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Self-folding of thick paper via
continuous solution supply
analyzed by FTIR spectroscopy

Yuki Odagiri?, Yuki Fukatsu?, Hiroki Kawagishi', Yuhei Yamada? & Hiroki Shigemune3™*

Origami techniques can impart mechanical properties to sheet materials, and stimulus responsive
self-folding enables their transformation into three-dimensional structures. For practical origami
devices such as load bearing structures, packaging components, and soft robotic bodies, folding of
thick sheets is essential because thicker materials provide the strength durability needed for reliable
deployment. However, conventional one pass inkjet printing cannot achieve 180° folding even in

127 pm thick paper. We therefore set 153 pum as a challenging target thickness that exceeds the folding
limit of previous inkjet-based approaches. To overcome this constraint, we propose a self-folding
method based on continuous solution supply from wetted filter paper. Diffusion simulations show that
continuous supply produces a deeper through thickness concentration profile that governs subsequent
transport. Experiments show that this initial state strongly affects the folding outcome, enabling 180°
folding under continuous supply. FTIR-ATR analysis provided key mechanistic insight, revealing that
large folding angles arise when the difference in hydrogen bonding between the surfaces becomes
small, indicating through-thickness homogenization of the chemical state. These findings show

that continuous solution supply enables controlled folding in thick substrates, providing a route to
programmable three-dimensional architectures for deployable origami devices.

Origami, a traditional Japanese art, has been thoroughly explored from both mathematical and engineering
perspectives. Mathematically, it has been demonstrated that arbitrary three-dimensional structures can be
constructed using origami technology'. From an engineering standpoint, various functional structures have
been proposed, including elastic, expansive, rigid, and shock-absorptive ones, all of which can be imparted
to sheet materials simply by folding®™. In addition, origami devices with electrical functions can be created
by embedding circuits. Origami devices with novel structural functionality are expected to find a wide range
of applications in space’, medicine®, and agriculture7, and they are currently being investigated from both
mechanical and electrical engineering perspectives.

In the context of industrialization, one of the major challenges is the mass production of origami structures.
Extensive research has explored the use of stimulus-responsive materials to achieve automatic folding by
activating the material itself. Depending on the type of stimulus, sheets can self-fold through thermal activation®,
surface-tension-driven deformation?, or chemically induced reactions'®. The mechanical properties of such self-
folded structures have been investigated®!!, and their practical applications'?are currently under development.
For practical devices, self-folding of thick sheets is crucial because thicker substrates provide greater mechanical
strength and structural integrity, both of which are essential for deployable origami systems. Dickey et al.
proposed a method for self-folding thick sheets by analyzing thermal gradients in thermoresponsive materials'>.

Cellulose-based materials are gaining attention in the context of sustainable device development. The
environmental compatibility of electronic devices has become a major concern with the rapid proliferation of
edge devices driven by the Internet of Things (IoT). In the field of paper electronics, cellulose-based devices have
been developed as biodegradable, combustible, and sustainable alternatives to conventional substrates'~16. We
previously developed a method for creating self-folding paper devices via inkjet printing'?, enabling paper-based
circuit boards to be transformed into three-dimensional origami devices. However, conventional inkjet printing
has a limited solution-deposition capacity and therefore cannot provide sufficient penetration for thick paper
substrates.

In this study, we achieved self-folding of 153-um-thick paper by controlling the amount of applied solution.
To enable sufficient penetration, we developed a continuous solution-supply method using solution-saturated
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filter paper. One-dimensional diffusion simulations confirmed that the presence of continuous supply establishes
the initial through-thickness concentration distribution, consistent with the experimental observations. The
printed region was analyzed using Fourier-transform infrared spectroscopy with an ATR accessory (FTIR-ATR),
which revealed that the absorbance difference between the front and back surfaces decreases as the applied
amount increases. A larger folding angle was obtained under conditions where the front-back absorbance
became nearly identical, indicating that homogeneous through-thickness transport of the solution governs the
self-folding behavior of thick paper. Because this method ensures deep penetration while remaining compatible
with fine printing line widths, it provides a practical route toward robust energy-absorbing origami structures,
high-performance cushioning and packaging materials, and mechanically durable substrates for soft-robotic
applications.

Materials and methods
Self-folding process
Figure 1 illustrates the self-folding process of paper using an inkjet printer. Figure 1(a) shows the solution
being ejected onto the paper surface. As the solution penetrates the sheet, Fig. 1(b) shows the permeated
region expanding, generating an initial mountain fold. As the amount of retained solution gradually decreases,
contraction begins, and Fig. 1(c) shows a transient state in which expansion and contraction momentarily
balance, flattening the sheet. With further reduction of the retained solution, contraction becomes dominant,
and Fig. 1(d) shows the sheet bending into a concave shape. Finally, plastic deformation in this concave
configuration fixes the folded geometry. Because this deformation is mechanically robust, the resulting structure
exhibits excellent compressive energy absorption properties’.

Theoretical model of through-thickness transport in self-folding.

Here, we introduce the theoretical model describing the transport process relevant to self-folding. The
applied solution is transported through the paper according to the one-dimensional diffusion equation'®. When
a paper sheet of thickness & is placed in an infinite reservoir of solution and the initial concentration inside the

sheet is zero, the solution concentration C at through-thickness position z and time ¢ is given by Eq. (1)!*2:
c 4 -nH" —D@n+1)%7 %t | . [(2n+1
c—szl—;.z ;’f’:O(Qn_gl.exp ("hz)” }.sm[("h)ﬂz]) (1)

Where D is the diffusion coefficient, and £ is the paper thickness; z denotes the through-thickness coordinate
measured from one surface (z = 0 at the front face and z = h at the back face). Cs denotes the constant
surface concentration imposed at both faces.

Equation (1) indicates C (z) — C at any z when t — oo . However, the homogenization process is
interrupted when there is drainage effect, which results in the formation of a solution-penetrated area and a
non-penetrated area. When the cross section of paper is divided into two areas, Timoshenko’s beam deformation
Eq. (2) could be applied to calculate the bending deformation?!.
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Fig. 1. Process of self-folding paper using inkjet printing. (a) Solution is ejected from the printer onto the
paper surface. (b) The permeated region expands as the solution penetrates, generating an initial mountain
fold. (c) Transient state in which expansion and contraction momentarily balance and the sheet becomes
flattened. (d) Contraction becomes dominant as retained solution decreases, and plastic deformation in this
concave configuration fixes the folded geometry.

Scientific Reports | (2026) 16:9154 | https://doi.org/10.1038/s41598-026-40473-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

where, p is the radius of deformation curvature of the paper, h; is the depth of the permeated solution, ho
is the thickness of the non-permeated area, E; is the elastic modulus of the permeated area, E? is the elastic
modulus of the non-permeated area, and ¢ is the strain induced with the reaction. Finally, the folding angle
0 can be expressed using Eq. (3), which incorporates the printed line width [ and the deformation curvature
radius p.

0 :pi (3)

As described above, the reactive and non-reactive areas are determined by liquid permeation, and the degree of
folding is determined by the depth of the penetration. Conventionally, we have self-folded origami structures
using the inkjet printer. The amount of applied solution was limited with the inkjet printing method, and a
folding angle of # = 180 ° had not been demonstrated for the paper whose thickness was more than 150 pm.
In this study, we have developed an experimental system for applying a large amount of the solution using the
filter paper.

Printing procedures and measurement methods

Figure 2 presents the sample-preparation procedures and the measurement workflow used in this study.
Figure 2(a) shows the printing process and workflow using an inkjet printer as the conventional approach. The
target region on the paper is printed, and as the solution penetrates the sheet, the system transitions to the Free
Reaction Phase. As penetration progresses and the amount of retained solution decreases, the paper undergoes
self-folding, forming the origami structure. Because inkjet printing supplies only a limited amount of solution,
the Loading Penetration Phase is absent. After structure formation is complete, the folding angle 6 is measured
using the image-analysis software Image]. Here, 0 is defined as the angle between a straight line along the raised
portion of the sheet and the horizontal.

To characterize the hydrogen-bonding states responsible for self-folding, the front and back surfaces of
the printed region were analyzed using a Fourier-transform infrared (FTIR) spectrometer (IRAffinity-1 §,
Shimadzu) equipped with an ATR accessory (Quest, Specac Ltd.). To evaluate the through-thickness penetration
state, we compared the experimental results with the concentration distributions obtained from the diffusion
simulations described later, and examined their relationship to the front-back chemical-state difference and the
folding angle 6.

Figure 2(b) illustrates the printing process and workflow when using solution-saturated filter paper. In
this method, placing the saturated filter paper on the sample introduces the Loading Penetration Phase. The
solution supplied through the wet filter paper was deionized water. By controlling the filter-paper loading time
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Fig. 2. (a) Printing process and measurement workflow in the inkjet method for self-folding of paper. (b)
Printing process and measurement workflow in the filter-paper method. Use of the filter-paper method
introduces the Loading Penetration Phase, and the solution is assumed to penetrate more deeply into thick
paper. The mechanical deformation and associated changes in hydrogen-bond state were evaluated for each
method.
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(t=0.5-20 min), continuous supply of solution into the paper is enabled; as a result, the solution is assumed
to penetrate deeper than in the inkjet-printing scheme shown in Fig. 2(a). After removing the filter paper, the
system transitions to the Free Reaction Phase, analogous to the inkjet method, and self-folding is completed.
The subsequent measurement procedure is identical to that in Fig. 2(a), ensuring consistent quantification. For
a fair comparison with the inkjet method, we used paper substrates that remain compatible with stable inkjet
patterning, and the substrate thickness was selected within this common material condition.

Results and discussion
Diffusion simulations for inkjet and filter-paper methods
In this section, to quantitatively compare the penetration behaviors of thick paper in the inkjet and filter-paper
methods, one-dimensional diffusion simulations were performed and the time evolution of the through-
thickness concentration C was evaluated. Here, C' is defined as the concentration contributing to diffusion.
The z-axis was taken along the paper thickness h = 153 p m. The saturation concentration at surface is set to
C = 1, and computations were carried out using the finite difference method. The governing equation used was
as follows. Equation (1) gives an analytical solution for ideal diffusion, whereas Eq. (4) introduces loss term for
simulation.

2 = DV *C — kiossC (4)
In the paper used in this study, in-plane spreading of the supplied solution was negligible. Experimentally, no
noticeable in-plane penetration beyond the intended folding region was observed, either during the wet filter-
paper supply or during inkjet printing. Therefore, the transport process could be reasonably treated as one-
dimensional diffusion in the thickness direction.

Within the paper, not only diffusion occurs, but also trapping within the fibers and evaporation, causing
the amount of moisture contributing to diffusion to decrease. kioss is an effective parameter that represents
that the apparent decrease in free solution arising from the trapping and evaporation. In the inkjet method
simulation, the initial condition at ¢ = 0 s was set to C' = 1 at the surface z = 0 and C = 0 in the interior,
representing penetration into the interior driven by diffusion from the surface concentration C' =1. A
diffusion coefficient D = 1.0 um? s™* was used. Because the purpose of this section is a relative comparison
of penetration behaviors under different supply conditions, rather than an experimental identification of
D, this value was treated as a fixed parameter and used in both simulations to define a common time scale.
As an order-of-magnitude reference, moisture diffusion coefficients reported for bulk cellulose films are
D =0.5~ 1.5 um? s, which is comparable to D = 1.0 u m? s~ used here?2. In the filter-paper method
simulation, as the Loading Penetration Phase, a continuous supply C = 1 was applied at the surface z =0
for —300s < t < 0s,and kioss was set to 0 assuming suppression of surface evaporation by the filter paper.
Subsequently, a transition to the Free Reaction Phase occurred, the initial condition was set to C(z, 0) at the
end of the Loading Penetration Phase, and the evolution of the concentration profile was evaluated by diffusion
with disappearance governed by kioss = 1.0 X 107371,

Time-depth diffusion behavior in one-dimensional simulations.

Figure 3 shows the simulation results for the through-thickness concentration C/(z, t) obtained under the
above simulation conditions. Figure 3(a) presents the results for the inkjet method. The penetration front remains
near the surface, and the concentration gradient relaxes over time due to diffusion into the interior. Because the
supply is transient, a wide high-concentration region across the thickness does not develop. Figure 3(b) shows
the results for the filter-paper method. Owing to the Loading Penetration Phase, the penetration front advances
deeper over time, and by ¢ = 0s a wide high-concentration region across the thickness has already formed.
After the transition to the Free Reaction Phase, the concentration field gradually becomes uniform; however,
because the initial imbibed amount is large, the high-concentration region remains relatively wide. These results
indicate that, in the filter-paper method, the penetration state at the start of the Free Reaction Phase differs
markedly from that in the inkjet method, demonstrating the effect of continuous supply into the deeper region
of the thick paper.

Figure 4 visualizes the diffusion behavior in the inkjet and the filter-paper method as a function of time.
Figure 4(a) and 4(c) show the time evolution of the concentration at each depth, and Fig. 4(b) and 4(d) present
concentration heat maps of penetration depth versus time. Figure 4(a) and 4(b) summarize the results for the
inkjet method. In Fig. 4(a), the concentration is plotted at five positions from the top surface (z=0 pm) to the
deepest point ( z = 153 um): 0, 37.5, 74.9, 112.4, and 153 um. Immediately after printing, the concentration
at z = 0 um dropped rapidly. By contrast, in the mid-depth region (z > 37.5 pm) it remained below 0.1
throughout, indicating that in the inkjet method the front does not advance beyond approximately 37.5 ym in
depth. Figure 4(b) presents the time—depth heat map for the inkjet method and shows that the penetration front
remains nearly stationary, with minimal advance into the thickness direction. These results indicate that, in the
inkjet method, the solution is essentially confined to the surface and does not sufficiently penetrate the sheet.

Figure 4(c) and 4(d) show the results for the filter-paper method. Figure 4(c) presents the time evolution
of the concentration at five locations (0, 37.5, 74.9, 112.4, and 153 pm) during the Loading Penetration Phase
(—300s < t < 0s) and the Free Reaction Phase (0s < ¢t < 400 s). From the mid-depth to the deep region
(37.5 — 153 pm), the concentration gradually increases during loading and remains high after the transition
to the Free Reaction Phase. Figure 4(d) is a time—depth heat map of the filter-paper method. It shows that the
solution penetrates deeply during the Loading Penetration Phase and continues to advance in the Free Reaction
Phase. At the start of the Free Reaction Phase (¢ = 0 s), a wide high-concentration region has already formed in
the deep part of the sheet. This high-concentration region functions as a diffusion source. Thus, even though the
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Fig. 3. Cross-sectional snapshots of the through-thickness concentration C(z, t) from one-dimensional
diffusion simulations. The colour map ranges from high concentration (C' = 1) to low concentration

(C = 0). (a) Inkjet method: immediately after printing, a transition to the Free Reaction Phase occurs

(0s < t < 400 s). The penetration remains confined near the surface; the concentration gradient relaxes
over time due to diffusion into the interior, and a wide high-concentration region across the thickness does not
develop. (b) Filter-paper method: Loading Penetration Phase ( —300 s < ¢ < 0 s) followed by Free Reaction
Phase (0s < ¢t < 400s). At ¢ = 0's, a wide high-concentration region across the thickness has already
formed, and the highly imbibed state is maintained for an extended period.
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overall concentration gradually decreases due to evaporation, the penetration front continues to progress, and a
concentration gradient across the thickness is maintained.

These comparative results indicate that the presence or absence of continuous supply determines the initial
through-thickness concentration distribution at the start of the Free Reaction Phase, which in turn governs the
subsequent diffusion behavior. In the inkjet method, because the initial condition is confined to the surface
layer, the penetration front quickly stalls. Therefore, to achieve reliable deformation behavior in thick paper, it
is important to establish an initial state featuring deep penetration, which requires a continuous, rather than
transient, supply condition. These findings provide a mechanistic basis for understanding the increase in folding
angle and the reduction in front-back differences observed in the spectroscopic analysis described later. In
summary, the filter-paper method establishes a deep, high-concentration region across the thickness during the
Loading Penetration Phase, providing the diffusion-driven basis for larger folding angles in thick paper.

Control of printing density and folding angle
Figure 5 presents the self-folding behavior of 153 um-thick paper obtained using the filter-paper method and
its dependence on the printing density. Figure 5(a) shows a schematic of the filter-paper method and the time
evolution of the printing density. Solution-saturated filter paper was placed on the top surface of the paper sample
(60 mm x 90 mm, thickness 153 pum) to induce penetration. At the early stage of penetration, the paper tended
to deform into a mountain fold toward the filter paper side, and even slight misalignment caused variability in
the imbibed amount; therefore, both ends of the sample were weighted to suppress deformation. During the
Loading Penetration Phase, the loading time ¢ was varied to control the printing density P as defined by Eq. (5).
P=%x (5)
m [g] is the amount of absorbed solution, ! [mm)] is the horizontal width of the printing line, and @ = 60 mm
is the vertical width of the printing line.

Figure 5(a) shows the time variation of the printing density P as a function of the filter-paper loading
time t. The measurements showed that, for the line widths examined in this study, the printing density P
increased consistently with the loading time ¢ and exhibited no systematic dependence on the line width .
This trend indicates that suppressing out-of-plane bending with weights stabilized the penetration process. As a
result, a clear correlation between the loadmg time t and the printing density P was obtained. The maximum
printing density of P = 6.84 x 107° g mm ™2 was achieved when [ = 5 mm with a loading time of 20 min.
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Fig. 4. Time evolution of the through-thickness concentration and time-depth heat maps for the inkjet
method and the filter-paper method. (a) Time evolution of the concentration at each depth for the inkjet
method. Immediately after printing, the surface-layer concentration drops sharply, while the mid-depth

region remains low throughout. (b) Time-depth heat map for the inkjet method. Penetration in the thickness
direction is minimal, and the penetration front remains stalled. (c) Time evolution of the concentration at

each depth for the filter-paper method. The concentration gradually increases from the mid-depth to the deep
region and remains high after the transition to the Free Reaction Phase. (d) Time-depth heat map for the
filter-paper method. Owing to the Loading Penetration Phase, a wide high-concentration region across the
thickness is established at + — () 5, and the penetration front continues to advance despite evaporation-induced
concentration decrease.

For comparison, a single print using an inkjet printer with | = 10 mm resulted in a printing density of
P =6.22 x 107% g mm™2. Thus, the filter-paper method provides a printing density approximately 11 times
higher than that of inkjet printing, demonstrating that it is a highly effective approach for supplying the solution.

Figure 5(b) shows the relationship the printing density P and the folding angle 6 . For a given P, the folding
angle 6 becomes larger as the line width [ increases, consistent with Eq. (3). A complete fold of § = 180 ° was
achievedat I = 10 mmand P = 3.15 x 107" g mm™2. The complete folding (# = 180 ° ) was reproducible
across multiple samples ( n = 3). This result indicates that dense printing using the filter-paper method enables
complete folding of 153 um thick paper, which was not attainable with the previous inkjet method. Moreover,
as P increases, a large € can be obtained even when [ is small, indicating that P serves as an effective tuning
parameter that compensates for the reduced folding capability typically associated with narrow printing lines.
The clear and monotonic relationship between P and 6 also suggests high controllability. Within the paper
size and experimental conditions investigated in this study (90 x 60x 0.153 mm?), the folding angle responds
continuously to changes in the printing density, allowing the targeted design of 6 .

FTIR-ATR assessment of front-back hydrogen-bond differences

FTIR-ATR analysis was performed using a Fourier Transform Infrared Spectrometer (IRAffinity-1 S, Shimadzu)
equipped with an ATR accessory (Quest, Specac Ltd.) to measure the absorbance on both the front and back
sides of the printed region. In FTIR-ATR measurements, the sample is irradiated with infrared light and the
resulting absorbance spectrum is obtained based on molecular vibrational and rotational modes. Infrared
light in the wavenumber range of 4000-400 cm™ ! interacts with functional groups in cellulose, and FTIR-ATR
has been widely used to elucidate hydrogen-bond interactions in cellulose-based materials?»?%. Increases in
hydrogen bonding, which are assumed to contribute to the self-folding mechanism, can be detected through
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Fig. 5. Self-folding behavior of 153 um-thick paper using the filter-paper method and its dependence on

the printing density P. (a) Relationship between filter paper loading time ¢ and printing density P. Under
deformation suppression with weights, P increases monotonically with ¢, indicating that stable control of P
is achievable using ¢ as the control variable. (b) Relationship between printing density P and folding angle

0 . Because P and 6 show an approximately monotonic correlation within each series, § can be designed by
selecting an appropriate value of P.

changes in absorbance?. Therefore, analysing the functional-group-level interaction between cellulose and the
absorbed solution enables evaluation of the relationship between the folding angle 6 and the hydrogen-bond
state within the paper. The measurement mode was absorbance, the apodization function was Happ-Genzel, the
wavenumber range was 4000 — 400 cm ™!, the resolution was 4 cm ™, and the number of integration was 16.
All acquired spectra were subjected to smoothing and baseline correction before analysis.

In this study, the absorption band in the range 3700 — 2500 cm ™! was extracted, and the integrated spectral
area within this range was defined as A;otq; and calculated using Eq. (6). Let the absorbance be a (v), and
let the wavenumber be v [cmfl]. Numerical integration of the discrete spectra was performed using the

trapezoidal rule.

3700
Atotar = [ 55000 (V) dv (6)
The integrated area on the printed surface is denoted as A/, and that on the back surface is denoted as
A?;‘ffl The ratio Riota: is defined as the quotient of these two values, as expressed in Eq. (7).
front
Riotar = Atﬁfél;i (7)

total

In the following discussion, R¢otar is used as the index for comparisons within the same method.

Figure 6(a) and (b) shows the IR spectra obtained from the paper self-folded using an inkjet printer (Brother,
DCP-J540N). The printing density P was controlled by performing multiple overprints. A single print with
I =10mmand P =6.22 x 107° g mm™ resulted in a folding angle of & = 33.1 °, while five overprints
with [ =10mm and P =3.11 x 107° gmm™? yielded 6§ = 128.7 ° . The effect of evaporation during
overprinting is considered negligible because the printing density for five overprints was approximately five times
that of a single print. From Fig. 6, peaks attributed to O-H stretching (3700-2500 cm™!) and C-H stretching
(3080-2550 cm™!) were observed, which are characteristic features of cellulose 1[326.

On the front side, the absorbance in the wavenumber region 3900 — 2700 cm™*, which is sensitive to
hydrogen bonding, was higher than that on the back side of the printed area. This front-back difference was
more pronounced at § = 128.7 ° than at # = 33.1 ° . In inkjet printing, the amount of applied solution is
small and readily evaporates, and no appreciable difference between the front and back spectra was observed
at @ = 33.1°. However, after five overprints, a clear absorbance difference appeared at 6 = 128.7°.
Quantification of this trend by integrating the spectrum over 3900-2700 cm™ yielded Riotqr = 0.967 for a
single print and R¢ota1 = 1.364 for five prints, indicating a clear dominance of the spectrum on the printed side.
In other words, the front-back difference increased markedly with the number of overprints.

Figure 6(c)(d) shows the IR spectra obtained from two self-folded samples produced by the filter paper
printing method. Figure 6(c) corresgonds to a sample folded to @ = 83.2° under the printing conditions
I=10mm and P =1.18 x 107° gmm™2. Figure 6(d) presents the spectrum for a sample folded to
6 =180 ° under the conditions | = 10 mm and P = 3.15 x 10~° g mm™ 2. The spectra are shown for the
wavenumber range 4000 — 400 cm ™, which includes absorption bands associated with hydrogen bonding.

For the sample with 6 = 83.2 ° ,afront-back absorbance difference was observed in the 3900 — 2700 cm ™
region attributed to O-H stretching. In contrast, the sample folded to & = 180 ° exhibited almost no front-
back difference. Quantification at the same printed location using Riota: showed that a loading time of 30 s
yielded Riotar = 1.226, indicating dominance of the printed side, whereas a loading time of 240 s resulted in

1
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Fig. 6. IR spectra of the front and back sides of the printed area. (a) Inkjet method using a single print
(6=33.1°). (b) Inkjet method using five overprints (6 =128.7°). (c) Filter-paper method with a loading time
of 30 s (0=83.2°). (d) Filter-paper method with a loading time of 240 s (6 =180°). In the inkjet method,
increasing the number of prints enhances the absorbance on the printed side. In the filter-paper method, the
printed side is dominant at 30 s, while the front-back difference is almost eliminated at 240 s. All scale bars:
10 mm.

Riotar = 1.012, where the front-back difference was nearly eliminated. These results indicate that extending
the filter-paper loading time reduces the overall O-H absorption difference. As the printing density increased,
the solution penetrated more deeply and reached the back side, resulting in a smaller front-back absorbance
difference and a larger folding angle. Although the printing densities were almost the same, inkjet printing
achieved § = 128.7° with P = 3.11 x 10~° g mm ™2, whereas the filter-paper method produced complete
folding (# =180°) at P =3.15x 107° gmm™2. In the filter-paper method, the solution does not
volatilize during application, and the penetration driving force at the interface remains higher, resulting in
deeper permeation. In summary, FTIR-ATR measurements show that inkjet overprinting increases the front-
back O-H absorbance contrast, whereas longer filter-paper loading times decrease this contrast and can nearly
eliminate it, and these smaller front-back differences coincide with deeper penetration and larger folding angles
in 153 um-thick paper.

Demonstration of self-folding structures by filter-paper printing

Figure 7 presents a demonstration showing that the proposed filter-paper method enables fine self-folding of
153-um-thick paper. Using this method, a Miura-ori structure and a corrugated structure were fabricated. The
Miura-ori is a geometric pattern that allows easy unidirectional deployment and stowage while maintaining
its shape through repeated folding and unfolding, and it is widely used in origami engineering and structural
materials. In contrast, the corrugated structure forms periodic crests and troughs, provides high flexibility and
stretchability, and is suitable for distributing bending stress and for surface functionalization.

Two printing patterns were designed in Adobe Illustrator, defining the Miura-ori as 80 mm x 120 mm
and the corrugated structure as 148 mm x 120 mm (A5 size). Filter paper cut with a laser cutter was fixed
on a water-repellent film, thoroughly wetted, and then placed on both sides of the sample to implement a
4 min Loading Penetration Phase. All demonstration structures were fabricated using the printing density of
P =3.15x 107° gmm™2. The continuous through-thickness supply of solution provided sufficient deep
penetration to fold the thick paper even when narrow printing lines were used. Because folding proceeds with
the printed side forming a valley, supplying the solution from both sides enables folding in both directions,
making it possible to realize both the Miura-ori and corrugated structures. After removing the filter paper,

Scientific Reports |

(2026) 16:9154 | https://doi.org/10.1038/s41598-026-40473-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Stage 1 Stage 2 Stage 3
Cutting & Printing Filter paper printing Completed structure

(b) Corrugated pattern

Cutting pattern

Cutting pattern

front back

Printing patterns

front back

Printing patterns

80mm X 120mm

Fig. 7. Fabrication process and demonstration of fine self-folding structures using the filter-paper method.
All samples were prepared by placing solution-saturated filter paper on both sides of the sheet and applying a
4 min Loading Penetration Phase. (a) Miura-ori: a fold pattern that enables repeated deployment and folding
from a flat sheet; specimen size 80 mm x 120 mm. (b) Corrugated structure: a pattern with continuous
periodic waves, giving the sheet flexibility and stretchability. (c) Size comparison of Miura-ori samples. A
210 %297 mm specimen produced by the inkjet method (left) and an 80 x 120 mm specimen produced by the
filter-paper method (right). The filter-paper method achieved self-folding even when the same crease pattern
was scaled down. (d) An 80 x 120 mm specimen produced by the filter-paper method. Continuous crease
formation and stable shape reproduction are visually confirmed even at this small size.

leaving the sample in the Free Reaction Phase at room temperature resulted in self-folding and completion of
the structures.

Figure 7(a) shows a Miura-ori structure fabricated by the filter-paper method, and Fig. 7(b) shows a
corrugated structure fabricated using the same approach. The vertex regions were intentionally removed in
the Miura-ori design shown to suppress unstable folding and improve folding stability and reproducibility. In
origami-based folding structures, vertex regions tend to experience stress concentration during deformation,
which can lead to local damage or variability in the folding angle. The deep-penetration effect achieved with
the filter-paper method generates a strong bending moment, demonstrating that fold structures can be formed
even in 153 um-thick paper. In Fig. 7(c), two Miura-ori specimens fabricated from 153 pum-thick paper are
shown: a 210x297 mm specimen produced by the inkjet method and an 80 x 120 mm specimen produced by
the filter-paper method. This comparison illustrates that self-folding can be achieved by the filter-paper method
even when the pattern geometry is scaled down. Figure 7(d) presents an 80 x 120 mm specimen placed on a
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hand, confirming continuous crease formation and stable shape retention even at reduced size. These results
collectively indicate that the filter-paper method provides sufficient folding actuation through deep penetration
driven by continuous supply, making it suitable for creating fine self-folding structures even when the geometric
scale is reduced.

Conclusion

In this study, we proposed a self-folding method for 153-um-thick paper based on continuous solution supply
using filter paper and demonstrated complete 180° folding, which has not been achieved using conventional
one-pass inkjet printing. Through one-dimensional diffusion simulations and FTIR-ATR analysis, we revealed
that continuous supply forms a deeply penetrated through-thickness concentration profile, and that large folding
angles appear under conditions where the front-back difference in hydrogen-bond density becomes negligible.
Demonstrations further confirmed that, even when the printing line width is reduced, deep penetration provides
sufficient bending capability to realize fine structures such as Miura-ori and corrugated patterns in 153-um-
thick paper. These findings show that continuous supply via filter paper is an efficient and scalable approach for
self-folding of thick paper, expanding the potential of paper-based mechanical systems toward durable energy-
absorbing structures, compact packaging materials, and soft-robotic components. The use of other solvents
may affect not only diffusion behavior but elastic modulus changes, and reaction-induced deformation. The
detailed coupled mechanisms governing how these effects interact to control the self-folding behavior remain
to be clarified, and a systematic investigation using alternative or mixed solvents is left for future work. Future
work will investigate the chemomechanical coupling of diffusion and deformation, broaden the range of foldable
geometries, and further integrate modelling to quantitatively predict the folding response under various supply
conditions, thereby deepening understanding of diffusion-induced self-folding in cellulose-based materials.

Data availability
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able request.
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