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STEM: A Soft Tactile Electromagnetic Actuator for
Multimodal Haptic Feedback in Virtual Environments

Heeju Mun
Seunggyeom Jung

Abstract—This study introduces the soft tactile electromagnetic
(STEM) actuator, a compact and wearable haptic device designed
to deliver multimodal tactile feedback in virtual environments. The
actuator employs soft materials as both an energy-storing and en-
casing structure, enabling out-of-plane deformations in response to
arbitrary input signals while ensuring high wearability. Magnetic
reinforcements, including a soft magnetic cap and a ferromagnetic
pole piece, minimize magnetic flux leakage, effectively amplifying
output force along with protrusion to enable precise and varied
haptic feedback. The actuator generates multimodal tactile stimuli,
including force, impulse, and vibration, surpassing conventional vi-
brotactile devices in delivering more varied and dynamic feedback.
Experimental evaluation of the actuator’s mechanical performance
demonstrates its ability to produce both low- and high-frequency
tactile feedback. A user study evaluating perception thresholds
and signal recognition accuracy found that participants identified
eight distinct tactile signals with an average accuracy of 91%,
confirming the actuator’s capacity to deliver distinguishable mul-
timodal feedback. These findings underscore the feasibility of the
STEM actuator for immersive haptic interactions and highlight its
potential applications in virtual reality.

Index Terms—Multimodal tactile, soft actuator, wearable.

I. INTRODUCTION

ITH the continuous advancement of virtual reality

(VR), research into wearable haptic devices that
simulate tactile interactions for immersive virtual experiences
remains ongoing [1], [2]. Humans primarily interact with the
physical world through haptic feedback, underscoring the
significance of wearable haptic devices in enhancing immersion
and interaction in VR technologies [3]. By providing only tactile
or cutaneous feedback, these devices enable users to manipulate
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three-dimensional virtual objects more intuitively, reducing
cognitive load and reliance on vision for certain tasks [4], [5],
(61, [7].

Wearability is critical factor influencing immersion in VR
environments. Rigid and bulky devices with low wearability not
only pose safety risks but also disrupt the cognitive connection
between virtual and physical interactions due to high impedance
[8]. To address issue, compact vibrotactile actuators, such as
linear resonant actuators (LR As) and coin motors, are commonly
employed [9], [10], [11], [12], [13]. These actuators generate
strong vibrations at specific frequencies, sufficient for notifying
users of interactions. For less dynamic feedback, small-scale
motors are utilized, while spatial haptic surfaces—such as virtual
bumps and patterned textures—are rendered using linear motors
that generate indentational forces at the fingertips to deform the
skin [14]. Another method for delivering a pressing sensation
involves using a servo motor enclosed in a thimble-like structure
[15], [16]. Although these approaches provide single-mode tac-
tile feedback, recent research has focused on developing devices
with greater degrees of freedom. A common strategy is inte-
grating multiple actuators or motors to generate different tactile
stimuli, such as pressure, vibration, and shear [17], [18], [19],
[20]. However, this approach increases system size, reducing
accessibility and wearability.

To overcome these limitations, soft materials have been in-
creasingly utilized in wearable haptic actuators offering promis-
ing solutions for compliant and lightweight designs. Soft tactile
actuators enable conformal contact with finger curvature, which
is crucial for effective feedback transmission. Various strategies
have been explored for developing such actuators. Dielectric and
electrostatic actuators provide fast responses and high energy
density at high voltage inputs (~kV) [21], [22], [23], [24], [25].
Pneumatic actuators generate substantial force output (~N) but
are limited by a narrow bandwidth in the tens of Hertz range,
and their bulky air compressors restrict mobility [26], [27], [28].
While soft functional materials present an innovative actuation
approach, challenges such as low force output, durability, and
feasibility remain [8].

Rather than using soft materials as the primary actuating
element, they can serve as passive structures for encapsulation
or energy storage. Yu et al. and Li et al. introduced miniaturized
electromagnetic tactile actuators that incorporate flexible films
as elastic structures [29], [30] However, these designs prioritize
miniaturization and minimal power consumption, limiting them
to vibration at a specific resonance frequency.
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Fig. 1. (a) Photograph of the soft tactile electromagnetic (STEM) actuator,
designed to provide multimodal tactile feedback with enhanced wearability.
When worn as a STEM ring on the finger, it can deliver protrusive force,
vibrational feedback, or a combination of both simultaneously. (b) Structural
diagram of the STEM actuator.

In this study, we propose a soft tactile electromagnetic
(STEM) actuator that is finger-worn and capable of deliver-
ing not only vibrational feedback but also force, impulse, and
arbitrary tactile sensations (see Fig. 1(a)). By integrating soft
materials as both an energy-storing component and an encas-
ing structure, the actuator achieves out-of-plane deformations,
enhancing wearability while enabling a range of tactile stim-
uli, including protrusive force. The developed hardware aims
to provide diverse haptic sensations that are challenging to
achieve with single-mode feedback, such as rendering micro-
textures composed of high-frequency vibrations, macro-textures
featuring small bumps, or a combination of both simultaneously.

This letter is structured as follows: Section II examines the
actuator design, while Sections III and IV discuss its mechan-
ical and psychophysical performance. Finally, Section V con-
cludes with an overview of the STEM actuator’s limitations and
potential future developments.

II. HAPTIC ACTUATOR DESIGN

A. Design Overview

The proposed actuator comprises an electromagnetic copper
coil embedded in a polymer casing, a permanent magnet with a
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Fig. 2. (a) Schematic illustrating the working mechanism of the actuator
and the role of magnetic reinforcement in enhancing output force by directing
magnetic flux lines along the soft magnetic cap and pole piece. (b) 3D shape of
the actuator to visualize the protrusion (dimensions are in mm scale).

pole piece, and a magnetic soft cap covering most of the system,
as illustrated in Fig. 1(b). The magnet is suspended within the
electromagnetic (EM) coil by a polymer diaphragm, enabling
controlled motion. When the coil is activated, the magnet un-
dergoes longitudinal displacement due to the Lorentz force (see
Fig. 2(a)).

The actuator’s elastomer-based structure allows the magnet to
protrude, enabling diverse haptic feedback, including impulsive
forces (such as tapping) and protrusive forces (such as pressure).
Additionally, the elastic diaphragm enhances dynamic perfor-
mance by leveraging resonance to generate strong vibrational
feedback.

A key design feature of the STEM actuator is its magnetic
reinforcements, which include a magnetic soft cap—a poly-
mer composite infused with iron nanoparticles (FeNPs)—and
a pole piece. These components guide the magnetic flux lines
perpendicular to the current-carrying wires of the EM coil,
minimizing flux leakage. By directing the flux lines along the
magnetic soft body and forming a nearly closed magnetic loop
(see Fig. 2(a)), the actuator achieves higher force output and
improved efficiency. The protrusion of the actuator is clearly
visualized from its 3D shape (see Fig. 2(b)), obtained using a
3D optical profilometer (VR-6000, Keyence). It can produce a
protrusion of approximately 0.5 mm under a constant current
input of 750 mA.

B. Magnetic Reinforcements

To enhance the actuator’s output force, magnetic reinforce-
ments, including a pole piece and a magnetic soft cap, are
incorporated. The pole piece, made of soft iron with high relative
permeability (1-10 x 10°), directs the magnetic flux lines from
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Fig. 3. (a) Simplified cross-sectional geometry of STEM actuator and
(b) simplified magnetic circuit representation of the actuator without (open
circuit) and with magnetic reinforcements (semi-closed circuit).

the permanent magnet (Neodymium magnet, NdFeB, N42). This
configuration ensures that most flux lines are aligned perpen-
dicularly to the current I flowing through the coil of length /,
under the magnetic flux density B. This alighment maximizes
the Lorentz force F},,44, given by (1):

Fmag:f-/dle (1

The magnetic soft cap, composed of an FeNP—polymer com-
posite (EcoFlex 00-50, SmoothOn Inc.), minimizes magnetic
flux leakage. Acting as a flux shield, it provides a low-resistance
path for magnetic fields, thereby enhancing the actuator’s force
output. By introducing magnetic properties to the cap, which
covers most of the actuator’s upper portion, flux lines are effec-
tively contained within the system. The impact of these magnetic
reinforcements is theoretically analyzed and validated through
simulations.

The actuator’s geometry and its lumped parameter model
are shown in Fig. 3(a), with key dimensions: I, (pole piece
length), [,,, (magnet axial length), r,,, (magnet radius), ., (soft
cap thickness), t. (coil width), and ¢, (air gap). To simplify
calculations, the following assumptions are made:

® Flux leakage and fringing effects are neglected.

e The pole piece’s relative permeability is significantly

higher than that of the vacuum (tt;r0n, > f10)

e The air and polymer body’s permeability are ap-

proximated as equal to the vacuum permeability
( Hair = Hpolymer — Mo)

e Inductance effects in the coil are ignored.

By comparing the equivalent magnetic circuits of designs with
and without magnetic reinforcements (Fig. 3(b)), their effects on
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TABLE I
RELUCTANCE AND MAGNETIC SOURCE VALUES

Parameter] Value |Parameter Value
t +t.
Bl In (1 +5 )
Vm Rgap Tm
Hm 2mpl,
t,+¢
[ by + b ln (1 +-4 c)
Rm 2 Rcap T
Tlm T 2N capteap (Tm + tc + tg) 2N capteap
Rair > Reap + Ryap

performance can be predicted. The open circuit design allows
field lines to disperse into the air, while the semi-closed circuit
guides them through the magnetic soft cap. The permanent mag-
net is modeled as a non-ideal magnetic voltage source V,,, with
an internal reluctance R,,. The open circuit has an air reluctance
Rgir, whereas the semi-closed circuit has a reluctance R, (air
gap) and R.,, (magnetic soft cap). These lumped parameters
are provided in Table I, where B,.is the remanent flux density
of the permanent magnet, i, = 1.4y is the permeability of
the magnet, and p.q,(> f0) represents the permeability of
the magnetic soft cap, which depends on the FeNP volume
concentration in the polymer composite.
The total magnetic flux ¢ is given by (2):

‘/m
)
Rn et

where R,.; is the net reluctance, which is R,;. + R,, for the
opencircuitand Ry + Rgap + Ry, for the semi-closed circuit.
For the open and semi-closed circuits, the flux values can be
computed using (3).

¢ =

2

Vin Vin

closed — >
Gelosed Reap + Ryap + Ryn ~ Rair + R

= ¢open .

3)

This confirms that the semi-closed design achieves signifi-

cantly higher flux. The magnetic flux density in the coil region

B, for the semi-closed design is obtained using (4) from which
we can derive the output force using (1):

_ ¢cl osed - ( 4)

2 (rm +ig+ ?L) lp

To verify these theoretical predictions, finite element analy-
sis (FEA) was conducted using COMSOL Multiphysics. The
relative permeabilities of the soft cap and pole piece were set
to 3 and 5000, respectively. Fig. 4(a) illustrates the simulation
results, where the magnetic flux density norm is represented by
the color scale and flux lines are drawn. The results indicate that
flux lines are directed toward the soft magnetic cap, minimizing
flux leakage. A comparison of the maximum magnetic flux
densities in the semi-closed and open circuit designs, which was
2.18 T and 1.38 T respectively, demonstrates the effectiveness of
the reinforcements in reducing leakage. Additionally, the arrow
plot of radial magnetic flux density confirms that the reinforce-
ments significantly enhance the flux available for Lorentz force
generation.

To theoretically verify the effect of magnetic reinforce-
ments, the output force performance of the actuator—with a
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TABLE II
RELATIVE PERMEABILITY OF MAGNETIC POLYMER COMPOSITE
FeNP vol % Value
0 ~1
10 1.52
20 1.79
30 2.47

Free State

Loaded State
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Fig. 4. (a) Simulation results illustrating the magnetic flux density norm as

a surface plot, magnetic flux lines as contour lines, and radial magnetic flux
density as an arrow plot for the actuator with and without magnetic reinforce-
ments. (b) Output force predicted based on the lumped parameter model and
FEM simulation. (c) Experimental results showing the effect of FeNP volume
concentration on enhancing force output, where four measurements are taken
at each input voltage for three samples with each volume concentration. The
solid line represents the average static force and the shaded region represents
the standard deviation.

soft magnetic cap containing increasing volume concentrations
of FeNPs—was predicted using a lumped parameter model
and compared with FEM simulation results, as illustrated in
Fig. 4(b). As the theoretical model relies on several simplify-
ing assumptions, its predictions deviate notably from the FEM
results. Nevertheless, the findings support the hypothesis that
enhanced performance can be achieved by incorporating mag-
netic reinforcements, as output force increases with higher FeNP
concentrations.

To experimentally validate these findings, the actuator’s static
output force was measured for samples with varying FeNP
concentrations (0-30 vol% in 10% increments) embedded in the
polymer matrix. Higher FeENP content improves the soft cap’s
magnetic flux shielding capability, thereby reducing flux leakage
and enhancing output force. The relative permeability values
corresponding to different FeNP concentrations were measured
using a Magnetic Property Measurement System (MPMS3-
Evercool, Quantum Design Inc.), and the results are presented
in Table II.

The output force was measured using a load cell (UMI-200gf,
Dacell) attached to a vertical manual stage (Fig. 5(a)). An

(a)
Laser Doppler Laser Displacement
F Loadcel! Vibrometer (LDV) Sensor (LDS)
creaisensig Acceleration sensing Stroke sensing
Current Input b
to STEM <— g'g:ﬁ::lr::: «—| Data Acquisition
Actuator (G=2) (DAQ) Device
Supply Power PC
Source (MATLAB)
(b)

Fig. 5. (a) Experimental setup for measuring output force, acceleration, and
protrusion. (b) Schematic of system setup.

initial 50 mN load was applied to simulate actuator-skin contact
conditions. Instead of controlling the input current, voltage was
varied for simplicity. A step input voltage was applied in 0.4 V
increments, and the static force output was recorded for 30 s.
Each measurement was repeated four times for three samples at
each FeNP concentration.

The averaged static force output for different FeNP concen-
trations at increasing voltages is plotted in Fig. 4(c), where the
solid line represents the mean, and the shaded region indicates
the standard deviation. The results confirm that increasing the
FeNP concentration in the soft cap enhances the actuator’s
force output. This supports the effectiveness of using magnetic
reinforcements—such as the magnetic soft cap and pole piece—
in minimizing flux leakage and improving actuator performance.
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III. HAPTIC ACTUATOR OUTPUT PERFORMANCE
A. Experimental Set-up

To evaluate the output performance of the fabricated actua-
tor, we set up the following measurement devices: a loadcell
(UMI-200gf, Dacell) to measure force output, a laser Doppler
vibrometer (LDV, Polytech) to measure acceleration output,
and a laser displacement sensor (LDS, Keyence) to measure
protrusion output. Below the equipment, the STEM actuator is
firmly fixed to a manual precision XY using a jig, as illustrated
in Fig. 5(a). This manual stage allows precise alignment of the
actuator with the laser focus of the LDS and LDV, or co-axial
alignment with the load cell tip.

As previously mentioned, a preload of 50 mN was applied
before measuring the actuator’s output performance. For force
output measurements, this preload was directly applied by
monitoring the force measured by the load cell. However, for
non-contact measurements—such as protrusion or acceleration
evaluation—a different approach was required to apply the
preload without interfering with optical measurements while
ensuring stability under dynamic motion. To achieve this, an
elastomer membrane was placed over the actuator, with its edges
firmly secured to the jig, simulating the loaded state (Fig. 5(a)).
In contrast, the free state refers to the condition where no preload
is applied to the actuator.

A data acquisition (DAQ) system (USB-6212, National In-
struments) was used to collect measurement data and generate
sinusoidal analog signals, which were fed into an operational
amplifier (OPA547, Texas Instruments Inc.). The amplifier ap-
plied a gain of two to the signal before delivering the current
input to the actuator. The entire system was controlled using
MATLAB, as shown in Fig. 5(b). By varying the amplitude
and frequency of the sinusoidal input, the dynamic output
performance of the actuator was assessed.

B. Dynamic Response

The actuator’s response to sinusoidal current inputs with
amplitudes of 350 mA, 600 mA, and 750 mA was measured
across varying frequencies.

For force output, the actuator produced a maximum force of
0.4Nat0.1 Hz with a 750 mA input current, significantly exceed-
ing the perceivable normal force at the fingertip—approximately
0.01 N under static conditions and 0.005 N under vibrational
conditions [31]. The actuator demonstrated a bandwidth of
25 Hz, as shown in Fig. 6(a).

For protrusion output, the actuator exhibited a maximum
displacement of 0.4 mm at 0.1 Hz under nearly static sinusoidal
actuation, with a peak displacement of 0.63 mm at resonance
in the free state (Fig. 6(b)). When a preload was applied, a
slight reduction in performance was observed, as expected.
Additionally, the resonance frequency shifted from 240 Hz at
350 mA to 190 Hz at 750 mA, likely due to nonlinearities in the
actuator’s mechanical system.

For acceleration output, sinusoidal input signals were applied
up to 500 Hz, with results of RMS value shown in Fig. 6(c). The
actuator consistently exceeded 10 m/s?> above 30 Hz, reaching
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Fig. 6. Output performance of the actuator at input current amplitudes of
350, 600, and 750 mA for varying input signal frequencies: (a) Force response,
(b) protrusion response showing resonance, and (c) acceleration response. (d)
Step input response demonstrating the actuator’s high dynamic performance
with a low response time.

a peak acceleration of ~1250 m/s? at resonance with a 750 mA
input current under free state. This outstanding acceleration
performance is attributed to the actuator’s design, which incor-
porates a mass-spring system composed of a magnet and a soft
magnetic cap.

These experimental results demonstrate that the actuator is
capable of generating rich and diverse tactile feedback, encom-
passing not only vibrations but also indentations, impulses, and
complex haptic effects.

The actuator’s response time was also examined. The time
required to reach 90% of its maximum force output under a
step input was 44.6 ms, as shown in Fig. 5(d), indicating a fast
response suitable for real-time haptic rendering.

However, one limitation of the actuator is heat generation due
to the high current passing through the coil. A thermal camera
recorded a temperature rise to 40°C after 100 s of actuation at
100 Hz and 350 mA. However, since typical haptic interactions
last no longer than 5 s, this heating is unlikely to pose a risk to
the skin.

IV. USER TEST

A user study was conducted to assess the performance of
the designed haptic display, specifically its ability to meet the
perception threshold and enable users to identify and distinguish
between multimodal tactile feedbacks. The study involved 12
participants—3 females and 9 males—ranging in age from 25 to
30 years (mean = 27.75, median = 27.5, SD = 1.76). All partici-
pants were right-handed and exhibited normal touch perception.
This study was approved by the Institutional Review Board
at the Korea Advanced Institute of Science and Technology
(KH2023-177).
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Fig. 7. (a) User test setup for measuring participants’ perception thresholds.
(b) Perception threshold levels, represented in terms of input voltage, for tactile
feedback at 1, 10, 100, 200, and 400 Hz across 12 participants.

A. Absolute Threshold Test

The proposed actuator is capable of delivering not only protru-
sive force but also vibrations, including a combination of both,
with varying frequencies. To determine the perception threshold
for tactile feedback at different frequencies, the test procedure
was designed as follows. As shown in Fig. 7(a), each subject
rested their right hand on a supporting structure, with their index
finger gently placed on the STEM actuator. Participants were
instructed to rest their fingers lightly on the actuator without
applying pressure. To eliminate auditory interference, all par-
ticipants wore noise-canceling headphones playing pink noise
throughout the experiment.

The experiment involved three trials at each actuation fre-
quency: 1, 10, 100, 200, and 400 Hz. A “l-up 1-down adap-
tive staircase procedure” with a variable step size for input
voltage was used, where the voltage was adjusted for ease
of control. Each trial began with a stimulus well above the
expected threshold. Participants were asked to respond with
“yes” if they perceived the stimulus or “no” if they did not,
using a laptop placed near their free hand. If the participant
responded “yes,” the intensity was reduced by a certain step
size until the stimulus was no longer perceivable. When the
user could no longer perceive the stimulus, the intensity was
increased, and the step size halved from the previous decrement.

Authorized licensed use limited to: Korea Advanced Inst of Science & Tech - KAIST. Downloaded on March 06,2026 at 08:17:58 UTC from IEEE Xplore. Restrictions apply.
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TABLE III
SENSITIVITY LEVELS AT DIFFERENT FREQUENCIES

Frequency (Hz) 10 100 200 400

SL Input 350mA 3.32 41.81 53.30 53.13
(dB) Input 600mA 9.15 48.35 61.16 55.96
Input 750mA 12.69 52.28 64.55 57.37

This process continued until the participant responded with four
reversals (alternating “yes” and “no”) consecutively, indicating
convergence at the threshold input voltage. To prevent infinite
iterations, the maximum number of iterations was set to 25, with
the entire test lasting around 20-30 min. Rest periods of 10 s
between stimuli and 120 s between trials were allowed to prevent
muscle fatigue.

The mean and standard deviation of the threshold values
across all participants are shown in Fig. 7(b) for each frequency.
As expected, participants exhibited lower threshold values at
higher frequencies, with values of 0.049 V and 0.054 V for
200 Hz and 400 Hz, respectively. However, at lower frequencies,
there was considerable variability among participants, reflecting
individual differences in sensitivity to tactile stimuli, including
static stimuli like indentation. Based on these threshold values,
the sensitivity levels of the actuator’s acceleration output under
loaded state are summarized in Table III.

B. Identification Test of Tactile Feedbacks

To evaluate the multimodal capabilities of the actuator, which
can generate a wide range of temporal and force variations,
eight distinct tactile signals (S1-S8) were carefully designed.
The input signals and the measured output force response are
plotted in blue and black solid lines, and the signal’s waveform
are presented in Fig. 8(a). Each signal was selected to highlight
specific tactile characteristics, including protrusive force (S7 and
S2), pulse-like force (S3), crisp step signals (S4), vibration (S5
and S6), and combined waveforms with modulation effects (S7
and S8).

The tactile signals and their waveforms can be categorized
based on their distinct tactile sensations. S/ and S2 feature sinu-
soidal profiles with equal amplitude A but different cycle num-
bers, emphasizing protrusive force perception. S3 and S4 deliver
sharp, pulse-like force feedback, where S3 consists of two im-
pulses Ad(t), and S4 is a step-force signal Afu(t) — u(t —T)],
with both signals sharing same time period 7". $5 and S6 provide
low- and high-frequency vibrational feedbacks at frequencies
fiow = 25Hz and fyign = 150 Hz, respectively. Their intensi-
ties, Ao, and Ap,gp, are chosen such that both signals produce
a similar acceleration output, ensuring comparable perceived
vibration intensity. S7 and S8 incorporate modulation effects,
where §7 combines two sine functions to deliver protrusive
force with vibration feedback, while S8 features a vibrational
waveform with an envelope, creating a beat-like sensation. Their
average power input is described in Supplementary Material.

The signal pairs— SI & S2, $3 & §4, S6 & S7— can be dif-
ferentiated based on their protrusive force characteristics. While
S5 and S6 differ in frequency, S7 and S8 share similar amplitude
modulation patterns but induce different perceived sensations
due to their waveform structure. To prevent participants from
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Fig. 8. (a) Eight distinct tactile signals used in the user identification test.
(b) Confusion matrix representing the results of the user identification test.

identifying signals based on their duration, all signals were set
to 0.7 seconds.

The user test setup mirrored that of the perception threshold
measurement. Participants gently placed their index finger on the
STEM actuator and responded using a PC with their free hand.
Before the main experiment, participants underwent a learning
phase during which they could freely explore and feel each of
the eight signals until they were confident in identifying them.
This phase lasted no more than 5 min.

The main experiment consisted of a randomized sequence
of signals, with each signal being presented five times. Partici-
pants were tasked with identifying the 40 delivered signals and
responding via the PC.

Their responses were recorded and analyzed, and the results
were presented in a confusion matrix, as shown in Fig. 8(b).
The matrix shows the normalized responses for each delivered
signal. High values along the diagonal indicate that participants

ROBOTI cs N A TOMATION LETTERS, VOL 10, NO. 10. OCTOBER 2025
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successfully identified the eight signals,
accuracy of 91%.

All 12 participants identified S2, S4 and S5 with high accuracy
(98%), while minor confusion occurred between S/ and S2,
as well as between S3 and S4. Due to the similar vibrational
characteristics of $6, S7 and S8 with same frequency, participants
exhibited errors in distinguishing these three tactile signals. The
confusion primarily arose due to the weak protrusive force,
making it challenging for some participants to differentiate the
level of protrusion.

Despite these minor confusions, the results demonstrate
that the actuator successfully delivered distinct tactile signals,
achieving a high overall recognition rate.

with an average

V. CONCLUSION & DISCUSSION

In this study, we developed a STEM actuator capable of
delivering multimodal tactile feedback. By incorporating mag-
netic reinforcements, such as the soft magnetic cap and the
ferromagnetic pole piece, we effectively amplified the output
force by minimizing magnetic flux leakage. This enhancement
was validated through both FEM simulations and experimental
results. The actuator’s performance was evaluated by measuring
output force, protrusive displacement, and acceleration over a
wide frequency range. Its ability to generate diverse feedback—
including force, vibration, and impulse signals—demonstrates
its versatility in comparison to traditional vibrotactile actuators.
Furthermore, the integration of soft materials not only enhances
wearability but also ensures sufficient force output for effective
haptic rendering.

The user study showed that participants were able to reliably
distinguish between eight different tactile signals, achieving an
average accuracy of 91%. The highest recognition rates were ob-
served for successive protrusive force, step, and low-frequency
vibration feedback (52, S4 and S5), due to their distinct tactile
characteristics. However, minor confusion was noted between
high-frequency vibration with and without modulation (56, S7
and S8), which may be attributed to variations in the perception
thresholds of protrusive force among participants. This finding
suggests that optimizing signal amplitude and duration could
further enhance the ability to differentiate similar stimuli.

Despite its strong performance, the actuator has some limita-
tions. The heat generated by the electromagnetic coil during pro-
longed actuation may require additional thermal management to
ensure user comfort during extended use. Additionally, while
the actuator successfully delivers predefined signals, further
research is needed to assess its adaptability to dynamic, real-time
interactions and user-driven haptic feedback.

Future work will focus on leveraging the STEM actuator to
enhance the immersiveness of VR environments by delivering
realistic and dynamic haptic feedback. The actuator’s ability to
generate multimodal feedback can significantly improve the per-
ception of virtual object and texture interactions. For instance,
the actuator could simulate the sensation of pressing soft or
rigid objects, or render the texture of rough or smooth surfaces
with bumps with enhanced realism. These advancements will
contribute to a richer, more intuitive VR experience, bridging
the gap between visual perception and tactile interaction.
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