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Figure 1: A. Photos of the ElectroPad. B. ElectroPad supports hand-movement scenarios through providing detailed haptic cues 
by independently driving a dense array of electrodes mapped to hand regions in contact with virtual objects. 
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Abstract 
Gamepads are among the most widely used haptic devices, yet their 
haptic feedback remains limited in supporting hand-movement 
scenarios in video games that require precise tactile sensations at 
specific hand locations. Electrotactile feedback offers a promising 
alternative, providing high-resolution, precisely mapped stimula-
tion that can be seamlessly integrated onto controller surfaces. We 
present ElectroPad, an electrotactile gamepad cover embedding 190 
electrodes per handle, delivering rich texture and shape feedback 
to hand regions in contact with virtual objects. Two user studies 
demonstrate that our system reliably conveys tactile cues, achiev-
ing mid-to-high levels of realism, while significantly enhancing 
enjoyment and immersion compared to visual-only conditions. Par-
ticipants also expressed strong willingness to adopt the system 
and offered concrete suggestions for refinement. These findings 
highlight electrotactile stimulation as a powerful complement to 
gamepad haptics, expanding the design space for game interactions 
and enabling more expressive user experiences. 

CCS Concepts 
• Human-centered computing → Haptic devices. 
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1 Introduction 
Hand movements in video games are prevalent as forms of virtual 
hand–object interactions across diverse game contexts, such as 
weapon manipulation in FPS games, object interaction in puzzle 
games, and environment exploration in open-world settings. Such 
object-exploring hand movements have been categorized into a set 
of Exploratory Procedures (EPs) [21], and are typically realized in 
games through cutscene animations, triggered interactions, and 
real-time interactive animations, largely driven by pre-authored 
animation assets. These hand movements play an essential role in 
engaging players, particularly in first-person settings, and haptic 
feedback has been widely adopted to enhance such experiences. 

As one of the most common haptic interfaces in video games, 
current gamepads support EPs primarily through vibration for over-
all hand and force feedback on fingers [19, 32]. Vibration is used 
to simulate impacts, roughness, resistance and weight distribution 
associated with handheld objects [19, 32, 57], such as the recoil of 
a weapon, the friction during page flipping, the resistance when 
turning a lock, or imbalance between the two hands when shaking 
a box. In contrast, trigger-based force feedback conveys compliance 
and resistance [19, 32], for example when drawing a bow or pulling 
a gun trigger. However, despite these capabilities, both whole-hand 

vibration and finger-based force remain limited in supporting EPs 
requiring precise tactile sensations at specific hand locations, in-
cluding lateral motion (LM) for perceiving surface relief, contour 
following (CF) for exact shape, and enclosure (EN) for global shape. 
Specifically, vibration generated by a gamepad’s two motors can-
not provide fine-grained feedback over small spatial regions, while 
trigger-based force feedback is restricted to specific fingers, and 
neither method can convey detailed tactile patterns. For instance, 
the engraving marks on fingertips when stroking a wall, the sharp 
edge of a blade brushing against a finger, or the corners of an object 
sliding across the hand remain difficult to render. 

Electrotactile feedback, which can render detailed tactile pat-
terns via surface electrodes, offers a solution to the limitations of 
conventional vibration and force feedback on gamepads. Building 
on this potential, we developed ElectroPad, a pair of 2 mm-thick 
electrotactile controller covers exploring high-density electrotactile 
integration on existing handheld surfaces. The electrode layout 
is informed by diverse hand sizes and tactile characteristics, in-
tegrating 145 small electrodes (2 mm diameter, 3.5 mm spacing) 
for the fingers and 45 larger electrodes (4 mm diameter, 10 mm 
spacing) for the palm, primarily distributed over frequently con-
tacted regions. Each cover combines a dual-material 3D-printed 
shell embedding 190 electrodes with a flexible printed circuit (FPC), 
enabling high-density electrodes on highly curved surfaces. During 
virtual hand–object interaction, contact points detected by probes 
on a virtual hand are mapped to corresponding physical electrodes 
on the gamepad. This mapping is individualized based on users’ 
grips, and each electrode can be driven independently. This enables 
precise, hand-surface-mapped stimulation for three EPs - LM, CF 
and EN - in game, allowing users to feel surface reliefs through LM, 
sense edges via CF, and perceive overall shape through EN. 

We conducted two user studies to evaluate our system. Study 1 ex-
amined haptic perception and haptic experience, with participants 
experiencing electrotactile feedback of exploring various geometric 
objects through diverse hand contact across three EP scenarios. The 
results show that our approach can deliver tactile sensations across 
multiple localized hand regions, with particularly reliable percep-
tion exceeding 90% at the fingertips, thenar eminence, and MCP 
joints, achieves a moderate-to-high level of perceived realism, and 
demonstrates the potential to support discriminable object features, 
while providing guidance for the design of object and hand-contact 
settings. Study 2 evaluated usability in game-like scenarios, where 
participants interacted with items through exploratory movements, 
revealing significant improvements in enjoyment, immersion, and 
adoption intent with electrotactile feedback, along with insights 
for future applications. 

Our work makes the following contributions: (1) A novel proto-
type system that explores high-density electrotactile integration 
on existing handheld surfaces, supporting diverse hand sizes and 
grips by design, enabling high-density electrodes on highly curved 
surfaces in fabrication, and supporting efficient, independently ad-
dressable electrode control at scale for driving. (2) A method that 
allows the gamepad to provide fine-grained tactile feedback asso-
ciated with object-exploring hand movements, via a personalized 
mapping between virtual probes and physical electrodes. (3) User-
validated applications and design guidelines, demonstrating the 
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potential of electrotactile feedback to enhance gameplay and enable 
more expressive interactions. 

2 Related Work 

2.1 Haptic Experience on Gamepads 
Gamepads are one of the most common input devices for two-
handed, ergonomic control, featuring buttons, joysticks, and trig-
gers for intuitive navigation and interaction. 

To enhance immersion, haptic feedback has been widely inte-
grated into gamepads. Vibration is the most prevalent form of 
gamepad haptics [32, 42] and is supported by most mainstream 
gamepads. Microsoft Xbox controllers use Eccentric Rotating Mass 
(ERM) actuators, while Nintendo Switch controllers employ Linear 
Resonant Actuators (LRAs) in their handles [4, 42]. PlayStation 5 
DualSense controller utilizes voice-coil motors in each handle [19] 
and controls vibration via audio signals [4], enabling a broad range 
of refined sensations, from environmental textures to weapon re-
coil and shifts in weight distribution [32]. Apart from vibration 
feedback, gamepads use force feedback, particularly in triggers, to 
simulate real-world interactions. For example, the PS5 DualSense’s 
adaptive triggers adjust the resistance of the trigger buttons based 
on the game scenario, allowing for varying levels of resistance de-
pending on the weapon used by the player or simulating different 
pressure levels for acceleration and braking in racing games [32]. 
Some research has also explored force feedback on joysticks and 
buttons to simulate stiffness or object interactions [41, 42]. Thermal 
feedback has also been investigated for ambient cues or atmosphere 
creation [27]. 

However, due to the inherent characteristics and actuation mech-
anisms, these haptic modalities either deliver overall-hand effects 
or are confined to a specific location, limiting spatially distributed 
haptic rendering across the hand. Moreover, they struggle to ren-
der fine-grained tactile patterns. These limitations constrain their 
support for hand movements requiring localized tactile patterns on 
multiple hand regions, such as LM, CF and EN, which are defined 
in Lederman and Klatzky’s taxonomy of hand exploration [21]. 

2.2 Localized Haptic Rendering for Hand 
Movements 

Localized haptic cues across the hands play an important role in 
improving users’ perception of virtual object properties during 
hand-object interaction, which enhances immersion [52] and facili-
tates interaction and teleoperation in virtual environments [43]. 

Compared with video game research, VR research has focused 
more on spatially distributing additional actuators or applying finer 
haptic modalities to support stroking and grasping interactions. 
Examples include shape-changing mechanical displays [7, 50, 58], 
brake mechanisms [5, 59], and physical proxies [49] for render-
ing object size and shape, as well as electrotactile stimulation [25, 
56], ultrasound-based haptics [30], and full-hand distributed vibra-
tion [28] for rendering surface patterns or shape cues. 

However, although these techniques provide richer support for 
hand movements, their form factors are often limited to wear-
able devices [5, 28, 50, 59], desktop installations [30], or custom-
designed handheld prototypes [7, 58]. Few solutions are integrated 
into widely used commercial handheld controllers, such as the 

gamepad form factor used in our study. This may limit their acces-
sibility and broader adoption in mainstream interactive systems 
and applications. 

Based on these limitations, we explore integrating precise tactile 
feedback across the large contact surface of a game controller to 
better support hand movements in video games. 

2.3 Electrotactile Stimulation 
Electrotactile feedback is a tactile sensation generated by applying 
electrical current through electrodes on the skin surface [15]. The 
current flows between the electrodes, with the anode (high voltage) 
transmitting the current to the cathode (ground), which directly 
stimulates the sensory nerves in the skin. Electrotactile stimulation 
can render high-resolution tactile feedback, enabling the display 
of vibration [60], texture [6], roughness [2], spatial patterns [9, 12], 
and dynamic interactions [11, 46]. It has also been used to pro-
vide pseudo-force feedback such as pressure and traction [31, 33], 
enabling perception of object attributes like compliance [10] and 
weight [22], and can even evoke thermal sensations [39]. The com-
bination of electrotactile with force feedback is also used to present 
3D shape [44] and softness [45]. To facilitate these diverse applica-
tions, several electrotactile platforms [20, 34] have been developed 
for efficient generation and control of electrotactile feedback. The 
rich electrotactile sensations have been explored in virtual hand 
exploration, such as improving perception of tactile features in 
mixed reality [47], rendering tactile images to feel objects while 
reaching or hovering [48]. However, their coverage or density may 
not support some hand-object interactions such as EN in our work. 
In contrast, our electrotactile on a broader surface enables these 
multi-region hand-object interactions. 

In addition to precise tactile sensations, electrotactile stands out 
on form factor compared to other methods due to small and thin 
size, low cost, energy efficiency, and durability, making it highly 
valuable for various applications. The form factor of electrotactile 
on hands can generally be categorized into wearable and handheld 
devices. Wearable devices include thin-film interfaces that adhere 
directly to the skin, typically fabricated by printing conductive 
materials onto flexible substrates such as silicone [56], stretchable 
TPU films [25], coated paper [10, 11] or tattoo paper [55]. Other 
wearable form factors—such as finger caps and gloves—integrate 
FPCs into structures like finger cots [25, 26, 36], bandages [1], or 
glove shells [1, 38]. There are also textile electrodes adopting a 
multi-layer woven structure that separates conductive weft and 
warp electrodes with non-conductive yarns [24]. Handheld devices, 
in contrast, comprise portable objects with embedded electrode 
arrays, including cylindrical grips [13], smartphones [8, 17, 18, 46], 
touchscreens [14, 23] and mice [23]. Most handheld prototypes 
embed PCBs, FPCs, or inkjet-printed films into designated regions 
of the device [8, 13, 14, 17, 18, 23, 46], and 3D printing has also 
been used to integrate electrode arrays onto product surfaces [8]. 
Most stimulation is focused on the fingertip of the index finger, fol-
lowed by other fingers and the palm. The highest reported electrode 
density reaches up to 76 dots/cm2 [25]. On the fingers, electrode 
sizes typically range from 1 to 3 mm, with spacing between 2 and 
5 mm [10, 13, 16–18, 25, 35, 51, 55, 56]. On the palm, electrode 
sizes range from 3 to 11 mm, with spacing between 2.54 and 13 
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mm [1, 13, 17, 25, 56]. These electrodes are typically embedded 
on flat surfaces [8, 17, 18], edges [46], or simple curved geome-
tries [8, 13] with relatively low electrode density. However, there 
has been very limited research on embedding high-density elec-
trode arrays onto rigid, irregularly shaped existing product surfaces, 
such as the handle shell used in this study. 

Building on the fine-grained tactile rendering capability and 
compact form factor of electrotactile stimulation, we adopt high-
density electrotactile feedback on the broad surface of a gamepad, 
to support tactile perception for more hand movement scenarios. 
To achieve this, we combine FPCs with a 3D-printed outer shell, 
enabling both a high-density wiring layout and seamless conformity 
between the electrodes and the irregularly shaped gamepad surface. 

3 Design and Implementation of ElectroPad 
As shown in Figure 2, ElectroPad consists of three layers: the outer 
3D-printed shell with embedded electrodes, the inner FPC for elec-
trode driving, and the two layers are connected by anisotropic 
conductive tape in the middle. 

Figure 2: A, the photo of ElectroPad. B, the structure of Elec-
troPad. 

3.1 Determining the Area for Electrotactile 
To ensure the electrode placement is both generalizable and usable, 
we firstly conducted a contact area collection study to analyze how 
users with different hand sizes grip gamepads, identifying typical 
contact regions on the controller and corresponding hand areas to 
guide electrode placement, excluding the thumb and index finger 
due to their frequent movements during gameplay. 

3.1.1 Participants. Nine experienced gamepad users (6 males, 3 fe-
males, aged 21–32) were recruited. As hand length was observed to 
be an important factor influencing the contact area on the gamepad, 
participants were selected with hand lengths representative of 
common adult ranges defined in GB/T 16252–2023: 175–205 mm 
for males (approximately 86.4% of the male population) and 155– 
175 mm for females (approximately 74.4% of the female population). 
All participants reported no hand-related medical conditions. 

3.1.2 Materials. The experiment used a PS5 DualSense controller. 
Paper tape was applied to both grips to fully conform to the con-
troller’s shape. To facilitate flattening of the curved surfaces, we 

divided the right grip into four parts. Red ink captured contact 
areas on the controller where users gripped it, while blue acrylic 
paint marked corresponding areas on participants’ hands. 

3.1.3 Procedure. Before the experiment began, participants were 
briefed on the study and provided informed consent. Blue paint was 
applied to the paper covering the left grip of the controller, while red 
ink was applied to the participant’s right hand. Participants were 
then instructed to hold the controller as if actively playing a game, 
imagining typical in-game interactions rather than maintaining a 
static grip. After naturally moving their hands to mimic gameplay 
actions for 30 s, the blue paint marked the contact areas on the 
left hand, while the red ink left imprints on the right grip. Finally, 
participants’ left hands were positioned as specified, and the paper 
tapes from the right grip were removed and flattened. All results 
were documented with photographs. 

3.1.4 Results. 

Controller Contact Areas. Controller imprints were scanned and 
processed to enhance clarity. Excluding thumb and index finger 
areas, contact regions were outlined in the four predefined sections 
(Figure 3). Measured areas were: 1955.94 mm2 (42.2 × 73.8 mm), 
1534.47 mm2 (25.2 × 77.4 mm), 831.43 mm2 (43.5 × 26.9 mm), and 
1620.26 mm2 (52.4 × 50.9 mm), totaling 5942.10 mm2. 

Hand Contact Areas. Hand imprints were scanned and processed 
similarly. Excluding thumb and index finger areas, contact was 
concentrated in the thenar eminence, hypothenar, bases of the four 
fingers (MCP joints), and pads of the middle, ring, and little fingers. 
The palm center and palm lines showed relatively weaker contact. 
Total contact area was 5595.18 mm2, smaller than the controller’s, 
reflecting variation in finger contact patterns across users. Hence, 
more areas were defined on the controller to accommodate these 
differences. 

Figure 3: Contact Area Results. A, Controller Contact Areas. 
B, Hand Contact Areas. 

3.2 Electrode Arrangement 
To ensure sufficient feedback precision while minimizing the total 
number of electrodes for simplifying hardware control, we set dif-
ferent electrode spacing for palm and finger regions based on their 
electrotactile two-point discrimination. 

Prior work reports discrimination thresholds of 1.5 mm at the 
fingertip, 3 mm on other finger regions, and 8 mm on the palm [13], 
with electrotactile thresholds on the fingers ranging from 2–4 



ElectroPad: Extending Gamepad Haptics for Hand Movements in Video Games with Electrotactile Feedback UIST ’26, November 02–05, 2026, Detroit, MI, USA 

mm [16]. Existing designs typically use electrode sizes of 1.2–3 
mm for fingers and 3–11 mm for palm, with spacings of 2–5 mm 
and 2.54–13 mm respectively [1, 10, 13, 17, 18, 25, 55, 56]. The 
highest reported electrode density reaches 76 dots/cm2 [25]. 

Based on these findings, we set electrode spacing to 3.5 mm 
for the fingers and 10 mm for the palm, covering the identified 
contact areas (Section 3.1). To ensure manufacturability, a minimum 
edge-to-edge spacing of 1.5 mm was enforced to avoid conductive 
shorting during 3D printing. 

The final design uses 2 mm diameter electrodes with 3.5 mm 
spacing on the fingers and 4 mm diameter electrodes with 10 mm 
spacing on the palm, totaling 190 electrodes per hand (380 for both 
hands). 

Considering that variations in hand pressure during controller 
gripping may affect electrotactile two-point discrimination, we con-
ducted a verification study with 10 participants following Kajimoto 
et al. [16]. Adjacent electrodes were stimulated quasi-simultaneously, 
and participants reported perceiving one point, two points, or a 
short line. Across all palm and finger regions, two-point responses 
remained below 0.25, with perceptions predominantly reported as a 
single point or short line. These results suggest that the chosen elec-
trode spacing remains within perceptual limits during controller 
use. 

3.3 Fabrication 
We designed a handle shell integrating the electrodes using 3D 
modeling software, consisting of left and right shells conforming 
to PS5 grips with button openings for operation. Electrodes are 
positioned in the contact regions identified in the area collection 
(see Section 3.1), with sizes and spacings set to 4 mm diameter 
and 10 mm spacing for the palm, and 2 mm diameter and 3.5 mm 
spacing for the fingers. A 6 mm buffer zone was added between 
palm and finger regions to reduce occasional tingling along the 
fingers. Each electrode protrudes 0.1 mm to ensure reliable skin 
contact, and all electrodes share a consistent projection direction 
for smooth transitions and improved aesthetics. 

The outer shell was fabricated using dual-material FDM printing, 
with conductive PLA (≈ 2 Ω ·cm) for electrodes and non-conductive 
PLA for the rest. Printing was performed on a Bambu Lab H2D 
with a 0.2 mm nozzle at 220◦C. 

The inner FPC layer adopts a dual-layer fabrication and hollow 
structural design, enabling dense circuitry for independent control 
of each electrode while conforming to the gamepad’s curved surface 
(Figure 2). 

3.4 Control Circuit 
As shown in Figure 4, the control circuit consists of a programmable 
high-voltage power supply, a Communication Centralization & 
Timing Control module, a high-voltage switching module, a PC 
running stimulation pattern programs, and the ElectroPad with its 
electrode array. 

The programmable high-voltage source was implemented us-
ing a Keithley 2470 Source Meter, which supplied high voltage 
with limited current. A Unity program running on the PC gen-
erated stimulation patterns in real time and transmitted them to 
the Communication Centralization & Timing Control module via 

Figure 4: A, control circuit photo. B, the principle of the 
control circuit. 

a serial connection. This module employed a Raspberry Pi Pico 
microcontroller as the primary control unit. It received pattern 
information from the PC and relayed commands to the switching 
boards through an RS-485 communication bus, with a timing preci-
sion of ≤ 1 𝜇s. This enabled dynamic routing of electrode nodes to 
the high-voltage positive (HV+), high-voltage negative (HV−), or a 
high-impedance (Hi–Z) floating state. The high-voltage switching 
module comprised six 64-channel tri-state high-voltage switching 
boards. Each board integrated an STM32F767IGT6 microcontroller, 
64-channel high-voltage-tolerant MOSFET half-bridge drivers, and 
an RS-485 transceiver. This architecture allowed the boards to exe-
cute commands from the Communication Centralization & Timing 
Control module and dynamically route current across designated 
electrodes on the controller cover under real-time constraints. 

3.5 Stimulation Method 
To accommodate diverse grip patterns, we first perform a user-
specific mapping to identify actual contact points on the controller 
and map them onto a virtual hand in Unity (Figure 5), ensuring cor-
respondence with real-world hand regions. Users held the controller 
naturally while all electrodes are scanned using a calibrated current, 
starting from 50 𝜇A, to distinguish contact from non-contact with-
out causing discomfort. Each electrode is sequentially activated at 
high voltage while three surrounding electrodes are grounded, and 
returned current values are visualized using a viridis colormap to 
extract palm and finger contact points. The scanning takes about 5 
minutes. 

Disc-shaped collision probes are then placed on the virtual hand 
according to the electrode layout, initially covering all identified 
contact areas—7×7 for each palm, 5×22 for middle fingers, 4×20 for 
ring fingers, and 3×15 for little fingers. Probes are then retained 
only if they match actual contact electrodes. Palm probes follow 
the electrode grid, while finger probes are arranged diagonally 
at 45° from fingertip to base. Left and right hand finger probes 
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Figure 5: The user-specific mapping process identifying the 
actual contact points on the controller and mapping them 
onto the virtual hand in Unity. 

Figure 6: The stimulation information of electrotactile feed-
back. 

are assigned left-to-right and right-to-left, respectively, reflecting 
natural contact orientation. 

During interaction, contact probes between the virtual hand and 
objects are detected at each probe level (Figure 6) and transmitted 
to the hardware at 30 fps. Electrodes corresponding to contacted 
probes are then activated. 

Within the stimulation area, anodal pulses are applied sequen-
tially at 100 𝜇s intervals across all points. During each scan, the 
target electrode is set to high voltage, other electrodes in the same 
hand region are grounded, and the remaining electrodes are set to 
high-impedance to prevent unintended stimulation. Pulse ampli-
tude is individually calibrated, while pulse width is fixed at 100 𝜇s 
to ensure a clear yet pain-free sensation [15]. The pulse width was 
not adjusted for different stimulation animation durations. 

For safety considerations, several electrodes at the MCP–finger 
boundary and the outer central thenar region were proactively 
masked based on prior observations of occasional discomfort or 
involuntary movements, affecting only 1-2 isolated locations in a 
few participants. All individually adjusted stimulation amplitudes 
remained well below the Type BF patient leakage current limit 

(100 𝜇A) specified in IEC 60601-1, which serves as a conservative 
safety reference. All procedures received ethics approval, and no 
adverse events or skin injuries were reported during the user stud-
ies. 

4 Study 1: Investigating Users’ Haptic 
Perception and Experience 

Study 1 investigates users’ haptic perception and experience, exam-
ining perceptual reliability across hand regions, perceived realism 
of the feedback, and the capability boundaries for object discrimina-
tion, thereby evaluating the proposed system and informing design 
considerations for potential applications. 

RQ1: How does the electrotactile feedback support users’ 
perception across different hand regions under the three 
EPs? 

RQ2: How does the perceived realism of the haptic feed-
back vary across different object and hand contact conditions 
under the three EPs? 

RQ3: To what extent can the electrotactile feedback enable 
users to discriminate between objects under different hand 
contact conditions? 

4.1 Study Design 
We explored users’ haptic perception and experience under three 
EPs — LM, CF, and EN — by varying two factors: object condition 
and hand contact condition. 

• LM: Texture spacing affects users’ ability to perceive surface 
patterns [29], while different hand regions introduce varying 
levels of tactile information complexity. Three texture densi-
ties (SPARSE, DENSE, SPARSE-TO-DENSE) were selected as 
object conditions, along with three hand contact conditions 
(SINGLE-FINGER, MULTI-FINGER, OVERALL-HAND), re-
sulting in 9 scenarios. 

• CF: Edge geometries lead to different movement trajecto-
ries across the hand, and perception to electrotactile lines 
may vary across hand regions. Two geometries (STRAIGHT, 
CURVE) and five hand contact conditions (SINGLE-FINGER, 
PALM-LATERAL, PALM-VERTICAL, MULTI-FINGER, FINGER-
PALM) were included, resulting in 10 scenarios. 

• EN: Variations in object geometry influence contact features 
(point, line, surface) during rotation, while different hand 
contact areas result in varying levels of tactile information. 
Three geometries (CUBE, CYLINDER, SQUARE PYRAMID) 
and two hand contact conditions (SINGLE-HAND, TWO-
HAND) were selected, yielding 6 scenarios. 

To ensure consistent movement speeds, each LM and CF action 
lasted 2 s, while EN actions lasted 4 s. Detailed conditions are shown 
in Figure 7. 

A series of tasks were designed to evaluate the perception across 
different hand regions, the perceived realism of haptic experience, 
and object condition discrimination. 

To assess perception across hand regions, after experiencing 
each scenario, participants were asked to mark all perceived stimu-
lation regions on a prepared hand contour diagram and report the 
corresponding perceived hand regions. These regions were defined 
anatomically as the thenar eminence (R1), hypothenar eminence 
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Figure 7: Conditions of Study 1. 

(R2), central palm (R3), MCP joints (R4), middle fingertip (R5), ring 
fingertip (R6), little fingertip (R7), and finger phalanges (R8). 

To evaluate perceived realism, we adopted four items from the 
Haptic Experience Inventory (HXI) [40] (see Appendix A) that 
assess how well haptic sensations simulate or represent real-world 
experiences. All items were rated on a 7-point Likert scale. 

To examine object condition discrimination, under each EP, par-
ticipants were asked to identify the corresponding object condition 
for each scenario using haptic feedback alone. 

4.2 Participants and Procedure 
We recruited 12 participants (6 male, 6 female; aged 20–29) covering 
several GB/T 16252–2023 hand-length categories described earlier 
(Section 3.1.1). 

Each participant first completed a personalized mapping pro-
cess (Section 3.5) linking controller contact points to virtual probes. 
Based on prior observations, electrodes at the MCP–finger bound-
ary and the outer central thenar region were masked due to oc-
casional discomfort or involuntary movements. After a brief in-
troduction, participants then underwent a calibration procedure 
in which the stimulation current was increased from 50𝜇A under 
randomly sampled conditions until participants reported clear and 
comfortable sensations, establishing an individual optimal level. 

Under each EP, participants first experienced electrotactile feed-
back across object and hand contact conditions in random order, 
then marked perceived stimulation areas, reported corresponding 
hand regions, and rated perceived realism. After familiarization, 
they identified object conditions in each scenario using haptics 
alone. Each scenario was repeated five times with randomized or-
der. No correctness feedback was provided during the recognition 
task and most participants experienced each condition at most twice. 
The experiment lasted approximately 100 minutes per participant. 

4.3 Results and Discussion 
4.3.1 Perception across hand regions. For participants’ perception-
region drawings, we summed per-pixel values across all participants 
and applied linear remapping to generate heatmaps. As shown in 
Figure 8, heatmaps are visualized using a viridis colormap (dark blue 
= low, bright yellow = high), alongside actual stimulation regions 
for reference. To further quantify regional perception, we fitted a 
generalized linear mixed-effects model (GLMM) with a binomial 

link, using actual stimulation and reported regional perception, 
with region as a fixed effect and participant as a random intercept. 

Overall, the heatmaps show that participants’ perceived areas 
generally correspond to the actual stimulation areas. From a re-
gional perspective, perception was more stable at the fingertips, 
thenar eminence, and MCP joints, whereas lower consistency was 
observed at the proximal finger regions, hypothenar area, and cen-
tral palm. This pattern was further supported by the GLMM, which 
revealed a significant effect of region (𝜒 2 (7) = 156.17, 𝑝 < .001). 
Post hoc tests (Tukey) showed that R2 (0.75), R3 (0.62), and R8 
(0.71) were significantly lower than R1 (0.94), R4 (0.94), R5 (0.97), 
R6 (0.95), and R7 (0.91) (all 𝑝 < .05). These differences may be 
related to pressure variations during hand grip. In particular, the 
finger phalanges, central palm, and hypothenar regions tend to have 
less stable contact compared to other regions, leading to reduced 
perceptual reliability. 

These findings indicate that participants were able to perceive 
variations in stimulation across hand regions, demonstrating that 
our electrotactile feedback can deliver tactile sensations at multiple 
localized hand areas, with particularly reliable perception at the 
fingertips, thenar eminence, and MCP joints. 

4.3.2 Perceived realism. We analyzed realism ratings using linear 
mixed-effects models (LMMs) for each EP, with hand and object 
conditions as fixed effects and participant as a random intercept. 
Type III ANOVA with Satterthwaite approximation tested main 
and interaction effects, followed by Bonferroni-corrected pairwise 
comparisons. Bar charts are shown in Figure 9, and supplementary 
statistical results are provided in Appendix B. 

For LM, realism ratings ranged from 4.58 to 5.62, with most 
scenarios exceeding 5. Participants described perceiving regularly 
spaced patterns (P1–P2, P9–P12) or surface irregularities (P3–P5, 
P7–P9, P11) or wave textures (P1, P6–P9), using analogies like 
“plucking guitar strings,” (P2, P8, P11–P12) “grilles,” (P2–P3, P9) 
“chopsticks,” (P3–P4, P10, P12) or “bamboo mats,” (P4, P7, P8). A 
significant main effect of object condition was observed, 𝐹 (2, 88) = 
3.64, 𝑝 = .030, with DENSE (5.36) rated higher than SPARSE-TO-
DENSE (4.90) (𝑝 = .047). Several participants reported that interval 
changes of SPARSE-TO-DENSE were less perceptible than expected 
(P3, P5). 

For CF, realism remained at a moderate-to-high level (4.96–6.06). 
Participants clearly perceived object edges as “lines” moving across 
their hands (P1–P12), described with analogies like “a ruler” (P5, P9, 
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Figure 8: A, Perception Area Results. B, GLMM-estimated perception rates by region (95% CI). 

Figure 9: Perceived realism results. Bars show mean ratings; error bars indicate ±1 SE; * for 𝑝 < .05 (Bonferroni-corrected). 

P11) or “the back of a knife” (P1, P3, P7). A significant main effect of 
hand condition was found, 𝐹 (4, 99) = 3.40, 𝑝 = .012, with MULTI-
FINGER (5.78) rated higher than FINGER-PALM (5.04) (𝑝 = .019). 
Some participants also noted weak sensations at the finger base 
and palm, which disrupted the perception of continuous edges, 
consistent with our findings on perception across hand regions 
(Section 4.3.1) and may result from regional sensitivity and lower 
contact pressure. 

For EN, realism ratings ranged from 4.71 to 5.35. Participants 
reported sensing edges or vertices moving across the hands (P1–P6, 
P9-P11) and a sense of rotation during interactions (P2–P5, P7, P12), 
drawing analogies to handling everyday objects such as stone (P3, 
P4, P7), worn plaster models (P3, P7, P9), or earphone charging 
cases (P7, P9). Neither the main effects of hand condition and ob-
ject condition nor their interaction were significant, all 𝑝 > .05, 
suggesting relatively moderate and stable perceived realism across 
conditions. 

Overall, these findings indicate that our electrotactile feedback 
achieved a moderate-to-high level of perceived realism, showing 
advantages in rendering fine-grained tactile properties. To further 
enhance realism, hand contact conditions should avoid traversing 
large areas with less stable perception, especially for continuous 
features such as edges. 

4.3.3 Object condition discrimination. As shown in Figure 10, we 
analyzed recognition accuracy and confusion patterns under each 
EP using confusion matrices. To examine the effects of hand contact 

and object conditions, we fitted generalized linear mixed-effects 
models (GLMMs) with correctness as the dependent variable, hand 
contact and object as fixed effects, and participant as a random 
intercept, followed by Tukey-adjusted post hoc comparisons. 

In the LM, overall recognition accuracy reached 0.80, well above 
chance level. SPARSE (0.85) was easier to recognize than SPARSE-
TO-DENSE (0.74) (𝑝 = .013). Participants also reported that gra-
dient patterns required more careful discrimination of temporal 
intervals (P6, P9-P10, P12). For both DENSE and SPARSE, SINGLE-
FINGER performed significantly better, with higher recognition 
than OVERALL-HAND for DENSE textures (0.90 vs. 0.70) and than 
MULTI-FINGER for SPARSE (0.95 vs. 0.77) (both 𝑝 < .05). Partici-
pants noted that SINGLE-FINGER interaction provided simpler and 
clearer temporal cues, facilitating the perception of pattern rhythm 
(P1, P3, P8). 

In the CF, overall recognition accuracy increased to 0.86. STRAIGHT 
recognition (0.88) was slightly higher than CURVE’s (0.85). Under 
SINGLE and MULTI-FINGER conditions, CURVE (0.83, 0.78) was rec-
ognized less accurately than STRAIGHT (0.95, 0.92) (𝑝 = .040, .035), 
which participants attributed to weaker shape variation at the 
fingertip without palm involvement (P1, P8, P9). For STRAIGHT, 
recognition was significantly lower in the PALM-VERTICAL (0.75) 
compared to the SINGLE-FINGER (0.95) (𝑝 = .025), likely due to 
perceptual discontinuities when stimulation crossed the palm cen-
ter. 
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Figure 10: Confusion matrix for object condition discrimina-
tion. 

In the EN, overall recognition accuracy was high (0.89). CYLIN-
DER (0.98) was almost perfectly recognized and significantly out-
performed both CUBE (0.84) (𝑝 = .004) and SQUARE PYRAMID 
(0.85) (𝑝 = .007), with confusions mainly occurring between CUBE 
and SQUARE PYRAMID. Participants reported that recognition 
during rotation relied on perceiving dominant geometric features 
across the palm, with the continuous and stable contact pattern 
of cylinders being easier to identify than the point- or edge-based 
variations of other shapes (P2, P6, P11, P12). 

These results suggest that our electrotactile approach shows 
potential for supporting discriminable object features. In particular, 
some high-recognition tactile cues may support novel interaction 
and gameplay designs based on tactile discrimination. When further 
considering improvements in tactile discriminability, design impli-
cations can be derived from both object settings and hand contact 
settings. For object settings, gradient patterns in LM need stronger 
encoding contrast than non-gradient, while rotational interactions 
benefit from objects with clearly distinguishable geometric features, 
such as the point-, edge-, and surface-dominated shapes used in our 
study. Regarding hand contact, single-finger interaction is effective 
for distinguishing pattern intervals, whereas palm involvement 
is more suitable for edge discrimination. Notably, extensive con-
tact in perceptually unstable regions may reduce discriminability, 
especially for continuous edge features in CF tasks. 

5 Study 2: Evaluating the Usability of 
Electrotactile Method in a Simulated Gaming 
Environment 

Study 2 extended our evaluation to a more game-like interactive 
environment, aiming to understand how electrotactile feedback 
influences both experiential quality and users’ intentions to adopt 
the system. The study was guided by two research questions: 

RQ4: How does adding electrotactile feedback, compared 
with purely visual feedback, affect users’ enjoyment and 
immersion in gaming interactions? 

RQ5: How does the addition of electrotactile feedback in-
fluence users’ adoption intentions compared with visual-only 
interaction? 

5.1 Study Design 
In Study 2, we applied our electrotactile feedback in an item-exploration
room to approximate a video game context. Building on the experi-
mental conditions and participants’ metaphorical descriptions of 

tactile perception from Study 1, we combined and packaged basic 
forms into nine game-relevant items: book, knife, wood, guitar, 
ruler, diamond, plant, cup, and brush. With the exception of plant 
(explored using LM or CF) and cup (explored using EN), all items 
were explored using LM, CF, and EN. The details of 24 interac-
tions (I1-I24) are shown in Figure 11. All interaction triggers were 
mapped to different buttons on the gamepad. Consistent with com-
mon hand-interaction mechanics in video games, users navigated 
the environment using the joystick and triggered hand-object inter-
action animations through button presses. Each animation lasted 
2–4 s to maintain comparable motion speed. To investigate the 
contribution of haptics beyond vision, we included two conditions 
(haptic vs. non-haptic), resulting in 48 total conditions (24 × 2). 

Enjoyment and immersion are vital dimensions often discussed 
in game experience research [3]. We adopted the enjoyment sub-
scale from the Intrinsic Motivation Inventory (Q5–Q11) [37], a 
measure widely used for enjoyment evaluation in Games User Re-
search [3], and the 4-item Spatial Presence: Self-Location (SPSL) sub-
scale from the MEC Spatial Presence Questionnaire (MEC-SPQ) [54] 
to evaluate immersion (Q12-Q15). All items were rated on a 7-point 
Likert scale. 

Adoption intention was measured with two items (Q16–Q17). 
Participants also provided open-ended feedback on preferred game-
play contexts and improvement suggestions (Q18–Q19). The full 
list is provided in Appendix C. 

For all haptic conditions, we additionally verified perceived real-
ism using the same items as Study 1 to ensure that the experience 
met the minimum baseline; these served as validation rather than 
primary evaluation measures (Appendix C). 

5.2 Participants and Procedure 
Twelve participants (7 male, 5 female; aged 20–29) were recruited 
for Study 2. Their hand-length categories followed the same GB/T 
16252–2023 classification used in Section 3.1.1. Ten had prior expe-
rience with game controllers. The study lasted approximately 60 
minutes, was approved by the ethics committee, and all participants 
provided informed consent. 

The personalized mapping and calibration processes are both the 
same as those in Study 1 (see Section 4.2). The two blocks (haptic 
and non-haptic) were counterbalanced, each containing 24 random-
ized interactions. After each trial, participants rated enjoyment 
and immersion (Q5–Q15); in the haptic block, they additionally 
completed realism items (Q1–Q4). After each block, participants re-
ported adoption intention (Q16–Q17), followed by brief open-ended 
feedback (Q18–Q19). 

5.3 Results and Discussion 
With realism ratings for all 24 interactions remaining within or 
above the observed in Study 1 (see Appendix D), we proceeded to 
analyze enjoyment and immersion across all interactions, as well 
as adoption intention. 

5.3.1 Enjoyment and Immersion. Enjoyment and immersion were 
computed as the mean scores of Q5–Q11 and Q12–Q15 respec-

 tively. For each interaction (I1–I24), paired t-tests compared hap-
tic and non-haptic conditions, with p-values adjusted using the 
Benjamini–Hochberg (BH) procedure. Qualitative comments were 
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Figure 11: Interaction conditions in Study 2. 

Figure 12: A, Mean scores for Enjoyment and Immersion under haptic and non-haptic conditions. Bars show mean ratings; 
error bars indicate ±1 SE. B, Adoption Intention scores. Bars show mean ratings; error bars indicate ±1 SE. 

thematically coded by two researchers, with representative quotes 
selected. 

Across all EPs, both enjoyment and immersion were significantly 
higher in the haptic condition for all 24 interactions after BH cor-
rection (all 𝑝 < .05; see Appendix D), with mean ratings in the 
mid-to-high range (enjoyment: 5.30–6.27; immersion: 4.73–6.00; 
Figure 12). Participants noted that the added haptic feedback better 
conveyed object properties (P3, P9, P12), made interactions feel 
more engaging and surprising (P2, P6, P8, P9), and encouraged 
deeper exploration of the scenarios (P4, P12). These results indicate 
that electrotactile feedback significantly enhances enjoyment and 
immersion. 

5.3.2 Adoption Intention. Adoption intention was compared be-
tween haptic and non-haptic conditions using paired t-tests with 
BH–FDR correction. Open-ended responses were thematically coded 
by two researchers, with representative quotes selected. 

Adoption intentions were substantially higher in the haptic con-
dition. For Q16, ratings increased from 3.58 ± 0.31 (𝑀 ± 𝑆𝐸) to 6.08 
± 0.40, 𝑡 (11) = 5.99, 𝑝 < .001, 𝑑 = 1.73. For Q17, ratings increased 
from 2.83 ± 0.37 to 5.92 ± 0.34, 𝑡 (11) = 8.61, 𝑝 < .001, 𝑑 = 2.49. As 

shown in Figure 12, scores rose from around 3 to nearly 6 across 
both items, indicating a strong positive effect of electrotactile feed-
back on willingness to adopt the system. 

From interviews (Q25–Q26), participants envisioned diverse ap-
plications for electrotactile feedback in gaming. Many highlighted 
enhanced tactile detail during hand interactions, such as sensing 
reliefs when manipulating mechanisms (P3, P4), feeling object prop-
erties like knife edges (P3, P5), exploring environments (P2, P3, P6), 
petting animals (P7, P8, P12), or playing instruments (P9, P10). Oth-
ers proposed gameplay extensions, including searching for items 
through touch (P2, P11), locating hidden objects (P2, P11, P12), 
and inspecting fine details in puzzle scenarios (P2, P12). A third 
category emphasized atmospheric and expressive effects, such as 
explosions (P1, P4), cutting sensations (P6, P7), magical feedback 
(P2, P12), and heightened tension in horror contexts (P4, P5, P11, 
P12). Overall, these scenarios highlight both realistic uses grounded 
in physical properties and expressive uses that enrich the emotional 
and narrative impact. 

While overall feedback was positive, participants also identified 
areas for improvement. First, variations in sensation across hand 
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regions suggest the need for finer regional tuning or adaptive stim-
ulation (P2, P3, P10). Second, the mapping and calibration workflow 
was described as time-consuming, and shifts in grip posture during 
use may introduce slight mapping drift, motivating more efficient 
and robust procedures (P2, P4, P6, P11). Extending electrotactile 
feedback to additional controller components (e.g., joysticks, but-
tons, triggers) could further expand interaction possibilities (P2, 
P5). Finally, participants noted practical considerations such as 
perceived safety and device portability, which are important for 
broader adoption (P1, P4, P6, P7, P11). 

6 Limitations and Future Work 
This work has several limitations that suggest directions for future 
research. 

First, although personalized mapping and calibration enabled 
reliable perception, the process was time-consuming and was oc-
casionally affected by variations in grip posture, limiting its prac-
ticality in real-world use. In our studies, as mapping was done 
once before the experiments, participants were asked to maintain a 
stable grip to minimize large pose variations. Under these instruc-
tions, no substantial perception changes or discomfort from pose 
shifts were observed. Future work could improve efficiency and 
robustness through faster automatic posture detection and adaptive, 
learning-based parameters optimization with minimal user input. 

Second, sensation intensity was not always uniform across hand 
regions, and variations in stimulation range or duration occasion-
ally led to perceptual imbalance. Addressing this through better 
understanding of regional sensitivity and adaptive control strate-
gies, such as dynamic pulse adjustment, could improve consistency 
and comfort. Other sources of sensitivity variation, such as hand 
laterality, may also affect electrotactile perception and are worth 
further investigation. 

Third, our studies aimed to investigate whether localized elec-
trotactile cues could enable tactile sensations difficult to achieve 
with current gamepad haptics due to limited spatial localization, 
rather than comparing haptic modalities. Therefore, we did not 
include a direct comparison with vibrotactile feedback. Neverthe-
less, vibrotactile remains an important comparison target due to 
its widespread use in commercial gamepads. Future work could 
compare localized electrotactile and vibrotactile feedback using 
customized prototypes and further explore their respective roles 
and strengths in game interactions. 

Fourth, for the tested motion speeds, the 33 ms contact-detection 
interval plus ∼100 𝜇s scan time was comparable to the reported 
45 ms haptic-coordination threshold [53]. While this temporal res-
olution was sufficient for the tested interactions, further improving 
temporal resolution to support faster and more dynamic movements 
remains future work. 

Fifth, the current prototype is not yet optimized for portability or 
long-term use. More compact and integrated hardware designs—for 
example, miniaturized HV setup, flexible control modules and im-
proved cable routing—could enhance comfort and usability. In addi-
tion, perceived safety, adaptability to more hand shapes and usage 
habits, and potential impacts of electrotactile on other controller 
interactions (e.g., touchpad use) remain important considerations 

for broader adoption. Larger-scale studies should also be conducted 
as the prototype develops. 

Finally, our evaluation focused on texture reliefs, shapes, and 
a limited set of hand interactions. Future work could expand tac-
tile expressiveness by exploring a broader range of electrotactile 
sensations (e.g., parameter variations for roughness [2]), combin-
ing modalities such as vibration or force, and extending feedback 
to additional controller components (e.g., joysticks, buttons, and 
triggers). Exploring richer gameplay contexts, such as emotional 
scenarios, may further inform comprehensive design guidelines. 

7 Conclusion 
We presented a novel electrotactile gamepad cover and a stimulation 
method that delivers tactile details from virtual interactions to cor-
responding regions of the user’s hand, supporting hand-movement 
interactions during gameplay. Two user studies evaluated its perfor-
mance. Study 1 demonstrated that the system can reliably provide 
perceptible haptic cues on diverse hand regions with moderate-to-
high realism, and yielded design insights for both object and hand 
contact settings. Study 2 extended the evaluation to game-like con-
texts, showing that electrotactile feedback significantly enhanced 
enjoyment and immersion compared to visual-only conditions. Par-
ticipants also expressed strong willingness to adopt the system and 
offered concrete suggestions for future improvements. 

Overall, our findings indicate that ElectroPad can reliably com-
plement and extend the capabilities of current game controllers 
and enhance multiple dimensions of user experience, while also 
opening opportunities for novel forms of gameplay. With contin-
ued optimization of electrode design, stimulation methods, and 
long-term usability, electrotactile gamepads hold potential as a new 
medium for immersive and engaging interactive experiences. 
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A Realism Items of Study 1 

Table 1: Realism Items of Study 1 

Q1 The haptic sensations resembled the ones I feel in real life. 
Q2 The haptic sensations closely mimicked the experiences I would 

expect in reality. 
Q3 The haptic sensations felt familiar to real life touch. 
Q4 The haptic sensations provided a true-to-life representation of real-

world sensations. 

B Supplementary Realism Results of Study 1 

Table 2: Descriptive statistics of realism ratings (Mean ± SD) 
across hand contact and object conditions for each EP. 

EP Hand contact condition Object condition Mean ± SD 

LM 

OVERALL-HAND DENSE 5.29 ± 0.92 
SPARSE 5.12 ± 1.18 
SPARSE-TO-DENSE 4.58 ± 1.20 

MULTI-FINGER DENSE 5.62 ± 0.60 
SPARSE 5.46 ± 0.63 
SPARSE-TO-DENSE 4.94 ± 0.78 

SINGLE-FINGER DENSE 5.17 ± 0.93 
SPARSE 5.33 ± 0.84 
SPARSE-TO-DENSE 5.17 ± 0.97 

CF 

FINGER–PALM STRAIGHT 5.12 ± 1.74 
CURVE 4.96 ± 1.46 

MULTI-FINGER STRAIGHT 6.06 ± 0.40 
CURVE 5.50 ± 1.04 

PALM-LATERAL STRAIGHT 5.90 ± 0.59 
CURVE 5.35 ± 0.93 

PALM-VERTICAL STRAIGHT 5.21 ± 1.33 
CURVE 5.27 ± 0.67 

SINGLE-FINGER STRAIGHT 5.60 ± 1.49 
CURVE 5.54 ± 0.95 

EN 

SINGLE-HAND CUBE 5.35 ± 0.66 
CYLINDER 4.71 ± 1.31 
SQUARE PYRAMID 5.10 ± 0.84 

TWO-HAND CUBE 4.81 ± 1.04 
CYLINDER 4.94 ± 1.23 
SQUARE PYRAMID 5.04 ± 0.98 

Table 3: Results of Type III ANOVA from linear mixed-effects 
models (LMM) for each EP. Degrees of freedom were esti-
mated using the Satterthwaite approximation. 

EP Effect 𝐹 𝑝 

LM 
Hand contact condition 𝐹 (2, 88) = 1.68 .192 
Object condition 𝐹 (2, 88) = 3.64 .030∗ 

Interaction 𝐹 (4, 88) = 0.76 .552 

CF 
Hand contact condition 𝐹 (4, 99) = 3.40 .012∗ 

Object condition 𝐹 (1, 99) = 3.00 .086 
Interaction 𝐹 (4, 99) = 0.75 .562 

EN 
Hand contact condition 𝐹 (1, 55) = 0.48 .493 
Object condition 𝐹 (2, 55) = 0.89 .419 
Interaction 𝐹 (2, 55) = 1.54 .223 

C Questionnaire Items of Study 2 
Table 4 lists the questionnaire items used in Study 2. 
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Table 4: Questionnaire Items of Study 2 

Haptic experience (Q1-Q4) 

Q1 The haptic sensations resembled the ones I feel in real 
life. 

Q2 The haptic sensations closely mimicked the experiences I 
would expect in reality. 

Q3 The haptic sensations felt familiar to real life touch. 
Q4 The haptic sensations provided a true-to-life representa-

tion of real-world sensations. 

Enjoyment (Q5–Q11) 

Q5 I enjoyed doing this activity very much. 
Q6 This activity was fun to do. 
Q7 I thought this was a boring activity. (R) 
Q8 This activity did not hold my attention at all. (R) 
Q9 I would describe this activity as very interesting. 
Q10 I thought this activity was quite enjoyable. 
Q11 While I was doing this activity, I was thinking about how 

much I enjoyed it. 

Immersion (Q12–Q15) 

Q12 I felt like I was actually there in the environment of the 
presentation. 

Q13 It was as though my true location had shifted into the 
environment in the presentation. 

Q14 I felt as though I was physically present in the environ-
ment of the presentation. 

Q15 It seemed as though I actually took part in the action of 
the presentation. 

Adoption Intention (Q16–Q19) 

Q16 I intend to use this system again in the future. 
Q17 I would choose to use this system if it were available. 
Q18 What gameplay situations or scenarios would you like to 

experience this type of haptic feedback in? 
Q19 Do you have any suggestions for improving this haptic 

feedback for future use? 

D Supplementary Results of Study 2 

Figure 13: Haptic ratings for all 24 interactions. Bars show 
mean ratings; error bars indicate ±1 SE. Shaded colored bands 
denote the corresponding rating ranges observed in Study 1. 

Table 5: Results for enjoyment 

Interaction 
Mean ± SD 
(Non-haptic) 

Mean ± SD 
(Haptic) p Cohen’s d p_adj 

I1 3.67 ± 1.38 5.95 ± 0.54 0.000 1.538 0.001 
I2 3.36 ± 1.64 5.65 ± 0.75 0.001 1.247 0.003 
I3 3.08 ± 1.48 5.61 ± 0.72 0.000 1.829 0.000 
I4 3.45 ± 1.35 6.06 ± 0.70 0.000 1.470 0.001 
I5 3.23 ± 1.37 6.00 ± 0.40 0.000 1.804 0.000 
I6 3.40 ± 1.49 5.64 ± 0.68 0.001 1.258 0.003 
I7 3.63 ± 1.25 6.27 ± 0.53 0.000 1.696 0.000 
I8 3.19 ± 1.11 6.11 ± 0.62 0.000 2.335 0.000 
I9 2.99 ± 1.32 5.77 ± 0.67 0.000 1.728 0.000 
I10 3.52 ± 1.15 5.79 ± 0.73 0.000 1.592 0.001 
I11 2.98 ± 1.12 5.76 ± 0.92 0.000 2.028 0.000 
I12 3.32 ± 1.23 6.13 ± 0.60 0.000 1.759 0.000 
I13 2.87 ± 1.23 5.67 ± 0.66 0.000 1.903 0.000 
I14 3.00 ± 1.30 5.80 ± 0.62 0.000 1.974 0.000 
I15 3.52 ± 1.28 5.49 ± 0.82 0.001 1.346 0.002 
I16 3.01 ± 1.09 5.73 ± 0.64 0.000 1.969 0.000 
I17 3.88 ± 1.32 5.65 ± 0.73 0.003 1.115 0.006 
I18 3.83 ± 1.37 5.32 ± 0.87 0.018 0.805 0.035 
I19 3.21 ± 1.33 5.58 ± 0.74 0.000 1.464 0.001 
I20 3.55 ± 1.27 5.30 ± 1.04 0.001 1.329 0.002 
I21 3.68 ± 1.47 5.88 ± 0.69 0.001 1.230 0.003 
I22 3.54 ± 1.20 5.67 ± 0.68 0.000 1.688 0.000 
I23 3.86 ± 1.44 6.07 ± 0.77 0.000 1.502 0.001 
I24 3.79 ± 1.21 5.55 ± 0.76 0.001 1.344 0.002 

Table 6: Results for immersion 

Interaction 
Mean ± SD 
(Non-haptic) 

Mean ± SD 
(Haptic) p Cohen’s d p_adj 

I1 3.27 ± 1.13 5.73 ± 0.79 0.000 1.640 0.001 
I2 3.02 ± 1.21 5.35 ± 0.84 0.000 1.436 0.001 
I3 3.02 ± 1.40 5.29 ± 1.05 0.000 1.599 0.001 
I4 3.15 ± 0.98 5.88 ± 0.73 0.000 2.458 0.000 
I5 2.79 ± 1.11 5.85 ± 0.60 0.000 2.307 0.000 
I6 3.04 ± 1.18 5.65 ± 0.77 0.000 1.531 0.001 
I7 3.17 ± 0.94 5.98 ± 0.74 0.000 1.842 0.000 
I8 3.04 ± 1.00 6.00 ± 0.74 0.000 2.330 0.000 
I9 2.98 ± 1.01 5.75 ± 0.93 0.000 1.827 0.000 
I10 3.38 ± 1.05 5.62 ± 0.77 0.000 1.817 0.000 
I11 2.81 ± 1.15 5.52 ± 1.10 0.000 1.895 0.000 
I12 3.10 ± 1.01 5.94 ± 0.68 0.000 2.653 0.000 
I13 2.50 ± 1.13 5.52 ± 0.70 0.000 1.982 0.000 
I14 2.71 ± 1.13 5.77 ± 0.82 0.000 2.159 0.000 
I15 2.94 ± 0.81 5.19 ± 0.89 0.000 1.586 0.001 
I16 2.92 ± 1.26 5.75 ± 0.76 0.000 1.937 0.000 
I17 3.44 ± 1.08 5.44 ± 0.92 0.000 1.435 0.001 
I18 3.69 ± 1.06 4.92 ± 0.91 0.015 0.831 0.031 
I19 3.06 ± 0.87 4.96 ± 1.47 0.005 1.009 0.010 
I20 3.21 ± 0.99 4.73 ± 1.03 0.003 1.112 0.006 
I21 3.40 ± 1.15 5.54 ± 1.12 0.001 1.282 0.002 
I22 3.23 ± 0.76 5.42 ± 0.99 0.000 2.198 0.000 
I23 3.67 ± 1.10 5.62 ± 0.79 0.000 1.658 0.001 
I24 3.48 ± 1.14 5.12 ± 0.88 0.000 1.511 0.001 
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