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Abstract
Hand tracking offers natural VR interaction but lacks controllers’ in-
herent tactile feedback, while haptic feedback across input methods
remains understudied. We conducted a participant study comparing
vibration, impulse, and no feedback in hand- and controller-based
VR interaction across grasp-, pinch-, and tap-like gestures assess-
ing performance, workload, and preference. A custom glove and
controller-mounted device provided both feedback types, aiming
for consistency across input modalities. Controllers were faster for
grasp and pinch, whereas hand tracking was more accurate for pinch
and preferred overall. Haptics had limited performance effects, al-
though impulse reduced grasp accuracy with controllers. Participants
preferred vibration and impulse over no haptic feedback, favouring
vibration overall. Our findings reveal a more nuanced relationship
between haptic feedback, input device, and interaction context than
suggested by previous work.
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1 Introduction
Modern virtual reality (VR) devices support interaction primarily
through handheld controllers, with optical hand tracking becoming
increasingly common [25, 42, 51, 60]. Controllers generally support
faster and more accurate interaction, as well as a greater sense of
control, ease of use, and comfort across several VR interaction
tasks [30, 39, 41]. Hand tracking, however, obviates the need for
a handheld device and provides more natural mappings between
real and virtual hand movements and is often preferred by users
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[2, 3, 12, 21]. These input paradigms thus present a recurring design
trade-off: controllers tend to better support efficient and precise
interaction, while hand tracking offers naturalness, realism, and
improved embodiment [2, 3, 21, 30, 39, 41].

User experience and task effectiveness in VR depend on several
factors beyond the input device. A key difference between hand
tracking and controllers is their ability to provide tactile feedback.
In addition to providing a stable handheld tangible object, current
commercial VR controllers provide built-in vibrotactile feedback
[25, 42] during contact events that frequently occur in object acqui-
sition tasks [41, 65]. Hand tracking, in contrast, usually provides
no tactile confirmation [12, 65], and additional haptic cues remain
difficult to integrate into commercial VR systems. Prior work has
explored tactile support for hand tracking. Typically, such solutions
require external add-on hardware, including commercially available
haptic gloves [8, 22, 56], research glove systems [5, 57, 68], fin-
gertip devices [43], force or impact devices [38, 69], and passive
haptics or physical props [4, 40]. However, these approaches of-
ten involve trade-offs in comfort, portability, complexity, and cost,
limiting their integration into consumer VR systems [27, 50, 63].
In contrast, controller vibration remains comparatively simple, in-
expensive, and widely available. It thus remains unclear whether
haptic feedback provides comparable benefits across hand-tracked
and controller-based interaction [43, 44].

Despite extensive research on input and haptic feedback, their
combined effect remains understudied. Prior work has compared
controllers and hand tracking [30, 39, 41] or examined haptic de-
vices and cues [50, 63, 65]. However, few studies have examined
input and haptic feedback together within the same VR interaction
setting [43, 44]. Differences in their experimental setups limit direct
comparison across input methods, while application-specific tasks
may not generalize across VR interactions. This gap is more pro-
nounced in gesture-based interaction. Common VR gestures such
as grasping, pinching, and tapping are often treated as comparable
despite their different interaction demands [9, 46, 64]. Gestures can
constrain haptic feedback delivery [65], while performance and user
experience vary between hand-tracked and controller-based input
[48]. Thus, gesture-specific demands may limit the generalizability
of findings on input and haptic feedback.

To address these gaps, we evaluated user performance and experi-
ence across combinations of input and haptic feedback. Our research
question was: How do input and haptic feedback influence inter-
action across common VR gestures? We conducted a study with
24 participants who completed gesture-based object manipulation
tasks in a VR environment using two input modalities: controllers
and hand tracking, under three haptic feedback conditions: vibration,
impulse, and no feedback. The study included three interaction tasks
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corresponding to grasping, pinching, and tapping, approximating
these gestures with the controller through trigger- or collision-based
interactions. This enables comparison of input and haptic effects
across three common VR gestures.

To our knowledge, our study is the �rst to systematically analyze
how input and haptic feedback in�uence task performance and user
experience across common VR gestures with different interaction
demands. By examining these factors together, this study provides
design-relevant evidence for integrating haptics more effectively into
practical VR interaction.

2 Related Work
2.1 Input Modalities
Controllers and hand tracking are the most common VR inputs, with
controllers remaining dominant on commercial VR platforms such
as Meta Quest and HTC Vive [25, 42]. Controllers provide a hand-
held form factor, precise input, passive tactile support, vibrotactile
feedback, and long-standing familiarity from gaming and other in-
teractive systems [12, 47]. These characteristics make controllers
well-suited for ef�cient object manipulation and target-selection
tasks, supporting higher accuracy, stability, and responsiveness than
free-hand interaction [30, 39, 41]. However, controllers map real
hand movements less naturally to virtual actions. Because controller
interaction typically relies on buttons rather than direct hand-to-
action correspondence, prior work has found that controllers offer
lower perceived naturalness and embodiment compared with hand-
based interaction [12, 18]. Controllers can also constrain �nger use
and introduce ergonomic challenges for some users, particularly
those with smaller hands [11]. In addition, when paired with virtual
hand representations, visual-proprioceptive mismatches can further
weaken embodiment and reduce interaction quality [3, 48, 52]. De-
Marbre et al. also report that selection performance declines when
neither the hand nor controller is visually represented [17].

In contrast, hand tracking enables interaction with virtual ob-
jects using hand gestures without a handheld intermediary [12].
This direct mapping between real and virtual hand movements has
been associated with greater perceived naturalness, realism, and
embodiment [2, 3, 21]. However, hand tracking is more susceptible
to occlusion and latency, and gesture recognition can be unreli-
able, yielding lower precision and reliability in demanding tasks
[30, 39]. Prior work has shown that users often prefer controllers
for performance-oriented tasks; the absence of tactile con�rmation
in hand tracking can also contribute to poorer usability and less
accurate interaction [29, 41].

Furthermore, an important distinction between these modalities is
their provision of haptic feedback. Controllers provide built-in tactile
con�rmation through embedded vibration, whereas hand tracking
typically requires external haptic augmentation to provide compara-
ble tactile cues [41, 65]. The same haptic cue may therefore serve
different roles when delivered through a tangible handheld controller
than when applied directly to the hand. How these differences in
haptic feedback manifest across controller- and hand-based input
remains understudied.

2.2 Haptic Feedback
Touch is critical in real-world object manipulation because it con-
�rms contact, supports action control, and helps users interpret inter-
action outcomes [24, 45, 58]. Such tactile cues are often reduced or
absent in VR, where interaction is primarily mediated through visual
feedback [24, 45, 65]. VR systems have explored several haptic
approaches, including passive props [7, 26, 37], wearable devices
[15, 43, 63], and handheld active feedback devices [6, 16, 36, 53].

Passive props provide realistic tactile cues by physically match-
ing virtual objects, but they do not scale well because each must be
tracked, aligned, and often matched to its virtual counterpart in prop-
erties such as weight [15] or shape [20]. Active haptic systems, in-
stead, use actuated devices to recreate tactile properties such as stiff-
ness [54], weight and torque [36, 59], internal mass transfer [55], or
shape [20]. Together, these approaches show that haptic feedback can
modify VR user experience and performance. Vibrotactile feedback,
which forms one focus of this work, is among the most widely stud-
ied and commonly used approaches [10, 14, 19, 23, 28, 31, 53, 65].

Vibrotactile cues have been explored across several form factors.
For example, head-mounted vibrotactile displays have been used
for spatial guidance, helping users locate virtual targets without
overloading the visual channel [14] and, in some cases, improving
target-�nding speed and precision compared with spatial audio [31].
Vibrotactile feedback has also been embedded in tangible and hand-
held devices to support richer object manipulation. Cabaret et al.
[13] showed that users can discriminate localized vibrotactile cues
in handheld tangibles, while other systems have combined vibration
with impact, shear, skin pressure, or weight cues to simulate con-
tact and tool sensations [32, 49, 69]. Wearable and �ngertip-based
systems have also been used to study vibrotactile feedback in man-
ual VR tasks. Kreimeier et al. [34] found that vibrotactile feedback
increased presence compared with visual-only feedback, although
force feedback was more effective at reducing task completion time
in some tasks. Kourtesis et al. [33] further showed that vibrotactile
and electrotactile feedback can affect target-acquisition performance
differently, suggesting that tactile feedback modality in�uences per-
ception and performance [61, 62]. Overall, vibrotactile feedback is
�exible, but its effects depend on its delivery and interaction context.

Related work has explored alternatives beyond vibration, includ-
ing impulse- and impact-like feedback for contact events. For ex-
ample, Yoshimura et al. [69] developed a device that delivered brief
force impulses during virtual racket-ball contact. Impulse improved
perceived realism compared with conventional VR controller vibra-
tion. Kim et al. [32] similarly developed a handheld multimodal
device combining vibration, impact, and shear cues to render more
varied and realistic collision events. Lopes et al. [38] combined a
solenoid tap with electrical muscle stimulation to render the tactile
contact and impulse response of physical impact, producing more re-
alistic sensations than either technique alone. Together, these studies
demonstrate that impulse feedback can convey aspects of physical
contact that vibration alone may not reproduce.

Closest to our study, Moon et al. [43, 44] examined vibrotac-
tile feedback across controller-based and hand-tracked interactions.
Their �rst study compared controllers, hand tracking, and hand
tracking with �ngertip vibrotactile gloves in a VR rhythm game [44].
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They found that both input and haptic feedback in�uenced perfor-
mance and user experience, but the use of a game-based task limited
generalization to fundamental interactions such as target acquisition
or object manipulation. Moreover, since they compared the built-
in vibration of commercial controllers to custom vibration gloves,
their study introduced potential hardware confound effects. Their
follow-up study [43] examined controllers and hand tracking with
and without single-�ngertip vibrotactile feedback in a cooperative
VR game, con�rming that vibrotactile feedback affects presence and
engagement, while controllers were faster.

We build on prior work using a custom haptic system producing
both vibrotactile and impulse feedback across controller-based and
hand-tracked interactions. Like Moon et al. [44], we developed a
custom glove compatible with the headset's built-in hand tracking.
We further adapted the same vibrotactile technology and cable-driven
impulse mechanism to the controller, reducing hardware-related
differences to facilitate a closer comparison across input modalities.

(a) Glove (b) Controller

Figure 1: Custom haptic devices that deliver vibration and
impulse feedback: (a) haptic glove for hand tracking and (b)
controller-mounted device for controller input.

3 Haptic Device Design
We developed a custom haptic system (left- and right-hand versions)
to compare vibration and impulse across hand-tracked and controller-
based input. The system included a haptic glove and a controller-
mounted device (Figure 1). Unlike prior work comparing custom
wearable feedback with standard controller vibration [43], both
devices used the same vibration hardware, cable-driven impulse
mechanism, and control logic. This improved hardware consistency
across input modalities, although haptic feedback was not precisely
equivalent since mounting location and gesture mapping differed.
Both devices were compact, low-cost, and compatible with the Meta
Quest 3. The glove weighed 105 g while the controller-mounted
device weighed 41 g or 165 g with the controller.

3.1 Shared Spring Mechanism
The spring mechanism provided impulse feedback in both the haptic
glove and controller-mounted device. It was designed to deliver
a brief, localized impulse to a contact surface while allowing the
solenoid actuation hardware to separate from the hand or controller
body. Its design was motivated by prior work showing that brief force

or impact cues can enhance contact events in VR, including work
on impulse feedback for virtual ball games [69] and solenoid-based
tactile stimulation for simulated physical impacts [38].

The mechanism consisted of a spring �xed at one end to a rigid
support (bridge or casing), with a pan-head screw attached to its free
end (Figure 2). The screw was connected to a �shing line routed
through a short, �exible pneumatic tube and into a 1 m stiff Bowden
cable to maintain alignment and tension. The other end of the cable
was anchored to a remote enclosure, where the �shing line was tied
to the plunger of a �xed Heschen push-pull solenoid.

Although both devices used the same cable-driven mechanism, the
spring's actuation differed by device. In the haptic glove, powering
the solenoid pulled the �shing line (Figure 2, bottom), bending the
spring toward the pneumatic tube opening (Figure 2, left and middle).
This quick motion pressed the rounded spring tip against the target
surface (e.g., �ngertip), producing a brief, localized impulse sensa-
tion. When powered off, line tension was released and the spring
returned to its neutral position. In the controller-mounted device, the
mechanism operated in the opposite direction. The spring was �rst
pulled away from the controller shell, and when the solenoid was
powered off, the spring snapped back and struck the shell (Figure 2,
right), generating an impulse felt by the user through the controller.

3.2 Haptic Glove Device
The haptic glove was organized around a �ngerless glove that served
as the palm module and base structure for the hand-worn device.
Two separate �nger-sleeve modules were worn on the index �nger
and thumb, and a stretchable white outer glove was worn over all
modules to cover and secure the components. This outer glove cre-
ated a uniform hand silhouette, which improved the headset's hand
detection despite the added haptic modules, while preserving �nger
�exibility with minimal restraint from the fabric. The modular layout
also made the glove adjustable. The elastic wrist opening secured
the palm module, the �nger sleeves used Velcro straps at the base
and �ngertip, and the spacing between the palm and �nger modules
could be adjusted to better �t each participant's hand.

3.2.1 Palm Module. The palm module used a �ngerless glove with
a plastic casing af�xed at the centre of the palm and oriented parallel
to the �ngers. The casing housed the spring mechanism, with a coin-
type vibration motor beside it (Figure 2, middle). When grasping,
the module delivered impulse or vibrotactile feedback through the
casing to the palm and �ngers.

3.2.2 Finger Sleeve Module. The index �nger and thumb used the
same �nger-sleeve module design. This module ran from the �nger-
tip to the middle knuckle, with the spring mechanism positioned
over the �nger pad. From the skin outward, the stack consisted
of the glove's fabric, a coin-type vibration motor, and the spring
mechanism (Figure 2, left). The module delivered either impulse or
vibrotactile feedback to the �nger pad when activated.

3.3 Controller-Mounted Haptic Device
The controller-mounted module was attached to a Velcro strap
wrapped around the controller body without obstructing the TRIG-
GER button. The stack consisted of the controller shell, Velcro strap,
an inline spring mechanism with two noise-dampening bumpers, and
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