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Abstract: With the growing demand for wearable electronics, efficient haptic systems are essential
for contact perception and variable haptic feedback. However, achieving a large shape-morphing
haptic output is still a challenge for existing flexible robotic actuators. This paper presents a
digitally-controllable, ultralight (65 mg), ultrathin (260 pm) flexible actuator that delivers large
shape-morphing haptic feedback with an output force of 240 mN and a displacement of 0.88 mm.
By integration of micro-circuit printing and micro-fluidic manufacturing technologies, the actuator
with significant lightweight and thinness is created. Despite excellent flexibility, the actuator is
still able to generate powerful haptic output. User experiments with a haptic signal recognition
accuracy of 91.33% validate its potential in wearable devices and human-machine interfaces.
Additionally, immersive virtual reality experiments confirmed its ability to recreate realistic tactile
sensations, such as perceiving continuous water flow and catching a fast-moving object,
highlighting its applicability in embodied intelligence, virtual reality, motion training, and
interactive experiences. This study offers new design insights for haptic interfaces in virtual and

augmented reality and lays the foundation for future skin-patch-based haptic devices.
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1. Introduction

The human sensory system can capture a vast array of external information, with touch being a
critical component that not only connects us closely with our environment and ourselves but also
underpins our daily operations and interactions [1-5]. Tactile perception encompasses various
sensations, such as temperature, pain, vibration, touch, and pressure, all of which are finely
detected by different nerve endings in the skin [6, 7]. The human skin is composed of the
epidermis, dermis, and subcutaneous tissue, with the dermis being particularly rich in nerve
endings, including tactile corpuscles (Meissner's corpuscles) and pressure receptors (Pacinian
corpuscles). These nerve endings are highly sensitive to specific haptic stimuli, allowing us to
accurately perceive touch and pressure, which is essential for performing delicate tasks and
effectively interacting with our environment in daily life [8-11].

Mechanical vibration, as a well-established haptic feedback technology, is widely utilized in
rendering object properties, perceiving interaction positions, and conveying abstract information
[12-14]. During human-object interactions, mechanoreceptors can detect a wealth of vibrational
information, which, upon processing, allows for the recognition of surface characteristics [15]. For
instance, researchers have developed an 18-um thick dielectric elastomer actuator for wearable
haptic feedback devices, capable of generating vibrations in the range of 1 Hz to 500 Hz, enabling
users to accurately identify frequency and sequence patterns [16]. Moreover, the 2021 Nobel Prize
in Physiology or Medicine was awarded for the discovery of thermoreceptors, laying the
foundation for the design of temperature feedback devices. For example, Park et al.[17] developed
an advanced skin-integrated system based on thermal perception, which utilizes passive cooling
and active thermal control technologies to achieve precise spatiotemporal programming of
temperature feedback over extensive areas of the skin, thereby enhancing the human perception of
virtual environments. However, these technologies are limited to two-dimensional tactile
sensations, lacking the ability to deliver spatial experiences such as thrust or impact, and they do
not achieve effective haptic display [18-20].

As a key component of human-machine interaction, haptic display technology is increasingly
becoming a vital tool for enhancing user immersion and interaction experiences [21-24]. However,
despite the diversity of actuation principles, many existing haptic actuators suffer from large size,
heavy weight, and slow response, limiting their suitability for modern applications that demand

high wearability, flexibility, and thinness. Moreover, there exist inherent trade-offs among power



efficiency, response speed, durability, and mechanical compliance [25-27]. For instance, while
micro-combustion technology provides a highly efficient power source for soft actuators, it faces
challenges related to continuous energy supply [28]. Thermoelectric feedback devices [29, 30]
provide precise temperature regulation but are constrained by slow response and high energy
consumption. Magneto-responsive soft actuators can reproduce programmable surface textures of
virtual or remote objects [31]; however, their reliance on bulky magnetic setups inevitably
increases system thickness and structural rigidity. Electrohydraulic actuators can produce large
displacements and high output forces [32-35]. Nevertheless, their flexibility and adaptability are
often compromised by thick or multilayered inextensible polymer shells. Therefore, there is an
urgent need to develop ultrathin, lightweight, and highly compliant haptic actuators that can
respond rapidly and accurately reproduce complex surface morphologies [36].

This paper presents a digitally-programmable ultra-lightweight (65 mg) and ultra-thin (260 um)
flexible actuator, capable of creating powerful haptic feedback with an output force of 240 mN
and a displacement of 0.88 mm. By uniting micro-circuit printing with micro-fluidic
manufacturing, the actuator with exceptional lightweight and thinness is fabricated, which has
excellent flexibility yet delivers forceful haptic output. User studies demonstrate a haptic signal
recognition accuracy of 91.33%, and immersive virtual reality experiments confirm its ability to
reproduce realistic tactile experiences, including the perception of continuous water flow and the
interaction with rapidly moving objects. Compared with existing technologies, this actuator
achieves a unique balance between actuation performance and structural adaptability, offering a
promising route toward next-generation skin-conformal haptic systems. These results not only
offer new insights into the design of skin-conformal haptic interfaces but also lay the groundwork
for future development of high-fidelity, patch-type tactile communication devices.

2. Materials and methods

2.1. Structural design of haptic actuator

The haptic actuator features a multilayer structure, in which a dielectric liquid is encapsulated
between two non-stretchable dielectric polymer layers. A stretchable elastic film covers the top
active region to enable out-of-plane deformation, while the bottom electrode is insulated and
mechanically protected by a layer of polyimide (PI) tape (Fig. 1a). This configuration allows the
actuator to achieve large, localized displacement under electrical stimulation while maintaining

overall mechanical stability and flexibility. To realize the desired ultrathin and lightweight



characteristics, microcircuit printing technology was employed to fabricate high-resolution, ultra-
thin silver electrodes. This was paired with microfluidic manufacturing techniques to precisely
inject a controlled volume of dielectric oil into the internal cavity. The injection process, enabled
by fine-tuned fluidic control, ensures uniform oil distribution and consistent electromechanical

response under applied voltage.
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Fig. 1 Application and structure of the haptic actuator. (a) The composition of the haptic actuator. (b) Signal

transmission via the on/off state of the voltage-driven actuator. (c) Photograph of the actual haptic actuator.

The actuation system consists of a personal computer that wirelessly transmits control
commands via Bluetooth to a portable high-voltage power supply (as illustrated in Fig. S1). The
power supply delivers voltage signals to the actuator, inducing deformation through
electrohydraulic expansion. When in contact with the human body, the actuator transmits
perceivable tactile cues by modulating the voltage input, enabling interactive haptic feedback (as
depicted in Fig. 1b). This system design supports applications in immersive virtual environments
and wearable human-machine interfaces. To further investigate and optimize the working
principles of the actuator, numerical simulations were conducted based on its multilayer geometry
and material properties to analyze voltage-induced deformation behavior. The simulation results
provided valuable guidance for structural optimization and were further validated through
experimental measurements. Compared with existing haptic technologies, the actuator exhibits a

significantly reduced thickness and weight, while maintaining excellent flexibility and tactile



display capabilities (see Fig. 1¢). These features make it highly suitable for a range of interactive
applications, such as replicating the sensation of a handshake or perceiving dynamic virtual forces.

2.2. Fabrication processes of haptic actuator

The fabrication process of five haptic actuators with varying aperture sizes (see Supplementary
Fig. S2) is illustrated in Fig. 2. First, the polyethylene terephthalate (PET) film (thickness: 5 um),
which serves as the dielectric polymer layer, underwent pre-treatment. The surface of the PET film
was activated using a plasma device. Subsequently, silver electrodes were printed onto the
activated PET film using a microcircuit printer. After printing, the PET film was dried in an oven
at 100 °C for 2 h. The PET film with printed silver electrodes was then cut using a laser cutter,
based on the electrode positions.

Next, the assembly of the film layers was carried out. An elastic film (Ecoflex 00-30, Smooth-
On Inc) was first adhered and laminated over the notched electrodes using silicone adhesive (Sil-
Poxy, Smooth-on Inc.). After the adhesive cures, the PET film with silver electrodes was adhered
to the side of the elastic film that remains uncovered. The adhesive was applied evenly around the

electrodes in a thin layer, with a coating thickness of approximately 5 pm.
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Fig. 2 Schematic of the fabrication process for the haptic actuator.



To accurately control the dielectric oil injection volume, we developed a set of custom-designed
microfluidic system. A precise amount of the dielectric oil (Envirotemp FR3, Cargill Inc.) was
injected between the layers using the microfluidic system before the adhesive between the PET
layers fully cures. The exposed electrodes were then sealed with polyimide (PI) tape, completing
the fabrication of the haptic actuator.

2.3. Methods

The silver electrodes were printed on PET using a microcircuit printer (DP500, BroadTeko) with
nanosilver ink (BroadCON-INKS550, BroadTeko), and the PET was cut using a laser cutter. A
uniaxial load cell (DSZ-100, Decent Inc.) was employed to measure the force and a laser
displacement sensor (HL-G103-S-J, Panasonic Inc.) was used to measure the displacement.
Additionally, a high-speed camera (VEO 710, Phantom, USA) was utilized to capture real-time
images of the experiment.

3. Results and discussion

3.1. Model design

The model of haptic actuator was subjected to an analytical study based on the Computational
Fluid Dynamics (CFD) Module, the Structural Mechanics Module, and the AC/DC Module within
the finite element modelling (FEM) software COMSOL Multiphysics suite [37]. The model of the
haptic actuator, as depicted in Fig. 3a, was derived from a two-dimensional axisymmetric model
through rotational transformation (see Supplementary Fig. S3). During the simulation process, a
transient analysis was conducted under two distinct conditions: (1) The motion state of the top
Ecoflex layer was analyzed to ascertain the maximum displacement. (2) A rigid slab was
introduced directly above the model, and an integration was performed at the designated red
boundary (as illustrated in Supplementary Fig. S4) to document the variation in exerted force.
Through these two transient analyses, we comprehensively evaluated the physical behavior of the
haptic actuator under different operating conditions, providing critical data to support further
design optimization and performance enhancement.

3.2. Working principle

The working principle of the haptic actuator involves injecting dielectric oil into a pouch made
of dielectric polymer, with silver electrodes printed on both sides of the pouch. Notably, one side
of the electrode has a circular aperture covered by a layer of elastic film. When a voltage is applied,

the electrodes on both sides attract each other, generating electrostatic Maxwell stress that acts on



the dielectric oil inside the pouch [33]. As the edges of the electrodes move towards the central
region, resembling a zipper closure (the mesh deformation process of the haptic actuator during
this process is shown in Fig. 3b) [38], the dielectric oil is squeezed into the central gap (see Video
1). The hydraulic pressure generated during this process causes the elastic film covering the
aperture to deform (Fig. 3¢) illustrates the displacement model of the cross-section of the haptic
actuator). By adjusting the applied voltage, the stress-strain response of the haptic actuator can be
precisely controlled [34]. The electrostatic pressure generated on the electrodes of the haptic

actuator is given by:
1
P:5508,E2, (1)

where ¢ and ¢y are the dielectric constants of the dielectric oil and vacuum, respectively. The
electrodes of the haptic actuator can be approximated as a non-parallel plate capacitor (as shown
in the inset below Fig. 3¢), with the extension lines of the two plates intersecting at angle 6 at point
O. Assuming the distance from any point between the plates to point O is r, with ¢ the charge

density on the electrodes, the electric field strength between the two electrodes is:
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Fig. 3. (a) 3D simulation model of the haptic actuator. (b) Mesh deformation of the actuator when voltage is
applied. (¢) Displacement model of the cross-section of the haptic actuator and electrode analysis model. (d)

Schematic diagram of the cross-section of the dielectric oil.

Considering the incompressibility of the dielectric oil, the volume V of the haptic actuator
remains constant before and after the voltage is applied. Therefore, when the electrodes are fully
closed, the top displacement L of the haptic actuator can be predicted. When no voltage is applied,
the dielectric oil inside the haptic actuator can be approximated as the volume of a frustum of a

cone combined with that of a cylinder (as shown in Fig. 3d):
V:i;zh(Df +D? +DiD)+l7rdAD2, 3)
12 4

where / and d are the heights of the frustum and cylinder respectively, D is the electrode diameter,
and D; is the diameter of the hole. When the electrodes are fully closed, the dielectric oil inside the
haptic actuator can be approximated as half an ellipsoid:

V= 1 rHD?, 4)
6 1

where H is the height of the ellipsoid. From this, the top displacement L of the haptic actuator can
be obtained, following L=H -h—-d .

3.3. Validation of haptic actuator

This study investigates the output normal force and displacement of different aperture haptic
actuators. Prior to practical testing, a simulation model was established using COMSOL
(illustrated in Figs. 4a and b) to explore the effects of model design and voltage on the force and
displacement of the haptic actuators, thus optimizing their structure [39]. Initially, the impact of
the membrane thickness on the performance of the haptic actuators was examined. Since PET acts
as a dielectric between the electrodes, a thinner PET film requires lower voltage, leading to a focus
on the thickness of the stretchable elastic membrane (Ecoflex 00-30). The simulation results
(Supplementary Figs. S5a and b) indicate that as the thickness of the elastic membrane decreases,
the displacement increases. This is because a thinner elastic membrane requires less resistance to
its restoring force, achieving a maximum displacement of 0.82 mm at a thickness of 70 um and a
voltage of 2530 V, beyond which the displacement no longer increases. However, if the elastic
membrane is too thin, its rigidity decreases, adversely affecting force transmission. Consequently,

at higher voltages (2700-3000 V), the force exerted by a 70 pm thick elastic membrane diminishes.



Therefore, in subsequent model optimization and testing experiments, a 100 um thick Ecoflex 00-

30 membrane was considered.
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Fig. 4. Measured and simulated force and displacement of haptic actuators with different aperture designs. (a)
and (b) Model simulations of the haptic actuator's force and displacement. (c) and (d) Simulated force and
displacement of the haptic actuator as a curve of voltage. (¢) Summary of the simulated force and displacement
of the haptic actuator at 3000 V. (f) and (g) Measured force and displacement of the haptic actuator as a curve
of voltage. (h) Summary of the measured force and displacement of the haptic actuator at 3000 V.

Simulation results (depicted in Fig. 4¢) indicate that the force generated by the haptic actuator
increases with rising voltage, and a larger aperture results in a greater force output. The maximum
output was achieved with apertures ranging from 5.0 to 5.5 mm. As the aperture increases, a greater
volume of dielectric fluid rapidly enters the elastic region of the actuator, enhancing the volume
of the dielectric medium within this region and thereby increasing the force produced [32].
However, beyond a certain point, further increases in aperture size lead to a reduction in force (see

Supplementary Fig. S6). An excessively large aperture may prevent the dielectric fluid from being



effectively confined within the actuator, which could reduce the compressive force generated
under the electric field, ultimately leading to a decrease in output force.

The simulation results regarding the displacement of the haptic actuator are shown in Fig. 4d.
When the voltage reaches 900 V, it results in a very slow increase in displacement as the electrodes
approach full closure. Displacement decreases as the aperture increases, aligning with eq. (5),
which states that a larger diameter at the base of the semi-ellipse results in a smaller height L. In
summary, within the aperture range of 3.5 to 5.5 mm (as presented in Fig. 4e, which consolidates
the force and displacement of haptic actuators with various apertures at 3000 V), the simulated
force and displacement of the haptic actuator increase and decrease, respectively, with increasing
aperture size.

To validate the experiments, a portable 150 Hz square wave power supply was used to provide
voltage to the haptic actuators, allowing us to investigate the impact of voltage on actuator behavior.
Under voltage drive, the haptic actuators exhibited zipper-like motion due to electrostatic pressure,
rapidly forcing the dielectric liquid into the elastic region (as shown in the comparison photos
before and after voltage application in Supplementary Fig. S7). Haptic actuators can function as a
haptic display device, clearly illustrating the changes in the actuator's protrusion [40]. The
displacement curve of the haptic actuators over time (as illustrated in Supplementary Fig. S8)
indicates a rapid response, with the actuator transitioning from powered on to electrode closure in
just 0.6 s.

In the force testing, different preload conditions were considered, as they could affect the internal
stress distribution within the actuator and, consequently, the force output [41]. For the haptic
actuator with a 5.5 mm aperture, the force output was systematically studied under various preload
conditions at 3000 V (see Supplementary Fig. S9). The results indicate that the force increases
with preload and reaches a plateau around 12 mN. Therefore, a preload of 12 mN was employed
in subsequent force tests. The experimental results showed strong agreement with simulation
predictions (as depicted in Fig. 4f and g). The testing forces and displacements at different
apertures under 3000 V are plotted in Fig. 4h, where the maximum normal force of 240 mN was
achieved with a 5.5 mm aperture, and the maximum displacement of 0.88 mm was observed with
a 3.5 mm aperture. These values are well above the human tactile perception threshold, indicating

the actuator can provide perceivable fingertip-scale haptic feedback.
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Furthermore, to explore the dynamic electromechanical behavior, additional experiments were
conducted to measure the output force of a 4.0 mm aperture actuator under a constant square-wave
driving voltage of 3000 V, with frequencies ranging from 10 Hz to 150 Hz in increments of 10 Hz.
As shown in Supplementary Fig. S10, the output force gradually decreased with increasing
frequency. At lower frequencies (10-30 Hz), the actuator exhibited relatively high output forces of
approximately 165-190 mN, while the output force monotonically decreased and stabilized around
158 mN at 150 Hz. This behavior indicates that lower frequencies favor larger deformation
amplitudes and stronger output forces, making them suitable for quasi-static or continuous tactile
feedback (e.g., surface texture perception), whereas higher frequencies facilitate rapid vibration
responses ideal for transient or impact-like tactile sensations.

3.4. User evaluation

To demonstrate the potential of the haptic actuator in wireless password information
transmission, we conducted a digital recognition test [42]. Fig. Sa depicts a scenario where a
participant uses the haptic actuator device in front of a personal computer (PC). The participant
wears the haptic actuator on the tip of one finger while operating the computer mouse with the
other hand. The device is powered by a rechargeable portable power supply that provides voltage
signals and receives instructions from the PC via a Bluetooth receiver. The digits 0-9 on the PC
interface correspond to different schematic diagrams (as shown in Fig. Sb). Each digit is
represented by voltage signals of varying durations, with long signals (3 s) depicted as long lines
and short signals (1 s) as dots (Fig. Sc). For example, the digit 3 is generated by a sequence of
voltage signals consisting of 1, 3, and 1 s, with a 0.5 s interval between each signal. Specifically,
a single short signal represents the digit “9,” while a single long signal represents “0.” Digits 1-8
are encoded by combinations of three long and short signals following a binary-like pattern, as
illustrated in Fig. S11. This encoding scheme enables participants to associate each tactile pattern
with a specific number during the test. The corresponding signal patterns of each digit are clearly
displayed on the PC testing interface, allowing participants to accurately interpret the tactile

information.
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Fig. 5. (a) Photograph of a participant recognizing and reading the haptic actuator signals. (b) Test window
displayed on the personal computer (PC). (¢) Schematic diagram of the voltage signal corresponding to the digit
“3”, with the haptic actuator activated at a 2200 V driving voltage. (d) Flowchart of the password testing
procedure: The system automatically records and saves each voltage signal and the user's selected image, and
the program stops after 20 selections. (¢) Confusion matrix results of participant password test.

When the participant clicks the "Start" button, the system randomly generates a voltage signal
representing a digit from 0 to 9. The participant then selects the corresponding image based on the
information perceived through their fingertip. Following this, the system generates another voltage
signal, and the participant completes 20 judgments per test session, with each participant
participating in three sessions (the test procedure is illustrated in Fig. Sd). To mitigate potential
numbness and mental fatigue caused by prolonged fingertip vibrations and decision-making,
participants were given a 5-min break after each session. A total of 10 participants participated in
this experiment, resulting in 600 sets of data. The experimental results are summarized in the
confusion matrix shown in Fig. Se, with an average recognition accuracy of 91.33 %. This
experiment demonstrates the feasibility of encoding and transmitting digital information through
tactile stimuli, suggesting potential applications of the proposed haptic actuator in secure

information encryption within the field of haptics.
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To demonstrate the role of an ultra-lightweight and ultra-thin haptic interface in enhancing
interaction with the virtual world, an immersive VR application is presented (Fig. 6a). When the
user clicks the play video button, the host computer receives the playback signal and transmits a
command via Bluetooth to the power control center. The control center then forwards the
command to the haptic actuator, which generates the corresponding haptic feedback, enabling the
user to perceive diverse virtual tactile experiences. Video 2 further demonstrates the potential
application of the haptic actuator in virtual interactions. The fabricated haptic actuator,
characterized by its flexibility and ultra-thin lightweight design, can be attached to various parts
of the human body without causing additional burden to the wearer. Additionally, the use of a
portable power supply ensures device safety, preventing any pulling sensation during wear while

also eliminating concerns about electric shock, thereby improving overall comfort.

Baseball

Fig. 6. (a) Schematic diagram of a user wearing VR glasses for visual feedback. (b) Simulated sensation of
continuous water flow striking the palm under 2200 V voltage and 20 Hz frequency. (c) Simulated sensation of
catching a fast-approaching baseball under 2200 V voltage and 150 Hz frequency.

In the experimental demonstration, volunteers wore the haptic actuator and experienced two
representative haptic interaction scenarios in the virtual environment: (1) sensing the flow of water
from a faucet on the palm (Fig. 6b) and (2) catching a fast-approaching baseball with the palm
(Fig. 6¢). During these interactions, the haptic actuator generated corresponding tactile feedback
based on the distinct physical properties of the virtual objects, enhancing the user's immersive
experience. According to the response characteristics of cutaneous mechanoreceptors, frequencies

of 20 Hz and 150 Hz were selected for the two scenarios, respectively: 20 Hz primarily stimulates

13



Meissner corpuscles, which respond to low-frequency vibrations and are associated with
continuous sensations such as flowing water, whereas 150 Hz activates Pacinian corpuscles, which
are sensitive to high-frequency vibrations and correspond to transient impact sensations, such as
catching a moving baseball. These frequency selections and the corresponding vibration responses
are consistent with the experimental results shown in Supplementary Fig. S10.

To further assess the actuator’s reliability under long-term operation, cyclic impact and fatigue
tests were conducted (Fig. S12). The actuator with a 5.5 mm aperture was fixed onto a rigid holder
using PI tape, while the probe of a digital force gauge was fitted with a hemispherical silicone pad
to simulate fingertip contact conditions. Under the control of a single-axis motion stage, the
actuator was subjected to 1000 repetitive impact cycles under a 0.5 N load. Throughout the entire
testing process, the actuator maintained its structural integrity without visible damage or fluid
leakage, demonstrating excellent mechanical robustness and fatigue resistance. Moreover, the
output force and displacement remained stable at around 140 mN and 0.33 mm, showing no
evident degradation after 1000 cycles (Fig. S13). These results confirm the actuator’s long-term
operational stability and structural reliability for repeated wearable haptic interactions.

Furthermore, Fig. 6(i), (ii), and (iii) depict key frames of the virtual interaction process: the
initial state, the interaction phase (where the palm gradually approaches the virtual object), and the
final state (when the palm makes full contact with the target object). These experimental results
demonstrate that the designed ultra-thin haptic actuator effectively enhances tactile immersion in
VR environments, providing valuable insights for the future application of wearable haptic
technology in human-machine interaction.

4. Conclusion

In summary, this paper reports a digitally-controllable, ultra-lightweight, ultra-thin flexible
actuator that delivers large shape-morphing haptics with powerful output force. By combining
micro-circuit printing with a custom-designed micro-fluidic system, the actuator that is
dramatically thin and lightweight is fabricated, yet retain exceptional flexibility while creating
large haptic feedback.

The actuator consists of a dielectric liquid encapsulated between a non-stretchable dielectric
polymer layer and a stretchable elastic film, allowing efficient voltage-induced deformation and
tactile signal transmission. Numerical analysis provided a theoretical basis for geometric

optimization, and experimental validation confirmed its high output force (240 mN) and
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displacement (0.88 mm). A signal recognition accuracy of 91.33% further demonstrates its
potential as a portable and silent haptic information transmission system. In addition to functioning
as a tactile encoder for pattern recognition, the actuator effectively recreated realistic sensations
such as flowing water and dynamic impacts in immersive virtual reality scenarios. These results
underscore its potential in wearable electronics, virtual environments, robot teleoperation, and
human-machine interaction. This work contributes to the development of high-performance, skin-

conformal haptic systems capable of enhancing interactive experiences.
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