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High–load capacity origami transformable wheel
Dae-Young Lee1,2, Jae-Kyeong Kim1, Chang-Young Sohn3, Jeong-Mu Heo3, Kyu-Jin Cho1*

Composite membrane origami has been an efficient and effective method for constructing transformable mech-
anisms while considerably simplifying their design, fabrication, and assembly; however, its limited load-bearing 
capability has restricted its application potential. With respect to wheel design, membrane origami offers unique 
benefits compared with its conventional counterparts, such as simple fabrication, high weight-to-payload ratio, 
and large shape variation, enabling softness and flexibility in a kinematic mechanism that neutralizes joint distor-
tion and absorbs shocks from the ground. Here, we report a transformable wheel based on membrane origami 
capable of bearing more than a 10-kilonewton load. To achieve a high payload, we adopt a thick membrane as an 
essential element and introduce a wireframe design rule for thick membrane accommodation. An increase in the 
thickness can cause a geometric conflict for the facet and the membrane, but the excessive strain energy accumu-
lation is unique to the thickness increase of the membrane. Thus, the design rules for accommodating membrane 
thickness aim to address both geometric and physical characteristics, and these rules are applied to basic origami 
patterns to obtain the desired wheel shapes and transformation. The capability of the resulting wheel applied to 
a passenger vehicle and validated through a field test. Our study shows that membrane origami can be used for 
high-payload applications.

INTRODUCTION
Origami has been a rich source of inspiration for art, education, and 
mathematics, and it has proven to be an efficient and effective 
method for realizing transformable structures in nature (1–3) and 
artificial systems (4–8). Composite membrane origami, the design 
technique based on the laminar composition of flexible membranes 
with rigid facet constraints, opens a new field for robotics by the 
transition from component assembly to lamination, which consid-
erably simplifies design, fabrication, and assembly. This transition 
simplifies and speeds up fabrication and enables reaching size scales 
that were difficult to access before (9, 10). In addition, membrane 
origami provides a versatile shape-changing ability that has been 
exploited in various applications (11–15), and its applicability has 
been extended by additional design dimensions obtained from ma-
terial characteristics such as softness and stretchability (16–19).

Beyond the aforementioned benefits, origami has been an effec-
tive design tool for constructing a high payload-to-weight structure, 
such as a honeycomb panel, by markedly increasing the buckling 
strength using unique geometric configurations (20, 21). Combin-
ing this feature with reconfigurability, various stiffness transition 
mechanisms have also been introduced (22–24). The rigidity of 
components is another important factor to secure high load capaci-
ty and closely related to the thickness. Origami design is, tradition-
ally, a matter of organizing fold lines under fundamental and ideal 
assumptions—zero facet thickness and zero fold line width (25–27). 
However, in response to growing interest in origami-inspired appli-
cations that require load-bearing capability, various thickness ac-
commodation methods have been introduced (28–30).

Here, we examine a special load-bearing problem that cannot be 
solved by the aforementioned load-bearing design techniques: a 
wheel that can be transformable and should withstand a high load 

all through, even in the shape-transition state. In a previous study, 
we reported an origami design method for a transformable wheel 
(31). By introducing flexible facets, it was possible to achieve a degree 
of freedom that enables shifting between different wheel shapes; 
however, there was a limitation in its load-bearing capacity. The dif-
ficulty of high load bearing in a transition state comes from the vari-
ation in the stress distribution. In general, the joint membrane is 
vulnerable compared with the rigid facet, but it is possible to make 
the facet bear most of the stress through the structural design (23, 24). 
However, an arbitrary configuration in the transition state places 
high stress on all components so that the tensile load capacity of the 
membrane determines the load capacity of the overall system.

To solve this issue, we introduce a wireframe design rule for 
thick membrane accommodation. Unlike the facet, the membrane 
experiences a large deformation in shape transition so that the in-
crease in membrane thickness can cause geometric conflict and 
excessive strain energy accumulation. Thus, the design rules for ac-
commodating membrane thickness aim to address both geometric 
and physical characteristics, and these rules are applied to basic ori-
gami patterns to obtain the desired wheel shapes and transformation. 
As a result, we demonstrate a transformable wheel with extreme 
load-bearing capability that can be applied to a passenger vehicle. 
With the high load capacity, the developed composite membrane 
origami provides softness and flexibility to the wheels in the kinematic 
mechanism, thus neutralizing distortions and absorbing shocks 
from the ground. Other benefits of the origami method—including 
fabrication efficiency (420 joint structures assembled within 4 hours), 
payload-to-weight ratio (>50), and shape variation ratio (~1.7)—are 
also demonstrated with the target scale.

RESULTS
The wheel can transform into two shapes—a large protruding wheel 
and a small smooth wheel—by folding and unfolding the spokes 
through adjustments in the distance between the wheel hub plates 
(Fig. 1A). Therefore, the wheel width and diameter vary depending 
on the configuration, as illustrated in Fig.  1B, with the diameter 
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varying from 0.46 to 0.8 m. We verified the load-bearing capacity of 
one wheel through experiments with cyclic loads of 5 ± 2, 7 ± 2, and 
9 ± 2 kN in the shape-transition state. The wheel performance is 
maintained for loads below 11 kN, as shown in Fig. 1C. The detailed 
conditions and results of these experiments are available in the Sup-
plementary Materials. We installed the developed transformable 
wheels on a single-passenger vehicle that was specially designed for 
independently transmitting torque for wheel rotation and force for 
wheel transformation (Fig. 1D).

The shape-shifting wheel concept has been implemented by var-
ious origami patterns (32–34). We chose the waterbomb tessella-
tion origami pattern, whose characteristics have been analyzed in 
(35–38), as a springboard for the wheel design due to the following 
reasons: The waterbomb-based wheel structure can have perpen-
dicularity in directions of driving transformation (horizontal) and 
supporting payload (vertical). This configuration makes it possible 
to maintain the two different shapes with minimum energy input. 
The L beam–shaped spoke is another advantage of the waterbomb 
pattern that can increase the buckling resistance of the structure. To 
transfer the paper model into a heavy-duty wheel prototype, we applied 
the stepwise design approach, and the overall procedure is illustrated 

in Fig. 2. The paper model of the wheel is made of 3 × 12 repetitions 
of a basic pattern (Fig. 2, A  to C). The transition from the paper 
model into a composite membrane is achieved by anchoring rigid 
facets to a flexible membrane (Fig.  2,  D  and  E), with the default 
length of the membrane gap, l, being the main design parameter at 
this stage. Given the simple folding with two facets, the minimum l 
would be twice the thickness of the facet for flat foldability. Howev-
er, a thick membrane with high curvature induces considerable re-
sistance force and energy accumulation. On the other hand, increasing l 
makes the entire structure deviate from the desired shape. To select an 
appropriate interval for this parameter, we use the Euler-Bernoulli 
beam theory to estimate the accumulated energy according to l 
(Fig. 2, F and G) (39). The details about the corresponding param-
eter selection are available in Supplementary Text.

Securing the kinematical degrees of freedom is the next stage of 
the pattern design. The waterbomb tessellation pattern creates a de-
pendency between the wheel diameter and spoke angle ψ, which is 
depicted as the red curve in Fig. 2J. Moreover, the connection be-
tween the wheel hub and spoke facet creates an additional dependency, 
depicted as the blue curve. This conflict causes an overconstraint, 
but it can be solved by expanding the flexible area as reported in the 
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Fig. 1. Transformable wheel concept and demonstration. (A) The wheel can be transformed into two shapes according to the road condition. (B) The relationship 
between the diameter and width of the wheel. (C) The load-displacement response of the wheel in the shape-transition state. (D) We designed a single-passenger vehicle 
for installation of the transformable wheels. The operation and capacity of the wheels were demonstrated through a field test.
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previous study (31). The expanded 
flexible area (Fig. 2H) produces 
an additional degree of freedom 
with the angle range of R and 
S (Fig. 2I), corresponding to the 
light yellow region in Fig. 2J. This 
relationship can be derived from 
the kinematical analysis of the 
wheel structure. The wheel struc-
ture consists of a rim part that 
makes the outer edge of the wheel 
and a spoke part that connects 
a wheel hub and the rim part 
(Fig. 3A). From the geometrical 
conditions shown in Fig. 3 (B and 
C), the position vector of the vertices according to the wheel center 
frame, O-xyz, can be calculated as

	​​ ​ → ​p​ A​​​  = ​ (​​0, 0, u ​ sin​(​​ − ​ ⁄ 12​​)​​ ─ sin​(​​ ​ ⁄ 12​​)​​ ​​ )​​​​	 (1)

	​​ ​ → ​p​ B​​​  =  (u, − sin , u​{​​ ​ sin​(​​ − ​ ⁄ 12​​)​​ ─ sin​(​​ ​ ⁄ 12​​)​​ ​  + cos ​}​​)​​	 (2)

	​​ ​ → ​p​ C​​​  =  (u cos , 0, u​{​​ ​ sin​(​​ − ​ ⁄ 12​​)​​ ─ sin​(​​ ​ ⁄ 12​​)​​ ​  + sin 2​}​​)​​	 (3)

where
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Fig. 2. Pattern transition from paper 
model to wheel prototype. (A) Water-
bomb tessellation pattern for the wheel. 
(B) Paper model of the wheel in large 
form. (C) Paper model of the wheel in 
small form. (D) Origami composite of 
the waterbomb pattern. (E) Composite 
composition. (F) Schematic of origami 
composite (lateral view). (G) Variation 
of the accumulated energy on mem-
brane according to membrane length 
(l)–to–facet thickness (t). (H) Origami 
composite pattern variation to solve over-
constraint issues. (I) Geometrical description 
of wheel unit structures. (J) Relation-
ship between the wheel radius and spoke 
angle. The shaded area in the graph 
indicates the variable range of the radi-
us according to the spoke angle due to 
the expanded membrane area. (K) Ori-
gami composite pattern variation for 
accommodation of thickness. (L) Two 
types of the vertexes and the shapes of 
the expanded membrane. (M) The wires 
that connect vertexes represent the 
membrane, and the wire color indicates 
the length ratio between the unfolded 
and folded states. (N) Origami compos-
ite pattern variation considering payload 
and transformation ratio. (O) Schemat-
ic of the front view and side view of the 
wheel. (P) Relationship between the wheel 
radius, the transformation ratio, and 
the central pattern width (w). (Q) Final 
pattern of the transformable wheel and 
(R and S) the implementation results of 
the wheel. The diameter of the wheel 
in large form is ~0.75 m, and that in 
small form is ~0.4 m.
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	​   = ​ tan​​ −1​(cos )​	 (4)

and the z position of ​​ → ​p​ C​​​​ can be defined as a radius of the wheel

	​​ ​r​ R​​  =  u​{​​ ​ sin​(​​ − ​ ⁄ 12​​)​​ ─ sin​(​​ ​ ⁄ 12​​)​​ ​  + sin 2​}​​​​	 (5)

The vertex E should be on the symmetry plane, which reduces the 
dimension of the vector to two so that it can be described as

	​​ ​ → ​p​ E​​​  = ​ (​​ ​​ E1​​, − ​​ E2​​ sin ​  ─ 12 ​, ​​ E2​​ cos ​  ─ 12 ​​)​​​​	 (6)

These two variables can be specified using the following con-
straints on the distance between the vertices

	​ ∥ ​ → ​p​ B​​​ − ​ → ​p​ E​​​ ∥ = u, ∥ ​ → ​p​ C​​​ − ​ → ​p​ E​​​ ∥ = u ​√ 
_

 2 ​​	 (7)

Similar to ​​ → ​p​ E​​​​, the position vector of G can be derived as

	​​  → ​p​ G​​​  =  (​​ G1​​, 0, ​​ G2​​)​	 (8)

whereas

	​ ∥ ​ → ​p​ C​​​ − ​ → ​p​ G​​​ ∥ = 2u, ∥ ​ → ​p​ E​​​ − ​ → ​p​ G​​​ ∥ = u ​√ 
_

 2 ​​	 (9)

The spoke angle, ψ, can be calculated from the result

	​ ψ  = ​ tan​​ −1​ ​ ​z​ C​​ − ​z​ G​​ ─ ​x​ G​​ − ​x​ C​​ ​​	 (10)

Separately, the vertex G should be connected with the wheel hub 
(Fig. 3C), and the radius of the wheel can be calculated as

	​​ r​ S​​  = ​ r​ H​​ + 2u sin ψ​	 (11)

and the difference between rR and rS causes kinematic conflict 
represented by the errors, e

	​ e  = ​ r​ R​​ − ​r​ S​​​	 (12)

This error can be compensated by expanding the flexible area 
with the design parameters fR and fS in Fig. 3D. The position vector 
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Fig. 3. Geometrical descriptions for kinematic analysis. (A) Folding pattern of the paper model of the wheel. The wheel consists of a central rim part and spoke parts on both 
sides. (B) Vertex configuration and its folded shape. (C) Geometrical description of the wheel model. The reference frame O-xyz represents the center of the wheel. 
(D) Modified vertex configuration with the expanded flexible area. The light yellow region represents a flexible area. (E) Geometrical description of the flexible area and 
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of ​​B​ R​ ′ ​​ and ​​B​ S​ ′ ​​ can be calculated by the internal division of the line 
segment as follows

	​​  
⟶

 A ​B​ R​ ′ ​ ​ : ​ 
⟶

 ​B​ R​ ′ ​ B ​ = u : ​f​ R​​​	 (13)

	​​  ⟶ ​p​ ​B​ R​ ′ ​​​​  = ​  
​f​ R​​ ​ → ​p​ A​​​ + u ​ → ​p​ B​​​

 ─ u + ​f​ R​​  ​​	 (14)

	​​  
⟶

 E ​B​ S​ ′ ​ ​ : ​ 
⟶

 ​B​ S​ ′ ​ B ​ = u − ​f​ S​​ : ​f​ S​​​	 (15)

	​​  → ​p​ ​B​ S​ ′ ​​​​  = ​  
​f​ S​​ ​ → ​p​ A​​​ + (u − ​f​ S​​) ​ → ​p​ B​​​

  ─ u  ​​	 (16)

By projecting ​​B​ R​ ′ ​​ and ​​B​ S​ ′ ​​ to yz plane, angle boundaries of additional 
degrees of freedom, R and S, can be derived (Fig. 3, E and F). Figure 2J 
shows how an extended flexible area handles kinematic errors. The 
flexibility on the value of rR achieved by R and S allows full contain-
ment of the profile of rS. The simulation uses the following conditions

	​​ ​r​ H​​⁄ u​  =  2, ​​f​ R ​​⁄ u​  =  0.05, ​​f​ S ​​⁄ u​  =  0.05​	 (17)

The design rule for accommodating the thickness of facet and 
membrane is applied to the pattern. The waterbomb tessellation is 

composed of two types of vertices with six folds (Fig. 2L). Although 
both geometries satisfy the Kawasaki-Justin theorem for flat foldability, 
the theorem is based on a zero-thickness idealization, and the physical 
model with its thick components cannot achieve flat foldability. Similar 
to the single-fold problem, we expand the membrane area to accom-
modate its thickness considering both the geometrical conflict and 
strain energy accumulation on the membrane. Given the complex 
geometrical deformation of the membrane, obtaining an analytical 
model is difficult, whereas finite element analysis implies a high com-
putational cost. Because design rules should allow preventing excessive 
energy accumulation, we establish a design rule by simplifying the 
membrane as a wireframe and predicting its overstretching without 
predicting the membrane behavior precisely. The wire-length ratio 
between the unfolded and folded states can be expressed graphically 
to obtain a design guideline representing the ratio by colors, as shown 
in Fig. 2M.

Figure 4 shows a graphical illustration of a wireframe-based de-
sign rule for accommodating thickness in consideration of both 
geometrical and physical characteristics. In a folded configura-
tion of the type A vertex, F1 and F4 overlap F2, F3, F5, and F6, 
which incur an offset in out-of-plane direction between F1 and F4 
(Fig. 4A). This discrepancy can be accommodated by expanding a 
membrane area, and the expanded geometry and dimension of the 
area can be determined by the following steps. The first step is to 
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Fig. 4. Geometrical descriptions for thickness accommodation. (A) The geometry of type A vertex and its folded shape. The light gray color of the facet represents the 
outer side, and the dark gray represents the inner side. (B) Expansion of the membrane area to compensate for the distances between the outer facets, which are high-
lighted by the red color on the facet. (C) Additional membrane area expansion to solve the interference problem. (D) Graphical map of the wireframe for type A vertex. 
The color of the wire represents the length ratio between the unfolded and folded states. (E) The geometry of type B vertex and its folded shape. (F) Expansion of the 
membrane area to compensate for the distances between the outer facets, which are highlighted by the red color on the facet. (G) Additional membrane area expansion 
to solve the interference problem. (H) Graphical map of the wireframe for type B vertex.
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draw lines on F1 and F4 that are parallel to the virtual fold line, the 
direction of the rotation vector between F1 and F4. By partially re-
moving the facets based on these lines as described in Fig. 4B, the 
expanded membrane can reach both facets without stretching. 
However, in the folded state, F2, F3, F5, and F6 obstruct this 
connection, and these parts should be cleared as in Fig. 4C. As a 
result of expanding the membrane area, the single vertex in the 
original pattern was divided into 12 subvertexes.

The design parameter for the expanded membrane region, fe, 
was determined using a wireframe model. We can imagine virtual 
wires that connect each vertex, and the length of these wires will 
change as the model folds. The length of the wire between ith sub-
vertex and jth subvertex can be presented as nij in the unfolded 
state, which is a function of the design variables l and e. Similarly, 
the wire length in the folded state can be represented as cij, and this 
is a function of tm, tf, and fe. The supplementary length, wS, is intro-
duced to prevent the high curvature of the membrane. From these 
variables, the design criteria value, , and the condition can be de-
fined as follows

	​​ ​ ij​​  = ​  
​c​ ij​​(​t​ m​​, ​t​ f​​, ​f​ e​​ ) + ​w​ S​​

  ─ ​n​ ij​​(l, ​f​ e​​)
  ​  <  1​	 (18)

From this condition, fe can be deter-
mined on the basis of tm, tf, l, and wS, and 
the result is presented in a graphical map 
as in Fig. 4D with the following simula-
tion parameters

       ​​​t​ m ​​⁄ u​ = 0.1, ​​t​ f ​​⁄ u​ = 0.1, ​l ⁄  (0.5​t​ m​​ + ​t​ f​​)​ =  
       , ​​w​ S​​⁄  (0.5​t​ m​​ + ​t​ f​​)​ =  − 2, ​​f​ e ​​⁄ u​ = 0.4​ (19)

The identical design rule can be used 
for the vertex type B in Fig. 4E. F1 and F6 
enclose F2 to F5 with a different config-
uration. Similar to the type A vertex, the 
two parallel lines can be drawn with the 
desirable distance for covering inner facets 
as shown in Fig. 4F, and interference of F2 
to F5 can be solved by removing the part 
of these facets (Fig. 4G). The result is pre-
sented in a graphical map as in Fig. 4H 
with the following simulation parameters

       ​​​t​ m ​​⁄ u​ = 0.1, ​​t​ f ​​⁄ u​ = 0.1, ​l ⁄  (0.5​t​ m​​ + ​t​ f​​)​ =  
       , ​​w​ S ​​⁄  (0.5​t​ m​​ + ​t​ f​​)​ =  − 2, ​​f​ e ​​⁄ u​ = 0.6​ (20)

We applied an additional pattern vari-
ation to reinforce the structure and ad-
justed the wheel transformation ratio, 
which is determined by design parameter 
w, as shown in Fig. 2O. A larger w is 
preferable to obtain a higher payload, 
but it reduces the transformation ratio, 
as described in Fig. 2 (O and P). w should 
be determined on the basis of a target 
payload, but analyzing the failure mode 
of the wheel is a challenging problem 
owing to its complex composition; the 

structure is built by assembling various materials and could fail for 
a variety of reasons, such as exceeding the tensile strength of mate-
rials, structural buckling, or disassembly of parts. In this study, a 
simplified static model was used to estimate the applied load to the 
components (fig. S2 and Supplementary Text). When the target pay-
load is 10 kN, the required load capacity for components is 28.8 kN, 
and the dimension of components was determined on the basis of 
this criterion. Figure 2Q illustrates the final pattern of the wheel. 
The top and bottom edges of the wheel pattern are connected to the 
wheel hub. To reinforce the connection between the wheel pattern 
and wheel hub, we removed the patterns in the edge lines except the 
main spokes so that the edge line of the wheel pattern can maintain 
a dodecagonal shape in any state of the wheel transformation. The 
remaining flexible regions near the main spokes were clamped in the 
fabrication process. The final wheel prototype is presented in Fig. 2 
(R and S), and the details of the fabrication procedures and materials 
are explained in figs. S3 to S5 and Materials and Methods.

Internal locking skeletons and tread pads are additional essential 
components to achieve full functionality of the wheel; internal lock-
ing structures keep the shape under lateral traction force, and tread 
pads absorb external impact and configure a ground contact shape 
(Fig. 5A). The internal locking structure made of elastic material 

Internal locking skeleton

Tread pad

Internal support
for assembly

A B

C

D E F

Fig. 5. Wheel components and transformation test. (A) The outer appearance and internal diagram of the wheel. 
(B) Internal locking skeletons to prevent wheel collapse from the lateral force and (C) tread pad to create a protuberance 
in the large form and a smooth surface in the small form. (D to F) Wheel transformation is verified using a linear actua-
tion system that can change the distance between hub plates. The diameter of the wheel changed from ~0.8 to ~0.46 m
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prevents collapse by impact (Fig. 5B). The tread pad is made of ure-
thane and has an internal plastic structure for assembly (Fig. 5C). The 
wheel can be transformed by linear actuation that changes the dis-
tance between the wheel hub plates (Fig. 5, D to F).

An electric motor vehicle with hydraulic linear actuators for 
wheel transformation was constructed to evaluate on-site wheel 
performance (Fig. 6). The required force of the linear actuator can 
be approximated by a simplified model of the wheel as described in 

fig. S2 and Supplementary Text. From a field test, we verified the wheel 
transformation in about 5 s, whereas the vehicle moved at 1 m/s 
(Movie 1). The vehicle was controlled manually, and the test lasted 
for about 30 min. We could not confirm the lifetime and maximum 
speed because of safety concerns. A video record of the development 
process and pre–field test is also included in Movie 1.

DISCUSSION
Here, we present the transition of an origami paper model into a 
transformable wheel prototype. We demonstrate the feasibility of 
applying the origami technique in a passenger vehicle. Although the 
wheel performances regarding speed, lifetime, vibration, and noise 
were not evaluated in this study, we expect that our wheel prototype 
cannot compete with commercially available wheels and tires at this 
stage of development. However, because these performance factors 
are closely related to material and fabrication techniques, they 
can be improved by further optimizing the composite membrane 
origami processes. For instance, we can focus on the compatibility 
of the origami technique with industrial rubber or tire manufacturing 
processes. Moreover, the lamination process is ready for integration 
with rubber or tire composite manufacturing, and the recently 
introduced airless tire technology can provide high load capacity with 
reinforced rubber composites. We believe that the unique charac-
teristics of the origami technique compared with traditional structure 
construction will foster its development and adoption.

Battery and controller

TransmissionLinear actuator

Wheel connectionA

B

E F G

C

D

Fig. 6. Vehicle implementation and field test. (A) The wheel connection is designed for independent control of driving (wheel rotation) and transformation (wheel hub 
translation). (B) A hydraulic pressure system enables transformation. (C) The vehicle uses two electric motors for driving, and (D) the driving torque is transmitted through 
a chain. (E to G) On-site verification of wheel transformation, which can also be performed while driving.

Movie 1. Development of high–load capacity origami transformable wheel. 
Field demonstration and the design and fabrication procedure of the transform-
able wheel.
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MATERIALS AND METHODS
The main components of the wheel include an origami body, tread 
pads, internal locking skeletons, and hub plates. Materials and pro-
cessing methods for all components are presented in table S1, and 
the stepwise assembly procedure is illustrated in figs. S3 to S5. This 
section describes the details of fabrication procedures for the origami 
composite and tread pad.

Preparation of origami composite wheel body
The origami serves to maintain the shape of the wheel and produce a 
change in shape. To withstand high load while minimizing weight, 
60 series aluminum was used for facets, and PET(1500d/1) and 
N-6(1260d/1) cloth was used as flexure material. Mechanical rivet-
ing was chosen as a lamination method because of high bonding 
strength under various external environment conditions regardless 
of the type of materials.

The flexure material was laser processed (Universal Laser Sys-
tems) to create holes for riveting and bolting and also trim outlines 
(fig. S3A). The length of the flexure of the wheel is more than 2.5 m, 
but the entire pattern was divided into six pieces to improve the pro-
cessability. The flexure material cannot be dyed or painted because of 
the latex coating on the surface, but the exterior color can be cus-
tomized by covering a thin colored fabric on top of the flexure material. 
Here, the black fabric was used for aesthetic improvement (fig. S3B).

In the lamination process (riveting process), two aluminum fac-
ets sandwich the flexure material, and rivets join the two facets. 
Aligning facets on both sides was a bottleneck for this process, so 
the riveting jig was designed to accelerate the process (fig. S3C). The 
flexure and fabric cover were placed on a riveting jig in which the 
facets were already placed. The facets were placed on top of it in line 
with the pattern. After placing the facet, the rivet was placed into the 
hole and riveted (fig. S3, D to F). For the spoke parts that have to 
withstand most of the load, a facet with a bent edge was used to in-
crease the bending stiffness (fig. S3G). For aesthetic improvement, 
the aluminum facets were covered with the three-dimensional (3D)–
printed facet (fig. S3H). The attachment of the facet and cover used 
a double-sided tape (5316K, Coretec) with elasticity to be sustain-
able against impact. After the assembly of the facet cover, the origami 
body was assembled in a circular form (fig. S3I).

Preparation of urethane tread pad
The tread pads play a similar role as a tire in a conventional wheel. 
It was assembled with the wheel body to form the final shape of the 
wheel, increase the friction, and absorb the shock. When the wheel 
is the small form, the tread pad makes the wheel in a completely 
cylindrical shape, making it a high-speed driving mode. When the 
wheel is the large form, the tread pad makes it in a protuberance 
shape, making it an off-road mode. Not only the tread pad uses ure-
thane (VytaFlex 60, Smooth-on) as the main material to increase 
friction and absorb impact, but it also has a 3D printed skeleton part 
(SLA ABS-like, Shining 3D) with bolt holes to strengthen the con-
nection with the wheel (fig. S4A). We also improved the aesthetics 
with two color combinations (black base with blue band line).

The blue band part was made separately and placed in the mold 
(fig. S4B). The molds, mold covers, and skeleton parts were assem-
bled (fig. S4C). The urethane precursor was prepared with the black 
dye (SO-Strong, Smooth-on) rate of around 2% and poured into the 
mold (fig. S4, D and E). The initial curing requires 4 hours at 50°C 
(fig. S4F). After removing the tread pads from the mold, they were 

trimmed and cured for another 3 days at 25°C to get better physical 
properties (fig. S4G).

Wheel payload measurement
The load capacity measurement was conducted on the wheel in a 
large form and a transition form because the capacity of the small 
form wheel is mainly determined by the wheel hub plate, which is 
presumed to have higher capacity than the large form or transition 
form wheel. Ektron Tek’s equipment was used for the test, which 
includes a shaft for connecting a wheel, a linear stage, and a moving 
plate for applying loads (fig. S6).

The wheel payload was examined in three ways. First, in the 
large form, the cyclic loads of 6 ± 2 kN, 10 ± 2 kN, 12 ± 2 kN, and 
14 ± 2 kN were applied in a vertical direction. Second, in the transi-
tion form, the cyclic loads of 5 ± 2 kN, 7 ± 2 kN, and 9 ± 2 kN were 
applied in a vertical direction. Third, in the large form, with a verti-
cal load of 4 kN to create friction, the cyclic loads of ±2 kN were 
applied in a lateral direction. The wheel is not a complete circle, so 
the loading direction is expected to affect the payload. Because of 
this reason, the vertical payload was measured by selecting two pos-
sible directions. The first direction corresponds to the main spoke 
in the origami pattern, and the second direction is between the two 
main spokes (fig. S7A). When the load experiment is performed in 
the first direction, one main spoke supports the load (fig. S7B), and 
in the second direction, two main spokes support the load (fig. S7C).

The sequence of the experiments is as follows. First, the wheel 
was connected to the shaft of the linear stage. After connecting, the 
wheel was located in the desired position (slightly contacting the 
ground). The moving plate rose until the load reached a target. Af-
ter being stabilized, a cyclical load of ±2 kN is applied from that 
position. The cyclic load-displacement data were acquired after two 
warm-up cycles with identical load conditions.

In the large form, with vertical load test for direction 1, the wheel 
shows an elastic deformation characteristic up to 10 ± 2 kN of load 
cycle, but the plastic deformation occurred from 12  ±  2 kN (fig. 
S8D, direction 1), which can be interpreted as the payload in direc-
tion 1 will be between 12 and 14 kN. For direction 2, the load was 
held up to 14 ± 2 kN, which means that the maximum load will be 
greater than 16 kN (fig. S8D, direction 2). In the transition form, 
with a vertical load test for direction 2, the wheel shows an elastic 
deformation characteristic up to 9 ± 2 kN of load cycle (fig. S8E). In 
the large form, the lateral load capacity test confirmed that the elas-
ticity was maintained when a cyclical load of ±2 kN was given under 
4-kN vertical load (fig. S8F).

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/6/53/eabe0201/DC1
Text
Fig. S1. Geometrical descriptions for the flexure simple folding.
Fig. S2. A simplified model for kinetics of the wheel structure.
Fig. S3. Fabrication of the composite membrane origami.
Fig. S4. Fabrication of tread pad.
Fig. S5. The assembly of the wheel components.
Fig. S6. Payload experiment environment.
Fig. S7. Two vertical load directions of the wheel.
Fig. S8. Payload experiment result.
Table S1. Materials and processing methods of the components of the wheel.
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