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Supplementary Text

Text S1: The effect of sweating and breathability on the hand and on wearable haptic interfaces

Breathability is essential to the wearable haptic interfaces, and a well breathability will result
in improved wearing comfort because the sweat is allowed to evaporate from the skin, instead of
causing uncomfortable feelings such as irritations, dampness, and clamminess. Here we discuss
the underlying mechanisms in detail and point out the necessity of breathability for wearable haptic
interfaces, especially for the hand.

For perspiration, in addition to sweating (liquid droplets), there’s also insensible perspiration,
i.e. passive transepidermal water loss (TEWL). The difference between these two modes is
embodied in the rapidly increasing evaporation rate from the whole body when the ambient
temperature is transitioned from 31 °C to 34 °C.(37) When there’s skin occlusion that caused by
unbreathable clothing/gloves/dressings, this sweating-facilitated thermal equilibrium is impeded
severely, thus the local temperature and humidity are also increased and further enhances the
sweating, which may turn insensible perspiration into sweating even in normal ambient
temperature. As the skin functions as the barrier between external and internal environments, the
skin occlusion would lead to enhanced stratum corneum hydration and reduce the barrier
efficiency.(35) Because of the increased stratum corneum hydration, the swelling of corneocytes
would lead to promoted water absorption in intercellular lipid domains, as well as promoted
penetration of lipid-soluble nonpolar chemicals. Thus, the applied compounds would have
aggravated irritations to the skin and result in contact dermatitis.

As the skin on hands/fingers has the densest distribution of sweat glands(57), the perspiration
rate there is also one of the highest (comparable to axilla and sole) across the human body. Thus,
ensuring a well-ventilated environment around the hand/fingers is essential for the health of the
skin. Previous studies have found that microclimate changes inside an unbreathable occupational
glove would have significant impacts on the skin conductance as well as on perceived
discomfort(38). Finger and hand pain, erythema and onycholysis frequently occur in occupational
gloves (e.g., extra vehicular activity gloves for astronauts). As the skin conductance reflects the
amount of hand perspiration and moisture, researchers summarized the results according to the
skin conductance changes with three different varying factors, which are ambient temperature,
humidity, and exertion strength. Higher temperatures and higher humidity lead to significantly
higher skin conductance and higher discomfort level, and exercising is also the same. Higher
temperatures within the glove further pronounces the discomfort during exercise, and what’s worse
is that this temperature increase could be caused by physical exercise-produced metabolic heat.
Thus, to keep the hand comfortable during exercising, it’s extremely important to maintain well
cooling conditions through ensuring the excellent breathability of the glove.

For wearable haptic interfaces, the breathability performance is usually neglected in their
designs for ensuring the functionality of haptic feedback. However, the breathability itself will also
affect the haptic feedback performance, either by sweat impeding the feedback perception or
detaching the interface due to sweat-reduced adhesion. Currently, typical systems are relying on
stable and impermeable substances, such as PCBs, leathers, polyimides (PI), and



elastomers/rubbers such as PDMS and SEBS. The mechanical actuators require moving structures
which should be well encapsulated (which makes it pretty thick), pneumatic/microfluidic actuators
require sealed air pipes/microchannels, and thus are both typically impermeable. In contrast,
electrotactile haptic feedback only requires routed electrodes that contact the skin well, so they can
be built on permeable substrates easily. However, as the hydrogel is adopted in FIBHT to ensure a
stable electrode-skin interface, the hydrogel piece-covered small area of the skin is wetted. Thus,
the breathability of the inter-electrodes area must be good enough to compensate for the loss of
these areas and keep a normal thermal equilibrium for the whole covered area. Otherwise, the
increased skin conductance could make the stimulation current density less focused on the local
spot and subsequently induce weaker and vaguer perceptions. In most soft wearable haptic systems,
the feedback interface may be built on textiles that provides well breathability, but the controlling
circuit is still built on rigid PCB/fPCB, PI thin film or intact elastomer film that are impermeable.
The main challenge is the lack of precise multi-layer metal circuit patterning and low-temperature
soldering technologies on soft and permeable materials. Hence, the permeable three-dimensional
circuits manufacturing technology we developed filled in this gap, allowed us to make a highly
breathable haptic interface on the hand, which is totally different from other types of haptic gloves
that can induce discomfort after wearing for merely several hours.



Text S2: The design of electrodes distribution and densities.

As shown in fig. S1, the regional electrodes densities in FIBHT vary according to the parts
that have different tactile sensitivity and spatial recognition ability. For fingertips, it’s 2.26
pixels/cm?; for finger phalanges it’s 1.41 pixels/cm?; for MCP joints it’s 0.68 pixels/cm?; for inner
palm it’s 1.21 pixels/cm? and for hypothenar region it’s 0.44 pixels/cm?.

The relative mechanoreceptor innervation density ratio in the palm, finger phalanges (except
distal) and fingertip (distal phalanges) is around 1: 1.6: 4.9 (63). Thus, in our design, the ratio
between regions with highest and lowest electrode densities (fingertip: 2.26 pixels/cm? and
hypothenar: 0.44 pixels/cm?) is ~5, and the ratio between fingertip and phalanges (1.41 pixels/cm?)
is ~1.6. According to past and recent literatures, the two point discrimination limen value for
fingers are 3~5 mm (64), while for inner palm, thenar and hypothenar are basically 11-13 mm (65).
Thus, in our design, the basic pitch between electrodes at fingers is set to 4.5 mm, and the value in
the palm region is between 8~14.5 mm.



Text S3: Comparison between wet hydrogel electrodes and dry electrodes

Typically, there are two types of electrodes for delivering electrical stimulation or
electrotactile feedback, which are wet electrodes and dry electrodes according to whether it
contains water or not. Metal thin film and pastes (e.g., Au(26), Ag/AgCl pastes(27), etc.),
conducting polymers (e.g. PEDOT: PSS(66)), nanomaterials and their composites (e.g. carbon
nanotube and graphene-based composites, silver nanowire composites, etc.) could be classified
into dry electrodes. In such dry electrodes, electron transportation is the dominant mechanism of
electrical conductivity, and thus could reach a much higher intrinsic conductance than wet
electrodes. Conductive gels (formless viscid semifluid, such as water/gelatin mixture), hydrogels
(PAAm, PAAc, PVA, etc.) that contain ionic electrolytes in the water can be classified into wet
electrodes. Hydrogels that have crosslinked or entangled long-chain polymer matrix as the water-
entrapping scaffold could maintain certain shape but could also be highly deformable, which
endows it tissue-like softness. Besides, ion transportation in the electrolyte is the main contributor
to the electrical conductivity. Electricity to be delivered from electronic conductive systems into
ionic conductive biological tissues must experience an electron-ion current transferring process.
Basically, despite the lower intrinsic conductance, ionic conductive wet electrodes could work
better in such electrostimulation interfaces.

This could be attributed to two reasons. Firstly, when using wet electrodes (hydrogel for
example) that contact with electronic systems via a large metal pad, its adhesiveness and diffusing
water help to form a large and stable electric double layer (EDL) on the metallic electrode-hydrogel
interface, as well as a large EDL capacitance (Cepr)(53). This allows pulsed electronic charges on
the metal side to capacitively couple with ionic charges in the hydrogel. As capacitive non-faradic
currents that don’t involve electrochemical reactions, the ion species and the concentration won’t
change. CepL itself could be considered as a first-order high-pass filter, and thus pulsed currents
could easily pass through owing to the lower impedance at higher frequency rather than at DC
range. In contrast, dry electrodes directly contact the skin and only form smaller and distributed
EDL due to the air gaps in the interface if the electrode is not adhesive and completely conformal
to the skin. In such cases, faradic current that gives electrons to (or take from) ions would be
dominant to deliver stimulation, which is not preferred in bioelectronic interfaces because it will
accelerate the corrosion of the electrode or introduce unwanted chemicals into tissues.

Secondly, as skin itself could be considered as electrolytic hydrogel along with little capacitive
components (such as stratum corneum), the ionic current could be injected into the skin easily with
mainly resistive coupling (Rs) in the intimate hydrogel-skin interface. This resistive impedance
could be even further reduced by enhancing the chemical bonding between the hydrogel and the
skin, such as the hydrogen bond that contributes to the instant adhesion and covalent bond that
contributes to the stable and strong adhesion. As mentioned above, the dry electrode-skin interface
possesses poor electron-ion transfer efficiency, and also lacks chemical bonding. Thus, in electrical
aspect, the wet electrodes are superior to dry electrodes.

However, hydrogel wet electrodes also have their own deficiencies. The water is continuously
evaporating from the hydrogel and may lead to reduced conductivity over time. Hygroscopic



electrolytes (e.g., LiCl) and glycerol are typically used for retaining water in hydrogel for a longer
period. As hydrogel is too sticky, hard to pattern in fine size and thin thickness, complicated
manufacturing techniques should be used for achieving high spatial resolution in wet electrodes.
In the fabrication of FIBHT, the bioadhesive hydrogel we developed could be screen-printed into
small pieces and photocured in situ, which solved this problem for the feedback-compatible
resolution.



Text S4: Design, preparation and characterization of bioadhesive hydrogel

We first prepared a novel bioadhesive hydrogel as the interface between human skin and LM.
In general, as an ideal bioelectronic-tissue interface, it should have excellent electrical
performances for efficient electrical exchange, rigorous mechanical properties for high
conformability and maintenance of structural integrity, superior adhesiveness for better
electrophysiological conjugation and integration, high anti-bacterial activity for local infection
prevention. In this study, we have developed a bioadhesive hydrogel as the bioelectronic-tissue
interface, which is comprised of a complicated double network formed by covalent crosslinking
of PAAm and multiple tannic acid (TA)-mediated dynamic interactions (e.g., hydrogen bonds,
electrostatic interactions, and Schiff-base/Michael addition reaction). In this system, PAAm-
consisted covalent network was used as the main matrix, and other biocompatible components
were used as the functional additives, such as sodium chloride (NaCl) for ionic conductivity,
sodium citrate for metal interaction, PAAm for enhanced bioadhesion, TA for improved
mechanical and adhesive performances, and water-glycerol binary solvent system for long-term
application stability.

We first used the Fourier transformed infrared (FTIR) spectrometer to evaluate the chemical
composition of the proposed hydrogel. As shown in fig. S7, a characteristic broad peak around
3300 cm™! was observed, indicating the presence of intermolecular hydrogen bonding. Distinct
bands were also detected at wavenumbers of 2867 cm™ and 2928 cm™!, corresponding to symmetric
CH: stretching and asymmetric CH3 stretching, respectively. The peak at 1650 cm™! was ascribed
to the C=0 stretching of ester groups in hydrogels, while the absorption peaks at 1601 cm™' and
1450 cm™! were associated with the stretching vibrations of the aromatic ring (C=C). In addition,
the peak at 1040 cm™! was attributed to symmetric C-O stretching of ether group in hydrogel. These
results demonstrated the successful introduction of various functional components like PAAm and
TA, and indicated the existence of multiple molecular interactions within the hydrogel matrix.
Next, scanning electron microscope (SEM) was performed (fig. S8 a~b), and we found that such
hydrogel possessed microporous structure. In the context of an electrical bio-adhesive interface, a
moderate swelling property is considered a prerequisite for its optimal physical performance. Prior
research has indicated that the interface hydrogel should exhibit rapid absorption of interfacial
water to enhance tissue bonding. However, it is important to prevent excessive swelling under
highly humid environments, as this can potentially compromise the structural stability and
mechanical performance of the hydrogel(49). The swelling ratios of bioadhesive hydrogel after
immersion in PBS for 12, 24 and 48 h are displayed in fig. S8D. It was found that the swelling
ratio of bioadhesive hydrogel was significantly lower than that of commercial gel patch (Bestpad,
Shenzhen) at different time points (133.25 versus 282.89 at 12 h; 201.45 versus 444.87 at 24 h,
251.53 versus 702.66 at 48 h, respectively). With the extension of incubation time, the swelling
degree of bioadhesive hydrogel increased more slowly as compared with commercial gel. Such
behaviour might be attributed to high crosslinking density of hydrogel network, which enables it
to withstand deformation caused by water contact and maintain the structural integrity. Moreover,
the in vitro anti-dehydration test showed that the loss weight of both bioadhesive hydrogel and



commercial gel patch did not exceed 30% after storing for 120 h at temperature of 37°C and
humidity of 45% (fig. S8C). The exceptional anti-drying performance can be due to the robust
hydrogen bonding interactions between glycerol and water, effectively impeding water
evaporation.

We further characterized the electrical performance of bioadhesive hydrogel (fig. S15). As
there are multiple bonding mechanisms between bioadhesive hydrogel and both skin and EGaln,
the hydrogel interfaces with these surfaces are both very intimate and stable, therefore eliminating
the gaps that impedes the electrical conductivity, and much lowered the interfacial impedance. The
total skin-electrode impedance is measured in multiple conditions including different electrode
sizes and materials (bioadhesive hydrogel in both static and 100% stretched state, commercial gel
and gold). We found that the impedance is closely related to the size, and larger ones result in lower
impedance. Also, the impedance difference between Au and bioadhesive hydrogel is more
pronounced in smaller electrode size. In all sizes, bioadhesive hydrogel presents the lowest
impedance compared to other ones, and the stretching doesn’t have much impact on it. To
intuitively compare the impedances between these groups, we took the impedances of a
characteristic frequency of 1 kHz, and found the gels all presents impedances lower than 100 kQ
while Au electrodes could achieve over 300 kQ. Regarding the maximum voltage that could be
provided by the control circuit is 135 V, we calculated the maximum current intensity (Imax 1kHz)
that is allowed to flow through the skin with these impedances accordingly. The result showed that
the average Imax_1kHz for hydrogels of @ 2, 4 and 6 mm reaches 2.28, 3.20 and 6.97 mA, respectively,
which are already much higher than the needed intensity for electrotactile feedback (0 ~ 2 mA)
across the whole hand. For stimulation spots on fingertips that requires fine resolution but low
current intensity, small pieces (® 2 mm) of hydrogel are used. ® 4 mm pieces are used for where
a little higher current is needed but with poorer spatial distinguish ability (MCP knuckles, inner
palm). @ 6 pieces are used for those parts with highest thresholds (thenar and hypothenar).

The mechanical properties of skin-device hydrogel interface are of paramount importance in
its practical application. Our results demonstrated that the bioadhesive hydrogel possessed
comparable tensile modulus (29.9 kPa) to that of native skin tissue, with its maximum tensile
strength of ~70 kPa at stain of ~1000% (fig. S12J-L). It exhibited sufficient flexibility, strength,
and fracture toughness, thus meeting the essential mechanical requirements for serving as an
effective interface material for skin tissue. Furthermore, we evaluated the adhesive performances
of hydrogel interface by three tests including lap-shear tests, 90° and 180° peel-off tests (fig. S12).
Both lap-shear tests and 90° peel-off tests revealed that such hydrogels had superior tissue
adhesiveness with shear strength of ~23 kPa for 2M, ~21 kPa for 3M, and ~17 kPa for 4M, and
peel-off strength of ~110 N/m for 2M, ~80 N/m for 3M, and ~60 N/m for 4M. More importantly,
the bioadhesive hydrogel could maintain adhesion (~100 N/m) even after 20 cycles of adhering
and stripping, confirming the robust and enduring adhesion (Fig. 3d). As illustrated in the
schematic (Fig. 2k), this excellent tissue adhesiveness may be due to the multiple dynamic
interactions (e.g., hydrogen bonds, Schiff-base/Michael addition reaction) and physical
entanglement effect (e.g., PAAm polymeric chains) between skin tissue and hydrogel.
Simultaneously, the carboxylate groups of sodium citrate and catechol groups of TA could form



coordination bonds with the Ga** and/or In** of EGaln(48). In addition, we found their adhesive
strengths decreased gradually with increasing NaCl concentrations in the hydrogel matrix. This
phenomenon can be attributed to the heightened crosslinking density, which restricts the mobility
of free polymeric chains and impairs the physical entanglement effects. It is worth emphasizing
that the introduction of overmuch NaCl would result in precipitation, which has a detrimental
impact on the crosslinking of the hydrogel and subsequently diminishes its mechanical and
adhesive properties. In addition, we assessed the adhesive strength of hydrogel to electrospun SBS
fiber mat via 180° peel-off tests (fig. S12 G~H). We found that the plasma treatment before
dropping of hydrogel onto SBS fiber mat could remarkably increase its adhesive strength to fiber
mat, possibly due to the increased hydrophilicity of SBS facilitating hydrogel invasion into the
fibrous structure of SBS mat. fig. S121I further verified our hypothesis; following the peel-off tests,
a considerable amount of residual hydrogel was observed on the surface of the fiber mat treated
with plasma. In contrast, the surface of the non-plasma treated fiber mat remained smooth.

In addition to the above-mentioned physicochemical properties, bio-interface hydrogel
material should possess excellent biocompatibility. As displayed in fig. S9A, all bioadhesive
hydrogels formulated with different compositions (i.e., 2M, 3M, and 4M) exhibited favourable
cytocompatibility, as evidenced by a relative cell viability of over 95% after 3 days of culture (fig.
S8B) and similar cell proliferation rate to control group (fig. S9C). In addition, even after
combination with LM, the hydrogel/LM composite displayed negligible cytotoxicity. These results
indicated that our FIBHT was able to support cell survival and proliferation, showing good in vitro
biocompatibility. The direct application of biocompatible hydrogels onto the skin carries the risk
of bacterial infection due to the propensity of hydrogels to create a favourable environment for
bacterial growth. Thus, we employed E. coli (gram-negative bacteria) and S. aureus (gram-positive
bacteria) as the representative model bacteria, and evaluated the antimicrobial efficacy of
bioadhesive hydrogel through the plate count method. As shown in fig. S10, the colonies of both
E. coli and S. aureus on the agar plates of bioadhesive hydrogel group were much less than those
of control and PAAm groups. Quantitative analysis further confirmed the superior bactericidal
effect of bioadhesive hydrogel with an inhibitory rate exceeding 80% on the growth of both E. coli
and S. aureus. Such outstanding bacteriostatic activity could be mainly attributed to the intrinsic
anti-microbial effects of the incorporated TA, which has been discussed in detail in other
literature(55, 57). Altogether, our bioadhesive hydrogel demonstrated its potential to inhibit
infection after deployment onto skin tissue.



Text S5: Assessment of interfacial bonding of LM/hydrogel

As illustrated in Fig. 2h, hydrogel precursor solution was dropped onto and then infiltrated
into the electrospun fibrous SBS network. After in-situ UV irradiation, the hydrogel was trapped
within SBS protective encapsulation layer while stably contacting with the underneath LM layer
(Fig. 2i). As displayed in the schematic (Fig. 2Kk), our prepared bioadhesive hydrogel can bond
with LM by coordination interactions between the carboxylate and catechol groups in hydrogel
and the Ga*" and/or In*" ions in LM. First, we used X-ray photoelectron spectroscopy (XPS) to
analyze surface chemical composition and bonding. As revealed in fig. S13A, in the deconvolved
high resolution C 1s spectra of LM/hydrogel composite, the peaks at 285.68 eV (yellow) and
288.05 eV (cyan) corresponding to C-O and C=0O were slightly higher, as compared with those in
the spectra of pure hydrogel, which indicated interactions between LM and hydrogel. Moreover,
the Ga 3d spectrum of LM/hydrogel composite showed two peaks at 20.28 eV (Ga*", green) and
17.68 eV (Ga’, purple), which were shifted from 19.28 eV (Ga*") and 17.18 eV (Ga'!") in the
spectrum of pure LM (fig. S13B), possibly due to the coordination bonds of Ga** in LM with the
carboxylate and catechol groups in bioadhesive hydrogel (Fig. 2k). Also, in the In 4d spectrum of
LM/hydrogel composite, there was a peak at 15.88 eV, which is attributed to In**; whereas, there
the corresponding peak observed in the spectrum of pure LM is at 15.28 eV. Likewise, we found
the In° peaks at 442.78 eV (3ds», purple) and 450.38 eV (3dsq, green) in the In 3d spectrum of
LM/hydrogel composite were changed to 442.28 eV and 449.78 eV in pure LM, respectively (fig.
S13C). Collectively, these results demonstrated the formation of chemical complexation between
the bioadhesive hydrogel and LM, which facilitated the establishment of electrical pathways for
long-term and stable interfacing with skin tissues.

For a better visualization of LM-hydrogel bonding, we also monitored the behaviours of
EGaln droplet on the bioadhesive hydrogel during repetitive stretching and releasing of the
hydrogel. As shown in fig. S14A, when the hydrogel is stretched, the EGaln droplet is
concomitantly deformed and increases its interface area. The droplet, which becomes significantly
stretched when the strain of the hydrogel reached ~500%, recovers its initial shape when the strain
of the hydrogel is released. This finding demonstrated even under large tensile deformation, LM
could maintain stable and effective contact with the hydrogel, indicating its great potential to
ensure reliable and consistent interface integrity in real application scenario. This surface
reconciliation of LM on deforming hydrogels further verified the strong interactions of
bioadhesive hydrogel to native oxide layer of Ga203 and In203. In addition, we found that the oLM
could form an even better interface with bioadhesive hydrogel (fig. S14B). Different from pure
EGaln, the contact angle of oLM is much smaller due to its higher wettability to the hydrogel, and
resulted in a much thinner coating of oLM at the LM/hydrogel interface and promoted the usage
ratio of the LM for forming such an interface.



Text S6: System design and parameter optimizations

Optimization of the FIBHT format: The performance of non-breathable haptic interfaces on
the hand can be seriously influenced by perspiration, leading to reduced wearing comfort, loss of
adhesion, and subsequent detachment from the skin and resulting in inconsistent haptic feedback
perception. Unstretchable haptic interfaces also have similar problems due to the mismatch in the
mechanical properties between the device and the skin. Hence, it’s important to achieve both
highly permeable and stretchable on the hand-interfaced wearable haptics. To improve the
stretchability of the conducting traces, as previously used brittle metal thin film traces require a
serpentine-shaped mechanics design to achieve stretchability, thus occupying a larger area than
straight lines, intrinsically stretchable materials are needed to increase routing density and array
density while ensuring high stretchability. The substrate material of SBS fiber mat was chosen for
its excellence in both breathability and stretchability. We initially designed the system in a two-
part form which consisted of a hand-shaped electrode array and a flexible circuit board. However,
as this system involved a large number of electrodes, requiring more connectors and cables (e.g.
flat flexible cable), leading to more severe mechanical mismatch problems in the soft/rigid
interfaces. Therefore, a fully integrated form was chosen, unifying the material system of substrate
and routing conductor (liquid metal, LM) for both the electrode and circuit parts, eliminating the
need for connectors and cables, and enhancing overall wearing comfort and device flexibility to
adapt to various hand activities and movements. The entire device, especially the LM routings and
electrical components, is fully encapsulated with breathable encapsulation that of the same
material as the substrate, ensuring that it is not scratched or short-circuited by skin contact, and
that LM does not leak and contaminate the skin surface. The hydrophobicity of the encapsulation
material ensures that the device is insensitive to internal/external water droplets, enhancing system
stability.

Optimization of adhesion/electrical interface with skin: Ordinary hydrogels (e.g. pure PAAm)
are not adhesive enough, which could not adhere tightly to either the substrate or the skin.
Therefore, to maintain stable and consistent electrical conductivity in the electrode-skin interface,
the requirement of the interfacial material was to adhere to both sides, but with better bonding with
the substrate to avoid sticking to the hand and peeling off from the substrate when taking off the
device, and good chemical bonding with the liquid metal to ensure large electric double layer
capacitance and a low interface impedance. Therefore, the compositions (PAAm, TA, sodium
citrate) that can bond with both the skin and the liquid metal were chosen, and a photocurable form
was chosen for convenience in fabricating small-sized electrodes with easy screen printing.
Considering biocompatibility, the composition in normal saline (NaCl) was chosen as the
conductive ionic electrolyte. Experiments were conducted with solution concentrations of 2-4 M,
and it was found that at lower concentration (2M), the adhesion with the skin was stronger (fig.
S12), biocompatibility was better (fig. S9), and all electrical performance measured with this
concentration was sufficient for effective stimulation (fig. S15). Thus, this electrolyte
concentration was chosen. The optimized strong skin adhesion, combined with the excellent
flexibility of the device matrix, and the light-weight owing to the permeable microfiber mat



structure, allows the FIBHT to firmly adhere to the skin surface without hindering movement or
exerting obvious force to the hand during various large deformations (Movie S5), endowed the
entire movement process of the hand more freedom, and reducing the presence feeling of the
device on the skin surface.

Fabrication Process Optimization: The original process of patterning LM was the transferring
of photolithography patterned-Ag film onto fiber mats and selective wetting of LM, the required
photolithography process is not compatible to FIBHT, since its overall size that including hand-
shaped electrodes array and control circuit was too large for photolithography. Thus, we chose a
large-size PCB manufacturing-compatible process, which is high-precision laser cutting and
stencil printing for patterning LM circuits (fig. S2), and successfully achieved the preparation of
the device with this size. Since the encapsulation layer can protect the LM conductor and
meanwhile allow the uncured hydrogel to penetrate and be fixed after curing, this also eliminates
the need of cutting the encapsulation for exposing the LM, which makes it much more convenient.
Similarly, the paste mask layer (between components and top layer LM traces) also ensures the
protection of the LM traces while allowing the oLM paste to penetrate and form the vertical
connections, only exposing the pads that need to be soldered. This is crucial when soldering
components onto the FIBHT circuit, after patterning the LM circuits, as it efficiently prevents LM
from being accidentally scratched and short or open-circuited by the placement of chips and
components.

Stimulation Parameter Optimization: Based on previous study, monophasic current pulses of
approximately 20-50 Hz and 1~5 % duty cycle can effectively induce electro-tactile sensations.
But we also found that after a period of time stimulating with the same parameters, the sensation
intensity gradually weakened, as if the nerves connected to the receptor or the brain had become
accustomed to this static/repetitive stimulation and no longer responded to it actively. We also
found that, in addition to further increasing the current intensity which can reawaken the perceived
sensation, introducing a continually changing parameter without increasing current intensity can
also maintain the feedback being effectively felt for a longer time and most users can clearly
distinguish the differences among various changing modes. This shows that compared to steady-
state/static stimulation input, the human body is more sensitive to dynamic changing stimulation
input. Therefore, we introduced a spatiotemporal scanning pattern and a dynamic electro-tactile
strategy with periodic frequency changes, thereby achieving a higher recognition accuracy for the
overall feedback information. Meanwhile, we also found that when the hand presses the electrode
hard, trying to lower the impedance and allow current to pass through easier, it is more difficult to
feel the electro-tactile stimulation. The reason may be that the sensation input brought by muscle
control and external objects overrides the stimulation current to the nerves. On the contrary, when
the hand does not touch external objects and maintains a relatively relaxed state, the user reported
sensation of stimulation is very clear. Therefore, it also further illustrates that the bio-adhesive
electrotactile interface can maintain efficient tactile feedback without external support, which is
crucial for ensuring the clarity of user perception.



Table S1. Comparison with other wearable haptic interfaces on hands

Number of Air - WVPR Stretchability Sklg—lnterface Recognition
Ref. haptic units Permeability (g/m?/d) (%) adhesion strength accuracy (%)
P (mm/s) & ° (J/m? or N/m) y e
67) 5 N/A# N/A N/A N/A 87.2
. N/A . 78.9 (6 ball)
(14) 5 N/A (fabric) (fabric) N/A (air tubes) N/A ~89.5 (4 ball)
32 8 N/A N/A 100 N/A N/A
(68) 15 Bare hand E’;;Z N/A (wires) N/A (C‘g’rerll;nm‘al 93.3
81.7 (9 textures)
349 16 N/A N/A N/A N/A ~90.5 (4 textures)
N/A (pressure- 84.4 (intensity)
(69) 16 N/A 187 46 sensitive adhesive) ~100 (position)
(70) 23 N/A (textile) ( t;i/t?l‘e) N/A N/A 88.6
80.77 (3x3)
7 24~64 N/A N/A N/A N/A 8375 (2x2)
22) 32 N/A 94.4 20 1 N/A
85 (untrained)
(%)) 64 N/A N/A 43 N/A ~98.3 (trained)
25 (fingertip) N/A (externally 85 (intensity)
(72) 100 (palm) N/A N/A 30 fixed) ~87 (pattern)
657.9~ 89.7 (ST)
% ~
128 40.3~46.3 692.1 500 110 ~94.2 (TP/TF)§

* Our work (FIBHT)
# N/A, not available.

§ ST, spatiotemporal modes. TP, temporal periodic modes.

TF, temporal fading modes.



Table S2. Formulations of bioadhesive hydrogels

Sodium — Sodium 0 TA AAm  MBAA  LAP glycerol  Water
Samples chloride citrate
g g g g g mg g g mL
2M 0.46 0.5 0.4 0.32 25 5 0.18 3 4
3M 0.69 0.5 0.4 0.32 25 5 0.18 3 4
4M 0.92 0.5 0.4 0.32 2.5 5 0.18 3 4




Unit: pixels/em?

25

Fig. S1. Pixel density distribution map of the FIBHT.
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Fig. S2. Fabrication process of FIBHT.
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Fig. S3. Supplementary photos of FIBHT and its details. (A), Optical photograph of the
assembled but unencapsulated FIBHT system. (B), Detailed photograph of the encapsulation over
components. (C), Detailed photograph of the encapsulated VIAs and LM electrodes. (D),
Photograph showing a user’s hand wearing the FIBHT and posing gesture of shaking hands.
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Fig. S4. Fixation methods for electrical components on FIBHT LM circuits. (A), The
schematic showing the glue droplet for fixing a surface-mounted IC chip. (B), The schematic
showing the glue droplet for fixing a surface-mounted resistor or capacitor/inductor. (for both A
and B, left: lateral view, right: perspective view).
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Fig. S5. Morphology and chemical analysis of SBS fiber mat. (A), SEM image of SBS mat. (B),
EDX image of the LM, which corresponds to the SEM image in Fig. 2C.
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Fig. S8. Characterizations of the hydrogel’s morphology and performances. (A), SEM image
of the bioadhesive hydrogel. (B), Zoomed in detail of a, showing the porous structure. (C), Water
loss percentage changes of hydrogel and commercial gel patch during 5 days-test. (D), Swelling
ratios changes of hydrogel and commercial gel patch during 48 hours-test. (E), Water vapor
transmission rate (WVPR) comparison among bioadhesive hydrogel, commercial gel patch and
PU film. n = 3 for (C)~(E). ns denotes not significant, **: p < 0.01, ***: p < 0.001.
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Fig. S9. In vitro biocompatibility analysis of the bioadhesive hydrogel. (A). Live/dead staining
of NIH/3T3 cells after culture in different incubation mediums treated with control, 2M, 3M, 4M,
2M+LM, and 20% DMSO. Green fluorescent color represents live cells, while red color indicate
dead cells. (B), Quantitative evaluation of cell viability in different incubation groups based on
Live/dead staining. (C), Assessment of cell proliferation after 1, 2, and 3 days of incubation based

on CCK-8 assay.
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Fig. S10. Assessment of anti-bacterial capacity of bioadhesive hydrogel. (A), Digital images
showing the colony formation of E.coli and S.aureus onto agar plates with different treatments.
(B~C), Quantitative analysis of the anti-bacterial efficiency of PAAm and bioadhesive hydrogel
against (B) E.coli and (C) S.aureus. ***, p <0.001 in t-test.
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Fig. S11. Minimum achievable resolution test of the photocurable bioadhesive hydrogel. (A-
C), Photos of the hydrogel pieces array fabricated by silicone mold-assisted stencil printing and
photocuring. (A): Perspective view. (B): Lateral view. (C): Zoomed-in details of ® 0.8 and ® 1.0
pieces.
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Fig. S12. Mechanical performances of the bioadhesive hydrogel. (A), Schematic illustration
and photo of the lap-shear test of bioadhesive hydrogel. (B), Shear strength-displacement curves
of the hydrogel with 3 different electrolyte concentrations. (C), Shear strength comparison among
hydrogels with different concentrations. (D), Schematic illustration and photo of the peel-off test
(90°) for measuring the adhesion strength between bioadhesive hydrogel and tissue surface
(porcine skin). (E), Peel-off force-displacement curves of hydrogels-tissue interface with different
electrolyte concentrations. Electrolyte: NaCl (2~4 mol/L). (F), Hydrogel-tissue peel-off strength
of 3 electrolyte concentrations. (G), Schematic illustration and photo of the peel-off test (180°) of



strength between bioadhesive hydrogel and SBS fiber mat. (H), Peel-off force-displacement curves
of hydrogels-SBS mat interface, with and without plasma treatment for 1 min. (I). Photograph
showing the hydrogel-SBS mat sample after the peel-off test. Residuals of hydrogel could be
observed on SBS samples with plasma treatment, which proved the much stronger interfacial
strength. (J). Schematic illustration of tensile testing of hydrogel, hydrogel/SBS and
hydrogel/SBS/LM composites. (K). Stress-strain curves of samples in (J). (L). Tensile modulus
comparison among samples in (J) and (K). ns denotes not significant, *: p < 0.05, **: p < 0.01,
*Ex p <0.001.
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Fig. S13. XPS testing result of the LM-hydrogel interface. (A), Cls spectrum of LM hydrogel
and pristine hydrogel. (B-C), Spectra of In3d and Ga3d with In4d of LM hydrogel and LM,
respectively.
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Fig. S14. Characteristics of stable LM-hydrogel bonding. (A), Photographs of EGaln droplet
onto a bioadhevise hydrogel surface during stretch-release process at varying strains. The
lengthening shape and decreasing contact angle with growing strain indicated the robust interfacial
bonding between LM and the hydrogel. (B), Photographs of oLM droplet onto a bioadhesive
hydrogel surface during stretching. Different from pure EGaln, the contact angle is much smaller
due to its higher wettability to the hydrogel and resulted in a much thinner coating of oLM at the
LM/hydrogel interface.
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Fig. S15. Electrical performances of the electrode-skin interface. (A), Hydrogel-LM interfacial
impedance with different sizes. (B-D), Electrode-skin impedance of bioadhesive hydrogel, 100%
stretched hydrogel, commercial gel and gold (Au) electrodes, all with a diameter of 2mm (B) 4
mm (C) and 6 mm (D). (E), Impedances comparison among these electrode materials and among
electrode sizes at a characteristic frequency of 1 kHz. Data was extracted from curves in (B-D).
(F), Maximum current (1 kHz) comparison among these electrode materials and among electrode
sizes. Data was calculated from (E). n = 3 in each bar and curve. Line & Bar height: mean value.

Error bar: S.D. Square, mean; center line, median; box limits, upper and lower quartiles; whiskers,
1.5% interquartile range; points, outliers.
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Fig. S18. Heating effect visualization of the control circuit.
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Fig. S19. Waterproof performance characterizations of the FIBHT system. (A), Schematic
illustration of the standard rain test (AATCC Test Method 35-2006). (B), Photograph showing
the water contact angle of the hydrophobic SBS mat. (C), Detailed photos of the FIBHT showing
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Fig. S20. Crosstalk when stimulating 1 channel in an 8-channel array.
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Fig. S21. Designs of fingertip electrodes with varying pitches. From left to right: small (4.5
mm), medium (5.0 mm), large (5.5 mm) and extra-large (6.0 mm).
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Fig. S22. Time domain plot of dynamic modes ST 1~8.
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Fig. S23. Individual recognition results. (Volunteer #1)
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Fig. S24. Individual recognition results. (Volunteer #2)
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Fig. S25. Individual recognition results. (Volunteer #3)
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Fig. S26. Individual recognition results. (Volunteer #4)
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Fig. S27. Individual recognition results. (Volunteer #5)
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Fig. S28. Individual recognition results. (Volunteer #6)
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Fig. S29. Individual recognition results. (Volunteer #7)
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Fig. S30. Individual recognition results. (Volunteer #8)
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Fig. S31. Individual recognition results. (Volunteer #9)
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Fig. S32. Individual recognition results. (Volunteer #10)
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Fig. S33. Individual recognition results. (Volunteer #11)
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Movie S1.
Wearing process of the FIBHT system.

Movie S2.

Rain test for validating the waterproof performance.

Movie S3.

VR scenario where user perceives feedback from FIBHT for recognizing Mahjong tiles.

Movie S4.

VR scenario where user perceives feedback from FIBHT for dynamic gripping in a tennis game.

Movie S5.

FIBHT adheres firmly to the hand in two conditions. 1, just being worn on and 2, exercising after
a 30-minute wearing.
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