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Achieving conformal attachment between flexible electronics and complex curved surfaces remains a
fundamental challenge, as existing predictive methods are either computationally intensive or lack
generality across arbitrary geometries. Here, we introduce a sliding-adhesion competition conformal
model (SAM) based on differential geometry, which enables efficient and accurate prediction of
conformability for arbitrary shape-surface mappings. By formulating a conformal factor derived from
the first fundamental form of surfaces and incorporating interfacial adhesion and friction effect, SAM
quantifies strain distributions and provides reliable failure predictions across diverse surfaces, while
improving computational efficiency by 3-4 orders of magnitude compared to finite element analysis.
Furthermore, the model offers the first quantitative insight into the superior conformability of high-
aspect-ratio serpentine structures and supports high-precision inverse design of functional patterns
such as antennas and sensor arrays, reducing placement errors to below 3%. SAM establishes a
universal and scalable framework for the conformal integration of flexible electronics, with broad
applicability in biomedical, aerospace, and soft robotic systems.

Flexible electronics technology is reshaping the frontiers of human-machine
interaction and bio-adhesive devices, encompassing curved displays'’,
wearable sensing systems’”, microneedle patches™, organ/tissue monitor-
ing devices* ', smart skins'"'"?, and conformal antennas'*'". A core challenge
in this domain is achieving conformal attachment of electronic devices to
complex surfaces. In recent years, the prediction of conformability for target
surface attachment and the design of conformal structures have emerged as
critical concerns in research related to electronic skins, smart skins, and soft
robotics™".

When flexible electronic devices are attached to curved surfaces, non-
uniform strain distributions can occur due to deformation'’, which in turn
impairs the structural integrity and functional stability of the devices'. To
achieve conformal attachment between devices and surfaces, existing stu-
dies have pursued two primary strategies. First is enhancing the mechanical
adaptability of devices to surface deformation. This approach involves both

material and structural design. For materials, research focuses on developing
stretchable polymer materials'** and liquid-phase materials™' to
accommodate large deformations. For structures, engineered architectures
such as buckled structures™ ™, serpentine patterns™”, and kirigami
structures” are adopted to dissipate strain energy and prevent device
failure under deformation. Second is strengthening the interface bonding
between flexible electronics and curved surfaces. This strategy aims to realize
stable and reliable conformal attachment through interface engineering,
including interfacial adhesion (e.g., material self-adhesion™ ™, chemical
adhesives™*, and dry adhesion structures’**’) and mechanical fixation (e.g.,
bonding sites*"** and mounting structures****). Despite significant progress
in material-structure design and attachment methods, the quantitative
relationship between stretchability and conformability remains elusive,
which challenges the achievement of conformal attachment of arbitrary
device shapes with curved surfaces®.
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Conformability is governed by multiple factors, including shape-
surface strain distribution, the mechanical properties of flexible electronic
devices, and interfacial adhesion energy”. Rogers et al. employed finite
element analysis (FEA) to quantify these factors™***” and further conducted
conformal design by Zhang et al.*** though this approach entails substantial
computational cost. In contrast, some researchers have proposed semi-
analytical models that improve computational efficiency, although they are
largely restricted to specific curved surfaces (e.g., spherical surfaces)”*,
which limits their general applicability to diverse shape-surface mappings
and attachment configurations. Meanwhile, the differential geometry* and
computer graphics™ techniques have been introduced to support flexible
conformal design while often overlooking the roles of mechanical properties
and interfacial energy in determining conformability. The buckling, dela-
mination, and fracture of thin devices result in a good deal of complexity that
precludes the development of a unified predictive model for conformability
that lags behind application needs.

To address this gap, we developed a sliding-adhesion competition
conformal model (SAM) grounded in the first fundamental form of dif-
ferential geometry. This model enables accurate and rapid conformability
analysis for arbitrary shape-surface mappings, showing full agreement with
four repeated failure tests and improving analysis efficiency by 3-4 orders of
magnitude compared to FEA methods. We further validated the model
through conformal design experiments on specific curved surfaces,
including cardiac tissues and aircraft models, where designs based on the
SAM improved precision by nearly an order of magnitude over blank
control groups. The proposed model offers an efficient and versatile tool for
conformability prediction in flexible electronics, with the potential to extend
the application boundaries of such devices in areas such as robotic skins, soft
actuators, and implantable sensor systems.

Results

Sliding-adhesion competition conformal model for arbitrary
shape-surface mappings analysis

As illustrated in Fig. la, we define conformal attachment based on the
geometric deformation of a flexible device before and after attachment: a
device with a specific initial shape conforms to a target region on a target
surface such that its final shape matches the target shape. Herein, the “initial
shape” refers to the stress-free pattern of the device before attachment,
idealized as a surface with defined boundaries under negligible bending
stiffness. Commonly studied initial shapes include circles’, rectangles'*">",
line-type™*>, and other kirigami patterns”***’; they can also be processed
into three-dimensional (3D) architectures via specialized fabrication™. The
“target surface”*""” denotes the surface to which the device is attached, such
as mechanical equipment'"'’, human skin™, or internal organs'®”. The
target surface can be represented analytically”, numerically as a free-form
surface™, or as a mesh model™. The “target shape” refers to a specific region
with defined boundaries on the target surface. Figure 1b illustrates the
conformal attachment from the initial to the target shape.

To predict conformability, a differential geometry metric is essential.
Although Gaussian curvature is often used to characterize surface
bending"™”, it does not directly quantify local length changes during
deformation, which is critical for strain analysis. Therefore, we turn to the
first fundamental form (FFF, Table 1), I, which provides a complete local
description of metric distortion”.

I = Edu?* + 2Fdudv + Gdv* 1)

Here, the coefficients E, F, and G are referred to as the first fundamental
coefficients, with u and v denoting two parametric directions of a surface.
The FFF defines the squared arc length element on a surface (see “Meth-
0ds”), and inherently encodes information about surface area®, contact area
fraction”, Gaussian curvature”’, and the Gauss-Bonnet theorem®”. By
comparing the FFFs of the initial and target surfaces, we can derive a
“conformal factor” f. that directly measures the local stretching or
compression required for attachment, enabling a quantitative strain analysis

for arbitrary shape-surface mappings:

fc=7 (2)

Here, [; and I represent the FFFs of the initial and target surfaces, respec-
tively, as shown in Fig. 1c. When the conformal factor is not equal to 1,
differential geometry dictates that no length-preserving conformal mapping
exists locally between the initial and target shapes. Thus, local stretching or
compression is inevitable when conforming the device to an arbitrary target
region.

The conformal factor enables accurate prediction of the strain dis-
tribution after attachment. Adhesion and friction at the interface can lead to
complex strain profiles'”. Inspired by the stick-slip effect™, we established a
sliding-adhesion competition conformal model (SAM, Supplementary
Figs. S1-S3). The model analyzes strain by computing the equivalent
elongation 1”. Let "™ And A*"™ denote strain distributions under negli-
gible and the strongest interfacial adhesion and friction, respectively. In
practice, the interfacial interaction always falls between these two extreme
cases. Therefore, using the squeeze theorem, the elongation A, along a
parameter direction u can be expressed as a weighted combination of A*'™
And AP, given by:

ASLID. _ ﬁ _ {\/j—‘::
3
JADH. _ \/f_c: \/% (3)

p— a/\SLID. +ﬁAADHA

Herein, « and  denote the sliding and adhesion coefficients, with the
constraint & + $=1.0 (where a, € [0.0, 1.0]). Their values depend on
interfacial interactions. The recommended values for different target sur-
faces and the corresponding calibration processes are provided in Table S1
and Supplementary Fig. S4. It is important to note that the SAM framework
is based on the steady-state analysis of two extreme bounding conditions,
making it specifically tailored for low-speed, quasi-static attachment
scenarios” where inertial effects are negligible. Additionally, this framework
mainly targets in-plane deformation analysis of thin films on curved
surfaces and thus may not apply to solution-based coating strategies’" or
assessments of through-thickness structural bending failures™ (Supple-
mentary Fig. S5).

As illustrated in Fig. 1d, typical outcomes of conformal attachment
include compliance and failure of compression, adhesion, yielding, and
fracture. We identify three governing factors for conformability based on
prior work'>*>*¢%;

1. The strain distribution after the initial shape is conformally attached
to the target shape;

2. The mechanical properties of the device, including yield strain®,
elongation at break®, and compressibility*;

3. The interfacial adhesion energy E,qp.

Using these quantities, we predict conformability and failure modes as
follows. From A, and A, from two parameter directions  and v, we compute
the equivalent strain energy Eg.. (1, v) and equivalent elongation A(u, v)
(Supplementary Note 1). These are compared against the material’s
mechanical thresholds, including yield strain energy Ej;e. And elongation
Ayiel. (Where Ayiq. = €yie1, + 1 and ey is the yield strain), fracture energy Efrac,
And elongation A, and compressible energy Ecomp. and elongation Acomp.
(where Acomp, = €comp. 11 and €comp, is the compressible strain), along with
the adhesion energy E,qp, and elongation A,q,. As depicted in Fig. le,

If Egra. = Egrac. (01 A > Agac), the device fractures (red);

If Eyiel. < Egtra. < Efac. (or /lyieL <A< Afrac4)> it Yields (Orange)§

If Ecomp. < Egra, < Eyiel. And Eaan. < |Estra.| (OI' Acomp. <A< /\'yiel.and

A < Auan.), adhesion failure arises (yellow);

If Egtra. < Ecomp. (0 A < Acomp.), compression failure occurs (purple);

67,68
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Fig. 1 | Analysis and prediction for conformal attachment of flexible devices.

a Representative scenarios of conformal attachment for flexible devices, including
cardiac tissues, human fingers, smart skins, and conformal antennas. b Illustration of
conformal attachment for arbitrary shape-surface mappings. ¢ Accurate calculation
of strain distribution using the sliding-adhesion competition conformal model.

d Compliance and distinct failure modes of conformal attachment. e Definition and

4
Target shape

Target surface

' attachment

Target surface

prediction of compliance and distinct failure modes of conformal attachment using
the sliding-adhesion competition conformal model. f Fabrication of marker-
patterned PDMS film on silicon wafer. g Conformal attachment of PDMS film onto
the target surface. h Microscopic scanning measurement of deformed markers to
obtain strain distributions.

Onl}’ lecomp < Egyra. < Eyiel. and Eadn 2 |Estra.| (01‘ Acomp <A< /\ylel and

A 2 Auan.), compliance is achieved (blue).

The SAM thus provides a quantitative definition and prediction for the
conformability across arbitrary geometries and material systems. Note that
the failure modes we define exhibit correlations with commonly used failure
classifications such as buckling and delamination, yet they are distinct.

Conventional classifications are predominantly descriptive of outward
manifestations, whereas our proposed failure modes are based on energy
and strain-based mechanistic criteria.

To rigorously evaluate the predictive capabilities of the SAM frame-
work against physical reality, we established a systematic hardware testing
and characterization pipeline, with the overall experimental workflow
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Table 1 | Notations of key variables and parameters

Variable/parameter Notation
First fundamental form (FFF) |

FFF of the target shape surface I

FFF of the initial shape surface l;
Conformal factor i
Strain energy Estra.
Maximum compressive energy Ecomp.
Yield strain energy Eyiel.
Fracture strain energy Ef,ac_
Adhesion energy Eagh.
Equivalent elongation A
Compressible elongation Acomp.
Yield strain Eyiel,
Yield elongation MNiel.
Elongation at break Atrac.
Compressibility strain Ecomp.
Adhesion elongation Aadh.
Coefficient of sliding term a
Coefficient of adhesion term B
Elongation with negligible adhesion and friction effect ASHD:
Elongation with the strongest adhesion and friction effect AADH-
Spherical surface Ss
Ellipsoid surface Se
Paraboloidal surface Sp
Trigonometric surface St
Free-form surface St

schematically illustrated in Fig. 1f-h. First, microstructural markers (,, I,)
are fabricated on silicon wafers via standard Micro-electro-mechanical
systems processes. A Polydimethylsiloxane (PDMS) precursor solution is
subsequently spin-coated onto the wafer to form a PDMS film patterned
with these markers (Fig. 1f). The as-prepared film is clamped by the
mounting structure (a pair of gaskets) to preserve its initial shape and
conformally attached onto the target shape region of the target surface
(Fig. 1g) on a custom platform (see “Method” for Conformal attachment
platform and Supplementary Fig. S7). Finally, microscopic scanning mea-
surements (I, [,’) on the marker dimensions are performed to extract the
full strain distribution (see Fig. 1h, “Methods” for Strain distribution mea-
surement, and Supplementary Fig. S8). Additionally, marker patterns with
distinct initial geometries enable diverse parametric design. The experi-
mentally measured boundary strain profiles and failure morphologies are
subsequently used to benchmark the predictions from the SAM framework
and FEA results across various shape-surface combinations.

Conformability analysis and prediction on analytical surfaces
We first validate the SAM using analytical surfaces, the simplest class of
target surfaces™, with a spherical surface as a canonical example. As shown
in Fig. 2a, the target surfaces were set to four types of analytical surfaces with
non-zero Gaussian curvature K,, including spherical, ellipsoid, para-
boloidal, and trigonometric surfaces (expressions and photographs in
Supplementary Table S2 and Fig. S6). The initial shape was designed as a
circular planar shape with diameter D. The boundary of the target shapes
corresponded to the projection boundary of the circle onto the target sur-
faces along the z-axis direction.

With precise attachment realized on the custom platform, repeated
measurements of strain distributions were performed using micro-markers
and microscopic imaging (see raw six replicates per group in Supplementary

Data S1). PDMS was chosen as the substrate material**®’, with a maximum
compressibility Acomp, = 1.00, approximately equal yield and fracture strain
energies, and a fracture elongation Ag,. = 2.00. Equivalent elongation A()
was computed using the SAM, yielding equivalent elongations Ay(u), Ae(u),
Ap(u), and A(u) for each surface (Supplementary Note 2, Table S3, and
Table S4). Herein, A(u, v) was reduced to A(u) in terms of the rotational
symmetry, with vheld constant and u € [0, D]. Conformability was assessed
as follows: compression failure occurs when A,,;, < 1.00, and fracture failure
occurs when A, > 2.00, where A, and A, denote the minimum and
maximum values of A(u).

For a circular initial shape (D=10mm) on a spherical surface
(R =14 mm), as shown in Fig. 2b, SAM predicted A, = 1.02 (larger than
1.00, means no compression) and A, = 1.20 (smaller than Ag,, means no
fracture), in close agreement with FEA (1.03, 1.23, R*=0.89) and experi-
ment (1.02, 1.23, R*=0.93). As shown in the subplot in Fig. 2b, A
increases with D at fixed Gaussian curvature K, and with Kg at fixed D.
When D increased to 14 mm, SAM predicted A, = 3.33 at the boundary,
and A,,;,, remained larger than 1.00, indicating fracture failure. Experiments
confirmed circular fracture along the boundary, consistent with the surface’s
rotational symmetry (Fig. 2c). SAM shows excellent consistency with FEA,
with R? = 0.99, with a computational time of 0.045 s, which is three orders of
magnitude faster than the FEA (20 s). This speedup is highly beneficial for
applications such as pattern optimization in conformal design.

Similarly, for D = 10 mm on ellipsoid, paraboloidal, and trigonometric
surfaces, as shown in Fig. 2d, 2f, and 2h, SAM gave (Anin, Amax) Values of
(1.08, 1.39), (1.16, 1.64), and (1.22, 1.76), respectively. All A,;;, > 1.00 and
Amax < 2.00 indicated successful conformal attachment without failure,
corroborated by FEA and experiments with the minimum R’ value of 0.94.
(Table 2, Supplementary Movie 1, Supplementary Tables S5 and S6).

Subplots in Fig. 2d, f, h show that A, increases with D and K for all
surfaces. At D= 14 mm and high Kg, A, exceeded 2.00 in all three cases
shown in Fig. 2e, g, i, correctly predicting fracture along approximately
circular boundaries, as confirmed experimentally (Supplementary Movie 1).

SAM agreed with all four repeated tests (one trial presented in the main
manuscript and three replicate tests shown in Supplementary Fig. $9), with
computation times under 0.05 s (Supplementary Table S7). It also accurately
predicted behavior in critical attachment scenarios (where 90%
Afrac. < Amax < 100%Ag,c, €8, D=12mm on different analytical surfaces;
Supplementary Fig. S10) and critical failure scenarios (where 100%
Atrac. < Amax < 110%Ag, ), confirming its high precision. When the substrate
material was switched to Ecoflex (Ag,.. = 6.00, with a hardness of Shore 00-
50, sourced from Smooth-On, Inc., USA), no fracture occurred for
D =14 mm on high-K; surfaces (Supplementary Fig. S11). In contrast, our
model is also applicable to polyvinyl alcohol (PVA) hydrogel and PU (see
Supplementary Figs. S12 and S13), for which the relevant calibration may
merit consideration where surface energy and friction vary markedly from
common low-viscosity material scenarios.

The SAM also enables accurate and efficient prediction of other failure
modes in different boundary conditions. For adhesion failure with a free
boundary condition, a PET tape with an adhesion elongation limit of
Aadn, = 1.02 was selected. On a spherical surface (R =16 mm), the SAM
predicted a maximum elongation A, of 1.01 at the boundary for a circular
device with diameter D = 3 mm, indicating successful attachment (Fig. 2j).
When D was increased to 4 mm, A,y rose to 1.023, exceeding A,4n, and
adhesion failure was consequently observed at the boundary (Fig. 2k). For
yielding failure, a PET film with a yield elongation of A = 1.15 was used as
the conformal material. On a spherical surface (R=18 mm), the SAM
obtained A, values of 1.13 and 1.21 for D=10mm and D =12 mm,
respectively. As predicted, no irreversible yielding took place at the film
boundary at D=10mm (Fig. 2I), while yielding occurs at D=12 mm
(Fig. 2m). In addition, the SAM accurately predicted compression failure
(Supplementary Fig. S14). This predictive capability is not limited to sym-
metric configurations, but can be readily extended to arbitrary initial and
target boundaries, including more complex conformal attachment
configurations.
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Fig. 2 | Conformability analysis and prediction on analytical surfaces. a Schematic
of a circular device conforming to four types of analytical surfaces: spherical,
ellipsoid, paraboloidal, and trigonometric. Comparison of predicted and measured
elongations versus the parameter direction value u for b, ¢ spherical, d, e ellipsoid,
f, g paraboloidal, and h, i trigonometric surfaces. Results from SAM, FEA, and
experiments are plotted for devices of different diameters. The left column repre-

Insets show the dependence of maximum elongation on D and Gaussian curvature

Kg. ¢, e, g, i Failure predictions and experimental validation for D = 14 mm on each

sents the case of D = 10 mm, and the right column represents the case of D = 14 mm.

surface type. j-m Analysis of adhesion failure and yielding failure in critical

attachment scenarios. j D = 3 mm: successful conformal attachment. k D =4 mm:
boundary adhesion failure. 1 D = 10 mm: no irreversible yielding at the film edge.
m D = 12 mm: boundary yielding failure of the PET film.

Table 2 | Comparison of (Amin, Amax) among the results of the SAM, FEA, and measurements

Attachment Pairs The SAM FEA Measurements
Ellipsoid surface D =10mm High Kg (1.08, 1.39) (1.04, 1.29) (1.07, 1.41)
Paraboloidal surface D =10mm High K (1.16, 1.64) (1.11,1.57) (1.12, 1.66)
Trigonometric surface D =10mm High K (1.22,1.76) (1.16, 1.62) (1.16,1.74)
Free-form surfaces L=18mmz=20mm (1.00, 1.32) (1.02, 1.35) (1.01,1.28)
L=18mmz=30mm (1.00, 1.62) (1.06, 1.60) (1.04, 1.54)
L=24mmz=40 mm (1.00, 1.62) (1.05, 1.60) (1.08, 1.62)

Conformability analysis and prediction on free-form surfaces

Free-form surfaces are complex smooth surfaces defined by control
points rather than elementary analytical functions. For conformal
attachment experiments, we selected Bézier surfaces™ as representatives
of free-form surfaces. We considered four initial shapes with distinct
boundaries: square, rectangular, triangular, and free-curve profiles
(Supplementary Fig. S15), as well as four corresponding free-form

surfaces (Supplementary Fig. S16). Each Bézier surface was defined using
9 control points (coordinates in Supplementary Table S8). For a given
boundary and dimension, a larger z-coordinate of the central control
point corresponds to a higher surface curvature. Curvature peaks stay
centered for square and rectangular substrates but shift toward the upper
v vertex for triangular and free-form boundaries, as reflected by their
Gaussian curvature K, contours in Supplementary Fig. S17. The target
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Fig. 3 | Conformability analysis and prediction on free-form surfaces with varied
boundaries. a Schematic of a square device attached to a Bézier surface. b-e SAM-
predicted, FEA-simulated, and experimentally measured elongation distributions

for square boundaries under increasing central height z and side length L. b Square
boundary with side length L = 18 mm and central control point height z =20 mm.
cL=18mm, z=30mm. d L =24 mm, z=40 mm. e L = 24 mm, z = 65 mm and the
experimental results of fracture failure. f, i, 1 Schematic of devices with rectangular,
triangular, and free-curve boundaries attached to free-form surfaces. g, h The SAM,

m— Fracture

m— Fracture

T

FEA, and experimental results on free-form surfaces with a rectangular boundary:
g Critical attachment condition z =40 mm. h Critical failure condition z = 50 mm,
and the fracture failure. j, k The SAM, FEA, and experimental results on free-form
surfaces with a triangular boundary: j Critical attachment condition z =15 mm.

k Critical failure condition z = 18 mm, and the fracture failure. m, n The SAM, FEA,
and experimental results on free-form surfaces with a free-curve boundary:

m Critical attachment condition z =40 mm. n Critical failure condition z = 50 mm,
and the fracture failure.

shape was defined as the projection of the initial shape along the z-axis
onto the free-form surface. Experimental measurements and SAM
implementation for free-form surfaces are detailed in the strain mea-
surement methods, Fig. 518, and Note 3.

Figure 3a presents a schematic illustration of a square initial shape
(PDMS substrate) conformally attached to a free-form surface with a square
boundary. We analyzed conformability under varying square side lengths
(L) and central control point heights (z). Figure 3b-d depict results for
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(L=18mm, z=20mm), (L=18mm, z=30mm), and (L=24 mm,
z =40 mm), respectively, including SAM, FEA, and experimental results
(Raw triplicate measurements per group are listed in Supplementary
Data S2) of My, v). The maximum elongation consistently occurs near the
center of each edge, decreasing toward the corners and the surface center. As
summarized in Table 2, all predicted elongation extremes fall between 1.00
and 2.00, with all corresponding R’ values exceeding 0.90 (see Supple-
mentary Table S6 for full R* data). Thus, the model correctly predicts suc-
cessful conformal attachment without compression or fracture, consistent
with experimental observations.

With a further increase in central control point height, the model
accurately predicts failure. For L =24 mm and z = 65 mm, as illustrated in
Fig. 3¢, SAM predicted a A, 0f 2.25 near the edge midpoints (FEA result is
2.10, R*=0.92), exceeding the fracture limit of PDMS (Ag,. =2.00). The
Amin remained above 1.00, indicating no compression. The predicted edge-
initiated fracture is experimentally confirmed in Supplementary Movie 2.

The model generalizes effectively to other boundary types, as validated
by four repeated trials (one case plotted in Fig. 3f, i, ], and the other three
replicates available in Supplementary Fig. S19), which display rectangular,
triangular, and free-curve boundaries, respectively. Under critical attach-
ment conditions, the maximum elongations are 1.95 (rectangle, located at
long edge center), 1.92 (triangle, vertex), and 1.94 (free-curve, upper edge),
all slightly below Ag,c, with no compression, as depicted in Fig. 3g, j, m.
These results predicted successful critical attachment, which was fully
validated by experiments (Supplementary Fig. $20). Under critical failure
conditions, as shown in Fig. 3h, k, n, increasing z raises the maximum
elongations to 2.29,2.19, and 2.29, respectively, all exceeding Ag,. . The SAM
results had a high degree of similarity to FEA, with R® ranging from 0.86 to
0.95, and experiments validated the fracture predictions. In terms of com-
putational efficiency, the model achieved up to 6000-fold speedup over FEA
(Supplementary Table S7). The model maintains high accuracy in repeated
tests, including near-threshold scenarios where A, lies within +15%
of Afrac&

Key Observations from Figs. 2 and 3:

(1) SAM accurately predicts conformal behavior on both analytical and
free-form surfaces, showing strong agreement with FEA and experiments.

(2) Equivalent elongation scales with the relative dimensions of the
initial and target shapes, independent of absolute size, which is consistent
with existing findings on spherical surfaces®****,

(3) The locations of maximum and minimum elongation are shape-
dependent. SAM efficiently identifies these extremes, enabling reliable
conformability prediction with a 3-4 order-of-magnitude speed advantage
over FEA.

Conformability analysis and prediction for line-type shapes

The model also elucidates why line-type, high-aspect-ratio patterns exhibit
superior conformability, which is a principle widely adopted in complex
surface conformal design” . Validation experiments were designed as
shown in Fig. 4a. A free-form surface defined by 9 control points served as
the target surface, with a rectangular boundary of length L = 27 mm, width
W =18 mm, and central control point height z = 50 mm. Initial shapes with
aspect ratios of 3:2, 3:1, and 9:1 were tested, transitioning froma near-square
to a slender strip. The target shape was defined as the projection of each
initial shape onto the surface along the z-axis.

For the initial shape with an aspect ratio of 3:2, SAM predicted a
Amax = 2.29 at the midpoint of the long sides, exceeding Ag,. = 2.00. Fracture
was therefore predicted along the long edges, which was confirmed
experimentally (Fig. 4a (i) and Supplementary Movie S2). Increasing the
aspect ratio to 3:1 lowered A, to 1.53, precluding fracture failure. In
contrast to the fully fixed boundary condition (Supplementary Fig. S21),
pronounced adhesion failure was observed at the midsection of the curved
strip when only the two ends were constrained, as shown in Fig. 4a (ii).
When the aspect ratio was increased to 6:1, the predicted A, at the mid-
section decreased to 1.19, and the conformal attachment behavior became
nearly indistinguishable between the two-end fixed and fully fixed boundary

conditions (Fig. 4a (iii)). Consequently, for subsequent curved strip patterns
with an aspect ratio exceeding 6:1, the boundary condition was simplified to
two-end fixation. SAM quantitatively demonstrates that, for a fixed length,
increasing the aspect ratio reduces strain along the long axis. For extremely
high aspect ratios, the deformation approximates uniaxial elongation,
explaining the conformal advantage of line-type patterns on complex
surfaces.

As illustrated in Fig. 4b, SAM can also predict conformability for
various high-aspect-ratio strips on diverse surfaces. We tested strips of width
W =3 mm with aspect ratios from 8:1 to 25:1 on four target surfaces: a
spherical surface (R =14 mm), a high-curvature ellipsoid surface, a high-
curvature paraboloidal surface, and a free-form surface (L =24 mm,
z=65mm). Results are summarized in Fig. 4c. Predictions above the red
dashed line (Ayyax > Afrac) correspond to fracture, as shown in Fig. 4d. Pre-
dictions between the blue and red lines (1.00 = Acomp. < Amin < Amax < Afrac)
represent compliant attachment, where Fig. 4e shows cases with internal
stretching (A > Acomp.) and Fig. 4f shows nearly strain-free attachment
(Amin = Amax = Acomp.)- Purple region where Ayin < Acomp. indicates com-
pression failure, corresponding to the experimental example in Fig. 4g.
Notably, for the compression case, SAM neglected interfacial adhesion and
friction by setting a = 1.0 and $ = 0.0 (Supplementary Movie 3). Repeated
measurements confirmed the model’s accuracy across these regimes.

To demonstrate applicability in realistic electronic devices, we tested
copper serpentine interconnects integrated with LEDs on a spherical surface
(R =16 mm) (as illustrated in Fig. 4h). Two serpentine designs were studied:
one with a radius of 1400 pm (Acomp, = 1.00, Agrac. = 1.57) and another with
1650 pm (Acomp. = 1.00, Agac = 1.19), each comprising n=5 unit cells
(parameters in Supplementary Fig. S22). The target shape was the projection
of the serpentine axis onto the spherical surface. For the 1400 um design,
SAM predicted 1.00 <A = Amax = 1.21 <157, indicating successful
attachment and functional LEDs, which is confirmed by the experimental
result shown in Fig. 4i. For the 1650 um design, A, > reduced A, = 1.19
predicted fracture and LED failure, which was also validated in Fig. 4j. The
model accurately predicted both critical attachment  (95%
Afrac. < Amax < 100%A ) and critical failure (100%Ag,c. < Amax < 110%Agac)
scenarios in repeated trials.

In summary, SAM not only explains the enhanced conformability of
high-aspect-ratio patterns but also provides reliable quantitative predictions
for diverse attachments, including serpentines, Mercator-projection cut
patterns, and 3D shapes (experimental results see Supplementary Note 4,
Figs. S23 and S24).

Conformability analysis and conformal design for arbitrary
shape-surface mappings

Beyond predictive analysis, the model serves as a powerful tool for con-
formal design, that s, the inverse process of designing a planar initial pattern
that, after attachment, matches a desired target pattern on a complex 3D
surface. The general workflow is outlined in Fig. 5a: (i) a 3D model of the
target surface is acquired (e.g., via machine vision); (ii) the surface is para-
meterized and SAM computes the strain distribution (A(x, v), with wand vas
arbitrary surface parameters) for a candidate attachment; (iii) the initial
coordinates (U, V) are inversely derived from the target coordinates r(U, V)
and the strain field using the relationship:

(U,v) ] U, V) 4)

We demonstrate this capability through three design examples of
predicting and increasing complexity.

Conformal Design of a 3D Antenna Pattern (Fig. 5b and Supple-
mentary Table S9). A spherical target surface (R =16 mm) was designed
with an equi-spiral antenna target pattern (6 turns, spacing is 2000 pm). The
initial substrate was a PDMS circle (D = 14 mm), and the pattern was fab-
ricated via spin-coating transfer”’. For the control group (ignoring con-
formal mapping), the spiral exhibited severe distortion upon attachment:

npj Flexible Electronics

Article in Press


www.nature.com/npjflexelectron

https://doi.org/10.1038/s41528-026-00637-2

Article

b d

e

3.00
2.00+--===mmmme T Booe- =
~ | |
n = Strain-free
1.00+ = £
" ? g

ool @ @ Y

S
b i ﬁ
Target surface Compression

Fr;m
*' ey
c Stretching
f

Aspect ratio

SS

h Serpentine design i @
R.=1400 pm
AN NN~ :
s 10 MM —— 10 MM
Initial shape */.Strain distribution
S

Target shape

Target surface

Fig. 4 | Conformability analysis and prediction for high-aspect-ratio structures.
a Experimental validation of SAM predictions for strips with aspect ratios of 3:2, 3:1,
and 6:1 on a free-form surface. b Schematic of a line-type device conforming to a
curved surface. ¢ SAM-predicted maximum elongations for different line-type
shape-surface mappings, with aspect ratios from 8:1 to 25:1 on four target surfaces,
including spherical, ellipsoid, paraboloidal, and free-form surfaces. Experimental

examples on four surfaces corresponding to predicted regimes: d fracture,

e compliant with stretch, f compliant without stretch, and g compression.

h Schematic of a serpentine structure attachment. i, j Functional validation using
LED-integrated serpentine interconnects: i successful attachment and j fracture
failure on a spherical surface, as predicted by SAM.

spacing at the 4th turn deviated by 14.22% from target (Fig. 5¢ (i)), with a
maximum error of 45.73% and an average error of 17.42%, as shown in
Fig. 5d. In contrast, the SAM-designed precursor pattern (considering
conformal mapping) yielded post-attachment spacing errors below 0.50% at
the 4th turn and an average error of only 1.94% across all turns (Fig. 5c¢ (ii),
d). The model completed this design in 0.043 s, over 800 times faster than an
equivalent FEA method (35 s). 2D designs of antenna patterns are illustrated
in the Supplementary Fig. $25. Additional designs for equidistant points and
curves (Supplementary Figs. S26 and S27, Table S10) consistently reduced
errors from >12% to <2.5%, highlighting the method’s precision for fabri-
cating fine 3D electrode patterns.

Complex Multi-Parameter Pattern: A Star Map (Fig. 5e). To test
scalability, we designed a star map of the northern hemisphere (120 stars,

240 coordinate parameters in Supplementary Data S3) onto a spherical
“celestial” surface (R = 20 mm). The initial pattern was inkjet-printed with
conductive silver paste on a PDMS disc (D =16 mm). After conformal
attachment, the spatial distribution of constellations such as Ursa Minor and
the Big Dipper, shown in Fig. 5f (i), (ii), matched actual celestial charts with
99% spatial distribution similarity”. The entire design computation
required only 0.044 s, demonstrating efficiency even for high-dimensional
parameter sets.

Validation on Organ and Engineering Surfaces. Finally, we validated
SAM’s predictive power on highly irregular, mesh-based surfaces. On a
1:1 scale heart model, as shown in Fig. 5g, the model correctly distinguished
between a conformable serpentine trace (A =1.35 < Agae = 1.57) and a
critically failing one (Ajax =1.35> Ao = 1.26). Experiments confirmed
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equidistant antenna on a sphere: b Schematic of the target pattern, ¢ Experimental
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f Local observation of the star map pattern: (i) Ursa Minor, (ii) The Big Dipper
(Photograph by Jiacheng Liu, used with permission). Validation of conformal design
for compliance on arbitrary surfaces: g Fracture failure on the apex of the heart.

h Fracture failure on the nose of the aircraft.

intact attachment and fracture, respectively. Similarly, on a 1:400 aircraft
nose model, SAM predicted an intermediate strain state (A, = 1.30), which
lay between the failure limits of two test serpentines (A, = 1.57 and 1.23),
again validated experimentally. Details of Serpentine-structure designs are
illustrated in the Supplementary Figs. S28 and S29. Across repeated trials on
arbitrary surfaces, the model maintained high accuracy, predicting both
critical attachment (90%Agac. < Amax < 100%A4,.) and critical failure (100%
Afrac. < Amax < 110%A g0 ) Scenarios.

Discussion

Achieving predictable conformal integration of flexible electronics with
complex curved surfaces remains a fundamental challenge due to the lack of
a general, efficient model for predicting and designing conformal behavior.
Current approaches, such as FEA, are computationally prohibitive for rapid

iteration, and simplified analytical models lack generality across arbitrary
geometries.

SAM achieves exceptional predictive accuracy and computational
efficiency across a broad spectrum of surfaces, from canonical analytical
shapes to free-form and arbitrary surfaces. This performance stems from its
core formulation using the first fundamental form, which universally
quantifies local metric distortion, coupled with a sliding-adhesion term that
captures critical interfacial mechanics. The model not only predicts failure
but also provides the first quantitative explanation for empirically observed
design principles, such as the superior conformability of high-aspect-ratio
serpentine traces. Although the SAM framework in this work was primarily
validated using a PDMS baseline, the provided a and f3 coefficients remain
directly applicable to other material systems with comparable mechanical
and interfacial characteristics under a fixed pattern-surface geometry.
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Where surface energy and friction differ by orders of magnitude from
typical low-viscosity material conditions, supplementary calibration is
conducted following our protocol.

Beyond prediction, SAM enables high-precision inverse conformal
design. By compensating for strain-induced distortion, it allows the fabri-
cation of complex functional patterns (e.g., antennas, sensor arrays) on 3D
surfaces with placement errors reduced to below 3%. This capability bridges
the gap between digital design and physical realization for curvilinear
electronics.

In summary, SAM provides a unified and scalable computational
framework that transforms conformal integration from a trial-and-error
process into a predictable, design-led engineering discipline. It establishes a
foundational tool for the development of next-generation flexible electro-
nics in biomedical implants, conformal sensors for aerospace, and adaptive
interfaces in soft robotics. The current model remains restricted to its
geometric assumptions and is not suitable for high-speed dynamic sce-
narios, solution-coating applications, or structural bending failures within
the thickness profile. Future work will extend this framework to dynamic
attachment scenarios, multi-material systems, and more complex interfacial
energy landscapes.

Methods

First fundamental form

An infinitesimal displacement (tangent vector) d r at any point on a curved
surface (1, v) can be expressed as follows: Ata point P on the surface, there
exist two natural tangent vectors:

or
r,= Em
o 5)
r,=5%
The infinitesimal displacement vector d 7 is given by:
dr =r,du+r,dv (6)

The square of the magnitude of this displacement vector d 7 (denoted
as ds”) is calculated via the dot product:

d?=dr-dr = (r du+r,dv)- (r du+ r,dv) ()

Expanding this expression yields the standard form of the first fun-
damental form:

I = ds* = Edu® + 2Fdudv + Gdv* 8)

Here, the coefficients E, F, and G are referred to as the first fundamental
coefficients, which are related to the tangent vectors through dot products:

E=r,-r,F=r,-1r,,G=71,-1, ©)

Moreover, for surface area and contact area fraction, the coefficients of
the FFF (E, F, G) define the local area element dA via the square root of the
metric determinant g:

dA = VEG — FPdudv

Consequently, the total surface area A and the resulting contact area
fraction @opace to Nominal surface area A,gmina Over a domain Q) are

directly formulated as:

(10)

A= [[,VEG — F*dudy

A ffﬂvEG—deudv
- A

(11)

¢contact =2

‘nominal nominal

According to Gauss’s Theorema Egregium, the Gaussian curvature K
is an intrinsic invariant that depends solely on the FFF components and
their derivatives. It can be explicitly formulated using the Brioschi formula:

E E,
1
K,=—|F F (12)

g 22 v v

4(EG — F?) G G,

QO 9

The global topological constraint connecting local FFF metrics to the
Euler characteristic x(S) of the conformal domain is explicitly established by
integrating the intrinsic curvature and boundary geodesic curvature k,
(which is also entirely determined by the FFF):

//Kg\/ EG — F*dudv + / kgds = 2my(S) (13)
s as

For k,, to fully resolve the boundary line integral in the Gauss-Bonnet
theorem intrinsically, the geodesic curvature k, of the thin-film boundary
curve S, parameterized by its arc length s as I'(s) = (u(s), v(s)), must also be
formulated strictly via the First Fundamental Form. Intrinsically, k, is
defined by the covariant acceleration of the boundary curve and can be
explicitly expanded as:

ky = Ve (v + Ffl(u’)z +2I%,u'v + ng(v/)z) V(W' + l"il(u’)2 +2IL,u'v + Fiz(v’)z))
(14)

where ' =dulds, v = dvids, u” = d'ulds’, and v’ = d*v/ds* represent the
kinematic derivatives along the boundary trajectory, and g=EG-F* is the
metric determinant. Crucially, the Christoffel symbols of the second kind
(T¥;) are entirely determined by the components of the First Fundamental
Form (E, F, G) and their first-order partial derivatives:

Fk:% kl(agil_’_%_i_%)

t ow  ou  oul (15)

where (g11, g12, £21, §22) = (E, F, F, G), and g“ denotes the components of
the inverse metric matrix. This mathematical framework guarantees
that the geodesic curvature k,—and consequently the entire boundary
energy expenditure during conformability—is explicitly and inherently
encoded within the FFF of the mapped domain, requiring no extrinsic
embedding data.

Above all, these explicit formulations confirm that the FFF serves as the
single foundational mathematical matrix required to encode both the local
strain distributions and the global topographic constraints of the target
substrates.

Conformal attachment platform

A custom conformal attachment platform was constructed to mount flexible
substrates of predefined initial shapes onto target surfaces (Supplementary
Fig. S7). The entire system was mounted on a horizontal optical table. The
platform comprised a right-angle fixing block, an initial shape mounting
stage (Supplementary Fig. S7), and a target surface mounting stage, both co-
mounted on the fixing block. The initial shape mounting stage consisted of:
(i) a pair of gaskets to secure the flexible substrate; (ii) a clamp configuration
stage holding the gaskets; and (iii) a high-precision manual translation stage
to bring the initial shape into contact with the target shape.

Strain distribution measurement

Strain fields were determined by tracking microstructural marker patterns
on the substrate surface via optical microscopy. A microscope was aligned
along with the z-axis direction on the optical table. The marker patterns
were fabricated using a photolithographic microstructure replication pro-
cess, following these steps: first, a mask of the marker patterns was prepared
on a silicon wafer via photolithography and wet etching; second, PDMS was
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spin-coated onto the wafer for replication; finally, the replicated PDMS thin
film with microstructural markers was peeled off. To enhance contrast
under the microscope, 0.25% black acrylic pigment was blended into the
PDMS before curing, making the markers clearly visible (Supplementary
Figs. S8b and S18).

Numerical methods

All runtime and mesh-related data listed in Table S7 were obtained on an
AMD Ryzen 7 5800H workstation (3.20 GHz, 16.0 GB RAM). This fixed
computing configuration was used uniformly for all SAM and FEA calcu-
lations to eliminate hardware-induced discrepancies in benchmark results.
The finite-element-based models cover two categories: rotationally sym-
metric analytical surfaces and free-form surfaces.

Rotationally symmetric analytical surfaces: A 2D axisymmetric model
was employed for modeling. The target surface was defined by a generatrix
boundary with a specific mathematical expression, and the thin-film edges
were constrained by displacement boundary conditions. The substrate was
modeled as a superelastic material using a two-parameter Mooney-Rivlin
constitutive law; interfacial adhesion and friction were included at the
film-surface contact. Displacement-controlled loading was applied, with
parameter sweeping to ensure solution convergence. Spherical cases adopt
triangular meshes, whereas all remaining analytical surfaces are discretized
with quadrilateral meshes. A nonlinear Fully Coupled solver was adopted
with a tight relative convergence tolerance of 0.001.

Free-form surfaces: A full 3D model was employed for modeling. To
reduce computational cost and improve convergence, the film boundaries
were again constrained by displacement boundary conditions. The target
surface was represented as the top face of a solid curved component. Phy-
sical field settings and solution procedures followed those for the analytical
surfaces. Models with square or rectangular boundaries employ swept/
hexahedral meshes, and tetrahedral meshes are used for other boundary
configurations. A nonlinear Fully Coupled Newton-type solver was used,
with the identical relative tolerance of 0.001 for convergence control.

Equidistant antennas

Equidistant antenna samples were produced by screen printing. Because the
inherent tackiness of PDMS hinders direct ink deposition, a transfer-printing
method was employed. A layer of release agent was first spray-coated onto
the surface of a polyethylene terephthalate (PET) film. After drying, con-
ductive carbon ink was screen-printed onto the PET using a custom mesh.
PDMS was immediately spin-coated over the printed pattern, and the PDMS
and conductive carbon ink were co-cured at an elevated temperature. After
heating at 80 °C for 1h, the sample was peeled from the PET, yielding a
freestanding PDMS substrate with embedded carbon-ink traces.

Star map patterns

Star map patterns were fabricated by inkjet printing. The inkjet printer
(model: Scientific 3) had a minimum processing resolution of 100 pm.
PDMS was selected as the substrate material, and conductive silver paste
served as the ink.

Data availability
All data needed to evaluate the conclusions in the paper are present in the
paper and the Supplementary Materials.

Code availability
The code that supports the findings of this study is available from the
corresponding author upon reasonable request.
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