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A P P L I E D  S C I E N C E S  A N D  E N G I N E E R I N G

Phase-change metal ink with pH-controlled chemical 
sintering for versatile and scalable fabrication of 
variable stiffness electronics
Simok Lee1†, Gun-Hee Lee2,3†, Inho Kang1, Woojin Jeon2, Semin Kim4, Yejin Ahn1,  
Choong Yeon Kim1,5, Do A Kwon6,7, Michael D. Dickey8, Steve Park9,10*,  
Seongjun Park2,11,12,13,14*, Jae-Woong Jeong1,4,10,15*

Variable stiffness electronics represent the forefront of adaptive technology, integrating rigid and soft electronics 
in a single system through dynamic mechanical modulation. While gallium’s high modulus tuning ratio and rapid 
phase transitions make it ideal for transformative electronic systems (TES), its liquid-state instability, high surface 
tension, and unintended phase transitions during processing pose substantial challenges. Here, we introduce 
STiffness-Adjustable temperature-Responsive ink (STAR ink), a chemically sinterable gallium composite electronic 
ink designed to overcome these obstacles. STAR ink enables high-resolution (~50 micrometers) circuit patterning, 
large-scale batch fabrication, and three-dimensional structure coating at room temperature. Through pH-controlled 
chemical sintering, STAR ink–based TES exhibits exceptional mechanical tunability (tuning ratio: 1465) and electri-
cal conductivity (2.27 × 106 siemens per meter). Demonstrated applications—from multilayered variable stiffness 
printed circuit boards (PCBs) matching standard PCBs’ complexity to body-temperature responsive neural probe—
underscore STAR ink’s potential for reconfigurable electronics across consumer electronics and biomedical devices.

INTRODUCTION
The evolution of modern electronics is driven by advancements in ma-
terials, which determine the function and structure of devices. For ex-
ample, the advent of high-performance semiconductors and the use 
of high-conductivity metals have marked a pivotal breakthrough, en-
abling high-performance integrated electronics (1–4). However, the 
inherent rigidity of these materials limits their use in applications 
requiring flexibility and stretchability, such as conforming to human 
body contours or adapting to various three-dimensional (3D) struc-
tures. To address this, researchers have explored a new class of materials—
soft electronic materials (5–12). These materials combine elastomers 
with nano- and microscale conductive materials (5, 6, 13), fostering 

the development of flexible and stretchable electronics that introduce 
unprecedented form factors. Consequently, rigid electronics thrive in 
applications that require stable solid interfaces, such as smartphones 
and laptops, while flexible and stretchable technologies excel in wear-
able and implantable devices that adapt to body movements (14, 15). 
Despite their differences, modern electronics all share a common trait: 
meticulous design to optimize specific purposes, which has been the 
guiding principle in the development of advanced electronics.

As technology advances and user demands evolve, however, the 
need for electronic devices that can serve multiple functions across 
various scenarios has become increasingly apparent (16–19). While 
both rigid and flexible/stretchable electronics excel in their designated 
roles, their fixed form factors limit adaptability and broader utility, 
often necessitating the development and use of multiple specialized 
devices (20–22). Recently, efforts have aimed to frontier in electronics 
by developing devices that can dynamically alter their shape and me-
chanical properties to adapt to desired applications. These electronics, 
referred to as transformative electronic systems (TES), enable a single 
device to serve multiple purposes across various applications through 
a seamless transition between rigid and adaptive soft forms (23–34).

The key to developing TES lies in selecting materials with excellent 
stiffness-tuning capabilities. Various stimuli-responsive materials, 
including hydrogel (35–37), magneto-/electroresponsive polymers 
(38, 39), and shape memory polymers (40–42), have been actively ex-
plored for the purpose. However, these materials face performance 
limitations due to low modulus tuning ratio (42, 43) and low power 
efficiency (44, 45). In addition, because these materials are not inher-
ently conductive, they cannot form electronics by themselves, need-
ing the integration of a separate circuit layer to enable electronics 
functionality within a stiffness-tunable framework (37, 40, 42, 43). 
This multilayer structure not only complicates the fabrication process 
of TES but also results in bulky end products.

Gallium emerges as a promising candidate for applications in-
volving biological interfacing due to its combination of properties. 
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Its elastic modulus tuning property (E ~ 0 Pa at its liquid state and 
E ~ 9.8 GPa in its solid state) allows for marked mechanical transfor-
mation. This capability is enhanced by its phase transition occurring 
near body temperature (above 30°C) (34, 46, 47), a distinctive fea-
ture among low–melting-point metals (30, 48, 49). In addition, gal-
lium’s high electrical conductivity (3.4 × 106 S m−1) (50) makes it 
suitable for creating dual-functional transformative circuits that in-
tegrate electrical and mechanical functionalities, eliminating the 
need for a separate mechanically tunable framework, thereby facili-
tating the development of compact, high-performance TES. Despite 
these attractive characteristics, gallium has critical drawbacks, such 
as fluidic instability, high surface tension (51), and unwanted phase 
transitions during processing, which inhibit high-resolution pat-
terning and robust integration with integrated circuit chips and 
surface-mounted devices (SMDs). These issues have limited galli-
um’s full potential and restricted its use to mechanical frameworks 
within TES (31, 33, 34). Recent research has partially addressed one 
of these challenges—the high surface tension issue—by mixing liq-
uid metal with copper (28). The modified rheology of this ink allows 
patterning the circuit; however, this ink can cause nozzle clogging 
during direct ink writing (DIW) due to unwanted solidification at 
room temperature. To prevent this, the ink must be maintained 
above gallium’s melting temperature (29.8°C), which complicates 
fabrication under ambient conditions. In addition, the gradual for-
mation of copper-gallium intermetallic phases (CuGa2) over time 
can degrade the ink’s mechanical tunability (52). Furthermore, the 
current process is limited to nozzle-based printing, restricting its 
broader applicability across diverse fabrication techniques.

In this study, we introduce a room temperature processable, 
gallium-based STiffness-Adjustable temperature-Responsive elec-
tronic ink (STAR ink) that overcomes ongoing limitations of pris-
tine gallium and the previous gallium-copper composite ink (28) in 
facile manufacturing of intricate TES (Fig. 1A and table S1). STAR 
ink is produced by dispersing micro-sized gallium particles within a 
hydrophilic polyurethane (HPU) template dissolved in dimethyl 
sulfoxide (DMSO). The initial neutral pH (7) of DMSO ensures the 
formation of well-dispersed, homogeneous ink with optimized rhe-
ological properties (e.g., high viscosity and low surface tension), en-
abling high-resolution printing. Upon heating, DMSO decomposes 
and creates acidic conditions (pH 5.5), which sinters the dispersed 
gallium particles and interconnects them within the HPU matrix. 
This pH-controlled chemical sintering represents a key solution that 
uniquely addresses gallium’s limitations. By separating dispersion 
and sintering stages through pH control, we achieve optimal rheol-
ogy for printing under neutral conditions and then create conduc-
tive pathways through oxide removal under acidic conditions. This 
prevents unwanted solidification during processing while enabling 
stable gallium particle interconnection postprinting, a capability not 
achieved in previous gallium-based systems. These factors collec-
tively enable high-resolution (~50 μm) and multilayer printing with 
excellent process stability, establishing transformative electronic cir-
cuits with complexity comparable to standard printed circuit boards 
(PCBs). STAR ink facilitates large-scale and batch fabrication of 
TES, customized circuit patterning, and coating on complex 3D 
structures, all of which are achievable through a room temperature 
solution process compatible with various fabrication methods such 
as screen printing (53, 54) and dip coating (55). TES fabricated with 
STAR ink, referred to as “STAR TES,” exhibits high electrical con-
ductivity (2.27 × 106 S m−1), high stiffness tunability (bending 

stiffness tuning ratio of ~1500 for a 600-μm-thick device), and rapid 
bidirectional rigid-soft mode conversion.

On the basis of these features, we demonstrate multifunctional 
STAR TES for wearable and implantable applications, showcasing 
unprecedented mechanical and electrical properties. One applica-
tion is a multilayered high-density transformative PCB (T-PCB) 
with ~50-μm linewidth, capable of converting between rigid porta-
ble electronics and flexible wearable health care devices. Another 
application showcases an injectable multifunctional neural probe 
that softens upon brain insertion, offering easy handling and im-
plantation during surgery in rigid mode and high biomechanical 
compatibility with brain tissue in soft mode postimplantation. These 
applications underscore the practical utility and high versatility of 
STAR ink across various fields and highlight its potential to drive 
the development of advanced, adaptive electronic systems, propel-
ling the field of transformative electronics forward.

RESULTS
Overview of chemically sintered STAR ink and its versatile 
solution process for TES
The key advantage of STAR ink lies in its ability to enable high-
resolution, stable printing in the solution state, followed by a post–
chemical sintering process that brings in electrical conductivity and 
phase transition capabilities to the resulting TES. STAR ink, com-
posed of micro-sized gallium particles (~8 μm) dispersed within an 
HPU-DMSO solution, effectively overcomes the inherent high sur-
face tension and fluidic instability of bare gallium (fig. S1). By en-
hancing wettability and preventing unwanted phase transitions 
during printing, STAR ink enables high-resolution patterning (min-
imum feature size: 50 μm) and improves process stability. Upon cur-
ing, the gallium particles chemically sinter within the HPU template, 
forming a conductive network that guarantees both electrical con-
ductivity and phase transition capabilities in a TES. Figure 1B dem-
onstrates that STAR ink enables reliable high-resolution, large-area 
patterning of TES and its 193-fold change in Young’s modulus be-
tween its soft and rigid modes (soft mode: 552.3 kPa and rigid mode: 
106.7 MPa).

Figure 1 (C to F) illustrates the fundamental characteristics of 
STAR ink, highlighting its high-resolution patternability with mul-
tilayer integration, large-scale and batch fabrication, conforming 
coating on complex 3D structures, and high electrical conductivity 
in both soft and rigid modes. The high-resolution and multilayered 
patternability of STAR ink enables intricate and sophisticated TES 
designs (Fig. 1C), comparable to the complexity of standard PCBs. 
This is achieved through the solution-state STAR ink’s compatibility 
with various printing and coating methods. Techniques such as 
screen printing facilitate customizable patterning over large areas 
and mass fabrication of TES (Fig. 1D and fig. S2), while dip coating 
supports conformal coating on complex 3D structures (Fig. 1E). The 
fabricated STAR TES exhibits stable and high electrical conductivity 
in both soft and rigid modes, along with excellent mechanical tun-
ability (Fig. 1F). This feature eliminates the need for a separate 
stiffness-tuning platform required by previous transformative de-
vices (30, 34), thereby simplifying TES design and fabrication.

Overall, the development of STAR ink and its solution process 
addresses the limitations of pristine gallium, making a notable ad-
vancement in TES manufacturing. This innovative approach enables the 
fabrication of highly adaptive, multifunctional devices with exceptional 
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Fig. 1. STAR electronic ink for versatile fabrication of TES via a solution process at room temperature. (A) Schematic illustration of the room temperature solution 
process of STAR ink for fabrication of mechanically transformative electronics. (B) Photograph highlighting the large-area patternability of STAR ink for TES, demonstrating 
its mechanical convertibility between the tissue-like soft mode and the bone-like rigid mode, achieving a 193-fold difference in Young’s modulus. (C to F) Key features of 
STAR ink: (C) High-resolution patternability with multilayer integration, allowing design complexity comparable to the standard PCB, (D) batch fabrication capability, (E) 
outstanding coatability on various 3D structures, and (F) excellent electrical conductivity in both soft and rigid modes.
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stiffness tunability and high-resolution patterning capabilities com-
parable to standard photolithography.

Materials and characteristics of STAR ink
Reliable and consistent solution-state STAR ink can be achieved by 
blending HPU, DMSO, and gallium particles. Initially, HPU was 
dissolved in DMSO, and then gallium was introduced into the solu-
tion through tip sonication, dispersing the gallium particles (fig. 
S3). Our pH-controlled chemical sintering strategically manipulates 
pH conditions at different stages of the fabrication process. Initially, 
the neutral pH (7) of DMSO promotes stable dispersion of gallium 

particles. In addition, as a polar organic solvent, DMSO effectively 
dissolves HPU, enabling homogeneous mixing of the gallium parti-
cles within the polymer matrix. The viscosity of the STAR ink can be 
controlled by varying the solvent ratio (fig. S4), allowing compatibil-
ity with diverse printing and coating techniques, including DIW, 
screen printing, and dip coating. Detailed fabrication steps for ink 
preparation are outlined in Materials and Methods. The STAR ink 
formed through this process also exhibits good wettability (Fig. 2A 
and fig. S5) and room temperature processability (fig. S6), leading to 
reliable patterning, as shown in Fig. 2B (bottom). On the other 
hand, bare gallium often encounters unwanted merging and 

Fig. 2. Materials and characteristics of STAR ink. (A) Photograph of STAR ink addressing the fluidic instability inherent in bare gallium (Ga), such as its high surface ten-
sion and propensity for unwanted phase transitions during the TES fabrication process. (B) Photographs comparing the solution process of bare gallium and STAR ink. 
STAR ink shows reliable solution processing, thanks to its tunable viscosity and excellent wettability, overcoming the merging and clogging issues often encountered with 
bare gallium. RT, room temperature. (C) Schematic illustration of the sintering process of STAR ink with activated DMSO. The acidic activated DMSO reduces the oxide on 
dispersed gallium microparticles and induces their sintering. (D) pH values of pristine and activated DMSO, measured at 26.5°C. (E) Cross-sectional scanning electron 
microscopy image of STAR ink sintered with activated DMSO. (F) Optical images showing high-resolution patternability of STAR ink in comparison to bare gallium in screen 
printing. (G) Cross-sectional optical micrographs of STAR TES with different thicknesses. (H) Photographs of printed bare gallium and STAR TES in its rigid mode, demon-
strating that while bare gallium tends to merge and form voids, the STAR TES maintains a stable, uniform coating without gallium agglomeration. (I) Photographs of STAR 
ink in its soft mode. (J) Conductivity of STAR TES fabricated with activated DMSO and pristine DMSO (left). The initial conductivity of STAR TES with activated DMSO enables 
its use as an interconnect to light up a light-emitting diode (LED) (top right), while STAR TES with pristine DMSO remains nonconductive after printing (bottom right). The 
acidic decomposed DMSO plays a crucial role in sintering gallium microparticles and establishing electrical connectivity. (K) Plot illustrating the liquid-to-solid phase 
transition of STAR TES with activated DMSO (red line) and pristine DMSO (green line). The interconnected gallium microparticles with activated DMSO promote nucleation 
embryos, accelerating the phase transition, unlike dispersed particles with pristine DMSO.
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clogging issues in DIW due to its high surface tension and phase-
change behavior (Fig. 2B, top).

To achieve electrical conductivity and stiffness tunability, the 
gallium particles dispersed in STAR ink [Fig. 2C (a)] must inter-
connect within the surrounding HPU template. In this work, we 
achieved this interconnection by activating DMSO to an acidic 
pH (5.5) through its decomposition, which facilitates the in situ sin-
tering of STAR ink [Fig. 2C (b)]. During the tip sonication, DMSO 
gradually initiates decomposition, as the temperature approaches 
its boiling point (189°C), producing acidic compounds such as for-
mic acid, acetic acid, methanesulfonic acid, and sulfuric acid (fig. 
S7) (56), thereby transforming DMSO into an acidic solvent (Fig. 
2D and figs. S8 and S9). After printing the circuit with fabricated 
ink, curing at 70°C accelerates the sintering process. During solvent 
evaporation, the acidic environment removes gallium oxide at par-
ticle interfaces, inducing the sintering of gallium particles (Fig. 2E 
and fig. S10). As the DMSO fully evaporates during the curing pro-
cess, STAR ink results in the formation of a STAR TES film with the 
desired electrical conductivity and stiffness tunability. Notably, the 
timing of this chemical activation is critical—it must occur during 
ink formation (i.e., during ultrasonic-induced dispersion). Adding 
an acidic solvent initially into the ink prevents the formation of 
gallium particles and hinders the formation of the composite ink 
and film (fig. S11). To elucidate the mechanism behind this process 
and confirm that the sintering is driven by chemical reactions rather 
than high temperatures alone, we conducted comparative experi-
ments using different solvents. In addition to DMSO, we used 
N,N′-dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP) 
as alternative solvents. Crucially, inks prepared with DMF and 
NMP, which do not provide acid at high temperature, showed no 
conductivity. These findings support our hypothesis that the acid 
generated from solvent decomposition, rather than high tempera-
ture alone, is responsible for the sintering process and subsequent 
conductivity (fig. S12).

Compared to conventional sintering methods, our pH-controlled 
chemical sintering approach is particularly advantageous for our 
fabrication process because it does not require additional sintering 
processing steps after TES fabrication. Other sintering methods are 
also incompatible with our system (57). For example, our polymer 
binder undergoes thermal degradation at approximately 250°C, 
which is lower than the typical temperatures (>300°C) required for 
thermal sintering (58). In addition, widely used mechanical sinter-
ing could lead to unwanted leakage of gallium, making it unsuitable 
for multilayer integration and direct integration with electronic 
chips (59, 60).

Because of the excellent wettability and low surface tension of 
our STAR ink, reliable and high-resolution patterning (minimum 
width: 50 μm) can be realized, as shown in Fig. 2F, which facilitates 
the fabrication of electronic circuits in diverse dimensions (fig. S13). 
Furthermore, its tunable viscosity enables the fabrication of STAR 
ink interconnects of various thicknesses (Fig. 2G), crucial for opti-
mized circuit designs (e.g., antenna design considering the skin ef-
fect, resistance control, etc.) and stiffness tuning in TES. STAR TES 
exhibits substantially better mechanical stability compared to the 
fluidity-induced instability of bare gallium (Fig. 2H). This stability 
facilitates chip integration and multilayer integration of STAR ink–
based interconnects, which is impractical with bare gallium. In ad-
dition, STAR TES easily transitions to a soft mode when heated, 

showcasing its rollable, deformable, and stretchable characteristics 
(Fig. 2I).

STAR TES fabricated using activated DMSO exhibits high elec-
trical conductivity without the need for additional postprocessing 
(e.g., mechanical sintering), making it a reliable material for inter-
connects and electrodes in various electronic systems. Postprocess-
ing complicates the circuit fabrication process and can introduce 
unwanted defects, thus lowering the overall yield and manufactur-
ability. To observe the effect of DMSO decomposition on the electri-
cal properties of the fabricated device, a comparative study was 
conducted using pristine, inactivated DMSO, generated by keeping 
the solution cool in an ice bath during sonication. As shown in Fig. 
2J, the activated DMSO-based STAR TES exhibits conductivity in 
both rigid and soft states, with a higher conductivity in the rigid state 
(rigid: 2.27 × 106 S m−1 and soft: 1.78 × 106 S m−1), similar to the 
behavior observed in bare gallium (61). A higher conductivity in the 
rigid state can be attributed to the volumetric expansion of gallium 
during its transition from liquid to solid state, which establishes a 
more robust conductive pathway within the gallium interconnects. 
In contrast, the STAR TES fabricated using inactivated DMSO fails 
to sinter gallium particles (figs. S14 and S15), resulting in no electri-
cal conductivity. This fabrication method can be broadly applied to 
other liquid metals such as EGaIn (fig. S16).

Besides electrical activation, sintering is also crucial for phase 
transition–based stiffness tuning, as depicted in Fig. 2K. The liquid-
to-solid phase transition temperature of the STAR TES is influenced 
by the size of the constituent gallium particles; interconnected par-
ticles promote nucleation at higher temperature compared to dis-
persed particles. As gallium disperses into smaller particles, their 
reduced size exacerbates the supercooling effect, preventing its 
phase transition from liquid to solid state. Thus, nucleation and sub-
sequent phase transition only occur in the device with activated 
DMSO as seen in movie S1. Conversely, dispersed particles in STAR 
ink with inactivated DMSO fail to trigger nucleation, even at 10°C 
(Fig. 2K). These observations underscore the importance of acti-
vated DMSO in the solution processing of STAR ink, enabling both 
electrical conductivity and stiffness tuning.

Systematic study on thermal, mechanical, and electrical 
properties of STAR TES
To evaluate the performance of STAR TES, a comprehensive study 
of its thermo-mechano-electrical characteristics was conducted, fo-
cusing on three essential requirements: (i) large modulus tuning, (ii) 
rapid and bidirectional mode transition, and (iii) stable and high 
electrical conductivity. Figure 3A illustrates the mechanical tunabil-
ity of TES, using STAR ink interconnects integrated with a light-
emitting diode (LED) on elastic silicone tape. At room temperature 
(~25°C), the TES maintained structural integrity under a 300-g load 
in its rigid state while achieving 216% elongation under the same 
load in its softened state. This characteristic is detailed in the stress-
strain curve (Fig. 3B), which reveals substantial variations in Young’s 
modulus between the rigid and soft modes. We studied dog bone–
shaped TES printed on a stretchable silicone substrate (fig. S17), 
finding that in its softened mode, the TES demonstrated a Young’s 
modulus similar to that of the silicone substrate alone. However, 
when rigidified, the TES exhibited a 193-fold increase in elastic 
modulus (rigid mode: 106.7 MPa versus soft mode: 552.3 kPa), un-
derscoring its exceptional mechanical tunability.
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To further characterize the mechanical tunability, we evaluated the 
bending stiffness of TES samples with varying thickness in rigid and 
soft modes through measurements (Fig. 3C) and simulations (Fig. 3, 
D and E). TES samples with thicknesses of 200, 400, and 600 μm, each 
measuring 4 mm in width and 12 mm in length, were screen printed 
with STAR ink and encapsulated between 25-μm-thick polydimethyl-
siloxane (PDMS) layers on the top and bottom. Both simulated and 
experimental results demonstrated a notable increase in a stiffness 
tuning ratio with increasing thickness. For instance, 600-μm-thick 
samples exhibited a stiffness tuning ratio of 1465, with substantial dif-
ferences in bending stiffness between the rigid (1.69 × 10−4 N·m2) and 
soft (1.55  ×  10−7 N·m2) modes. This high stiffness tuning ratio of 
STAR TES highlights its adaptability and suitability for applications 
requiring substantial changes in shape and mechanical properties.

To investigate the bidirectional mode conversion characteristic, 
we thoroughly explored the phase transition dynamics of STAR TES.  

We prepared TES samples with varying STAR ink thicknesses (200, 
400, and 600 μm) via screen printing to examine the relationship 
between device thickness and phase transition kinetics. The samples 
were subjected to freezing at 0°C and thawing at 50°C. Figure 3F and 
fig. S18 illustrate the phase transition times and phase change curves 
for these samples, respectively, revealing a proportional relationship 
between the STAR ink thickness and phase transition duration. This 
relationship can be explained by heat transfer principles, specifically 
Fourier’s law of conduction (34). The phase transition time (ttransition) 
can be expressed as ttransition ∝ tencap·tSTAR ink/(Tth − Tm) where tencap is 
the thickness of the encapsulant, tSTAR ink is the thickness of the 
STAR ink layer, Tth is the thawing temperature, and Tm is the melt-
ing point of STAR TES. This equation highlights the critical role 
of STAR ink thickness in determining the speed of mode con-
version between soft and rigid states. We observed slightly ex-
tended solidification times compared to melting times due to the 

Fig. 3. Thermal, mechanical, and electrical properties of STAR ink–based TES. (A) Photographs of a transformative LED device in rigid and soft modes, powered by 
conductive STAR ink–based wires under 300-g uniaxial strain. (B) Stress-strain curve comparing the rigid and soft modes of a STAR ink–based TES testbed device 
(500-μm-thick, 2.5-mm-wide elongating part on a stretchable silicone substrate; details in fig. S11). (C) Bending stiffness of TES with different ink thicknesses (black: 
200 μm, red: 400 μm, and blue: 600 μm) in rigid and soft modes. Bar graphs and the triangle marks indicate experimental data and simulation results, respectively. (D and 
E) Finite element analysis (FEA) simulation of the bending stiffness of TES [4 mm wide, 12 mm long, and encapsulated by 25-μm-thick polydimethylsiloxane (PDMS) layers 
on top and bottom] with various ink thicknesses (200, 400, and 600 μm) in rigid (D) and soft (E) modes, respectively. (F) Phase change time for liquid-to-solid (blue) and 
solid-to-liquid (red) transition with different thicknesses of TES (n = 11). (G) I-V curve of LED connected to STAR ink interconnects in the unstrained rigid mode (black line) 
and 100% strained soft mode (red line). (H) Photographs (top) and resistance values (bottom) of resistor-integrated devices fabricated using STAR ink and bare gallium 
under uniaxial strain. R0, initial resistance. (I) Photograph of the device shown in (H), showcasing its chip integration stability in soft mode under mechanical deformation. 
(J) Resistance observation of STAR ink–based wire for 10 weeks (n = 3 samples).
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supercooling phenomenon (fig. S14C) (29, 33). Despite this, effi-
cient, well-controlled bidirectional transitions were achieved across 
all sample thicknesses. The thinnest 200-μm sample exhibited par-
ticularly swift transitions, melting in just 7 s and freezing in 28 s. This 
bidirectional transition capability, coupled with substantial modulus 
change, underscores the potential of STAR TES for applications re-
quiring mechanical adaptation.

Stable electrical conductivity and robust integration of STAR TES 
with electronic chips are crucial for practical TES implementation. 
The mechanical durability of STAR TES ensures reliable integration 
of conventional electronic components, such as an LED (Fig. 3G), 
functioning reliably in both rigid and soft states. Figure 3H demon-
strates the STAR TES’s superior performance over bare gallium in 
maintaining stable electrical connections under large uniaxial strain 
(more than 125%), with resistor-integrated devices showing consis-
tent resistance values. This stability endures complex deformations, 
such as twisting, without affecting the integrated chip in the soft 
mode (Fig. 3I and fig. S19), highlighting STAR TES’s ability to main-
tain its electrical function under extreme physical stresses. In con-
trast, the fluidity of bare gallium poses challenges for chip integration, 
leading to unstable electrical connections (fig. S20). STAR TES main-
tains stable conductance even under extreme conditions, exhibiting 
only a 2.14-ohm change in resistance at 1000% strain for a 600-μm 
sample in its soft mode (figs. S21 and S22) and enduring more than 
10,000 cycles of 100% strain with minimal resistance fluctuation (fig. 
S23). Even after rigid STAR TES fractured under 50% strain, they 
reconnect upon heating and restore their conductivity (fig. S24). Fur-
thermore, a 10-week longitudinal study confirms its sustained elec-
trical stability (Fig. 3J), while consistent electrical and mechanical 
performance measurements under 100 repeated temperature cycles 
(fig. S25) demonstrate reliable TES circuit operation during both re-
peated and extended use in both rigid and soft modes. The fabricated 
STAR ink itself maintains stable electrical and mechanical properties 
for up to 3 days, allowing for consistent TES production within a 
time frame sufficient for practical manufacturing processes (fig. S26). 
For ensuring ink batch-to-batch reproducibility, 20 STAR TES from 
20 different batches had their resistance (for electrical performance) 
and bending stiffness (for mechanical performance) evaluated in 
both rigid and soft modes, demonstrating excellent uniformity with 
minimal variation across all samples (fig. S27).

Multilayer T-PCB with design complexity of standard PCBs
The introduction of a solution-processible STAR ink offers an ap-
proach and methodology for developing T-PCB, addressing the limi-
tations of traditional integrated and multifunctional electronics with 
invariant mechanical properties. T-PCBs enhance the adaptability of 
conventional PCBs by enabling customizable stiffness for specific 
functions, thereby expanding their application range. Engineered to 
meet key features of conventional PCBs, our T-PCBs achieve minimal 
line and spacing widths of 50 μm, via hole dimensions of 50 μm, and 
the ability to incorporate multiple layers, as detailed in Fig. 4A. This 
high resolution is achieved through stencil mask patterning, where 
the high viscosity of STAR ink prevents lateral spreading, enabling 
precise 50-μm linewidths. With more precise stencil mask designs, 
even higher-resolution patterns could be achieved with our ink. A 
detailed comparison of T-PCBs with commercial rigid and flexible 
PCBs is provided in table S2. Notably, our STAR ink–based T-PCB 
achieves a reduction of 34.4 and 16.7% in line/spacing thickness com-
pared to traditional rigid and flexible PCBs, respectively.

Leveraging the distinctive mechanical properties of STAR ink, 
we have developed a STAR ink–based multilayer T-PCB for multi-
functional personal electronics. The high electrical conductivity, 
microscale printability, and mechanical stability of STAR ink facili-
tate the development of a robust, high-resolution, and multilayered 
T-PCB, comparable to the complexity of standard PCBs. Config-
ured with 30 SMDs and 12 vertical interconnect accesses with three 
circuit layers, as shown in Fig. 4B, the T-PCB adeptly serves dual 
purposes (i.e., computing and health monitoring), converting be-
tween rigid, portable and soft, wearable forms. As a single integrated 
system, the device can be used as a handheld or portable calculator 
in rigid mode or as a wearable photoplethysmography (PPG) sensor 
to monitor blood pulse rate in soft mode. Here, the functional mode 
selection between computing and health monitoring is facilitated 
by a simple button press, displaying either a calculator or heart 
rate sensing function on the organic light emitting diode (OLED) 
screen, and the device’s stiffness tuning is achieved by body tem-
perature. Figure 4C illustrates body-temperature softening of T-
PCB, highlighting the distinct advantages of each state: (i) The rigid 
state offers solid interfaces that maximize convenience of use simi-
lar to traditional electronics, whereas (ii) the soft state provides sur-
face conformability and mechanical adaptability for comfortable 
wear and intimate skin interfacing for high-fidelity physiological 
sensing. This unique transformative feature allows users to use the 
optimal form factor for desired applications. Details in the circuit 
design and software code are available in fig. S28, note S1, and Ma-
terials and Methods.

To elucidate the thermal characteristics governing T-PCB’s 
transformation, we conducted a comprehensive analysis of its phase 
transitions using an infrared (IR) camera. Figure 4D depicts the T-
PCB’s temperature response during thawing at 50°C, where the bot-
tommost circuit layer initiates a rigid-to-soft transition, taking 7.042 s 
for complete phase change, followed by the topmost layer transition, 
which takes slightly longer (8.001 s) due to the delayed heat transfer 
from the heater below. Figure 4E illustrates the freezing response at 
0°C, showing a thermal behavior similar to thawing but with an 
additional supercooling phase before gallium initiates the nucle-
ation process. In this process, the bottommost layer solidifies in 
8.960 s, while the topmost layer takes 10.562 s. Despite supercool-
ing, the transition from soft to rigid mode takes place rapidly due to 
the interconnected gallium structure, which allows nucleation em-
bryos to remain at temperatures above the melting point (33). This 
result reveals that the influence of incorporating additional circuit 
layers (trace thickness: 500 μm) on phase transition time is not sub-
stantial. Nonetheless, careful thickness control would be needed to 
optimize T-PCB’s rigidity (fig. S29) and mode conversion time, ca-
tering to meet diverse application needs.

The bidirectional conversion capability of T-PCB between rigid 
and soft modes broadens the utility of electronics, as showcased in 
Fig. 4F and movie S2. In its rigid state, T-PCB is suited to handheld 
or tabletop computing, akin to smartphones and tablets (fig. S30A), 
whereas its soft mode is ideal for wearable applications, ensuring 
comfortable and adaptable wear on various body parts due to its 
conformability (fig. S30B). In addition, its deformable nature along 
with STAR ink’s mechanical stability enables compact storage, set-
ting it apart from bulk gallium-based TES, which suffers from flu-
idic instability in soft mode (fig. S31), underscoring the high 
interfacial stability and robustness of STAR ink–based T-PCBs in 
their practical applications.
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Fig. 4. Multilayer T-PCB based on STAR ink, exhibiting design complexity comparable to standard PCBs. (A) Photograph illustrating key feature comparisons be-
tween conventional PCB and T-PCB based on STAR ink. (B) Exploded view schematic diagram (left) and photographs (right) of a multilayer T-PCB, working as a portable 
calculator in rigid mode and a wearable photoplethysmography (PPG) sensor in soft mode. BPM, beats per minute. (C) Photographs showcasing the seamless mode 
transition of the T-PCB from the rigid handheld to the soft wearable device, triggered by body temperature. The bidirectional mode convertibility provides portability and 
ease of use in rigid mode while offering deformability with conformal contact in soft mode. (D and E) Infrared (IR) images (left) and the corresponding phase transition 
plots (right) of the multilayered T-PCB during rigid-to-soft conversion (D) and soft-to-rigid conversion (E). (F) Photographs demonstrating the practical utilities of the T-PCB 
in convertible dual modes tailored for specific uses: the rigid mode for handheld calculating and the soft mode for wearable PPG sensing.
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Body-temperature softening implantable probe for 
multifunctional neural interfacing
While T-PCBs demonstrate potential for everyday electronics, the 
stiffness tunability of STAR TES extends its usage into implantable 
neural devices. Flexible and stretchable neural probes have garnered 
attention for their superior biomechanical compatibility with brain 
tissue (62–64). They not only reduce foreign body response by accom-
modating brain micromotion but also offer highly stable performance 
against external mechanical stresses in the long term (65, 66). How-
ever, their softness, while advantageous postimplantation, poses a 
critical challenge: buckling during insertion, which hinders deep 
brain penetration. Our STAR ink–based body-temperature softening 
implantable probe overcomes this limitation. Through a simple STAR 

ink coating process, extremely soft probes transform into reliable 
deep brain implants by maintaining rigidity during implantation and 
facilitating precise targeting of deep brain regions. However, upon 
reaching body temperature postinsertion, the probes transition to a 
soft state, conforming to brain tissue and minimizing micromotion 
effects. Unlike previous stimuli-responsive materials used in implant-
able or injectable devices, which serve only as mechanical frameworks 
(29, 34), STAR ink functions as both a stiffness-varying scaffold and a 
conductive electrode material, eliminating the need for separate con-
ductive components for biosensing applications. This dual functional-
ity not only resolves the implantability-tissue compatibility trade-off 
but also expands the probe’s capabilities, enabling simultaneous opto-
genetics and neural recording, as demonstrated in Fig. 5A.

Fig. 5. Body-temperature softening implantable probe enabled by STAR ink for multifunctional neural interface. (A) Schematic illustration (top) and optical im-
ages (bottom) of a body-temperature softening implantable probe created through coating of STAR ink on a polymeric optical fiber. The probe features an ethylene-vinyl 
acetate (EVA) core and poly(ethylene-ran-butylene)-block-polystyrene (SEBS) cladding for light delivery, along with a STAR ink coating layer that adjusts stiffness and 
enables electrical recording, for simultaneous optogenetic stimulation and neural recording. (B) Photograph of the softening probe in rigid (left) and soft modes (right). 
Bottom image shows a stretchable neural probe in its soft mode. (C) Buckling force of the probe in rigid and soft modes. The probe’s buckling force surpasses the force 
needed for brain penetration in rigid mode but is lower in soft mode, indicating that penetration is feasible only in the rigid mode. (D) Photograph demonstrating injec-
tion of the probe in rigid and soft modes. Only the rigid mode device can penetrate the phantom brain tissue (0.6 wt % agarose gel). (E) Photographs during insertion in 
rigid mode (left) and after insertion, converted to the soft mode by body temperature (right). (F) Representative confocal images of brain tissue slices, highlighting sub-
stantially less foreign body responses of the STAR ink probe (right) compared to the stainless steel probe (left) in the implanted brain region. Immunohistochemistry 
staining shows 4′,6-diamidino-2-phenylindole (blue) and expression of GFAP (glial fibrillary acidic protein; green) and CD68 (cluster of differentiation 68 protein; red). 
(G) In vivo recording with STAR-based probe. Evoked potentials in response to 10-Hz (top) and 100-Hz (bottom) optical stimulation (10 pulses) without (left) and with 30% 
strain of the probe (right). (H) The averaged evoked potentials measured across different probe strain levels, with each color representing a distinct level of strain (n = 100).
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For the fabrication of the probe, initially, a soft waveguide fiber was 
created using poly(ethylene-ran-butylene)-block-polystyrene (SEBS) 
and ethylene-vinyl acetate (EVA) through thermal drawing (fig. S32). 
The fiber was then dipcoated with the STAR ink with optimized viscosity 
(fig. S33) to introduce both stiffness tunability and electrical conduc-
tance. Subsequently, a thin layer of poly(3,4-ethylenedioxythiophene) 
polystyrene sulfonate (PEDOT:PSS) was applied on top to ensure the 
biocompatibility of the electrode. The resulting STAR ink–coated 
neural probe (STAR probe) exhibits excellent mechanical tunability, 
reliable light delivery (Fig. 5, B and C), and low electrical resistance 
(~0.7 ohm/cm).

The STAR probe demonstrates a marked tuning in buckling force 
between its rigid and soft modes (0.158 N in rigid mode versus 
0.0045 N in soft mode; Fig. 5C). Specifically, the strong bending force 
of the probe in the rigid mode allows facile injection into brain tissue 
phantom (0.6 wt % agarose gel), while the softened probe cannot 
penetrate it (Fig. 5D and fig. S34). The versatility of the STAR probe 
for neural interfacing is further confirmed through animal experi-
ments with mice. The STAR probe, upon reliable implantation into 
brain tissue in rigid mode, softened by body temperature, offering 
excellent tissue adaptability (Fig. 5E). The biomechanical compati-
bility of the softened probe resulted in a substantially lower immune 
response, compared to the rigid stainless steel probes, ensuring bio-
compatible, chronic neural interfacing (Fig. 5F and fig. S35).

The multifunctional capability of the STAR probe was verified 
through simultaneous optogenetics and neural recording (67). Using 
the probe, we successfully recorded optically evoked potentials from 
the hippocampus CA1 regions of Thy1:channelrhodopsin 2 (ChR2)–
yellow fluorescent protein mice (Fig. 5G). The frequency-dependent 
responses at 10 and 100 Hz further confirmed the neuronal firings in 
response to optical stimulation, considering ChR2 kinetics (68). Fur-
thermore, the STAR probe exhibited performance under mechanical 
stress, maintaining stable neural signal recording even when sub-
jected to stretching (Fig. 5H). Because of the reliability of the STAR 
probe, it maintained the peak amplitude of evoked potential up to 
40% stretching. This deformability is crucial for the stable perfor-
mance of the neural probe in the long term, in the presence of exter-
nal force or displacement. Together, these findings highlight the 
versatile processability (e.g., coating and printing) and multifaceted 
functional attributes of STAR ink, enabling it to serve as both a me-
chanical scaffold and an electrical device. Consequently, the unique 
combination of properties positions STAR ink as a promising mate-
rial for a broad spectrum of advanced bioelectronic applications.

DISCUSSION
This study presents an innovative solution to the challenges faced in 
transformative electronics constructed using bulk liquid metal. 
Low–melting-point metals, such as gallium, have been considered 
effective for TES and shape-morphing electronics. However, their 
inherent challenges, such as fluidic instability, high surface tension, 
and unwanted phase transitions, have limited their use in TES. Our 
STAR ink addresses these limitations, harnessing the full potential 
of gallium for TES applications. This solution-state ink, composed 
of micro-sized gallium particles dispersed in an HPU template, ex-
hibits optimal rheological properties that enable high-resolution 
patterning (down to 50 μm) and multilayer printing. Its room tem-
perature processing capability ensures unmatched compatibility 
with a variety of fabrication methods, including screen printing and 

dip coating, facilitating large-scale batch production and precise 
coating of complex 3D structures.

TES, fabricated with STAR ink, combines high electrical conduc-
tivity with mechanical tunability, integrating electrical and mechan-
ical functionalities into a single, cohesive unit, thus eliminating the 
need for separate stiffness-tunable frameworks. We demonstrated 
the versatility of STAR ink through two applications: a multilayered 
high-density T-PCB and a body-temperature softening implantable 
probe for multifunctional neural interfacing. The T-PCB, featuring 
~50-μm linewidth, seamlessly transitions between rigid portable 
electronics and flexible wearable health care devices, while the neu-
ral probe offers both easy surgical handling and postimplantation 
tissue adaptability. By bridging the gap between soft and rigid elec-
tronics, our ink opens pioneering avenues for reconfigurable elec-
tronic systems that can dynamically respond to diverse functional 
requirements. We believe that this breakthrough has the potential to 
revolutionize wearable and implantable technologies, paving the 
way for an advanced generation of multifunctional, shape-adaptable 
electronic devices across various fields, including consumer elec-
tronics, biomedical applications, and robotics.

MATERIALS AND METHODS
Materials
Unless otherwise stated, all chemicals used in this work were used 
without further purification. Gallium was purchased from Indium 
Corporation, and hydrophilic polymer (HPU, HydroThane AL 93A) 
was obtained from ULTRUS. DMSO (D5879) was purchased from 
Sigma-Aldrich.

Fabrication of STAR ink
A solution of HPU was prepared by dissolving 7 g of HPU in 45 ml 
of DMSO at 70°C with a stirring bar for 8 hours. Subsequently, 1.2 ml 
of liquid gallium was added to 9 ml of the prepared HPU solution. 
The mixture was then tip sonicated (13-mm extender; VC-505, Sonics 
& Materials) at 40% amplitude for 5 min to ensure homogeneous 
dispersion of gallium within the solution.

Various printing and processing methods for STAR ink based 
on solution process
Using solution-processible STAR ink, several printing techniques 
can be used, including screen printing, standing film printing, and 
dip coating.
Screen printing
A mask was created using thermal release tape (T&A Co.), which 
was patterned with an ultraviolet (UV) laser cutter (MD-U 3-axis 
UV Laser Marker, Keyence). The minimum linewidth of the stencil 
mask using a UV laser cutter was 50 μm. This mask was applied to 
an elastic silicone tape substrate, followed by the screen printing of 
STAR ink using a rubber blade. The screen-printed sample was then 
cured on a hot plate at 70°C for 5 min. After curing, the thermal re-
lease tape lost its adhesiveness and was easily peeled off. The sub-
strate was further cured at 70°C to evaporate the DMSO solvent for 
10 hours, finalizing the TES formation.
Standing film printing and laser patterning
STAR ink was poured onto a PDMS-coated wafer and cured at 70°C 
for 10 hours. Following DMSO evaporation, the STAR TES was pat-
terned using a UV laser cutter (MD-U 3-axis UV Laser Marker, 
Keyence) according to a computer-aided design (CAD) (.dwg file).



Lee et al., Sci. Adv. 11, eadv4921 (2025)     30 May 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

11 of 13

Dip coating
A desired structure was immersed in STAR ink and then cured in an 
oven at 70°C for 10 hours. This dipping and curing cycle were re-
peated to achieve a thicker coating, enhancing the structural integ-
rity of the TES.

Electrical and electromechanical characterization
The resistance of STAR TES was determined using a four-point probe 
(2420 SourceMeter, Keithley). The conductivity, which is the recipro-
cal of resistivity, was calculated using the formula: ρ = R × w × t/l, 
where ρ represents the resistivity, R is resistance, w is the sample’s 
width, t is its thickness, and l is its length. The dimensions of the sam-
ple were thickness = 0.003 cm, width = 0.2 cm, and length = 0.1 cm. 
The four-point probe measurement was conducted with a 10-mA 
current range and a 2.1-V voltage limit. For measuring resistance in 
relation to stretchability and during cycle tests, a dog bone–shaped 
TES with a thickness of 200 μm on an elastic silicone tape substrate 
was used. The resistance changes in response to strain were moni-
tored in real time using an inductance (L), capacitance (C), and resis-
tance (R) (LCR) meter (4284A, HP) coupled with a force gauge 
(Mark-10, Series-5). In addition, the long-term stability and robust 
integration tests were evaluated using the LCR meter to directly mea-
sure resistance. The samples were subjected to freezing at 0°C for the 
rigid mode test and thawing at 50°C for the soft mode test.

Bending stiffness measurement
Bending stiffness of STAR TES was obtained through deflection mea-
surements under an applied force. STAR TES (dimensions: 0.4 cm 
width and 1.2 cm length; thicknesses: 200, 400, and 600 μm) was fabri-
cated via screen printing of STAR ink, encapsulated between 
25-μm-thick PDMS layers on the top and bottom. In the experimental 
setup, one end of the TES was fixed, while the other end was subjected 
to external force using a force gauge (Mark-10, Series-5). The bending 
stiffness (E·I, where E is Young’s modulus and I is area moment of in-
tertia) was calculated using the beam deflection equation E·I = FL3/3Δz, 
where F is the applied force, L is the sample length, and Δz is the mea-
sured deflection. The samples were subjected to freezing at 0°C for the 
rigid mode test and thawing at 50°C for the soft mode test.

Mechanical modeling and finite element analysis
Bending stiffness of STAR TES was simulated using finite element 
analysis (FEA) software (COMSOL Multiphysics, COMSOL Inc.). 
3D models were constructed to replicate the experimental TES 
structure, comprising interconnected gallium particles in a poly-
urethane matrix (dimensions: 0.4 cm width and 1.2 cm length; 
thicknesses: 200, 400, and 600 μm), with 25-μm-thick PDMS en-
capsulation layers on both surfaces. Simulations were conducted by 
applying downward pressures of 10 and 0.1 mN for rigid and soft 
modes, respectively. Deflection data from these simulations were 
used to calculate bending stiffness using the same equation as in the 
experimental analysis.

Phase transition observation of STAR TES
To observe the phase transitions of the STAR ink–based TES, an IR 
camera (A655sc, FLIR) was used, with data analyzed using the FLIR 
software program. For the melting process, the sample was initially 
maintained at room temperature (25°C) and then heated on a hot 
plate up to 50°C. Conversely, for the freezing process, the sample was 
cooled using a cool plate down to 0°C (CP-200TT, TE Technology).

Dual-mode circuit design and signal processing for PPG 
sensing and calculation in a T-PCB
The circuit architecture of the T-PCB, as shown in fig. S18, included 
dual functions: an electronic calculator and a PPG sensor. It incorpo-
rated a 0.96-inch (24.38-mm) OLED display (zjy026, ICBANQ) to 
visualize both numerical calculations and heart rate data derived 
from PPG signals. The calculator functionality was managed through 
a 4-by-4 push-button switch array, comprising 10 numeric (0 to 9) 
and 6 functional buttons (+, −, ×, %, =, and mode selection), con-
nected to eight inputs on an Atmega328P-AU microcontroller (Mous-
er). The PPG sensor measured blood volume changes via red light 
(632 nm) emitted from an LED (755-CSL1901VW1, Kingbright), 
regulated by a 100-ohm resistor (ERA-2ARB101X) and detected by a 
photodiode (630 nm; ALS-PT19-315C/L177/TR8, Everlight). The 
photodiode’s output current was transformed into voltage by a 
10-kilohm resistor (RC1005F103CS, Samsung Electro-Mechanics). 
The signal-to-noise ratio was enhanced by a capacitor network acting 
as a low-pass filter with a 20-Hz cutoff to attenuate high-frequency 
noise. The ac PPG signals were then amplified 1700 times using an 
inverting amplifier setup that included a 2.7-kilohm resistor (ERJ-
2GEJ272X, Panasonic), a 4.8-megohm resistor (RMCF0402FT4M75, 
Stackpole Electronics), and an operational amplifier (TSV6192IST, 
STMicroelectronics). In addition, the dc offset was stabilized at half 
the supply voltage using two 100-kilohm resistors (ERA-2AED104X, 
Panasonic). The T-PCB module processed raw signals directly 
through the microcontroller to calculate heart rate. The setup ensured 
that output from both the calculator and the PPG sensor was concur-
rently displayed on the OLED screen, facilitating immediate feedback. 
The detailed Arduino code is available in note S1.

Fabrication of STAR probe
The fabrication process started with the preparation of a macroscop-
ic “preform” with the desired structure of the microscopic fiber. This 
preform consisted of EVA as the core, surrounded by SEBS as the 
cladding. The preform was then heated and drawn at temperatures 
ranging from 150° to 170°C using a furnace and capstan within our 
tower system, a method known as the thermal drawing process 
(TDP). Through TDP, we successfully manufactured a soft wave-
guiding fiber with a cross section of 300 μm. This fiber was subse-
quently dipcoated with high-viscosity STAR ink to form an electrode. 
The fabrication was completed by annealing the coated fiber at 80°C 
in a vacuum oven for 10 hours.

In vivo experiment
All application procedures involving the mouse model were conducted 
with approval from the Institutional Animal Care and Use Committee 
(IACUC) of Korea Advanced Institute of Science and Technology 
(KAIST). The experiments used the Thy1 promoter–ChR2 transgenic 
mouse line (Thy1::ChR2 mice). The STAR probe was implanted using 
a stereotaxic frame (Digital Stereotaxic Instrument 68025, RWD 
Life Science Corp., Shenzhen, China). Extracellular electrophysiologi-
cal recordings were conducted at a filtering frequency ranging from 
300 Hz to 5000 Hz and a sampling rate of 24,414 Hz.

Experiments on human subjects
All experiments on human skin were performed under approval 
from the Institutional Review Board at KAIST (protocol number: 
KH2018-35) and received informed consent from the volunteer 
individuals.



Lee et al., Sci. Adv. 11, eadv4921 (2025)     30 May 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

12 of 13

Experiments on animal subjects
All experimental procedures involving the mouse model were ap-
proved by the IACUC at KAIST (KA2023-036).

Statistical and data analysis
The data presented in Figs. 2 (D and J), 3 (C, F, and J), and 5C repre-
sent means with SDs, with sample sizes of n = 5, 4, 5, 5, 3, and 6, 
respectively. Figure S25 reports data as means ± standard deviation 
(SD) for n  =  4 animals per implant. All data were analyzed with 
Origin (OriginPro).

Supplementary Materials
The PDF file includes:
Tables S1 and S2
Note S1
Figs. S1 to S35
Legends for movies S1 and S2

Other Supplementary Material for this manuscript includes the following:
Movies S1 and S2
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