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Abstract 

Mechanical metamaterials exhibit several unusual mechanical properties, such as a negative 

Poisson's ratio, which impart additional capabilities to materials. Recently, hydrogels have 

emerged as exceptional candidates for fabricating mechanical metamaterials that offer 

enhanced functionality and expanded applications due to their unique responsive 

characteristics. However, the adaptability of these metamaterials remains constrained and 

underutilized, as they lack integration of the hydrogels' soft and responsive characteristics with 
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the metamaterial design. Here, we propose structurally transformable and reconfigurable 

hydrogel-based mechanical metamaterials through 3D printing of lattice structures composed 

of multi-shape-memory polyacrylic acid-chitosan hydrogels. By incorporating reversible 

shape-memory mechanisms that control the structural arrangements of the lattice, these 

metamaterials can exhibit transformable and reconfigurable mechanical characteristics under 

various environmental conditions, including auxetic behavior, with Poisson's ratios switchable 

from negative to zero or positive. These adaptable mechanical responses across different states 

arise from structural changes in lattice, surpassing the gradual changes observed in 

conventional stimuli-responsive materials. The application of these metamaterials in multi-

mode biomedical stents demonstrates their adaptability in practical settings, allowing them to 

transition between expandable, non-expandable, and shrinkable states, with corresponding 

Poisson's ratios. By integrating multi-shape-memory soft materials with metamaterial design, 

we can significantly enhance their functionality, advancing the development of smart 

biomaterials. 

Keywords: Hydrogel; Mechanical Metamaterial; Smart Material; Mechanical Property; Stent 



3 
 

1. Introduction 

Mechanical metamaterials have recently attracted significant interest due to their 

extraordinary mechanical properties, such as a negative Poisson’s ratio and negative thermal 

expansion, as opposed to the positive values seen in conventional materials, enabling 

functionalities that are not achievable with traditional materials1-3. Rather than relying on the 

inherent properties of the material, these mechanical metamaterials are fabricated using tailored 

structural designs through various engineering techniques, ranging from the macro to the 

nanoscale, to achieve unique mechanical behaviors4, 5. These properties are realized by 

employing various base materials—including metals6, ceramics7, polymers8, and foams9—and 

show potential for possible applications across diverse fields, from electronic and wearable 

devices10-12 to biomedical applications13-15. However, a major challenge currently limiting 

mechanical metamaterials is their lack of adaptability and versatility for real-world 

applications. 

Hydrogels are exceptional candidates for enhancing the adaptability and versatility of 

mechanical metamaterials, owing to their unique responsive properties and softness, which 

distinguish them from other base materials16-18. The combination of hydrogel responsiveness 

and flexibility with the exceptional features of mechanical metamaterials offers new 

possibilities beyond those provided by other base materials19. Recent studies have increasingly 

explored hydrogel-based mechanical metamaterials, capitalizing on the responsiveness of 

hydrogels to various stimuli—such as pH14, temperature20, and light21— to enhance 

functionality along with their unique metamaterial characteristics. These metamaterials exhibit 

diverse mechanical features such as negative hydration expansion22, auxetic behavior13, 

geometric transformation23, and programmable capabilities24. In particular, several studies have 

focused on developing hydrogel-based auxetic metamaterials characterized by a negative 

Poisson’s ratio13-15, 25, 26. These hydrogels expand laterally when stretched, unlike conventional 
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materials, which contract. This unique mechanical response, driven by structural design rather 

than intrinsic material properties, enables the tuning of the mechanical behavior without 

altering the material constituents, thereby expanding the potential for designing advanced 

functional materials. 

Although several smart hydrogel-based auxetic metamaterials have been developed19, 

their responsiveness arises from the inherent properties of the hydrogels, while their 

mechanical metamaterial characteristics stem from structural design, with each function 

working independently. This lack of integration between the hydrogels' inherent characteristics 

and metamaterial design limits the potential to achieve synergistic performance and integrated 

functionality. As a result, current hydrogel-based auxetic metamaterials are limited to 

predefined mechanical characteristics and certain responsiveness, which restrict their 

adaptability and reconfigurability. While some research integrates metamaterial design with 

other shape-memory materials like polymers27-31, their structural adaptability remains limited 

as compared to hydrogels. Hydrogels with their inherent softness and responsiveness, offer 

superior shape adaptability and offer greater design flexibility. This limitation restricts the 

potential of mechanical metamaterials and prevents the full integration of hydrogels' unique 

softness, responsiveness, and shape-memory capabilities within the content of mechanical 

metamaterials. 

 Through 3D printing of reversible multi-shape-memory hydrogels, we propose 

hydrogel-based metamaterials with mechanical transformability and reconfigurability. The 

shape-memory mechanisms within the polyacrylic acid-chitosan hydrogel system allow precise 

control over the material’s structural adaptation through reversible shape fixation and recovery 

in response to various environmental stimuli. These structural adaptations enable the 

metamaterial to modify its mechanical properties in response to stimuli based on a predefined 

design, unlike traditional hydrogel-based mechanical metamaterials, which are constrained by 



5 
 

limited structural adaptability and mechanical responsiveness. Our developed hydrogel-based 

metamaterials feature a transformable and reconfigurable lattice structure, with Poisson’s ratios 

that can shift from negative, to zero, and then to positive depending on the applied stimulus. 

This proposed concept is further demonstrated through the fabrication of multi-mode stents for 

biomedical applications, which can transition among expandable, non-expandable, and 

shrinkable states, each exhibiting a distinct Poisson’s ratio. By integrating the superior multi-

shape-memory and softness characteristics of hydrogels with mechanical metamaterial design, 

this work significantly enhances the functionality and adaptability of metamaterials, paving the 

way for the development of advanced smart biomaterials in biomedical applications. 

 

2. Experimental Section 

2.1 Materials 

Acrylic acid (99% purity) and N,N'-methylenebisacrylamide (MBAA), supplied by Sigma-

Aldrich (Singapore), were used as the hydrogel monomer and crosslinker, respectively, and 

were used as received. The photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate 

(LAP) was obtained from TCI Chemical (Singapore). Rhodamine B (95% purity) and low 

molecular weight chitosan were acquired from Sigma-Aldrich (Singapore) and used without 

further purification. Calcium chloride (CaCl2), sodium hydroxide (NaOH), and hydrochloric 

acid (HCl) were purchased from Sigma-Aldrich (Singapore). 

2.2 Preparation and 3D Printing of Hydrogels 

Chitosan solution at 4% w/v was prepared by dissolving chitosan in a 2% w/v aqueous 

solution of acetic acid and stirring for 10 hours. Subsequently, the precursor for the polyacrylic 

acid-chitosan hydrogel was prepared as follows: Acrylic acid monomer, chitosan solution, and 

deionized (DI) water were mixed in a 40:40:60 weight ratio and sonicated for several hours to 
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ensure even dispersion of the components. MBAA crosslinker at 0.05% by weight and LAP 

photoinitiator at 0.5% by weight were then added to the dispersion and further sonicated. 

Rhodamine B was added at 0.05% by weight as a dye to enhance visualization and printing 

accuracy. The resulting precursor was continuously stirred to ensure even dispersion and stored 

in a dark environment until further use. 

The hydrogel precursors were 3D printed using an Anycubic Photon Mono 4K printer 

with a liquid crystal display (LCD) shadow masking technique (Anycubic Technology Co., 

Ltd., Shenzhen, China). The 3D models were created in stereolithography (STL) format using 

AutoCAD (Autodesk, Inc., San Rafael, CA, USA) and imported into Anycubic Photon 

Workshop for slicing. The lattice structure with a negative Poisson’s ratio was 3D printed from 

the prepared hydrogel precursor, serving as the original shape sample. The stent specimen, 

featuring a negative Poisson’s ratio structure, was initially 3D printed in sheet form and then 

rolled up to form a hollow cylindrical structure. The edges were sealed with the same hydrogel 

precursor to complete the stent. The thickness of each printing layer was set to 0.05 mm, with 

a light intensity of 70% and an exposure time of 30 seconds per layer. After importing the 

slicing file, the prepared hydrogel precursor was poured into the printer’s vat, and the printing 

proceeded layer by layer. After printing, the hydrogel samples underwent post-curing in a UV 

oven and were soaked in DI water until they reached equilibrium, before being stored in a 

refrigerator for further testing or characterization. 

2.3 Shape Memory Characterization 

The shape fixity and recovery ratios were evaluated for hydrogel strip specimens to 

characterize their shape memory properties. The hydrogel strips were bent at a 180-degree 

angle to establish a temporary shape, which was held in either CaCl2 or NaOH for a specified 

duration. Afterward, the applied bending force was released, and the shape fixity ratio was 
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assessed using the angle held during this fixation as the deformed angle and the angle of the 

hydrogel strip after bending as the temporary fixed angle. The hydrogel strips were then 

released from their temporary shape by soaking in DI water (for the CaCl₂-soaked strips) or 

HCl (for the NaOH-soaked strips) for a designated period. The shape recovery ratio was then 

evaluated. The angle of the hydrogel strip after the recovery process is referred to as the final 

angle. The hydrogel strips could be further soaked in the respective solution to determine a 

second round of shape fixity and shape recovery ratios. The following equations present the 

formulations for calculating the shape fixity and shape recovery ratios: 

𝑆ℎ𝑎𝑝𝑒 𝑓𝑖𝑥𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 =  
ఏ೅೐೘೛೚ೝೌೝ೤ ೑೔ೣ೐೏ ೌ೙೒೗೐

ఏವ೐೑೚ೝ೘೐೏ ೌ೙೒೗೐
 × 100%  (Equation 1) 

𝑆ℎ𝑎𝑝𝑒 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑟𝑎𝑡𝑖𝑜 =  
ఏವ೐೑೚ೝ೘೐೏ ೌ೙೒೗೐  ି ఏಷ೔೙ೌ೗ ೌ೙೒೗೐

ఏವ೐೑೚ೝ೘೐೏ ೌ೙೒೗೐
 × 100% (Equation 2) 

The shape memory of lattice structures was further characterized using a similar method 

to tune the auxeticity of the structure, which primarily consists of three main types: (1) Auxetic 

lattice structure (negative Poisson’s ratio), (2) Zero Poisson's ratio lattice structure, and (3) 

Non-auxetic lattice structure (positive Poisson’s ratio), as outlined in Figure S1 of the 

Supporting Information. The original lattice structure was shape-fixed in a designed mold using 

either saturated CaCl₂ or NaOH until equilibrium was achieved, thus obtaining a temporary 

shape (Figure S2 of the Supporting Information). The shape was then recovered in either DI 

water or HCl till equilibrium. Additionally, a multi-stage shape memory process was performed 

by utilizing different concentrations of CaCl₂ solution to fix different shapes in sequence and 

recover those shapes in DI water. 

2.4 Morphological, Mechanical, and Physicochemical Characterizations 

Field-emission scanning electron microscopy (SEM) was utilized to analyze the morphology 

of the polyacrylic acid-chitosan hydrogel in various states. Rectangular hydrogel samples, 
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approximately 1.5 cm × 1.5 cm × 1.5 cm in size, were prepared using a JEOL JSM6700F 

electron microscope (JEOL Co., Japan) operating at 5 kV. After an overnight freeze-drying 

process, the specimens were fractured in liquid nitrogen and mounted onto aluminum stubs 

with conductive carbon tape to observe their cross-sectional surfaces. A sputter-coating process 

was then performed using a JEOL JFC-1600 auto fine coater (Japan) to deposit gold for 40 

seconds. 

Tensile testing of hydrogels in various states was carried out using an Instron 5569 dual-

column universal testing machine (Instron Co., USA) with a 100-N load cell, following ASTM 

D638 guidelines, in a manner similar to our previous measurements32. Hydrogel samples, cut 

into strips, were secured using pneumatic grips. The samples were stretched at a rate of 40 

mm/min until they fractured. To ensure accuracy, at least three specimens were tested for each 

condition, with the results averaged and presented with standard deviation. The tensile strength 

was determined by dividing the maximum load by the specimen’s original cross-sectional area. 

The tensile modulus was calculated from the initial linear portion of the tensile stress-strain 

curve.  

Swelling tests of hydrogels in different solutions at equilibrium were conducted at room 

temperature. The hydrogel samples were prepared as square strips with approximate 

dimensions of 1.5 × 1.5 × 0.2 cm and were oven-dried overnight. The specimens were then 

initially weighed before immersing in their respective solutions for 24 hours. After soaking, 

they were removed, gently wiped to eliminate surface moisture, and weighed to determine their 

equilibrium weight. The equilibrium swelling ratio for each solution (DI water, saturated CaCl2, 

and saturated NaOH) was calculated as the percentage increase in weight from the initial 

weight (Wi) to the equilibrium weight (We) using the following formula: 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =  
ௐ೐ିௐ೔

ௐ೔
× 100%    (Equation 3) 
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The Poisson's ratio of hydrogels in lattice form across different states was measured 

using a 300 dpi resolution video camera, following a similar method as our previous report13. 

The hydrogel lattice structures were secured at both ends with wires and clamped using a 

universal testing machine (Instron Co., USA). Two points were marked on the specimen's 

surface in both the lateral and longitudinal directions. Movements of these points during tensile 

testing at a strain rate of 10 mm/min were tracked and recorded using Image J software 

(National Institutes of Health, USA). The lateral and longitudinal strains were then calculated, 

and the Poisson's ratio was determined by dividing the negative lateral strain by the longitudinal 

strain (Equation 4).  The Poisson’s ratio was measured for each unit in the lattice structures, 

and the average values were reported. For hydrogel stent specimens, the diameter change ratio 

(DCR) was calculated as the percentage increase in diameter from the original (Di) to a 

specified point (Dt) at the stent's center (Equation 5). 

𝑃𝑜𝑖𝑠𝑠𝑜𝑛ᇱ𝑠 𝑟𝑎𝑡𝑖𝑜 =  −
௅௔௧௘௥௔௟ ௦௧௥௔௜௡

௅௢௡௚௜௧௨ௗ௜௡௔௟ ௦௧௥௔௜௡
    (Equation 4) 

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑐ℎ𝑎𝑛𝑔𝑒 𝑟𝑎𝑡𝑖𝑜 =  
஽೟ି஽೔

஽೔
 × 100%    (Equation 5) 

2.5 Finite Element Analysis Simulation  

The finite element analysis (FEA) was performed using AutoCAD Inventor (Autodesk, USA) 

to simulate static stress under various strain conditions. This allowed us to observe structural 

changes and calculate the corresponding Poisson's ratios for comparison with experimental 

results. Different material properties, as outlined in Table S1 of the Supporting Information, 

were input into the simulation, and the material size was adjusted to match the experimental 

specimen. After defining the materials, a fixed constraint was applied to the structure, followed 

by a normal force to replicate the conditions of the experimental mechanical tests, achieving 

the target tensile strain levels. The Poisson's ratio of each lattice structure at specific strain 
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levels was calculated using the same method described earlier, by marking points on the surface 

of the specimen model. For the stent models (Figure S3 in the Supporting Information), the 

same simulation protocol was applied, and the DCR was calculated based on the simulated 

model accordingly. 

 

3. Results and Discussion 

3.1 Design of Mechanical Transformable and Reconfigurable Hydrogel Lattice Structure 

A reversible multi-shape memory hydrogel capable of transitioning among three distinct shapes 

in response to different environmental stimuli was developed using a multinetwork polyacrylic 

acid/chitosan system (Figure 1). Composed of polyacrylic acid (PAA) and chitosan, this 

hydrogel serves as a model for reversible multi-shape memory systems. It can transition 

between multiple pre-defined shapes in response to external stimuli and revert without 

permanent deformation. This unique property enables the precise formation and reversal of 

various structural configurations, owing to its high shape fixity, recovery, reversibility, and 

responsiveness, defining the material's mechanical response. The primary network, composed 

of PAA, establishes the hydrogel's original shape in deionized (DI) water, providing structural 

integrity. The secondary network forms through chitosan chain entanglements in saturated 

saline solutions like CaCl₂, as chitosan chains self-assemble33, 34. This enables the hydrogel to 

maintain a temporary shape in saturated saline solutions and revert to its original shape when 

it is diluted with DI water. The tertiary network forms through the microcrystallization of 

chitosan in NaOH solution, driven by the deprotonation of chitosan’s amine groups under 

alkaline conditions35, 36. This allows the hydrogel to hold a second temporary shape in an 

alkaline solution and revert to its original form when placed in an acidic solution. This multi-

shape memory system facilitates the fabrication of mechanically transformable and 
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reconfigurable hydrogel lattice structures that can adopt three distinct configurations: (1) 

Original Shape in DI water, (2) Temporary Shape I in saline solution, and (3) Temporary Shape 

II in alkaline solution. The responsiveness of hydrogel systems based on these stimuli can be 

tuned within a desired range to suit practical applications for activating or deactivating the 

multi-shape memory process. To achieve responsiveness under other stimuli such as 

temperature or light, alternative reversible multi-shape memory hydrogel systems can be 

employed. However, their suitability and mechanical performance depend on factors such as 

shape fixity, recovery, and responsiveness, which can vary across different systems. 

Using the developed hydrogel, three different lattice structures were designed to switch 

between one another, exhibiting varying Poisson’s ratio characteristics ranging from negative 

to zero to positive (Figure 1 and Figure S1 of the Supporting Information). The negative 

Poisson’s ratio corresponds to a re-entrant hexagonal honeycomb lattice structure, while the 

positive Poisson’s ratio is achieved with a standard hexagonal honeycomb lattice13. On the 

other hand, the zero Poisson’s ratio is realized through a half re-entrant honeycomb lattice 

structure37. The negative Poisson’s ratio structure regarded as Original Shape in DI water, 

which can be reshaped into a positive Poisson’s ratio structure, referred to as Temporary Shape 

I, upon immersion in CaCl₂, and subsequently revert to its original shape when returned to DI 

water. Similarly, it can transition into a zero Poisson’s ratio structure, designated as Temporary 

Shape II, in NaOH and revert to its original shape in HCl. This highlights the adaptability and 

versatility of the reversible multi-shape memory hydrogel system as a soft metamaterial, 

capable of altering its shape in various forms while demonstrating effective shape memory 

behavior across diverse environments. 

The switching among the three lattice structures enables the transformation of their 

Poisson’s ratio, or auxeticity, into three different modes of expansion when stretched: (1) non-

expandable, (2) expandable, and (3) shrinkable, as illustrated in Figure 1. The positive 



12 
 

Poisson’s ratio structure represents conventional materials, which typically contract laterally 

when stretched longitudinally, corresponding to the shrinkable mode. The negative Poisson’s 

ratio represents a special case where the material expands laterally when stretched 

longitudinally, corresponding to the expandable mode13, 38, 39. The zero Poisson’s ratio indicates 

that the material exhibits no change or minimal change in lateral dimensions when stretched, 

corresponding to the non-expandable mode40. These three modes of expansion encompass all 

possible auxetic responses and can be utilized in various applications focusing on mechanical 

response, such as biomedical stents41, 42, where different expansion modes are required in 

varying environments. To demonstrate their application, multi-mode biomedical stents capable 

of transitioning among non-expandable, expandable, and shrinkable modes were fabricated 

according to the 3D model designs shown in Figure S3 of the Supporting Information and 

subjected to stretching tests. The following sections detail the shape memory and mechanical 

behavior of the reversible multi-shape memory hydrogel (Sections 3.2 and 3.3), the fabrication 

and configurability of its transitional lattice structures (Sections 3.4 and 3.5), and their 

applications for multi-mode biomedical stents (Section 3.6). 
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Figure 1. Hydrogel-based metamaterials with mechanical transformability and 

reconfigurability based on multi-network shape memory hydrogel and its application in 

multi-mode biomedical stents. 

 

3.2 Shape Memory Behavior of Polyacrylic Acid/Chitosan Hydrogels 

The shape memory behavior of the PAA/chitosan hydrogels is characterized, as shown in 

Figure 2. As discussed in previous sections, two mechanisms for shape retention are utilized: 

(1) chitosan chain entanglements in saturated CaCl₂ solution and (2) chitosan 

microcrystallization in saturated NaOH solution. As illustrated in Figure 2a, a strip specimen 

is fixed into a temporary shape with a 180-degree bend in either CaCl₂ or NaOH solutions, and 

the shape fixity ratio is evaluated over soaking time. In saturated CaCl₂ solution, the shape 

fixity ratio shows a sharp increase between 15 and 20 minutes, achieving 97.3% at 25 minutes. 

In contrast, in saturated NaOH solution, the shape fixity ratio increases rapidly, exceeding 90% 

within just 5 minutes and reaching 99.7% at 25 minutes. This suggests that shape fixing in 
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saturated NaOH occurs more rapidly than in CaCl₂, likely due to the low molecular weight of 

chitosan in this work, which has a limited chain length but high chain mobility43. This would 

facilitate the formation of ordered crystalline structures in the alkaline solution more rapidly 

than chain entanglements formation in the saline solution. In both cases, an almost complete 

shape fixity ratio is achieved within 25 minutes, demonstrating notable shape memory 

characteristics44. Due to the reversible physical interactions between chitosan and the polymer 

network, the shape-fixed hydrogel can be reverted to its original form and reshaped into new 

temporary shapes, either in the same solution or a different one. Figure 2b further illustrates 

the effect of CaCl₂ and NaOH concentration on shape fixity ratios, showing that equilibrium 

shape fixity capability increases with solution concentration. Shape memory capacity 

approaching 100% at equilibrium can be achieved with concentrations close to saturation. 

To recover the CaCl₂-fixed specimen to its original shape, DI water was used to dilute 

the saline solution, dissociating the self-assembly of chitosan. Upon soaking in DI water, the 

strip specimens gradually returned to their original shape, achieving a shape recovery ratio of 

99.7% within 15 minutes (Figure 2c). For the NaOH-fixed specimens, recovery is facilitated 

by an acidic solution of 0.1 M HCl, resulting in a rapid recovery of 96.7% within just 2.5 

minutes, indicating prompt dissolution of chitosan microcrystallization, even at this low 

concentration. The reversibility of shape fixing and recovery is evaluated by repeatedly soaking 

the strip specimens in their respective solutions for 25 minutes, as shown in Figure 2d. It was 

observed that, in saturated CaCl₂ solution, the equilibrium shape fixity ratio slightly decreased 

by 4.1% in the second cycle and by 3.2% in the third cycle compared to the equilibrium shape 

fixity in the first cycle. In saturated NaOH solution, the reduction in equilibrium shape fixity 

was more pronounced, with decreases of 16.1% in the second cycle and 22.8% in the third 

cycle. This suggests a higher reversibility of the ionic bonds between calcium ions (Ca²⁺) and 

the negatively charged groups on the chitosan network, facilitating the entanglement and 
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disentanglement of chitosan chains in CaCl₂ solution33. In contrast, repeated deprotonation and 

recrystallization of chitosan in NaOH exhibit lower reversibility due to their greater impact on 

the hydrogel's integrity. The results confirm the reversible multi-shape memory system of the 

PAA/chitosan composite developed in this work, demonstrating high shape fixity and recovery 

ratios through the standardized strip bending test, which enables comparison with other 

materials. This will further illustrate the shape memory performance of more complex 

structures, such as lattice structures or stents, enabling mechanical responses in different 

shapes. 
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Figure 2. Multi-shape memory properties of polyacrylic acid/chitosan hydrogels. (a) 

Shape fixity ratios of the hydrogels as a function of fixity time in saturated CaCl₂ and NaOH 

solutions. (b) Equilibrium shape fixity ratios of the hydrogels in varying concentrations of 

CaCl₂ and NaOH solutions. (c) Shape recovery ratios of the hydrogels as a function of recovery 

time in H₂O and 0.1 M HCl solutions. (d) Equilibrium shape fixity ratios of the hydrogels in 

saturated CaCl₂ and NaOH solutions across the first three fixing cycles. 

 

3.3 Morphological, Mechanical, and Physicochemical Properties of Polyacrylic 

Acid/Chitosan Hydrogels 

The multi-shape memory behavior of PAA/chitosan hydrogels is elucidated through detailed 

morphological, mechanical, and swelling characterizations across varied states (Figure 3). In 

DI water, the hydrogel exhibits a typical macroporous structure due to the crosslinked PAA  

network, which retains water and forms substantial pores within the material (Figure 3a, left). 

Upon immersion in saturated CaCl₂ solution until equilibrium, the hydrogel's microstructure 

becomes noticeably denser (Figure 3a, center), with a reduction in both pore size and pore 

number, indicating the formation of an additional chitosan network through chain 

entanglements. This dense network helps stabilize the deformed shape, preventing the material 

from returning to its original configuration. The deformed shape can be reverted to its original 

form by dissolving the entanglements upon dilution with DI water. Similarly, immersion in 

saturated NaOH solution results in a dense network morphology that stabilizes another 

deformed shape (Figure 3a, right), but through the formation of chitosan microcrystallization. 

This densification in microstructure corresponds with the mechanical properties shown in 

Figure 3b, where both tensile strength and strain at break are significantly enhanced after 

soaking in saturated CaCl₂ and NaOH solutions. 
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The hydrogel soaked in CaCl₂ demonstrates an exceptionally high tensile strength of 

4.3 MPa and a strain at break of 1,231%, confirming the formation of a robust chitosan-

entangled network induced by Ca²⁺ (Figure 3b and Table S2 of the Supporting Information). 

This hydrogel exhibits an average toughness of 20 MJ/m³, significantly surpassing many 

reported toughened hydrogels, such as hydrogel composites32, 45-47 and double-network 

hydrogels48, 49. Furthermore, the hydrogel exhibits "extreme mechanical metamaterial" 

characteristics, enabling highly tunable mechanical properties that range from soft to extremely 

tough19, 50. Specifically, the tensile strength can be increased from an initial 0.05 MPa to 4.3 

MPa, representing an 860-fold enhancement. The NaOH-treated hydrogel also shows notable 

improvements in mechanical properties compared to its original state, achieving a tensile 

strength of 0.5 MPa and a strain at break of 633%. However, these enhancements remain less 

pronounced than those attained through CaCl₂ treatment. This likely arises from CaCl₂ 

facilitating additional ionic crosslinking between PAA and chitosan chains, while NaOH 

primarily promotes the formation of the chitosan network through its own microcrystalline 

domains. Notably, this work utilizes low molecular weight chitosan, which may enhance chain 

mobility and flexibility51, potentially enabling better energy dissipation and improved 

interfacial interactions compared to the higher molecular weight chitosan used in previous 

studies33, 35. 

To further elucidate its physicochemical properties, the swelling behavior of the 

hydrogel at equilibrium in various states is shown in Figure 3c. The hydrogel exhibits a 

significant swelling capacity in DI water compared to its dried state, with a swelling ratio of 

up to 607%. In contrast, soaking the hydrogel in saturated CaCl₂ solution results in a 

significantly lower swelling ratio of 8%. This reduced swelling is due to the considerably 

denser microstructure formed by Ca²⁺, as discussed previously. When soaked in saturated 

NaOH, the hydrogel displays a reduced swelling ratio of 278%, indicating the formation of a 
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moderately dense microstructure due to chitosan crystallization. These results clearly 

demonstrate the hydrogel's responsiveness to different solutions at the microstructural level, 

attributed to the formation and removal of the additional chitosan network, resulting in a highly 

adaptive shape memory hydrogel system. 

 

 

Figure 3. Morphological, mechanical, and physicochemical properties of polyacrylic 

acid/chitosan hydrogels. (a) Scanning electron microscope (SEM) images, (b) tensile stress-

strain curves, and (c) equilibrium swelling ratios of hydrogels soaked in water, CaCl₂, and 

NaOH solutions. The tensile stress-strain data from a single specimen is presented as a 

representative curve, while the full average values with standard deviations are provided in 

Table S2 of the Supporting Information. 
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3.4 Multi-shape Memory Behavior and Corresponding Mechanical Properties of 

Hydrogel Lattice Structures 

The multi-shape memory hydrogel is employed to fabricate transformable and reconfigurable 

lattice structures through 3D printing. These printed lattice structures were shape-fixed in a 

mold using either saturated CaCl₂ or NaOH solutions to achieve specific structural 

configurations, allowing the lattice structure to adapt its shape in response to external stimuli. 

The protocol for fixing the lattice structure into different shapes within a mold is provided in 

Section 2.3 and Figure S2 of the Supporting Information. Figure 4a illustrates the reversible 

shape memory process, with the hydrogel lattice switching between a negative Poisson's ratio 

structure and a positive Poisson's ratio structure in saturated CaCl₂ and NaOH at equilibrium. 

Similarly, Figure 4b shows the hydrogel transforming between a negative Poisson's ratio 

structure and a zero Poisson's ratio structure. This shape memory process follows the multi-

shape memory hydrogel mechanism involving chitosan network formation, as discussed in 

Section 3.3, which demonstrated nearly 100% shape fixity and recovery during the first cycle. 

However, as described in Section 3.2, the structural transformation may become slightly 

limited after multiple rounds, as indicated by the reduced shape fixity observed (Figure 2d). 

This reduction in shape fixity is typical of shape memory hydrogels due to the limited cyclic 

stability of the hydrogel's temporary crosslinks, which leads to some deformation over repeated 

cycles52. Despite this, we observed that the temporary shapes of the hydrogel lattice remained 

well-preserved with minimal degradation after three cycles of shape transformation (Figure S4 

of the Supporting Information). Furthermore, the hydrogel lattice can be readily reconfigured 

by fixing it into a new temporary shape after returning to its original configuration, owing to 

its high reversibility. This reconfigurability enhances the hydrogel's versatility, making it 

suitable for dynamic and adaptable applications. 
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Furthermore, a multi-stage shape memory process is shown as illustrated in Figure 4c. 

In this process, a printed negative Poisson's ratio structure is first fixed into its primary shape 

as a zero Poisson's ratio structure, referred to as Temporary Shape A, in 5 M CaCl₂. It is then 

further fixed into a positive Poisson's ratio structure, referred to as Temporary Shape B, in 

saturated CaCl₂, and can revert to its original shape when placed in DI water. This demonstrates 

the hydrogel's shape adaptability across various CaCl₂ concentrations, allowing for different 

temporary shapes. At 5 M CaCl₂, a second chitosan network is partially formed, corresponding 

to Temporary Shape A, while increasing the CaCl₂ concentration to saturation enhances the 

chitosan network formation, achieving Temporary Shape B. These findings confirm that the 

reversible shape memory hydrogel can be employed to create complex and functional 

structures, such as lattice configurations, which are challenging to achieve with more rigid 

materials such as polymers or metals. This adaptability and versatility allow the lattice structure 

to mechanically respond to various environmental stimuli and to be reconfigured into new 

shapes as required. 
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Figure 4. Multi-shape memory behavior of polyacrylic acid/chitosan hydrogels 

demonstrating tunable auxeticity in various solutions at equilibrium. Reversible shape 

memory process with the hydrogels transforming (a) between negative and positive Poisson's 

ratio structures, and (b) between negative and zero Poisson's ratio structures, both in saturated 

CaCl2 and NaOH solutions. The recovery time is set to 25 minutes. (c) Multi-stage shape 
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memory process with the hydrogels transitioning from negative to zero and then to positive 

Poisson's ratio structures in solutions with varying CaCl2 concentrations. Each image includes 

a 1 cm scale bar located at the bottom right. 

 

Each lattice structure is engineered to respond mechanically in unique ways, exhibiting 

various auxetic properties characterized by negative, zero, and positive Poisson’s ratios. This 

characteristic of mechanical metamaterials arises from the structural design rather than the 

intrinsic properties of the material. Consequently, alterations in the hydrogel shape of the lattice 

structure result in corresponding changes to the auxetic behavior. As illustrated in Figure 5, the 

Original Shape of the lattice structure displayed a negative Poisson’s ratio, reaching a 

minimum value of -1.2 at 80% tensile strain. Upon being shape-fixed in saturated CaCl₂ until 

equilibrium, it transformed into Temporary Shape I, resulting in a Poisson’s ratio that 

transitions to a positive value of 2.0 at the same strain of 80%. In contrast, Temporary Shape 

II, formed in saturated NaOH, exhibits a Poisson’s ratio approaching zero at the same strain. 

These findings demonstrate the hydrogel lattice structure's ability to transition among three 

distinct shapes, each showcasing different auxetic properties—ranging from negative to zero 

and positive—while facilitating reversible mechanical responses. 

Figure 5a (with the inserted rectangle and red dashed line) shows that the lattice 

structure in its Original Shape, which has a negative Poisson’s ratio, expands laterally when 

stretched longitudinally. In contrast, when the lattice structure is transformed into Temporary 

Shape I in CaCl₂, it shrinks laterally instead of expanding when stretched longitudinally, due 

to the positive Poisson’s ratio of the structure. Temporary Shape II in NaOH, which exhibits a 

zero Poisson’s ratio, shows negligible lateral change when stretched. This further confirmed 
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the consistency of the measured Poisson’s ratio and the structural design's ability to induce 

different mechanical metamaterial responses. 

 

Figure 5.  Experimental auxetic behavior of polyacrylic acid/chitosan hydrogels in various 

solutions at equilibrium. (a) Auxetic response of hydrogel structures in DI water, saturated 

CaCl₂, and NaOH under varying tensile strains. All images include a 1 cm scale bar. (b) 
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Measured correspond Poisson’s ratio of hydrogel structures in DI water, CaCl2, and NaOH at 

different tensile strains. 

 

3.5 Finite Element Analysis of Hydrogel Lattice Structures 

Finite Element Analysis (FEA) was conducted to confirm the auxetic behavior of the lattice 

structures, as shown in Figure 6 and to compare it with the experimental results in Figure 5. 

The simulation employed different material parameters based on the measured properties in DI 

water, saturated CaCl₂, and saturated NaOH (Table S1). The bottom side of each lattice 

structure was fixed while the top side was stretched longitudinally up to 160% strain to replicate 

the conditions of the mechanical test in Figure 5. The color gradient indicates the relative 

displacement from the original position along the X and Y directions. 

For the Original Shape in DI water, as shown in Figure 6a, each unit cell and the overall 

structure expand laterally when stretched longitudinally, particularly beyond 80% strain, which 

is further illustrated in Figure 6b. This result aligns with and confirms the experimental 

observations. In the case of Temporary Shape I in saturated CaCl₂, the structure exhibits lateral 

shrinkage when stretched longitudinally beyond 80% strain, while Temporary Shape II in 

saturated NaOH demonstrates minimal lateral change when stretched to its maximum setting. 

The Poisson’s ratios measured in each case, as presented in Figure 6b, align with the trend 

observed in the experimental results, though the absolute values differ due to the limitations of 

the FEA simulation53, 54. The shape deformation observed in the FEA simulations appeared to 

be less than that in the experimental results, likely because simulations are idealized and may 

not account for all factors influencing deformation, such as material heterogeneity or non-

uniform stress distribution. Nonetheless, this FEA simulation validates the auxetic behavior of 

each lattice structure from a design perspective, supporting the experimental findings. 
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Figure 6.  Finite Element Analysis (FEA)-based auxetic behavior of polyacrylic 

acid/chitosan hydrogels in various solutions. (a) Auxetic response of hydrogel structures in 

DI water, saturated CaCl2, and NaOH under different tensile strains. All images include a 1 cm 

scale bar. The color scale bar indicates the relative displacement upon stretching the samples, 

measured in mm. (b) Measured Poisson’s ratio of hydrogel structures in DI water, saturated 

CaCl2, and NaOH at different tensile strains. 

 

3.6 Potential Applications of Hydrogel-Based Metamaterials in Biomedical Stents 
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Due to their transformable auxeticity in response to external stimuli, the developed hydrogel 

lattices can be used to fabricate various smart and adaptive devices, particularly for biomedical 

applications such as soft robotics, sensors, and actuators. Hydrogels are generally highly 

biocompatible compared to other materials, with polyacrylic acid-chitosan hydrogels being 

particularly biocompatible and suitable for long-term use due to the inherent biocompatibility 

of their individual components (chitosan and polyacrylic acid)55-58. However, their final 

biocompatibility should be verified through more specific tests in the intended biological 

environment. Furthermore, the responsive properties of these hydrogels can be tailored to suit 

specific environmental conditions in applications, such as temperature or light sensitivity. This 

section presents a potential application of a hydrogel lattice with transformable auxeticity as a 

multi-mode biomedical stent (Figure 7). This stent is characterized by its ability to adapt its 

expansion mode in response to different external stimuli. The tunable auxeticity enables the 

stent to exhibit different modes of expansion depending on the soaked solution during 

stretching: (1) expandable mode in DI water, (2) shrinkable mode in saturated CaCl₂, and (3) 

non-expandable mode in saturated NaOH, as depicted in Figure 1. For practical applications, 

the critical concentration range for shape transformation activation and deactivation can be 

carefully considered and tuned. For example, a stent can be designed to activate into a 

shrinkable mode when the CaCl₂ concentration exceeds a threshold and revert to an expandable 

mode when the concentration decreases. Such salt-responsive materials show potential for 

human body applications, such as wound healing and tissue engineering59-61. The stent, 

characterized by a negative Poisson’s ratio structure, is fabricated through 3D printing and 

subsequently shape-fixed within a 3D mold, resulting in either a positive Poisson’s ratio 

structure in CaCl₂ or a zero Poisson’s ratio structure in saturated NaOH solution (Figure S5 of 

the Supporting Information). The mechanical response of the fabricated stent is assessed by 
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evaluating the diameter change ratio (DCR) during stretching, using both experimental 

methods and FEA simulations. 

In its original state in DI water, the stent demonstrates a significant increase in DCR 

upon stretching, reaching peak values of 20% in experiments and 14% in simulations, 

indicative of its negative Poisson’s ratio (expandable mode) (Figures 7b and 7c). Conversely, 

when shape-fixed in saturated CaCl₂ with a positive Poisson’s ratio structure, the stent tends to 

shrink rather than expand during stretching, with peak DCR values of -9.4% in experiments 

and -5% in simulations (shrinkable mode). Notably, when the stent is subsequently soaked in 

DI water, it reversibly returns to its original shape, maintaining the expandable mode.  

Further shape-fixing in saturated NaOH, corresponding to a zero Poisson’s ratio 

structure, led to minimal changes in the stent's DCR (non-expandable mode). These findings 

correlate with the transitional nature of Poisson’s ratio—negative, positive, and zero—within 

the lattice structure, as discussed in Sections 3.4 and 3.5, highlighting the potential for multi-

mode stents with tunable expansion characteristics. This confirms the shape memory 

performance of the stent under different stimuli through the adaptive mechanical characteristics 

of the various lattice structures. The transformable and reconfigurable hydrogel-based 

mechanical metamaterials developed here demonstrate remarkable mechanical adaptability in 

response to various external stimuli, emphasizing their strong potential for advanced 

biomedical applications. This adaptability combines the unique shape memory, softness, 

responsiveness, and biocompatibility of hydrogels with the mechanical functionality and high 

customizability of metamaterials. 
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Figure 7. Applications of hydrogel-based metamaterials as biomedical stents. (a) Diameter 

change ratio (DCR) at peak for the hydrogel stent soaked in DI water, saturated CaCl₂, and 

saturated NaOH, measured through FEA simulation and experiments. The inset shows the 

diameter change after stretching, illustrated from the top view of the stent in the simulation (DI 

water). (b) and (c) Finite element analysis (FEA) simulations and experimental mechanical 

testing of the hydrogel stent soaked in DI water, saturated CaCl₂, and NaOH, conducted both 

before (top left) and after (right) stretching at peak DCR. The strain limit is up to 700%. The 

color scale bar represents the relative displacement upon stretching the samples, measured in 

mm. 

 

4. Conclusions 
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Here, we developed hydrogel-based metamaterials with enhanced mechanical adaptability by 

integrating multi-shape-memory polyacrylic acid (PAA)-chitosan hydrogels into a lattice 

structure design. Leveraging the hydrogel’s high fixity ratio, reversibility, and softness, the 

fabricated hydrogel-based metamaterials demonstrate unique mechanical responses, with 

transformable Poisson's ratios that shift from negative in deionized (DI) water to positive in 

saline solutions and to zero in alkaline solutions. This response is driven by structural 

adjustments in the soft hydrogels' shape memory process, which results from the formation and 

removal of secondary and tertiary chitosan networks within the PAA hydrogel. Its potential is 

further demonstrated through its application as a multi-mode biomedical stent, highlighting its 

practicality for real-world use. The stent can dynamically and reversibly transition between 

states—expandable, shrinkable, and non-expandable—each with distinct Poisson's ratios. This 

advancement highlights the potential of integrating metamaterial design with multi-shape-

memory, soft, and responsive materials within a lattice structure framework to develop smart, 

versatile biomaterials for biomedical applications. 
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