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M AT E R I A L S  S C I E N C E

Three-dimensional shrinking electronics on 
freestanding and freeform curvilinear surfaces
Yangbo Yuan1, Dongliang Chen2, Jianyu Li2, Bowen Li1,3, Abu Musa Abdullah1,4,  
Fatema Tuz Zohra1, Wanqing Zhang1, Xianzhe Zhang1, Xin Xin1, Mohammad Ali Amidian1,  
Ankan Dutta5,6, Feifei Shi2*, Huanyu Cheng1*

Wearable electronics that adapt to three-dimensional (3D) surfaces are essential for next-generation smart inter-
net of things (IoT), yet existing strategies remain limited because of fabrication complexity, material incompatibil-
ity, or poor structural control. Here, this work introduces a scalable yet versatile approach to design and fabricate 
3D electronic systems by printing liquid metal patterns onto heat-shrinkable polymer substrates. Upon controlled 
thermal actuation, the 2D circuits transform into target 3D geometries with enhanced electrical performance. The 
resulting 3D shrinking electronics enable conformal antenna integration for IoT devices and gesture-interactive 
wearable interfaces. This low-cost, versatile platform offers a paradigm for customizable, shape-adaptive elec-
tronics in intelligent real and virtual environments.

INTRODUCTION
With the continuous advancement of electronic manufacturing tech-
nologies, conventional two-dimensional (2D) electronic devices are 
gradually evolving into 3D systems with more complex architectures 
and higher functional integration (1, 2). Compared to traditional 2D 
electronics, 3D electronic systems offer improved spatial efficiency by 
enabling vertical stacking of components and better utilization of lim-
ited space (3). They also provide greater design customizability, allow-
ing devices to be tailored in shape, size, and layout to conform to 
irregular surfaces or confined spaces (4). These advantages highlight 
the vast application potential and commercial value of 3D electronics 
in emerging fields such as wearable technology, the smart internet of 
Things (IoT), and human-machine interfaces (HMIs).

In recent years, extensive research efforts have been dedicated to 
the development of 3D electronics. One representative approach in-
volves the fabrication of flexible and hybrid flexible electronic devices, 
which can conform to complex and even surfaces for wearable and 
biomedical applications (5–10). In addition, several studies have ex-
plored the integration of liquid metal (LM) with flexible substrates to 
enhance stretchability and electrical conductivity upon large tensile 
strains for improved conformability in the deformable electronic sys-
tems. These systems leverage the fluidic nature and excellent conduc-
tivity of LMs to maintain electrical performance under extreme 
mechanical deformation. Such designs have been successfully imple-
mented in diverse applications, including health monitoring (11, 12), 
motion tracking (13), HMI (14), and soft robotics (15, 16). However, 
these technologies are inherently planar in nature, focusing primarily 
on conformability and mechanical compliance, and thus, fall short in 
constructing truly 3D electronic architectures.

Another class of strategies centers on the direct fabrication of cir-
cuits on target surfaces by 3D printing (17–19), laser direct writing 
(20, 21), in  situ growth (22), or transfer printing (23,  24). While 
these methods offer high structural design freedom and spatial con-
trol of functional materials for creating multilayered structures and 
personalized devices, they still face challenges such as the need for 
specialized equipment and/or complex fabrication processes. These 
limitations hinder their scalability and cost-effectiveness in produc-
ing high-resolution, large-area 3D electronics.

A variety of strategies and materials have been developed to trans-
form planar structures into complex 3D forms, including origami-
inspired folding (25, 26), mechanical buckling (27), and thermoplastic 
reshaping (28). Among them, thermoforming exploits the softened 
state of thermoplastic materials after heating, allowing them to de-
form with external force and further conform onto complex 3D sur-
face or structures. This approach is cost-effective and suitable for 
high-throughput manufacturing, which has been widely explored in 
packaging (29) and structural electronic encapsulations (30). How-
ever, the deformation of most thermoplastics in thermoforming is 
irreversible and mold-dependent, making the final geometry entirely 
dictated by predesigned molds and presenting challenges for use that 
requires customization or reconfigurability.

In summary, there remains a critical need for an efficient, low-cost, 
and shape-controllable method to fabricate conformable 3D electron-
ics on varying target freeform surfaces. In response to this challenge, 
this work integrates thermally shrinkable polymer sheets with LM to 
construct 3D shrinking electronics. Specifically, 2D LM-based circuit 
patterns are first printed onto thermally shrinkable substrates, fol-
lowed by a controlled thermal shrinkage process that transforms the 
flat circuits onto targeted 3D configurations. Compared to metallic 
conductors with similar electrical performance (31–33), LM uniquely 
retains excellent morphological integrity and even achieves higher 
electrical conductivity during substrate shrinking without forming 
wrinkles or cracks (34, 35). In contrast to other flowable conductive 
materials such as silver ink (36) and hydrogels (37–39), LM offers 
higher electrical conductivity (table S1). The printability and adhesion 
of LM on the polymer surface are further enhanced by encapsulating 
and dispersing LM droplets with sodium dodecylbenzenesulfonate 
(SDBS) via ultrasonication, resulting in an SDBS-encapsulated LM 

1Department of Engineering Science and Mechanics, The Pennsylvania State Uni-
versity, University Park, PA 16802, USA. 2John and Willie Leone Family Department 
of Energy and Mineral Engineering, The Pennsylvania State University, University Park, 
PA 16802, USA. 3School of Science, Engineering, and Technology, The Pennsylvania 
State University, Harrisburg, 777 W Harrisburg Pike, Middletown, PA 17057, USA. 
4Department of Mechanical Engineering and Mechanics, Drexel University, 
Philadelphia, PA 19104, USA. 5Department of Mechanical Engineering, The 
Pennsylvania State University, University Park, PA 16803, USA. 6Center for Neural 
Engineering, The Pennsylvania State University, University Park, PA 16802, USA.
*Corresponding author. Email: feifeishi@​psu.​edu (F.S.); huanyu.​cheng@​psu.​edu (H.C.)

Copyright © 2025 The 
Authors, some rights 
reserved; exclusive 
licensee American 
Association for the 
Advancement of 
Science. No claim to 
original U.S. 
Government Works. 
Distributed under a 
Creative Commons 
Attribution 
NonCommercial 
License 4.0 (CC BY-NC). 

D
ow

nloaded from
 https://w

w
w

.science.org on January 26, 2026

mailto:feifeishi@%e2%80%8bpsu.%e2%80%8bedu
mailto:huanyu.%e2%80%8bcheng@%e2%80%8bpsu.%e2%80%8bedu
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.aea8051&domain=pdf&date_stamp=2025-10-08


Yuan et al., Sci. Adv. 11, eaea8051 (2025)     8 October 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

2 of 12

composite (SLM). Combined with surface plasma treatment, photo-
thermal folding, and strategic pattern design, the versatile toolbox re-
ported in this work enables the design and conformal integration of 
antennas on various 3D surfaces for smart IoT applications. Moreover, 
a smart 3D shrinking ring with an embedded miniaturized accelerom-
eter provides the proof-of-concept system-level demonstration for 
gesture-based HMI control, highlighting the potential of this tech-
nique for smart, wearable 3D devices. The reported framework, with 
low manufacturing cost, broad material compatibility, and precise 
structural control, provides a promising route toward the next-
generation 3D electronic device systems.

RESULTS
Fabrication of 3D shrinking electronics
Patterning LM on prestretched polystyrene (PPS) sheets followed 
by thermally induced shrinkage offers a simple yet effective route 
for fabricating 3D electronic architectures. However, the weak in-
terfacial adhesion between pristine LM and the PPS may lead to 
relative displacement or flow during the shrinking process, compro-
mising circuit integrity and functional reliability. Efforts to address 
this issue have led to the use of the surfactant SDBS to modify the 
LM surface for rendering hydrophilicity (40, 41). Specifically, SDBS 
and LM ultrasonically allow the hydrophobic alkyl tails of SDBS to 
approach LM, while the hydrophilic sulfonate groups remain ex-
posed on the surface, forming a surfactant-coated hydrophilic LM 
composite. Hydrophilic functional groups such as carboxyl and hy-
droxyl groups in the PPS introduced by plasma treatment can then 
form hydrogen bonds with the SLM during the printing process, 
enhancing interfacial adhesion and minimizing delamination or 
failure during thermal shrinkage (Fig.  1A). Moreover, the SLM 
composite generated through ultrasonic dispersion and drying ex-
hibits a biphasic structure composed of both solid and liquid com-
ponents, thereby offering improved mechanical stability compared 
to pristine LM (42, 43).

Upon completion of the patterning process, heating the sample 
triggers the release of residue stress within the PPS. The stretching-
induced alignment of polymer chains during PPS film formation 
can allow these chains to recover their energetically favorable, disor-
dered coil state upon heating (44–46), leading to rapid macroscopic 
contraction or shrinking along the prestressed directions (Fig. 1B). 
By leveraging this process, prepatterned 2D electronic circuits can 
be transformed into geometrically defined 3D structures with in-
creased pattern spatial resolution and enhanced electrical conduc-
tivity, enabling the fabrication of arbitrarily shaped 3D electronic 
systems with excellent structural compatibility and functional ver-
satility. This simple yet versatile approach provides a route to fabri-
cate 3D wearable devices for HMI (Fig.  1C) and 3D conformal 
antennas for smart IoT applications (Fig. 1D).

Characterization of SLM
Varying the mass ratio of SDBS to LM determines the optimal value. 
While different amounts of SDBS have negligible influence on the 
electrical conductivity of the resulting SLM (fig. S1), the increased 
SDBS content increases the proportion of solid phase in the SLM to 
eventually lead to severe particle agglomeration when the mass ratio 
reaches 3.5%. Therefore, a mass ratio of 2.0% is selected for subse-
quent experiments unless specified otherwise.

The advantages of SLM over pristine LM in terms of adhesion 
and mechanical stability are first verified in the contact angle mea-
surements in an argon atmosphere (to avoid the interference of LM 
surface oxidation). Before plasma treatment of the PPS (fig.  S2), 
both LM and SLM exhibit contact angles of greater than 120°, indi-
cating a hydrophobic nature. After plasma treatment, the contact 
angle of LM slightly decreases but is still larger than 120°, whereas 
that of SLM drops below 90° (Fig. 2A) to exhibit a hydrophilic be-
havior. This result confirms that ultrasonic mixing with SDBS intro-
duces hydrophilic groups on the SLM surface, leading to enhanced 
wettability on hydrophilic substrates.

The adhesion between LM/SLM and the substrate is further as-
sessed with mechanical pull-off tests. An identical plasma-treated 
PPS mounted on the bottom surface of a force sensor is brought 
into contact with LM or SLM, followed by pull-off to measure the 
adhesion force. The results reveal that the SLM exhibits 20% stron-
ger adhesion to PPS than LM for both before and after thermal 
shrinkage, attributed to hydrogen bonding between the hydrophil-
ic SLM and PPS substrate. Moreover, the SLM/PPS adhesion fur-
ther increases from 0.0355 N/cm2 before shrinkage to 0.0517 N/
cm2 by 45.6% after shrinkage (Fig. 2B), which can be ascribed to 
the increased contact area due to the formation of a porous surface 
morphology on the PPS sheet after shrinkage (Fig. 2D and fig. S3). 
The stronger interfacial adhesion between uniformly coated SLM 
and plasma-treated PPS can also provide a much more stable con-
ductive pathway even upon moderate mechanical friction (fig. S4 
and movie S1). According to Pouillet’s law 

(

R∕R
0
=(1+ε)2

)

 for in-
compressible materials, where R is the resistance, R

0
 is the initial 

resistance, and ε is the strain, the normalized resistance changes of 
SLM as a function of tensile strain are much smaller than those of 
GaIn and biphasic GaIn (bGaIn) (Fig. 2C), indicating excellent me-
chanical stability of SLM. Moreover, cyclic tensile testing at 100% 
strain demonstrates the stable resistance response of SLM over re-
peated stretching and release cycles compared with GaIn and 
bGaIn (fig.  S5), further confirming its mechanical robustness. 
Scanning electron microscopy (SEM) images of the surface mor-
phology reveal that SLM contains a higher proportion of solid-
phase structures compared to GaIn (Fig.  2E and fig.  S6), which 
contributes to enhanced mechanical stability (42, 43).

Elemental analysis using energy-dispersive x-ray spectroscopy 
(EDS) further confirms the successful incorporation of SDBS. Com-
pared to LM only with signals from Ga, In, and O (fig. S7), SLM also 
features signals from C and Na elements (Fig. 2F), indicating the ef-
fective wrapping of LM by SDBS. It is worth noting that the electron 
beam may also change the phase of GaIn; thus, a more accurate and 
quantitative measurement may be required to confirm the result. 
There are no distinct peaks in the x-ray diffraction (XRD) pattern of 
the SLM, suggesting the absence of crystalline phases (Fig. 2G). Ra-
man spectroscopy results also reveal multiple Raman shifts in SLM 
(Fig. 2H) attributed to the presence of SDBS, in contrast to the single 
peak observed in LM (47, 48).

Ultrasonic treatment effectively disperses LM into particles, pri-
marily due to cavitation effects occurring near the interface and 
within the bulk liquid phase (49). The introduction of SDBS as a 
surfactant further facilitates control over the particle diameter and 
enhances the stability of the dispersion (50, 51). Compared with LM 
prepared by a single ultrasonic process, the SLM obtained after a 
second round of ultrasonication following SDBS addition features a 

D
ow

nloaded from
 https://w

w
w

.science.org on January 26, 2026



Yuan et al., Sci. Adv. 11, eaea8051 (2025)     8 October 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

3 of 12

Fig. 1. Fabrication process and application scenarios of 3D shrinking electronics. (A) Schematic showing the fabrication process for 3D shrinking electronics. Liquid 
metal (LM) is ultrasonically dispersed in a sodium dodecylbenzenesulfonate (SDBS) solution to form SDBS-wrapped LM (SLM). After drying, the SLM is printed onto a 
thermally shrinkable plasma-treated prestretched polystyrene (PPS) sheet covered by a patterned polyimide (PI) shadow mask, where hydrogen bonding enhances inter-
facial adhesion. After peeling off the shadow mask and placing the patterned PPS sheet onto a 3D object, heating the PPS sheet induces volumetric shrinkage to transform 
the 2D planar circuit into a conformal 3D electronic structure with integrated components. (B) Schematic showing the thermal shrinking mechanism of the PPS sheet. 
(C) The 2D electronics are shrunk into a smart wearable ring with an integrated miniaturized accelerometer, enabling human-machine interaction through gesture recog-
nition based on three-axis acceleration data processed by a 1D convolutional neural network (1D-CNN). (D) 2D planar antennas shrunk onto the surfaces of drones, door 
handles, lamps, and chairs form 3D conformal antennas, enabling smart internet of things (IoT).
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larger average particle diameter (Fig. 2I and fig. S8) and a more uni-
form dispersion (fig. S9).

Electrical and geometric characterization
During the thermal shrinking of the PPS, the overlying SLM pat-
terns also undergo deformation due to the interfacial forces. Evalu-
ation of the essential electrical performance, such as resistance 
changes of SLM with different linewidths after shrinking, shows an 
improvement in conductivity (Fig. 3A). Both the linewidth and line 
length L of SLM decrease during the shrinking process (Fig. 3B) to 
affect the resistance. As the SLM is nearly incompressible (52) with 
the total amount remaining as almost constant, the initially planar 
SLM traces transform into dome-like structures after shrinking 
(Fig. 3, C and D, and fig. S10).

Control over the resulting 3D geometry of the shrinking elec-
tronic structures can be achieved by designing the printed patterns 
of black ink as localized absorbers of near-infrared (NIR) light. 
Upon NIR exposure, the ink locally heats the underlying PPS, rais-
ing its temperature above the glass transition temperature (Tg). This 
induces localized stress relaxation and causes anisotropic shrinking 
perpendicular to the ink lines, thereby triggering self-folding behav-
ior. In other words, the black ink lines act as actuation hinges, guid-
ing the folding direction by controlling the ink placement, and 
determining the folding angle through the width of the ink pattern, 
light intensity, and exposure time (Fig. 3E). When the entire struc-
ture or sheet is heated above Tg, the folded 3D structure can further 
shrink to approximately 20% of its original planar area (53), with the 
thickness increased to about 600% of its original value. This uniform 

Fig. 2. Characterizations of interfacial, structural, and electrical properties of LM and SLM. (A) Contact angles of LM and SLM on PPS surfaces before and after 
plasma treatment. (B) Adhesion strength of LM and SLM on PPS surfaces measured before and after shrinkage. (C) Normalized resistance (R/R₀) of GaIn, bGaIn, and SLM 
as a function of applied tensile strain, along with a reference curve based on Pouillet’s law. (D) Scanning electron microscopy (SEM) images of the PPS surface before (top) 
and after (bottom) shrinkage. (E) SEM images of SLM (top) and LM (bottom). (F) Energy-dispersive x-ray spectroscopy (EDS) mapping of the SLM. (G) X-ray diffraction (XRD) 
of the SLM. (H) Raman spectra of LM and SLM. (I) Particle size distribution of LM and SLM, with corresponding SEM images shown in the insets.
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and predictable shrinkage behavior is also experimentally observed 
in PPS samples with different geometries (e.g., rectangle, equilateral 
triangle, and circle). The measured changes in planar dimensions 
and thickness before and after shrinkage confirm the reproducibility 
of the shrinkage ratio (fig. S11 and table S2).

To quantitatively investigate the relationship between the folding 
angle β and the ink line width w, a simplified bilayer beam model is 

established (Fig. 3F), where the composite beam has a total thick-
ness of t and a length of L. The printed ink area with a width w and 
a thickness tₛ = mt (m as the thickness ratio) serves as the shrinking 
layer (purple) with a thermal coefficient of expansion α < 0 on top 
of the unshrunk layer (blue). Both materials are assumed to be iso-
tropic and linearly elastic. The Young’s modulus of the material in its 
rubbery (Er) and glassy (Eg) states captures the stiffness variation 

Fig. 3. Conductivity and geometry characterizations of 3D shrinking electronics from uniform or localized remote heating. (A) Resistance changes of SLM lines with 
different widths before and after shrinkage. (B) Measured line widths of SLM before and after shrinkage. (C) Schematic and SEM images showing the surface morphology 
changes of SLM before and after shrinkage. (D) 3D optical images of SLM line before (top) and after (bottom) shrinkage. (E) Schematic showing the localized folding about 
the black ink line triggered by NIR absorption, along with (F) geometric definition of folding angle and hinge width in the localized shrinking region. (G) Folding angle (θ) as 
a function of black ink width (w) from simulation, experiment, and theory. (H) Comparison between experiment (top) and simulation (bottom) of different 3D shapes after 
shrinking, bending, twisting, saddle, and dome structures. (I) Resistance changes of SLM traces on different 3D shapes/structures before and after shrinkage.
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upon heating. When a temperature gradient ΔT is applied between 
the two regions, the bending angle θ can be expressed as θ = w∕r , 
where r is the bending radius given as

with n = Er/Eg. The folding angle β is then obtained as β = π − θ = 
β = π − θ = π − w∕r (fig. S12), which is linear proportional to both 
the ink line width w and the thermal mismatch (or shrinking) strain 
εᵣ = −αΔT.

The theoretical predictions of this model are validated by finite 
element simulations of the self-folded bilayer composite film, with 
thermal input upon NIR irradiation simulated by temperature in-
crease. As the ink linewidth w increases from 0.4 to 2.0 mm (with 
other parameters unchanged), the folding angle measured in the ex-
periment decreases from 121° to 53°, which also agrees with both the 
theoretical predictions and simulated results (Fig. 3G and fig. S13). 
Without having to use the more complicated thickness variations as 
in the previous literature (54), the controlled folding modulated by 
the ink line width can be exploited for origami-inspired construction 
of varying 3D structures upon remote NIR trigger. These struc-
tures with zero, positive, or negative Gaussian curvatures can be pro-
grammed to fold into desired shapes through judicially designed 
predefined ink patterns (Fig. 3H and fig. S14), as confirmed by both 
simulation (movie S2) and experimental results (movie S3). Notably, 
the resistance of the SLM traces decreases after shrinking for all 
these 3D geometries (Fig. 3I). Compared with the complete shrink-
age in Fig. 3A, the decrease in conductor length is relatively smaller, 
resulting in a less pronounced reduction in resistance according to the 
resistance calculation (R=ρL∕A) . Beyond freestanding programmed 
folding structures, this technique can also be used to conform the 
shrinking electronics onto freeform target 3D shapes such as a golf 
ball, when heated with a hot-air gun (fig. S15). Further combining 
origami (55,  56) strategies and kirigami-inspired cuts (57–59) or 
even Gaussian conformal designs (60) can result in enhanced con-
formability on complex 3D surfaces.

3D conformal antenna
In smart home environments, transforming everyday objects into 
intelligent devices for smart IoTs hinges on the use of the essential 
component to wirelessly communicate with each other. Radio-
frequency antennas play a critical role in wireless communication, 
but the diverse geometries of household items make it prohibitively 
expensive to design customized antennas for each individual object. 
A promising alternative is to use thermally induced shrinking to 
conform antennas onto objects with varying shapes, thereby reduc-
ing manufacturing costs.

Nevertheless, antenna performance is highly sensitive to geo-
metric alterations (61, 62). Since the shrinking process inherently 
changes antenna dimensions, maintaining desirable antenna perfor-
mance under such large deformations presents a major challenge. 
Benefiting from the self-similarity of fractal structures, fractal di-
pole antennas are adopted in this work (fig. S16) to maintain their 
performance across different frequency bands even after isotropic 
scaling (63).

Despite the large shrinking, PPS exhibits uniform and predict-
able shrinkage behavior (fig. S17), making it suitable for designing 
antenna structures with tunable sizes and geometries. For example, 

the appropriate preshrinking antenna size and frequency response 
can be designed with the help of coupled mechanics-electromagnetics 
simulation, such that the postshrinking antenna naturally tunes to 
the desired target operating frequency of 2.5 GHz (Fig. 4, A and B). 
The transformation of the antennas conformed onto the complex 
3D surfaces also induces bending and/or twisting, but this impact 
on the antenna performance changes is minimized by the inherent 
symmetry of the dipole structure that ensures a uniform current 
distribution (Fig.  4C) and consistent radiation patterns (Fig.  4, D 
and E, and fig. S18). Compared to traditional dipole antennas, frac-
tal dipole antennas also demonstrate multiple operational bands 
(figs. S19 to S22). The total effective electrical length Ln of a Koch 
fractal antenna increases exponentially with the iteration number n 
(=2 here), following L

n
= L

0
⋅ (4∕3)n , where L

0
 is the length of a con-

ventional dipole. This extended current path allows for compact 
physical dimensions while preserving resonance at lower frequen-
cies, making it highly advantageous for multiband and miniaturized 
antenna applications. By tuning the shrinking ratio of PPS through 
controlling the heating time and applied external force, antennas 
operating at additional frequency bands can be further engineered 
(fig. S23). The experimental results of the antenna before and after 
thermal shrinking (Fig. 4F and fig. S24) confirm its practical feasi-
bility. Moreover, the antenna retains stable performance under vari-
ous bending radii from 34.4 to 11.5 cm. (Fig.  4, G and H, and 
fig. S25), which can be attributed to the symmetrical structure of the 
fractal dipole and the excellent electromechanical robustness of the 
SLM upon bending (fig. S26).

The impact of environmental temperature fluctuations and more 
importantly from the heating during the transformation on the an-
tenna performance needs to be further examined. As the temperature 
increases from 25° to 50°C, the antenna remains almost unchanged 
performance and overall functionality (Fig.  4I), with only a slight 
degradation in S11 at elevated temperatures (fig.  S27). When ther-
mally shrunk onto common household objects, the antennas contin-
ue to exhibit reliable performance (Fig. 4, J and K, and fig. S28). In 
this context, the shrinkable antenna, together with compatible sensor 
modules, can be deployed as a plug-in solution to equip conventional 
daily objects with intelligent wireless capabilities, demonstrating high 
potential for smart home and IoT applications.

3D shrinking smart ring
The applicability of the reported method also goes beyond the con-
ductive traces to integrated circuits and devices for wearable elec-
tronics and HMIs. For instance, the commercial off-the-shelf 
components, such as a miniaturized accelerometer along with the 
corresponding signal acquisition circuit (figs. S29 and S30), can be 
thermally shrunk into a 3D ring form to capture gesture-induced 
triaxial acceleration signals (fig.  S31). The captured signals are 
transmitted via a microcontroller unit to a host computer (or cloud) 
and subsequently classified using a 1D convolutional neural net-
work (1D-CNN) for gesture-based HMI (Fig. 5A). The oxide layer 
on the LM surface from thermal shrinking can impede electrical 
contact with the electronic components (64,  65). To address this 
challenge, immersing the electronic components in hydrochloric 
acid before integration can help remove the surface oxides from the 
LM traces to ensure a stable electrical connection (fig. S32).

With five human subjects performing six distinct gestures 200 times 
each, a sizable dataset is constructed for model training and validation. 
Over 88 training epochs, the network is iteratively optimized, leading 

1

r
=

− 6αΔT

t

[

4+2m2−2m+
m3n

1−m
+

(1−m)3

mn

]
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Fig. 4. Simulated and measured radiofrequency (RF) characteristics of the 3D shrinking antenna. Simulated (A) reflection coefficients (S11), (B) input impedance, 
(C) current distribution at the corresponding resonant frequencies, (D) 3D radiation patterns, and (E) E-plane radiation patterns of the antenna before and after shrinkage. 
Measured reflection coefficients of the 3D shrinking antenna (F) before and after shrinkage and (G) under different bending radii (i.e., ∞, 34.4, 17.2, and 11.5 cm), with a 
zoomed-in view of the resonant frequency and (H) corresponding photograph of the bent antenna. (I) Reflection coefficients measured at different temperatures (i.e., 25°, 
30°, 35°, 40°, 45°, and 50°C), with a zoomed-in view of the resonant frequency. (J) Reflection coefficients of the 3D shrinking antenna conformed to different objects (i.e., 
chair, lamp, bottle, drone, and handle) with (K) corresponding photograph of a bottle-mounted antenna.
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Fig. 5. 3D shrinking smart ring as HMI for gesture recognition. (A) Schematic flow diagram of the machine learning algorithm for training and classifying different 
gestures. (B) Loss and (C) accuracy rates of the training (blue) and validation (pink) sets over 88 iterations per epochs of the training process. (D) Confusion matrix of ges-
ture recognition after 88 iterations. t-SNE visualization of gesture feature distribution (E) before training and (F) after 88 training epochs. (G) Average gesture recognition 
accuracy on data from three new human subjects using the trained model. (H) Photographs of the 3D shrinking smart ring worn on an index finger. (I) Gesture-based 
control of a character in a virtual environment, with corresponding three-axis acceleration signals shown at the bottom.
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to progressive reduction in both training and validation losses and a 
corresponding improvement in classification accuracy (Fig. 5, B and 
C). Ultimately, the trained model achieves an overall classification ac-
curacy of 97.77%, as illustrated by the confusion matrix (Fig. 5D). The 
average accuracy of 97.52% from 10 consecutive runs using the same 
code and dataset (table S3) demonstrates the robustness and high reli-
ability for gesture recognition tasks.

Before neural network training, the data exhibit no discernible 
pattern in the t-distributed stochastic neighbor embedding (t-
SNE) projection space (Fig. 5E). However, after 88 training epochs, 
the clear separations between feature clusters, corresponding to 
different gestures in the t-SNE visualization (Fig. 5F), confirm the 
successful feature extraction and discrimination. The model also 
demonstrates good generalization capability in gesture recognition 
when tested on data from three new human subjects. Despite the 
inherent interindividual variability in gesture performance, the 
model maintains a high classification accuracy with an average of 
92.88% on data from three new human subjects (Fig. 5G), indicat-
ing its adaptability to user differences.

To further validate the real-world applicability of this gesture 
recognition system, a custom-built Python-based interface allows 
for mapping of the classified gesture data to control commands in a 
computer game environment. This enables intuitive HMI through 
gesture-based control functions, including directional movement 
(i.e., left, right, forward, and backward) and perspective zooming in 
and out (movie S4). The 3D acceleration signals from the 3D shrink-
ing smart ring worn on the index finger (Fig. 5H) generated by dif-
ferent gestures exhibit distinctive signal characteristics (Fig. 5I and 
movie S5), supporting the high recognition accuracy of the 1D-
CNN model.

DISCUSSION
In summary, this study presents a low-cost, efficient, and shape-
controllable method to fabricate freestanding and shape-conforming 
3D shrinking electronics onto freeform curvilinear surfaces. By pat-
terning SLM on PPS and initiating thermal shrinkage via controlled 
heating, planar circuit layouts can be transformed into predefined 
3D electronic architectures. This method is broadly applicable to the 
development of emerging class of 3D conformal antennas, enabling 
stable adhesion to target surfaces while preserving excellent RF per-
formance. It offers advantages in smart IoT systems, including high 
integration density, geometric design flexibility, and simplified fab-
rication (66–79). Furthermore, the reported method also supports 
the creation of intelligent wearable 3D devices and HMIs, such as 
the 3D shrinking smart ring for gesture recognition and gaming 
in the virtual environment. In addition to single-layered circuit lay-
outs, a double-layered design can be realized by laser cutting vias 
in the PPS sheet before shrinkage, followed by filling the via re-
gions with LM after shrinkage to enable interconnection be-
tween the upper and lower circuit layers (fig. S33). Packaging can 
be achieved via thermoplastic encapsulation using shrinkable thin 
films such as thermoplastic polyurethane (fig. S34). Combined with 
the recent developments of augmented reality and virtual reality 
technologies, the reported manufacturing route along with the cor-
responding design toolbox can open up opportunities for next-
generation smart shape-adaptive electronics for use in both real and 
virtual environments.

MATERIALS AND METHODS
Preparation of SLM
Gallium (99.99%) and indium (99.995%) were purchased from Lu-
citeria, USA. SDBS was obtained from Sigma-Aldrich (Merck), 
France. Anhydrous ethanol (200 proof, ≥99.5%) was provided by 
Koptec (Decon Labs Inc., USA). As a typical example for preparing 
10 g of SLM, Ga (7.5 g) and In (2.5 g) were mixed at a mass ratio of 
75:25 in 20-ml disposable glass scintillation vials followed by thor-
ough stirring. The mixture was heated in an oven at 70°C for 15 min 
to obtain the LM. Subsequently, 5 ml of anhydrous ethanol and 30 μl 
of hydrochloric acid (36.5 to 38%, Sigma-Aldrich, HX0603-3) were 
added, followed by sonication in an ice bath using a probe-type ul-
trasonic processor (Fangxu Scientific, 16NE2202) at 20 kHz and 
30% amplitude in pulse mode (2-s ON/4-s OFF) for 3 min.

Separately, 0.2 g of SDBS was dissolved in 2 ml of deionized wa-
ter using a bath-type ultrasonic cleaner (DK SONIC, DK-300PF) at 
33 kHz and 120 W for 30 min. The resulting SDBS solution was 
added to the presonicated LM and subjected to a second round of 
sonication under the same conditions. The resulting suspension was 
transferred to a fume hood and dried at 80°C for 24 hours to 
yield SLM.

Characterizations and measurements
The conductivity of SLMs with varying compositions was evaluated 
using a standard four-point probe method. Contact angle measure-
ments were conducted using a drop shape analyzer (KRÜSS, DSA30) 
inside a glovebox (Vigor, Ar atmosphere). Adhesion force between 
the LM and substrate was measured using a force gauge (MARK-10, 
M5-025). The structural, morphological, and compositional charac-
terizations were carried out using field-emission SEM equipped 
with EDS (FE-SEM, Thermo Fisher Scientific, Apreo S).

Tensile and cyclic stretching tests were performed with GaIn, 
bGaIn, and SLM samples patterned on the VHB tape. The samples 
were subjected to uniaxial stretching using a universal testing ma-
chine (Jingkong, XLD-250E) at a strain rate of 150 mm min−1, with 
the electrical resistance under strain recorded using an LCR meter 
(Hioki, IM3536-01). XRD patterns were obtained using an x-ray 
diffractometer (Malvern PANalytical, Empyrean Series 4). Raman 
spectra were recorded using a Raman spectrometer (HORIBA, 
LabRAM HR Evolution). Particle size distribution was measured by 
dynamic light scattering (Malvern, Zetasizer Nano ZS).

The width of the SLM traces was characterized by using an opti-
cal microscope (AmScope, FMA050). The 3D optical images of SLM 
trace were captured using a 3D digital microscope (Keyence, VHX-
X1). All digital images were captured with a digital camera (Nikon, 
D7500). At least four samples were tested under each condition to 
ensure statistical reliability.

Design and fabrication of 3D shrinking electronics
To enable the fabrication of 3D circuits via localized NIR light ab-
sorption–induced folding, black ink patterns were initially designed 
using AutoCAD (2025) and printed onto PPS sheets (Cridoz, 
Shrinky Art Sheets) using a desktop laser printer (Brother, HL-
L2380DW). For the fabrication of the 3D shrinkable ring, actual-
size ring circuit pattern was designed in AutoCAD, scaled up by a 
factor of 2.5, and exported as DXF files for laser processing. A CO₂ 
laser machine (Universal Laser Systems, VLS2.3) was used to cut the 
polyimide (PI) tape (MEBMIK, MB-YCJ-0216-XJ4X20) uniformly 
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adhered to the smooth side of the PPS using 10% power and 15% 
speed settings. The excessive PI regions were peeled off using twee-
zers, with the exposed surface cleaned with ethanol-soaked cotton 
swabs, yielding the PI shadow mask with designed patterns.

Surface activation was performed using a plasma cleaner (Har-
rick Plasma, PDC-001-HP, air atmosphere) under medium intensity 
for 2 min to introduce hydrophilic functional groups. The SLM ink 
was applied to the patterned area using a blade and spread evenly 
using a soft paintbrush. Removing the PI shadow mask yielded the 
ring circuit before shrinkage, which was then heated in a furnace 
(Thermo Fisher Scientific, FB1315M) at 160°C for 10 min to induce 
shrinkage and form the miniaturized 3D ring circuit.

For electrical component integration, the soldering pads of the 
accelerometer module (ADXL345) and SMD resistors were first im-
mersed in hydrochloric acid (36.5 to 38%, Sigma-Aldrich, HX0603-
3) to remove surface oxides from the LM traces, ensuring electrical 
contact. After positioning the components onto the shrunk ring cir-
cuit, rapid local heating using a heat gun (Mypovos, 8588D) trans-
formed the circuit onto the target 3D surface. The fabrication process 
for 3D conformal antennas was similar to that of the 3D ring, except 
without the integration of active components.

Simulation
Finite element analysis was conducted in Abaqus CAE (2022) to 
simulate the mechanical behavior and shrinkage of the PPS. Electro-
magnetic simulations of the antenna, including reflection coefficient 
(S11), input impedance, current distribution, 3D radiation patterns, 
and E-/H-plane radiation patterns, were performed using the An-
tenna Designer toolbox in MATLAB (R2024a).

Application of the 3D shrinking electronics
Reflection coefficients of 3D conformal antennas were measured using 
a handheld vector network analyzer (SYSJOINT, NanoVNA-F V3), 
with the antenna bending angles controlled by the translation applied 
by a linear translation stage. The circuit layout of the 3D ring was 
designed using Altium Designer (24.0.1). The 1D-CNN model, t-SNE 
visualization, and game character control interface were all imple-
mented in Python (3.11.9) within the Visual Studio Code environment.

Experiments on human subjects
All human subject studies were approved by The Pennsylvania State 
University (protocol number STUDY00020880), and informed con-
sent was obtained from all volunteers.

Supplementary Materials
The PDF file includes:
Figs. S1 to S34
Tables S1 to S3
Legends for movies S1 to S5

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S5
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