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Materials that can be actuated by external stimuli are of particular interest for the 

manufacturing of interactive objects. Such materials open the possibility to change the shape 

of objects in response to external conditions, such as humidity. Biocompatible and 

biodegradable materials like agarose and poly(-caprolactone) (PCL) are of high interest as 

they can lead to objects able to interact with biological systems for instance for the 

implantation of small print-size object that could deploy under physiological conditions. 

However, these are not typical candidate materials for the manufacturing of interactive 

objects. In this study, a composite material was made by reinforcing agarose hydrogels with 

PCL scaffolds, and upon dehydration a predictable folding of the composites was obtained. 

More interestingly, this folding is shown to be reversible upon rehydration. Starting with a 

simple rectangular shape, we designed foldable structures with 1, 3 and 4 hinges. 

Subsequently, a triangular shape that automatically folds into a pyramid was manufactured. 

The actuation time, actuation intensity and mechanical properties were measured and 

correlated with scaffold design.  

1. Introduction 

The folding of a planar two-dimensional sheet allows for its transformation into a three-

dimensional object with complex geometry. In many natural systems, folding can be triggered 

by a physical stimulus such as touch for the mimosa leaves,
[1]

 temperature,
[2]

 pH
[3]

 or 
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humidity
[4]

 for proteins. Mimicking natural folding is attractive as it offers the possibility to 

create objects which can change shape during their life. Special materials are required to 

achieve a predictable folding triggered by external stimuli. These materials are classified as 

responsive materials, or ‘smart’ materials designed with one property that can be changed in a 

controlled fashion by external stimuli.
[5,6]

 These materials allow design of objects that 

automatically fold under a change of temperature, pH or humidity.
[7]

 

Manufacturing of responsive objects has been described by using composites. For instance, 

temperature actuated objects were made by combining polymers with different glass transition 

temperatures.
[8,9]

 Conversely, hydration triggered actuators were made by manufacturing 

objects with distinct domains of hydrophobic and hydrophilic materials.
[10]

 

Herein, we describe the design of hydrogels that upon dehydration automatically fold into a 

predictable shape. To achieve a tri-dimensional shape from a planar object, we manufactured 

composites of hydrogel with an embedded thermoplastic scaffold. Upon dehydration, the 

hydrogel creates stresses within the composite that are guided by the scaffold allowing for a 

controllable folding of the object.
[11]

 

Biocompatible and biodegradable materials that can be used for the manufacturing of 

responsive objects are of high interest as they could be used to apply this concept to solve 

biomedical challenges or to manufacture an interactive object with a lower environmental 

impact.
[12,13]

 We selected agarose, a polysaccharide-based polymer suitable for hydrogel 

synthesis with a long history of biomedical applications such as bioprinting,
[14]

 cell 

encapsulation
[15]

 and as a tissue filler.
[16]

 To control the folding of agarose during dehydration, 

we embedded a 3D printed scaffold of poly(-caprolactone) (PCL) – a polymer commonly 

used in implants
[17]

 and for sutures.
[18]

 We demonstrate that by carefully designing the PCL 

scaffold with notches, we can control where the agarose-PCL composites bend during 

dehydration, thus controlling the folding (Scheme 1). Upon rehydration, the hydrogel part of 

the composite swells and regains its original shape and can upon subsequent dehydration fold 
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again, thus making the automatic folding reversible. The bending, mechanical properties and 

dehydration-rehydration cycle of these objects are characterized and presented in this study. 

 

Scheme 1. Fabriction of biodegradable automatic folding of composites with reversible 

behavior. 

2. Experimental Section  

2.1. Materials 

Poly(-caprolactone) (PCL) filament with 1.75 mm diameter (3D4Makers, Netherlands) was 

used for all bending scaffolds. Agarose powder (Bioline, Australia) and blue food dye 

solution (Queen Fine Foods, Australia) were used as received. Ultrapure water was used when 

preparing gels.  

2.2. Manufacturing of auto- folding poly(-caprolactone)-agarose hydrogels 

composites. 

PCL-agarose composites were manufactured in a custom-built acrylic mold, a base plate of 

equal outer dimensions was then attached at the corners with screws to form a tight seal 

(Figure SI-1 A). 

Four rectangular scaffolds, three with notch-inducing deformations were designed in 

SolidWorks (Dassault Systemes, France). The scaffolds were designed to fit within the acrylic 

mold with four longitudinal rails and 18 equidistant cross braces. The sample size was 170 

mm x 19 mm giving a small agarose skirt around the exterior once gelled. Scaffolds were 

designed with either 0, 1, 3 or 4 notches to induce bending of the scaffolds upon dehydration. 

Each design was converted to an STL file, sliced using Makerbot modeling software 

(Makerbot, US) to create models that are read on a Series 5 “Wombat“ 3D printer (3D 
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Industries, Australia). A series of 4 scaffolds were 3D printed in PCL with a height of 2 mm 

in ca. 1.5 hours. The PCL scaffolds were then placed in the acrylic mold and held in the 

middle of each groove using two spacers that were 3D printed in PLA (Bilby3D, Australia). 

These spacers maintained the PCL scaffold in the hydrogels 3.5 mm from the bottom (Figure 

SI-1 B). A solution of 2 w/v% agarose was created by mixing agarose powder (4 g) and 

ultrapure water (200 mL). The agarose was solubilized by boiling the solution in a microwave 

oven, then two drops of blue food coloring was added to aid in the visualization of the 

composites. The solution was allowed to cool and was maintained at 45°C using a hot-plate 

(below the melting temperature of PCL and above agarose temperature of gelation). The 

agarose solution (25 mL) was then poured into the acrylic mold containing the PCL scaffolds. 

The PCL-agarose composite scaffolds were then stored for 30 min at 4°C to allow gelation of 

the agarose. The samples were then dehydrated for 20 hrs in a vacuum oven at 40° C /ca. 1 

mbar. The pyramidal scaffolds were manufactured similarly by bisecting a 80 mm equilateral 

triangle and offsetting each line symmetrically by 0.5 mm to obtain the wall thickness 

required. The 40 mm equilateral triangle created at the center of the larger triangle was 

utilized to offset both the hinge width and the walls of the inner triangles. After cleaning and 

removing any excess lines the remaining drawing was extruded by 2 mm at the walls. The 

agarose was added to the scaffold maintained at 5 mm above the bottom of an equilateral 

triangular PLA mold of 10 mm height (Figure SI-1 C). Rehydration of the scaffold was done 

by immersing the dry composites in water for 6 hrs within a transparent container, to allow for 

monitoring the change of shape. The change of water content was monitored by weighing the 

sample on an analytical digital balance at different time interval during 8 hrs for the 

dehydration and 6 hrs for the hydration process. 

2.3. Mechanical testing of PCL and Composites both hydrated and dehydrated 
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Mechanical testing was carried out on an Instron 5967 (Instron, US) equipped with a 500 N 

load cell and pneumatic clamps. A 20 mm hinge was adapted on the sample (L170 x W19 x 

H3.5 mm) to allow the composites to maintain their natural curve upon vertical load (Figure 

SI-2). The sample was elongated at the speed of 20 mm/min until rupture. 

 

2.4. Images of the scaffolds. 

Images of the composite scaffolds during dehydration in the vacuum oven were captured at 6-

second intervals using EOS 700/7D DSLR cameras equipped with built-in intervalometers 

and a 200 mm focal length lens (all Canon, Japan), which was positioned outside the oven. A 

cutting board with a 10 mm grid pattern was fitted in the oven to divulge scaled 

measurements of the composite scaffold deflection. The bending angle of the samples was 

measured using Fiji ImageJ (NIH, US) software. The pictures were scaled with the 10 mm 

grid pattern of the cutting board. 

 

3. Results and Discussion  

3.1. PCL scaffolds reinforce agarose hydrogels. 

Purified agarose is a white powder that dissolves in water at 90°C. When cooled to 40°C the 

solution forms a transparent hydrogel 
[19]

 which can be colored with food dye (Figure 1A). 

Agarose hydrogels are quite stable at room temperature, but eventually the water evaporates, 

and the samples dehydrate.
[20]

 The rate of dehydration can be accelerated by heating the 

samples at 40°C under vacuum (below the Tm of PCL). The dehydrated agarose hydrogels 

without any embedded scaffolds are brittle films with random folds (Figure 1B, SI-3A). This 

folding is suspected to originate from the stresses generated by the loss of water in the 

polysaccharide network.
[21]
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To improve the mechanical properties of the agarose hydrogels, PCL scaffolds were 

embedded. PCL is a biocompatible and biodegradable polymer with melting temperature at 

ca. 60°C that can be processed by 3D printing.
[22]

 PCL undergoes a plastic deformation 

(Figure SI-3B) under stress and is a good candidate to improve the dry film mechanical 

properties of agarose while preserving its biocompatibility and biodegradability. We designed 

PCL scaffolds that were 3D printed (Figure 1C), placed in rectangular molds (Figure SI-1A) 

and held in position by two spacers per mold (Figure SI-1B). Subsequently, a solution of 

agarose was poured into the molds, allowed to form a gel at room temperature and was then 

demolded (Figure 1D). 

It was hypothesized that the incorporation of the PCL scaffolds would help to minimize the 

folding of the agarose upon dehydration and improve the mechanical properties of the 

resulting composites. First we optimized the dehydration process. We measured the loss of 

water during dehydration by weighing the samples at different interval over 8 hrs (Figure SI-

4A). We found that after 6 hrs of dehydration a the agarose was fully dehydrated and the only 

remaining mass was due to the dry agarose and the reinforcing PCL. For the subsequent 

experiment, we extended the dehydration time to 20 hrs to avoid any fluctuation in the drying 

process and insure consistency between the different batches. After 20 hrs in a vacuum oven, 

a flat hydrogel film with a PCL scaffold was obtained (Figure 1E). We compared the load at 

break of the dry agarose, PCL and agarose-PCL composites, while the brittleness was not 

entirely lost, the composite was more robust with a load at break of 65  7 N for the 

composite, representing a 42% increase compared to the 46  3 N of the dry agarose film 

(Figure 1F and SI-3C). The changes in mechanical properties could originate from the 

formation of a composite between the agarose and the PCL. Such composites have been used 

to reproduce the fibrous and hydrogel environment of cartilage, and were shown to have 

increased elastic modulus compared to the agarose and PCL by itself.
[23]

 Similarly in this 

study, while no covalent bond can be formed between the thermoplastic and the 
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polysaccharide, and because both PCL and agarose are hydrophobic, these two polymers 

might interact through hydrophobic interactions.
[24]

 

  

Figure 1. Agarose hydrated hydrogel colored with a blue food dye (A) and the same hydrogel 

sample dehydrated (B). 3D printed poly(-caprolactone) (PCL) scaffold (C), agarose hydrogel 

with the PCL scaffold (D) and dehydrated composite (E). Sample strength at fracture (F), n = 

4, error bars show standard error (Scale: Large square 10 mm x10 mm, small squared 5 mm x 

5 mm). 

 

 

3.2. Scaffold design directs hydrogel folding during drying. 
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The manufacturing of agarose-PCL composites demonstrated that the PCL scaffolds can be 

used to avoid random folding of agarose hydrogels upon dehydration. Next, we aimed to 

control the folding capabilities of agarose. Inspired by foldable polymeric materials,
[12]

 

notches within the PCL scaffold were added where the folding needed to occur and the 

bending of the composite was compared between designs with 0, 1, 3 and 4 notches (Figure 

2A). Each PCL scaffold was 3D printed, agarose was gelled around the scaffold, and then 

dehydrated in a vacuum oven (Figure 2B). After 20 hrs, we could observe that the dehydrated 

agarose films bent exclusively at the notch locations. Because the notches are weak points in 

the scaffold, stress originating from the agarose drying could concentrate at the notches and 

bend the composites. While in the notch-free composites a few random twists were observed, 

the notches in the other composite designs were clearly efficient at directing the stresses. The 

notch efficiency was demonstrated by the predictable bending obtained with each notch 

giving rise to one fold. The forces required to straighten the folded composites was measured 

(Figure 2C and Figure SI-6). Upon mechanical elongation, the dehydrated composites could 

resume their flat geometry, but the applied stress to reach the unfolded state was accompanied 

by rupture of the samples. We measured that the load at break was similar across the three 

designs, namely, 53  3, 55  1 and 56  3 N for the 1, 3 and 4 notch designs, respectively. 

However, the force to break of the folded composites were lower than the 65  7 N required 

to break the no notch composite. This difference might originate from the notches that weaken 

the PCL scaffold, which, in turn made the composite fail at a lower load. 

The accuracy of the bending was assessed by measuring the angle formed at each notch. From 

the center of the composite, the left (LH) and right (RH) angles of the bends were measured 

(Figure SI-7). We observed that the further the notches were from the middle of the 

composite, the more acute was the bending (Figure 2D, E, and F). The composites with one 

notch bent at a 15  4 ° and 13  2° angles, LH and RH of the notch, respectively. Addition of 
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notches led to an increased bend, i.e. The further the notch was from the center, the higher 

was the folding. The three notch composites formed at the middle an angle of 9  4° and 3  

2° and the exterior notch angles of 22  3° and 12  2°. The four notch composites had a 

similar trend: middle notch: 2  1 °, second notch: 21  6° and third notch: 37  7° for the LH 

side and 2  1°, 10  3° and 21  6° for the RH side. In all composites, we observed a higher 

folding on the LH side of the samples than on the RH side. This anisotropy might originate 

from the location of the vacuum exhaust in the oven that is placed on the left side of the 

chamber. The exhaust position could create slightly uneven water evaporation leading to a 

more pronounced folding on the LH side. Higher drying rates on the left of the composite 

were also observed across the images taken at constant intervals (Video 1 to 4).  
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Figure 2. CAD of the folded no notch, one, three and four notches scaffolds (A). Pictures of 

the hydrated and dehydrated scaffolds (B). Load at the failure of the different scaffold (C). 

Angle formed left and right of the notch (D). Angles formed for each of the three-notch 
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scaffolds (E). Angles formed for each of the four notches scaffolds (F) n = 4, error bars show 

standard error. 

3.3. Automatic folding is preserved after successive hydration and dehydration cycles. 

Dehydrated folded composites can resume their flat geometry through mechanical elongation, 

but the dry agarose hydrogels can also be rehydrated.
[25]

 Because the bending originates from 

the stresses created in the hydrogels through water evaporation, it is expected that rehydration 

of the hydrogel networks should reduce the stresses. To test this, a dehydrated bent composite 

(Figure 3A) was immersed in water at room temperature, and monitored for shape recovery 

over time. Simultaneously, we standardize the rehydration process by monitoring the weight 

gain of the samples immersed in water at different time interval over 6hrs (Figure SI-4B). We 

observed that the samples regain full mass in 30 min (98.9 ± 5.7%) after which the mass 

plateaued. However, we observed that upon rehydration it takes 2 hrs for the one notch 

composite to recover a planar shape and this time was used for all subsequent re-hydration 

experiment (Figure 3B). This rehydrated composite was then dehydrated again in a vacuum 

oven, which allowed it to fold again (Figure 3C). To assess the quality of the folding 

recovery, we conducted three cycles of dehydration-hydration and for each state, we 

measured the angles around the notch. The dry composite folded three times with an angle 

comprised between 55 and 66°. In the hydrated state, it recovered a planar geometry, but after 

the second cycle, some fatigue was observed as the angle increased from 4 to 10° after the 

third rehydration (Figure 3D). While PCL and agarose can both undergo hydrolysis, it is 

more likely that within the observed time frame the observed fatigue can be attributed to 

mechanical fatigue from either of the materials.
[26–28]

 Nevertheless, these results suggested 

that the composite folding can be actuated several times and be actuated by simple 

dehydration and rehydration through a change in the surrounding overall humidity.  
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Figure 3. One notch composite is dehydrated (A), then re-hydrated by immersion in a water 

bath (B), successive drying (C) results in the same folding. Upon successive cycles, the 

folding angle is kept the same (D), n = 4 error bars show standard error. (Scale: large square 

10 mm x 10 mm, small 5 mm x 5 mm) 

 

3.4. Composite PCL agarose hydrogels can fold into tri-dimensional objects. 

After the success of incorporating notch designs into the rectangular scaffolds, the method 

was extended to construct complex shapes. A tetrahedral triangle was designed containing 

four smaller tetrahedral triangles separated by a notch which can fold into a pyramid (Figure 

4A). The tetrahedral design was 3D printed in PCL and placed in a mold. Agarose solution 

was then added to the scaffold and allowed to form a gel at room temperature. The mold was 

removed and the composite placed in the oven to dry (Figure 4B). The dehydrated composite 

A. 

 

B 

 

C. 
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folded into a pyramidal object (Figure 4C) which could be rehydrated into a flat geometry 

and dehydrated again into a pyramid. The folding quality upon successive dehydration-

rehydration cycle was assessed by measuring the angle formed by each tetrahedral face 

forming the pyramid (Figure 4D and Figure SI-8). After the first dehydration, the pyramid 

could not fully close as shown by the low angle measured for each side of the object, between 

47 and 12° (Figure 4E). This low angle was due to the dry agarose hydrogel film on the back 

of the triangle that prevented the triangular faces from closing fully. The film was cut on the 

back of the notches to allow full actuation at the notch position. Subsequent rehydration and 

dehydration lead to a fully closed pyramid with each face reproducibly folding with an angle 

comprised between 76 to 85° giving a closed pyramid. The closing of the pyramid was 

followed by recording images of the dehydration at constant intervals (Video 5).  
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Figure 4. Computer-aided design files showing the predicted folding of a tetrahedral support 

scaffold. The flat support will fold as the hydrogel dehydrates (A). Pictures showing the 

fabrication process of the PCL-agarose composite scaffolds: starting with a 3D printed PCL 

scaffold, the scaffold is placed within a mold, hold at the bottom of it, then solubilized 

agarose is added and allowed to form a composited that is removed from the mold (B). These 

samples are flat, form a pyramid upon dehydration and a second cycle of hydration–-

dehydration give similar results (C). The reproducibility of the folding was assessed by 

measuring the folding angles (D) of the dehydrated tetrahedron for five dehydration cycles 

(E), n = 4. (Scale: large square 10 mm  x10 mm, small 5 mm x 5 mm) 
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4. Conclusions  

The possibility to create foldable biocompatible and biodegradable materials that react upon 

hydration open many possibilities for architectural and biomedical applications where a 

change of shape upon humidity is required. The possibility to hydrate and dehydrate the 

agarose-PCL composite several times demonstrates a shape memory behavior. The 

manufacturing process would allow in the future to investigate the combination of other 

hydrogel and thermoplastic combination and create a library of actuatable objects in a 

reversible manner. Further optimization of the polysaccharide content, hydrogel thickness, 

shape of the foldable object would allow to reduce the water content and thus decrease the 

dehydration time. If scaled down, such foldable composites made with different materials 

could be used to create swallowable or injectable object that could be deployed under 

physiological conditions. Such hydration-actuated devices could be useful for stomach ulcer 

treatment or stomach reduction procedures.
[29,30]

 

 

The raw/processed data required to reproduce these findings cannot be shared at this time 

due to technical or time limitations. 
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A.  

 

 

B. 

 

C. 

 

 

 

SI-1. Mould used for the manufacturing of rectangular shape composites (A) and the insert 

spacer used to hold the PCL scaffold in the middle of the agarose hydrogel (B). Mould used 

for the manufacturing of the pyramid scaffolds (C). 

 
 

A. 

 

B. 
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SI-2. Hinges used to hold the agarose-PCL scaffold (A) during the mechanical tests (B). 

 

A. Agarose 

 

B. PCL 

 

C. Agarose - PCL 

 

SI-3. Mechanical testing of the agarose hydrogel alone (A), PCL scaffold alone (B) and 

agarose-PCL composites (C). 

 

A. 

 

B. 

 

 

SI-4. Percentage of loss weight upon dehydration over 8 hours (A), and percentage gain 

weight during re-hydration (B), n = 5 error bars show standard error . 
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SI-5. Picture of the dehydration of the different Agarose-PCL scaffolds at the different time 

interval. 
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A. No notch 

 

B. One notch 

 

C. Three notches 

 

D. Four notches 

 
SI-6. Mechanical testing of the folded samples for the no notch design (A), one notch (B), 

three notches (C) and four notches (D). 
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A. One notch 

 

B. Three notches 

 

C. Four notches 

 

SI-7. Description of the measured angle for each sample type (A, B and C). (Scale: Large 

square 10 mm x 10 mm, small 5 mm x5 mm) 
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Dehydrated Hydrated 

1. 

 

 

 

2. 

 

 

 

3. 

 

 

 

4. 

 

 

 

5. 

 

 

 

SI-8. Pictures of each dehydration cycle of the tetrahedral scaffolds. Numbers indicate the 

cycle. 
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