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Abstract. We present a new handheld multi-actuator haptic device,
which provides localized vibrotactile feedback in a small form-factor. To
isolate the vibrations generated from the different actuators, we design
an original 3D printed deformable structure integrated into the handle.
We evaluate the benefits of our isolation structure in a vibrometry study,
comparing the proposed version to a rigid structure. A perception study
is also conducted to evaluate the distinct perception of vibrations be-
tween the two versions of the handle by 12 human users. Finally, we
showcase the use of the proposed handle in a virtual navigation task,
showing its capabilities for applications where multiple and distinct hap-
tic stimuli need to be provided to the user’s hand.

Keywords: Handheld interface · Multi-actuator · Vibration · Cutaneous
haptics.

1 Introduction

Multi-actuator vibrotactile devices have shown to be effective in various appli-
cations such as Virtual Reality (VR) interactions [2] or navigation assistance [6].
The multiple points of stimulation they offer can be used to provide rich infor-
mation more easily and rapidly than with single-actuator devices, which rely
more on temporal patterns (e.g., Tactons [7]), intensity or duration. Indeed, the
location of the stimuli can already provide an information by itself, which can
be enriched using the properties of the localized vibration.

In order to be easily identified, stimuli must be isolated from each other.
Therefore, one of the main challenge of multi-actuator feedback is to generate
haptic stimuli that could be easily and quickly differentiated depending on the
feedback location. Isolation between the different tactile signals is in fact related
to the type of devices. Thus, multi-actuator vibrotactile devices are most often
wearable ones [15], as the stretch of the fabric on the skin ensures a good dis-
tribution of the actuators, thus stimuli isolated from each other. Examples of
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wearable devices include Tactile Glove [10], in which an array of up to ten motors
in a fabric glove provides localized feedback on the back of the hand, plus one
located on the palm. Belts and armbands [1,11,8,6] are other well-known exam-
ples of multi-actuator devices. In these specific cases, the actuators are generally
well spaced. Paneels et al. [16] designed a watch-sized casing with six points of
stimulation for the wrist. The structure within the device is designed to prevent
the propagation of vibration within the device, but only at a single frequency.

However, wearable devices can be cumbersome, uncomfortable, or even in-
appropriate for users with physical disabilities. In these cases, other types of
in-hand interfaces can be more suited. For example, T-hive [20] is a spherical
multi-actuator display which can be used as a joystick. Vibration panels on the
surface of the sphere are isolated with an layer of vibration absorber material.
Directions are however difficult to identify for some parts of the hand (i.e., the
palm or thumb), with score ranging from 99% to 45%. Another approach for
localized feedback is to use vibration interferences [4], but the influence of the
hand must be taken into account as it might influence vibration propagation.

Actuators can also be integrated into existing devices: white canes can benefit
from multi-actuator feedback [14,17], as well as other mobility assistance devices.
For example, Lacote et al. [13], proposed a haptic handle fitted with five custom
made voice coil actuators , designed to be used with a walker or wheelchair. The
question of isolation is nevertheless not addressed.

Finally, multi-actuator devices can be entirely handheld. Cabaret et al. [2,3]
used up to five actuators in handheld tangible objects to provide localized cues
in Virtual Reality interactions, but did not isolate the actuators between them.
Similarly, Multivibes [18] is a ten-actuator handle for interaction in virtual real-
ity. Actuators use a mobile part in contact with the user’s skin, separated from
the handle frame to avoid vibration transmission within the handle. Spiers et
al. [22] evaluated a holdable navigation device in which three actuators are iso-
lated by keeping faces separated. The size of the interface still is quite large for
three points of stimulation.

Overall, vibrations in handheld interfaces can be isolated or attenuated using
several techniques such as using a layer of dampening material [20], keeping
the actuated parts physically separated [22] or having a directional actuator in
direct contact with the users’ skin [18,13]. Some approaches do not consider
isolation at all (e.g., tangibles with embedded voice-coil actuators[2]), in which
case sensations are more diffuse.

Despite it all, to provide localized vibrotactile cues within the hand, propa-
gations through the hand itself must be considered. Dandu et. al. [5] measured
the propagation of vibrations elicited at the fingertip through the hand using a
multi-point vibrometer. They showed that propagation decreases quickly with
frequency. Similar observations can be made from measurements taken with the
accelerometer array from Shao et. al. [21]. In that respect, these properties of
the hand must be taken into account in the design of a device and the haptic
sensations it provides.
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In this paper, we present the design of a multi-actuator handle, providing
localized vibrotactile feedback within the user hand thanks to four actuators on
its sides, isolated with a deformable structure. Compared to existing devices,
both the handle and the isolation structure are fully 3d printed, aiming at an
easily replicable design based on cheap and widely available actuators and ma-
terials. This design also has the benefit of not requiring a complex assembly
process, and being easily adaptable to other actuators. We evaluate the design
of the handle and its flexible structure with a vibrometry study, comparing it
with its rigid (i.e., non-isolated) counterpart, as well as with a perception study
where participants have to discriminate localized haptic cues. Finally, we illus-
trate the potential application of our handle through a navigation use case in
Virtual Reality.

2 Multi-actuator Handle Design

The proposed multi-actuator handle is illustrated in Fig. 1. Its structure is fully
3d-printed. Four ERM actuators (Vybronics VZ6DL2B0055211) are located sym-
metrically around the cylindrical structure. We used widely available ERM ac-
tuators so that the handle could be easily replicated and customizable. These
ERMs are able to produce sinusoidal vibrations between 50 and 200 Hz. Vibra-
tion frequency and intensity are linearly linked to the input voltage. The handle
is designed to be simply held in the hand or plugged onto a gaming joystick (see
Fig. 3).

Fig. 1. The proposed multi-actuator haptic handle is made of three 3d printed parts.
The shell and cap are printed in rigid PLA (grey in the Figure) while the inner structure
is printed using soft TPU (yellow). This latter soft structure houses four vibrating
actuators in 7mm-diameter cylinders at its extremities. Dimensions are in millimeters.

The outer shell of the handle is 40 mm in diameter (grey in Fig. 1), topped
with a removable spherical part resembling a head, with a tactile indent on one
side, resembling a nose. Doing this, haptic cues from the handle can be easily
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mapped to a direction relative to the user in, e.g., navigation tasks. Both of these
parts are printed out of PLA. Within this rigid shell, we designed a deformable
structure made of four modules (yellow in Fig. 1), inspired by the cells used in
metamaterials mechanisms [12]. Each module houses one of the four ERM actu-
ators of the handle. We printed this structure using TPU Filament Filaflex 82A,
with a width of 0.8 mm for all elements (see Fig. 1). Such a material has already
been used in printing spring-like structure [9]. The soft modules can deform when
compressed (see Fig. 2), pushing the actuators against the users fingers. They
play two key roles: first, they ensure a permanent contact between the actuator
and the user’s skin. Secondly, they greatly reduce vibration propagation from the
motors to the other parts of the handle, thus helping the user better identifying
the stimuli source. When held in hand, the handle provides localized stimuli on
the thumb, palm, index and middle finger (see Fig. 2). The structure parameters
were chosen iteratively, resembling 3d printed lattice cellular structures which
were shown to have vibration isolation properties [19,23].

Fig. 2. The soft structure within the handle is 3d-printed with TPU. Each module
holds one of the actuators and plays a dual role: ensuring the contact between the
user’s hand and the motor while also isolating vibrations from the rest of the handle.

An ESP32 micro-controller controls the four motors using PWM signals be-
tween 0V and 4V. Commands can be sent using a serial connection or wirelessly
via ROS2 when connected to a battery.

3 Vibrometry Study

We conducted a vibrometry study to evaluate the effectivenes of our design to
isolate vibrations within the handle. An optical vibrometer was used to collect
velocity and frequency of skin vibrations at four locations of the hand while
holding the handle. To assess the repeatability of measures, 6 participants (5M-
1F, Ages 18-47, all right-handed) took part in the study. Hand sizes ranged from
190 to 170 mm, from the wrist to the tip of the index finger.
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3.1 Experimental Setup

Skin vibrations were measured using a laser doppler vibrometer (VibroFlex Neo,
Polytech). Participants held the handle with their right hand, placing the vi-
brating motor at the front of the handle, in-between the intermediate and distal
phalanges of their index. The laser was then targeted at the desired measuring
point, i.e., on the finger at the level of the actuator (see Fig. 3-right). We selected
four points of measurement (see Fig. 3-left):

– (A) on the intermediate phalanx of the index;

– (B) on the proximal phalanx of the index;

– (C) on the back of the hand, between the thumb and index;

– (D) on the proximal phalanx of the thumb.

Measurements were taken at these points while always activating the same actu-
ator placed under the intermediate phalanx of the index (point A). Measurements
are repeated three times for each point at (i) ten levels of increasing input voltage
(from 0.7 to 3.7V with 0.3V increases, spanning the full actuation space of the
motors), (ii) two levels of grasping force (loose grip and tight grip), and (iii) with
the proposed isolating structure vs. with a rigid version of the structure (i.e.,
non-isolating) made of rigid PLA. For the rest of this paper, these two versions
will be referred to as the “flexible handle” and the “rigid handle”, respectively.
The rigid handle was designed to have the actuators at a similar location than
with the flexible handle when it was compressed.

Fig. 3. (Left) The velocity of skin vibration was measured at four different locations
on the hand, while activating the motor at point A. (Right) We used a laser doppler
vibrometer pointed at the hand to measure the skin vibration due to the motor actu-
ation.

Subjects were asked to grasp the handle as in Fig. 3 at the two considered
levels of grasping force. Force levels were visually monitored based on the defor-
mation of the structure (at the maximum level of force, the modules are fully
pushed inside the handle). Each measure cycle was repeated three times to en-
sure consistency.
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During the study, commands were sent to the handle via a Matlab script.
Once in position, the motor is successively activated at the ten levels of vibration
intensity for two seconds each. A dSPACE (DS1104) controller board was used
to record velocity data from the vibrometer as well as the input voltage of the
motor. Data is captured at 10 kHz, with a range of 100 mm/s. Preliminary tests
were performed on the motors to ensure their performance and reproducibility
of their signals over time.

3.2 Results

The data is composed of 480 recordings per participant: three repetitions of
each combination of conditions (input voltage, measuring point, grasping force,
handle), for a total of 2880 measures. We extracted, from each record, the Root
Mean Square (RMS) velocity of the skin, a metric also used in [5]. Data for each
participants across conditions can be seen in Fig. 4.

Overall, RMS velocity of skin vibration ranges from 0.8 mm/s to 69 mm/s.
As seen in Fig. 4, mean velocity with the flexible handle at point A increases
rapidly with the input voltage, from 5 mm/s to a maximum of 35 mm/s. A clear
attenuation can also be seen between point A and the three other measuring
points B, C, and D, as expected. For the highest vibration intensity, velocity at
point A is up to 11 times higher than at the other points. In comparison, velocity
is much lower when considering the rigid handle, with mean values ranging from
2 mm/s to 13 mm/s. The difference between points around the hand is much
lower in this case: values at point B, C, and D range between 0.5 and 1 times
the velocity at point A. This result show how the proposed isolating design
significantly improve the localization of the vibrations with the handle.

As the index finger is in contact with the vibration source, located at point
A, we observe higher velocities at point B than with other fingers: this is due to
the propagation of vibration through the finger. As shown by Dandu et al. [5],
this propagation through the finger decreases as frequency increases. This can
indeed be observed at point B with the flexible handle and loose grip force, where
velocity rises at lower frequencies before dropping at higher frequencies.

Between the two levels of grasping force, we can observe that the velocity
is higher in the non-stimulated fingers when the handle is held tightly with the
flexible handle. This might be due to the isolating structure being less effective
when fully compressed, or the hand conducting vibrations more effectively when
closed firmly. Differences in RMS velocity is also clear between the two handles:
at point A, where the vibration originates, the flexible handle shows 2 to 3.5
times higher vibration velocities than with the rigid handle.
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Fig. 4. RMS velocity of skin vibration for each of the four measure points, for the
flexible (top) and rigid (bottom) handles. Individual participant data are shown in
dashed lines. Mean RMS velocity value is shown in a solid blue line.

4 Perception Study

In addition to the vibrometry study, we conducted a user study with 12 par-
ticipants (5M, 7F, 10 right-handed, aged 20-66, mean age 37.5) to evaluate the
discrimination of haptic cues provided by our handle in comparison to the rigid
version.
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4.1 Experimental Setup

This study was performed with participants sitting at a desk and the haptic han-
dle mounted on a joystick (as in Fig. 5).A screen displayed relevant information
during the experiment, and a keyboard was used to answer each trial. Partici-
pants were presented with the handle and were instructed on how to place their
dominant hand on the handle before a familiarization phase with the vibrations.
A headset displayed noise throughout the experiment to hide potential audio
cues from the actuators.

Participants performed two series of 40 trials in which they had to identify
the location of 0.2-s-long vibrations between the four possible ones (left, right,
front, and back actuators). Each of the four vibration locations was presented 10
times. Trials order was randomized across participants. Participants performed
the first series of trials with one of the two handles (i.e., flexible and rigid),
and the second series with the other one. The presentation order for the type of
handle was counter-balanced across participants.

Fig. 5. Experimental setup for the perception study. Participants sat at a desk, holding
the handle in their dominant hand. A keyboard was used to select the location at which
they felt the vibration.

4.2 Results

Overall, participants were able to identify the vibration location most of the
times, with success rates ranging from 81% to 98% for the flexible handle and
68% to 93% for the rigid one (see the confusion matrix in Fig. 6). We used
a generalized linear mixed model to study participants responses with respect
to the vibration location and type of isolation of the handle. Participants were
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considered as a random effect in the model. Analysis of deviance of the answers
showed significant effects of both the vibration location and the isolation type (p
< 0.001). A post-hoc analysis on the different conditions was performed using a
Tukey test. Trials with the flexible handle had significantly higher correct answer
rates compared to when the rigid one was used (Z = 4.81, p < 0.001). Correct
answer rates were lower for the back location compared to the front and left
locations (p<0.001), as well as for the right location compared to the left and
front location (p<0.001).

After each series of trials, participants were asked to rate whether vibrations
were difficult to locate on a 7-item Likert scale (1=Totally disagree, 7=Totally
agree). A Wilcoxon signed rank test showed a significant difference (p< 0.001)
between the evaluated difficulty with the flexible (mean=2.83, SD=0.937) and
rigid (mean=4.42, SD=1.44) handles (see Fig. 6).

flexible rigid

D
if
fi
c
u
lt
y

*flexible rigid

Fig. 6. (Left) Confusion matrix for the perception experiment: identification rates for
each vibration location with the flexible and rigid handles. (Right) Participants eval-
uation (7-item Likert scale) of the difficulty to identify the vibration location on both
handles.

5 Discussion

The results of the vibrometry study showcases a clear difference between the
two versions of the handle. Indeed, vibrations are much more intense at the
stimulated location with the flexible handle, while keeping vibrations on the
other fingers at a much weaker level. While the grasping force on the handle
appears to lower the intensity of vibrations at the stimulated point, it stays well
above the intensity of other points on the hand. Some improvements in the shape
of the handle, such as a more ergonomic form factor and a more complex soft
lattice structure could add more control to the modules deformation, and also
mitigate the propagation of vibrations through the hand.
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While we observed a large difference between the flexible and rigid handles in
vibration velocity in our vibrometry study, participants of the perception study
were still able to accurately identify the vibration locations in both handles.
Still, results with the flexible handle were better than those with the rigid one.
Back and left locations showed slightly lower identification rates, likely due to
the lower sensitivity of the palm and thumb compared to the index.

Finally, even if they were successful in both conditions, participants found
the task to be (much) easier with the flexible handle. This is also supported
by comments from the participants, who found the vibrations from the flexible
handle to be clearer.

In that respect, our design of a flexible isolating structure within the han-
dle was shown to be effective. In practice, this would allow us to design easily
identifiable localized haptic cues with a larger range of vibration intensities in
the users’ hand. Even if location identification is possible without isolation, our
design facilitates the perception of the haptic cues provided by the handle. In
addition, during the perception study, participants were solely focused on iden-
tifying the vibration location. We can expect that results would be lower if this
was only a secondary task. For instance, it would be the case if the handle is
used in navigation scenarios where users would have to also focus on other tasks,
e.g., interacting with the environment or other users. In such a case, having more
easily-identifiable haptic cues would be beneficial. Moreover, people with lower
tactile sensitivities could also benefit from better-contrasted tactile cues with
such a multi-actuator device.

Given the structure simplicity, the proposed handle design could be adapted
to other actuators of different size or shape. However, each module needs space
to deform freely, which limits the applicability of this design in existing interfaces
(e.g., VR controllers).

6 Use-Case: Navigation in Virtual Reality

Our two studies showed the benefits of our multi-actuator isolation design and
the ability of participants to identify the vibration location easily around the
handle. In this section, we illustrate the use of our haptic handle in a navigation
scenario in Virtual Reality.

In this scenario, participants are able to navigate in a virtual environment
displayed on a screen in front of them, with the handle placed on a joystick. The
virtual environment is composed of a series of three mazes, through which the
haptic handle provides directional cues (front, left, right, or back) to guide the
user to the exit. The same twelve participants who carried out the perception
study also participated in this demonstration.

Overall, participants were successful in following the guidance cues provided
by the haptic handle and did not get lost in the mazes, as can be seen on Fig. 7,
where trajectories only deviate occasionally from the main path. When asked to
rate the difficulty to follow the haptic guidance from 1 to 7, most participants
found the task to be relatively easy (M = 2.08, SD = 1.67).
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Fig. 7. (Left) A view of the virtual environment in which participants follow the guid-
ance from the haptic handle to find the exit of the virtual mazes. (Right) The three
mazes explored by the participants, and their trajectories within them. When on the
correct path, positions are shown in blue; when outside of the correct path, positions
are shown in red.

7 Conclusion

This paper presented the design of a multi-actuator haptic handle. It features
a custom deformable structure at its center to hold the four actuators, so as
to better isolate their vibrations. We evaluated the benefits of this design in a
vibrometry study, where we showed an increased vibration intensity at the point
of stimulation, and with a perception study, where participants found that the
isolated handle facilitated location identification. Finally, we showcased the use
of the handle in a navigation scenario, where vibration location on the handle
indicated directions to follow in a virtual maze.

As future work, we could adapt our approach to other types of devices which
could benefit from localized vibrations, such as VR interfaces. We could also in-
vestigate the use of our haptic handle in navigation assistance scenarios, where
clear localized cues could be beneficial for more intuitive guidance. Further in-
vestigations into the isolating structure parameters could also be conducted.
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