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ARTICLE INFO ABSTRACT

Keywords: Surfaces capable of morphing offer transformative opportunities in adaptive interfaces, sensing, and soft robotics,
Hygroscopic swelling yet achieving substantial, reversible deformation without external energy remains challenging. Among various
Braille

approaches, moisture-responsive systems are particularly attractive because environmental humidity and liquid
water are abundant energy sources. Here, we introduce hydrobraille, a moisture-responsive tactile platform
wherein hygroscopic hydrogels embedded beneath a thin elastomeric membrane expand upon absorbing envi-
ronmental moisture, driving controlled surface protrusions. Discrete hydrogel domains patterned in micro-
machined channels enable programmable deformation, guided by a scaling model that robustly captures
experimental observations across varied geometries and material parameters. This simple power-free approach
reliably operates through repeated wet-dry cycles and can be fabricated in a scalable and adaptable manner
across various sizes and geometries. By harnessing ubiquitous moisture for mechanical actuation and tactile
feedback, our platform expands the design landscape for applications including haptics, wearable sensors,

Tactile surface
Soft materials

biomedical devices, microfluidic systems, architectural skins, and environmental management.

1. Introduction

Tactile surfaces that dynamically alter their morphology provide a
direct physical interface between humans and materials, enabling in-
formation exchange through touch. To realize tactile morphing, a vari-
ety of actuation strategies have been developed. Field-driven systems,
including magnetic [1-3] and electroactive [4-6] approaches, enable
rapid and programmable deformation but require coils, electrodes, and
insulation circuits that increase power consumption and structural
complexity. Pneumatic [7-9] and thermally responsive [10-12] strate-
gies rely on air pressure or localized heating; however, pneumatic sys-
tems depend on pumps and valves that hinder portability, while
thermally driven materials exhibit high energy demand for heating and
temperature regulation. Although these active systems offer high spatial
resolution and repeatable deformation, their dependence on continuous
external power and control hardware restricts scalability and integra-
tion into flexible or wearable devices.

We introduce hydrobraille, a water-responsive tactile platform that
transforms its surface through the volumetric swelling of hydrogels
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confined beneath an elastic membrane. Upon exposure to aqueous lig-
uids, the hydrogel expands and generates localized protrusions through
the mechanical interplay with the overlying membrane, converting the
energy of water absorption into mechanical deformation without
external power or control electronics. By integrating simple microfluidic
architectures, the platform enables precise control over liquid flow paths
and localized actuation, a level of control that is uncommon in material-
driven tactile systems.

Building on this mechanism, we demonstrate versatile functionalities
beyond conventional Braille (Fig. 1a), including tactile graphics, a
sweat-sensing wearable patch, a capillary-valve-integrated fluid pres-
sure sensor, and a condensation detection surface. These demonstrations
highlight the potential of hydrobraille as a broad platform for fluid-
responsive, material-driven tactile interfaces.
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2. Results and discussion
2.1. Working principle

Hydrobraille comprises spherical hydrogel beads embedded within
microchannels, sealed by an elastic membrane. The system is initially
flat in the dry state, but upon wetting, the hydrogel beads absorb
moisture and swell, pushing against the elastic layer to form localized
protrusions on the surface (Fig. 1b). These protrusions are mechanically
comparable to standard Braille dots, allowing tactile recognition by
human touch, as illustrated in Fig. 1c. The swelling is driven by the
diffusion of water molecules into the hydrophilic hydrogel network [13,
14], resulting in an out-of-plane bulging of the membrane. Furthermore,
as shown in Fig. 1d, the spatial configuration of raised dots can be
precisely controlled by adjusting the wetted length within the channel.
Sequential actuation of individual hydrogel sites enables programmable
Braille patterns, simply by modulating the fluid injection into the inlet
and the arrangement of hydrogel units along the microchannel.

By customizing the spatial configuration of hydrogel units within our
Braille system, a diverse range of textual information can be encoded.
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Such customization is readily achieved through a simple fabrication
process involving direct placement of hydrogel beads into micro-
channels, followed by membrane sealing, enabling rapid prototyping of
various hydrobraille layouts (Fig. 1e). We provide the detailed fabrica-
tion process in Supplementary Material S1.

Building upon this design flexibility, we implement a proof-of-
concept hydrobraille display integrated with a selective fluidic control
system that individually supplies liquid to specific hydrogel chambers.
This configuration allows on-demand actuation of chosen dots, enabling
dynamic generation of Braille characters that function analogously to
conventional electromechanical Braille displays. The system success-
fully reproduces distinct tactile patterns corresponding to different let-
ters, confirming its potential as a reconfigurable and passively powered
tactile communication interface (see Fig. 1f and Video S1).

Supplementary material related to this article can be found online at
doi:10.1016/j.eml1.2026.102482.

2.2. Energy equation of extrusion height

The extrusion height of the Braille dot (denoted as &) is a key
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Fig. 1. Basic principle of hydrobraille tactile morphing. (a) Photograph of a conventional paper-based Braille sheet. Braille word represents ‘fish.” (b) Optical images
of the hydrobraille platform in the dry (upper) and hydrated (lower) states, showing emergence of tactile dots. (c) Schematic of the working principle in which
hydrogel beads embedded in microchannels absorb water, swell, and push the overlying elastic membrane upward to form tactile protrusions. (d) Experimental
results of fluid-induced actuation. The wetted length within the channel (represented by red arrows) determines the spatial activation of hydrogel swelling and the
resulting Braille pattern formation. (e) Fabrication process of hydrobraille, including hydrogel molding, integration into microchannels, and membrane sealing. The
sequence highlights dehydration, embedding, and subsequent swelling that drives tactile extrusion. The dashed box indicates the tri-layer membrane structure and its
material composition. (f) Operation of hydrobraille as an active Braille display. By selectively pressurizing fluidic inlets, raised liquid domes form to represent the

Braille characters A, J, O, and U, demonstrating a reconfigurable tactile display.
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parameter that directly governs tactile detectability. In the hydrobraille
system, ¢ arises from the mechanical interaction between the swelling of
hydrogel beads and the tensile constraint imposed by the overlying
elastic PDMS sheet. To analyze this interaction quantitatively, we
develop a mechanical framework based on the total elastic energy of the
system, incorporating both the deformation of the stretched membrane
and the compressed hydrogel. As illustrated in Fig. 2a, water absorption
leads to isotropic swelling of the hydrogel, but this expansion is verti-
cally constrained by the PDMS sheet, resulting in localized bulging of the
membrane. The system reaches an equilibrium state where § is deter-
mined by the balance between the stored elastic energy in the stretched
PDMS film and the strain energy of the compressed hydrogel. Using this
energy-based approach, we derive a theoretical expression to predict §
as a function of material properties and geometric parameters.

Upon swelling, the hydrogel exerts a normal force on the overlying
PDMS sheet, leading to its radial stretching (red box in Fig. 2a). The
corresponding elastic energy stored in the film, e;, arises from the in-
plane deformation of the membrane and can be approximated as ef ~
EeAfAR,, where Ej, ef, Ay, and AR, represent the Young’s modulus of the
film, in-plane strain, cross-sectional area, and elongation of the film,
respectively (see detailed derivation in Supplementary Material S2).
Assuming the film deforms over the contact area of the hydrogel, the
cross-sectional area can be estimated as Af ~ Rch, where R, is the radius
of the channel occupied by the hydrogel and h is the film thickness. The
radial strain in the film is given by & ~ AR./R.. Geometric consider-
ations yield the film elongation as AR, ~ (R? + 55172 R, where § is the
bulge height of the membrane. This expression captures the coupling
between the swelling-induced vertical displacement and the lateral
stretching of the elastic sheet.

While this swelling of the hydrogel induces radial stretching of the
overlying elastic film, the film in turn imposes a compressive constraint
on the hydrogel, resulting in the mechanical equilibrium between the
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two components (see the blue box in Fig. 2a). The elastic energy stored
in the compressed hydrogel, denoted as ep, can be approximated as e, ~
EnenApd*, where Ep, ep, Ap, and 5* represent the Young’s modulus of the
hydrogel, compressive strain, cross-sectional area, and vertical defor-
mation of the hydrogel, respectively (see detailed derivation in Sup-
plementary Material S2). The cross-sectional area of the swollen
hydrogel is estimated as Ay ~ [R(1 + s)]z, where R is the initial radius of
the hydrogel and s is the swelling strain corresponding to the fully
saturated state. For reliable Braille formation, we adopt a bullet-shaped
hydrogel geometry with a height-to-radius ratio defined by a dimen-
sionless design coefficient @, such that the initial hydrogel height is
given by d ~ aR. In our current design, we use o = 1.8 (Fig. S2a). The
compressive strain is then expressed as e, ~ §*/[aR(1 + s)], where the
vertical compression is defined as §* ~ aRs — 6. This framework allows us
to understand the interplay between hydrogel geometry, swelling
behavior, and the resulting mechanical response under confinement by
the film.

The total elastic energy of the system is composed of two primary
contributions: the stretching energy of the membrane film, e, and the
compressive energy of the swollen hydrogel, e,. At mechanical equilib-
rium, the system minimizes this total energy with respect to the extru-
sion height §, leading to the condition:

d(er +en)
s

Substituting the expressions for efand ey derived above, the balance
equation reflects the competition between the elastic resistance of the
film to stretching and the compression of the swollen hydrogel. Solving
this condition provides a theoretical prediction for § as a function of
materials (Ef, Ep), geometric parameters (R, h, a), and the swelling ratio
s. Since Eq. (1) takes the form of a quartic polynomial in §, an analytical
solution is not straightforward. We therefore numerically solved the

=0 1)

a b c
1 7
Film l 6
| h
I > .
d Hydrogel = = 4
. E £
Swelling R. ~ = 3 Iti
; ; E
XVQ\ s 0 0 . . .
& 0 0 0.1 0.2 0.3 04 0.5 0 0.5 1 1.5 2 25
\0 :
Film u h [mm] R [mm)]
; d e
R, Sheet 0.7
St ' i ; Displacement 0.6
retched film Recommended Braille dot heihgt
[mm] 0.5 .....§§§
_ gt08000 e’
Compressed] o .Hydrogei' £ " o®
) +0.5333 = 0.3 o
Fl|m\ P I o v
.;Sheet;_ +0.9667 0.2 *
Hydrogel d _ l 01
. - +0.0000 0 ‘
Compressed hydrogel Hydrogel 0 20 ) [ﬁ?in] 60 80

Fig. 2. Mechanical analysis of hydrobraille. (a) Schematic illustrating how hydrogel swelling produces the extrusion height, 5. The swollen hydrogel is laterally
confined by the channel, forcing the elastic film to bulge upward (red box) while the hydrogel underneath becomes compressed (blue box). The interplay of hydrogel
expansion and film stretching determines the Braille dot height. (b) Extrusion height as a function of film thickness, h, under fixed hydrogel size conditions. The solid
line indicates theoretical predictions obtained by solving Eq. (1), while the dashed line represents the simulation result. (¢) Extrusion height as a function of hydrogel
radius, R, under fixed film thickness conditions, which is 0.1 mm. The solid line represents the theoretical height calculated from Eq. (1), and the dashed line is the
height obtained by simulation. (d) Simulation of hydrobraille dot formation from bird and cross-sectional views (R = 0.5 mm, h = 0.1 mm). (e) Temporal evolution
of extrusion height, §, during the swelling process. The pink shaded band in Fig. b and e represents the recommended Braille height range of 0.5-0.6 mm [15,16].
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equation to obtain § under various conditions. The detailed process for
deriving the differential equation, along with the numerical procedure
used to solve it for §, is provided in Supplementary Material S2.

2.3. Mechanical validation and swelling dynamics

We experimentally measure the extrusion height of the Braille dot (5)
across a range of membrane film thicknesses (Fig. 2b). The film thick-
ness, h, is systematically varied from 50 to 450 pm by adjusting the spin-
coating speed, with specific conditions summarized in Table S1.
Microchannels are fabricated with a channel radius R, = 1.5 mm, depth
d = 0.6 mm, and hydrogel radius R = 0.33 mm. As the film thickness
increases, the measured extrusion height gradually decreases, which is
attributed to the enhanced bending stiffness of the elastic film. To
evaluate the validity of the mechanical model, we numerically solve Eq.
(1) using the corresponding experimental parameters. The theoretical
predictions show close agreement with the measured values across the
full thickness range (Fig. 2b). According to accessibility standards [15,
16], a Braille dot height of at least 0.5-0.6 mm is required for effective
tactile recognition, as indicated by the shaded pink region in the figure.
Among the tested conditions, the film with h = 100 pm produces an
extrusion height that reliably meets this tactile requirement. Accord-
ingly, we adopt a film thickness of 100 pm for the hydrobraille system.

We further evaluate the robustness of the model by investigating how
the extrusion height varies with different hydrogel sizes. To ensure
consistency across experiments, we maintain a fixed ratio between the
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channel radius and hydrogel radius, approximated as R, ~ 3.5 R, based
on the measured geometric relationship shown in Fig. S2b. As the
hydrogel radius increases, the corresponding extrusion height also in-
creases (Fig. 2c). The theoretical model described by Eq. (1) is corrob-
orated by the experimental results, with slight deviations observed at
larger hydrogel sizes due to the effective area correction not fully
captured in the simplified model. Finite element simulations show even
closer agreement with the experiments (dashed lines in Figs. 2b and 2c).
Representative simulation images are shown in Fig. 2d, with method-
ology detailed in Supplementary Material S3.

The temporal evolution of the extrusion height is shown in Fig. 2e,
where the hydrogel undergoes rapid initial swelling followed by gradual
saturation. The characteristic diffusion time can be estimated as 7 ~ Rs?/
D ~ 1000s, where D is the poroelastic diffusivity estimated from
representative PAAm hydrogel parameters [17-20], consistent with the
experimental observation (see Supplementary Material S4). The
swelling rate is further modulated by solvent viscosity and temperature
(Fig. S3), confirming that the dynamics are governed by
diffusion-limited transport. Notably, increasing solvent viscosity also
reduces the equilibrium swelling height due to inhibited polymerization
of PAAm [21]. Details of the viscosity and temperature dependence are
provided in Supplementary Material S4.

2.4. Hydrogel swelling—driven tactile graphics

The size-dependent deformation of hydrobraille enables the
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Fig. 3. Hydrogel-actuated tactile graphics. (a) Reference image of Korean ancient tombs (Dareungwon Ancient Tomb Complex, Gyeongju, Republic of Korea). (b)
Schematic illustration of a dynamic morphing surface designed to emulate the topography of natural hill-like mounds, enabled by the swelling of hydrogels with
varying sizes. (¢) Experimental images demonstrating the realization of the schematic concept in Fig. 3b, showing mound-like tactile structures generated through
size-dependent hydrogel swelling. (d) Hydrobraille components with distinct geometries (dot, line, and area) serving as basic building blocks for constructing tactile
graphics, here assembled to represent a sunflower pattern. (e) Images showing the progression of the sunflower tactile graphic formation. Initially, all hydrogel
components are wetted and begin to swell, forming tactile protrusions upon full saturation. The inset boxes indicate the central hydrogel before and after saturation.
(f) Experimental images of a dynamically morphing flower-shaped tactile graphic, induced by swelling of hydrogels with varied geometries. (g, h) Simulated tactile
morphing of a flower-shaped surface, shown from bird view (g) and top-down view (h).
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construction of tactile graphics. Because the extrusion height is gov-
erned by the geometry and size of the hydrogel, the surface morphology
can be tuned by spatially patterning hydrogel units of varying di-
mensions. The approach is well-suited for a range of tactile represen-
tations, including topographic features, symbolic contours, and
educational graphics. We demonstrate this concept by constructing a
tactile surface that mimics the contour of a traditional Korean tomb
(Fig. 3a). Upon hydration, hydrogels of varying radii are modeled in 3D
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to illustrate the formation of a raised topography (Fig. 3b), and this ef-
fect is experimentally realized in practice, where the swollen hydrogels
produce protrusions that flatten back to a smooth surface upon drying
(Fig. 3¢).

To further illustrate the versatility of this approach, we fabricate a
flower-shaped tactile surface composed of three distinct hydrogel ge-
ometries (dot, line, and area) embedded within a PDMS microchannel
molded in a floral layout (Fig. 3d). Upon wetting, all hydrogel
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hydrogel swelling. The black box shows the CBV channel design. (e) Optical image of microchannel, featuring three distinct CBV sections defined by channel widths
of w; = 0.3 mm, wp = 0.2 mm, and w3 = 0.1 mm. (f) Experimental images showing pressure-dependent formation of tactile dots corresponding to the sequential
activation of CBV regions at increasing flow pressures. (g) Experimentally measured bursting pressures. The solid line corresponds to the theoretically predicted

pressure thresholds, P..



S. Moon et al.

components start from a fully hydrated state and subsequently swell at
different rates depending on their size. Smaller geometries exhibit faster
swelling and reach a fully swollen state due to shorter diffusion lengths,
while larger units swell more slowly, resulting in a progressive forma-
tion of the surface (Fig. 3e and f). We also perform numerical simula-
tions to replicate the three-dimensional surface transformation of the
flower-shaped tactile graphic. The simulated displacement fields
shown closely capture the experimentally observed swelling behavior
(Fig. 3g and h). By assigning appropriate initial geometries and
boundary conditions, the simulation accurately reproduces the pro-
gressive surface protrusion pattern resulting from differential swelling.
This computational approach provides a predictive framework for
designing complex tactile graphics before fabrication. Details of the
simulation methodology are provided in Supplementary Material S3.

2.5. Touch-responsive wearable patch for sweat visualization

As an extension of the tactile graphic concept, the hydrobraille
platform is applicable to sweat-responsive sensing patches that provide
nonvisual feedback. The patch employs the same hydrogel-
microchannel architecture. The operation mechanism is illustrated in
Fig. 4a, where sweat flows inward from a central inlet and gradually
permeates the microchannel. As sweat reaches each hydrogel unit, sweat
absorption induces swelling, which deforms the overlying membrane to
produce localized surface protrusions that can be clearly felt by touch.
During exercise, physiological conditions such as hydration can change
rapidly, making real-time self-monitoring important, as rapid fluctua-
tions in hydration may lead to dehydration-related risks. This capability
is particularly valuable for visually impaired individuals, who face
accessibility limitations not encountered by sighted users. Most existing
real-time wearable sensors, including commercial smartwatches and
colorimetric sweat patches, rely exclusively on visual readouts that are
not accessible to visually impaired users [22-24]. In contrast, our system
allows users to confirm sweat capture in real-time through tactile
feedback, thereby enhancing accessibility for visually impaired in-
dividuals. It also remains effective in situations where visual observation
is limited, such as nighttime use or when worn beneath clothing.

Fig. 4b shows the patch applied to the forearm before and after ex-
ercise. In the dry state, the surface remains smooth. As sweat accumu-
lates and flows outward, sequential protrusions emerge along the
channel path, providing tactile confirmation of fluid collection. To map
the level of perspiration in a way that is both spatially and perceptually
distinct, we dye the hydrogel units in blue, yellow, and red and arrange
them in that order along the flow path. As shown in the time-lapse
sequence of Fig. 4c and Fig. S4, the blue hydrogels swell first, fol-
lowed by yellow and finally red hydrogels as the sweat volume in-
creases. This staged actuation correlates with sweat accumulation,
reflecting both the intensity and duration of exercise, and could poten-
tially be used to provide hydration guidelines. All experiments were
performed in accordance with the guidelines of the institutional review
board of Ajou University (202410-HS-002) and approved by the ethics
committee at Ajou University.

2.6. Capillary-guided tactile fluid pressure sensor

The microfluidic architecture underlying the hydrobraille platform
enables its direct adaptation to fluid pressure-responsive applications by
incorporating capillary bursting valves (CBVs). These passive fluid
control elements are widely used in microfluidic systems because they
allow tunable threshold pressures through geometric design alone,
without requiring external actuation [25-27]. Here, we develop
hydrobraille with integrated CBVs to create a tactile fluid pressure
sensor that provides pressure readout through touch.

The device layout and working principle are illustrated in Fig. 4d.
Fluid flows along the microchannel until it encounters CBVs, which
arrest the flow unless the applied pressure exceeds their characteristic
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bursting thresholds. Once the pressure surpasses this threshold, the fluid
moves forward and reaches the downstream hydrogel. The absorbed
fluid causes the hydrogel to swell, deforming the overlying membrane
and forming a tactile bump. Each bursting threshold is controlled by the
width of the diverging section, w, and the channel depth, d. As described
in prior works, the bursting pressure is approximated by P, = —2y(cos6;/
w + cosf./d), where y is the liquid surface tension, 0, is the contact angle
of the channel surface, 4 is the diverging angle of the channel, and ¢; is
the minimum of (6. + 64, 180°) [28-30]. In this design, d = 0.8 mm and
64 = 90°, using 6, ~ 110°.

Three CBVs are fabricated with widths of 0.3 mm, 0.2 mm, and
0.1 mm, corresponding to calculated bursting pressures of approxi-
mately 0.5 kPa, 0.8 kPa, and 1.5 kPa. Fig. 4e shows the layout of the
three valve segments with magnified insets highlighting the varying
geometries. To validate the tactile pressure sensor, water dyed with red
food coloring is injected into the system at incrementally increasing
pressures. As shown in Fig. 4f, the first tactile response appears at 0.6
kPa, where valve #1 is breached. At 0.9 kPa, valve #2 is activated, and
at 1.4 kPa, valve #3 is triggered. These experimentally observed
bursting events are in close agreement with the theoretical predictions
(Fig. 4g).

This pressure-responsive system provides a tactile modality for fluid
pressure readout. Because the platform requires no electronics or power
input, it can function in environments where conventional sensors are
difficult to operate. Potential applications include monitoring the pres-
sure of sweat exuded from the skin, as well as measuring flow pressures
of light-sensitive liquids that are preferably handled without illumina-
tion. These examples illustrate the versatility of hydrobraille as a
nonvisual sensing interface for both wearable healthcare monitoring
and laboratory fluid handling.

2.7. Condensation detection and preventing dew run-off

Condensation on cold surfaces often leads to droplet accumulation
that eventually drips downward, causing leakage and potential func-
tional or safety issues (Fig. 5a). Such events are common on refrigerator
doors, vehicle windows, and portable electronics, where uncontrolled
water flow can hinder performance or usability. To address this issue, we
adapt the hydrobraille system into a dew detection and mitigation patch
by introducing a perforated membrane film (Fig. 5b). When placed on a
cold surface, condensed droplets pass through the perforations and are
absorbed by the underlying hydrogels (black box in Fig. 5b), which swell
to form tactile protrusions that signal condensation.

To demonstrate this concept, we perform a simple experiment using
a Peltier module operated continuously for 24 h to create sustained
cooling. The entire setup is enclosed in a constant temperature and
humidity chamber (S-TH252, SERIMA) to maintain stable environ-
mental conditions. The surface temperature of the Peltier module is
maintained at —5 °C, while the ambient environment is kept at 30 °C and
80% relative humidity. Under these conditions, dew condenses on the
perforated surface (dashed box in Fig. 5c¢) and is absorbed by the
embedded hydrogels, which swell to form tactile dots (see black box in
Fig. 5¢). Although part of the condensed water is not captured due to the
finite absorption rate of the hydrogels, the system effectively reduces
dripping compared to the control surfaces. To quantify this effect, we
compare three configurations: a flat PDMS patch without perforations, a
perforated PDMS patch without hydrogels, and the hydrobraille patch
incorporating hydrogels beneath the perforated membrane (Fig. 5d).
The uncaptured dew volume is measured for each configuration during
continuous Peltier operation (Fig. 5e and Video S2). After 24 h, the
hydrobraille patch retains approximately 12 mL more water than the
flat PDMS patch without holes, confirming that the embedded hydrogels
absorb condensed water and thereby substantially mitigate
condensation-induced leakage. Further optimization of hydrogel
composition and membrane porosity is expected to enhance both
detection sensitivity and absorption efficiency, expanding its potential
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of the dew-sensing mechanism, in which hydrobraille absorbs condensed
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box shows a magnified view of an embedded hydrogel. (c) Experimental images
of the patch. The dashed box indicates the perforated membrane, and the black
box shows braille dot formation. (d) Schematic of the experimental setup. (e)
Uncaptured dew volume, V, during Peltier operation for three configurations:
hydrobraille patch (red), perforated PDMS without hydrogels (blue), and flat
PDMS without perforations (black).

for practical applications in anti-fogging and moisture management
surfaces.

Supplementary material related to this article can be found online at
doi:10.1016/j.em1.2026.102482.

3. Conclusion

In summary, we presented a passive, water-responsive tactile system
that harnesses the swelling behavior of hydrogels to produce localized
surface protrusions. This platform, termed hydrobraille, consists of
hydrogel elements embedded in microchannels and sealed with an
elastic membrane. Upon moisture exposure, the hydrogels expanded and
deformed the overlying film, forming tactile bumps. Through a combi-
nation of theoretical modeling, numerical simulation, and experimental
measurements, we analyzed the overall mechanical behavior of the
hydrobraille system and established a scaling framework that captured
the extrusion height across varied geometric and material parameters.

Extreme Mechanics Letters 85 (2026) 102482

We demonstrated the versatility of this system through a range of
applications, including tactile graphics that morphed into symbolic and
geometric shapes such as flowers and mound-like structures. Additional
demonstrations included a sweat patch that provided intuitive tactile
feedback based on fluid uptake, a pressure-responsive display integrated
with capillary bursting valves for touch-based pressure readout, and a
surface condensation sensor that detected and mitigated dew run-off.
These examples highlighted the adaptability of hydrobraille as a self-
actuating and programmable tactile interface suitable for diverse ap-
plications in communication, diagnostics, and environmental sensing.

Despite these capabilities, the current system has limitations that
warrant further investigation. The response time, governed by diffusion-
limited swelling kinetics, remained in the order of minutes, which may
restrict applications requiring rapid tactile feedback. Strategies such as
reducing hydrogel dimensions, engineering porous network architec-
tures, or employing hydrogels with higher intrinsic diffusivity could
substantially accelerate the actuation speed. For example, decreasing
the crosslinker (MBAA) concentration increases the mesh size of the
polymer network, thereby enhancing permeability and diffusivity [31,
32]. In addition, introducing superporous architectures (~100 pm
pores) via foaming reactions (e.g., NaHCOs) can create interconnected
porous network that significantly accelerates fluid transport [33,34].
These approaches provide viable routes to improve the actuation speed
in future hydrobraille-based devices.

In addition to improving actuation speed, further investigation of
long-term cyclic durability under repeated wet-dry conditions is
necessary to ensure operational reliability for practical deployment.
Future work will also explore the integration of bioresponsive hydrogel
that selectively swells in response to target biomolecules, advancing
hydrobraille as a platform for diagnostic kits capable of converting
biochemical recognition into tactile signals for accessible disease
detection [35,36].
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S1. Fabrication methods

S1.1. Synthesis of hydrogel

A polyacrylamide (PAAm) hydrogel precursor solution is prepared by dissolving 800 mg of
acrylamide (AAm, CAS: 79-06-1), 7.75 mg of N,N’-Methylenebisacrylamide (MBAA, CAS:
110-26-9), and 15 mg of ammonium persulfate (APS, CAS: 7727-54-0) in 5 mL of deionized
water. After complete dissolution, 3.9 mg of N,N,N’,N’-Tetramethylethylenediamine
(TEMED, CAS: 110-18-9) is added as an accelerator, and the solution is homogenized using a
vortex mixer. The precursor solution is then cast into customized molds fabricated by 3D
printing (Form 4, Formlabs) and allowed to polymerize at room temperature for 3 h.
Following gelation, the hydrogel structures are demolded and dehydrated under ambient
conditions, producing shrunken hydrogel components suitable for embedding in

microchannels.

S1.2. Fabrication method of hydrobraille

The hydrobraille system is fabricated through a sequence of microchannel preparation,
trilayer membrane formation, and final bonding of the two components.

Microchannels are first fabricated by spin-coating polydimethylsiloxane (PDMS, Sylgard
184; Vision Lab Sciences) with a base-to-curing agent ratio of 10:1, pre-mixed with a white
pigment (Silc Pig™) for enhanced visibility, onto a lithographically patterned silicone wafer.
The spin-coating process is performed at 100 rpm for 30 s, followed by thermal curing at
110 °C for 5 min. The resulting PDMS layer, with a uniform thickness of approximately 1
mm, is subsequently peeled off to yield the microchannel structure with an embedded channel
depth of 0.6 mm.

To prepare the membrane film that overlays the hydrogel-embedded channels, we construct
a trilayer structure consisting of a central layer of Ecoflex 00-30 (Smooth On Inc.)
sandwiched between outer PDMS layers. First, a PDMS layer (Sylgard 184; 10:1 ratio) is
spin-coated onto a flat silicon wafer at 3000 rpm for 30 s and thermally cured at 110 °C for 5
min to form the base layer. Ecoflex 00-30 (part A: part B = 1:1), pre-mixed using a planetary
mixer (Paste Mixer, Dachwa Tech) at 500 rpm for 1 min, is then spin-coated directly onto the
cured PDMS layer at 3000 rpm for 30 s and cured at 110 °C for 5 min to form the
intermediate elastomeric layer. Finally, a second PDMS layer (10:1 ratio) is spin-coated onto
the Ecoflex 00-30 surface under the same conditions, completing the trilayer membrane

assembly. The overall thickness of the composite film is approximately 0.1 mm.
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After peeling the microchannel, the exposed PDMS surface remains slightly under-cured and
retains mild tackiness. We embed the hydrogel within the PDMS microchannels, where the
tacky PDMS surface temporarily holds the hydrogel in place. This interfacial adhesion is
further reinforced by oxygen plasma treatment applied to both the PDMS channel and the
trilayer membrane prior to final assembly, which activates the surfaces and promotes robust
covalent bonding between components.

Both the hydrogel-embedded PDMS channel and the trilayer membrane are treated with
oxygen plasma (CUTE, FEMTO SCIENCE) at 100 W for 1 min to activate their surfaces.

The membrane is then carefully aligned and placed onto the hydrogel-embedded
microchannel, followed by thermal curing at 120 °C for 6 min to achieve robust adhesion.
During this process, additional curing of PDMS further stabilizes the hydrogel within the
microchannel, ensuring firm attachment during subsequent swelling.

After bonding, the assembled device is aged at room temperature for 24 h to restore the
intrinsic hydrophobicity of the PDMS surface.

A schematic illustration summarizing the fabrication process is provided in Fig. S1.

S1.3. Fabrication of diverse applications

The PDMS base structures containing microchannel architectures are fabricated by casting
polydimethylsiloxane (Sylgard 184; Vision Lab Sciences) with a base-to-curing agent ratio of
10:1, pre-mixed with a white pigment (Silc Pig™; Smooth-On Inc.), into a custom-designed
mold produced via 3D printing (Form 4; Formlabs). The cast structures are cured at room
temperature for 24 h and carefully demolded from the molds.

Hydrogel components with various geometries are prepared by casting the synthesized
precursor solution into geometry-specific molds, followed by gelation. The formed hydrogels
are then embedded into the PDMS microchannels. The assembled PDMS base and hydrogel
array are sealed with a trilayer membrane film (thickness = 0.1 mm) to complete device
integration. Bonding between the membrane and the PDMS channel is achieved by plasma
surface treatment followed by thermal curing at 120 °C for 6 min.

For the dew-sensing application, a perforated membrane is prepared by punching nine holes
(diameter, 1 mm) at predetermined positions aligned with the hydrogel locations beneath the

membrane.



S2. Energy equation modeling

We develop a theoretical model to predict the formation height of hydrobraille dots,
governed by the competition between hydrogel swelling and the elastic resistance of the
membrane film. The energies stored in the stretched film and the compressed hydrogel can be
described using the axial deformation energy equation. In general, the deformation energy is
expressed as e = c4u, where o is the axial stress, 4 is the cross-sectional area over which the
stress acts, and u is the axial deformation. According to Hooke’s law, the axial stress is
defined as o = E¢, where E and ¢ represent Young’s modulus and axial strain, respectively.

In the Hydrobraille system, the overlying membrane film, being highly stretchable, readily
extends radially as the hydrogel swells. Under this condition, the effective cross-sectional area
over which the stress acts is defined as A~ Rch, where R. is the radius of the hydrogel-
occupied channel, and / is the film thickness. The axial stress in the stretched film can be
approximated as oy~ E/AR./R., where Efis the Young’s modulus of the film, and AR. is the
radial elongation of the film. The axial deformation is taken as the elongation of the film, us~
AR.. From geometric consideration, R.2 + &> ~ (R. + AR.)?, which yields the expression for the
radial elongation of the film as AR, ~ (R:> + §*)'? — R, where J denotes the braille dot height.

Combining these relationships, the elastic energy stored in the stretched film can be written as
ey = hE {2R.? + 6% — 2R(R. + 67)"*}. (S1)

The hydrogel is simultaneously compressed by the overlying film, leading to an
equilibrium extrusion height of the braille dot. The cross-sectional area of the swollen
hydrogel compressed by film is expressed as 4 ~ B{R(1 + s)}2, where R is the initial radius of
the hydrogel, s is the isotropic swelling ratio, and £ is a correction factor. We used a bullet-
shaped hydrogel geometry with a height equal to the channel depth, d. Since the channel
depth scales with the initial hydrogel radius as d ~ 1.8R (see Fig. S2a), the swollen hydrogel
height is given by 1.8R(1 + s). Considering this geometry, axial stress acting on swollen
hydrogel is expressed as o ~ Exd"/{1.8R(1 + 5)}, where Ej is Young’s modulus of swollen
hydrogel and " is vertical compression imposed by the membrane. The axial deformation is
considered as compression of swollen hydrogel, u, ~ §°, where the vertical compression is
defined as 6” ~ 1.8Rs — 6. Combining these relationships yields the expression of the energy
stored in the hydrogel, which is written as

e, = BE,R(1+s)(1.8Rs — §)?/1.8. (S2)

By minimizing the total elastic energy of the system with respect to the extrusion height,

O(erten)/00 = 0, we obtain the governing equation for the equilibrium extrusion height,



2R(1+5) 2 2R(1+5)
{2hE; + pZ2E, ) 6% — 4pR?S(1 + 5)E, {2hE; + B0 E, ) 6% +
2
[{Zth + pHRa Eh} R.2 + {28R?s(1 + s)E,}? — (ZthRc)z] 52 — (S3)

2R(1+5)
1.8

4BR?*s(1 + s)E,R.*{2hE; + En {8 + R2{2BR?s(1 + s)E,}? = 0.
f

where £ = 0.6, introduced as a prefactor to match the theoretical predictions with the
experimental measurements. Here, we use the experimentally measured swelling strain s =
L.5.

Solving Eq. (S3) with a fixed initial hydrogel radius (R = 0.333 mm) at different film
thicknesses, /4, provides the predicted extrusion heights under various membrane thickness
conditions, as shown by the solid line in Fig. 2a. Conversely, solving Eq. (S3) with a fixed
film thickness (2 = 0.1 mm) at different radii (R) gives the theoretically predicted extrusion
heights as a function of hydrogel size, shown by the solid line in Fig. 2c. In this analysis, we
additionally fix the ratio between the channel radius and hydrogel radius at R. ~ 3.5R, based

on the experimentally measured geometric relationship (Fig. S2b).

S3. Finite Element Modeling

We perform finite element simulations using Abaqus/Standard to analyze the deformation
of the hydrobraille system. Depending on the symmetry of each configuration, we construct
either a 2D axisymmetric model or a 3D half model and solve it with a static general
procedure including geometric nonlinearity. We model PDMS, Ecoflex, and polyacrylamide
hydrogel as incompressible Mooney—Rivlin hyperelastic solids, and we obtain material
parameters by fitting tensile test data (see Supplementary Material S5). We represent hydrogel
swelling through an equivalent thermal expansion that induces isotropic volumetric strain. To
capture the final deformed geometry, we assign the hydrogel properties of the fully swollen
state. A friction coefficient of 0.02 is applied at the interface between the hydrogel and the
film [S1]. The primary output is the out-of-plane displacement of the membrane, which we
compare with experimental measurements.

The simulation is categorized into two groups based on their objectives and geometrical
complexity: (1) parametric analysis of braille dot formation and (2) surface morphing

simulation of a flower-shaped tactile graphic.

S3.1. Parametric simulation of braille extrusion
This simulation corresponds to dashed lines in Fig. 2b and Fig. 2¢ in the main text. To

investigate how the extrusion height, J, depends on film thickness, /, and hydrogel radius, R,
5



we construct 2D axisymmetric models. The geometry consists of a hydrogel embedded
beneath a tri-layer elastic plate. The hydrogel is modeled using CAX4RH hybrid elements,
and three plates are modeled using SAX1 elements representing the PDMS-Ecoflex 0030-
PDMS tri-layer.

We simulate hygroscopic swelling by applying an equivalent thermal expansion, calibrated
to produce the desired strain. The material properties of the hydrogel are fitted to uniaxial
tensile test data and assumed to be constant, corresponding to the fully swollen state. For
PDMS and Ecoflex 0030, we also fit the parameters to uniaxial tests, and we model all three
materials using the incompressible Mooney—Rivlin hyperelastic model. We define contact
interaction at the hydrogel-membrane interface with a friction coefficient of 0.02. Mesh
convergence is confirmed by refining the mesh until changes in 6 were within 2%. The
primary simulation output is the vertical deformation of the membrane under a hydrogel
hygroscopic strain of 1.5, representing the fully swollen state.

To examine the effect of film thickness (%), (Fig. 2b), simulations are performed at a fixed
hydrogel radius, R of 0.33 mm, varying the film thickness from 0.025 mm to 0.5 mm in 0.025
increments. Conversely, to investigate the effect of hydrogel size (Fig.2c), the film thickness,
h, is fixed at 0.1 mm, and the hydrogel radius, R, is varied from 0.1 mm to 2.5 mm in 0.1 mm

increments. The channel radius, R., is varied according to the relationship, R. = 3.5 R.

S3.2. Simulation of a flower-shaped tactile morphing surface

This simulation corresponds to Figures 3g and 3h and explores the surface transformation
of a flower-shaped tactile graphic composed of multiple hydrogel regions. We construct a 3D
half model for computational efficiency by exploiting the symmetry of the tactile morphing
shape. We embed hydrogels of varying geometries, including dot, line, and area shapes,
within a PDMS base layer and cover them with a flexible membrane.

We model each hydrogel using C3D8RH hybrid brick elements and implement swelling
through equivalent thermal expansion calibrated to match the experimentally measured
hygroscopic strain. We represent the tri-layer plate as a shell structure with S4R elements,
corresponding to the PDMS—Ecoflex laminated film. We treat the PDMS channel base
structure, which is relatively stiffer and much thicker than the plate, as rigid and model it with
R3D43 elements. We set the geometric dimensions of all components to match the
experimental configurations and define contact conditions in the same way as in the

parametric study simulation.



S4. Extrusion height in various liquid conditions

The swelling dynamics of the hydrobraille system are governed by the diffusion of water
into the polymer network. The poroelastic diffusivity D of the hydrogel can be estimated
using the relationship D = Exk(1 — v)/[u(1 + v)(1 — 2v)], where & is the permeability (scaling as
b?, with b being the mesh size of the polymer network), u is the viscosity of solution, and v is
the Poisson’s ratio [17,18]. Assuming representative material parameters for saturated PAAm
hydrogels (Ex ~ 34 kPa, v =0.486 [19], b ~ 10° m [20]) and using the viscosity of water u ~
1073 Pa s, the estimated diffusivity, D, is order of 1071 m?s™!. Using a swollen hydrogel
height, R,, on the order of 1.5 mm, the characteristic diffusion time 7 can be estimated as 7 ~
R?/D ~ 1000 s. This time scale is consistent with the observed saturation behavior in the
experiment shown in Fig. 2e, supporting the relevance of the diffusion-based swelling
mechanism. Building on this framework, we further examine how the swelling kinetics are

influenced by solvent viscosity and temperature.

S4.1. Temporal evolution of extrusion height in various liquid viscosity

We investigate the effect of liquid viscosity on the extrusion height of the hydrobraille
system using water-glycerol mixtures as model solutions. In our experiment, the viscosity is
systematically tuned by adjusting the mixing ratio of water to glycerol (water:glycerol = 10:0,
7:3, and 5:5), with the corresponding viscosity values summarized in Table S2. Previous
studies have established that increasing viscosity reduces effective diffusivity, thereby
slowing hydrogel swelling kinetics. Consistent with this trend, our measurements show that
the time required for the extrusion height to reach equilibrium increases with liquid viscosity

(Fig.S3a).

S4.2. Temporal evolution of extrusion height under different temperatures

We next examine the effect of solution temperature on hydrobraille dot formation using
water as the surrounding liquid. In these experiments, the liquid temperature is controlled over
a range from room temperature to 60 °C using a hot plate, with the exact temperature values
indicated in the legend of Fig. S3b. According to prior studies, the diffusivity of hydrogel is
inversely related to the viscosity of the surrounding solution. As the temperature of water
increases, its viscosity decreases, leading to enhanced diffusivity within the hydrogel network.
As a result, the time required to reach the equilibrium extrusion height decreases with
increasing temperature: at room temperature, it requires approximately 40 min to reach

equilibrium, whereas at 60 °C, it reaches equilibrium within ~ 15 min, as shown in Fig. S3b.
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These results confirm that the swelling dynamics of the hydrobraille system are governed
not only by the intrinsic properties of the hydrogel network, but also by the rheological
characteristics of the surrounding environment. The ability to tune the swelling speed through
external parameters such as fluid viscosity and temperature, in combination with internal
material properties including modulus and network structure, provides a versatile design

strategy for applications requiring controlled temporal responses.

SS. Mechanical Characterization

We evaluate tensile properties of PAAm hydrogel, Sylgard 184, and Ecoflex 00-30 using a
rheometer (HR 20, TA Instruments, tensile mode) or a universal testing machine (5943,
Instron). We prepare dumbbell-shaped specimens with an inner width of 10 mm and an inner
length of 40 mm, and test Sylgard and Ecoflex samples in their as-cured state without
additional swelling or conditioning. For PAAm hydrogels, we cut them into dumbbell-shaped
specimens and swell them in deionized water for 5days to reach equilibrium.

During the tensile test, samples with an initial gauge length (/o = 40 mm) are stretched at a
constant strain rate of 16.6 um s~!. The tensile stress (ov) is calculated as the load force (F)
divided by the initial cross-sectional area (4o), expressed as g; = F/A4o. The tensile strain (&) is
determined from &; = (/ — lo)/lo, where / is the final length and /y is the original length of the
sample. Stress—strain curves of all tested materials are presented in Fig. S5. We obtain
Young’s modulus (E) from the slope of the stress—strain curve within the initial 5% strain

regime, and the values for each material are summarized in Table S3.

S6. Importance of hydrogel in hydrobaille patch for preventing dew run-off

The hydrobraille patch (red) and the perforated PDMS without hydrogels (blue) show
similar uncaptured dew volumes in Fig. Se. However, the two systems differ in their liquid-
retention mechanisms (see Fig. S7a). In the perforated PDMS without hydrogels, water is
retained within geometric void spaces and remains in a free liquid state. In contrast, the
hydrobraille patch absorbs liquid into the crosslinked hydrogel network, where the liquid is
effectively immobilized. This difference in retention mechanism influences the stability of the
retained liquid. In the perforated PDMS, the liquid can be redistributed or released under
external disturbances such as vibration or mechanical perturbation. In comparison, the
hydrobraille patch maintains more stable liquid retention due to absorption within the

hydrogel network.



The quantitative difference between the two systems can be understood through a volumetric
analysis based on the geometries illustrated in Fig. S7b. For the hydrobraille patch, the
absorbed liquid volume by a single hydrogel corresponds to the difference between its fully
swollen volume (V5) and its dry volume (V). These are given by Vy=22nR*/15 and Vs =
22xn[(1+s)R]?/15, where R is the initial hydrogel radius and s is the swelling strain.
Accordingly, the absorbed volume per hydrogel is Va = Vs — Va. For the perforated PDMS
without hydrogels, liquid is retained only within the geometric void of each perforation, with
a volume approximated as V}, = nR-2d, where R. and d denoted the radius and depth of the
void, respectively. The key quantity determining the performance advantage of the
hydrobraille patch over the perforated PDMS is therefore the difference AV =V, — V), per unit,
which represents the additional liquid volume captured by the hydrogel relative to the void
alone.

Using the measured paparmeters (R = 1.8 mm, s = 1.5, R = 4.5 mm, d = 3.24 mm), V, is
estimated to be approximately 0.393 mL per hydrogel and V), approximately 0.206 mL per
void, giving AV = 0.187 mL per unit. With N = 16 hydrogels in the current demonstration, the
total additional liquid captured by the hydrobraille patch relative to the perforated PDMS is
NAV = 3.0 mL, which is in close agreement with the experimentally observed difference in
Fig. Se. This consistency indicates that the hydrogel component is the primary contributor to
the enhanced water retention capacity of the hydrobraille patch. Since the total additional
captured volume scales linearly with the number of hydrogel units (NAV), increasing the
number of hydrogels directly enhances the water retention capacity of the patch. In the current
demonstration, N = 16 is used; scaling to a larger area by increasing N is therefore expected to
yield proportionally greater water capture (Fig. S7c). This suggests strong potential for large-
area moisture management applications, where a higher density of hydrogel units can be

employed to achieve enhanced condensation suppression.

S7. Effect of liquid volume on extrusion height

We investigate the effect of liquid volume on the extrusion height by introducing a
nondimensionalized variable, liquid fraction = Vi/(Vy — Va), where V7 is the liquid volume, Vy
is the dry hydrogel volume, and V is the fully swollen hydrogel volume (see Fig. S7b). The
liquid fraction ranges from 0 to 1, where { = 0 corresponds to the completely dry state and (=
1 corresponds to full saturation of the hydrogel. Based on the hygroscopic strain formulation
for porous materials, the swelling strain can be expressed as a function of the liquid fraction

as s({) ~ anp(, where oy is the hygroscopic swelling coefficient and ¢ is the void fraction of
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the polymer network estimated as ¢ ~ (Vs — Va)/V;. Using the measured swelling strain (s =
1.5), the void fraction of the hydrogel used in this study is estimated to be ¢ ~ 0.936.

To quantify the relationship between liquid volume and extrusion height, we incorporate ({)
into the governing equation for the equilibrium extrusion height (Eq. S3), thereby expressing
the extrusion height as an explicit function of the liquid fraction. Solving the combined
equations with fixed parameters (R = 0.333 mm, # = 0.1 mm, and R. = 1.5 mm) gives us the
predicted extrusion heights for { ranging from 0 to 1 (see Fig. S8). As the liquid fraction ({)
increases from 0 (dry) to 1 (full saturation), the extrusion height increases gradually and
approaches its equilibrium value at = 1.

We further examine the effect of the hygroscopic swelling coefficient ay; on the extrusion
height, as shown by the different curves in Fig. S8. As ay increases, the swelling strain for a
given liquid fraction becomes larger, leading to a correspondingly higher extrusion height.
This result indicates that both the amount of absorbed liquid and the intrinsic swelling

characteristics of the hydrogel jointly determine the resulting tactile protrusion height.

S8. Relationship between swelling ratio and extrusion height

We investigate the relationship between the hydrogel swelling ratio and the extrusion height
using the mechanical model, Eq. (S3). By solving Eq. (S3) under fixed conditions (R = 0.333
mm, 2= 0.1 mm, and R. = 1.5 mm) for different values of swelling ratio s, we obtain the
predicted extrusion heights as a function of s, as shown in Fig. S9.

As the swelling ratio increases from s = 0 (dry state), the extrusion height increases in a
nonlinear manner, with a steeper rate of increase at lower values of s. This behavior reflects
the mechanical equilibrium between the expanding hydrogel and the elastic resistance of the
overlying membrane, where the membrane becomes increasingly resistant to deformation as
the hydrogel approaches full saturation. For the hydrogel used in this study, at s = 1.5, the

extrusion height reaches its equilibrium value (dashed line in Fig. S9).
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Fig. S1. Schematic illustration of the hydrobraille fabrication process, including hydrogel
preparation, channel fabrication, and trilayer membrane fabrication. The hydrogel is
embedded in the PDMS microchannel while the PDMS remains partially cured, followed by

plasma treatment and final thermal bonding with the membrane.
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dashed line indicates the relation R. ~ 3.5 R.
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Fig. S4. Experimental validation of the sweat-capturing patch. (a) Validation method. (b)

Time-lapse experimental images showing sweat capture and subsequent hydrogel swelling.
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Fig. S6. Repeatable operation of hydrobraille (R = 0.333 mm, 2 = 0.1 mm, and R. = 1.5 mm).
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hydrogel in the dry and fully swollen states. (c) The total additional liquid captured by the
hydrobraille patch relative to the perforated PDMS in various N.
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Spin-coating speed [rpm] Film thickness, 4 [um]

4,000 50
3,000 100
1,900 150
1,300 200
1,000 250
900 300
800 350
740 400
700 450

Table S1. Spin coating speeds for membrane fabrication. Each material is spin-coated for 30
s. Two PDMS layers and one Ecoflex layer are combined to form a single membrane film

with a thickness, 4.
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Liquid

Viscosity, u [Pa s]

Water 0.001
Glycerol 30 wt% 0.0022
Glycerol 50 wt% 0.0051

Table S2. Viscosities of Liquids.
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Material Young’s modulus, £ [kPa]

PAAm hydrogel 34
Sylgard 184 1,269
Ecoflex 00-30 160

Table S3. Young’s modulus of PAAm hydrogel, Sylgard 184, and Ecoflex 00-30.
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