Fig. 6. Results of Perception Study 3 (a) The graph illustrates the normalized threshold by different distal actuator locations
and indentation depth levels. There were no significant differences across conditions. (b) Result from P3, with an 8𝑚𝑚

indentation depth, and the distal actuator located at 3 𝑐𝑚.
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Fig. 7. Our rack-and-pinion-driven wearable haptic device. We control the pinion rotations to render the target indentation
depth. Our hardware (a) configurations and (b) structures. (c) Bottom, palmar, and dorsal views.

determined a motor-based actuation system, which allows precise control through the integration of additional
sensors. Specifically, we implemented a motor-driven rack-and-pinion mechanism, using a motor encoder to
regulate the pinion’s rotation and, consequently, the indentation depth. To achieve non-backdrivability, we
employed a high-gear-ratio motor.

The rack-and-pinion structure also satisfies the second design rationale. Traditional motor-driven linear motion
systems often employ lead screw mechanisms. However, a major drawback of lead screws is that they extend
the device vertically from the contact surface, increasing the device’s height [31]. In the Pocopo [69] system,
a worm gear was employed to reorient the lead screw laterally, but this modification increased the device’s
lateral footprint. To address these limitations, we adopted a rack-and-pinion mechanism that converts motor
rotation into linear motion while maintaining a compact form factor suitable for wearable applications. Our final
device weighs only 50 𝑔, which is significantly lighter than a typical smartphone (about 200 𝑔), making it highly
wearable.

Figure 7 illustrates the design of our wearable devices. We fabricated the rack-and-pinion structure using a 3D
printer. Additionally, we designed a custom 3D-printed frame for a velcro holder and hand support (Figure 7b).
To accommodate various hand sizes, we secured the device with adjustable velcro straps. We carefully designed
the strap placement to align with the device’s center of mass, minimizing unwanted movement during opera-
tion (Figure 7c). The straps also ensured consistent contact between the USH and the actuator’s contact point.
The device uses two gearmotors (380:1 gearmotor with 12 CPR encoders, Pololu) controlled by an L298N motor
driver. Each motor has a no-load speed of 85 RPM, and a stall torque of 5.0 𝑘𝑔 · 𝑐𝑚. The pitch circle’s diameter of
the pinion is 16𝑚𝑚, resulting in a maximum rack speed of approximately 50𝑚𝑚/𝑠 . The overall height of the
device is approximately 40𝑚𝑚.
We used an Arduino Leonardo (ATmega32u4) to operate the wearable device. The Leonardo communicates

with the PC via serial communication and sends digital signals to the motor driver to operate the motors. Once
we set the target indentation depth, the system calculates the corresponding number of pinion rotations and
drives the motor until the encoder value reaches the desired count. This closed-loop control enables the system
to render the specified indentation depth accurately, thereby providing precise pressure feedback.
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Fig. 8. Indentation depth profiles of two actuators during rightward pressure rendering. We compared four different rendering
methods Linear, Log, Exp, Discrete to identify the most natural approach for conveying pressure movement. Discrete is the
naive approach without phantom sensation.

6 USER STUDY

6.1 Rendering Method Evaluation
Finally, we aimed to identify an appropriate rendering profile of pressure-based moving phantom sensation for
natural pressure movement sensation. To this end, we compared several rendering profiles. Based on the findings
from Perception Study 3, which indicated that users perceived a stronger indentation depth from two actuators as
equivalent to a single midpoint stimulus, we hypothesized that the logarithmic profile, which renders a stronger
sensation at the midpoint, would be preferred. This expectation aligns with prior preferences for vibrotactile
phantom sensation [2, 51].

Study Setup We recruited 18 participants (10 female, 25.7 ± 3.8 years old) for this experiment. All participants
provided written informed consent before participation. Participants were paid $10 for their participation in an
IRB-approved study. In this experiment, we employed a four-factor within-subject factorial design to validate
the appropriate rendering profile for pressure-based moving phantom sensations, using an experimental setup
similar to that of prior vibrotactile research [29]. Since no established rendering method exists for pressure-based
moving phantom sensation, we defined four distinct rendering profiles, including one commonly used in previous
phantom sensation studies, and conducted comparative experiments.
The first condition is a linear condition (Linear), in which the heights of the two actuators vary linearly

over time. The second condition is a logarithmic condition (Log), where the actuator trajectories are defined
by Eq. 1 and Eq. 2, with 𝐻 denoting the target indentation depth, 𝑇 representing the target duration, 𝑃 and 𝐷

denoting the proximal and distal actuator. We adopted a logarithmic equation to generate a stronger stimulation
near the midpoint and to produce an indentation depth curve resembling a logarithmic function, rather than to
precisely model a mathematical equation. The shape of the Log equation resembles the logarithmic profile used
in vibrotactile phantom sensation. We set the parameter 𝛼 to 10.44 so that the actuator output at the midpoint
reaches three-quarters of the target indentation depth. The third condition is the exponential condition (Exp),
defined by Eq. 3 and Eq. 4. We set the parameter 𝛽 to 2.2 to ensure that the actuator output at the midpoint
reaches one-quarter of the target indentation depth. Likewise, we focus on designing the profile to render a
weak sensation at the midpoint. The final condition, the Discrete condition, serves as a baseline without inducing
phantom sensation. In this case, the two actuators operate independently based on the stimulus location. Figure 8
shows detailed graphs of each rendering profile.

𝐻𝑃 = 𝐻 ×
𝑙𝑛(1 + 𝛼 × 𝑡

𝑇
)

𝑙𝑛(1 + 𝛼) (1)
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𝐻𝐷 = 𝐻 ×
𝑙𝑛(1 + 𝛼 (1 − 𝑡

𝑇
))

𝑙𝑛(1 + 𝛼) (2)

𝐻𝑃 = 𝐻 × 𝑒𝛽×
𝑡
𝑇 − 1

𝑒𝛽 − 1
(3)

𝐻𝐷 = 𝐻 × 𝑒𝛽×(1− 𝑡
𝑇
) − 1

𝑒𝛽 − 1
(4)

The user study included four independent variables:Profile (Log, Linear, Exp, Discrete), IndentationDepth (5𝑚𝑚

and 8𝑚𝑚), Duration (2.0𝑠 and 4.0𝑠), and Direction (left and right). We selected the value of Duration to allow
users sufficient time to perceive the pressure-based moving phantom sensations and also considered prior research
indicating that handshakes last over 3 s [40]. For the Direction, left indicates movement from the proximal to the
distal on USH, and right refers to the opposite direction. We completely randomized Profile, Indentation Depth,
Duration, while Direction was counter-balanced. Each participant completed all 32 experimental conditions (4
Profile × 2 Indentation Depth × 2 Duration × 2 Direction), repeated over four blocks, resulting in a total
of 128 trials per participant. For analysis, we used only data from the final three blocks. All conditions were
randomized within each block.

When delivering pressure feedback via the rack-and-pinion mechanism, we first actuated the device to position
the actuators at their starting points and reset the actuators after each stimulus. During both initialization and
resetting, the actuators moved at a constant speed of 10𝑚𝑚/𝑠 . After initialization, the device remains stationary
for 2 seconds before delivering the pressure-based moving phantom sensation. We asked participants to evaluate
only this moving phantom sensation. To avoid applying direct pressure to MCP joints, we positioned the distal
actuator at a 3 𝑐𝑚 location, consistent with the layout used in the perception study.
To induce a more natural sensation of pressure movement, we evaluated the user’s subjective perceptions of

the continuity and consistency of the rendered sensation. Maintaining continuity, particularly at the midpoint of
the stimulation path, is essential for evoking the illusion of smooth pressure movement. Moreover, sustaining
Consistency in intensity provides the design guideline for rendering both stronger andweaker pressure movements.
Based on these considerations, we selected these two perceptual dimensions as evaluation criteria. Participants
rated Continuity and Consistency on a scale ranging from 0 to 100. These metrics have also been used in prior
studies investigating vibrotactile moving phantom sensation [8].

Fig. 9. User study setup. (a) A participant wearing the haptic device on the right hand. (b) GUI used for rating the continuity
and consistency of each stimulus on a 0-100 scale.
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Fig. 10. Mean score for (a) Consistency and (b) Continuity for four rendering profiles (Log, Linear, Exp, Discrete).

Table 5. Scores (mean value w/SD) for consistency and continuity under each experimental condition. Overall, the Log profile
yielded the highest consistency score, while the Linear profile yielded the highest continuity score in most cases.

Metric Profile
Duration Indentation Depth Direction

2 s 4 s 5mm 8mm Left Right

Consistency

Log 61.6 (18.1) 67.2 (17.8) 68.7 (17.5) 60.1 (17.8) 61.4 (19.0) 67.4 (16.8)
Linear 59.0 (18.0) 61.9 (19.4) 65.8 (17.3) 55.1 (18.6) 57.2 (19.5) 63.7 (17.3)
Exp 53.7 (19.0) 54.7 (20.1) 58.5 (19.7) 50.0 (18.4) 52.1 (18.4) 56.3 (20.4)

Discrete 48.4 (19.6) 51.3 (20.7) 55.3 (19.7) 44.5 (19.2) 47.6 (19.4) 52.2 (20.7)

Continuity

Log 67.8 (14.5) 72.8 (14.2) 70.6 (15.3) 70.1 (13.8) 70.5 (14.5) 70.2 (14.7)
Linear 68.0 (13.7) 73.4 (14.9) 71.2 (14.7) 70.2 (14.4) 71.7 (12.3) 69.7 (16.5)
Exp 63.1 (16.8) 66.4 (18.7) 66.4 (18.3) 63.1 (17.3) 67.3 (15.3) 62.1 (19.8)

Discrete 53.7 (19.5) 59.8 (18.9) 59.7 (19.0) 53.9 (19.5) 55.8 (19.1) 57.8 (19.8)

Procedure After a brief explanation of the experimental protocol, participants wore the wearable device (Fig-
ure 9a) on their right hand. Participants initiated each trial by pressing the spacebar to trigger the stimulus. Using
the graphical user interface (GUI) shown in Figure 9b, participants rated the Continuity and Consistency of each
stimulus and then pressed the spacebar again to proceed to the next trial. After completing the main session,
participants were briefly interviewed about their pressure experience. Breaks were allowed between trials, and
the entire session lasted approximately one hour.

6.2 Results
We conducted four-way repeated measures ANOVA for each of the two perceptual measures: Consistency and
Continuity. In Table 5, the highest-scoring profile for each condition is highlighted in bold. The following section
reports the detailed statistical results for both metrics.
Consistency The four-way repeated measures ANOVA revealed a significant main effects for all factors:

Profile; 𝐹 (3, 51) = 47.01, 𝑝 < .001, Indentation Depth; 𝐹 (1, 17) = 38.69, 𝑝 < .001,Duration; 𝐹 (1, 17) = 6.37, 𝑝 =

.022, and Direction; 𝐹 (1, 17) = 5.146, 𝑝 = .037. In addition, significant interaction effects emerged between
Indentation Depth × Direction; 𝐹 (1, 17) = 7.48, 𝑝 = .014 and Profile × Direction × Duration; 𝐹 (3, 17) =
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5.44, 𝑝 = .032 was significant. Figure 10a visualizes the average score across Profile and Indentation Depth.
User ratings tended to decline toward the Discrete, while lower Indentation Depth received more favorable
ratings. To clarify these preferences, we divided the data by Duration to entangle these interaction effects. If
Duration was 2 second, Profile; 𝐹 (3, 51) = 21.8, 𝑝 < .001 were significant. Tukey’s HSD test reveals that Linear
and Log significantly get higher scores than Discrete. If Duration was 4 second, Profile; 𝐹 (3, 51) = 23.9, 𝑝 < .001
and Direction; 𝐹 (1, 17) = 6.7, 𝑝 = 0.019 were significant. Post-hoc analysis reveals that Linear and Log get higher
scores than Discrete and Log get higher scores than Exp.

Continuity The four-way repeated measures ANOVA revealed significant main effects for Profile; 𝐹 (3, 51) =
23.35, 𝑝 < .001 and Duration; 𝐹 (1, 17) = 7.01, 𝑝 = .017. Additionally, significant interaction effects were found
between Indentation Depth × Profile; 𝐹 (3, 51) = 10.41, 𝑝 = .005, and Duration × Direction × Profile;
𝐹 (3, 17) = 8.15, 𝑝 = .011. To clarify these preferences, we divided the data by Duration to entangle these
interaction effects. If Duration was 2 second, Profile; 𝐹 (3, 51) = 20.9, 𝑝 < .001 were significiant. We conducted
Tukey’s HSD test for the Profile and found that Exp, Linear, and Log get significantly higher scores than Discrete.
If Duration was 4 second, Profile; 𝐹 (3, 51) = 13.2, 𝑝 < .001 and the interaction between Profile and Duration;
𝐹 (3, 51) = 4.3, 𝑝 = .008 was significant. Log were signifciantly higher than Discrete and Exp but there was no
signifciant difference between Linear and Log.
User FeedbackWe gathered user feedback on their experiences with the pressure-based moving phantom

sensation during the study. Several participants (P11, P12) noted the differences across profiles were more apparent
in terms of Consistency than Continuity. This indicates that achieving Consistency is harder than Continuity.
Regarding Consistency, many participants (P2, P3, P11, P14, P17 ) reported that the stimulus intensity tended to
weaken at the midpoint. Notably, P2 described the sensation of intensity forming a V-shaped profile, with the
midpoint feeling distinctly weaker than the edge. Additionally, participants (P8, P12, P17 ) indicated that the
stimulus felt more continuous when its intensity was lower. When the stimulus was strong, users more easily
detected intensity fluctuations in Continuity and Consistency.

6.3 Discussion
By comparing four rendering methods, we identified the most effective profile for delivering natural pressure
movement feedback across various conditions. For Consistency, the Log profile consistently received the highest
ratings across all conditions, aligning with the assumption from the result Perception Study 3. For Continuity, both
the Log and Linear profiles achieved the top scores. These results replicate trends observed in prior vibrotactile
studies [2, 50] that users prefer a logarithmic profile over a linear profile. Therefore, to achieve a realistic pressure-
based moving phantom sensation, a Log profile is recommended for enhancing both Consistency and Continuity.
The overall average score for Log and Linear was 60.5 and 64.4 for Consistency and 70.7 and 70.3 for Continuity.
As shown in Figure 9b, we represent the GUI, which shows the direction and the pressure movement. We infer
that the higher scores given to the Log and Linear profiles, compared to other profiles, reflect users’ perception
of more realistic pressure movement and direction. In fact, most users reported that the sensation of moving
pressure was clearly perceived under certain conditions. These findings suggest that the system successfully
evoked a pressure-based moving phantom sensation with a wearable form factor. However, the current study did
not verify wheter the sensation can be elicited while the user’s hand is in dynamic motion or interacting with
other objects. Future studies will investigate whether the moving phantom sensation can still be reliably evoked
under various hand conditions.
In addition to the factor Profile, Duration also played a significant role. Longer stimulus durations resulted

in higher user ratings, likely because gradual changes in indentation depth were perceived as more stable and
comfortable. Regarding the Indentation Depth, the lower indentation depth (5𝑚𝑚) tended to receive higher
scores for both Consistency and Continuity. Several participants reported that higher indentation depth negatively
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Fig. 11. Moving-Press renders natural pressure movement feedback for (a) rendering a tactile handshake during a virtual
meeting to enhance social presence, (b) conveying striking sensations in a game interaction scenario, (c) delivering pressure
stimulus during manual therapy training, (d) providing directional cues through spatial pressure shifts during navigation
tasks.

influenced their ratings, with P1 noting that a loss of Consistency became more noticeable under high indentation
depth conditions. The factor Direction also had a significant effect on Consistency. Users preferred stimuli that
moved from distal to proximal. This preference may reflect the tendency to favor stimuli that terminate in the
proximal area, which has thicker, softer skin, rather than in the distal region near the firmer MCP joint.

7 APPLICATION
Moving-Press renders pressure movement feedback on the USH. By employing a rack-and-pinion mechanism,
the device delivers pressure feedback in a compact and wearable form factor. To evoke pressure-based moving
phantom sensation, users need to carefully design the actuator spacing and fasten it correctly to measure the
correct contact point between the actuators and the skin. Once the device is properly positioned on the user,
the sensation of movement can be most realistically reproduced by applying logarithmic driving profiles of two
actuators. In addition to rendering continuous movement, static phantom sensations can also be induced between
the actuators depending on their indentation depth configuration. In the following section, we present a potential
application scenario that leverages the design and empirical findings of this study. In the future, we plan to
experimentally validate whether users can perceive the pressure movement naturally while wearing the device
and moving freely in VR, thereby demonstrating its practical applicability.
In VR environments, users can communicate with others regardless of physical distance. During social

interactions such as virtual meetings and negotiations, communication extends beyond verbal exchanges to
include tactile gestures, most notably, handshakes. Handshake is a meaningful emotional interaction between two
people [5, 41, 59]. Moving-Press realistically render pressure variations on the USH region caused by the contact
from the partner’s index to pinky during a handshake. Compared to uniformly applying pressure across the entire
area, this approach enables a more realistic reproduction of tactile sensations. Moving-Press can also support
various game scenarios. When the user’s hand transforms into a sword, it can render impact sensations upon
striking a target, as well as simulate pressure movement during sliding motion. It can also replicate the karate
chop, providing realistic feedback in martial arts contexts. Next, Moving-Press can be utilized as an assistive tool
in manual therapy training. Finally, pressure movement can further be utilized to provide intuitive haptic cues
for navigation, such as guiding users along a path in outdoor scenarios (Figure 11).

8 DISCUSSION
In this study, we conducted an in-depth investigation of the pressure-based moving phantom sensation for
rendering natural pressure movement. Beyond establishing perceptual findings, we developed a wearable device

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 9, No. 4, Article 185. Publication date: December 2025.



185:20 • Kwak et al.

and introduced the haptic interface, Moving-Press, demonstrating its applicability across various VR scenarios.
We found that pressure-based phantom sensation can be reliably elicited on the ulnar-sided hand using two
actuators spaced 2 𝑐𝑚 apart. Furthermore, users preferred a logarithmic profile for pressure-based moving
phantom sensation. We also observed the perceptual characteristics that users’ perceived location is proximally
biased, and this bias decreases as the indentation depth increases. Finally, there was a linear relationship between
the perceived intensity of the one-point stimulus and the perceived intensity of the phantom sensation.

8.1 Mechanism of Pressure-based Phantom Sensation
When a stimulus is applied to the skin, its perceived intensity is strongest near the point of contact and gradually
diminishes with distance [63]. Therefore, when the strong sensation regions of two stimuli overlap, they are
perceived as a single unified sensation. However, when the distance from the stimulus exceeds a certain threshold,
an area of inhibition emerges, which reduces the perceived intensity in that area. As a result, two stimuli are
perceived separately rather than merging. Thus, it is essential to consider this distance threshold when designing
for phantom sensation. On the USH, this threshold for perceptual enhancement is approximately 2 𝑐𝑚. This
result shows that pressure-based phantom sensations emerge on the hand, and that vibration is not the only
viable method for evoking the moving phantom sensation.

8.2 Proximal Bias and Indentation Depth Effect
An interesting and consistent observation during the study was that users tended to perceive stimuli applied
to the USH as being shifted in the proximal direction. In Perception Study 1, the proximal bias was 0.76 𝑐𝑚 for
one-point stimulus and 0.59 𝑐𝑚 for two-point stimuli, and 0.47 𝑐𝑚 in Perception Study 2. A consistent proximal
bias of approximately 0.6 𝑐𝑚 was observed. In this section, we discuss potential causes of this bias and propose
strategies to compensate for it in practical rendering environments.

One potential explanation for this perceptual bias is due to the anchor effect. Users often localize tactile stimuli
toward salient anatomical landmarks, which has been observed on other body regions [27]. In this study, we
speculate that the wrist served as an anchor, contributing to the observed proximal bias.

A second explanation is from the variations in skin fleshiness within the USH region. Previous study [44] has
shown that different areas of the hand vary in skin stiffness and deformability. The degree of fleshiness varies
across different regions of the hand, and even within the targeted USH area, the skin tends to become softer from
distal to proximal. Prior research [36] showed that humans with softer skin could better discriminate the stimulus.
Therefore, the softer area may have been more sensitive along the ulnar border and led users to perceive the
given stimulus as being located more proximally.
To implement the pressure-based moving phantom sensation on practical VR scenarios, both the proximal

bias and the influence of indentation depth in reducing it should be taken into account. The device needs to be
positioned slightly distal (about 0.6 𝑐𝑚) to the target area to precisely target the location. Moreover, the required
offset should be adjusted according to the indentation depth, as the proximal bias decreases with greater depth.
This allows haptic designers to deliver pressure sensations more accurately to the intended target area.

8.3 Limitation and Future Work
While our research offers valuable insights into the pressure-based moving phantom sensation, our study also
presents certain limitations. In this section, we summarize the key findings and limitations of our approach.

During this study, we observed pressure-based phantom sensation and moving phantom sensation. The USH
region selected in our experiment has clear potential for use in scenarios such as handshakes, and we plan to
validate in future user studies whether the device enhances immersion in such interactions. However, we note
that this region represents a relatively specialized area. However, it is encouraging that previous work [63] has

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 9, No. 4, Article 185. Publication date: December 2025.



Moving-Press: Pressure-based Moving Phantom Sensation for Immersive VR Hand Interaction • 185:21

reported that two pressure stimuli applied to the MCP joint area of the palm are perceived as a single unified 
sensation, suggesting potential for extension to other regions of the palm. Also, the pressure funneling effect has 
been validated in the forearm [17], which implies the potential for applying moving phantom sensation to other 
body parts. Therefore, pressure-based moving phantom sensation shows promise for application to other body 
parts, and we plan to conduct studies to determine the specific method for practical rendering scenarios.
A second limitation is that the experiment was conducted with a fixed actuator diameter of 1 𝑐𝑚 and found 

a relatively small 2 𝑐𝑚 threshold for phantom sensation. The facts that actuator size influences perceived 
sensation [57], and that a 2 𝑐𝑚 spacing limits device miniaturization, underscore the need for further research 
into various actuator sizes and layouts. Previous studies have reported that tactile summation can occur even with 
actuator tips as small as 2 𝑚𝑚 in diameter [63], suggesting that moving phantom sensations may be achievable 
with a wide range of actuator sizes. In addition to actuator size, the relatively small 2 𝑐𝑚 spacing also provides 
mechanical advantages. Because it does not require physical movement, the system maintains high mechanical 
stability, and the absence of hardware in the central region of the two actuators contributes to a more lightweight 
and compact form factor. This design becomes even more beneficial on body regions with larger summation 
thresholds. For example, spatial summation has been reported to occur across distances of up to 6.1 cm on the 
forearm [17]. Building on this finding, future studies may investigate whether moving phantom sensations can 
be effectively rendered along the full length of the forearm using a sparse actuator array by modulating pressure 
intensity across spatially distributed actuators.
While users preferred the logarithmic profile for rendering pressure-based moving phantom sensations, a 

precise mathematical formulation has yet to be established. In vibrotactile feedback, researchers have developed 
rendering methods based on the energy summation model in the Pacinian channels [19, 38] and others have 
proposed techniques for delivering feedback along curved paths [43]. In the case of pressure feedback, more 
refined models could be developed by incorporating the physical properties of the skin [39, 53].

9 CONCLUSION
During VR interactions such as grasping, pressing, or manipulating objects, users feel pressure movement across 
the hand. To render realistic pressure movement, we integrated the pressure-based phantom sensation into a 
rack-and-pinion-driven wearable haptic device. We first validated that the maximum spacing of 2 𝑐𝑚 between two 
actuators reliably induces pressure-based phantom sensation on the ulnar-sided hand. Based on these findings, 
we designed the wearable device and propose a Moving-Press to render pressure movement in a compact form 
factor. Our user study revealed that a logarithmic rendering profile produced a more natural sensation of pressure 
movement compared to other profiles. We believe that the findings of this study broaden the design space for 
rendering pressure movement, contributing to more immersive and engaging VR experiences.
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