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Origami, the art of paper folding, can transform sheets into three-
dimensional (3D) configurations and reshape deployed structures into
folded forms, inspiring the design of deployable and multifunctional
structures. Graphene oxide (GO) flakes can be assembled into papers
that are promising substrates to fabricate actuators because of their
light weight, high surface area for integration of functional compo-
nents, and responsiveness to stimuli. In this work, we develop macro-
scopic deployable GO origamis with anisotropic mechanical
properties, structural bistability, and humidity-responsive deforma-
tions. To produce strong yet flexible GO papers, we propose a high-
throughput fabrication method by drop-casting GO suspensions
on a wet cellulose substrate. The cellulose allows retaining water
within the GO flakes during evaporation, enhancing the flexibility
and toughness of the resulting GO paper. We fabricate GO Miura-ori
and Kresling origamis that unfold in humid environments and
fold upon water evaporation, thanks to the hygroscopic expansion
of GO combined with the 3D origami design. This enables the
creation of programmable, multifunctional structures that serve as
actuators in a two-digit humidity signaling device. The deployable GO
origamis, powered by origami engineering and the humidity respon-
siveness of graphene materials, offer new opportunities for the
design of next-generation graphene metamaterials and responsive
soft robots.

Introduction

Since the discovery of graphene in 2004, many researchers
have developed methods to harness its extraordinary properties
for developing advanced materials at both micro- and macro-
scopic scales. The oxidized form of graphene known as gra-
phene oxide (GO) has attracted considerable interest due to its

“ Department of Mining and Materials Engineering, McGill University, Montreal,
QC H3A 0C5, Canada. E-mail: marta.cerruti@mcgill.ca

b Department of Bioresource Engineering, McGill University, Montreal, QC H9X 3V9,
Canada. E-mail: hamid.akbarzadeh@mcgill.ca

+ Equal contribution.

This journal is © The Royal Society of Chemistry 2025

ROYAL SOCIETY

e
PP OF CHEMISTRY

Strong and flexible graphene oxide paper for
humidity responsive origami metamaterials

2 Jun Cai,i° Alireza Seyedkanani,® Abdolhamid Akbarzadeh () *°

New concepts

We achieve for the first time programmable humidity responsiveness in
graphene oxide (GO) metamaterials by integrating 3D origami design
with facile fabrication of large-scale GO membranes. The breakthrough
lies in producing flexible yet strong GO papers by retaining water within
the structure, and exploiting the intrinsic hygroscopic expansion of GO
nanosheets to enable large-scale motion of origami-inspired architec-
tures. Rather than relying on composition gradients and asymmetric
expansion to induce bending and twisting as done in previous works, we
employ origami crease topological design to achieve multidirectional
motions, multiple actuation modes, and device-level state indication/
memory functions in humidity-responsive GO metamaterials, demon-
strating that mesoscale geometric constraints can dictate macroscopic
motions. This work not only expands responsive graphene-based systems,
but also offers new insights into environmentally responsive actuators
that emerge from the interplay between material chemistry and structural
geometry. It provides a generalizable strategy for creating scalable,
energy-free actuators and adaptive materials, with implications for soft
robotics and deployable multifunctional devices.

solubility in water, making it a promising candidate for large-
scale fabrication of graphene-based materials in diverse forms,
e.g., colloids, paper sheets, or porous monoliths.>” GO’s abun-
dant oxygen-containing groups, such as carboxyl and hydroxyl,
provide reaction sites for post-functionalization, and are sensitive
to changes in pH, ionic strength, and temperature, therefore
providing opportunities to impart additional functionalities to
the resulting materials.®

New forms of GO-based topological materials can draw inspira-
tion from the recent advances in mechanical metamaterials.” ™"
By tailoring the mechanical properties and programming the
spatial distribution of topological modular units, metamaterials
can achieve remarkable behavior beyond what is offered by the
constitutive building blocks.'® Deployable origamis, formed based
on the traditional art of paper folding, are a class of mechanical
metamaterials that possesses shape-morphing and locomotion
capabilities, reconfigurability, mechanical tunability and
metastability.”> ™ Responsive materials can be used to form
origami-based actuators and devices stimulated by changes in
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temperature,”® magnetic field,”* pH,”>** light** and pressure in
the surrounding environment.

Current research has shown some examples of deployable
graphene and GO structures, such as autonomous pyramids,*
self-assembled polyhedrons,*® and self-opening flowers>”:*®
driven by hydrogen bonding, capillary forces, and electrostatic
interactions. However, the size of these stimuli-responsive
structures has not exceeded 2 cm. A few studies produced GO
origami cranes and Miura-ori pattern at decimeter scale,*™"
however, responsive graphene- or GO-based complex origami
designs remain unexplored.

Most studies on deployable GO-composite structures have
exploited the humidity responsiveness of GO to create simple
bilayer or multilayer ribbons,*** which are then used to
construct shapes such as hands,**” legs,*® and boxes.*® In
these studies, motion is achieved through asymmetric expan-
sion of the GO ribbons, either due to the presence of humidity
gradients in the surrounding environment*>*' or because of
the hygroscopic expansion coefficient gradients within the
ribbon.*>** The first approach presents practical challenges,
because it is difficult to precisely maintain a stable humidity
gradient, and even harder to create dynamic humidity changes
in the environment to trigger complex motions. The second
approach requires hygroscopic expansion coefficient mismatch
within bilayer or multilayer films, such as local patterning or
gradient engineering of composition, thickness, GO reduction
degree, or crystal orientation.*>™** This is not straightforward to
achieve and hinders efficient production of macroscopic actua-
tors. The motions achievable through ribbon bending are also
limited. Even though “programmable” humidity responsiveness
in GO-based actuators was reported through this approach, the
motions refer to predefined, simple and continuous motions,
including bending/unbending, twisting/straightening, opening/
closing, and walking or crawling.**** Linear movements, multi-
directional motions, and bi-/multistable deformation are yet to
be realized in GO actuators; deployable, programmable, and
multifunctional GO origami also remain unexplored.

GO paper with adequate flexibility is required to produce
deployable GO origamis and to ensure that the hinges remain
intact upon bending. The first reported GO Miura-ori was
recently produced using GO paper with a tensile failure strain
of ~10%, which contributed to the flexibility of GO papers
upon bending into origamis.> The flexibility was improved by
soaking the GO paper in ethanol; the ethanol molecules were
intercalated within the GO layers and acted as plasticizers,
decreasing brittleness.>® However, the ultimate tensile strength
(UTS) was significantly reduced due to the lack of intermole-
cular interactions between flakes. In addition, the introduction
of ethanol may affect humidity responsiveness.

Water retained between GO flakes has also been shown to
act as plasticizer and improve the flexibility of GO paper;
intercalated water improves GO paper strength thanks to
hydrogen bonding and helps preventing fracture during
deformation.*® However, a direct relationship between water
content and GO paper mechanical properties has yet to be
established.

Mater. Horiz.

View Article Online

Materials Horizons

In this study, we introduce a scalable method to fabricate
flexible yet strong GO paper that can be used to create first
decimeter-scale GO origami metamaterials with topology-
programmed humidity-driven actuation. Unlike the commonly
used vacuum-filtration or wet-spinning methods, which are
slower and size-constrained, our approach produces multiple
sheets of different dimensions by evaporating GO suspensions
in molds placed on cellulose-paper substrates. We show that
water content in the GO paper, increased by evaporating GO on
wet cellulose substrates, enhances flexibility of the GO paper
and allows achieving multiple kinematic modes in GO origa-
mis, beyond conventional bending and twisting. By integrating
humidity responsiveness of GO and mono-/bi-stable origami
design, we develop a humidity-responsive signalling device.
These unprecedented achievements open opportunities for
next-generation responsive graphene oxide metamaterials and
autonomous soft robots.

Results and discussion
Strong and flexible GO paper

We first aim to determine a fabrication method to produce
flexible and strong GO papers. Previous studies used mainly
two methods to prepare GO paper: evaporation, where a GO
suspension is simply allowed to dry on a substrate, or filtration,
where assembly is driven by filtering a GO suspension through
a filter.”” We summarize in Fig. S1 and Table S1 the key
mechanical properties, i.e., failure strain and compliance, of
GO papers prepared through either evaporation (GO/E) or
filtration (GO/F) thus far.***® GO-reinforced polymer compo-
site papers are excluded in this summary, as the mechanical
properties are highly affected by their polymeric components.

GO papers with higher tensile failure strain can endure
greater elongation before fracture upon bending, as the upper
GO layers are essentially under tensile stress. Compliance, the
inverse of stiffness, indicates the ability of GO layers to deform
elastically under a tensile force; thus, higher compliance con-
tributes to better flexibility of the bended region. GO/E papers
exhibit higher failure strain and compliance compared to GO/F
papers. This may be explained by the looser arrangement of GO
flakes in GO/E papers, resulting in a wrinkled structure that can
act like a spring and is stretched before eventual fracture.*”*®
Another reason that could explain these differences is water
content."® Water is removed from the GO suspension through
capillary forces during the evaporation process of making GO
papers, while vacuum forces remove the water during filtration
(Fig. S2a);>°” this may imply a higher water content in GO/E
than GO/F paper, although to the best of our knowledge, no one
has yet studied this correlation.

Based on this hypothesis, to achieve GO paper with high
failure strain and compliance, we prepare GO/E papers through
evaporation in the presence of a water reservoir, which can
continuously supply moisture to the GO paper during evapora-
tion (Fig. S2b). We first crosslink GO flakes with calcium
chloride (CaCl,) and then drop cast the suspension onto a

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic drawing showing the GO@C/E paper fabrication process. (b) UTS (i), failure strain (i), and stiffness (i) of GO@C/E containing

different weight percentages of CaCl, (n = 4 independent samples). The data are represented as the mean + standard deviation. The * and # signs
indicate statistically significant differences between GO papers with different CaCl, crosslinking degree; *: between 0 wt% and 1.6 or 3.2 wt%, and #:
between 1.6 wt% and 3.2 wt%. Differences are calculated by Student's t-test (** or ## P <0.01, ### or *** P <0.001). (c) Bending and release tests on
creased GO papers. (i) Experimental set-up. The samples are folded at the crease, and the convex side of the samples can be either smooth or fiber-
containing. ((ii) and (iv)) SEM images of the convex sides of GO papers (top row: smooth; bottom row: fiber-containing) after 60 bending and release
cycles. The GO papers contain 0 (i), 1.6 (i) and 3.2 (iv) wt% of CaCl,. The fractures are highlighted by the dashed circles.

cellulose paper wetted with CaCl, solution, which is placed on a
flat polyester substrate (Fig. 1a). The concentration of Ca** ions
is the same in the GO/CacCl, suspension and in the cellulose
paper to avoid the dilution of Ca®>" within the GO paper. The
Ca*" ions are introduced to ionically crosslink the GO flakes,
increasing the fracture resistance during deformation.”* After
drying in air at a relative humidity (RH) 54% for four days, a
self-standing GO paper can be peeled off the cellulose filter
(Fig. 1a). We refer to this paper as GO@C/E in the following
discussion, where C stands for cellulose.

Scanning electron microscope (SEM) shows the layered
cross section of GO@C/E (Fig. S3). The top surface facing
air is smooth, while the bottom side contacting the cellulose
paper has residues of cellulose fiber (Fig. 1a and Fig. S3).
We evaluate the effect of CaCl, content varying between 0 and
3.2 wt% on the mechanical properties of GO@C/E. Higher
CaCl, contents result in the gelation of GO, which impedes

This journal is © The Royal Society of Chemistry 2025

casting the suspensions. As the CaCl, wt% increases, the
ultimate tensile strength (UTS) and failure strain are signifi-
cantly enhanced, while the stiffness does not change signifi-
cantly (Fig. 1b).

We then introduce a crease in GO@C/E paper strips through
laser cutting (see SI, Section S2.3) and investigate the micro-
structure of the GO@C/E paper close to the crease before and
after 30 and 60 cycles of bending and release (Fig. 1c-(i) and
Fig. S4, S5). SEM images show the presence of fractures in the
un-crosslinked (i.e., 0 wt% of CaCl,) GO@C/E sample if the
strip is bent so that the convex side is smooth, even before the
bending and release cycle (Fig. S4). This can be explained by the
lower tensile strength and failure strain of this paper, which
allows crack formation due to stress concentration at the crease
and its propagation on the smooth side during the initial
folding. Conversely, the fiber-containing side remains intact;
this could be due to bridging of GO flakes by the fibers (Fig. S4).

Mater. Horiz.
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After 30 cycles, fractures appear on both fiber-containing
and smooth sides of un-crosslinked samples, and on the
smooth side of samples crosslinked with 1.6 wt% of CaCl,
(Fig. S5). After 60 cycles, samples crosslinked with 3.2 wt% of
CacCl, are the only ones that do not show fracture on either side
(Fig. 1c). This result indicates the crucial role of crosslinking in
preventing the formation and propagation of cracks upon
bending; differences observed at lower CaCl, wt% between
the smooth and the fiber-containing sample sides also prove
the importance of the presence of cellulose fibers in enhancing
the structural integrity of GO paper.

Upon bending towards either the fiber-containing or the
smooth side, the radii of curvature of uncreased GO@C/E
papers crosslinked with 3.2 wt% CaCl, are below 500 pm
(Fig. S6). This is significantly lower than GO/F papers with
similar thickness reported in a previous study,’® where the
smallest radius of curvature was ~ 1000 pm.

To confirm whether the water content plays a role in increas-
ing compliance and failure strain, we compare the mechanical
properties and water content of GO@C/E and other GO papers
prepared by evaporation and filtration onto different substrates,
using GO crosslinked by 3.2 wt% of CaCl, and keeping the same
amount of GO per unit of surface area. Papers prepared by
filtration through polycarbonate (PC) membranes are called
GO@PC/F, while those prepared by evaporation over PC mem-
branes and polyester (PET) plastic sheets are named GO@PC/E
and GO@PET/E, respectively. All samples prepared by evapora-
tion are dried in the same conditions as GO@C/E, while the
GO@PC/F is prepared using a glass filter kit to which vacuum is

GO@PET/E
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applied for three days. To decouple the effect of presence of
cellulose fibers and water content on the mechanical properties
of GO@C/E, we also prepare a set of samples with the same
method as that used for GO@C/E, but we remove the cellulose
fibers by wiping the side of the paper in contact with the
cellulose membrane with ethanol (see SI, Section S2.2). This
was sufficient to remove the cellulose fibers, as confirmed by
both Fourier-transform infrared spectroscopy (FTIR) and SEM
(Fig. S7). We refer to this group as GO@C/E-wiped.

GO papers fabricated with different methods all show a
layered cross-section (Fig. 2a); as expected,*®*”**** GO papers
prepared by evaporation have a more loosely packed, wrinkled
microstructure with interlayer gaps and higher thickness
(Table S2) than those prepared by filtration. Tensile tests
(Fig. 2b and Fig. S8) show a lower failure strain for the GO@C/
E-wiped compared to GO@C/E, supporting the aforementioned
finding that the cellulose fibers help decrease fracture at the
edge of the creases. Among all produced GO papers, GO@PC/F
shows the lowest elongation and toughness, and the highest
stiffness. This aligns with prior studies that showed lower failure
strain and compliance for membranes prepared by filtration
compared to evaporation (Fig. §1).%%¢ 646668

Both GO@C/E and GO@C/E-wiped show significantly higher
failure strain, lower stiffness, and higher toughness than all
other GO papers (Fig. 2b). Since there are no differences in
membrane structure and composition among GO@C/E-wiped,
GO@PC/E and GO@PET/E, we perform thermogravimetric
analysis (TGA) to evaluate whether water content may be
responsible for the tensile test differences. Fig. 2c plots the
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Fig. 2
toughness and UTS of GO papers (n =
water content (i) (n = 3). (d) XRD spectra (i) and d-spacing (ii) (n

(a) SEM cross-section images of GO@PET/E, GO@PC/F, and GO@PC/E papers. Scale bar = 20 um in all images. (b) Tensile failure strain, stiffness,
4). (c) TGA curves recorded in air (i), and weight loss between room temperature and 100 °C, corresponding to
= 3). The data are represented as the mean =+ standard deviation. The *, # and § signs

indicate statistically significant differences, *: between different samples and GO@C/E; #: between GO@PC/F and GO@PC/E; §: between different

samples and GO@C/E-wiped. Differences were calculated by Student's t-test (*
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weight loss measured up to 100 °C, which corresponds to the
water content. All the evaporated GO papers have a higher water
content than the ones prepared by filtration and GO@C/E and
GO@C/E-wiped papers have the highest water content. The
presence of less water in the filtered membranes indicates that
the vacuum forces can eliminate more water than simple eva-
poration. To explain the larger water content in GO@C/E and
GO®@C/E-wiped compared to other evaporated membranes, we
hypothesize that as the GO suspension becomes more concen-
trated upon drying, water in the cellulose filter paper moves
from cellulose to GO and is trapped within the GO flakes. The
correlation between water content and failure strain and tough-
ness shown by Fig. 2b and c confirm our initial hypothesis, and
may be explained by the formation of hydrogen bonds between
water and the oxygen-containing groups of GO, acting as “soft”
connections between flakes when GO paper is subjected to a
stress condition; this dissipates energy and allows layers to slide
on each other, thus preventing crack propagation.

X-ray diffraction (XRD) results provide additional evidence
of higher water content in GO papers prepared over wet
cellulose paper. Previous studies have shown that a larger water
content results in a higher interlayer spacing (commonly
termed as d-spacing) of GO membranes.®>”® To exclude the
interference of cellulose, we compare the d-spacings of GO@C/
E-wiped, GO@PET/E, GO@PC/F and GO@PC/E. All GO papers
show the characteristic peak at 2-theta around 11°-12° (Fig. 2d),
corresponding to diffraction caused by the stacked GO layers.”*
The d-spacing of GO@C/E-wiped is significantly higher than that
of all other samples, which further confirms the presence of
more intercalated water molecules. This change is not associated
with the process of wiping the paper with ethanol, as shown in a
control experiment where we wipe with ethanol GO@PET/E
paper and obtain the same d-spacing as before wiping
(Fig. S9). The increase in d-spacing of GO papers as the water
content increases is confirmed through molecular dynamics
(MD) simulation (Fig. S10, see SI, Section S3.4 for more details).

These results overall show that the presence of a cellulose
membrane as a substrate for GO evaporation not only reinforces
the final GO paper through residual cellulose fibers but also
promotes water intercalation to strengthen interlayer interac-
tions during evaporation. Both effects are crucial to create strong
and flexible GO paper suitable for origami fabrication.

GO origami

After proving the excellent compliance and resistance to frac-
ture upon bending of GO@C/E, we proceed to use this GO
paper to make GO-based origamis. We first compare GO@C/E
with two commonly used papers for making origamis, ie., a
standard printer paper and an origami paper (Fig. S11). GO@C/
E paper shows a comparable fracture strain to standard printer
paper, but significantly higher UTS, stiffness and toughness
than both standard printer and origami papers (Fig. S11d). The
higher stiffness of GO@C/E paper enables GO-based origami
structures to retain their 3D architecture, despite being signifi-
cantly thinner than origami made from standard printer and
origami papers (Fig. S11).

This journal is © The Royal Society of Chemistry 2025
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We adopt a basic origami pattern, i.e., Miura-ori, and then
fabricate different Miura-ori-based architected metamaterials.
A standard Miura-ori origami pattern consists of repeated
parallelograms defined by two vectors of lengths a and b and
the angle between them 0 (Fig. 3a).”>”® In this study, we use a
cell with @ = b = 15 mm and 0 = 60° as the constitutive unit
cell to prepare all Miura-ori-based origami architectures. Lever-
aging various combinations of Miura-ori units in different
arrangements, ie., aligned, zigzag, edge, and crossed assem-
blies, we fabricate four distinctive Miura-ori-based GO-based
metamaterials.

We create Miura-ori tubes by assembling two mirrored
Miura-ori strips with double-sided tape, enabling foldability
in two directions (Fig. 3b).”* Examples of the Miura-ori and
Miura-ori tubes made of GO@C/E paper are shown in Fig. 3c,
confirming the flexibility of the GO@C/E paper for producing
origami architectures. We connect multiple Miura-ori tubes in
different arrangements to create Miura-ori-based metamater-
ials (Fig. 3d-g). In the aligned coupling assembly, two identical
Miura-ori tubes are connected by taping the side surfaces of two
parallel tubes to each other (Fig. 3(d1) and (d2)).”* In the zipper
coupling assembly, one Miura-ori tube is rotated before gluing
its side surface to another one (Fig. 3(e1) and (e2)).”> Beyond
these two standard configurations, we explore two other con-
figurations: edge coupling, which involves connecting two
parallel Miura-ori tubes solely by one edge and without full
surface adhesion (Fig. 3(f1) and (f2)); and crossed coupling,
which entails positioning two Miura-ori tubes perpendicular to
each other, forming a cross-like structure and then taping
adjacent surfaces (Fig. 3(g2) and (g3)). These units are then
tessellated in space, achieving different Miura-ori-based GO-
based metamaterials (Fig. 3(d3)—(g3)). The resulting GO@C/E
Miura-ori metamaterials are shown in Fig. 3(d4)—(g4).

Fig. 4a shows the stress-strain curves for the four fabricated
GO®@C/E Miura-ori architected metamaterials in different
directions recorded after several uniaxial load—-unload cycles,
implemented by applying a compressive displacement of
10 mm; this is performed to ensure a stable response in the
origami materials and to mitigate the risk of overestimating
their mechanical properties. All GO@C/E architected metama-
terials exhibit anisotropic mechanical properties under com-
pression. The aligned assembly demonstrates foldability in all
directions, with the z-direction (i.e., the longitudinal direction
of Miura-ori tube) exhibiting a higher load-bearing capacity. In
contrast, the other three GO@C/E architected metamaterials
can only be folded in the x- and z-directions, remaining locked
and rigid in y-direction. Pictures showing examples of folding
along x- and z-directions and rigidity along the y-direction for
the zipper assembly are shown in Fig. 4b; further details
regarding deformation of other GO@C/E architected metama-
terials can be found in the SI, Fig. S12-S14. In directions where
the structures can be folded, the stress-strain response is
characterized by three distinct regions:”>’° (i) an initial linear
elastic response due to the recoverable folding of the creases;
(ii) a departure from linearity to a plateau stress caused by
bending of the panels and the plastic deformation around
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Fig. 3 Assembly of GO Miura-ori metamaterials. (a) Schematic illustration of the Miura-ori pattern and Miura-ori unit cell characterized by a = b = 15 mm
and 6 = 60°. (b) Formation of Miura-ori tube by assembling two mirror Miura-ori strips. (c) Digital photographs of GO@C/E Miura-ori and Miura-ori tube.
3D Miura-ori architected metamaterials based on different coupling configurations of Miura-ori tubes: (d) aligned assembly, (e) zipper assembly, (f) edge
assembly, and (g) crossed assembly. While subpanels (1-3) are schematic illustrations of the process, subpanels (4) showcase Miura-ori architected

metamaterials fabricated of GO@C/E paper. Scale bars: 15 mm.

creases; and (iii) final stiffening due to the contact between the
panels. The stiffness of the GO@C/E architected metamaterials
in x-, y- and z-directions calculated as the slope of the stress-
strain curve in the initial elastic region is presented in Fig. 4c.
The highest stiffness is found for the crossed assembly in the
y-direction; this is due to its complete lack of foldability in this
direction (Fig. S14), leading to an abrupt increase in stress
upon application of a compressive strain.

To evaluate the mechanical stability of the GO@C/E archi-
tected metamaterials, we conduct cyclic compressive load-
unload tests in the z-direction (Fig. 4d and Fig. S15; maximum
compressive displacement of 10 mm). The hysteretic behavior
is primarily attributed to the plastic deformation of the creases,
which also accounts for the cyclic softening.”>”” The mechanical
response of the GO@C/E architected metamaterials stabilizes
over the course of the loading-unloading cycles, proving the
structural integrity of the origami architectures.

In addition to the Miura-ori based origami structures,
GO@C/E paper can also be used to construct origami structures
that allow more complex deformations such as rotation during
contraction/expansion. An example is the Kresling origami; by
selecting appropriate geometrical parameters,”® Kresling ori-
gami can be either monostable or bistable (Fig. 4e). Bistable
Kresling possesses a deployed state (B-i in Fig. 4f) and a folded
one (B-iv in Fig. 4f), while a monostable Kresling only has a
deployed state (M-i and M-iv in Fig. 4f).

Mater. Horiz.

Fig. 4f shows the force-displacement responses of the
GO@C/E Kresling origami structures under loading and
unloading, along with the corresponding pictures at specific
deformations. The rotation of the structures under uniaxial
compression is clearly observable in the pictures. As expected,
when the samples are unloaded, the bistable GO@C/E Kresling
remains in the folded state (B-iv in Fig. 4f) when the force
decreases to 0 N (displacement around 11 mm), while the
monostable GO@C/E Kresling returns to its initial state (M-iv
in Fig. 4f). Cyclic compressive load-unload tests conducted on
the GO@C/E Kresling origamis prove their excellent structural
integrity and stable functionality (i.e., bistability) after cyclic
deformations (Fig. S16).

Multifunctional humidity responsive GO origamis

As discussed above, water intercalation in the GO paper can
increase the d-spacing between GO flakes and enhance the
paper flexibility. The many oxygen-containing groups (hydroxyl,
carboxyl, and epoxy) on GO flakes form hydrogen bonds with
water molecules.”® Therefore, at higher humidity, water mole-
cules permeate the paper and intercalate between the GO
layers, increasing the interlayer spacing (d-spacing) and leading
to anisotropic swelling of the GO paper. Once the humidity
decreases, desorption of water leads to the deswelling of the
paper.®>®° These characteristics can be capitalized to develop
humidity-responsive GO origami actuators.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Mechanical characterization of GO@C/E architected metamaterials. (a) Compressive stress—strain curves of GO Miura-ori architected
metamaterials compressed along x-, y-, and z-directions. (b) Digital pictures showing GO@C/E zipper-assembled metamaterials under different
compressive strains in x-, y-, and z-directions. The origami can be fully folded in the x- and z-directions but remains stiff in the y-direction.
(c) Compressive stiffness of GO@C/E Miura-ori architected metamaterials in different directions. (d) Cyclic (compressive load-unload) responses of
aligned assembly; the maximum compressive displacement was 10 mm. (e) Schematic illustration of the Kresling pattern characterized by a, b, and «
along with digital pictures of fabricated samples showing the bistable (@ = 13 mm, b = 19.08 mm, and « = 102.77°) and monostable (@ = 13 mm, b =
17.77 mm, and « = 106.89°) GO@C/E Kresling origamis. Scale bars: 10 mm. (f) Force—displacement response of bistable and monostable GO@C/E
Kresling origamis and digital pictures showing GO@C/E Kresling structures under different compressive displacements. A blue plastic sheet is attached to
the surface of the load cell to reduce the friction between the top panel of the GO Kresling and surface of the load cell, enabling its rotation when
compressed. B and M denote bistable and monostable designs, respectively. Cyclic (compressive load—unload) responses of Fig. S16(a) bistable GO

Kresling and Fig. S16(b) monostable GO Kresling origamis.

We first explore the unfolding of the fabricated GO Miura-ori
when relative humidity increases (Fig. 5a). With a change in RH
from 34% to 76%, the GO Miura-ori progressively expands to
191% of its original length in the x-direction and 117% of its
width in the y-direction (Fig. 5b and Video S1, SI). Different
hygroscopic expansions in the x- and y-directions are due to the
distinctive kinematic relationships between the geometrical
features and folding of the Miura-ori.””*'"® As the RH reduces
from 76% to 35%, the GO Miura-ori gradually folds back to its
original dimensions (SI, Video S1).

The mechanism of shape morphing in our GO-based struc-
tures differs fundamentally from that of bilayer GO-based films,
where shape changes occur due to the different hygroscopic
expansion coefficients of the two layers.”>** In our developed

This journal is © The Royal Society of Chemistry 2025

GO-based material, the shape morphing is made possible by
structural designs inspired by origami engineering, and the
crucial role that hinges have in this process. At the origami
hinges, the GO flakes experience tensile stress on the convex
side and compressive stress on the concave side. When the RH
increases, the compressed GO flakes expand due to the inter-
calation of water molecules, resulting in an angle increase at
the concave side. At the same time, the absorbed water mole-
cules act as plasticizers, reducing stiffness and tensile stress on
the GO at the hinges on the convex side,* leading to a decrease
in angle at the convex side. As water evaporates, the GO layers at
the concave side shrink, and the stiffness increase at the
creases, allowing the GO Miura-ori to restore to its pre-
deformed folded state. From a thermodynamic perspective,

Mater. Horiz.
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content obtained through the MD simulation. (e) Two-digit origami humidity signaling device: schematic showing the electric circuits that contain a
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this process can be described as follows: strain energy is stored
in the folded structure during plastic deformation, which is
released as water infiltrates at higher RH. Upon drying, surface
tension restores the strain energy and causes the folding of GO
flakes according to the laser-cut creases.

These results show that the unfolding of GO flakes upon
hydration, previously observed only at the microscopic scale,**
also applies to GO origamis at the macroscopic scale. This
phenomenon is further supported by our models conducted
through MD simulation (Fig. 5c and d). In these models, we
create creases in the GO layers by surface functionalization with
hydrogen atoms (see SI 3.4. and Fig. S17).8%%>%%7 If fewer
water molecules are introduced in the model to mimic lower
RH conditions (e.g. 21 wt%, Fig. 5c-(i)), the relaxed configu-
ration shows the lowest folding angle at the concave side and
the atomic equilibrium potential energy (Ey); this prevents the
structure from going back to an unfolded state (Fig. 5c-(i) and
d). As more water molecules are introduced in the model, the
relaxed stable configuration shows a gradual increase of the
folding angle, and a consequent increased atomic E, (Fig. 5c-
(if), (iii) and d).

We exploit the folding and unfolding of the GO origamis in
response to RH to develop a multifunctional, two-digit humid-
ity signaling device (Fig. 5e and f). The device has two separate
circuits, each of them including an LED powered by a cell
battery; the batteries and the LEDs are connected by copper
tape, but the circuits are interrupted by openings (Fig. 5e-(i)
and (ii)). One monostable GO Kresling origami (Fig. 5e-(i)) and
one bistable GO Kresling origami (Fig. 5e-(ii)), whose top
surfaces are covered by copper tape, are placed below the
opening of each circuit. At the beginning of the experiment
when RH = 40%, both origamis are folded and the LEDs are
both off (state [00], Fig. 5f-(ii) and Video S2, SI). When RH
increases to 66%, the monostable Kresling gradually unfolds,
turning on the red LED (state [10], Fig. 5f-(iii)). More humidity
is necessary to deform the bistable Kresling (Fig. S18), consis-
tent with the results discussed regarding force-displacement
curves (Fig. 4f). At RH = 83%, the bistable Kresling snaps from
the folded state to the deployed state, turning also the blue LED
on ([11] state, Fig. 5f-(iv)). As RH decreases to 55%, the mono-
stable GO Kresling gradually folds back to reach its initial state,
while the bistable Kresling stays in its deployed stable state
(state [01], Fig. 5f-(v)). During drying, hinge stiffness increases
at the creases and raises the reverse snap-through threshold;
without external compression/torsion, the unit does not fold
back. The device remains in this state (i.e., [01]) even after
drying for 165 minutes and reaching a RH value comparable to
the initial one (Fig. 5f-(vi) and Video S2, SI). The red LED
operated by the monostable Kresling is an instant indicator
of the environmental RH increase, while the blue LED retains
the memory of high environmental humidity. We don’t observe
obvious differences in origami geometry before and after
humidity change. As shown in the cyclic compressive load-
unload test of GO Kresling origamis (Fig. S16 in SI), due to the
plastic deformation, the peak force is decreased but the force—
displacement curves largely overlap after cycling, indicating

This journal is © The Royal Society of Chemistry 2025
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stable mechanical performance. Even with plastic deformation
occurring during the folding and unfolding of monostable GO
Kresling, the unloading curve approaches the origin with only a
~1 mm offset in displacement, which explains why no sig-
nificant differences were observed in the macroscopic geometry
of the GO origami after drying.

Through different topological designs, the humidity respon-
siveness of GO can be translated into distinct functions in
origami structures, i.e., real-time indication of device state and
memory retention. This achievement shows how metamaterial
engineering can enable actuations and functionalities that go
beyond conventional GO humidity responsive motions and the
resulting functions, which are typically limited to simple bend-
ing or twisting.

Conclusions

This study showcases macroscopic and deployable GO origamis
with topology-programmed humidity-driven actuations beyond
conventional bending and twisting motions. The GO origamis
are fabricated using flexible GO papers, which are prepared
through evaporation of Ca-containing GO suspensions on wet
cellulose substrates.

Water molecule intercalation between the GO flakes during
evaporation-induced paper self-assembly increases the paper
tensile failure strain and reduces its stiffness. This enables the
preparation of deployable macroscopic origamis with anisotro-
pic mechanical properties or coupled compression-twisting
deformations. Exploiting GO hygroscopicity and its interlayer
expansion as a function of water content, the origamis can be
designed with geometries that enable folding and unfolding as
a function of environmental humidity. As an example, we show
this can be exploited in devices that light up as a function of
environmental humidity or that store a memory of high past
humidity condition depending on the configuration of a set of
GO-based origamis, setting the stage for the tantalizing pro-
spect of GO-origami enabled digital computing.®®

The methods discussed here could be used to fabricate a
wide range of graphene-based topological structures thanks to
the wide design space of architected origamis. Integrating
magnetic, light-responsive, or piezoelectric materials into
GO paper could lead to the development of multi-responsive
and multifunctional actuators.’® This versatility positions
GO-based origamis as promising candidates for developing
next-generation responsive devices and multifunctional soft
robots.
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