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Supplementary Notes 

Supplementary Note 1: Details in previous works and contribution of our work 

 

Recent advancements in shape transformation technology aim to achieve a complicated and 

reconfigurable shape morphing mechanism1–7. To this end, robotic folding has long been of 

great importance for managing extensive design space while endowing many promising 

functionalities, such as structural compliance against various environments and versatilities in 

operation8–12. Folding has been demonstrated in two concepts13: origami, the art of paper 

folding, and local bending, as exemplified by foldable displays. In origami folding, the crease 

structure can achieve a large morphing range and enrich the assorted shape configurations in a 

straightforward manner, by means of a planar figure. For instance, the close-packable Li-ion 

battery14, the transformable wheel15, and the reliable soft pneumatic actuator16 were achieved 

by the Miura-ori pattern, the waterbomb pattern, and the Yoshimura pattern, respectively. 

Active and delicate control of the folding process can then be realized by part-by-part 

addressing of each hinge deformation17–28. However, predetermination in the hinge designs 

may restrict the enrichment of accessible shape configurations. A high-density arrangement of 

unit hinges and actuation parts would serve a definite solution to this challenge. In this regard, 

the overall folding process becomes a recruitment of a set of sub-hinge segments. This 

approach has been demonstrated through manual hinge actuator relocation on 4×4 

arrangements of two right isosceles triangle tiles29, or magneto-optical Kerr effect hysteresis 

loops-based repetitive and independent magnetization of composing elements30, but relies on 

in-plant hardware retreatments that restrict exterior uses. A modular assembly of the motorized 

triangular tiles serves the dynamical control of two-dimensional folding31, demonstrating shape 

reconfiguration at once, spanning multiple robotic applications. While such shape morphing 

systems can showcase a large range of morphing around the domain (able to fully fold/unfold), 

the structural compartments exhibit a limited density in hinge lines. 

Therefore, the reconfiguration of hinge itself, in terms of the location, orientation, and 

number, holds future possibilities for dynamical shape-reprogramming process, but the most 

of these are hard to be reconfigured on-the-fly. Folding by local bending32–49 constitutes a 

compelling solution, where the hinge can now be freely defined by an unbounded selection 

along the continuous domain. In terms of hinge reconfiguration, reprogramming of folds by in-

plant rectification has been presented, involving retreatment of the local crosslinking state of 

polymers that are stimuli-responsive by light36, chemicals50, and scar pattern51, or the 

refinement in the alignment direction of magnetic particles52–54. Beyond these previous 



attempts, we aim to achieve dynamic, in-situ programming of the fold, which we call as field-

programming of folds. In general, field-programmable shape-morphing systems have been 

proposed by adopting spatiotemporally addressable control methods to a distributed hardware 

design performing local elevation/drop (see Supplementary Table 1 for comparison between 

previous spatiotemporally addressable control methods). Pixelating the distributed stimuli 

injection is the most straightforward method to realize. For instance, direct addressing allows 

for the maximal degree of freedom (DOF) in control, but requires a high number of independent 

control sources55,56. In contrast, matrix addressing can provide a balance in DOF and the 

number of control sources, offering efficiency in overall control logic57. However, the difficulty 

in building hardware with dense control units restricts the enrichment of DOF. In addition, 

inefficiencies in increasing DOF exist as current shape responses of the materials are bounded 

by an unsatisfactory curvature limit. For instance, given a fixed size of the overall domain, 

further discretization does not guarantee a better number of shape outcomes with the same 

degree of shape changes, because the shape change density remains the same. Therefore, a 

networked design has been proposed as a compelling alternative. For instance, the networked 

design of hardware, driven by periphery electrodal stimulation (e.g., 4 electrical current sources 

control a 3×3 grid58, 8 electrical current sources control a 4×4 grid59, and 32 electrical current 

sources control an 8×8 grid60), allows for higher DOF in reconfigurable shapes with the same 

number of control units compared to pixelation, because the approach further accounts for the 

interdependency among the control units. 

Despite their significant advancements, no studies have yet reported achieving field-

programming of folding, and attempting to use the method for autonomous robot operations. 

To this end, we have stated four key requirements to realize folding as outlined in the 

introduction:  

(i) The hinge should be digitally reconfigurable with densely distributed stimulation 

segments, with sufficient spatial resolution and number of degrees of freedom in shape-

programming process. This is because the folding is highly narrowed deformation process. In 

addition, the degrees of freedom should be realized with a minimal number of control units, to 

achieve simplicity in hardware construction and efficiency in control sources. Therefore, we 

propose an addressing method well-suited for folding, involving an 8×8 grid electrodes and a 

centered square lattice network of actuation segments (resistors in our work). Such the design 

is thoroughly compared with the rest of the addressing schemes in theoretical aspects, as shown 

in Supplementary Fig. 1 and Supplementary Note 3. As a result, we achieved high flexibility 

in folding reconfiguration, for instance, being able to induce 29 single diagonal folding lines 



(Fig. 1c(i) and Supplementary Movie 1), or folding angles finer than principal lines 

(vertical/horizontal/diagonals) (Fig. 1c(iii) and Supplementary Movie 1). 

(ii) The shape change, curvature inducement in folding, should be continuously 

maneuverable with a sufficient range of shape change, at least ranging folding angles from -

90 ° to 90 °. To this end, we tailored the material structure to fold, by endowing inextensibility 

to preserve zero Gaussian curvature (which serves as a substantial basis for folding in theory), 

and free end in the boundary. In addition, we improved the stimuli-responsiveness compared 

to the monolithic material design (Supplementary Fig. 3), and carefully tuned the size of 

actuation segments (setting the distance between electrodes of 9 mm in this work).  

(iii) The morphing mechanism should avoid extrinsic driving principles that confine 

operations to fixed workspaces. Many field-programmable shape-morphing systems have 

demonstrated intricate shape changes, envisioning next-generation meta-surfaces, but require 

stationing. Regarding robotic deployments, we aimed to field-program the folding by an 

intrinsic driving principle for exterior uses, designed to be operated through electrical wires 

and embeddable electronics.  

(iv) The internal sensing modality is demanded to drive state to servo, accelerate, and 

robustify the shape-programming process. The regime serves as a substantial basis for reliable 

operation under unstructured environmental conditions. In line with requirement (iii), the 

sensing mechanism should also rely on the intrinsic driving principle toward autonomous 

operation outdoors. To this end, we implemented sensing modality (temperature distribution) 

of the internal control state (heat inducement), with no further complication of the hardware 

structure. 

  



Supplementary Note 2: Details on the selection of driving principle 

 

Shape-morphing mechanisms have leveraged various external stimuli, such as magnetic61–

66, electrical67–69, optical70,71, chemical 72–74, hygroscopic75–79, and fluidic80–83 mechanisms, 

offering flexibility in their selection upon environmental characteristics, dynamic 

responsiveness, geometrical scale, energy density, and distinctive functionalities84–88. From 

these respected previous attempts, a selection of the electrical driving principle for our field-

programmable robotic sheet was proceeded to adhere to our four key requirements. As noted 

in Supplementary Note 1, spatial localizability in stimulation is substantial to induce folding 

by local bending, which thereby leads chemical and hygroscopic principles unfavorable. While 

magnetic and optical principles can manage rich shape-morphing configurations, their control 

sources require fixation of material location confined to indoor workspaces, as the material 

response is highly sensitive to the direction of source injection from the exterior. Therefore, 

fluidic and electrical principles, which are intrinsically driven by direct physical connections, 

are compelling options for autonomous deployment. Realization by the fluidic principle would 

definitely assure high energy density and large deformation, but is highly challenging to recruit 

a large number of control units, 64 in our work, due to the bulkiness of each control switch 

(that is, valve for them). In contrast, electrical principles can simply rely on digital switches, 

which are highly compact and embeddable in many robotic systems. Moreover, an internal 

sensing modality can be easily implemented, by monitoring electrical properties such as 

resistance89. 

Electrical methods can be subdivided into four categories: electrothermal actuators, 

piezoelectric actuators, ion polymer metal composite (IPMC) actuators, and dielectric 

elastomer actuators (DEA)90,91. While all the approaches have shown fine curvature responses, 

we selected electrothermal actuation, owing to the high linearity and reliability in stimuli-to-

curvature relationship, toward reliable maneuvering of shape; the use of IPMC is challenged 

by the offset drift due to the evaporation of internal liquids92,93, and DEA and piezoelectric 

actuators exhibit nonlinear34,94–97, or hysteretic responses98,99, complicating reliable closed-

loop control. Among the various materials for electrothermal actuation, a bi-morph 

structure67,100,101 meets the aforementioned requirements. The bi-morph structure refers to the 

layering of two materials with different coefficients of thermal expansion (CTE), managing 

curvature change through structural deformation, rather than material characteristics. In 

contrast, liquid crystal elastomer (LCE)102,103 exhibits nonlinearity102,104,105, and shape-memory 



materials (shape-memory polymers106–108, shape-memory alloys109–111) displays hysteretic 

responses against temperature112–114.  

  



Supplementary Note 3: Details of networked resistor design 

 

As described in the manuscript, the functional basis was constructed in the 7×7 grid 

arrangement of a centered square lattice toward a high spatial resolution in accessible shape 

configuration, with electrodes placed in every corner of the lattice as 8×8 grids. In line with 

the reconfigurability of the heating pattern, the spatial uniformity in heating should be 

additionally considered. To this end, the geometry of the metal serpentine was carefully tailored 

upon the following equations. Given the area A filled with metal resistor pathway with constant 

pitch (p), width (w), and thickness (t), the resistance of the resistor is derived as 

 𝑅 = 𝜌
𝑙

𝑤𝑡
= 𝜌

𝐴
𝑝

𝑤𝑡
= 𝜌

𝐴

𝑤𝑡𝑝
 , (S1) 

   

where 𝜌 is resistivity of the metal. From the equation, we can conclude that R is linearly 

proportional to A. For the heating case involving a single vertical / horizontal line at the sheet 

(Supplementary Fig. 27), the areal geometry of the resistors, that are horizontal / vertical (hv) 

or diagonal (d), was tailored to achieve a spatially uniform heating which is equivalent to the 

electrical power density (E’ = E/A, where E is the total electrical power at each resistor). The 

related formulation governs the relationship among the geometry of the two types of the resistor, 

as   
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 𝐴ℎ𝑣 = 2𝐴𝑑  , (S3) 

   

where V is the voltage imposed to the resistor and k is 
𝜌

𝑤𝑡𝑝
. The compartment of the resistors 

was performed to meet the condition of (S3) while assuring the full occupancy of the surface, 

resulting in the design as Supplementary Fig. 2. 

  



Supplementary Note 4: Details of fabrication procedure and conditions 

 

On the 4” Silicon (Si) wafer (Supplementary Fig. 6a), Polyimide (PI) varnish (PI-1388; 

Vtec, USA) was spin coated (2000 rpm, 30s), soft baked (150 ⁰C, 1 min) and imidized (260 °C, 

1 hr) to form the PI layer for substrate (Supplementary Fig. 6b). On the substrate PI layer, 

serpentine-shaped networked resistor was patterned by conventional lithography process 

(MDA-400M-6; MIDAS System, South Korea), following to the design in Supplementary 

Note 3 (Supplementary Fig. 7a). For lithography, photoresist (PR) (AZ5214E; MicroChemicals 

GmbH, Germany) was spin coated (2000 rpm, 30s), soft baked (112.5 °C, 1 min), exposed (~40 

mJ/cm2), post-exposure baked (122.5 °C, 2 min), flood exposed (~500 mJ/cm2), and developed 

(1 min) with compatible developer (AZ300MIF; Merck, Germany), to achieve the negative 

tone of pattern via reversal bake process of the AZ5214E. Sequentially, Chrome (Cr) and 

Nickel (Ni) was deposited by E-beam deposition (DKEB-02-04; Daeki Hi-tech, South Korea), 

with thickness of 3 nm and 150 nm, respectively, and with deposition speed of 5 Å/s for both 

materials. After deposition, pattern was lift-offed by Acetone (Supplementary Fig. 6c). Onto 

the Cr/Ni networked resistor, the Cr/Al etch stop layer was additionally deposited by shadow 

mask deposition, with design of Supplementary Fig. 7b (Supplementary Fig. 6d). The overall 

networked resistor-patterned film was covered with the additional PI layer that formed by spin 

coating (3000 rpm, 30 s), soft baking (150 °C, 1 min) and imidization (260 °C, 1 hr), for 

insulation and protection of networked resistor from external environment (Supplementary Fig. 

6e). 

Toward connection of the substrate with electronics, via hole at insulating PI layer 

should be formed. Since dry etch of the PI is the most effective method for precise etching, 

hard mask of Al, with thickness of 100 nm, was patterned by lift-off process similar with 

abovementioned procedure (Supplementary Fig. 6f), following design of Supplementary Fig. 

7c. PI via hole was formed by reactive ion etching (RIE) process (SRN-300; SORONA, South 

Korea) by applying Al hard mask layer and underneath Al layer as etch stop layer. RIE was 

conducted for 25 min, with condition as follows: gas flow of 100 sccm of O2 and 20 sccm of 

CF4, plasma power of 100 W, and working pressure of 200 mTorr (Supplementary Fig. 6g). 

After PI via-hole formation, Al hard mask was selectively etched by diluted buffered oxide 

etchant (BOE) in DI (deionized) water, with volume ratio of 1:5 (Supplementary Fig. 6h). Since 

it is well known that Ni have bad wettability with solder, additional solder wetting layer 

(Cr/Cu/Au, 30 /1000 /30 [nm]) was E-beam deposited and patterned by shadow mask following 

design in Supplementary Fig. 7d (Supplementary Fig. 6i). The diameter of solder wetting layer 



was larger than via hole, and thus cover the overall via. This intended to prevent the possible 

torn of the via hole, which composed of the thinner PI layer.  

Next, SU-8 microrod was patterned by the lithography process. To form the SU-8 

microrod with designed thickness (150 µm), SU-8 50 (Kayaku advanced materials, USA) was 

selected and spin coated with speed of 2000 rpm, for 30 s. Coated SU-8 was soft baked (67.5 ℃, 

20 min / 97.5 ℃, 50 min), exposed (250 mJ/cm2) in periodic dot pattern (d = 50 µm, p = 75 

µm), post-exposure baked (97.5 ⁰C, 12 min), and developed (SU-8 developer and isopropyl 

alcohol (IPA), 5 min of developing & IPA cleaning, for 4 times). Afterward, formed SU-8 

microrod were hard-baked (200 ⁰C, 30 min) (Supplementary Fig. 6j). In sequence, cream solder 

(SAC305) was applied on the solder wetting layer by cream solder dispenser (YDL-983A; LY, 

China, 5 atm of dispensing pressure and 0.3s of dispensing time), and solder pad was formed 

by soldering them on hot plate (250 ⁰C, 2 min) (Supplementary Fig. 6k). Next, PDMS (Sylgard 

184; Dow corning, USA, 10:1 mixing ratio) was spin coated (1000 rpm, 30 s) and vacuum 

processed (10 min) to uniformly and certainly soak the PDMS in between the SU-8 microrod 

pattern (Supplementary Fig. 6l). After vacuum process, additional PDMS was spin coated 

(3000 rpm, 30 s) to control the thickness of the PDMS layer (Supplementary Fig. 6m). Coated 

PDMS was cured on hot plate, with various curing temperature depends on purpose (60 ⁰C ~ 

150 ⁰C). The SEM image of cross-sectional view for fabricated shape morphing structures can 

be found in Supplementary Fig. 8. 

Before the electrical connection, coated PDMS over via was scraped by knife, while 

underneath networked resistor layer was protected by solder pad (Supplementary Fig. 6n). Next, 

overall sheet was delaminated from Si wafer by soaked into the deionized water (DI water) 

(Supplementary Fig. 6o). Enameled ultrathin Copper (Cu) wire with diameter of 50 µm (45 

AWG), which was picked to minimize the possible physical disturbance by wire, was soldered 

onto the sheet, by cold-soldering iron with temperature of 250 ⁰C, to avoid the damage of 

fabricated sheet (Supplementary Fig. 6p). 

  



Supplementary Note 5: Comparison in specification with previous researches 

 

 This note introduces the comparative evaluation of shape-morphing performance 

among existing polymer-based electrothermal actuators, including our work. Among the 

similar ratio of coefficient of thermal expansion (CTE) between strain-inducing and strain-

limiting layers (<10), the performance was benchmarked in terms of the curvature range, time 

constant, and the material structure. The following are the detailed description on each regime. 

 

1) Curvature range (cm-1): Curvature range determines the shape-morphing 

performance, that is the difference among the maximum and minimum of curvature. 

2)  Time constant (s): Time constant represents the dynamical responsiveness of the 

shape change. In general, the value is the time takes for the system to reach a certain 

faction (usually, 63.2 %) of its steady-state value. 

3) Material structure: Many attempts exist to modulate the directionality of thermal 

expansion in the strain-inducing layer, by using composite material design. 

‘Monolithic’ stands for using the homogeneous material, ‘Unidirectional lamella 

(UL)’ orients the structural thermo-responsiveness along the single direction (e.g., 

microwall pattern), while ‘unidirectional fiber reinforced composite (UFRC)’ 

restricts the thermo-responsiveness along the out-of-plane direction so that the 

lateral thermal expansions are boosted (e.g., microrod pattern as in our work). 

Supplementary Fig. 10a displays the schematic illustration of the material structures. 

 

Supplementary Fig. 10b and Supplementary Table 2 present the result of comparison. Our 

robotic sheet presents a well-balanced performance in the curvature range and time constant. 

Notably, it is obvious that UL-based ETAs can outperform our work, as the attempts are 

intended to maximize the unidirectional bending, while our work balances the bending in two 

dimensions along the material surface.   

  



Supplementary Note 6: Distributional variance analysis 

 

 The proposed network-based control method is designed as a promising candidate for 

the conventional pixelation approaches. A comparative quantitative analysis on the 

effectiveness of the network method was performed by investigating possible variance of the 

output distribution. Given 𝑛 number of grid electrodes that are regularly distributed in a square 

domain, thereby having a square number, and k number of nonzero voltage magnitudes 

imposed to the electrodes, both methods have (2𝑘 + 1)𝑛 cases in voltage distribution, when 

accounting for the directionality in the voltage values. The number of unique power 

distributions for the point control method (𝒩𝑝𝑖𝑥𝑒𝑙) is computed as 

 𝒩𝑝𝑖𝑥𝑒𝑙(𝑛, 𝑘) = (𝑘 + 1)𝑛 . (S4) 

   

  In case of the network-based method, there exist multiple voltage configurations that result 

in an identical power distribution. As the simplest instance, any set of voltage configurations 

consisting of two discrete values can share the same power distribution with configurations in 

which those values are interchanged or uniformly shifted. The duplication can occur upto 

2(2𝑘 + 1) times, depending on the network structure and the shape of output. Therefore, there 

exists a lower bound on the distributional variance of the network control 𝒩𝑛𝑒𝑡𝑤𝑜𝑟𝑘 , which 

can be expressed using big- Ω notation as 

 𝒩𝑛𝑒𝑡𝑤𝑜𝑟𝑘(𝑛, 𝑘) = Ω {
(2𝑘 + 1)𝑛

2(2𝑘 + 1)
} = Ω {

(2𝑘 + 1)𝑛−1

2
} . (S5) 

   

We note that this approach is a conservative setting that facilitates the intuitive 

characterization by avoiding the highly complex calculation on the exact number of cases. 

Supplementary Fig. 23 depicts the result of the distribution variance according to the range of 

𝑛 and 𝑘. The network control method displays its outperformance in terms of the variability in 

configuring power distribution compared to the pixelation.  

  



Supplementary Note 7: Numerical algorithms for comparison in distributed actuation  

 

 In order to evaluate the computational performance in using Genetic algorithm for the 

inverse problem in distributed actuation, two numerical optimization methods are established 

for comparison (i) Linear pseudoinverse method displays the nonlinearity in the governing 

inverse map. Given 𝐄 ∈ ℝ𝑁 and 𝐕 ∈ ℝ𝑀 , electrical power distribution and electrodal voltage, 

respectively, with the number of resistors N and number of electrodes M, the computation 

inverts their forward relationship as 𝐕 = 𝐆+𝐄, where 𝐆 ∈ ℝ𝑁×𝑀 is the Jacobian matrix and 

(∙)+ is a pseudoinverse operator. (ii) Levenberg–Marquardt iterates the solution by damped 

gradient update, adhering to the cost function same as the one used for Genetic algorithm. The 

damping factor is set as 1e-2 until the termination determined by tolerance 1e-8. The 

discretization of voltage value is performed post-computation. 

 

  



Supplementary Note 8: RNI drive pattern 

 

A specification in RNI measurements involves not only the number of electrodes and 

their location, but also a way of selecting electrode pairs for current injection and voltage 

measurement, which refer to drive pattern, that strongly influences the overall sensing 

performance. As mentioned in Methods, the design of drive pattern serves as a substantial 

specification of RNI measurements, in terms of both the reconstruction accuracy and frame 

rate. Toward computational efficiency, the drive pattern was specifically designed by the 

following guideline. We first simplified the electrode pair selections as adjacent, due to the 

large number of electrodes. All the adjacent pair-wise current injection was leveraged to access 

entire regions of domain. Given each current injection, the electrode pair selections for voltage 

measurement was reduced by the spatial sensitivity investigation. A spatial sensitivity (δ𝐕/δ𝑅) 

presented here is defined as a ratio of voltage changes (δ𝐕) with respect to the single resistor 

change (δ𝑅 ) where the current is injected through the ends of it. The associated voltage 

measurement was proceeded with all the set of adjacent electrodal pairs. The result of 

inspection indicates that the voltage measurements sharing the electrode with the current 

injection exhibits high sensitivity (Supplementary Fig. 25a). From this observation, the drive 

pattern recruits the specific electrode pairs for voltage measurement adhering to the above 

condition (Supplementary Fig. 25b). As a result, total 1,470 voltage measurements take place 

for each RNI sensing.  

  



Supplementary Note 9: Numerical RNI reconstruction methods. 

 

 Following the number of methods in generic tomographic problems including EIT, two 

numerical approaches are established and are compared to the proposing deep-learning-based 

reconstruction: (i) One-step Gaussian Newton method (GN) is a linear inverse model that can 

be expressed as 𝛿𝐑̂ = 𝐉+𝛿𝐕 , where 𝐑̂  is the reconstructed resistance and 𝐉 =
𝜕𝐕

𝜕𝐑
∈ ℝ𝑁×𝑀  is 

Jacobian matrix. We note that 𝐉 in RNI is well-posed due to the low complexity in the resistor 

connections so that it offers an adequate robustness in matrix inversion. (ii) Since the inverse 

map is intrinsically nonlinear, iterative reconstruction (Iterative GN) is provides better accuracy, 

at the cost of slow inference speed, as 

 𝛿𝐑̂𝑖 = 𝛿𝐑̂𝑖−1 + (𝐉𝑖
𝑇𝐉𝑖 + 𝜆2diag(𝐉𝑖

𝑇𝐉𝑖))
−1

𝐉𝑖
𝑇(𝐕 − F(𝐑𝑖−1)), (S5) 

   

where 𝑖 is the iteration number, damping hyperparameter (λ) of 4e-10, and the iteration repeats 

toward the convergence with repetitive update of Jacobian matrix (𝐉𝑖) with respect to the best 

reconstructed resistance result.  

 

  



Supplementary Figures 

 

 

 

 

 

 

  

Supplementary Fig. 1. Singular value analysis of the resistor network. The result of 

singular value analysis. The inset shows the schematic illustration of the configurations in 

the networked domain (The green circle and gray square represent the electrode, and 

resistor, respectively). The singular value σ is normalized using the maximum singular value 

σ
max

. The singular values out of range drop significantly below 10
-10

. 



 

 

 

  

Supplementary Fig. 2. Description of the networked resistor. a-c, Photograph of the 

networked resistor imaged by an optical camera (a, b) and microscope (c). The actual wire 

connection is made at a large circular junction (d = 2 mm), where the small circular junction 

(d = 0.4 mm) is part of the resistive network, designed as a crossover point among resistors. 

Scale bars: 9 mm (a), 2 mm (b), 100 μm (c).  



 

 

 

  

Supplementary Fig. 3. Numerical simulation of the shape-morphing structure. a, b, 

Microscopic FEA prediction of thermomechanical deformation in a miniature cell 

(occupying area of 975 μm × 975 μm) of the microstructured structure (a) and a monolithic 

structure (b). Scale bars, 200 μm. c, d, Strain distribution (ε
xx

, ε
yy

, ε
zz

) of the microstructured 

structure (c) and a monolithic structure (d), sectioned to display internal features.  



 

 

 

  

Supplementary Fig. 4. Experimental validation of folding in a tapered specimen. a, 

Optical images (top and side views) of the tapered specimen used in the experiment. A high 

aspect ratio in the geometry (3:1 length to width) and flattening at the end ensures one-

dimensional folding. Scale bars, 5 mm. b, Curvature response to temperature T, at various 

curing temperature T
c
. Averaged value of curvature along the deformed curve, κ

avg
, is 

measured. The dashed lines indicate a linear fit (R
2 
> 0.99). The insets show photographs of 

the shape changes of the specimen, along with the traced contours (straight red line). It is 

noteworthy that the mechanical constraints and fully uniform heating amplify the fold when 

compared with the complete robotic sheet operation. c, The relationship between T
c
 and 

structural neutralization temperature T
κ=0 

. The dashed line indicates the linear fit (R
2
 > 

0.97). d, The comparison in curvature response between samples with and without microrod 

structuring. 



  

Supplementary Fig. 5. Comparison of adhesion between cases with and without SU-8 

microrods. a, Cross-sectional view of experiments. The sample was fixed by double-sided tape 

(Scotch double-sided tape 137D, 3M, USA) on the quartz wafer. A second tape (Scotch magic 

tape 810D, 3M, USA) was applied and removed to test the adhesion between the layers of the 

sample. Two conditions (without and with SU-8 layers) were tested, with three samples each. 

b, Experimental result for the sample without SU-8 microrods. Although the solder pad caused 

the PDMS layer to tear during tape detachment, all samples showed delamination of the PDMS 

from the functional basis. Scale bar, 2 cm. c, Experimental result for the sample with SU-8 

microrods. None of the samples showed PDMS delamination. Scale bar, 2 cm.  

  



 

 

 

  

Supplementary Fig. 6. Flowchart of the fabrication. The fabrication begins with the 

functional basis formation. Upper right inset images show the top-view of via hole 

patterning process (a-h). a, As-prepared silicon wafer. b, Spin coating of polyimide (PI) 

film. c, Networked resistor (Cr 3 nm/Ni 150 nm) patterning by lift-off. d, Lower etch stop 

layer (Cr/Al) patterning by shadow mask. e, Spin coating of PI film. f, Upper etch stop layer 

(Al) patterning by lift-off. g, PI etching by reactive ion etching (RIE), with etch stop layer 

of upper and lower Al layer. h, Al etch stop layer stripping by wet-etching. Onto the 

functional basis, the thermo-responsive morphing structure was formed and connected with 

externals (i-p). i, Solder wetting layer (Cr/Cu/Au) patterning by shadow mask. j, SU-8 

microrod patterning by lithography. k, Solder pad formation. l, PDMS vacuum infiltration. 

m, PDMS thickness control by spin coating. n, PDMS on via scrapping, with scrapping stop 

of solder pad. o, Sheet delamination. p, Connection to the external device by soldering.  



 

 

 

  

Supplementary Fig. 7. Drawings for the fabrication. a-d, Drawings for the networked 

resistor (a), the etch stop layer (b), the hard mask layer (c), and the solder wetting layer (d).  



 

 

 

 

  

Supplementary Fig. 8. SEM image on the shape-morphing structure. a, Cross-sectional 

view. Scale bar, 100 μm. b, Top view. Scale bar, 100 μm.  



 

 

 

  

Supplementary Fig. 9. Distributional investigation of multi-physical response from the 

whole-body scale FEA. a, Schematic illustration of the analysis region. b-d, Cross-

sectional views of the predicted temperature (b), stress (c), and strain (d) in response to 

various electrical energy levels proportional to the base energy level for mechanical 

neutralization q
0
. In b, the measurement using the IR camera (dashed lines) is in good 

agreement with the computed value. For b-d, the gray box represents the region of 

activation. 



 

 

 

  

Supplementary Fig. 10. Comparison in curvature range and response time of the 

proposed electrothermal actuator (ETA) with previously reported ETAs. a, Types of 

structures for ETA. Conventionally, monolithic and unidirectional lamella (UL) structures 

were adopted, and this study adopted the unidirectional fiber reinforced composite (UFRC) 

structure. b, Comparison graph of the proposed ETA with the previous researches. 



  

 

  

Supplementary Fig. 11. Curvature response along different specimens. a, Five 

specimens from different fabrication batches were selected and sectioned into 30 mm × 30 

mm pieces (4 × 4 electrode arrangement) for comparison. Scale bar, 1 cm. b, Comparison 

between specimens. The slopes show a standard deviation of 4.34 % from their mean value, 

and x-intercepts show a standard deviation of 2.9 % from their mean value. 



 

 

 

  

Supplementary Fig. 12. Description and evaluation of distributed actuation. a, 

Schematic illustration of the solving process for distributed actuation. Morphing basis Xi is 

decoded into the set of electrode voltage V. The resulting morphing basis can be obtained 

by forward-solving process using resistive network analysis. b-g, Performance evaluation 

of the algorithm for selected morphing basis. GA and LM refer to genetic algorithm and 

Levenberg–Marquardt algorithm, respectively. h, Visualization of the results of morphing 

basis reconstruction for the morphing basis used in g. Note that the decoded voltage set in 

the linear method remains continuous to avoid nonlinear processing of the value. 



 

 

 

  

Supplementary Fig. 13. Experimental characterizations on thermodynamics of 

electrothermal stimulation. a, Effect of time period in PWM on the transient temperature 

response. The inset shows a negligible difference in the results for periods of 12 and 16 ms. 

b, Temperature response with respect to the change in duty cycle. c, Linear relationship 

between duty cycle and steady-state temperature. The inset shows a schematic illustration 

of the duty cycle, that is the occupancy of the onset within a fixed time period. d, Time 

constant of the transient response in PWM. e, Plain transient temperature response with 

respect to invariant voltage stimulation ΔV in a ratio to maximum voltage difference ΔV
max

. 

Both heating and cooling processes are depicted with a separate temporal evolution. f, Time 

constant of the plain response shown in e. 



 

 

 

  

Supplementary Fig. 14. Description and evaluation of Resistive Network Imaging 

(RNI) method. a, Electrical simulation of the resistive network shows high accuracy of the 

measurement. The inset shows a detailed comparison of voltage values within the selected 

range. b, Experimental results of spatial uniformity in temperature measurements. 

Sensitivity of temperature estimation was investigated with respect to heating by imposing 

voltage changes on a single electrode. The inset shows a sample result of the detailed 

temperature estimation, which exhibits high linearity. c, Demonstration of generalized 

reconstruction capability, in comparison with thermal camera measurements. In the 

rightmost case, a small metal block is placed on the sheet to highlight its ability to monitor 

external disturbances. 



 

 

 

Supplementary Fig. 15. Simulation study on the RNI reconstruction performance. 

RMSE measurement of the reconstruction error, compared with the numerical approaches. 

The inset displays a sample result of reconstruction.  



 

 

 

  

Supplementary Fig. 16. Structure and control strategies of electronics. a, Circuit 

diagram for driving the robotic folding sheet, which involves high-level controllers (i) and 

an electrical circuit for actuation (ii) and sensing (iii). b, Timing diagram for sequential 

operation of actuation and sensing. 



 

  
Supplementary Fig. 17. Printed circuit board. a-b, The electronics for actuation (a) and 

sensing (b). 



 

 

 

 

  

Supplementary Fig. 18. Details in fold-programming process. a, Sequential scheduling 

of morphing basis recruitment for the remaining morphing scenario shown in Fig. 3d. b, 

Tracking of temperature trajectories and power consumption for each morphing basis 

recruitment. The left illustration displays the region of interest (ROI) used for segmental 

temperature measurements.  



 

 

 

  

Supplementary Fig. 19. Transient response analysis of the thermodynamics. a, 

Transient response of open-loop control and P control in electrothermal stimulation. The P 

gain (K
p
) accelerates temperature tracking, but an excessive increase leads to a chattering 

effect. Based on this observation, the value of K
p
 was selected as 0.4. The selected P control 

yields a shorter settling time (5 %) compared to the open-loop control, displaying 6.64 and 

44.37 s, respectively. b, Transient response with PI control. Given a fixed K
p 

(=0.4), the I 

gain (K
i
) reduces the steady-state error, but an excessive increase leads to overshoot due to 

tight saturation of the control input. Based on this observation, the value of K
i
 was selected 

as 0.009. The selected PI control exhibits a lower steady state error than the P control, 

displaying 0.22 and -1.13 °C, respectively.  



  

 

 

  

Supplementary Fig. 20. Shape-morphing design for grasping and locomotion 

applications. a, The morphing basis and RNI temperature measurements for each grasping 

poses. b, Sequential scheduling of morphing basis recruitment for each locomotive strategy. 



 

 

  

Supplementary Fig. 21. Blocked force during grasping. The blocked force was measured 

for five different grasping strategies to evaluate the pressure resistance. The results show 

that the grasping can withstand a force greater than 7 times its own weight. 



 

 

 

  

Supplementary Fig. 22. Sample demonstration of line folding scenario. Conceptually, 

the networked domain can enrich the possible horizontal single line folding, in comparison 

with the pixelated domain under same electrode configuration (8 × 8). 



 

 

 

 

 

 

  

Supplementary Fig. 23. Distributional variance analysis of the resistor network. The 

number of possible unique power distributions is theoretically computed with respect to the 

number of electrodes (n) and the number of voltage magnitudes (k). 



 

 

 

  

Supplementary Fig. 24. Drawing for the resistance-temperature detector (RTD). As in 

the design of the networked resistor, the serpentine pattern, comprised of Au (100 nm) and 

adhesive layer of Cr (3 nm), with pattern width of 100 μm and pitch of 200 μm was 

fabricated by the lift-off method. 



 

 

 

  

Supplementary Fig. 25. Spatial sensitivity analysis and resulting driving pattern design 

in RNI. a, A sample result of spatial sensitivity, with respect to the current injection through 

the selected electrode pair. b, The driving pattern obtained from the inspection of (a). 



 

 

 

 

 

  

Supplementary Fig. 26. Customized continuum manipulator for grasping application. 

a, A photograph of the continuum manipulator. b, An enlarged view of the single joint. 



 

 

 

  

Supplementary Fig. 27. Design scenario for achieving uniform heating with the 

functional bases. Areal geometry of each type of resistor (placed horizontal / vertical (hv), 

and diagonal (d)) was tuned to uniformize the electrical power density of resistors. 



Supplementary Tables 

 

Mechanisms 

Requirements 

Niu, D.  

et al.55 

Johnson, 

B. K. 

et al.56 

Wang, J.  

et al.57 

Liu, K.  

et al.58 

Ni, X.  

et al.59 

Bai, Y. 

et al.60 
This work 

Domain resolution 
4×4  

pixels 

10×10  

Pixels 

6×6 

pixels 

24  

networks 

40 

networks 

40 

networks 

308 

networks 

Electrode configuration 
4×4  

grids 

10×10  

grids 

12 

boundary 

connections 

6 

 boundary 

connections 

16 

boundary 

connections 

16 

boundary 

connections 

8×8 

grids 

Morphing scheme 
Local 

elevation 

Local 

elevation 
Bending Bending 

Local 

elevation 

Local 

elevation 

Folding / 

bending / 

rolling 

Curvature range (for 

bending, cm-1)  
- - 

Middle 

(-0.4 ~ 0.4) 

Low 

(data N/A) 
- - 

High 

(-1.4~1.3) 

Driving principle origination Extrinsic Intrinsic Intrinsic Intrinsic Extrinsic Extrinsic Intrinsic 

Sensing modality N/A Internal N/A N/A 
External 

(camera) 

External 

(camera) 
Internal 

 

 

Supplementary Table 1. Comparison between present field-programmable elements. 

  



 

Structure Curvature range (cm-1). Time constant (s) Thickness (µm) 

Monolithic115 0.074* 12* 770 

Monolithic100 0.65 25* 560* 

Monolithic116 0.187* 15* 370 

Monolithic67 2.6 20* 212.5 

Monolithic117 1.2 5* 130 

Monolithic118 2.4 1* 105 

Monolithic119 2.54 2* 15 

UL101 5* 3* 115 

UL120 1.03 6.3* 47 

UL121 7.8 2* 44 

UL122 2.5 8* 40 

UL123 1* 7* 300 

UFRC (This work) 3.9 9.454* 240 

UL: unidirectional lamella, UFRC: unidirectional fiber reinforced composite 

* Asterisked values are estimated from each of the references. Curvature range is estimated following reference124. 

 

Supplementary Table 2. Details for previously researched electrothermal actuator (ETA). 

For each case, types of structure, curvature range, time constant, and thicknesses are 

investigated.  

  



Materials PDMS SU-8 PDMS-SU-8 composite Ni125 PI 

Classification Isotropic Isotropic Transversely isotropic Isotropic Isotropic 

Young’s modulus 

(MPa) 
2.46126 4,950127 

Exx = 6.374 

Eyy = 6.374 

Ezz = 1,670 

207,000 2,550128 

Poisson ratio 0.496129 0.33130 

νxy = 0.770 

νyz = 0.0001662 

νxz = 0.0001662 

0.31 0.34131 

Shear modulus * 

(MPa) 
0.82 1,861 

Gxy = 1.637 

Gyz = 1.653 

Gxz = 1.653 

79,010 951 

Density 

(kg/m3) 
1,030132 1,190133 1,084 8,800 1,410128 

Coefficient of thermal 

expansion 

(ppm/K) 

340132 29.68134 

αxx = 349.1 

αyy = 349.1 

αzz = 29.98 

13.1 45128 

Thermal conductivity 

(W/m∙K) 
0.27132 0.17134 0.2363 60.7 0.308128 

Constant pressure specific 

heat capacity 

(J/kg∙K) 

1,615135 1,600134 1,609 460 1,090136 

*Shear modulus (G) for isotropic materials is estimated by 𝐺 =
𝐸

2(1+𝜈)
, where E is Elastic modulus and 𝜈 is Poisson ratio. 

 

Supplementary Table 3. Material parameters for the simulations. For the directionality in 

orthotropy, z direction is normal to the surface of the sheet structure.  
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