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Mechanical computing enables logic decision-making, allowing direct com-
putational integration into robotics to enhance their autonomy in complex

environments. However, current non-universal logic designs hinder reconfi-
gurability in multifunctional mechanical computing systems. Complexity-
multifunctionality trade-offs limit mechanical computing materials to single
logical operations and low computational density. Here, we address these
limitations using origami metamaterials with reconfigurable conductive net-
works, enabling high-density programmable logic via physical reorganization.
By rotating intra-gate elements to modify AND/OR-based Boolean cascades,
the design reduces gates by 46.7% compared to standard arrays, executing
arithmetic and comparison operations efficiently. Shared tree-like cascades
allow multiple functions with minimal redundant gates. The system via Rubik’s
Cube mechanics supports three-axis reconfiguration of Buffer/NOT elements,
achieving reconfigurable full-adder/subtractor and computational densities
up to 1728. Integrated robotics demonstrate autonomous right-angled and
curved path planning through reprogrammable half-adder/subtractor logic.
This framework provides a universal, scalable design-methodology for high-
density mechanical computing, with implications for robotics and embodied

intelligence.

Mechanical computing is an unconventional information processing
method based on mechanical motion or deformation for logical
operations' ™. Despite inferior speed and size versus electronic com-
puting, it offers value in niche applications: complex environments,
safety-critical systems, and energy autonomy’”’. The mechanical
computing can utilize metamaterials as a medium to abstract the unit-
cell into information bits, enabling logical operations through force
input®'°, Additionally, the mechanical computing marks a revolu-
tionary change in robotic systems. Instead of relying on a central
computing chip, the mechanical computing metamaterial is used to be
their physical bodies, integrating distributed embodied intelligent
modules for autonomous perception, decision-making, and actuation
- much like living organisms do" ™. This bio-inspired design makes

robots more flexible, reduces system-wide failures through built-in
backups, and helps them adapt to unpredictable environments'. A key
challenge now is building computation directly into structural
materials™™®, This would allow physical components to make smart
decisions with the robot’s intelligence, not just serve as passive parts.

Current research facilitates the deep integration of functional
materials and robotic systems composed of simple logic gates,
enabling the execution of unitary motions through mechanical
computation®®. For instance, Conrad et al. embedded three NOT logic
gates within a fully integrated soft robot, achieving linear locomotion
driven by pneumatic actuation’. Yan et al. configured an origami
multiplexed switch based on bistable structures and artificial muscles,
generating digital logic gates and memory units to construct an
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integrated autonomous origami robot. An AND-gate-based prey-
catching robot captures “live prey” via force closure; an OR-gate-
based self-reversing legged robot retreats upon obstacle encounter;
and an origami wheeled car, utilizing a 2-bit memory disk design,
executes corresponding motion trajectories sequentially under stored
command sequences’. Byun et al. implemented a soft machine
employing one AND gate and three OR gates to emulate the differ-
ential intensity folding response mechanisms of the Mimosa pudica
plant”. While these implementations of mechanical computing func-
tional materials confer adaptive capabilities to robots, the inherent
simplicity of their logic functions constrains advancement in both
physical domains (e.g., lightweight construction) and cognitive
domains (e.g., complex data processing). Further advances in
mechanical computation within the domains of high integration and
self-optimizing neural networks have laid a more solid foundation for
the intelligence of embodied robotic systems?*?2, Among these, Helou
et al. established Boolean-kinematic equivalences, realizing 2-bit
mechanically integrated computation (adder/subtractor/
multiplier)®°. Mei et al. developed an in-memory mechanical comput-
ing architecture supporting neuromorphic computation”. However, as
distributed computing systems, mechanical logic systems within
embodied robots are typically customized for single or a few specific
tasks’*%. Consequently, reconfigurable approaches have been intro-
duced into mechanical computing system design, aiming to achieve in-
situ adjustment of the logical functions of functional materials. For
example, the curved-beam-based reconfigurable mechanological
metamaterial proposed by Mei et al. realized the reconfiguration of
logic functions, sun as, half-adders, and latches, based on combina-
tional and sequential logic®. The reprogrammable metamaterial pro-
cessors for soft robots developed by Jiao et al. achieved functional
reconfiguration for full adders and full subtractors*. Although the
aforementioned studies enrich logical functionalities, a discrepancy
exists in the number of unit-cells required for reconfigurable logic
gates within such logic operation systems, which rely on the coupling
of unit-cell mechanical responses or the Laws of Physical Boolean
Algebra. This discrepancy necessitates an increased number of
redundant cells for achieving logic reconfigurability, resulting in
reduced computational density within the mechanical computing
architecture and increasing the complexity of embodied intelligent
robotic systems.

Based on the design principle of minimized canonical combina-
tional logic functions, different logic gates can be reconfigured using a
minimal and identical number of logic units, thereby reducing the
quantity of redundant components within the system to resolve the
aforementioned issue. Here, we propose a high-density programmable
embodied computing method using origami-inspired conductive
network reconfiguration. By leveraging the kinematics and mechanics
of reconfigurable origami switching elements, we bridge mechanical
robustness with electronic-like computational versatility, enabling
complex, adaptive decision-making in dynamic environments. A two-
dimensional (2D) reprogrammable meta-array dynamically reconfi-
gures Boolean cascades to reduce logic gate counts and execute
arithmetic, comparison operations efficiently. The proposed approach
utilizes Buffer/NOT elements as finer-grained reconfigurable unit-cells
compared to traditional logic gates in FPGAs/DPGAs. This enables
intra-gate reorganization of logic functions, thereby significantly
reducing the number of gates reserved for future reconfigurations and
increasing computational density through improved unit-cell utiliza-
tion. To further enhance mechanical computational integration and
reduce the complexity of reconfigurable control, the three-
dimensional (3D) reprogrammable logic cubes integrate Rubik’s
Cube-like reconfigurability with Buffer/NOT switching elements are
designed for realizing subtractor/adder logic computing and autono-
mous path planning in robotics. This fusion of mechanical intelligence
and electronic-like programmability in structural matter provides

insights into redefining the boundary between computation and phy-
sical embodiment, where materials no longer passively execute algo-
rithms - they become the algorithm, ushering in an era of self-
evolutionary machines capable of cognitive emergence through
embodied environmental interactions.

Results

Design concept

Field/DNA programmable gate arrays (FPGA/DPGA) are composed of
single-functional logic gates, such as AND, OR, and NOT (Fig. 1a).
Programmability is achieved by re-selecting and rewiring the logic
gates within the array. For instance, compared to array A with the same
inputs, which performs a Ill-level logic operation from logic gates 1, 4
to 2, 8 to 6, array B performs a lll-level logic operation from logic gates
1, 4 to 5, 8, to 3 by enabling logic gates 5 (OR) and 3 (AND) while
disabling logic gates 2 (AND) and 6 (OR), thus changing the output f
from ab(c+d)+e to (ab+c+d)e. This reconfigurable computation
completes 22" combinatorial logic functions when the array contains
3n-2 AND, OR, and NOT gates (Supplementary Discussion 1). To enrich
the functionality, we propose a reprogrammable gate meta-array
(Fig. 1b) constructed by reconfigurable logic gates. The reconfigurable
logic gate operating AND and OR is composed of Buffer and NOT unit-
cells, and its mutual transformation of logic functions is achieved by
relative rotation and reorganization of the two unit-cells, thus enabling
the programmability of the gate meta-array. For example, logic gate 2
transforms from AND to OR, resulting in a change of item ab(c +d) in
output f to item ab+c+d. And logic gate 6 transforms from OR to
AND, leading to another change of item (c+d)+e in output f to
item(c +d)e. As a result, ab(c+d) +e changes to (ab +c+d)e accord-
ingly. This reconfigurable computation requires only 2n-1 reconfi-
gurable AND, OR, and NOT logic gates to ensure the 22" combinatorial
logic functions.

In the 2D reprogrammable gate meta-array, reconfiguration
occurs within the logic gates. Inspired by embodied intelligence in
biological systems capable of dynamically adjusting their functional
characteristics to interact with and adapt to various complex and
changing environments™?*, a reprogrammable logic cube with space
utilization and high function density is proposed. The Buffer and NOT
switching elements are not designed to form gate arrays but are
arranged in series for AND operations and parallel for OR operations
based on sum of product Boolean functions (Fig. 1c). The origami
switching elements of the product terms are serially distributed in an
inter-layer column of the reprogrammable logic cube, with identical
inputs placed in the same layer. The outputs of the serially connected
origami switching elements are parallelly connected to complete the
sum terms. The block transformation of origami switching elements at
the corner or edge positions within layers enhances the combinational
freedom between inter-layer origami switching elements, thereby
increasing the computational power density. This high computational
power density reprogrammable logic cube can serve as a decision-
making module, forming part of an embodied autonomous robotic
system (Fig. 1d). Combined with perception and enforcement mod-
ules, the 3D reprogrammable logic cube can perceive information,
make action decisions, and execute commands to facilitate interac-
tions with the physical environment.

Buffer/NOT origami switching element and reconfigurable
logic gate

The logical operations and reconfiguration of the logic gate are
accomplished by the deformation and reorganization of intra-gate
elements. The intra-gate elements are based on the origami unit-cell
designed as a fusion of Miura-ori and waterbomb bases, possessing
pseudo single degree-of-freedom and flat-foldable deformation char-
acteristics (Fig. 2a). Details on how to design the flat-foldable patterns
can be found in the Supplementary Information of ref. 26. The origami
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Fig. 1| Design concept of 2D reprogrammable gate meta-array and 3D repro-
grammable logic cube. a Reconfiguration of traditional FPGA/DPGA through
modifications in wiring connection patterns. In array A, logic gates 1, 2, 4, 6, and 8
are connected to form a logical expression, while in array B, logic gates 1, 3, 4, 5, and
8 are connected to form a logical expression. The following equation represents the
maximum computational power density achievable by FPGA/DPGA. n represents
the number of operation inputs through I-level logic gates in the array.

b Reconfiguration of the designed 2D fixed-wiring reprogrammable gate meta-

array (our work) composed of reconfigurable logic gates. The following equation
represents its maximum computational power density. ¢ 3D reprogrammable logic
cube and its logic reconfiguration method (our work). Blue and red unit-cells
represent the basic elements, such as Buffer/NOT, as shown in (b). The following
equation indicates its maximum computational power density. Where s equals 2,
i.e., two origami switching elements. And p equals 4, that is, the number of corner/
edge blocks. d The schematic of an embodied autonomous robotic system for path
planning and three functional parts.

unit-cell with different stable height Hy.pe can present full-height
tensible, full-height compressible, and partial tensible/compressible
mechanical behaviors. The origami unit-cell with full-height compres-
sible complete-elastic mechanical behavior is used to design logic
elements due to its significant deformation from H,.x to O and
external force application. Different folding states of the origami unit-
cell are abstracted as a 1-bit mechanical input: when subjected to axial
compression, the non-flat-folded state represents input 0, and the flat-
folded state represents input 1. The origami unit-cell, combined with
copper sheets and titanium-nickel alloy wire conductive networks,
forms the origami switching element (see “Methods” section for details
about its fabrication). A truncated copper sheet enabling exclusive
electrical contact in the flat-folded state configures the origami
switching element as a Buffer logic gate (Fig. 2b), maintaining direct
signal correspondence as validated in Supplementary Movie 1. Con-
versely, an elongated copper sheet with an insulated base achieves
conductive states solely during non-flat-folded transitions, imple-
menting a NOT logic operation (Fig. 2¢) that inverts input signals.
According to integrated circuit switch theory®, 2-bit logic gates
AND and NOR, represented as mathematical product term, is viewed as
two switching elements Al and A2 in series, while 2-bit logic gates OR
and NAND, represented as mathematical sum term, is viewed as two
switching elements Al and A2 in parallel (Fig. 2d). The AND logic gate is
implemented through serial interconnection of two Buffer-type ori-
gami switching elements, while the NOR gate is achieved via analogous
serial integration of NOT-type elements. Parallel arrangement of Buffer
elements produces OR gate functionality, whereas NAND operation
emerges from equivalent NOT-element serialization. Rotary hinge-

mediated reconfiguration enables topological metamorphosis
between series and parallel architectures, permitting dynamic AND ¢
OR and NOR © NAND transformations through coordinated element
rotation.

The physical implementation of 2-bit logic gates requires two
origami switching elements to mechanically encode dual-input states
through deformation-controlled parametric modulation. The crease-
generated mechanical force follows F = Elh® /12b - Apdp/dH?®, where
E is Young’'s modulus of crease material, [, h, and b are the length,
thickness, and width of the crease, and ¢ is the dihedral angle of the
crease. In geometrically uniform switching elements, crease dimen-
sions [ and b remain constant, while A¢ maintains consistency across
unit-cell variants (Supplementary Discussion 2). The variations H in
deformation are engineered through thickness modulation under iso-£
material conditions at constant applied force. This thickness-graded
PET implementation enables binary state combinations: (0,0), (0,1),
(1,0), and (1,1) through precision—engineered unit—cell fabrication.

Under uniform loading, the displacement-force profile of series-
connected origami unit-cells exhibits a characteristic double-J mor-
phology (Fig. 2e, Supplementary Movie 2). The deformation initiates
with the red thin unit-cell undergoing progressive folding (first J-
phase) while the blue thick unit-cell remains quasi-static, representing
the input state (0,0) (states @-@). Beyond 1 N, the red unit-cell achieves
complete flat-folding, transitioning to (1,0) (states @-®), followed by
significant blue unit-cell deformation (second J-phase) culminating in
dual flat-folding at 1.8 N, establishing (1,1) (state ®). Structural stabili-
zation is achieved through a casing-integrated design (Supplementary
Fig. 7), where a convex platform on the red unit-cell’s casing realizes
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directional deformation variation. This constrained kinematics,
enabled by asymmetric compressive loading, restricts red unit-cell flat-
folding while permitting unimpeded blue unit-cell deformation,
thereby realizing the input (0,1) (state @). Parallel configurations
demonstrate independent deformation kinematics under identical
loading (Fig. 2f), with sequential thin-to-thick unit-cell folding

transitioning through (0,0) - (1,0) ~> (1,1) (states ®>®) and (0,0)~ (0,1)
(states D~>@).

The AND-OR and NAND-NOR reconfigurable logic gates are
implemented through bidirectional mechanical-electrical transduc-
tion in origami switching elements (Fig. 2g). Each logic function utilizes
dedicated conductive pathways, with element A2 incorporating dual
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Fig. 2 | Bit abstraction of the origami switching element and the construction
and testing of a reconfigurable logic gate. a O-input and 1-input of the origami
unit-cell as a logic element. b The Buffer origami switching elements and logic
function demonstrations. ¢ The NOT origami switching elements along with their
input and output demonstrations. d Construction and reconfigurable schematic of
AND, OR, NOR, and NAND logic gates based on integrated circuit switch theory. An
inverted input (7) corresponds to a NOT switching element, and an ordinary input
corresponds to a Buffer switching element. e The physical images of four
mechanical inputs and displacement-force curves of the origami unit-cell in series
under compression. f The physical images of four mechanical inputs and

displacement-force curves of the origami unit-cell in parallel. g Designed AND, OR,
NOR, and NAND reconfigurable logic gates using Buffer and NOT origami switching
elements. Conductive networks 1, 3, and 4 are used for logical operations, while
conductive networks 2 and 5 are used for indicating the folding states of the unit-
cells. i.e., the inputs. h The physical demonstration of four possible input and
output results for the designed AND-OR logic gate with the AND logic function. The
blue or red light indicates that one of the two inputs is 1, while no light indicates an
input of 0. The green light indicates that the logic gate output is 1, and no light
indicates an output of 0. i The physical demonstration of four possible input and
output results for the designed AND-OR logic gate with OR logic function.

copper-titanium-nickel alloy networks (networks 3 and 4, Supple-
mentary Fig. 8). Series AND/NOR operations activate networks 1and 4,
while parallel OR/NAND configurations engage networks 1 and 3.
Integrated indicator lights provide real-time input/output state visua-
lization. The system employs electromagnetic actuation for force
input generation and electrical signal output, enabling logic gate cas-
cading in combinatorial circuits (see “Methods” section). Electrical
inputs energize either a single set of helical coils for AND/NOR or
parallel sets of helical coils for OR/NAND, generating magnetic fields
that drive embedded N52 magnets to compress the origami elements.
Precision voltage modulation from an external power supply facilitates
automated cycling through four discrete mechanical inputs (Supple-
mentary Movies 3 and 4). Modular design supports reconfigurable
motion control and network integration. Comprehensive state map-
ping, including folding dynamics and I/O indicators for all input con-
ditions, is presented in Fig. 2h, i and Supplementary Fig. 11, with
experimental outputs demonstrating complete agreement with theo-
retical truth tables.

Reprogrammable gate meta-array

The reprogrammable gate meta-array for integrated circuit operations
is constructed through hierarchical cascading of reconfigurable logic
gates, enabled by canonical Boolean algebra and optimized network
topologies.

This architecture supports dynamic combinational logic recon-
figuration through functional metamorphosis of constituent gates
within the meta-array (Fig. 3), implemented via the following
methodology:

(1) Network Optimization: Combinational logic relationships are
first expressed in canonical sum-of-products form, followed by
Boolean minimization to reduce gate count and optimize
cascading network complexity.

(2) Reconfigurable Architecture Design: The meta-array imple-
ments Boolean operations through universal AND-OR gate
primitives, with product terms, sum terms, and inversions
mapped to AND, OR, and NOT-Wire gate configurations,
respectively (Supplementary Fig. 12). Functional reconfiguration
is achieved through AND © OR gate transformation and selec-
tive gate activation/deactivation, leveraging shared network
resources across different logic functions.

(3) Mechanical-Electrical Signal Propagation: Signal cascading is
implemented through electromechanical transduction, where
each stage’s origami switching element serves as the control
mechanism for the subsequent stage’s electromagnetic actua-
tor, enabling seamless signal transmission across the logic
hierarchy.

We showcase the reconfiguration of logic functions within a
reprogrammable gate meta-array through four combinational logic
operations: 2-bit adder, subtractor, comparator, and multiplier.
These operations are facilitated by the input-output relationships of
abcd-e, abcd-f, abcd-g, and ac-h networks, incorporating NOT-Wire
logic gates and multi-level AND-OR logic gates (I, II, II, IV) as detailed
in Supplementary Figs. 14 and 15. NOT-Wire gates 1-4 consistently
apply NOT operations to inputs a, b, ¢, and d, whereas gates 5-8

toggle inputs a and ¢ between their original and negated states. The
meta-array’s logic gates are tested using platforms that integrate
electromagnetic actuation with origami logic circuits (Supplemen-
tary Fig. 14). These circuits, though functionally distinct, interact
mechanically: the electromagnetic circuit transforms electrical sig-
nals into electromagnetic force, which the origami circuit then uti-
lizes to execute mechanical logic operations, ultimately generating
electrical outputs.

The logic operation network of the reprogrammable gate meta-
array is structured into four hierarchical control circuits (Supplemen-
tary Fig. 15c). The first level integrates a Vcc switch, an input switch,
and the actuating coils of NOT-Wire gates in series, which supply the
electromagnetic force required for NOT gates to perform logical
negation on specific input signals. The second level circuit connects a
Vcc switch, an input switch, or a Vcc switch with the origami switching
elements of NOT-Wire gates and the actuating coils of Level | AND-OR
gates, enabling the provision of electromagnetic force to drive Level |
AND-OR logic operations. The third level circuit includes a Vcc switch,
the origami switching elements of x-level (x > I) AND-OR gates, and the
actuating coils for x +1 level AND-OR gates, facilitating the control of
electromagnetic-mechanical inputs to the x+1 level based on the
results of x-level logic operations. The fourth level circuit comprises a
Vcc switch, the origami switching elements of x,,,..-level AND-OR gates,
and a collecting resistor, which collectively manage the final compu-
tational output of the meta-array. This approach leverages electro-
magnetic force generated by actuation coils to drive origami switching
elements, enabling seamless cascading between logic gates within the
reprogrammable logic meta-array.

When AND-OR logic gates 15, 21, and 27 are excluded, the repro-
grammable logic meta-array executes binary logic operations for a
2-bit adder via the abcd-e, abced-f, and abed-g input-output cascade
networks (Fig. 3a and Supplementary Movie 5). The cascade network
for the 2-bit subtractor differs from the adder only in the participation
of NOT operations on inputs to AND-OR logic gates 11, 12, 24, 25, and
26 (Fig. 3b and Supplementary Movie 6). This transformation is
achieved by reconfiguring NOT-Wire gates 5 and 7 from Wire to NOT
functions, while NOT-Wire gate 6 switches from NOT to Wire, enabling
the transition from a 2-bit adder to a 2-bit subtractor. The 2-bit com-
parator’s cascade network incorporates a subset of the abcd-e network
and the entirety of the abcd-f network (Fig. 3¢ and Supplementary
Movie 7). Logical functions of NOT-Wire gates 5, 6, and 7, along with
AND-OR gates 9, 10, 12, 16, 18, and 19, are reconfigured, while AND-OR
gates 13, 14, 20, 22, 23, and 28 are disconnected, facilitating the shift
from a 2-bit adder to a 2-bit comparator. In this configuration, only the
red origami switching element and its actuating coil in logic gate 19
remain active, transferring the output of logic gate 12 to logic gate 18 as
input. The 2-bit multiplier introduces an additional ac-h cascade net-
work alongside the existing three networks (Fig. 3d and Supplemen-
tary Movie 8). NOT-Wire gate 8 and AND-OR gates 14, 26, and 28
undergo functional conversion, while logic gates 10, 13, 22, 23, and 24
are disconnected, and logic gates 15, 21, and 27 are added, reconfi-
guring the meta-array from a 2-bit adder to a 2-bit multiplier. Logic
gates 16, 20, and 29 retain only one origami switching element and
actuating coil for signal transmission.

Nature Communications | (2025)16:10209


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64956-0

a:
b—] RpGA
c—] (apD)
d -

(AzA1)+(B2B1)=(QcQs2Qs1)

F
f=cd+ab(c+d)
Input : A;=a, A,=c, B4=b, B,=d; Output : Qc=f, Qs,=€, Qs1=g

Binary : (11)+(10)=(101) Decimal : 3+2=5

ba ° eE d
] B
o]sue | g
d “h

(A2A1)~(B2B1)=(QsQo2Qo1)
h(0)

27

f=cd+ab(c+d)
Binary : (11)~(10)=(001) ~ Decimal : 3-2=1 Input: A=a, A;=C, B4=b, B,=d;
*g(1) 1(0) ®e(0)

| g
OR.anp
28

AND.or B [ AND.or 3 | AND.or © AND.og 7 OR.anp
22 a 23 bl 24 25
]

OR.anp AND.or OR.ano AND.or J OR.ano
16 [ 17 18 19 20
ANDog @ OR.anp AND_og 3 ‘ AND o © AND.or &

10 i 11 a 12 13 dﬂ 14 T
=] j
i
]
=1
\/CC NOT N
1

OT NOT NOT NOT. Waor NOT. NOT.w
2 '3 4 5" 6 7" 8

f=cd+ab(c+d)
AA>B:B; — ef =01 AA1=B;B; — ef = 10 A;A;<B;B; — ef = 00 Binary : 11>10 Decimal:3>2
h(0) 9(0)  ef(1) ee(0)

Binary : (11)x(10)=(0110)  Decimal : 3x2=6 Input : A\=a, A;=d, Bi=c, B,=b;

(A2A1)%(B2B1)=(QpeQpsQp2Qpt)
h(0)

e9(1) THO/ e(1)
Roao OR o AND.og
=70 E 29 | [30
| AND.o® AND o ANDor @ AND.og
21 a—‘ 24" T nﬂ 426 ¢
— I
‘ 1
ANDore | ORanp ANDor | ORawo ANDox | ORuo
15 af) 16 17 18 ||| [F19 |
ANDore| || ISTNE - l ANDoral! | TR | ORaw @
9 d 10 o SRl 12 13 d 14 ©
|
= T
i

i
2 \/CC NOT NOT NOT NOT Waor NOTaw Waor Waor
i e el sl ICH| G 78

Block 8,14,26,28  logic reconfiguration

Figure 3 presents experimental results of the reprogrammable
logic meta-array for four distinct functions, with inputs A=11
(decimal 3) and B =10 (decimal 2). For the 2-bit adder, inputs a, c,and d
are set to 1, while b is 0. NOT-Wire gate 2 and AND-OR gates 22, 28,
followed by AND-OR gates 24 and 29, are sequentially activated, pro-
ducing voltage signals at outputs g and f, yielding the result 101
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(decimal 5). For the 2-bit subtractor, inputs a, ¢, and d remain 1, with b
at 0. NOT-Wire gate 2 and AND-OR gates 22 and 28 are activated in
sequence, generating a voltage signal at output g, resulting in 001
(decimal 1). For the 2-bit comparator, inputs b, ¢, and d are 1, while a is
0. NOT-Wire gate 5 and AND-OR gates 25, 26, 30, and 29 are sequen-
tially activated, producing a voltage signal at output f, indicating 01
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Fig. 3 | Construction and multitask functionality of a reprogrammable gate
meta-array based on reconfigurable AND-OR and NOT-Wire logic gates.

a Cascading network diagram of the reprogrammable gate meta-array as a 2-bit
adder, along with a demonstration of the example of 3 +2 =5 and the graph of
output electrical signal results for 16 possible inputs. The reprogrammable gate
meta-array is constructed by four inputs (a, b, ¢, d), four outputs (e, f, g, h), 8 NOT-
Wire gates (1-8), and 22 AND-OR gates (14-30). Vcc represents high potential input.
Orange-red, yellow, green, and purple regions represent abcd-e, abcd-f, abcd-g, and
ac-h cascading networks, respectively. Simplified Boolean expressions and cas-
cading network relationships are shown at the bottom. Solid lines represent AND,
dashed lines represent OR, and overlines represent NOT operations. Roman
numerals I-IV denote logical network levels. The formulas for the 2-bit adder and

corresponding input-output relations for 3 +2 in binary and decimal are also
shown. Connected paths that result in an output of 1 are highlighted in Cyan. Green-
numbered results show the inputs of NOT-Wire and AND-OR logic gate.

b Cascading network diagram of the reprogrammable gate meta-array as a 2-bit
subtractor, along with a demonstration of the example of 3 -2 =1and the graph of
output electrical signal results. ¢ Cascading network diagram of the repro-
grammable gate meta-array as a 2-bit comparator, along with a demonstration of
the example of 3 >2 and the graph of output electrical signal results. d Cascading
network diagram of the reprogrammable gate meta-array as a 2-bit comparator,
along with a demonstration of the example of 3 x 2 =6 and the graph of output
electrical signal results.

(A > B). For the 2-bit multiplier, inputs a, b, and d are 1, with cat 0. NOT-
Wire gate 3 and AND-OR gates 14, 19, 20, and 18, followed by NOT-Wire
gate 3 and AND-OR gates 21, 27, and 28, are sequentially activated,
generating voltage signals at outputs e and g, resulting in 0110 (deci-
mal 6). Comprehensive testing of all 16 possible input combinations
for the 2-bit adder, subtractor, comparator, and multiplier confirms
that the outputs align with expected decimal operations (Supple-
mentary Figs. 16-31).

The reprogrammable logic meta-array, comprising 30 NOT-Wire
and AND-OR logic gates, is capable of executing 2-bit adder, sub-
tractor, comparator, and multiplier operations at least. Our work
achieves a 20% reduction in gate count compared to a non-
reconfigurable circuit utilizing 36 AND, OR, NOT, and XOR gates.
Furthermore, when benchmarked against FPGA/DPGA architectures
requiring 44 AND, OR, and NOT gates for equivalent functionality
(including the aforementioned 2-bit operations implemented through
Il level abcd-e, lll-level abced-f, I level abcd-g, and I-level ac-h config-
urations), this work demonstrates a 46.7% reduction in logic gate
utilization.

3D reprogrammable logic cube

The reprogrammable gate meta-array, leveraging its high logic inte-
gration, is well-suited for large-scale computing applications. It enables
combinational logic function conversion by reconfiguring two Buffer
origami switching elements within the logic gates. However, the ori-
gami switching elements lack inter-gate combinability, and each logic
gate requires individual control of control nodes, resulting in a com-
plex reconfiguration process due to the absence of coordinated con-
trol mechanisms. In intelligent systems such as robotics, logic
operations are often simple but numerous, distributed, and require
parallel processing across diverse tasks. This demands higher-
dimensional integration of logic modules to conserve space while
preserving functionality, as well as simplification of control nodes in
reconfigurable logic modules. Inspired by the Rubik’s Cube, which
exhibits diverse reconfigurability through 3D block distribution and
inter-block reconfiguration enabled by just three control nodes (Sup-
plementary Fig. 32). By integrating the reconfigurable principles of the
Rubik’s Cube with Buffer/NOT origami switching elements, we develop
a reprogrammable logic cube capable of multifunctional logic com-
puting (Fig. 4). The implementation steps are as follows:

(1) 3D Distribution of Origami Switching Elements: The input-
output relationships in sum-of-product Boolean functions
consist of product terms connected by a sum term. Each input
within a product term corresponds to a switching element:
inputs not involved in a NOT operation are mapped to Buffer
origami switching elements, while those requiring inversion are
mapped to NOT origami switching elements. These origami
switching elements are distributed in a serial configuration
within each column of the reprogrammable logic cube, with
identical inputs positioned in the same layer. The outputs of the

serially connected origami switching elements are then paral-
lelly connected to implement the sum operation.

(2) Reconfigurability of the Reprogrammable Logic Cube: The ori-
gami switching elements in the designed reprogrammable logic
cube can be reconfigured through relative rotation between
layers and positional changes within layers using the Permuta-
tion of Last Layer (PLL) method. By serially connecting origami
switching elements across multiple layers, more flexible com-
binational logic computations are enabled. The reconfiguration
process is achieved through coordinated control of rotations
along the three degrees of freedom (x, y, and z).

The second-order reprogrammable logic cube enables logic
transformation by allowing two corner blocks within each layer to
exchange positions via the PLL method, while leaving other blocks
unchanged. For instance, swapping N2 and B3 in layer b and reconfi-
guring with B6 and N7 in layer a modifies the combinational logic
outcomes of the two serially connected origami switching elements
(Fig. 4a). Through multiple corner block transformations, any two
origami switching elements within layer b can be exchanged. With two
types of origami switching elements (Buffer/NOT) positioned at four
corners, and considering that these arrangements are mutually con-
vertible, the number of possible configurations is given by C3 (Sup-
plementary Discussion 3). This implies that each layer of the second-
order reprogrammable logic cube can achieve Cﬁ distinct combina-
tional logic functions.

The third-order reprogrammable logic cube enables logical
reconfiguration by repositioning origami switching elements at three
corner blocks within each layer via the Ua/Ub PLL method. For
instance, swapping N1, N3, and BS in layer b and reconfiguring with B9,
Bll, and NI13 in layer a modifies the combinational logic outputs
(Fig. 4b). Similarly, origami switching elements at three edge blocks
can be reconfigured using the Aa/Ab PLL method—e.g., exchanging N2,
N4, and B8 in layer b and reconfiguring with B10, B12, and N16 in layer a
alters the logic outcomes. Repeated corner or edge block transfor-
mations allow origami switching elements to occupy any corner or
edge positions, respectively, with no mutual interference between
corner and edge transformations. Given the placement of two types
(Buffer/NOT) of origami switching elements across four distinct corner
or edge positions, and accounting for their mutual convertibility, the
number of possible configurations is C2. Consequently, each layer of
the third-order reprogrammable logic cube can implement C3C2 dis-
tinct combinational logic functions.

As the order increases to the 4th, the reprogrammable logic cube
retains the corner block transformation mechanism of the third order.
For example, exchanging positions 1, 4, and 7 in layer b and reconfi-
guring with positions 13, 16, and 19 in layer a (Fig. 4c). In the fourth-
order cube, each edge block comprises two origami switching ele-
ments, forming four possible combinations: B-B, B-N, N-B, and N-N.
Three combined edge blocks can be reconfigured using the Aa/Ab PLL
method to achieve logical reconfiguration. For instance, swapping B2-
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Fig. 4 | Schematic diagrams of the reconfigurable logic transformation meth-
ods of second-order, third-order, and fourth-order reprogrammable

logic cubes. a Schematic diagram of the second-order reprogrammable logic cube
and the logic reconfiguration under the corner block transformation method.

b Schematic diagram of third-order reprogrammable logic cube and the logic
reconfiguration under corner block and edge block transformation methods.

¢ Schematic diagram of a fourth-order reprogrammable logic cube and the logic
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reconfiguration under corner block and edge block transformation methods.

d Theoretical data graph showing the number range of combinational logic func-
tions achievable by second-order, third-order, and fourth-order reprogrammable
logic cubes. e Comparison graph of the maximum computational power density

achievable by second-order, third-order, and fourth-order reprogrammable

logic cubes.

N3, N5-N6, and B11-B12 in layer b and reconfiguring with B14-N15, N17-
N18, and B23-B24 in layer a modifies the combinational logic outputs.
Given the placement of four distinct combinations of origami switch-
ing elements across four edge positions, and accounting for their
mutual convertibility, the number of possible configurations is
CLCiCh/2. Layer a, as the middle layer, cannot internally exchange
origami switching elements but can rotate as a whole around the z-axis
and recombine with layer b. Consequently, 4C3C}C5C5 /2 reconfigur-
able logic functions can be realized for layers a and b. Due to the
symmetry between layers a, b and layers c, d, their reconfigurability is
identical. The maximum functional types for second, third, and fourth-
order reprogrammable logic cubes are 36 (C3C3), 1296 (C3C3CAC3),
and 82944 (16C3CLCLCLC2CLCLCL /4), respectively. Correspondingly,
their computational density can reach 4.5, 81, and 1728 (Fig. 4d, e).
To validate the logic-processing capability and reprogrammability
described above, we fabricated a third-order reprogrammable logic
cube prototype incorporating sixteen Buffer/NOT origami switching
elements. This cube consists of 3D-printed face-center, edge, and
corner blocks—each housing Buffer/NOT switching elements (Fig. 5).
All face-center blocks are fixed to a central steel sphere via bearings;
edge blocks attach magnetically to both the face-center blocks and the
sphere; corner blocks adhere magnetically to the edge blocks (Sup-
plementary Fig. 33f-g). Because each face’s edge and corner blocks
rotate in concert with their face-center block, the reprogrammable
logic cube exhibits three-dimensional axial reconfiguration of
Rubik-cube. Multiple-layer rotations reconfigure its corner/edge
blocks (Supplementary Movie 9). When compressive force is applied
from input a, the cube successively realizes inputs (0, 0), (1, 0), and (1,
1) (Supplementary Figs. 34-37); force from input b yields the input (O,
1). The upper conductive network is connected to Vcc in parallel, and

each column’s bottom side outputs a voltage signal. Following the
initial arrangement illustrated in Fig. 4b, we experimentally test the
cube before reconfiguration, after corner block transformation, and
after edge block transformation. In all four input combinations, the
measured outputs matched theoretical predictions exactly.

Based on the above arrangement, the third-order repro-
grammable logic cube removes the NOT13 and NOTI16 origami
switching elements of the input layer. Additionally, the lower side of
conductor networks of the second column (series-connected NOT3
and Bufferll in corner blocks) and sixth column (series-connected
Buffer7 and NOT15) are parallelized to form the output Q’git. The lower
side of conductor networks of the third column (series-connected
NOT4 and Buffer12 in edge blocks) and fifth column (series-connected
Buffer6 and NOT14) are parallelized to form the output Qg;s. Conse-
quently, the half-subtractor can be realized with the output of the first
column (series-connected NOT2 and BufferlO in edge blocks) and
output Q'yifr. Likewise, another half-subtractor is achieved with the
output of the eighth column (series-connected NOT11 and Buffer9 in
edge blocks) and output Q. Cascading these two half-subtractor
stages produces the full-subtractor function (Fig. 5a): The lower side of
the conductor networks of the first column and eighth column are
parallelized to form the borrow-out output Q,. While the Qq;s serves
as the difference output. The minuend and subtrahend inputs are
input a. and b, of the half-subtractor in the corner blocks, and the
borrow-in input C;,, is input a. of the half-subtractor in the edge blocks.
While the logic operation, the input b, of the half-subtractor in the
edge blocks is determined by output Qg Thus, a reprogrammable
logic cube requires two sequential outputs to achieve full subtraction.
For example, for inputs (a., be, a.) =(0, 1, 0), the half-subtractor in
corner blocks processes (0, 1) to yield Qg = 1, then the
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Fig. 5 | Design of a third-order reprogrammable logic cube with the logic
functions of full subtractor/full adder and logic reconfiguration. a The Physical
diagram, wiring network diagram, and logic expression of the third-order repro-
grammable logic cube as a full subtractor. b The graph of the output electrical

100 101 110 111

signal results of the third-order reprogrammable logic cube as a full subtractor.
¢ The Physical diagram, wiring network diagram, and logic expression of the third-
order reprogrammable logic cube as a full adder. d The graph of the output elec-
trical signal results of the third-order reprogrammable logic cube as a full adder.

half-subtractor in edge blocks processes (0, 1) to co-produce final
outputs Q.i, and Qg;er (Supplementary Movie 10). Experimental results
for all eight input combinations agree with the full-subtractor truth
table (Fig. 5b; Supplementary Figs. 38 and 39). Upon once corner block
transformation and once edge block transformation, the

reprogrammable logic cube reconfigures from full-subtractor to
full-adder functionality (Supplementary Movie 9). The parallel com-
bination of Buffer8-Buffer10 in corner blocks and Buffer5-Buffer9 in
edge blocks generates Qcoyc (Fig. 5¢). The parallel combination of
NOT3-Bufferll and Buffer7-NOT15 in corner blocks generates Q’sym.
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The parallel combination of NOT2-Buffer12 and Buffer6-NOT14 in
corner blocks generates Qg,m. For the full adder, the two-bit addend
inputs are inputs a. and b, of the half-adder input in the corner blocks,
respectively. The low-order carry input C;,, is the edge of the input b, of
the half-adder input in edge blocks, and the input a, is determined by
the output Q’sym. Measured outputs for all input combinations match
the full-adder truth table (Fig. 5d; Supplementary Figs. 40 and 41).

The designed third-order reprogrammable logic cube implements
both full-subtractor and full-adder logic functions using only fourteen
Buffer/NOT origami switching elements. In comparison, the
mechanically integrated circuit metamaterial proposed by Helou et
al.—based on soft matter and synthesized via the Quine-McCluskey
method—requires 18 switching elements to realize a single full-adder®.
Considering full-adder performance alone, our work achieves a 29%
increase in computational density. The mechanical system designed by
Zhang et al., which employs 15 convex-concave modules within a rigid
frame and conductive material, also implements a full adder”; our
work offers a 7% higher computational density. The reprogrammable
mechanological metamaterial proposed by Mei et al., constructed
from curved-beam unit-cells, uses 21 elements to realize only a
half-adder?; relative to this, our work on a half-adder achieves a 200%
increase in computational density. The reprogrammable Metamaterial
Processors for soft robotics, designed by Jiao et al.—based on the Laws
of Physical Boolean Algebra—use 18 pneumatic unit-cells to reconfi-
gure between full-adder and full-subtractor functions*; our work
attains a 29% higher mechanical-computing density for these com-
bined reconfigurable operations.

Embodied autonomous robotic system
The reprogrammable logic cube, leveraging the flexible reconfigur-
ability and coordinated control of its origami switching elements,
serves as a decision-making module integrated with perception and
actuation systems to enable embodied robotic intelligence for envir-
onmental interaction in path-planning applications, including bound-
ary recognition (right-angled vs. curved paths) and adaptive motion
control (Fig. 6). The inputs (a, b) of the logic cube are determined by
the perception module, which employs photoelectric distance sensors
a, b and c (Fig. 6a): front sensors b and ¢ measure the distance between
the robot and path boundaries, while side sensor a monitors lateral
distances. Analog signals (D > threshold Do - logic O; D < Do - logic 1)
are digitized via an analog-to-digital converter. Upon reaching a path
boundary, the logic cube—configured for half-adder or half-subtractor
functions—executes one mechanical compression to process inputs
(Sensor b, Sensor c). Right-angled boundaries are identified when the
half-subtractor output d = O triggers a transition to half-adder logic or
when the half-adder maintains current logic. Curved boundaries are
recognized if the half-subtractor output d =1 retain logic, or half-adder
switches to half-subtractor logic. Following boundary recognition, one
compression process inputs (Sensor a, Sensor b) to generate motion
commands. For right-angled paths, output (0,1) reverses the left wheel
and advances the right wheel for in-place left turns, while output (1,0)
reverses the right wheel and advances the left wheel for in-place right
turns. For curved paths, two-bit binary instructions modulate wheel
rotational speeds: outputs (0,0) prioritize the left wheel for rightward
arc turns, whereas (1,1) prioritize the right wheel for leftward arc turns.
A second-order reprogrammable logic cube with 23-1 Buffer/NOT
elements implements these functions through an origami switching
array enclosed in upper/lower casings with copper tape and external
wiring for I/O connectivity (Fig. 6b). The casings rotate via a central
axis to reconfigure logic between half-adder and half-subtractor
modes. The upper casing houses two Buffer and two NOT elements,
while the lower casing contains two Buffer and one NOT element. The
half-subtractor (Fig. 6¢) comprises two-bit input (a, b) and two-bit
output (Qein, Qqirr). Sequential compressive force applied to the bot-
tom surface enables the second-order reprogrammable logic cube to

execute mechanical inputs (0,0), (1,0), and (1,1), while top-surface
compression activates the input (0,1) (Supplementary Fig. 44). The
upper side of the conductive network is connected to Vcc. The output
Q.in is derived from the output of the first column’s series-connected
NOTI and Buffer5. The lower side of conductor networks of the second
column (series-connected NOT2 and Buffer6) and fourth column
(series-connected Buffer4 and NOT7) are parallelized to form the
output Qg Experimental validation across all four input combina-
tions confirms alignment with the half-subtractor truth table. Buffer3
occupies the third column to accommodate input b for half-adder
functionality. A 90° rotation of the half-subtractor’s upper and lower
layers reconfigures Buffer4 and Buffer5 into a series connection for
Qcour While the parallel combination of NOT1-Buffer6 and Buffer3-
NOT7 generates Qsum, thereby converting the logic function from a
half-subtractor to a half-adder (Fig. 6d). Subsequent testing of all input
permutations (Supplementary Fig. 45) exhibits full consistency with
the half-adder truth table.

The analog signals from the perception system of the robot pro-
totype (Fig. 6e) are digitized to determine mechanical inputs and
reconfigurability of the reprogrammable logic cube. The decision
module comprises: (1) the reprogrammable logic cube, (2) two thrust
servo mechanisms [the first applies input (0,1); the second and third
apply inputs (0,0), (1,0), and (1,1)], and (3) a rotating mechanism
driving 90° clockwise/counterclockwise rotations of the cube’s upper
layer, enabling dynamic switching between half-adder and half-
subtractor functions. Digital action commands generated by the
logic cube are transmitted to the actuation module, either directly or
as converted analog signals, to regulate driving wheels. Additional
fabrication details are provided in the “Methods” section. The robot
autonomously executed two distinct left-turn maneuvers in mixed
right-angled and curved boundary paths (Fig. 6f, Supplementary
Movie 11), validating the system’s adaptive path-planning capabilities
through coordinated perception-logic-actuation workflows.

Discussion
The reprogrammable logic metamaterials introduced here bridge a
critical gap in mechanical computing: the inability to dynamically
adapt logic functions post-fabrication. By encoding Boolean functions
into reconfigurable origami networks, our 2D meta-array and 3D logic
cube systems achieve on-the-fly functional transformation—a cap-
ability previously restricted to electronic systems. This architectural
shift enables 46.7% fewer logic gates than FPGA/DPGA architectures
and computational density of 1728 in a fourth-order 3D meta-cube—a
trade-off between footprint and functional scalability. When inte-
grated with perception and enforcement modules, these second-order
reprogrammable logic metamaterials enable sophisticated decision-
making processes, such as path planning, demonstrating their prac-
tical applicability in embodied intelligent environmental interaction.
The Boolean function-based design methodology is not con-
strained by specific structures or materials, making it universally
applicable to a wide range of combinational logic functions and their
reconfigurable designs. This universality strengthens the interoper-
ability between different mechanical computing systems and sig-
nificantly enhances the interaction capabilities of hybrid system
modules”. This work provides design methodologies for the integra-
tion of computational intelligence into physical systems and unlocking
opportunities for informational materials®**°, embodied intelligent®**,
and autonomous robotics>*.

Methods

Fabrication of origami unit-cell and origami switching elements
The origami switching elements are based on origami unit-cells
(Fig. 1a). The crease pattern of the origami unit-cell (Supplementary
Fig. 3a) can be described by the plane angles a, 8, and the edge length L.
The lengths of the four creases in the pattern are related®’. The origami
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unit-cells used for reconfigurable logic gates are fabricated with PET
film. The surface density of the PET film is 1.38 gcm3, and its tensile
strength is approximately 200 MPa. To facilitate folding, the crease
pattern with &, B, and | set to 45°, 90°, and 15 mm, respectively, is
engraved on one side of the PET film using a cutting plotter (CX720,
Shenzhen Yitu Electromechanics Co., Ltd) equipped with an Indenta-
tion knife, creating unpenetrated creases (Supplementary Fig. 3b-d).

The processed origami unit-cell is in the form of a cube, with 1-mm-
thick resin plates, 3D-printed using FDM technology, attached to the
top and bottom surfaces to assist with force-induced folding (Sup-
plementary Fig. 3e).

The origami unit-cells are combined with 0.3-mm-thick, 2-mm-
wide copper sheets and 0.01-mm-thick titanium-nickel alloy wires to
form an origami switching element with computational capabilities

Nature Communications | (2025)16:10209

n


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64956-0

Fig. 6 | Reprogrammable logic cube with half-subtractor and half-adder func-
tions as the decision-making module for robotic embodied intelligent
environment-interactive path-planning applications. a Path-planning logic
design for right-angled and curved boundary paths achieved through the reconfi-
guration of half-subtractor and half-adder logic operations. b Physical images of the
upper and lower casings of the second-order reprogrammable logic cube used for
path planning, and the arrangement of Buffer/NOT origami switching elements
within the casings. ¢ Physical image, decomposition 3D schematics, wiring

diagrams, and experimental output results for 4 possible inputs of a second-order
reprogrammable logic cube as a half-subtractor logic function. d Physical image,
decomposition 3D schematics, wiring diagrams, and experimental output results of
a second-order reprogrammable logic cube as a half-adder logic function.

e Physical image of the embodied intelligent environment-interactive robot and
component description. f Overlaid sequential images visualize the trajectories of
the robot when navigating paths with right-angled and curved boundaries. The
time intervals between adjacent points on the trajectory are equal.

(Supplementary Fig. 4a). The copper sheets and titanium-nickel
alloy wires are placed on the upper and lower resin plates of the
origami unit-cell, respectively. To ensure secure attachment of the
conductive network components to the top and bottom surfaces,
the resin plates on the origami unit-cells are divided into two 0.5-
mm-thick pieces. Each separated resin plate has a 0.2-mm-wide
groove for placing the titanium-nickel alloy wire or a 2-mm-wide slot
for placing the copper sheet. The other separated resin piece is
tightly fastened together with the resin plate holding the conductive
network using M1 self-tapping screws. The copper sheets and
titanium-nickel alloy wires are connected to 0.1 mm copper wires for
demonstration of the Buffer and NOT origami switching elements’
logic functions in series with the power supply and indicator lights
(Supplementary Fig. 4b).

Mechanical testing of series/parallel origami unit-cells

Since AND, OR, NAND, and NOR logic gates are composed of two
origami switching elements with casings, these switching ele-
ments realize the inputs (0,1), (1,0), and (1,1) through their
deformation difference. Therefore, two origami unit-cells with
thicknesses of 0.038 mm and 0.05 mm are used in the fabrication
of the logic gates. For AND and NOR logic gates, the origami unit-
cells are arranged in series. The mechanical performance of the
series origami unit-cells is tested using an electronic universal
testing machine (HY-0580, Shanghai Hengyi Testing Machine Co.,
Ltd.). During the testing, the series of origami unit-cells is verti-
cally mounted between custom-designed clamps (Supplementary
Fig. 7a). To prevent deformation of the series of origami unit-cells
in the horizontal direction, an iron bar is placed between them to
limit their displacement. The iron bar is relatively thin and has a
smooth surface, so its effect on the folding mechanical perfor-
mance testing is negligible. The upper clamp applies compressive
force at a speed of 5mm/min to induce quasi-static deformation
of the series origami unit-cells. The reaction force is measured
using a 1000 N force sensor (BSS-100 kg, Transcell Technology,
Inc.) at a sampling frequency of 20 Hz. The errors of the force
sensor and displacement sensor are less than 0.03% and 0.5% of
the actual output, respectively.

For OR and NAND logic gates, the origami unit-cells are arran-
ged in parallel. To test the folding states of the parallel origami unit-
cells under the same applied force, each origami unit-cell is con-
nected in series with a spring (Supplementary Fig. 7b). It is impor-
tant to note that when two origami unit-cells are in a flat-foldable
state, the spring cannot be fully compressed. The testing conditions
for the parallel origami unit-cells are the same as those for the series
origami unit-cells. Data obtained from the electronic universal
testing machine shows that the displacement is the sum of the
deformation displacements of the origami unit-cell and the spring.
Therefore, experimental data relating the deformation displace-
ment of each origami unit-cell and the compressive force were
obtained using Microsoft Visio image analysis. The height of each
origami unit-cell and the combined height of the origami unit-cell
with spring in series are measured by the length of marked lines
(Supplementary Fig. 7c). The actual deformation displacement is
calculated by multiplying the corresponding data obtained from
image analysis by a scale factor.

Fabrication of AND-OR, NOR-NAND Logic Gates

The AND-OR logic gate is composed of two Buffer origami switching
elements with casings. Wire networks are arranged on each casing, and
those wire networks, along with the copper sheets and titanium-nickel
alloy wires on the origami switching elements, form a conductive
network that enables the reconfigurability of the logic gate’s func-
tionality. In addition to the conductive network for logical operations,
a conductive network is also designed and fabricated to display the
input status of each origami switching element. Therefore, each ori-
gami switching element is equipped with multiple sets of conductive
networks made of copper sheets and titanium-nickel alloy wires. For
instance, in the AND-OR logic gate, the conductive network 1 on the
red origami switching element is used for AND and OR logic opera-
tions, while the conductive network 2 displays the input status of the
red origami switching element (Supplementary Fig. 8a, b). Since the
AND and OR logic operations in the AND-OR logic gate are realized by
two separate circuits, the blue origami switching element is equipped
with conductive networks 3, 4, and 5 (Supplementary Fig. 8c, d).
Conductive network 3 is used for OR logic operations, conductive
network 4 is used for AND logic operations, and conductive network 5
displays the input status of the blue origami switching element. When
the origami switching elements are connected in series, the two con-
ductive networks involved in the AND logic operation become inter-
connected due to the contact of the copper foil set in the middle
connection. The NAND-NOR logic gate consists of two NOT origami
switching elements with casings. The arrangement of the origami
switching elements is similar to that of the AND-OR logic gate. In this
case, the conductive networks 1 on the red origami switching element
are used for NAND and NOR logic operations, while network 2 is used
to display the input status of the red origami switching element. The
blue origami switching element is equipped with conductive networks
3, 4, and 5, which are used for NAND logic operations, NOR logic
operations, and input status display of the blue origami switching
element, respectively.

The casings of the AND-OR and NAND-NOR logic gates are iden-
tical. Both casings are fabricated from transparent resin material using
light-cured 3D printing (Supplementary Fig. 9a and b). The casing is a
cubic shape with dimensions of 22 mm x 22 mm x 22 mm. The wall
thickness is 2.4 mm, and the top and bottom surfaces are open to
facilitate the placement of the origami switching elements and
mechanical input loading. The two casings are connected by hinges,
formed by two perforated cylinders, designed at the joint allowing the
casings to rotate relative to each other for the reconfiguration of the
logic gate. At four corners inside the casing, cylindrical passages are
set, and the circular protrusions at the four corners of the resin plates
of the origami switching elements are designed to fit them to stabilize
the folding of the origami unit-cell. LED lights are placed on the front
side of the casing to indicate the folding state of the origami switching
elements. Internal grooves on the back side of the casing are provided
to affix conductive copper tape. The titanium-nickel alloy wire behind
the origami switching element sweeps the conductive copper tape to
obtain the voltage input. Copper tapes, applied to the internal grooves
on the left and right sides of the casing, are used to output electrical
signals after the logic operation via the sweeping contact of the
titanium-nickel alloy wire on the side of the origami switching element.
The left side of the casing of red origami switching element is equipped
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with four pin headers, each serving specific functions: positive elec-
trode, negative electrode of input status indication of the origami
switching element, AND/NOR signal output, and OR/NAND signal
output (Supplementary Fig. 9c). The resin casing is also equipped with
grooves for placing 0.7 mm copper wire conductive networks, which
connect the conductive copper tapes, LED lights, origami switching
elements and pin headers to form two logic operation circuits and two
indication circuits for the origami switching units (Supplementary
Fig. 9d, e).

Due to the complexity of the combinational logic circuits, we
simplified the circuit setup on the origami switching elements and
casings, mainly retaining the conductive networks used for logic
operations (Supplementary Figs. 12 and 13). Since the output results
for the logic gate inputs (0,1) and (1,0) are the same, we replaced
both inputs (0,1) and (1,0) for AND and NOR gates with the input (1,0)
in the combinational logic design. As a result, the casing only has a
circular hole at the top of the red origami switching element for
mechanical input.

Electromagnetic Actuation System Design

We use an electromagnetic actuation method to apply mechanical
input to the reconfigurable logic gates. The electromagnetic actuation
system for testing the logic function of a single reconfigurable logic
gate consists of an electromagnetic actuation circuit and origami logic
operation circuit (Supplementary Figs. 10 and 14). The electro-
magnetic actuation circuit is composed of a DC stabilized power
supply and four sets of actuation coils (Supplementary Fig. 10a, b). The
DC power supply provides a stable input of up to 60 V with a maximum
current of 30 V. The actuation coils are wound with 0.5 mm insulated
wire, with a thickness of 10.5mm and inner and outer diameters of
8 mm and 22 mm, respectively. The resistance of a single-wound
actuation coil is approximately 1.23 Q. All the actuation coils are
arranged on a test platform fabricated using FDM 3D printing, based
on the direction of mechanical input of the reconfigurable logic gate.
On the left side, a coil is fixed for AND/NOR logic operations at the
mechanical inputs (0,0), (1,0), and (11). On the right side, the coil is
used for the (0,1) mechanical input. Since the folding of parallel ori-
gami switching elements does not interfere with each other, one
mechanical input for OR/NAND logic operations requires two coils. To
ensure that both origami switching elements experience the same
compression force, the actuation coils for a single input are connected
in parallel. The coil group on the upper side of the base is fixed for OR/
NAND logic operations at the mechanical inputs (0,0), (1,0), and (1,1).
The coil group on the lower side is fixed for the mechanical input (0,1)
of OR/NAND logic operations. Each set of actuation coils is connected
in parallel to the output terminals of the stabilized DC power supply.
An N52 permanent magnet is placed at the center of the actuation coils
to drive the deformation of the origami unit-cells. Different mechanical
inputs can be implemented by switching circuits on the right side and
adjusting the input voltage (Supplementary Fig. 10c-e). The 3D-
printed test platform is equipped with a slot with female header con-
nectors for fixing the reconfigurable logic gates and connecting them
to the logic operation circuit. The logic operation circuit is composed
of the reconfigurable logic gate, a 3V battery, and an LED indicator
light for the logic result in series.

Due to the complexity of the combinational logic circuits, the
mechanical input for each reconfigurable logic gate is simplified. We
complete the cascading of combinational logic by controlling the
actuation coils of the next stage through the origami switching ele-
ment of the previous level reconfigurable logic gate. For a 2-input,
1-output logic gate, the next stage input (0,0) indicates no signal from
the previous stage output, (1,1) indicates two signals from both pre-
vious stage outputs, and (0,1) and (1,0) indicate that one signal from
one of the previous stage outputs. The states of no signal, signal pre-
sent in both outputs, and a signal present in only one output can be

considered as three distinct states based on force-electric conversion.
Additionally, the AND/NOR logic operation yields the same output for
inputs (0,1) and (1,0). Therefore, we can complete the AND/NOR logic
operation with only two parallel actuation coils on one side for the
input (Supplementary Fig. 14c, e). For the OR/NAND logic operation,
the coils that actuate the parallel origami switching elements are
connected individually to an origami switching element of the pre-
vious level logic gate in series. Thus, OR/NAND logic operations can be
completed with two actuation coils on one side. The two sets of coils
are positioned on the upper and lower sides of the test platform to
reduce interference. The input for series-connected origami switching
elements of AND/NOR logic operation is actuated by a C-shaped dowel
bar with N52 permanent magnets. Since the combinational logic also
requires NOT operations, we have designed a test platform for the
NOT-Wire logic gate, which is equipped with vertical NOT logic net-
work headers and horizontal headers that directly connect the inputs
a, b, ¢, and d to the I-level reconfigurable logic gate (Supplementary
Fig. 14d, f).

Fabrication of the reprogrammable logic cube

In order to verify the functionality of reprogrammable logic cubes, we
fabricated a third-order prototype and completed the logic function
testing. The third-order prototype comprises three layers: top/bottom
logic input layers and a middle layer for force transmission and elec-
trical conduction. Each layer integrates eight Buffer/NOT origami
switching elements matching reprogrammable logic array structures
(Fig. 5). Buffer/NOT origami switching elements feature copper sheets
connecting to lateral NiTi alloy wires, and front NiTi alloy wires con-
necting to iron screws for signal conduction (Supplementary Fig. 33a,
b). All switching elements are housed in 3D-printed resin casings and
can be assembled into the third-order reprogrammable logic cube with
deformation characteristics similar to a Rubik’s Cube. Casings are
classified as face-center (FC), edge, or corner blocks. Six FC blocks
anchor via bearings to a perforated iron sphere (Supplementary
Fig. 33c). This reprogrammable logic cube accepts binary input
exclusively in the vertical direction. FC blocks I and Il solely serve as
connectors without force transmission capability due to obstruction
by the central iron sphere. FC blocks IlI-VI reside in the middle layer,
which also incorporates partial edge blocks. These FC blocks (IlI-VI)
and middle-layer edge blocks mutually adhere through surface-
mounted permanent magnets. Protruding cylinders are positioned at
the right-rear side of middle-layer edge blocks, accommodating
embedded permanent magnets that secure them to the central iron
sphere for enhanced structural stability. The top and bottom edges of
these edge blocks are additionally configured with permanent mag-
nets to facilitate magnetic engagement with corner blocks. Middle
blocks contain perforated origami cells with copper pillars conducting
electricity and transmitting downward force (open top/closed bottom
enables four mechanical inputs). Top/bottom layers contain edge/
corner blocks. The protruding cylinder is configured at the posterior-
superior aspect of the edge block, facilitating magnetic attachment to
the central iron sphere (Supplementary Fig. 33d). Iron pillars are pro-
vided along the top and bottom edges of corner blocks for magnetic
fixation to adjacent middle-layer edge blocks (Supplementary
Fig. 33e). All block enclosed surfaces are perforated with hole aper-
tures to permit mechanical force application. Copper tapes laminated
along internal edges establish electrical connections to external cop-
per wires for testing processed output signals after mechanical logic
operations.

The second-order prototype is fabricated as a decision-making
module of an embodied robotic. It consists of two layers, and each
represents one bit of input (Supplementary Fig. 43a, b). The upper and
lower layers contain four and three origami switching elements,
respectively. The casing of the prototype is fabricated by photo-
polymerization 3D printing using high-strength resin materials. Each
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layer’s casing has a central M6 through-hole to accommodate a rota-
tion axis. Additionally, a protrusion is designed to hold a thrust bear-
ing, allowing smooth relative rotation between the upper and lower
layers. Copper tape is adhered to the inner surface of the casing, while
copper wires are arranged on the outer surface to work in conjunction
with the origami switching elements to perform half-adder and half-
subtractor logic functions (Supplementary Fig. 43c, d). The circuit
diagram of the reprogrammable logic cube is shown in the Supple-
mentary Fig. 43e-g. At the bottom of the lower-layer casing, pin
headers are provided for the detachable networking of the repro-
grammable logic cube (Supplementary Fig. 42).

Assembly and fabrication of the embodied intelligent robotic
The embodied intelligent environmental interaction robot is com-
posed of three main modules: perception, decision-making, and
enforcement (Supplementary Fig. 50a-c). The perception module
consists of four photonic distance sensors (GP2YOA21YKOF, SHARP
Corporation) (Supplementary Fig. 50b). These sensors measure dis-
tances within a range of 10-80 cm, with a distance measurement
accuracy of 0.1cm at 10-bit AD resolution. The data update frequency
is 25 Hz, with a cycle time of 40 ms. The enforcement module consists
of two identical motor-driven wheels. The transformation of the
reprogrammable logic cube is achieved by a rotating system consisting
of 3D-printed torsion parts and a geared DC motor (Supplementary
Fig. 50d). The mechanical inputs of the second-order reprogrammable
logic cube are actuated by two thrust servo systems composed of 3D-
printed thrust components and push rods (KTP0O905, Xiamen Kabasi
Electric Co., Ltd). The downward-actuating push rod 1 can retract
10 mm and completes the (0,1) mechanical input under different per-
ceptual signals (Supplementary Fig. 50e). The upward-actuating push
rod 2 individually retracts 10 mm and completes the (1,0) mechanical
input (Supplementary Fig. 50f). And the (1,1) is achieved by simulta-
neous 10 mm retraction of both push rods 2 and 3. The photonic dis-
tance sensors, thrust servo mechanisms, rotating mechanisms, and the
reprogrammable logic cube are supported by 3D-printed auxiliary
components mounted on the robot’s chassis. Additionally, a camera is
installed at the front end of the robot’s chassis to record the
mechanical input conditions of the reprogrammable logic cube.

To enable information transfer among the perception, decision-
making, and actuation modules in embodied intelligent environment-
perception robots, it is necessary to convert analog voltage signals
with varying amplitudes into digital signals. Thus, we specifically
designed three relay-based circuits with analog-to-digital conversion
capabilities—Circuit 1 (Supplementary Figs. 50g and 51a), Circuit 2
(Supplementary Fig. 50g, b), and Circuit 3 (Supplementary
Figs. 50h and 52)—to facilitate robotic path planning. Circuit 1 is
responsible for information transfer between the perception module
and the thrust servo system, which processes mechanical input, in the
decision-making module. The photoelectric distance sensors are
divided into two groups: the first group, consisting of sensor b(ii) and
sensor ¢, is used to read boundary information and determine
mechanical input for path recognition; the second group, consisting of
sensor a and sensor b(i), is used to read boundary information and
determine the mechanical input when making the action decision
command required by the execution module. Circuit 2 mediates
information transfer between the decision-making module and the
logically reconfigurable rotating system. Circuit 3 governs the robot’s
stop-recognition, action decision, as well as mediates information flow
between the decision-making module and the drive wheels that exe-
cute motion commands.

Data availability

All the data supporting the findings of this study are available within
the main text and its Supplementary Information. Source data are
provided with this paper.
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