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Hexagonal Ring Origami
Assemblies: Foldable
Functional Structures
With Extreme Packing
Foldable structures have been of great interest due to their ability to reduce in size from
deployed to folded state, enabling easier storage in scenarios with space constraints such
as aerospace and medical applications. Hexagonal structural components have been of
interest, due to their ability to tessellate, or cover without gap, 2D and 3D surfaces.
However, the study on effective folding strategies for hexagon-based structures and the
hexagon geometry itself is limited. Here, we report a strategy of snap-folding hexagonal
rings, to result in folded states with only 10.6% the initial area of a single ring. Motivated
by this significant packing, we utilize a combination of experiments and finite element anal-
ysis to study effective folding strategies and packing abilities of various 2D and 3D hexag-
onal ring assemblies, with structures that can be folded to 1.5% and 0.4% of their initial
area and volume, respectively. The effect of geometric parameters of hexagonal rings on
the mechanical stability of their assemblies is investigated. Additionally, the instabilities
of rings can be utilized to facilitate the automatic deployment of folded ring assemblies
under small perturbations. Furthermore, an assembly with rigid functional panels is
explored to demonstrate the functionality and design space for hexagonal ring assemblies.
With such significant demonstrated area and volume changes upon snap-folding, it is antic-
ipated that hexagonal ring assemblies could inspire future aerospace or biomedical
designs, where reconfiguration and large packing are required.
[DOI: 10.1115/1.4054693]
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Introduction
Foldable and deployable structures have been studied intensively

due to their capability of shape reconfiguration and size reduction,
which aid in engineering applications where reconfiguration or space-
saving is critical. Pertinent examples include aerospace structures
[1,2] and medical stents [3]. Most often, these applications require
functionality at the deployed state and storage or transportation at
the folded state. The latter can be enhanced by structures that can
reduce in size immensely. The benefits of space-saving and reconfig-
uration are also applicable in areas such as soft robotics [4,5], meta-
materials [6–9], and architecture [10,11]. In designing foldable
structures, origami and kirigami [12,13], stimuli-responsive materi-
als [14–16], and buckling mechanisms [17,18] have been explored
as common strategies. Many foldable/deployable structures are com-
posed of repeated components or tessellations (gapless covering of a
surface with repetitive patterns), which have involved origami-based
structures [3,13,19] and metamaterials [20–22]. Other examples of
deployable tessellations can be seen in space applications such as
solar antennas [23] and markedly the James Webb Telescope [24]
(Fig. 1(a), [25,26]). The hexagon is an especially intriguing geomet-
rical building block for foldable structures, as it can be tessellated in
2D and 3D space [27] and has the largest area to perimeter ratio
among regular polygons that are capable of tessellation by them-
selves only. Thus, hexagons bring forth the opportunity of close-
packed components for foldable structures with optimized material

usage. Although reconfigurable hexagon-based structures have
been explored [28–34], there is still limited study on the folding of
the hexagon geometry itself to enable much-enhanced packing
ratios of these structures.
Recently, ring origami has been demonstrated as a method to fold

thin ring-shaped structures into much smaller overlapping geome-
tries [35]. These rings, including those with circular, elliptical, tri-
angular, and rectangular ring shapes, undergo a snap-folding
mechanism due to a buckling instability upon bending or twisting
loads to result in self-guided folding to stable states with smaller
final area. The folded state of each ring consists of three loops,
with the circular one having fully overlapping loops and the best
packing ratio (folds to 11% of its initial area) compared to other
geometries. Assemblies of these rings result in even more signifi-
cant packing ratios upon stacking and folding. Although triangular
and rectangular rings are capable of 2D and 3D tessellation, they fail
to fold into fully overlapping loops, which leads to inefficiently
packed states with areas that are 25.0% (Fig. 1(b)) and 33.0%,
respectively, of their initial areas (See Fig. S1 available in the Sup-
plemental Materials on the ASME Digital Collection for details on
triangular ring origami).
To obtain a fully overlapping folded configuration for maximum

packing ratio, the polygonal ring needs to have an edge number of
3n, where integer n≥ 2. This optimized packing is due to the three
overlapping loops of the folded configuration. While the hexagonal,
nonagonal, and dodecagonal rings all have efficient packing ratios
(Fig. 1(b); 10.6%, 10.8%, and 10.8% of their deployed areas, respec-
tively), only the hexagons can tessellate by themselves (Fig. 1(c));
nonagons and dodecagons are not capable of tessellation by them-
selves, as their repetitive patterns cannot cover a surface without
gap (Fig. 1(c)). Figure 1(d) illustrates the benefits of hexagonal
ring assemblies via a simple stacking and folding process of 3D
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and 2D four-ring assemblies, which results in folded states with 0.4%
and 2.7% initial volume and area, respectively, revealing their versa-
tility in structural design and impressive packing capabilities.
Motivated by the large packing and efficient tessellation capabil-

ities exhibited by hexagonal rings, we explore foldable and deploy-
able functional assemblies of hexagonal rings for extreme packing
via a combination of experiments and finite element analysis (FEA).
We first show the snap-folding process of an individual hexagonal
ring when bending or twisting loads are applied, which results in the
fully overlapping folded state. We then use the hexagonal ring as a
building block for larger 2D and 3D assemblies that can be stacked
to overlapping hexagonal rings and then folded. Next, more effi-
cient loading methods are explored to directly fold different
complex 3D structures to smaller states with greatly reduced
volume, broadening the versatility of designs of hexagonal ring-
based assemblies. Additionally, we investigate how the geometric
parameters affect the mechanical stability of ring assemblies.
Lastly, soft flexible membrane and rigid solar panels are integrated
with the hexagonal ring to enhance the functionality of hexagonal
ring assemblies. We anticipate that the presented hexagonal ring
assemblies will inspire future foldable and deployable engineering
designs with outstanding shape and volume change, enabling
easier storage and transportation.

Results
Snap-Folding of Individual Hexagonal Ring. The snap-

folding of an individual hexagonal ring is first studied (Fig. 2) to

gain insights for the hexagonal ring assemblies (See Materials
and Methods and Fig. S2 available in the Supplemental Materials
on the ASME Digital Collection for dimensions and fabrication
of the ring). The folding can be realized by either twisting or
bending, and FEA is utilized to simulate both snap-folding mecha-
nisms. The twisting-induced snap-folding mechanism, as depicted
in Fig. 2(a), involves applying a pair of twisting angles (orange
arrows) to the left and right corners of the ring. The applied loads
are in opposite directions, allowing both corners to rotate about
the x-axis (blue dotted line). The twisting angle at the corners
during folding is denoted as Φ, with corresponding reaction
moment M. During the folding process, the corners of the ring
where twisting angles are applied translate inward along the
x-axis until a twisting angle of π is reached, at which point the
ring is fully folded to a stable state of three overlapping loops
with the shape that resembles a peach core (Fig. 2(b) and see
Movie 1 available in the Supplemental Materials on the ASME
Digital Collection). The folded state has an area that is 10.6% of
that of the deployed state. The FEA prediction of the twisting-
induced snap-folding process of a foldable hexagonal ring is
shown in the top row of Fig. 2(b). Experimental results of the snap-
folding of a ring with identical dimensions are in the bottom row of
Fig. 2(b), demonstrating good agreement with FEA.
The bending-induced snap-folding mechanism, as shown in

Fig. 2(c), involves applying a pair of bending angles (orange
arrows) in opposing directions to the left and right corners of the
ring. The corners rotate about the y-axis (blue dotted line), with
bending angle θ at the corners and corresponding reaction

Fig. 1 Ring origami and tessellation for 2D and 3D ring assemblies with large packing ratios. (a) The JamesWebb Telescope, a
reconfigurable hexagon-tessellatedmirror. Top image: NorthropGrumman, NASA/Chris Gunn [25]. Bottom image: NASA/Chris
Gunn [26], (b) deployed and folded states of square, hexagonal, nonagonal, and dodecagonal rings, with their area packing
capabilities, (c) 2D tessellation capabilities of squares, hexagons, nonagons, and dodecagons, and (d ) examples of 3D and
2D assemblies of four hexagonal rings with the extreme area and volume packing.
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momentM. The two corners of the ring with applied loads translate
inward along the x-direction until θ= π, resulting in the same folded
state (Fig. 2(d ) and see Movie 1 available in the Supplemental
Materials on the ASME Digital Collection). The FEA simulation
and the experimental validation of the bending-induced snap-
folding process are shown in Fig. 2(d ). Note that both folding pro-
cesses are completely reversible, and the ring can deploy back to its
initial state by applying reversed bending or twisting angles to the
corners. While the application of either bending or twisting
angles can trigger the snap-folding, the different mechanisms lead
to different subsequent folding paths (Figs. 2(b) and 2(d ) for com-
parison). These folding mechanisms applied to 2D and 3D struc-
tures will be further explored next as the advantages of single
hexagonal rings are extended to various assemblies.

Folding of Hexagonal Ring Assemblies Via Method of
Stacking. Individual hexagonal rings can be used as building
blocks to construct assemblies that can achieve tremendous
packing ratios upon folding. Here, 2D and 3D ring assemblies are
introduced, including 2D tessellation, a 3D dome structure, and a
reconfigurable 3D box. As shown in Fig. 3(a), six hexagonal
rings are assembled into a 2D radial pattern, resulting in an enclosed
structure whose center has the shape of a hexagon. Adjacent edges
between hexagons are connected by tape hinges, which allow for
relative rotation between the edges while constraining their relative
translational motion. Following the path in Fig. 3(b), the rings can

be stacked into six fully overlapping hexagonal rings, which are
then folded via twisting to reach the folded configuration, thereby
leading to 1.5% of the initial area of the deployed 2D tessellation
(see Movie 2 available in the Supplemental Materials on the
ASME Digital Collection). This folding process is reversible by
un-folding the overlapping peach core structure back to the six
overlapping hexagonal rings, followed by un-stacking. In addition
to 2D assemblies, a similar stacking process can be performed for
3D assemblies. As shown in Fig. 3(c), five hexagonal rings con-
nected at their edges with tape hinges and one detachable hinge
are assembled to create a dome-like structure. The detachable
hinge allows for the disassembly of the 3D structure into a 2D
one with five hexagonal rings patterned in a radial manner
(Fig. 3(d )). From here, a similar stacking process proceeds as
before, where the rings are stacked to five fully overlapping hexag-
onal rings, which are then folded via twisting, resulting in a folded
state possessing only 0.4% of the initial volume (see Movie 2 avail-
able in the Supplemental Materials on the ASME Digital Collec-
tion). Similarly, these folded rings can re-deploy to the five
stacked rings, and the dome structure can be recovered by
un-stacking and re-attaching the rings.
In Fig. 3(e), a 3D box structure is introduced, which is both fold-

able and reconfigurable. The box is composed of four hexagonal
rings connected to each other by tape hinges. To fold the box,
two opposite corners of the box are pulled aside to flatten the struc-
ture, resulting in a 2D configuration of the four rings (Fig. 3( f )).
These rings are then stacked to four fully overlapping rings and

Fig. 2 FEA simulation and experimental validation of the twisting-induced and bending-induced snap-folding of hexagonal
rings. (a) Twisting applied to a hexagonal ring, (b) comparison of FEA and experimental results of folding a hexagonal ring
under twisting, (c) bending applied to a hexagonal ring, and (d ) comparison of FEA and experimental results of folding a hex-
agonal ring under bending. Scale bars: 5 cm. (Color version online.)
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then snap-folded to a folded state with 0.4% of the initial volume
(see Movie 3 available in the Supplemental Materials on the
ASME Digital Collection). These rings can be re-deployed to
the original configuration by reversing the steps taken to fold the
box. Figure 3(g) demonstrates an alternative method to fold the
box, in which it is reconfigured by selectively folding a single
ring of the box. The front ring (ring 1) of the box is folded by apply-
ing bending loads (white arrows) to the hinged edges of the ring
(See Fig. S3 available in the Supplemental Materials on the
ASME Digital Collection for single ring folding by bending hexag-
onal ring edges). As the ring folds, the two hinged edges of ring 1
are brought closer together, leading to a reconfigured structure
resembling a pyramid. It can be further reconfigured by flipping
the folded ring 1. In this process, rings 2 and 4 crosses and the struc-
ture decreases in height, for a shorter pyramid-like structure (see
Movie 3 available in the Supplemental Materials on the ASME
Digital Collection). The structure can return to the initial box by
flipping and un-folding ring 1. The reconfigurable box assembly
demonstrates the versatility of ring assemblies; reversible global
shape change can be achieved by selectively folding individual
rings of a given structure.

Direct Folding of 3D Ring Assemblies and Their Stability.
Besides stacking and folding, assemblies that can fold directly
from their 3D configuration to states with largely reduced volume
are achievable. Further, the mechanical stability of 3D structures
can be tuned by adjusting the stability of individual rings. The
main parameters that affect ring foldability and folded ring stability
are the cross section and the corner radius of the ring [36]. Since the
cross section of the rings in this work is held constant, we will only
focus on changing the corner radius for varying the mechanical sta-
bility. As shown in Fig. 4(a), r denotes the radius of the corners of
the hexagonal ring, and a denotes the edge length or the length
between the adjacent corners. In Fig. 4(b), the FEA results illustrate
the folding process for two rings, one with a relatively large radius
r/a= 0.3 and one with a relatively small radius r/a= 0.05, respec-
tively. Their foldability and stability are evaluated by assessing
the normalized moment versus twisting angle. Here, the normalized
moment is Ma/EJ, where E is the Young’s modulus of the ring
material and J is the torsional constant of the ring cross section
(See Supplemental Materials on the ASME Digital Collection for
the calculation of J ). For snap-folding of single rings via twisting,
the moment gradually increases and then gradually drops until

Fig. 3 Experimental folding process of hexagonal ring assemblies with extreme packing via stacking and snap-folding.
(a) Assembly schematic of 2D tessellation with six hexagonal rings, (b) experimental images of the stacking and folding
process of the 2D tessellation, (c) assembly schematic of a 3D dome made of five hexagonal rings, (d ) experimental images
of the detaching, stacking, and folding process of the dome, (e) assembly schematic of a 3D box made of four hexagonal
rings, ( f ) experimental images of the stacking and folding process of the box, and (g) reconfiguration process of the box.
Scale bars: 5 cm. (Color version online.)
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reaching the snapping point, after which the moment abruptly drops
towards zero. For the geometries whose normalized moment drops
to zero, the folded configuration is stable. As seen in the enlarged
portion of the graph in Fig. 4(b), the r/a= 0.3 ring (green curve)
maintains a normalized moment greater than zero, whereas the r/
a = 0.05 curve (blue) drops below zero. Thus, the folded state of
the r/a= 0.3 ring is considered unstable and that of the r/a= 0.05
ring to be stable (See Fig. S4 available in the Supplemental Materi-
als on the ASME Digital Collection for more information on the sta-
bility of hexagonal rings under twisting upon varying the r/a value).
The front views of the folded rings from experiments are shown to
the right in Fig. 4(b), where the r/a= 0.3 ring has an unstable 3D
folded state held together by the surface friction of the looped
ring (See Fig. S5 available in the Supplemental Materials on the
ASME Digital Collection for single r/a= 0.3 hexagonal ring
folding process). On the other hand, the r/a= 0.05 ring has a
stable 2D folded state, in agreement with the FEA results.
To further exploit these differences in stability for 3D applica-

tion, two rings are assembled in an orthogonal manner (a side

view schematic of this assembly is shown in Fig. 4(c)). This
results in a ball-like truss structure, which has variable folded sta-
bility depending on the r/a values of the rings used. The rings are
connected to each other at opposing corners, wound by rubber
bands, which restrict relative translational motion, while still main-
taining an overall orthogonal arrangement. In FEA, the twisting
angle Φ (indicated by orange arrows) is applied to the connected
corners in opposing directions about the x-axis (blue dotted
line), with the twisting moment designated by M, as shown in
Fig. 4(d ). The folding process of the structure with r/a= 0.05
rings is shown at various twisting angles. Throughout the
process, the connected corners translate inward along the x-axis
and the two rings fold simultaneously until a fully folded config-
uration is reached at Φ= π (see Movie 4 available in the Supple-
mental Materials on the ASME Digital Collection). Note that the
folded configuration is 3D and has a shape similar to an American
football, with a folded volume of only 4% of the initial volume. To
experimentally validate the folding and stability of this structure,
two r/a= 0.05 rings are assembled and twisting angles in opposing

Fig. 4 FEA simulation and experimental validation of the tunable stability of hexagonal rings and their assemblies. (a) Sche-
matic of the hexagonal ring alongwith geometric parameters, (b) schematic top views of two selected ring geometries, and FEA
results of the normalized moment versus twisting angle graph for rings with different corner radii. Black boxed region of the
graph is enlarged, with corresponding experimental folded front views of selected ring geometries shown. (c) Assembly sche-
matic side view of two orthogonal rings, (d ) FEA results of folding a r/a=0.05 orthogonal ring assembly by twisting. Experi-
mental images of (e) folding process and (f ) stability test of the r/a=0.05 ring assembly. Experimental images of (g) folding
process and (h) stability test of the r/a = 0.3 ring assembly. Scale bars: 2.5 cm. (Color version online.)
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directions are applied to both ends, as shown in Fig. 4(e), where
the experimental configurations match well with those from
FEA. To test the stability of the folded state, a slight compression
is applied to the structure and released, after which the rings
remain in their folded configuration (Fig. 4( f )), as expected.
Note that this structure is easily deployed to its initial state by
applying reverse twisting on the two corners which were previ-
ously twisted. Next, another orthogonal ring structure is assembled
and folded with rings of r/a= 0.3 (Fig. 4(g), see Fig. S6 available
in the Supplemental Materials on the ASME Digital Collection for
FEA validation). The same stability test is applied to the folded
r/a = 0.3 structure, however, this time the structure snap-deploys
after the slight compression, indicating that it is unstable
(Fig. 4(h), see Movie 4 available in the Supplemental Materials
on the ASME Digital Collection). By taking advantage of the
inherent stability differences among different ring geometries,
the mechanical stabilities of structures can be tuned. Further, the
instabilities of rings can be utilized to facilitate the automatic
deployment of folded ring assemblies when small perturbations
are applied (see Movie 4 available in the Supplemental Materials
on the ASME Digital Collection).

Folding 3D Ring Assemblies Upon Local Actuation. For the
folding of complicated large structures, it is desirable to obtain
global deformation through local actuation. Here, we demonstrate
this through a “3-ring unit” of hexagonal rings, which exhibits
global deformation triggered by local actuation. For this structure,
the three rings are assembled, connected to each other at the
center of adjacent edges with tape, with an initial 60 deg angle
between adjacent rings. As shown in Fig. 5(a), bending angles
are applied to the center of the hinged edges of the blue front
ring, thereby leading to an outward bending of the ring. This simul-
taneously results in two pairs of bending loads on the adjacent two
green rings for inward bending, which collapses the whole structure
by snap-folding all three rings concurrently. Figure 5(b) shows the
front view of the FEA simulation of the folding process, with the
bending angle starting from 0 and ending at π. Throughout
folding, there exists relative rotation between rings which is
allowed by the tape joints. Figure 5(c) shows the front view of
the experimental folding process (see Movie 5 available in the Sup-
plemental Materials on the ASME Digital Collection). The final 3D
folded structure has only ∼10% of the initial structural volume.
Figures 5(d ) and 5(e) show FEA and experimental top views of

Fig. 5 Simultaneous bending-induced snap-folding of a 3-ring unit. (a) Schematic of the unit under twisting. Front view of the
folding process of the 3-ring unit in (b) FEA and (c) experiment. Top view of the folding process of the 3-ring unit in (d) FEA and
(e) experiment. (Color version online.)
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the folding process, respectively. The experiment and FEA match
well for the beginning of the folding process, but differences
between the experiment and FEA arise later in the folding
process, mainly due to the interpenetration of rings which is
allowed in the FEA simulation.
By creating assemblies with the 3-ring units as the basic building

blocks, truss structures with more significant volume packing and
various intermediate reconfigured structures are achievable. As
seen in Fig. 6(a), a truss made of five units is constructed, where
rings adjacent to one another are connected at the middle of their
edges by tape. Note here that each of these five units shares at
least one hexagonal ring with an adjacent unit. The shaded
orange (left), yellow (middle), and blue (right) units in the sche-
matic in Fig. 6(a) illustrate those to be bent during the folding
process. Figure 6(b) shows a top view of the truss, with each unit
assigned a number. Folding this structure to its final configuration
with a largely reduced volume involves three bending steps (see
Movie 6 available in the Supplemental Materials on the ASME
Digital Collection). First, bending angles applied to the center
edges of the green (front) ring of the middle unit (unit 1) lead to
the folding of the unit (second configuration, Figs. 6(c) and 6(d )).
At the same time, the two yellow rings in the back of the structure
collapsed onto the orange ring of unit 2 and the blue ring of unit 3,
respectively. Thus, there remain two deployed units after the first
step in the folding process. Note that all steps in the entire
process are reversible (indicated by white arrows) by simply

reversing the folding steps. Next, as shown in Figs. 6(c) and 6(d ),
the left unit (unit 2) is bent at the edges of the blue ring. The result-
ing configuration (third configuration, Figs. 6(c) and 6(d )) is a
single deployed unit with two folded units attached. This structure
is folded to its final configuration by applying bending loads to the
edges of the orange ring of the remaining unit (see Movie 6 avail-
able in the Supplemental Materials on the ASME Digital Collec-
tion). The final folded structure has a volume that is only ∼6% of
the initial deployed volume.
Figure 6(e) shows another truss design by assembling four 3-ring

units into a triangular prism configuration. The outer units are made
of green (front unit), blue (back left unit), and orange (back right
unit) rings, and the central unit (shaded in yellow) is composed of
one ring of each color. A top view of this structure is shown in
Fig. 6( f ), where the central unit is designated as unit 1 and the sur-
rounding units are designated as 2, 3, and 4. Similar to the earlier
truss, the folding process is initiated by applying bending loads to
the center edges of the green ring of the middle unit (unit 1), after
which the immediate adjacent units collapse (second configuration,
Figs. 6(g) and 6(h)). The resulting reconfigured structure is the
folded unit 1 connected to the collapsed units 2, 3, and 4. Note
that these “collapsed units” are the two outermost rings of each
unit. The collapsed units are then stacked together, as shown in
the third configuration of Figs. 6(g) and 6(h). Twisting loads are
applied to these stacked rings to reach the ultimate folded configu-
ration, shown in Figs. 6(g) and 6(h) (see Movie 6 available in the

Fig. 6 Reconfigurable truss structures composed of 3-ring units for tremendous volume packing. (a) Assembly schematic of a
5-unit truss, front view, (b) assembly schematic of 5-unit truss, with units numbered, top view, (c) experimental images of the
folding process of the 5-unit truss, front view, (d ) experimental images of the folding process of the 5-unit truss, top view,
(e) assembly schematic of a 4-unit truss, front view, ( f ) assembly schematic of 4-unit truss, with units numbered, top view,
(g) experimental images of the folding process of the 4-unit truss, front view, and (h) experimental images of the folding
process of the 4-unit truss, top view. Scale bar: 5 cm. (Color version online.)
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Supplemental Materials on the ASME Digital Collection). The final
volume is only ∼6% of the initial deployed truss volume and the
4-unit truss can be deployed to its initial configuration by reversing
the folding process. With extended truss structures that have tre-
mendous volume packing ratios, it is anticipated that these assem-
blies could inspire future deployable structure design.

Ring Folding With Functional Rigid Solar Panels. Although
hexagonal rings show superior packing capabilities, the demonstra-
tions aforementioned only illustrate the structural transformations
achievable through the snap-folding of hexagonal rings. To
further take advantage of the folding capabilities of hexagonal
rings, we integrate rigid functional components with the ring via
a flexible membrane for functional devices. A solar panel device
is demonstrated, as shown in Fig. 7(a). The assembly is a hexagonal
ring with thin membrane (light gray) attached, on top of which a
circuit of six elliptical solar panels (dark blue) is adhered. The

solar panels are connected in series by copper wire. Despite the
rigid nature of the solar panels, the rationally designed distribution
of panels allows for uninhibited snap-folding of the device. As
shown in Fig. 7(b), the solar panel device allows for versatility of
folding, with three distinct folding paths achievable based on differ-
ent loading locations (green, red, and blue dots) and their corre-
sponding loading axes (green, red, and blue dotted lines). Folding
path I, a bending-induced snap-folding process, is achievable by
applying bending angles (orange arrows) about the blue axis, at
the corners located on the central horizontal line of the ring in
Fig. 7(c). As the corners translate inwards, the ring guides the move-
ment of the membrane and the panels subsequently help guide the
folding path, enabling the overlap of panels throughout the
folding process (see Movie 7 available in the Supplemental Materi-
als on the ASME Digital Collection). The folded state has roughly
11% of the initial area of the deployed device. Both FEA (top row)
and experimental (bottom row) results of this folding process are
shown in Fig. 7(c), showing good agreement with one another.

Fig. 7 Functional hexagonal ring assembly with rigid solar panels and versatile folding capa-
bilities. (a) Assembly schematic of the circuit for the solar panel device, (b) three distinct
folding paths (I, II, and III) and their loading locations, (c) FEA (top row) and experimental
(bottom row) results of folding process along folding path I, (d) experimental folding
process along folding path II, (e) experimental folding process along folding path III, ( f ) exper-
imental voltage measurement of the device in sunlight, and (g) assembly schematic of a dome
structure with rigid solar panels. (Color version online.)
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Folding path II, a twisting-induced snap-folding process, is
achieved by applying twisting angles to the corners running
through the green axis indicated in Figs. 7(b) and 7(d ). Lastly,
folding path III is achieved by application of bending about the
red axis indicated in Figs. 7(b) and 7(e), with corresponding
loading locations indicated by red dots. Due to the rationally
designed panel distribution, despite different loads being applied
about different axes, the panels guide the folding paths to the
same final folded state with the same organization of overlapped
panels (see Movie 7 available in the Supplemental Materials on
the ASME Digital Collection). The device can be easily deployed
back to its initial state by applying reversed twisting or bending
loads at the locations where folding was initiated. This reliably fold-
able and deployable device can lend itself to use as a portable
charger, with a voltage reading of 6.37 V in sunlight when solar
irradiance is ∼900 W/m2 (Fig. 7( f )). The compactness of the
folded device allows for easy storage (See Fig. S7 available in the
Supplemental Materials on the ASME Digital Collection),
showing promise as a portable device with great packing and versa-
tility. For future application, foldable structures with integrated
functional rigid components such as the dome schematic shown
in Fig. 7(g) are possible, which could take advantage of incident
sunlight from different directions throughout the day. It should be
noted that future assemblies can be further optimized by incorporat-
ing additional rigid or soft functional components with membrane
and hexagonal ring. By illustrating the compatibility of rigid func-
tional components with the snap-folding of hexagonal rings, we
anticipate that this concept could be expanded to future deployable
aerospace or electronics applications.

Discussion
In this work, we study 2D and 3D hexagonal ring assemblies that

pack to significantly reduced areas and volumes upon folding.
While the individual hexagonal ring folds to 10.6% of its deployed
area, the packing capabilities of individual rings can be expanded to
various designed 2D and 3D assemblies to result in structures that
fold to as low as 1.5% and 0.4% of their initial area and volume,
respectively. Based on the experimental and FEA results, structures
that can directly fold from their 3D configurations are demonstrated
and the tunable mechanical stability of folded assemblies, as well as
the global deformation of assemblies upon local actuation, are
explored. Additionally, rigid functional components can be inte-
grated with hexagonal rings for devices or structures with versatile,
repeatable folding. We anticipate that the tremendous packing of 2D
and 3D hexagonal ring assemblies, as well as the versatility enabled
by folding will inspire the design of future deployable structures.

Materials and Methods
Ring and Assembly Fabrication. Hexagonal rings were made

from stainless steel rods (See Figs. S8 and S9 available in the Sup-
plemental Materials on the ASME Digital Collection for informa-
tion on the maximum strain of the ring during bending or
twisting and ring design considerations for the avoidance of
plasticity) of rectangular cross section with height of 2.0 mm and
thickness of 0.50 mm. All hexagonal rings used in the demonstra-
tions had an edge length of 100 mm and corner radius of 5 mm,
except for the r/a= 0.3 orthogonal ring assembly, which utilized
rings with a corner radius of 30 mm. A commercial acrylic paint
was applied to the rings to aid in visualization. Rings in assemblies
from Figs. 3, 5, and 6 were attached together with tape. The
five-ring dome assembly utilized two magnets, both connected to
one edge of a ring to serve as the detachable hinge. The orthogo-
nally arranged rings from Fig. 4 were connected at the corners,
wound together by rubber bands. The solar panel device from
Fig. 7 was fabricated by gluing a thin, flexible fabric to the ring,
to serve as the membrane. Commercial solar panels were cut into
elliptical shapes of specified size and connected in series via

soldering with copper wire. The circuit was then glued to the mem-
brane. See Fig. S10 available in the Supplemental Materials on the
ASME Digital Collection for details on area and volume packing
calculations for all assemblies.

Finite Element Analysis Simulation. Snap-folding simulations
of hexagonal rings and hexagonal ring assemblies were done with
the commercial software ABAQUS 2019 (Dassault Systèmes,
France). For all simulations, the C3D8R element was used with
linear elastic material with E= 200 GPa and Poisson’s ratio of
0.3. A damping factor of 10−10 was used to stabilize all simulations
and self-contact was not considered during the folding processes.
Single ring and orthogonal rings FEA: Boundary conditions

were applied at loading locations to reference points which were
constrained with nodes of the cross section using multipoint con-
straints (MPCs). Rotation of π was applied to the reference points
at the left and right corners of the ring in reverse directions. For
single ring twisting and twisting of orthogonal ring structures
with r/a= 0.05, additional small forces were applied at the reference
points to push the corners inwards to trigger the snap-folding.
3-Ring unit folding FEA: The three rings were constrained

together by connecting the center points of the coincident edges
via MPCs. Rotation of π was applied to the reference points at
the left and right edges of the front blue ring in reverse directions.
Additional small forces were applied to the free top and bottom
corners of the two green rings to push the corners inwards, which
helps trigger the simultaneous bending-induced snap-folding.
Hexagonal ring assembly with rigid panels FEA: To account for

the differences in material stiffness of the different components of
the assembly, the much softer fabric had Young’s modulus ratio
of 1/10,000 to the ring material, while the solar panels had a
Young’s modulus ratio of 1/100 to the ring material. A Poisson’s
ratio of 0.3 was chosen for all materials. The same boundary condi-
tions used for bending of a single ring were adopted.
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