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2D Silver Nanosheet Assembly for an Isotropic, Stretchable,

and Highly Conductive Nanomembrane

Minjeong Kim, Sonwoo Jung, Seungyeon Kim, Moon-ki Choi, Jung-Hoon Hong,
Kyubeen Kim, Chansul Park, Ki Jun Yu, Gi Doo Cha, Sung-Hyuk Sunwoo, Qingchang Liu,*

Dae-Hyeong Kim,* and Tae-Wook Kim*

Achieving isotropic electrical and mechanical properties is essential for
skin-integrated electronics to operate reliably under complex, multidirectional
skin deformations. However, nanomaterial-based composites in skin
electronics often rely on anisotropic filler configurations to meet demanding
requirements for high-quality bio-interfacing materials, such as ultrathin
thickness, high conductivity, and stretchability. While directional alignment of
high-aspect-ratio nanofillers facilitates dense percolation, it compromises
isotropic material uniformity. To overcome the trade-off between high
performance and omnidirectional material properties in the nanocomposites,
a controlled assembly strategy is proposed for silver nanosheets (AgNSs) that
forms face-to-face contacts with partial overlaps, enhancing inter-sheet
contact area and reducing contact resistance. Implementing this assembly
configuration in an ultrathin elastomeric membrane yields a silver nanosheet
nanomembrane (AgNS NM) with both isotropic material properties and high
performance, featuring a high conductivity of 115000 S cm~', a
stretchability of ~50%, and a total thickness of %235 nm. Coarse-grained
molecular dynamics simulations (CGMD) reveal that the degree of overlap
correlates with nanosheet geometry, providing design insights for controlling
interfacial contact configurations in nanomaterials. Finally, the potential of the
AgNS NM for bio-interfacing applications is demonstrated through an
electrical impedance tomography-based tactile electronic skin, enabling
reliable multi-point pressure mapping and real-time tracking.

1. Introduction

Skin-integrated electronics require mate-
rials that are ultrathin, stretchable, and
highly conductive, along with isotropic
electrical performance under mechanical
deformation.l'l' These properties ensure
conformal contact, high performance, and
consistent electrical functionality on the
skin surface, which are critical for sustained
operational stability and reliability during
continuous daily movements. To achieve
these demands, significant research efforts
have focused on developing innovative ma-
terials, particularly soft composite materials
comprising metallic nanomaterials embed-
ded within elastomeric matrices. Nonethe-
less, meeting all of these material require-
ments simultaneously within a single ma-
terial platform remains a formidable chal-
lenge.

In nanocomposites, inadequate control
over the spatial arrangement of conductive
nanoscale fillers and limited inter-filler con-
nectivity hinder the realization of the afore-
mentioned optimal material properties.
For instance, conventional nanocomposite
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fabrication methods offer limited control over the nanoscale filler
assembly, resulting in a random spatial distribution of the filler
materials (Figure 1ai).>* Such an uncontrolled configuration
poses two critical limitations. First, sparse inter-filler contacts
reduce the formation of effective conductive pathways. Second,
even when contact occurs, it is mostly limited to point contacts,
offering minimal contact area. Collectively, these sparse and low-
area junctions lead to poor inter-filler connectivity and high con-
tact resistance, thereby degrading electrical performance.[>-®]

To enhance the inter-filler connectivity and thus the elec-
trical performance of nanocomposites, early strategies in-
volved increasing the loading amount of conductive fillers
in the composite.*77l However, excessive incorporation of
rigid fillers compromises mechanical properties, such as soft-
ness and stretchability, of the nanocomposite.'®23] Subse-
quent approaches leveraged high-aspect-ratio fillers, such as 1D
nanowires! 124281 and 2D nanosheets,?*3*] to increase contact
frequency without excessive filler loading. Their elongated ge-
ometries promote the formation of contact junctions between the
fillers at a given filler concentration. While this strategy moder-
ately improves inter-filler connectivity,3>3¢! it does not fully re-
solve the high resistance caused by point contacts, where the
small contact area limits charge transport.

Recently, controlled assembly of conductive nanomaterials
within the composites has emerged as a promising route to ad-
dress these issues.[1*2537:38] For example, in-plane alignment of
1D nanowires inside the nanocomposite can enhance both con-
tact frequency and contact area (Figure 1aii).[!l Nonetheless, this
approach still has a challenge—such aligned nanowire structures
inherently exhibit anisotropic electrical and mechanical proper-
ties due to the directional morphology of the nanowires. This
anisotropy restricts the reliable and uniform operation of skin-
integrated electronics using these materials under random, mul-
tidirectional mechanical deformations, encountered during rou-
tine body movements.
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Here, we present a controlled assembly strategy for 2D silver
nanosheets (AgNSs), which enables the formation of partially-
overlapped face-to-face contacts of AgNSs and thereby results
in both isotropic and superb electrical and mechanical proper-
ties of the nanocomposite (Figure 1aiii). The planar geometry of
2D nanosheets significantly enhances the inter-filler contact area
and reduces contact resistance, leading to high performance. Fur-
thermore, their omnidirectional shape supports isotropic mate-
rial properties. We translated this partially-overlapped configu-
ration into a practical material platform, AgNS nanomembrane
(AgNS NM) (Figure 1aiv). The resulting ultrathin AgNS NM (to-
tal thickness ~235 nm) exhibited exceptionally high electrical
conductivity (%115 000 S cm™!), resilient stretchability (~50%)
with minimal hysteresis, and notably isotropic electrical and me-
chanical performance. We further integrated the AgNS NM into
a wearable electronic skin (e-skin) platform, demonstrating its
suitability for conformal, direction-insensitive on-skin pressure

mapping.

2. Results and Discussion

2.1. Partially-Overlapped 2D Assembly of Silver Nanosheets for
Isotropic and Superb Electrical and Mechanical Performance

Unlike conventional nanocomposites where nanofillers are fully
embedded within the elastomeric matrix,!1*426] AgN'S NM incor-
porates a phase-separated bilayer structure, embedding AgNSs
partially at the elastomer membrane surface. This arrangement
enables direct interaction between the AgNSs and aqueous post-
treatment solutions. Leveraging this structural advantage, we ap-
plied salty water to the NM for cold welding of AgNSs, thereby re-
inforcing the inter-sheet junctions.!l The treatment removes sur-
face ligands on the assembly AgNSs, facilitating robust metal—
metal bonding without any damage to the elastomer (Figure
S1a, Supporting Information).?#!l As a result, welded junctions
were formed at the face contact regions, which act as mechan-
ical hinges during deformation and thereby conserve contacts
between AgNSs and thus electrical pathways through the AgNS
network (Figure 1b).*") Consequently, the AgN'S NM retains sta-
ble electrical performance under various multidirectional defor-
mation modes—including tensile, bending, rolling, twisting, and
shear strains—demonstrating the robustness of the percolation
network (Figure S2, Supporting Information). As an additional
note, line contacts between AgNSs lack sufficient interfacial area
to form stable junctions, even after welding, causing adjacent
sheets to fall apart under applied strains.

This structural robustness ensures resilient stretchability with
minimal hysteresis, as demonstrated under biaxial stretch-
ing conditions. Scanning electron microscopy (SEM) images
(Figure 1c,d; Figure S3, Supporting Information) under biaxial
stretching illustrate that densely-packed and partially-overlapped
nanosheets maintain contact integrity. In contrast, NMs com-
posed of line-contacted AgNSs or AgNS NM without post-
welding treatment exhibit disrupted junctions under the same
strain condition (Figure S1b-g, Supporting Information). It high-
lights the role of the partial overlap and interfacial welding in
maintaining electrical connectivity under mechanical deforma-
tions, both of which are enabled by the controlled assembly of
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Figure 1. Controlled partial overlap assembly of AgNSs for ultrathin, isotropic, and highly conductive NM. a) Schematic illustration of the structural
evolution from randomly distributed fillers (i) to controlled assemblies with distinct contact modes-line (i) and face contact (iii)-leading to the formation
of a NM (iv) that incorporates the controlled assembly configuration into a stretchable material platform. b) Response of AgNS NM to biaxial strain,
showing conserved electrical pathways via partially-overlapped face-to-face contacts, in contrast to pathway breakage from line contacts. c) Top-view
SEM image of the AgNS NM showing partially-overlapped AgNSs. d) Top-view SEM image of the AgNS NM after biaxial stretching 50% each, showing
intact, crack-free nanosheets and preserved percolation pathways. ) Comparison of initial conductivities of Ag nanomaterial-based NMs with point, line,
and face contact modes, measured at 0° and 90° to assess omnidirectional property. Error bars represent mean + SD (n =5). P < 0.05. f) Comparison
of initial conductivity and isotropy among reported stretchable material platforms-based on Ag nanomaterials. AgNS NM exhibits the highest isotropic
conductivity, outperforming all previously reported systems.
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AgNSs in the membrane structure (Figure S4, Supporting Infor-
mation).

To assess the electrical advantages of face contact configura-
tions, we compared the initial conductivities of NMs with Ag
nanofillers of varying geometries, exhibiting different inter-filler
contact modes (Figure le). All NMs were fabricated using the
floating assembly method (Figure S5, Supporting Information).
Nanoparticle-based NMs formed point contacts with small in-
terfacial areas, resulting in the lowest conductivity. Nanowire-
based NMs forming line contacts that provide larger contact
areas showed improved conductivity, but displayed significant
anisotropy (i.e., threefold difference in orthogonal measure-
ments) for electrical measurements in different directions, lim-
iting their reliability under multidirectional strain. In contrast,
nanosheets-based NMs could feature partially-overlapped face
contacts, maximizing interfacial contact area at each junction.
Consequently, AgNS NM achieved the highest conductivity (11.5
x 10* S cm™!) with negligible directional dependence, confirm-
ing its isotropic properties (Figure S6, Supporting Information).
Compared to previously reported stretchable nanocomposites,
the AgN'S NM exhibits the highest conductivity, even surpassing
anisotropic systems optimized for performance at the expense
of isotropic properties (Figure 1f). This result demonstrates that
the AgNS NM is an ideal material for skin electronics requiring
stable, reliable, and directionally-uniform electrical performance
under arbitrary mechanical deformations.

2.2. Fabrication of Silver Nanosheet-Based Nanomembrane with
Different Contact Modes Between Nanosheets

The assembly of AgNSs occurs at the water-oil interface
during the NM fabrication, as illustrated in Figure 2a.!l In
stage I of the assembly process, a nanocomposite solution—
comprising AgNSs, poly(styrene-ethylene-butylene-styrene)
(SEBS) monomers dissolved in solvent (toluene), and a small
amount of an additive (ethanol)—is injected onto the water
surface. Owing to the amphiphilic nature of polyvinylpyrroli-
done (PVP) surface ligands, AgNSs preferentially locate at the
water-oil interface, while the elastomer-rich organic solvent
floats above them. Meanwhile, the rapid diffusion of the additive
(ethanol) into water induces Marangoni flow from the injection
point to the edge side, forming a surface tension gradient
from the center (injection point) toward the edge of the water
container (stage II). This Marangoni flow spreads the floating
mass (organic phase) and laterally drags the AgNSs from the
center to the edge of the water container, compressing them
against the dish wall. This procedure results in dense packing of
AgNSs at the interface between water and oil phases (stage III).
Upon evaporation of the organic solvent, a thin elastomer film
is formed with AgNSs half-embedded on one side, yielding the
AgNS NM (Figure S7, Supporting Information).

However, the resulting configuration of AgNSs in stage III
varies depending on their thickness and aspect ratio (lateral size
over thickness). For a fixed lateral size (diameter), thicker AgNSs
(stage III (i)) tend to make in-plane contacts, which results in
the formation of edge-to-edge contacts between discrete AgNSs.
In contrast, thinner AgNSs (stage III (ii)) undergo out-of-plane
contact formation, resulting in partial overlap between AgNSs

Adv. Mater. 2025, 16002

€16002 (4 of 11)

www.advmat.de

and the formation of face contact junctions. To investigate this
geometry-dependent assembly behavior further, we also tuned
the lateral size of AgNSs, along with additional control over their
thickness by varying the molarities of NH,OH and H,O, (Figure
S8, Supporting Information). Increasing the NH,OH concentra-
tion resulted in larger lateral sizes, allowing the sheet dimensions
to be tuned from a few micrometers to a maximum of ~30 um
(Figure 2b). Meanwhile, increasing the H,0, concentration led
to thicker AgNSs, enabling the preparation of two representative
aspect ratio conditions—thick and thin AgNSs (Figure 2c¢).

Among the various types of synthesized AgNSs, we selected
two types of nanosheets—with an identical size (x5 um) but
different thicknesses (a few hundred nanometers for the thick
AgNSs and less than 100 nm for the thin ones)—to fabricate two
different types of AgNS NMs. Cross-sectional SEM images of the
AgNS NMs confirm that thick AgNSs lead to in-plane edge-to-
edge contacts (i.e., line contacts) between AgNSs (Figure 2d.e),
whereas thin AgNSs form out-of-plane contacts (i.e., face con-
tacts) between AgNSs and thus result in partially-overlapped con-
figurations (Figure 2f,g). These results reveal a strong correlation
between the geometric parameters of AgNSs and the final contact
formation between AgNSs within the NM.

2.3. Coarse-Grained Molecular Dynamics Simulation for
Understanding the Assembly Behavior of Silver Nanosheets

To elucidate how the thickness of AgNSs influences the final con-
figuration of the assembled NSs, we constructed a continuum
mechanics model (Figure 3a) based on the key physical interac-
tions that are present during the NM fabrication process (Figure
S9, Supporting Information). In this model, the water-oil inter-
face is represented by a single virtual substrate, which interacts
with AgNSs through an effective adhesion energy density, v _ »,-
The y, _ 4, corresponds to the combined contribution from the
AgNS-water and AgNS-oil interfaces, enabling simplification of
both the model and the subsequent simulations (Figure S10, Sup-
porting Information). The driving force induced by Marangoni
flow!**] was modeled as a distributed driving stress,[* 6,, = Av,
where A is the friction coefficient and v is the relative velocity at
the interface (see Text S1, Supporting Information for details of
calculation).

Once an AgNS (i.e., AgNS b) contacts the dish wall, an inter-
facial adhesion energy density, y,,_ »,, anchors it in place, and
the anchored AgNS will be compressed by incoming AgNS (i.e.,
AgNS a) at the other side. The compressive strain will accumu-
late inside the AgNSs as more AgNSs pack along the path, and
after a critical point, out-of-plane buckling of AgNSs will occur
to release the strain energy. The critical compressive stress for
buckling a thin plate with length (L) and thickness (h) is o5 =
an?EW? |L3,1] where «a is the coefficient that depends on AgNS
shape and y,, _ »,, and E is the Young’s modulus. Defining stress
ration =o,/o; gives

1= (=) (ou/E) (/) (1)

For the conditions of # < 1, AgNSs maintain edge-to-edge con-
tacts (Figure 3bi), while, for those of > 1, out-of-plane deforma-
tion and thereby partial face-to-face contacts occur (Figure 3bii).
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Figure 2. Fabrication of AGNS NM via floating assembly and resulting nanosheet configurations. a) Step-by-step schematic illustration of the floating
assembly process. Upon injection of the solution of AgNSs, SEBS, ethanol, and toluene (stage 1), the nanocomposite solution spreads across the water
surface, driven by Marangoni flow (stage Il), which directs AgNSs along the radial flow direction. After the evaporation of the solvents in the solution
(stage I11), the NM is formed on water. The stacking behavior of AgNSs varies depending on the sheet geometry—thick AgNSs align in-plane, forming line
contacts (i), while thin AgNSs undergo out-of-plane deformation, forming partial overlaps (ii). b) Average lateral size (diameter) of AgNSs synthesized
at varying NH,OH molarities. Error bars represent mean + SD (n = 150). P < 0.05. c) Size-thickness correlation for thin and thick AgNSs, indicating
distinct aspect ratios. d) Cross-sectional SEM image of an AgNS NM composed of thick nanosheets, exhibiting in-plane line contacts. e) Schematic
illustration of in-plane stacking of AgNSs forming line contacts. f) Cross-sectional SEM image of an AgNS NM composed of thin nanosheets, exhibiting
out-of-plane deformation forming partial overlaps. g) Schematic illustration of out-of-plane partial overlapping of AgNSs forming face contacts.

To validate Equation (1) and determine «, we conducted
CGMD simulations with two identical hexagonal-shaped thin
plates (model for AgNSs) on a virtual substrate (Figure 3ci;
Figures S11-S13, Supporting Information). Please refer to Text
S2 (Supporting Information) for details of the CG model and
simulation procedure. When o,,/E = 6.0 X 107, and L/h =
40, no out-of-plane deformation and face-to-face contact oc-
curred, while keeping the same L/h and increasing o,/E to
3.0 x 1073 showed buckling between the AgNSs to form par-
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tial overlaps (Figure 3cii). Comprehensive simulation results con-
firmed that the contact status of AgNSs seamlessly depends on
both L/h and o,,/E, revealing that the critical condition (n = 1)
which distinguishes the edge-to-edge contact and partial over-
lap states is obtained when (o,,/ E)(ﬁ)3 = 60, which implies a =
6.08 (Figure 3d). This dimensionless parameter, (c,,/ E)(i){ is
defined as “overlap index,” integrating the driving stress and
nanosheet geometry to serve as an effective indicator separating
the two regimes.
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Figure 3. Coarse-grained molecular dynamics simulation analysis on the assembly of AgNSs. a) Simulation setup showing two AgNSs placed on a
virtual substrate and driven by interfacial stress (o)) arising from surface energy differences. b) Classification of two contact modes— (i) edge-to-edge
contact from in-plane alignment, and (ii) partial overlap from out-of-plane deformation. c) CGMD Simulation snapshots exhibiting the contact dynamics
between two AgNSs—(i) edge-to-edge contact and (ii) partial overlap decided by the stress ratio = 6, /o, where o is critical compressive stress.
d) Phase diagram of contact mode transition as a function of the dimensionless parameter (%) . (';')3. The boundary at (%) . (i)3 = 60 separates the

edge-to-edge contact region (open triangles) from the partial overlap region (filled triangles). This parameter, denoted as the overlap index, effectively

distinguishes the two regimes. e) Correlation between the degree of overlap (A,/Ay) and the overlap index, (£) - L 3 derived from both experiments
g g g P (Ay/Ao P RV P

and coarse-grained simulations. Both datasets align well with a single fitting line, confirming the overlap index as a valid predictive parameter. Higher
driving stress and larger AgNS aspect ratios result in greater partial overlaps. f) Representative simulation snapshots and g) SEM images selected from
data points in (e). The SEM images correspond to samples with systematically varied AgNS geometries: (1) 15 um AgNS; (2) 10 um AgNS; (3) 5 um,
thick AgNS; (4) 5 um, thin AgNS.

Based on these results, we extended the CGMD simulation = Information). Both simulations and experiments indicated a
to the multiple AgNSs case, in order to quantify the degree  monotonic decrease in A,/A, with increasing overlap index,
of overlap between AgNSs by calculating the projected area of (5, / E)(£)3, exhibiting that our theoretical predictions were val-
the assembled AgNSs (A,)) over the intrinsic area of the em-  jdated. Figure 3f,g show representative CGMD snapshots and
ployed AgNSs (Aj), A,/A, (Figure 3e; Figure S14, Supporting  SEM images of fabricated AgNS NMs selected from Figure 3e.
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The experimental samples were intentionally designed with var-
ied AgNS sizes and thicknesses to cover a broad geometric pa-
rameter space. All data showed excellent agreement with the the-
oretical predictions. The simulation study provides quantitative
guidance for controlling overlap states during the assembly pro-
cedure of AgNSs.

2.4. Face-to-Face Contacts Between Partially-Overlapped Silver
Nanosheets Enable Hysteresis-Free Stretchable Performance of
the Resulting Nanomembrane

Based on the established design principle that can correlate the
AgNS assembly configurations with the geometry of AgNSs (i.e.,
size and thickness), we further investigated how the face-to-face
contact feature of the partially-overlapped AgNS assembly affects
macroscopic properties of the resulting NM, such as its conduc-
tivity, stretchability, and hysteresis under mechanical deforma-
tions. For comparison, AgNW-based NMs were fabricated using
the same float assembly method, exhibiting strong directional de-
pendence in mechanical and electrical properties relative to the
wire alignment axis.[!! To compare their structural response un-
der uniaxial strain, we performed CGMD simulations on both
AgNS and AgNW NMs (Figure 4a).

The omnidirectional AgNS NM maintained uniform strain
distribution in all stretching directions, aided by welded face-
to-face contact junctions with large interfacial contact areas that
function as mechanical hinges. In contrast, AgNW NMs ex-
hibited pronounced directional sensitivity—strain applied per-
pendicular to the wire alignment was accommodated through
interwire entanglement (Figure S15, Supporting Information),
whereas parallel strain caused irreversible rupture in the
nanowires.

This directional limitation could be partially addressed by or-
thogonally stacking two AgNW NM:s (Figure 4b). However, one of
the two layers remains vulnerable to strain depending on the ap-
plied direction, inevitably leading to nanowire rupture under de-
formation. SEM images after 100% uniaxial strain reveal signifi-
cant delamination and localized fracture in the layer misaligned
with the strain direction (Figure 4c). In contrast, double-layer
AgNS NMs (Figure 4d), composed of two intrinsically isotropic
layers, maintained crack-free morphology and robust interfacial
contacts under identical strain conditions (Figure 4e). Thereby,
stacking AgNS NMs enhanced electrical conductivity by ~1.5
times (Figure 4f) and improved stretchability to ~100% across
all directions (Figure 4g).

Repeated stretching tests revealed outstanding mechanical re-
liability of the stacked AgNS NMs. Over 1000 stretching cycles,
AgNS NMs displayed stable resistance changes (R/R,) without
any baseline drift, whereas orthogonally stacked AgNW NMs
showed progressive deterioration and increased hysteresis due
to irreversible rupture in NWs as well as contacts between NWs
(Figure 4h). Quantitative assessment of the hysteresis at a refer-
ence strain (g,, defined as the point where resistance increases
tenfold, R/R, = 10), revealed that the resistance of AgNS NMs
increased by less than 50% after returning to zero strain, while
the resistance increase over 200% in the case of AgNW NMs—
confirming permanent damage in NWs and NW contacts, which
results in high hysteresis (Figure 4i). These results confirm that
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the face-to-face contact between partially-overlapped AgNSs is es-
sential for maintaining high electrical and mechanical perfor-
mance and reliability under dynamic random mechanical defor-
mation conditions.

2.5. Isotropic Electrical Performance of the Nanomembrane
Enables Reliable On-Skin Pressure Mapping

With the omnidirectional and resilient electrical and mechanical
performance derived from the optimally-designed geometry and
partially-overlapped face-to-face contact configuration of AgNSs,
we implemented the AgNS NM as an e-skin device for wear-
able tactile sensing-based on electrical impedance tomography
(EIT).[“®] EIT, a non-invasive technique that reconstructs the in-
ternal impedance distribution by measuring boundary voltages,
enables continuous and spatially resolved on-skin pressure map-
ping without complex internal electrode arrays. The uniform and
isotropic performance of the AgNS NM supports stable, high-
fidelity impedance responses even under arbitrary skin deforma-
tions, thus ensuring reliable EIT-based tactile sensing and map-
ping of applied pressures.

The device comprises a circular AgNS NM as the active sens-
ing layer, eutectic gallium-indium (EGaln) liquid-metal intercon-
nects, Au pads for stable electrical interfacing, and soft Styrene-
Butadiene-Styrene (SBS) elastomeric top and bottom encapsu-
lations (Figure 5a; Figure S16, Supporting Information). With
a total thickness under 3 um, the e-skin device achieves con-
formal contact to the human skin (Figure 5b). To ensure long-
term reliability, the AgNS NM was tested under simulated phys-
iological conditions (%37 °C, > 90% humidity, and PBS im-
mersion) for two weeks, during which it maintained conduc-
tivity (Figure S17a—c, Supporting Information) and stretchabil-
ity (Figure S18, Supporting Information). In addition, cyclic
attachment-detachment on porcine skin showed no visible irri-
tation or residue even after 100 cycles, confirming its biocom-
patibility (Figure S19, Supporting Information). Moreover, induc-
tively coupled plasma mass spectrometry analyses of the PBS so-
lutions, both from the two weeks soaking tests and those collected
from the porcine skin surface, detected no Ag* ions (below the
detection limit of 0.03 ng L), demonstrating excellent stability
(Figures S17d and S19b, Supporting Information).

Having confirmed the biocompatibility and stability of the
AgNS NM, we next evaluated its performance as the active sens-
ing layer of the e-skin device. 16 Au electrodes and liquid metal
interconnects were radially arranged along the boundary of the
AgNS NM to capture spatial impedance variations in the sens-
ing layer. Alternating current (AC) was sequentially applied be-
tween each adjacent electrode pair, while voltages were recorded
from the remaining electrodes. This cycle was repeated for all
possible adjacent electrode pairs to obtain impedance responses
across the sensing region (Figure 5c). Local deformations of the
AgNS NM modulate the internal impedance distribution, allow-
ing the reconstructed impedance map to reveal both the location
and relative intensity of the applied pressure.

To quantify the sensitivity of the e-skin device, localized pres-
sure was applied at the center of the sensing layer, and the av-
eraged impedance responses (Z,,,) from surrounding electrodes
were tracked as a simplified indicator (Figure 5d). Z,,, increased

© 2025 Wiley-VCH GmbH

95UB01 7 SUOLULLIOD dA1I.1D) 3{cedl|dde 8Ly Aq peusenob a.1e sajoie YO 9sN Jo sajnJ 10} Ariq1 8uljUO AS[IM UO (SUONIPUOD-pUE-SWB)LI0O" A8 | 1M Afe.q 1 jBuUO//ScY) SUORIPUOD pue WS 1 8L} 39S *[9202/20/y2] Uo Akeiqiauliuo Ao|im ‘Ariqi AiseAIIN 1BsUo A AQ 2009TSZ0Z BWPe/Z00T 0T/I0p/Wod A8 |imAkeiq 1 pul|uo psoueApe//sdiy WoJj pepeojumod ‘0 ‘Se0rTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SORNCE s OALTERIALS

www.advancedsciencenews.com www.advmat.de

a
_1 Isotropic
,~ T« Material Property
\ 5'é:'z
ANS =

NM \ ]

\ /

N, i Partial Overlaps Conserved
as Mechanical Hinges Electrical Pathway

Strain 0% 40% 100%

.- Path Disruption

Irreversibly
Broken Nanowires

Strain parallel to the
aligned NW direction

1! . Stacking
v

el
; i

i/ 20
5 Messuring Points — Single Layer 30% Strain — NS NM
@ 45 80 — Double Layers . Double Layers . \yyrm 10— NWNM
k=) st
X, g g g .l
-‘E 40 @2 2 )
g 20 /
g ! 2f
& O et (e aecans Y . NN
0°45°90 0°45°90 0 20 40 80 80 100 200 400 800 800 1000 1200 00 02 04 086 08 10
sSingle Double Strain (%) Cycles elggg
Layer Layers

Figure 4. Importance of intrinsic omnidirectionality for achieving resilient stretchability in AgNS NMs. a) CGMD simulation snapshots visualizing
structural responses of AgNS (top) and AgNW (bottom) NMs under uniaxial strain up to 100%. The AgNS NM exhibits isotropic deformation due
to randomly oriented nanosheets, while the AGNW NM shows direction-dependent response under strain applied parallel to the aligned nanowire
direction. The response of AgNW NM to the strain applied in the perpendicular direction is provided in Figure S4 (Supporting Information). b) Schematic
illustration of orthogonally stacked AgNW NMs that mitigate anisotropic limitations. c) Top-view SEM images of double-layer AgNW NMs before and
after 100% uniaxial strain, showing irreversible rupture of AgNWs in the layer parallel to the strain direction. d) Schematic illustration of stacked AgNS
NMs, in which intrinsic omnidirectionality enables uniform mechanical response to applied strain. e) Top-view SEM images of double-layer AgNS NMs
before and after the 100% uniaxial strain, showing intact morphology without visible cracks. f) Initial conductivity of single and double-layer AgNS
NMs measured at various angles, showing isotropic conductivity in the double-layer AgNS NM. Each value represents a representative single-sample
measurement without statistical averaging. g) Stretchability of single and double-layer AgNS NMs, demonstrating improved strain tolerance in the
double-layer AgNS NM. h) Resistance change (R/R,) of double-layer AgNS and AgNW NMs for 1000 stretching cycles with 30% strain. AGNS NMs
maintain a more stable resistance change than AgNW NMs. i) Electrical hysteresis-based on normalized strain (¢/e;), where €4 is defined as the strain
at which R/Ry = 10. AgNS NMs exhibit lower hysteresis than AgNW NMs.
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Figure 5. EIT-based on-skin pressure mapping demonstration using an AgN

S NM-based electronic skin device. a) Schematic illustration of the tactile

sensor (exploded view), comprising an AgNS NM as the sensing layer, SBS layers for top and bottom encapsulations, and liquid metal (EGaln) for
stretchable interconnection. b) Optical image of the fabricated device attached to human skin, showing a seamless, conformal contact (inset). c) Op-
erating principle of the impedance-based pressure sensing by using AC current injection and corresponding voltage readout across multiple electrode
pairs. d) Schematic illustration showing how the applied pressure is interpreted as the average impedance change (AZ,,) calculated from 16 sensing
channels. e) Calibration curve showing the correlation between skin indentation depth and average impedance change (AZ,,). f) Repetitive pres-
sure sensing under 200 cycles, demonstrating signal reproducibility and long-term stability. Insets show magnified signals from early and late cycles.
g) Schematic illustration of simultaneous single- and multi-point pressure sensing for spatial mapping of the tactile stimuli. h) Spatial mapping results

of 1-, 2-, 3-, and 4-point pressure sensing, with pressure locations identified

by red peaks. i) Schematic illustration of the real-time dynamic pressure

tracking, which can follow the movement of the pressure-applying tip on the sensor. j) Real-time, high-fidelity tracking demonstration of the written
trajectories, visualizing letters (S, N, U) and the emblem of Seoul National University. The timeline is encoded by color intensity—intense red indicates
the most recent pressure point. Detailed measurement and reconstruction procedures are described in the Methods Section.

exponentially with indentation depth, particularly beyond 2 mm,
reflecting deformation-induced modulation of the internal con-
ductive pathways (Figure 5e). Under 200 repeated loading cycles,
the device maintained stable responses, confirming its mechan-
ical and electrical durability (Figure 5f).

This reliable performance enabled subsequent spatial and
temporal mapping tests. Localized pressures were applied at
one to four positions simultaneously (Figure 5g), and the recon-
structed impedance maps accurately reflected the applied pres-
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sure points (Figure 5h). We further demonstrated dynamic tac-
tile sensing through handwriting recognition, translating con-
tinuous impedance data into real-time pressure trajectories
(Figure 5i,j). These on-skin tactile sensing and pressure map-
ping capabilities highlight the potential of the AgNS NM-based
e-skin for advanced human-machine interface applications, in-
cluding handwriting tracking and gesture recognition, enabled
by its structural uniformity, ultrathin design, and isotropic elec-
tromechanical properties.
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3. Conclusion

By integrating a controlled nanomaterial assembly strategy into
a stretchable material platform, the AgNS NM with a partially-
overlapped nanosheet configuration achieves high conductiv-
ity, minimal hysteresis, and isotropic stretchability within an
ultrathin form factor (%235 nm), which are key attributes for
high-performance biointerfaces. CGMD simulations revealed
the dimensionless parameter (%) * (i)3 as critical for forming
partially-overlapped configurations, providing clear design guide-
lines. Following these guidelines, AgNSs were assembled via a
floating assembly process into NMs, creating face-to-face con-
tacts with maximized interfacial areas. Subsequent cold weld-
ing further reduced contact resistance and strengthened me-
chanical interlocking, yielding exceptional conductivity (11.5 x
10* S cm™!). Notably, all electrical and mechanical properties re-
mained isotropic, reflecting the inherent omnidirectional geome-
try of the AgNSs and their assembled configuration. When imple-
mented as a tactile e-skin, the AgNS NM enabled accurate spatial
pressure mapping and real-time gesture tracking via EIT, under-
scoring its potential as a direction-insensitive, conformal bioint-
erface for advanced human—machine interface applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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