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Origami Robots: Design, Actuation, and 3D Printing

Methods

Wenbo Xue, Bingcong Jian,* Liuchao Jin, Rong Wang, and Qi Ge*

Traditional robots, with their rigid structures and precise mechanical designs,
have proven invaluable in industrial automation and structured environments
but face challenges in dynamic and unstructured scenarios. Soft robots, com-
posed of low-stiffness materials, offer adaptability and flexibility, making them
ideal for applications like locomotion and minimally invasive surgery. However,
their low load capacity and limited precision hinder their broader adoption.
Origami robots emerge as a promising hybrid solution, combining the mechan-
ical strength and precision of rigid robots with the adaptability and reconfigura-
bility of soft robots. Leveraging the principles of origami, these robots employ
rigid panels interconnected by flexible hinges, allowing for complex motions,
structural transformations, and scalable designs while maintaining mechanical
integrity. Traditional fabrication methods for origami robots, such as laser
cutting and manual folding, limit their complexity and integration potential.
However, advancements in 3D printing technologies, including Fused Deposi-
tion Modeling (FDM), Direct Ink Writing (DIW), Polyjet, and Two-Photon Poly-
merization (TPP), enable the creation of intricate geometries and multimaterial
structures, significantly enhancing performance and broadening application
domains. This review examines recent progress in origami robotic systems,
focusing on their design, actuation mechanisms, fabrication techniques, and
diverse applications, and concludes with future perspectives on leveraging
advanced materials and manufacturing to drive innovation in the field.

automation, manufacturing, and struc-
tured environment operations.!*?! These
robots excel in tasks requiring high
repeatability, accuracy, and strength,
making them indispensable in assem-
bly lines,’! heavy-load operations,!*]
and hazardous environments.’] How-
ever, their rigidity limits adaptability
and their design complexity hinders
seamless integration into dynamic,
unstructured environments, such as
search-and-rescue missions or human-
robot interaction scenarios. In contrast,
soft robots, composed of low-stiffness
materials, exhibit exceptional flexi-
bility, adaptability, and safety when
interacting with humans and delicate
objects.l’l Their deformability enables
navigation in complex environments
and execution of tasks that rigid robots
find challenging, making them suitable
for applications such as locomotion,!”]
flexible grasping,®] minimally invasive
surgery,® deep-sea exploration,[') and
biomedical devices.[''] However, the

1. Introduction

Traditional robots, characterized by rigid structures and pre-
cise mechanical designs, play a crucial role in industrial
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inherent low stiffness and nonlinear
characteristics of soft materials impose
significant limitations on their functional capabilities. First, due
to their inherently compliant nature, soft robots often exhibit low
load-bearing capacity, which significantly restricts their ability to
perform tasks involving lifting, pushing, or supporting external
loads.[*®) This structural softness, while beneficial for safe inter-
action, renders them unsuitable for applications that require me-
chanical strength and robustness. Second, the high degrees of
freedom introduced by continuous deformation, combined with
the nonlinear behavior of soft materials under actuation or exter-
nal forces, pose substantial challenges for accurate modeling and
control. Unlike rigid-body systems that follow well-established
kinematic and dynamic models, soft robots often lack predictable
behavior, making it difficult to design control algorithms for pre-
cise positioning or trajectory tracking.['”® These challenges re-
strict their use in scenarios requiring high precision, robustness,
or complex dynamics. As a result, exploring a new type of robot
that combines the advantages of rigid and flexible robots has be-
come a significant research focus.

To overcome the limitations of soft robots—namely, low load-
bearing capacity and difficulty in precise control due to nonlinear
deformation—origami robots offer an effective hybrid solution
that integrates rigid and flexible components. Origami robots
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emerge as a novel robotic paradigm that bridges the gap between
rigid and soft robotics, leveraging the principles of origami, an
ancient art of folding flat sheets into 3D structures.['*-?!] Unlike
conventional soft robots composed entirely of deformable mate-
rials, origami robots feature a body constructed from rigid pan-
els, which provide high structural stiffness and significantly en-
hance their load-bearing capacity. This rigid framework allows
the robot to withstand greater mechanical loads without com-
promising shape stability or performance, directly addressing
the limitations of low load capacity in soft robots. Lee et al. de-
veloped a membrane-based origami transformable wheel capa-
ble of bearing loads over 10 kN, demonstrating that properly
designed thick-membrane origami structures can achieve both
high load capacity and adaptability, suitable for practical vehicular
applications.[??] Park et al. propose a modular soft origami robotic
system capable of high stiffness variation and demonstrated that
their soft origami rover, utilizing facet buckling and pressuriza-
tion, could carry aload of up to 14 kg, showcasing the remarkable
load-bearing capacity of origami-based structures despite their
lightweight and compact form.?}] In addition, the rigid-panel
structure introduces a lower and more discrete number of de-
grees of freedom compared to the continuously deformable-body
of soft robots. This reduction in configurational complexity not
only facilitates more accurate mechanical modeling but also en-
ables precise control strategies to be developed and implemented.
As a result, the robot achieves higher positional accuracy and
more reliable trajectory tracking, effectively overcoming the diffi-
culties associated with nonlinear behavior and high-dimensional
control in soft systems.[?28] Wu et al. design a modular Kresling
origami soft robot composed of segmental units, each with two
discrete degrees of freedom—axial contraction and bending—
enabling precise modeling and programmable control of loco-
motion and steering.!?’! Xue et al. develop and precisely model
an origami-based robotic gripper fabricated via hard—soft coupled
multimaterial 3D printing, leveraging the panel-hinge struc-
ture’s lower and more discrete number of degrees of freedom
to enable accurate control and predictable motion behavior.* At
the same time, the use of flexible creases—or hinges—ensures
that the origami robot is not overly rigid. These creases introduce
a certain degree of flexibility into the structure, allowing the robot
to bend, twist, or deform in response to external forces or envi-
ronmental interactions. This flexibility enables the origami robot
to integrate the advantages of soft robotics, such as being more
adaptable to complex and unstructured environments, exhibiting
compliant behavior when in contact with objects or humans, and
achieving versatile movement patterns. Moreover, their reliance
on planar designs folded into 3D configurations significantly re-
duces manufacturing costs and expands material selection, offer-
ing enhanced flexibility and scalability.?!! Therefore, compared
to soft robots, origami robots demonstrate superior load-bearing
capacity and precise motion control due to their structural rigidity
and reduced modeling complexity, effectively addressing the lim-
itations of low payload capacity and nonlinear design challenges
in soft robots.****] The combination of foldable structures with
flexible hinges bridges the gap between rigid mechanical systems
and soft-bodied robots, resulting in robots that are both struc-
turally programmable and mechanically resilient. These advan-
tages spur the development of various origami robotic systems,
including walking robots,**33 variable-wheel robots, 223 robotic
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arms,[*”38] and crawling robots,3*4%1 which are employed in ap-
plications spanning aerospace, architecture, medical devices, and
environmental exploration.

Despite their potential, the fabrication of origami robots has
heavily relied on traditional methods such as laser cutting, man-
ual folding, and the layer-by-layer assembly of polymer or pa-
per sheets.3**1421 While these approaches are effective for sim-
ple designs, they are labor-intensive and limited in their ability
to produce intricate geometries or integrate multiple materials
into a single structure. Moreover, these conventional techniques
often fall short of fully utilizing the dynamic reconfigurability
and advanced material properties necessary for optimizing the
performance of origami robots. In response to these challenges,
3D printing emerges as a transformative technology in the fab-
rication of origami robots.****] This advanced manufacturing
technique enables the creation of complex geometries, freeform
shapes, and multimaterial structures with high precision, effec-
tively overcoming the constraints of traditional methods.[*¢#7] By
allowing for the simultaneous printing of intricate designs and
customizable material properties in a single build, 3D printing
unlocks new possibilities for developing origami robots with su-
perior performance, enhanced adaptability, and expanded appli-
cation potential.*8#% It is obvious that 3D-printed origami robots
have generated remarkable impacts on practical applications.
However, a systematic review on this topic is rare.

This paper provides a comprehensive review on recent ad-
vancements in origami-inspired robots, focusing on their design,
actuation, and 3D printing methods along with their applications
(Figure 1). Section 2 introduces various crease patterns, such as
Yoshimura, Kresling, Miura, Flasher, and Water Bomb patterns,
for folding various origami structures. Section 3 highlights actua-
tion methods utilized to drive origami robots, such as pneumatic,
cable-driven, magnetic, and smart material-based methods. Sec-
tion 4 discusses the 3D printing technologies used to directly fab-
ricate origami robots. These methods include Fused Deposition
Modeling (FDM), Direct Ink Writing (DIW), Polyjet, Digital Light
Processing (DLP), and Two-Photon Polymerization (TPP). Sec-
tion 4 also provides a detailed discussion of the applications of
the origami robots manufactured through 3D printing. Finally,
Section 5 concludes this article and discusses the challenges that
limit the 3D-printed origami robots from broader adoption, in-
cluding 3D printing limitations, complex design processes, and
the need for breakthrough applications, which highlights oppor-
tunities for innovation in material development, Al-assisted de-
sign, and real-world applications.

2. Crease Patterns and 3D Origami Structures

Origami offers boundless possibilities for creating 3D struc-
tures by precisely folding 2D sheets into special intricate 3D
shapes.’%) Geometrically, through precisely designing crease
patterns, origami enables the transformation of flat surfaces
into approximate polyhedral geometries or smoothly curved
3D surfaces of any desired shape, with constant or variable
curvature.>!l This highly versatile process makes origami an at-
tractive method for fabricating advanced materials and robotic
structures. Figure 2 showcases five representative origami struc-
tures that are extensively studied and widely applied in robotic
structures. Figure 2a,d,g,j,m presents the corresponding crease
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Figure 1. Overview on design, actuation, and 3D printing methods for origami robots.

pattern for folding these five origami structures, where the solid
blue lines denote mountain folds (forming upward ridges) and
dashed red lines denote valley folds (forming downward grooves).

Detailed folding processes for each of these origami structures,
including the Yoshimura, Kresling, Miura, six-sided Flasher, and
Waterbomb patterns, can be found in the following references:
Yoshimura folding process,*?) Kresling folding process,**! Miura
folding process,*¥ six-sided Flasher folding process,>*! and Wa-
terbomb folding process.>®!

Figure 2a presents the typical Yoshimura origami crease pat-
tern, also referred to as the “diamond pattern.” This design fea-
tures a diagonal folding pattern of rhombuses, where all di-
agonal creases are mountain folds. As shown in Figure 2b, a
Yoshimura origami sheet fabricated using FDM multimaterial
3D printing technology can be folded to create a 3D cylindrical
origami structure by folding the sheet and attaching the two side
edges (Figure 2c). Due to high foldability under axial compres-
sion, cylindrical Yoshimura structures are employed in various
applications such as robotic arms,!>>8! pipe robots,** and soft
grippers.[>®]

Figure 2d depicts the Kresling origami crease pattern, which
consists of a matrix of parallelograms. In this pattern, the sides of
each parallelogram serve as the mountain folds, while the longer
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diagonal of each parallelogram represents the valley fold. Anal-
ogy to the Yoshimura pattern, the Kresling pattern can also be
folded into a cylindrical structure by attaching the two side edges.
A distinctive and unique feature of cylindrical Kresling structures
is their ability to exhibit in-plane torsion under axial compres-
sion, making them particularly suited for applications requiring
torsional stiffness, such as pump actuators®®! impact absorption
tubes,[*¢! biomedical diagnoses and treatment robots.[?]

Figure 2g shows the Miura origami crease pattern, a classic
rigid-foldable design extensively used in engineering for efficient
folding. It consists of regular parallelogram units, each forming
4° vertices with alternating mountain and valley folds. The pre-
cise crease angles ensure synchronized movement during both
folding and unfolding. The key feature of the Miura pattern lies in
its periodic parallelogram arrangement, enabling smooth, unidi-
rectional folding for efficient area transformation. This character-
istic makes it particularly suitable for applications requiring high
compression and rapid deployment, such as solar panels, com-
pact maps, and packaging materials. Additionally, owing to its
geometrically constrained design, the single-degree-of-freedom
motion of Miura allows folding and unfolding with only one driv-
ing point, which is applied to develop locomotion robots!®* and
robotic grippers.[6263]
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Figure 2. Crease patterns and 3D configurations of classical origami structures are designed and fabricated in this work. (a) Yoshimura origami crease
pattern, (b) 3D-printed Yoshimura in planar form, (c) Assembled 3D Yoshimura structure; (d) Kresling origami crease pattern, (e) 3D-printed Kresling in
planar form, (f) Assembled 3D Kresling structure; (g) Miura origami crease pattern, (h) 3D-printed Miura in planar form, (i) Assembled 3D Miura; (j) The
six-sided Flasher origami crease pattern, (k) 3D-printed six-sided Flasher in planar form, (I) Assembled 3D six-sided Flasher structure; (m) Waterbomb

origami crease pattern, (n) 3D-printed Waterbomb in planar form, (o) Assembled 3D Waterbomb structure.
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As illustrated in Figure 2j, the six-sided Flasher demonstrates
remarkable rotational symmetry and complex geometric charac-
teristics. Each unit incorporates alternating mountain and valley
folds, ensuring rigid foldability. The crease pattern radiates sym-
metrically from a central hexagon, with periodic and consistent
folding arrangements in each sector. Specifically, in a six-sector
(m = 6) flasher, the central polygon is a regular hexagon, sur-
rounded by radial crease distributions. Adding diagonal creases
enhances the Flasher’s rigid folding properties, enabling it to
transition smoothly from a highly compact to a fully deployed
configuration. Its high expansion-to-compression ratio makes it
particularly suitable for deployable structures like space arrays,
solar panels,[® and deployable wheels, %] where efficient storage
and deployment are crucial.

As represented in Figure 2m, the Waterbomb pattern is a high-
degree vertex design renowned for its ability to form robust 3D
structures. The 8° vertices waterbomb configuration alternates
between four mountain and four valley folds, while the 6° ver-
sion implements four mountain folds integrated with two val-
ley folds. When arranged with 6° vertices waterbomb units peri-
odically, these units form the well-known “magic origami ball,”
showcasing exceptional versatility and rigidity. The Waterbomb
pattern is particularly useful in deployable and adaptive appli-
cations requiring rapid expansion and compact folding, such as
grippers,[®?] deformable wheel robots,[?2%] and deployable stent
grafts.[¢7]

Although the above crease patterns primarily reflect rigid-
foldable origami principles, they often face limitations when in-
tegrated into soft-material-dominated or hybrid soft-rigid robotic
systems. In such systems, achieving non-rigid or compliant fold-
ability becomes crucial for preserving the flexibility and deforma-
bility of soft components. To address this challenge, recent stud-
ies have begun exploring crease patterns specifically tailored for
soft-rigid integration. For example, variable stiffness crease net-
works and compliant mechanisms that incorporate elastomeric
hinges or embedded soft joints are being developed to replace tra-
ditional sharp folds.>* These emerging designs enable smooth
curvature, tunable bending stiffness, and multi-mode deforma-
tions, thereby bridging the gap between structural compliance
and geometric programmability. Such patterns have been ap-
plied to soft grippers, adaptive wearable devices, and morphing
skins.3% The development of hybrid crease designs marks an im-
portant advancement in expanding the applicability of origami
robots to environments requiring both flexibility and robustness.

For scalability, the properties of crease patterns do not change
significantly when scaled up or down, but the performance of
origami robots may be affected by factors such as material se-
lection, structural integrity, and the manufacturing process. For
instance, while large-scale robots can take advantage of the same
basic crease patterns, they may require more robust materials to
maintain foldability and structural strength, whereas micro-scale
robots may benefit from more precise fabrication techniques to
achieve the required flexibility. The fabrication of both large and
micro-scale origami robots presents unique challenges, with the
latter requiring advanced micro-fabrication methods to achieve
the small-scale precision necessary for complex fold geometries.
Additionally, in large-scale applications, the limitations of current
3D printing technologies, such as resolution and material prop-
erties, will not affect the scalability of these systems.
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3. Actuation Methods for Driving Origami Robots

Actuation is the key to converting static origami structures to
origami robots. Figures 3—6 summarize the mainstream meth-
ods for actuating origami robots including pneumatic,[®®7>]
cable-driven,l’+7%l magnetic,l”’7°l and smart-material-based!8*8!]
actuation methods.

Due to its simplicity, large actuation stress and deformation,
high energy efficiency, and low cost, pneumatic actuation is the
most widely used method for the actuation of origami robots. In
Figure 3a, Kim et al. report a pelican eel-inspired dual-morphing
architecture that leverages a pneumatically driven system to
achieve sequential transformations through origami unfolding
and skin stretching.[%®! This innovative design utilizes entirely
stretchable origami units driven by pneumatic pressure to mimic
the morphing principles of the pelican eel’s stretchable and
foldable frames. The dual-morphing response enables adaptive
functionalities, including deployment-combined gripping, crawl-
ing, and extensive underwater locomotion, with an actuation
force of up to 5 kg. By integrating the dual-morphing unit cells
into conventional origami frames, the study demonstrates soft
machines capable of extreme shape-morphing behaviors. Simi-
larly, as shown in Figure 3b, Li et al. propose pneumatic-driven,
origami-inspired artificial muscles that utilize a compressible
skeleton, flexible skin, and a fluid medium to achieve multiax-
ial deformations, including contraction, bending, and torsion.!”!!
By using diverse materials and scalable fabrication methods,
the authors can fabricate these artificial muscles at a low cost
and in an efficient way. The artificial muscles demonstrate pro-
grammable motions with multiple degrees of freedom and con-
trollable actuation rates. Under negative pressure, they contract
over 90%, generate ~600 kPa of stress, and deliver peak power
densities above 2 kW kg~!, which is reflected by a demonstra-
tion that a lightweight (less than 1 g) artificial muscle lifts a 22 kg
car tire (Figure 3c). This high power-to-weight ratio and energy
conversion efficiency (x20-30% in experimental setups) make
pneumatic systems particularly advantageous for tasks requiring
rapid shape transformation and large force outputs with relatively
low energy costs. In a similar actuation approach, in Figure 3d,
Zhang et al. introduce a pneumatic-driven, origami-based defor-
mation module with a plug-and-play design that enables easy
assembly. The module can achieve three fundamental deforma-
tion modes—bending, twisting, and contraction/extension—as
well as four combined modes, resulting in seven distinct mo-
tion patterns.”?] Based on the Kresling origami pattern, the au-
thors design a plug-and-play origami module where two new
creases are added, and pneumatic pouches are placed at the
crossing points between creases. By inflating or deflating these
pouches, they break the original coupled deformation, achieving
both independent contraction and bending. By assembling these
origami modules, they built soft robots capable of performing
complex, programmable tasks, which is demonstrated by an ex-
ample where a three-module robotic arm grasps a cap and pours
water (Figure 3e). This approach significantly surpasses conven-
tional actuators and other origami-based designs in the diversity
and decoupling of motion modes, empowering advanced capa-
bilities in pneumatically driven soft robotics.

Cable-driven actuation is another widely used mechanism in
robotics, known for its ability to offer high flexibility, low weight,
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Figure 3. Pneumatic actuation method of origami robots. (a) Dual-Morphing Miura Origami: shape transformation under different pressure
conditions.[%8] (Copyright 2019, AAAS) (b) Working principle of origami-inspired artificial muscles.l”" (Copyright 2017, PNAS) (c) Lifting a car tire
using origami-inspired artificial muscles.l”"l (Copyright 2019, PNAS) (d) Improved design process of Kresling origami structures.[’2] (Copyright 2023,
Springer Nature) (e) Grasping and pouring a cup of water using origami mechanisms.[”2! (Copyright 2023, Springer Nature).
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Figure 4. Cable-driven actuation method of origami robots. (a) Schematic diagram of a three-finger origami gripper system.[7# (Copyright 2017, Cam-
bridge University Press) (b) Snapshot of the three-finger gripper holding an egg.[’#] (Copyright 2017, Cambridge University Press) (c) Structural diagram
of a two-level building block with the opposite chirality.[¥?] (Copyright 2025, John Wiley & Sons) (d) Snapshots of the continuum robot twisting a light
bulb in one cycle.[2] (Copyright 2025, John Wiley & Sons) (e) Design, assembly, and actuation of an origami quadrupedal mobile robot.[”¢] (Copyright

2024, Elsevier).
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Figure 5. Magnetic actuation method of origami robots. (a) A soft origami robot mimicking worm-like motion actuated remotely through magnetic

fields.[33] (Copyright 2023, IOP Publishing) (b) Magnetically actuated soft devices designed with origami principles, enabling customizable deforma-
tion behaviors.[84] (Copyright 2023, Elsevier) (c)Magnetic actuation and crawling motion of the Kresling origami robot.3°! (Copyright 2022, AAAS)
(d)Magnetic actuation and locomotion performance of the Kresling crawler.[””] (Copyright 2024, John Wiley & Sons).
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Figure 6. Smart-material-based actuation method of origami robots. (a) Fabrication and reversible actuation of the origami uni-bot.['%] (Copyright
2018, AAAS) (b) Origami-inspired soft robot schematic.[* (Copyright 2022, Springer Nature) (c) Actuation principle and layered structure of the soft
actuator with a VHB4910 dielectric layer.[*] (Copyright 2022, Springer Nature) (d) Analysis of soft robot behavior during crawling: actuator switching,
force direction, and displacement direction.[®] (Copyright 2022, Springer Nature) (e) Schematic of the segmentation mechanism.['7] (Copyright 2017,
ASME) (f) Photos of a crawling robot segment in the fully contracted state and fully expanded state.['%] (Copyright 2017, ASME).

and precise control over robotic movements. This technology uti-
lizes cables or tendons to transmit forces and enable movement
in various robotic structures, making it an attractive choice for
applications requiring compact designs and intricate motions.
Cable-driven systems are generally known for their high mechan-
ical efficiency, especially when driven by servo motors with low
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friction tendons. In recent years, researchers have explored the
integration of cable-based actuation with origami patterns, lever-
aging the unique mechanical properties of foldable structures
to create innovative robotic systems. For instance, as shown in
Figure 4a, Jeong et al. developed a robotic manipulator with three
fingers based on an origami twisted tower design and utilized
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cable-driven actuation to achieve precise deformation for object
manipulation.”*] The manipulator consists of a 10-layer twisted
tower arm and three 11-layer twisted tower fingers, each actuated
by cables connected to servo motors. Experimental evaluations
demonstrate that the manipulator can successfully grasp and lift
objects of various weights, sizes, and shapes, such as eggshells
(Figure 4b), with a lifting capacity of 800 g per finger. This work
highlights the potential of origami-inspired manipulators for del-
icate and adaptable robotic applications. As shown in Figure 4c,
Wang et al. develop a rigid-flexible coupling module using cable-
driven actuation, integrating a rigid parallel mechanism onto a
soft origami base.l®?] This modular unit enables three decou-
pled motions—contraction, bending, and twisting—via two op-
positely chiral modules. The design retains origami’s flexibility
while boosting mechanical robustness, achieving an 180% in-
crease in load-bearing and an 82.16% reduction in deformation
error. A soft continuum robot built from this module (Figure 4d)
demonstrated practical tasks like grasping and unscrewing a light
bulb. Xu et al. propose a tendon-driven continuum robot (I'DCR)
using a telescoping assembly of super-elastic nitinol tubes as the
backbone and a paper-based origami structure to guide the ten-
dons, achieving lightweight and extensible deformation.”! The
robot operates through tendon-driven control to realize three de-
grees of freedom: yaw, pitch, and axial translation. The origami
robot they designed has an extension ratio of more than 10
times and +167 degrees yaw/pitch angle with 21.9 g weight.
Furthermore, as presented in Figure 4e, Kim et al. constructed
a quadrupedal soft robot with tendon-driven Kresling-patterned
origami cylinders as legs, achieving locomotion through fold-
ing and extending motions.”®] The robot utilizes the high axial
stiffness of Kresling-patterned cylinders to provide a sufficient
restoring force for movement, while the tendon-driven mecha-
nism allows efficient actuation using only two motors without
external devices. This design enables a bounding gait with a lo-
comotion speed of 47.51 mm s~!, ~0.283 body length per second.
The origami structure not only enhances durability but also ab-
sorbs shocks, ensuring stable operation. This work highlights the
potential of origami-inspired designs for efficient, durable, and
adaptable locomotion in soft robots.

Magnetic actuation is a promising method for driving origami
robots in a remote-controlled way due to its advantages, such
as remote controllability, fast response, and high precision. This
method relies on magnetic fields to generate forces and induce
motion, enabling non-contact actuation that is particularly suit-
able for robots working in delicate or confined environments.
Magnetic actuation is energy efficient in applications requiring
intermittent control since no direct contact or onboard power
source is needed. However, generating strong magnetic fields
requires external coils or permanent magnets, which can lead
to moderate energy demands. The efficiency of magnetic-to-
mechanical energy conversion is usually low, but the remote and
programmable nature often offsets this limitation in biomedical
or confined space applications. Due to its ability to achieve com-
plex, programmable deformations with minimal hardware re-
quirements, magnetic actuation has been increasingly integrated
with origami structures. In terms of response time, magnetic
actuation typically provides sub-second responsiveness due to
the instantaneous nature of magnetic field application. However,
its force output is generally moderate and highly dependent on
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the magnetic material properties and field strength, which lim-
its its scalability for larger or high-load systems. As presented in
Figure 5a, Jin et al. propose a worm-inspired origami robot us-
ing magnetic field-driven actuation and a novel paper-knitting
technique.®*! Embedded magnetic discs in the backbone enabled
precise, remote-controlled deformation, supporting versatile lo-
comotion modes such as inchworm, Omega, and hybrid mo-
tions. The robot performed tasks like obstacle sweeping, wall
climbing, and cargo delivery, achieving 7.7 mm s~! transport
speed in pipeline environments. In Figure 5b, Tang et al. de-
sign origami-based soft actuators with programmable deforma-
tion using magnetically responsive materials.[®*] Their method
enabled precise control over magnetic moment direction and de-
formation amplitude. Reconfigurable Miura folds and two-floor
structures responded within 0.5 s to magnetic fields. A jellyfish-
inspired actuator demonstrated efficient underwater propulsion
via magnetic-induced lappet motions, converting field direction
into lift and forward movement. Yuan et al. propose a magnetic
spring robot (MSR) with a stretch-twist coupling origami spring
skeleton actuated by a uniform magnetic field to generate di-
verse locomotion modes.[®) The robot utilizes a vertical folded
origami structure (VFOS) with symmetric axial magnetization to
achieve three distinct motion types: worm crawling, crab crawl-
ing, and rolling motion. This magnetic actuation method allows
for efficient, untethered movement, making the MSR suitable
for applications in environments such as in vivo diagnostics or
therapeutic tools. Miyashita et al. introduce a miniature origami-
based robot for clinical interventions, which is capable of per-
forming versatile tasks such as wound patching, foreign body
removal, drug delivery, and biodegradation.[’”®! Remotely con-
trolled through external magnetic fields, the robot travels through
the esophagus to the stomach, where it self-deploys and car-
ries out targeted functions, such as patching wounds. As shown
in Figure 5c, Ze et al. develop a magnetically actuated small-
scale origami crawler using a four-unit Kresling assembly for
effective in-plane contraction-based locomotion.’°! The Kresling
origami pattern is carefully designed to avoid undesirable twists,
enabling the crawler to achieve straight motion without lateral
deviations. Magnetic actuation is employed to generate the nec-
essary torque, which allows the crawler to contract for forward
movement and provide instantaneous steering capabilities. As
shown in Figure 5d, Chung et al. designed a biodegradable mag-
netic origami robot using magnetic paper that is both formable
and recyclable.”’”] The robot utilizes specific magnetization pat-
terns and crease designs to achieve rapid deformation and move-
ment under the influence of external magnetic fields. By applying
a magnetic field, the origami actuator demonstrates dynamic and
fast responses, such as wing flapping in a butterfly-shaped struc-
ture and rolling motions in a magnetic rolling robot. For mag-
netic actuation systems, performance degradation can occur due
to the demagnetization of magnetic particles, mechanical fatigue
of the structure, and potential delamination between magnetic
and non-magnetic components over time. This degradation af-
fects the precision and force output of the actuator, especially in
applications requiring frequent and prolonged usage.

Smart materials are a type of materials that exhibit large defor-
mation in response to external stimuli, such as temperature, 86881
light,!®! or fields.”*%2) Smart materials offer high versatil-
ity, lightweight structures, and programmable functionalities,
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which make them ideal for actuating origami robots in ap-
plications requiring lightweight, flexibility, and adaptability.
Smart materials used to actuate origami robots mainly include
shape memory polymers (SMPs),[”*? ¢! shape memory alloys
(SMAs),7-1 dielectric elastomer actuators (DEAs),!?0-921%01 and
others.[7779101-103] Ag shown in Figure 6a, Jin et al. utilize crys-
talline SMPs (polyurethane) to develop a single-component poly-
meric robot termed the Origami Uni-bot (O-Unibot).['* This in-
novation employs thermo-reversible bonds to create 3D-shaped
structural support via a plasticity-based origami technique, while
photo-reversible bonds enable spatially selective reversible shape
memory actuation. The O-Unibot demonstrates the ability to per-
form complex soft robotic tasks, such as mimicking the move-
ments of a crane and an elephant, highlighting its versatility.
Unlike conventional multi-component robots that require intri-
cate assembly of rigid and flexible materials, this approach suc-
cessfully integrates structural support and actuation into a single
component, addressing key challenges in soft robotics design.
However, SMPs typically require thermal cycling with heating
and cooling steps, leading to relatively low energy efficiency (~1-
3%) due to thermal losses.[1%] The actuation time also tends to
be slow (tens of seconds). In contrast, dielectric elastomer actu-
ators exhibit higher actuation bandwidths and improved energy
conversion efficiencies (x10-15%), with low power consumption
(typically under 1 W per unit) owing to their lightweight struc-
ture and high voltage, and low current operation.'*] As shown
in Figure 6D, Sun et al. employ DEAs to develop programmable
origami-inspired soft robots, addressing the response rate limi-
tations inherent in SMP-based actuation.®”! By integrating mul-
tilayer DEA structures composed of pre-stretched VHB4910 elas-
tomers as deformation layers and laser-cut PET films as flex-
ible frames, they create a series of advanced soft robots capa-
ble of crawling and transforming between 2D and 3D config-
urations. One notable application, the crawling robot, demon-
strates stable motion with enhanced speed on rough surfaces,
achieving a maximum crawling speed of 4.09 mm s~! on P600
sandpaper at a voltage of 5 kV and frequency of 0.29 Hz, as
shown in Figure 6d. This performance highlights the effective-
ness of DEA-driven systems in overcoming frictional challenges
on varying terrains. While DEAs offer a significant improve-
ment in actuation responsiveness and versatility, the approach
is constrained by its limited load capacity and the requirement
to position actuators at every hinge, restricting the application
to simpler origami structures. As shown in Figure 6e, Angatk-
ina et al. utilize SMA-based actuation to address the load capac-
ity limitations of DEAs and develop a crawling robot inspired
by the true metamerism of earthworms.['”] The robot’s design
employs modular segments constructed from bistable origami
structures, which could extend and contract to enable crawling
locomotion. These segments feature a docking system powered
by SMA wire coils, allowing the robot to autonomously detach
and reattach its segments using a directional magnetic arrange-
ment. This modularity provides enhanced maneuverability and
adaptability in various operational environments. As illustrated
in Figure 6f, the bistability of the origami building blocks is ef-
fectively utilized to achieve power-efficient transitions between
the fully contracted and expanded states of the robot segments,
facilitating forward motion, and turning. This design demon-
strates a significant advancement in robotic metamerism, en-
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abling complex, multifunctional operations while maintaining
high efficiency and scalability. Compared to magnetic actuation,
smart material-based actuation, such as SMPs and SMAs, gen-
erally exhibits slower response times, often ranging from sev-
eral seconds to minutes, due to heating and cooling require-
ments. DEAs, in contrast, offer faster response (typically in the
range of tens to hundreds of milliseconds) with higher actua-
tion bandwidth. In terms of force output, SMAs provide signifi-
cantly higher actuation forces than DEAs or magnetic actuators,
but at the cost of slower cycling and lower energy efficiency. Scal-
ability is also a critical factor—while DEAs and SMPs are well-
suited for miniaturized, lightweight systems, their performance
diminishes with increased size due to voltage and thermal limita-
tions. SMA-based systems are more scalable in terms of mechan-
ical load but face control complexity and power requirements.
For thermal-stimulated smart materials, thermal cycling leads to
gradual fatigue, microstructural phase degradation, and mechan-
ical wear, reducing actuation strain and force output over time.
SMPs also exhibit plastic deformation or creep after prolonged
exposure to heat. DEAs, on the other hand, are susceptible to
dielectric breakdown and mechanical fatigue under high-voltage
cycling. Although recent advancements have improved material
resilience through new formulations and encapsulation strate-
gies, the long-term reliability of smart-material-driven origami
robots remains a key research area.

4. 3D Printing Technologies for Fabricating
Origami Robots

3D printing, also known as additive manufacturing, is an ad-
vanced manufacturing technology that fabricates 3D structures
by incrementally depositing materials in a layer-by-layer man-
ner. Its advantages, including design flexibility, precision, and
compatibility with various materials, make it widely adopted
for the fabrication of origami-inspired robots. Among the most
commonly used 3D printing techniques for origami robots are
FDM and DLP, which have shown particular success due to
their ease of use, cost-effectiveness, and ability to create com-
plex geometries. The mainstream 3D printing methods for man-
ufacturing origami robots include: FDM, which extrudes melted
thermoplastic filaments following prescribed patterns to create
structures layer-by-layer (Figure 7a); DIW, an extrusion-based
technique that prints shear-thinning inks capable of solidifying
through various mechanisms such as evaporation, gelation, or
phase change (Figure 7b); Polyjet printing, which jets photopoly-
mer droplets onto a build platform and cures them using ul-
traviolet (UV) light to enable seamless multimaterial integra-
tion and functional structures (Figure 7c); DLP, which projects
UV patterns onto liquid resins to trigger localized photopolymer-
ization, resulting in highly intricate and refined 3D geometries
(Figure 7d); and TPP, a nanoscale-resolution technology utilizing
focused femtosecond laser pulses to induce localized polymeriza-
tion within photosensitive resins, achieving microscale precision
and multifunctionality (Figure 7e).

However, despite the broad applicability of these techniques,
FDM and DLP are widely recognized as the two main 3D print-
ing methods in origami robotics due to their established capa-
bilities in producing robust and functional structures. FDM is
favored for its affordability and versatility with materials, while
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Figure 7. 3D printing technologies for fabricating origami structures. (a) Schematic illustration of FDM printing technology. (b) Schematic illustration
of DIW printing technology. (c) Schematic illustration of Polyjet printing technology. (d) Schematic illustration of DLP printing technology. (e) Schematic

illustration of TPP printing technology.

DLP stands out for its high resolution and ability to create intri-
cate designs. These characteristics make them particularly suited
for fabricating soft and rigid origami robots that require precise
and reliable performance.

As illustrated in Figure 8, FDM has been widely adopted to
fabricate origami structures and robots, due to its simplicity,
cost-effectiveness, and compatibility with various engineering
plastics. In addition to thermoplastic polymers, FDM has also
been extended to include composites and bio-based materials,
such as PLA with natural fibers or biodegradable thermoplastics,
broadening the scope of material choices for environmentally
conscious designs. As shown in Figure 8a-c, Faber et al. utilize
FDM to fabricate a self-folding wing gripper, employing a print-
ing method where rigid panels are naturally connected to flexi-
ble hinges.!'%®] This soft-rigid material integration is clearly visi-
ble in Figure 8b. The origami wing gripper incorporates spring
elements into bioinspired origami structures, mimicking the
bistable locking and rapid folding functionalities of the earwig’s
wing. As demonstrated in Figure 8¢, the printed wing gripper is
capable of quickly grasping and lifting heavy objects.

In Figure 8d, Xue et al. employs a multimaterial FDM 3D
printer to fabricate a Yoshimura origami-based soft robot where
rigid panels are strongly bonded with soft hinges through the
encapsulation-based interface design strategy.>’] The soft-rigid
coupled origami structure allows the robot to have higher load
capacity and faster response speed compared with its purely
soft counterparts. Origami robotic arms consisting of multi-
ple units exhibit robust yet flexible structures (Figure 8e). In
Figure 8f, the robotic arm demonstrates the capability to effort-
lessly grasp target objects. In Figure 8g, Xue et al. uses FDM-
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based multimaterial 3D printing to create origami robotic grip-
pers with rigid PLA panels and soft TPU hinges via a pene-
trating interface design.**) Employing the Yoshimura pattern,
they print foldable planar structures and assemble them into 3D
tubes (Figure 8h). The grippers demonstrated over 90° bend-
ing and quick recovery (0.625 s) under cable-driven actuation.
As shown in Figure 8i, they successfully grasped and placed a
delicate dragon fruit without damage, highlighting their poten-
tial for gentle, adaptive manipulation in fields like the food in-
dustry. Melancon et al. use FDM to directly fabricate inflatable
origami modules capable of multimodal deformations enabled
by multi-stability.l'®! This approach eliminates the need for fold-
ing assembly, which introduces overly complex post-processing
steps. Figure 8e shows the bending deformation of an inflated
module, highlighting its structural adaptability and functional-
ity. As shown in Figure 8f, these modules are assembled into
inflatable origami robotic arms, which can switch between var-
ious configurations to perform diverse tasks with simplified
control mechanisms. In Figure 8j, Wang et al. employ FDM-
based 4D printing with continuous fiber-reinforced composites
to fabricate electrothermally controlled origami structures.['!!
In this design, continuous carbon fibers (CCFs) are embedded
into the hinge regions for Joule heating, enabling precise actua-
tion, while fiber-reinforced regions form the rigid origami pan-
els and non-reinforced areas serve as flexible creases. This inte-
gration not only ensures precise shape-shifting capabilities but
also significantly enhances the structural stability and stiffness,
with the reinforced rubbery state reaching up to 2.3 GPa—1000
times greater than that of pure SMP. As shown in Figure 8k,
the resulting origami-based grippers exhibit programmable
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Figure 8. Origami robot fabricated using FDM 3D printing. (a) Geometry and material properties.['%%] (Copyright 2018, AAAS) (b) FDM printing in the
folded, upright state.l'%8] (Copyright 2018, AAAS) (c) Spring origami gripper is in a closed state.['%®] (Copyright 2018, AAAS) (d) Multimaterial FDM
printing of PLA panels with TPU hinges for 2D crease patterns.[>’] (Copyright 2024, IOP Publishing) (e) The origami robot in the up-right configuration.l>’]
(Copyright 2024, 10OP Publishing) (f) Grasping process snapshots.3”! (Copyright 2024, IOP Publishing) (g) lllustration of using an FDM multimaterial
3D printer to fabricate a multimaterial origami pattern.[3°] (Copyright 2025, Mary Ann Liebert) (h) Snapshots of the process that transforms a flat crease
origami pattern into a 3D origami structure.3%! (i) Grasping and placing a dragon fruit.[3] (Copyright 2025, Mary Ann Liebert) (j) 3D printing of CCF-
SMP PCEO composite and electrothermal hinge with joule heating CCF integration.!"'%! (Copyright 2024, Springer Nature) (k) Snapshots of the robotic
gripper grasping a solid adhesive rod.[''] (Copyright 2024, Springer Nature).
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shape-changing behavior, enabling high precision, responsive-
ness, and adaptability. These grippers demonstrate remarkable
control, effectively grasping and manipulating target objects with
diverse configurations.

However, it is important to note that the relatively low resolu-
tion of FDM printing can negatively impact the mechanical per-
formance and folding precision of the resulting origami struc-
tures. The layer-by-layer deposition and larger nozzle diameters
associated with FDM may lead to surface roughness, dimen-
sional inaccuracies, and imperfect hinge formation. These limi-
tations can reduce the sharpness of fold lines, introduce residual
stresses at bending regions, and impair the repeatability and re-
liability of shape transformations. Consequently, although FDM
offers cost-effectiveness and ease of use, it may not be the optimal
choice for applications requiring high-fidelity folding or delicate
mechanical responses if high resolution is required. In contrast,
higher-resolution techniques such as DIW, DLP, or TPP can pro-
duce finer features and more accurate creases, which are essen-
tial for precise shape morphing and mechanical performance in
complex origami systems.

As illustrated in Figure 9, DIW is another extrusion-based 3D
printing technology that fabricates 3D structures by extruding
shear-thinning inks, including colloidal suspensions, colloidal
gels, polymer melts, dilute colloidal fluids, and others.['11:112]
These inks solidify either through liquid evaporation, gelation,
or a temperature- or solvent-induced phase change. Compared
with FDM, DIW allows users to have a higher degree of freedom
to customize printing materials and print structures with func-
tional materials. As shown in Figure 9a, Kim et al. utilize DIW
to print soft origami structures with ferromagnetic domains,
where the magnetized regions form the origami panels, while
the non-magnetized extruded material serves as hinges.[*¥! The
actuation mechanism is presented in Figure 9b. Figure 9c shows
the fabricated origami structure undergoing shape transforma-
tion under an applied magnetic field. This approach enables un-
tethered, fast-transforming soft actuators and robots with pro-
grammable shape morphing and reconfigurability. As shown in
Figure 9d, Liu et al. report ceramic 4D printing by employing
DIW to fabricate 2D Miura origami patterns with elastomer-
derived ceramics.'"¥] In the DIW process, shear-thinning ce-
ramic inks are extruded through a nozzle, allowing precise depo-
sition of material onto a substrate to create the desired pattern.
Upon mechanical loading, these 2D patterns fold into 3D geome-
tries (Figure 9e). Further debinding and sintering processes are
then applied, removing the polymeric binders, and densifying the
ceramic material, resulting in pure 3D ceramic structures with
excellent mechanical properties. In order to realize multimaterial
DIW printing with fast switching speed, as shown in Figure 9f,
Skylar—Scott et al. report multimaterial multinozzle 3D (MM3D)
printing where the printing heads exploit the diode-like behav-
ior that arises when multiple viscoelastic materials converge at a
junction to enable seamless and high-frequency switching.!'1]
The process involves depositing hard and soft materials alter-
nately, with precise control over material placement, to form fold-
able Miura—Origami structures. Figure 9g shows a flexible hinge
connecting two hard panels, while Figure 9f presents the com-
plete foldable Miura—Origami structures, where the hard panels
and soft hinges are seamlessly integrated, demonstrating the ef-
fectiveness of the MM3D printing method.
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As illustrated in Figure 10, different from extrusion-based 3D
printing technology, Polyjet technology creates 3D objects by
jetting photopolymer droplets onto a build platform and cur-
ing them with UV light. Polyjet allows for the fabrication of
intricate, functional, and multimaterial structures with seam-
less integration, and thus has been applied to fabricate func-
tional origami structures. As shown in Figure 10a, Ge et al. pro-
pose printed active composite materials (PACs, Figure 10b) using
Polyjet 3D printing to create complex origami-inspired structures
with shape memory behaviors.[#] The process involves design-
ing the fiber and matrix architecture in a CAD file and is fol-
lowed by printing multiple layers to form a laminate with ther-
momechanical properties. This approach enables the fabrication
of structures capable of bending, twisting, folding, and coiling,
with the ability to return to their original shape upon reheat-
ing, as demonstrated in Figure 10c. The combination of shape
memory fibers and elastomeric matrices imbues the structure
with dynamic, programmable deformation, allowing for appli-
cations such as self-folding devices. As shown in Figure 10d,
Ge et al. report 4D printed active origami structures by using
Polyjet to print origami patterns with active composite hinges
where shape memory fibers are embedded in the elastomeric
matrix.®”] As shown in Figure 10e, a 2D triangle evolves into
a 3D origami crane after the thermomechanical programming
process. As shown in Figure 10f,g, Yuan et al. utilize Polyjet
technology to fabricate more intricate self-folding origami struc-
tures, such as self-folding Miura-ori and self-folding crane, by
applying specialized designs to the active composite hinges.®8!
These enhancements demonstrate the potential of Polyjet-based
PACs for advanced applications requiring precise and complex
shape transformations. In Figure 10h, Mao et al. propose a novel
method to create sequentially self-folding structures using Poly-
jet 3D printing to fabricate hinges with digital SMPs.[] By
mixing two base materials at specific ratios, they achieved pro-
grammable thermomechanical properties, enabling self-folding
at controlled speeds under a uniform temperature field. This ap-
proach eliminates the need for complex localized heating sys-
tems and allows for precise design and fabrication of complex
self-folding and self-locking structures. As shown in Figure 10i,
a 4D-printed origami box with sequential folding is realized by
assigning SMPs with different glass transition temperatures to
specific hinges. As shown in Figure 10j, Lee et al. design an
underactuated robotic gripper, TWISTER Hand, inspired by the
twisted tower origami principle.['>] Fabricated using Polyjet 3D
printing, the gripper achieves precise structure and functional-
ity, as detailed in Figure 10k, which presents its grasping and
releasing actions, demonstrating flexible grasping capabilities.
The use of Polyjet 3D printing enables precise fabrication, ef-
ficient force transmission, and a lightweight design, making
TWISTER Hand suitable for handling delicate objects in robotic
applications.

Figure 11 illustrates the DLP 3D printing technology that fab-
ricates 3D structures by projecting 2D ultraviolet (UV) patterns
onto the surface of polymer resin to trigger localized photopoly-
merization converting liquid resin to 3D solids."'®l DLP can print
most photopolymerizable resins, and recent developments in
DLP have introduced the use of non-photopolymerizable mate-
rials such as ceramics and metal composites, expanding its ma-
terial palette to include functional, high-performance materials.
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Figure 9. Origami robot fabricated using DIW 3D printing. (a) Schematics of the printing process and material composition: ferromagnetic particles
in composite ink reoriented by a magnetic field near the dispensing nozzle.[*®] (Copyright 2018, Springer Nature) (b) Magnetic actuation simulation of
finite-element model.[*8] (Copyright 2018, Springer Nature) (c) Experimental results of Miura-ori fold with alternating oblique ferromagnetic patterns.[“%]
(Copyright 2018, Springer Nature) (d) Optical image of DIW.['3] (Copyright 2018, IOP Publishing) (e) 4D-printed EDCs with Miura—ori design.[1"3]
(Copyright 2018, 1OP Publishing) (f) MM3D printing of a Miura pattern with an 8 X 1two-material printhead.['™] (Copyright 2019, Springer Nature) (g)
Patterned bending of stiff cantilevers (orange) and a flexible hinge (grey).l"™! (Copyright 2019, Springer Nature) (h) Folding behavior of an 8 x 8 Miura
pattern.["14] (Copyright 2019, Springer Nature).
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Figure 10. Origami robot fabricated using Polyjet 3D printing. (a) Schematic of the printed active composite printing process.[#¢] (Copyright 2013,
AIP Publishing) (b) PAC lamina schematic: a two-layer laminate combining fiber-oriented lamina and pure matrix material, processed through heating,
stretching, cooling, and release.!®¢] (Copyright 2013, AIP Publishing) (c) Original strip and outcomes under varying fiber architectures.3®] (Copyright
2013, AIP Publishing) (d) Schematics of a PAC hinge and the thermomechanical programming steps.[8”] (Copyright 2014, IOP Publishing) (e) A hinged
triangular sheet folding into an origami airplane.[’] (Copyright 2014, IOP Publishing) (f) Self-Folding Miura-ori.[88] (Copyright 2017, Springer Nature) (g)
Self-Folding crane.138] (Copyright 2017, Springer Nature) (h) Programmed 3D-printed sheet with varied hinge materials.[?3] (Copyright 2015, Springer
Nature) (i) Heating induces folding into a self-locking box.[?3! (Copyright 2015, Springer Nature) (j) 3D Printed TWISTER structure with TangoPlus
material.l">] (Copyright 2020, IEEE) (k) Underactuated cable-driven robotic gripper with three compliant fingers: fully open (left) and closed (right).['"]
(Copyright 2020, IEEE).
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Figure 11. Origami robot fabricated using DLP 3D printing. (a) Volume shrinkage-induced bending: sequential shrinkage during FPP of a polymer
sheet generates internal stress, driving the sheet to bend.['"] (Copyright 2017, AAAS) (b) Fabrication of Miura and crane structures via two-side
illuminations.["'7] (Copyright 2017, AAAS) (c) lllustration of the CM 3D printing system.l""®] (Copyright 2022, Springer Nature) (d) Miura-origami
sheet with hard polymer panels and SM polymer hinges.[''8] (Copyright 2022, Springer Nature) (e) Schematic of multimaterial printing reconfigurable
origami.[’1®] (Copyright 2024, AAAS) (f) Demonstration of shape-memory behaviors in reconfigurable origami.['°] (Copyright 2024, AAAS).

Compared with FDM, DIW, and Polyjet, DLP is capable of creat-
ing 3D structures with intricate geometries and refined details.
Thus, DLP is also widely adopted to fabricate origami structures.
As presented in Figure 11a, Zhao et al. introduce a method for
fabricating 3D origami structures using a frontal photopolymer-
ization (FPP) approach, similar to DLP 3D printing, leveraging
photopolymerization-induced volume shrinkage to achieve spon-
taneous shape morphing.[''”! Light projected through a transpar-
ent substrate cures a liquid resin layer by layer, with the addi-
tion of photoabsorbers creating a gradient in curing intensity.
This nonuniform curing induces internal stress gradients, driv-
ing the material to bend toward newly cured regions upon re-
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lease from the substrate. As shown in Figure 11D, this process
enables the creation of complex 3D origami shapes (Miura struc-
tures and Crane structures) without external stimuli, offering a
simplified and efficient alternative for fabricating intricate struc-
tures. Origami structures with higher mechanical performance
and more functionalities can be fabricated by DLP-based multi-
material 3D printing.

In Figure 11c, Cheng et al. apply centrifugal multimaterial
DLP 3D printing to create a shape memory Miura origami struc-
ture where the panels are printed with hard polymer and con-
nected with shape memory hinges.['®! The printed 2D origami
sheet can be folded to and fixed at the 3D shape which later turns
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to the 2D sheet upon heating. As shown in Figure 11e, Li et al.
propose reconfigurable 4D-printed structures using mechani-
cally robust covalent adaptable network shape memory polymers
(MRC-SMPs) fabricated through DLP 3D printing.[''] As shown
in Figure 11f, the high-resolution printing process enables the
creation of complex SMP structures that can be reconfigured into
multiple permanent shapes under large deformations. The MRC-
SMPs exhibit exceptional thermomechanical properties, includ-
ing high deformability (>1400%), a high glass transition temper-
ature (75 °C), and excellent weldability, allowing separate parts
to merge seamlessly after heat treatment. This innovation sup-
ports applications such as programmable hinges, reconfigurable
lattice-based robotic grippers, and origami-inspired devices for
versatile shape-morphing functions.

As illustrated in Figure 12, TPP 3D printing technology em-
ploys focused femtosecond laser pulses to selectively induce lo-
calized polymerization within a photosensitive resin.20121] Tt is
notable for overcoming the diffraction limit, enabling the fabrica-
tion of features with exceptional resolution. This technology ex-
cels in producing intricate 3D micro/nanostructures and offers
significant advantages in terms of printing flexibility and spatial
resolution, making it highly effective for the fabrication of precise
microstructures.!'?2] As shown in Figure 12a, Ceylan et al. em-
ploy TPP to fabricate a structure with dual helical configurations,
designed for cargo loading and responsive swimming under the
influence of a rotating magnetic field.'?’] These microswim-
mers are 3D printed from a magnetic precursor mixture contain-
ing gelatin methacryloyl (GelMA) and biofunctionalized super-
paramagnetic Fe,O, nanoparticles, enabling precise control over
both the structural design and functional properties. Figure 12b,c
demonstrate the detailed morphology of the microswimmers,
highlighting the homogeneous embedding of magnetic nanopar-
ticles, which facilitates efficient magnetic actuation and envi-
ronmental responsiveness. This work underscores the poten-
tial of TPP-fabricated microswimmers for advanced therapeu-
tic and diagnostic applications in physiologically complex envi-
ronments. Drawing inspiration from modular robots and Lego-
like blocks, as illustrated in Figure 12d, Huang et al. introduce
a programmable design approach for the direct construction
of 3D reconfigurable microstructures, enabling complex shape
transformations.'?! These robots are achieved using stimuli-
responsive hydrogel micro-blocks fabricated through TPP-based
4D printing. By temporally and spatially controlling the di-
rect writing process, varying crosslinked polymer networks are
formed. In response to environmental pH changes, the origami
structures function as actuators, transitioning between open and
closed positions. The transformer, capable of multiple distinct de-
formations, can morph from a race car to a human-like robot. As
illustrated in Figure 12e, the 4D micro-building blocks exhibit
high precision, programmability, and reconfigurable properties,
significantly broadening the design space for microfabricated de-
vices. As illustrated in Figure 12f, Jin et al. introduce an advanced
strategy for 4D microprinting by utilizing TPP-based laser writ-
ing to fabricate reconfigurable compound micromachines with
exceptional mechanical properties.'>! This approach involves
the creation of shape-morphing micromachines using phototun-
able, stimulus-responsive hydrogels. By controlling parameters
such as the femtosecond laser exposure dose, crosslinking den-
sities, and other factors like stiffness and swelling/shrinking be-
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havior, the material properties can be finely tuned to achieve the
desired performance. Finite element methods are employed to
predict the characterization and shape-changing behaviors of the
micromachines. Unlike bilayered structures, this method allows
for extensive shape transformations. Figure 12g showcases var-
ious reconfigurable micromachines, including microcages, mi-
crostents, and microumbrellas, demonstrating their ability to un-
dergo rapid, precise, uniaxial, and biaxial contraction, reversible
shape changes, and articulated bar folding.

Table 1 provides a comparative summary of the main 3D print-
ing techniques for origami robot fabrication. FDM stands out for
its simplicity, low cost, and wide material compatibility, but it suf-
fers from relatively low resolution and poor surface finish, which
may limit applications requiring high folding precision. DIW
offers greater material customizability and enables multimate-
rial integration, especially useful for functional inks or stimuli-
responsive structures; however, it typically has lower mechanical
strength and slower printing speed. Polyjet and DLP are advanta-
geous for high-resolution, multimaterial fabrication with smooth
surfaces, though they require expensive photopolymer resins and
equipment, limiting their scalability. TPP, with its ultrahigh res-
olution, is ideal for micro- and nanoscale origami systems, but
its slow throughput and limited printable volume currently con-
strain large-scale robotic applications.

5. Conclusion and Perspectives

In the above sections, we present a comprehensive review on the
recent advancements of origami robots in terms of crease pat-
terns for 3D origami structures, actuation methods for driving
origami robots, and 3D printing methods for fabricating origami
robots. In the past decade, numerous 3D printed origami robots
have been developed for applications such as grasping objects
with different shapes, locomotion, and biomedical operations on
a micrometer scale. However, the adoption of 3D printed origami
robots to broader applications is hindered in the following as-
pects: 3D printing capability, design methods for origami pat-
terns, and breakthrough applications.

5.1. 3D Printing Capabilities

FDM and DLP are the two 3D printing techniques used to fabri-
cate soft-hard coupled origami robots. However, both techniques
have limitations. FDM-based multimaterial 3D printing tech-
nique fabricates soft-hard coupled origami robots with indus-
trial polymers (i.e., TPU, PLA, etc.), which have robust mechan-
ical performance. However, forming robust interfacial bonding
between the soft and hard polymers remains a key challenge.
Despite the recent works reporting the encapsulation method
to a strong bond between soft hinges and hard panels,[“64757]
this method sacrifices the printing efficiency as the soft skins
are required to be printed to encapsulate the hard panels. There-
fore, new methods are demanded to achieve strong interfacial
bonds between soft and hard materials without sacrificing the
printing time. On the other hand, DLP-based multimaterial 3D
printing technique is capable of forming a strong interface be-
tween soft and hard materials due to the covalent bonds between
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Figure 12. Origami robot fabricated using TPP 3D printing. (a) 3D fabrication of micro-swimmers using two-photon polymerization with continuous
magnetic field alignment of nanoparticles.['?3] (Copyright 2019, ACS Publications) (b) Optical microscope DIC image of a micro-swimmer array.!123]
(Copyright 2019, ACS Publications) (c) Energy-dispersive X-ray spectroscopy mapping confirms the uniform embedding of iron oxide magnetic nanopar-
ticles within the micro swimmer body.'?>] (Copyright 2019, ACS Publications) (d) Schematic of the printing process in a DLW system.['2*] (Copyright
2020, AAAS) (e) Sequential optical images of the 3D shape morphing from a race car to a humanoid robot.['?4] (Copyright 2020, AAAS) (f) Schematic
of the 4D-DLW process, where cuboid microstructures with increasing crosslinking density are printed from a hydrogel precursor by increasing laser
power.'23] (Copyright 2020, Elsevier) (g) 3D-to-3D Reconfigurable Micro-Umbrella Demonstration.l'?’] (Copyright 2020, Elsevier).
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them generated from the photopolymerization process. Yet, com-
pared with these industrial materials for FDM, the photocurable
polymers for DLP are pale in terms of mechanical robustness
and environmental stability. Therefore, better photocurable poly-
mers are desired for DLP printing origami robots. To address
these material limitations, the development of new photocurable
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resins with enhanced mechanical strength, biocompatibility, and
thermal stability is critical. Key factors in developing new 3D
printing materials include improving interfacial adhesion prop-
erties, enabling programmable stiffness, ensuring printability
under multi-material conditions, and achieving durability under
cyclic deformation. Additionally, hybrid materials that combine
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Table 1. Comparison of Different 3D Printing Technologies for Origami Robot Fabrication.

Property

3D Printing Technologies

FDM

DIW Polyjet DLP TPP

Material Types

Printing Resolution

Thermoplastics (PLA, ABS,

TPU)

Moderate (0.1-0.4 mm)

Shear-thinning inks Photopolymers, Photopolymers (liquid Photosensitive resins

(polymer melts, colloidal multi-materials resins)

suspensions, etc.)

Moderate (0.1-0.3 mm)

High (0.02-0.1 mm)

Very high (0.025 mm)

Extremely high (nanoscale)

Speed Moderate Moderate High High Low
Material Compatibility Wide range (plastics, High customization Limited to photopolymer Limited to Limited to photosensitive
composites) potential materials photopolymer resins
materials
Cost Low Moderate High Moderate to High High
Applications Low-cost, general-purpose Soft actuators, Functional multimaterial ~ High-resolution origami Microscale precision

printing multimaterial structures

structures robots applications,

high-functionality robots

nanofillers or dynamic covalent chemistry may offer pathways to
tunable performance and longer-term reliability.

5.2. Design for Origami Robots

Modeling and designing the kinematic behaviors of an origami
robot requires to build the relations between the flattened crease
pattern and the geometry as well as the kinematics of folded 3D
origami structures. The entire modeling process involves a large
number of geometric parameters and complicated calculations of
the matrix and is an expensive computational process. To model
and design the dynamic behaviors of an origami robot, the me-
chanical properties of the materials used to build the origami
robot need to be integrated into the complex matrix computation,
which further burdens the modeling process. In addition, en-
riching the functionality of designed origami robots, more than
one crease pattern would be used to build the origami robots,
which makes modeling become more challenging. The expen-
sive modeling cost is another reason that hinders the origami
robots from engineering applications. With the boom in artificial
intelligence,'*128] 3 machine learning-based design approach
might be a solution to make the design and modeling of origami
robots easier.['?*130 Machine learning can be applied to accelerate
the inverse design process by learning mappings between crease
patterns and functional outcomes. It can also be employed to op-
timize crease configurations for specific tasks. By reducing the re-
liance on iterative numerical simulations and enabling rapid pre-
diction of structural behavior, 311321 ML approaches significantly
lower computational costs and enable real-time design feedback,
especially for multi-functional or reconfigurable origami robots.

5.3. Breakthrough Application

In this review paper, many frontier research outcomes on origami
robots have been introduced and analyzed. Researchers have
reported advanced approaches for designing, manufacturing,
and actuating origami robots. However, the applications demon-
strated in most of these works are still at the conceptual level.
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Compared with traditional industrial robots or even frontier soft
robots, origami robots are barely used in real application scenar-
ios. Therefore, researchers need to further explore the potential
of origami robots and find the application scenarios where the
advantages of origami robots (i.e., high flexibility, large contrac-
tion ratio, high energy absorption, the capability of modular de-
sign and assembly) match well. Some works!'33135¢7] show the
potential of microscale origami robots for biomedical applica-
tions. Deep studies are still needed to upgrade these robots to
meet all the requirements for real applications. On the other
hand, origami structures have been widely used in aerospace
engineering,['*138] and the typical applications include foldable
solar panels and antennas. However, origami robots have not
been fully exploited for aerospace engineering. One possible ap-
plication is to develop origami robot-based landers and rovers to
explore superior planets.
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