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characteristics of the reinforcing phase. Therefore, towards establish a general design concept of 

fabricating functional hydrogel composites, we have developed both micro- and macro-scale hydrogel 

composite systems and demonstrated unique hybridized functions of the composites.   

 

1.2 Outline of this dissertation 

A general idea of composite materials and a back ground of study of hydrogel composite system has 

been discussed in Chapter 2. Also we explain why the composite approach is necessary and hydrogel-

based composite have great potentials. The hydrogel composites are divided into two categories; (1) 

micro-scale hydrogel composites, and (2) macro-scale hydrogel composites. We review the recent 

progress of each composite systems, mainly focus on their unique functions.  

In chapter 3, we report a novel and general strategy to develop micro-scale hydrogel composites 

with complicated long-range superstructures of rigid fiber-forming molecules by playing with 

programmed internal stress based on swelling control. Since orientations of semi-rigid polymers or 

nano rods/sheets embedded in gel matrix are sensitive to strain or internal stress, these randomly 

dispersed dopants show a uniform alignment under external tensile force. To create a complex 

superstructure of rigid macromolecules, programmed complex stress field is needed. We applied a 

photolithographic method to develop composite gradient in the patterned hydrogels. When a soft 

hydrogel has a swelling mismatching in different regions, an internal stress develops. By controlling 

the features of masked and unmasked regions of the gels, we can create a programmed internal stress, 

which induces the localized molecular orientation of rigid molecules. In addition, orientation is fixable 

by an interaction with the network of cationic gel by using the anionic rigid molecule. Furthermore, 

we develop a double network structure to tough the hydrogels with programmed superstructures, which 

deform reversibly under larger strain. This work presents a promising pathway to develop 

superstructures in hydrogels, and should shed light on designing other biomimetic materials with 

intricate molecular alignments toward applications in sensors, artificial organs, etc. 
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In chapter 4, we demonstrated a function of the aforementioned micro-scale hydrogel composites 

as visualization tool for mechanical instability. A hydrogel, which is soft and wet matter, is one of the 

model materials to investigate the phenomena such as surface creasing and bulk deformation induced 

by mechanical instability during swelling. Most studies on hydrogel swelling instability have been 

focused on a constraint boundary condition. In this chapter, we report the mechanical instability 

coupling between surface creasing and bulk bending during fast free swelling of a piece of disc-shape 

hydrogel. At the time of swelling, saddle like shape transition and stripe-like surface crease pattern 

which is completely different from the pattern under constraint boundary condition was observed. For 

visualize the mechanical instability of the hydrogels, the micro-scale hydrogel composite are used as 

stress sensor by determining the orientation of internal semi-rigid polymers. Additionally, we confirm 

the relationship between surface creasing and bulk bending by investigating the swelling-induced 

surface pattern on thin hydrogel film fixed onto a saddle-shaped substrate prior to swelling. As a result, 

anisotropy of surface creasing pattern was controlled by morphology of the substrate. Furthermore, a 

theoretical mechanism based on an energy model was developed to show anisotropic stripe-like surface 

crease pattern on a saddle shaped surface. This work should have a merit for develop novel strategies 

for controlling crease patterns on soft and wet materials by changing its three-dimensional shape. 

In chapter 5, we report a simple yet versatile strategy to develop macro-scale hydrogel composites 

possessing a solid reinforcing phase based on a low melting point alloy (LMA). Since the LMA can 

transform from a load-bearing solid state to a free-deformable liquid state at relatively low temperature, 

Hydrogel-LMA composites can release the swelling mismatch by a thermal stimulus. We applied both 

deswellable and swellable hydrogels as matrix materials to show the universality of our method. The 

resultant materials show excellent mechanical properties including high stiffness and toughness. 

Beyond the mechanical properties, these composites demonstrate superior functional abilities such as 

shape memory, dynamic stiffness control, and thermal healing ability. In addition to this, we further 

demonstrated unique functions which cannot be achieved with neat hydrogels, including performing 
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Furthermore, M. Liu et al. developed a new composite hydrogels with anisotropic mechanical 

properties based on an oriented architecture of an inorganic reinforcing phase26. They used metal oxide 

(Titanate) nanosheets as the inorganic reinforcement and prepared its aqueous colloidal dispersion. 

When the solution was placed in a strong magnetic field, the nanosheets aligned co-facially, which 

maximize electrostatic repulsion and thereby induces a quasi-crystalline structural ordering, over 

macroscopic length scales and with uniformly large face-to-face nanosheet separation. This transiently 

induced structural order was fixed by transforming the dispersion into a hydrogel using light-triggered 

in situ vinyl polymerization. As a result, the hydrogel, containing charged inorganic structures that 

align co-facially in a magnetic flux, deforms easily under shear forces applied parallel to the embedded 

nanosheets yet resists compressive forces applied orthogonally. This and related works are the 

fascinating examples of emergence of functions based on specific architectures in composite gels27.    

 Needless to say, the composite approach enable hydrogels to introduce functions that are 

originated from the reinforcing phase. The electrical and thermal conductivity and magnetic property 

of metals (or carbon-based materials) enhance the electrical conductivity and antibacterial property of 

nanocomposites hydrogels when incorporated28, 29. The electrical conducting property is important for 

the hydrogels to design functional tissues and be used as imaging agents, drug delivery systems, 

conductive scaffolds, switchable electronics, soft actuators and sensors. There are so many papers 

described such hydrogel composites functionalized by unique properties of reinforcing phase.   

Besides this, recent discovery of inorganic/organic composite hydrogels, consisting of hydrogel matrix 

and biocompatible minerals such as calcium phosphate, is excellent candidate for using as tough 

implants or bio tissues. N. Rauner et al. report an enzyme-induced formation of amorphous calcium 

phosphate nanostructures that are homogeneously distributed within polymer hydrogels30. One best 

materials exhibit fracture energies of 1300 J/m2 and stiffness up to 440 MPa, even in their fully water-

swollen state. Furthermore, T. Nonoyama et al. developed a new strategy to bond a tough hydrogel to 

bone by using the hydroxyapatite (HAp) coated DN gel31. The HAp and the DN gel matrix composite 
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bonded to a matrix with robust interfaces between them. In this system, both fibers and matrix retain 

their physical and chemical features, yet they produce a combination of properties that cannot be 

achieved with either of the constituents acting alone. Basically, fibers act as load-carrying members, 

while the surrounding matrix keeps them in the desired location and orientation, act as load transfer 

medium between them, and protects them from environmental damages induced by elevated 

temperatures, humidity, and ultraviolet light46. Therefore, even though the fibers provide reinforcement 

for the matrix, the latter also provides a number of useful functions in a fiber-reinforced composites. 

In general, conventional hydrogels are weak and brittle, it is difficult to use as matrix materials in 

fiber-reinforced composites: as the composite is loaded, the fibers cut through the hydrogel matrix 

easily, destroying the synergy between fibers and matrix, and leading to rapid rupture of the composite. 

However, over the past decade, vast number of tough hydrogels have been developed, and they enable 

to fabricate fiber-reinforced composite gels. W. R. K. Illeperuma et al. developed a composite using 

the aforementioned alginate-polyacrylamide hydrogel reinforced with a random network of stainless 

steel fibers47. Before rapture the composite dissipates a significant amount of energy, at a tunable level 

of stress, attaining large deformation. Furthermore, D. R. King et al. fabricated a new composites, 

consisting of tough, adhesive and deswellable polyampholyte hydrogels48 and glass fiber woven 

fabrics, exhibit extremely high effective toughness, high tear strength, high tensile modulus and low 

bending modulus (Fig.2.4a)49. Even though these composites contain 40% water (in a volume ratio), 

their mechanical properties are far superior to those of the neat components, indicating a synergistic 

effect (Fig.2.4b)50. This work provide a simple route to develop extremely tough and biocompatible 

soft materials and also should merit for potential applications such as energy-absorbing helmets, 

tendon repair surgery, and stretchable biometric sensors. 

 So far, we introduced a few examples of macro-scale hydrogel composites. This research field has 

been developed rapidly in the past few years, therefore, there are some limitations for fabricating the 

macro-scale composite gels. In general, the volume of hydrogels can change dramatically from the as-
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CHAPTER 3  

Control of Semi-Rigid Polymer Structures Embedded in Hydrogel Matrix via Tunable Swelling 

3.1 Introduction  

Hydrogels are 3D networks of hydrophilic polymers that can absorb a large amount of water while 

maintaining the structure. Recent developments of tough hydrogels1-3 have vastly expanded the 

applications of this material in diverse fields, such as soft robotics, artificial organs, drug delivery 

system, and etc4-9. Beyond the toughness, one of the next challenges is how to introduce long-range 

superstructures into isotropic and amorphous hydrogels matrix. Many specific functions of biological 

soft tissues are strongly related to the superstructures of semi-rigid, fiber-forming molecules. For 

example, rigid collagen fibers in the articular cartilage align parallel to the sliding surface but 

perpendicular to the interface with bone10-12. These superstructures of collagen fibers are considered 

that they play an important role for the functions of cartilages, including high impact absorbance, low 

sliding friction and strong bonding to bone13-15. These natural systems with spatially intricate 

superstructures provide us elegant paradigms in designing new biomimetic materials with specific 

functions and promising applications. However, developing programmable long-range superstructure 

in hydrogels matrix is a non-trivial aim, because the bottom-up approach of self-assembly no longer 

works. Many efforts have been made to induce uni-axial polymer orientation in hydrogel matrix, for 

example, by shear, by electric or magnetic fields16-21. These methods are not straightforwardly 

applicable to develop complicated long-range superstructure in the hydrogel matrix, and alternative 

strategies are definitely required. 

In this chapter, we report a novel strategy to develop hydrogel composites with long-range 

superstructures from a semi-rigid polymer by playing with programmed internal stress. When a soft 

hydrogel has a swelling mismatching in different regions, an internal stress develops at the interface. 

The internal stress can align semi-rigid polymers directly. In this study, we applied photolithographic 

technology to induce programmed swelling mismatching in the positively charged hydrogel (Fig. 
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3.3 Results & discussion 

3.3.1 Superstructure formation in hydrogel matrix 

The composite gel containing a semi-rigid polymer was synthesized by polymerizing the precursor 

aqueous solution containing prescribed amount of the rigid polyanion PBDT, cationic monomer 

DMAPAA-Q, chemical cross-linker, and photo-initiator (see Scheme 3.2). Two identical photo masks 

of stripe pattern were placed in phase on the surfaces of the reaction cell, composed of two pieces of 

glass plates separated by a silicone spacer of 1 mm in thickness, to guide the photo-initiated 

polymerization and gelation process, which built a composition gradient in the gel (Fig. 3.1a,b). It 

took 7.5 h to finish the gelation in both the masked and unmasked regions and to obtain an integrated 

piece of gel strong enough for handling. 

The as-prepared gel was transparent with a periodical groove pattern of thickness undulation, 

where thin parts were located in the middle of masked regions, as shown in Fig. 3.2a (top view) and 

Fig. 3.2b (side view). The boundary of the thin parts and thick parts did not coincide with that of the 

mask, but inside the masked region, 0.7 mm from the masking boundary, due to the non-parallel 

irradiation of the UV light and the diffusion of reactive species (monomer, cross-linker and initiator) 

during the reaction (Fig. 3.6 and Fig. 3.7). For simplicity, however, we called the thin part as the 

masked region, and the thick part as the unmasked region in the later text. Under polarizing optical 

microscope (POM), the sample showed strong birefringence in masked regions, as observed from top 

of the sample (Fig. 3.2a-ii ). However, when observed from cross section of the sample, the central 

layer of unmasked regions showed birefringence (Fig. 3.2b-ii ). The birefringence of the gel comes 

from both PBDT that has a positive birefringence and PDMAPAA-Q that has a negative birefringence. 

Previous study has shown that PBDT has a much strong birefringence than PDMAPAA-Q and the net 

birefringence observed here is related to the orientation of the semi-rigid PBDT molecules25-27. From 

the birefringence color observed with 530 nm sensitive tint plate (Fig. 3.2a-iii  and Fig. 3.2b-iii), we 

identified that PBDT aligns parallel to the stripes in the masked regions (Fig. 3.2a-iv) and aligns 
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parallel to the gel surface yet without in-plane directional preference in the central layer of unmasked 

regions (Fig. 3.2b-iv). As the gel was synthesized at a PBDT concentration (1 wt%) lower than its 

critical liquid crystalline concentration (CLC
* = 2.8 wt%), this result indicates that internal stress built 

during the gelation directs the orientation of PBDT. During the synthesis of sheet-shape gel by photo-

polymerization, both surface layers of the sample have a faster reaction speed, resulting in composition 

gradient in the gel thickness direction. The gelation at the central layer is relatively slow to freeze the 

complexation process, which leads to localized volume contraction to some extent. As a result, the 

central layer of the gel is stretched by the surface layers, and PBDTs align along with the stretching 

stress, i.e., parallel to the gel surface. 

After swelling, the masked regions have a higher swelling ability than the unmasked region. Both 

regions showed strong birefringence, yet with different colors, indicating the different orientations of 

PBDT, as illustrated in Fig. 3.2c. The PBDT in the masked regions oriented vertical to the stripes 

direction while it oriented parallel to the stripes direction in the unmasked regions. The alignment of 

PBDT was also confirmed by side view of the samples (Fig. 3.2d and Fig. 3.8). 

We should notice that the birefringence of masked regions changed from blue of as-prepared gel 

to orange of the swollen gel (Fig. 3.2a and 3.2c), indicating a reversion of PBDT alignments. This 

reversion of PBDT orientation is related to the change of the internal stress field by the swelling. Before 

swelling, the thicknesses of the masked and unmasked regions of the as-prepared gels were 0.7 mm 

and 0.9 mm, respectively. Thus, the masked regions, having a low swelling ability, experience a tension 

from the unmasked regions (Fig. 3.2b). As a result, the PBDT molecules in the masked regions aligned 

parallel to the boundary. However, after swelling, the masked regions have a higher swelling ability 

than the unmasked region (Fig. 3.2d). So this region receives a compression along the boundary and 

PBDT molecules convert the orientation in the direction perpendicular to the boundary. On the other 

hand, the unmasked region, which has less swelling ability, receives a tension along the boundary that 

directs the PBDT molecules to align with this tensile direction. The gel shows a global anisotropic 
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Type (A) has been discussed in the previous text; here we consider type (B). The mask of circular 

stripes produces circular orientation of PBDT in the unmasked region that experiences a tension due 

to less swelling, and radial orientation in the masked region that experience a compression due to more 

swelling (Fig. 3.3, Column II), similar to the effect of the straight stripes mask (Fig. 3.3, Column I). 

The gel also showed a global saddle-like deformation, indicating that the outer region of the gel swells 

more than that of the inner region, and a net internal stress leads to the deformation of the gel28. Then, 

we consider type (C). The dot mask (cubic dots and hexagonal dots) produces dot-like high swelling 

regions (Fig. 3.3, Column III, IV). In these cases, the unmasked regions between two nearest dots 

experience compression in the direction of line that connects the two dots. As a result, the PBDT 

molecules in this region oriented perpendicular to the line that connects the two dots. Since the net 

stress in the center of the cubic or hexagonal patterns is cancelled, PBDT has no preferential orientation 

in the central region. The honey-comb mask produces network-like high swelling regions (Fig. 3.3, 

Column V). Since these network arms are under compression, PBDT molecules oriented in 

perpendicular to the network arms. PBDT has no preferential orientation in the central region of the 

network, indicating that there is no net stress in this region. Thus, all the gels of type (C) share the 

common feature that the internal stress is cancelled in the center of unmasked region to give amorphous 

structure in this region. These gels, having no net stress globally, were flat after swelling. These results 

demonstrate that by designing proper masks, very complicated liquid crystal domains are possible to 

be obtained. 

3.3.4 Toughening the superstructure hydrogels 

As common polyelectrolyte hydrogels, these superstructure hydrogels were mechanically weak. 

Taking advantage of their polyelectrolyte nature, we further toughen these gels by introducing a second 

neutral network, based on the double network concept1,29. The superstructures were preserved even 

after inducing the second network of polyacrylamide (PAAm) (Fig. 3.4a). The obtained double 

network gel was much tougher than its single network, sustaining large tensile deformation. 
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3.4 Conclusions 

In conclusion, we have developed long-range superstructure hydrogel composites with alignments of 

semi-rigid polyelectrolyte molecules by tuning the internal stress field. By photolithographic 

patterning, we can program the swelling mismatch of the gels, which induces large internal stress. This 

internal stress directs orientation of semi-rigid polymers, which are frozen by the strong polyion 

complexation between the two oppositely charged polyelectrolytes. By using the double network 

concept, these superstructure gels can be developed into tough double network gels. At the moment, 

we could only prepare the superstructure gels containing low concentration of PBDT (several wt%) 

due to its high viscosity limitation. Accordingly, we did not observe distinct mechanical property or 

swelling property originated from this superstructure. In forthcoming paper, we will apply this idea to 

rigid biomolecules with relatively low molecular weight at high concentration for creation of specific 

functions. For example, by controlling the orientation of rigid collagen molecules in tough double 

network hydrogels, we are able to develop hydrogels with anisotropic mechanical properties like 

cartilages.  

Structural biomacromolecules, such as F-actin, microtubule, and collagen, are all negatively charged 

rigid molecules. During tissue growth, different growth rate will build internal stress which may also 

play a role in directing the orientation of these structural biomacromolecules. This work should give 

insight in understanding the structure formations of these biomacromolecules in living cells and soft 

tissues.  
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3.6 Schemes 

 

 

 

 

Scheme 3.1 | Synthesis of PBDT by an interfacial poly-condensation reaction. 

 

 

 

 

 

Scheme 3.2 | Chemical structure of components. (a) The rigid anionic polyelectrolyte, PBDT, 
which is embedded in hydrogel matrix. (b) The flexible cationic polyelectrolyte, PDMAPAA-Q, 
which forms a hydrogel network by chemically crosslinking. 
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3.7 Figures 

F igure 3.1 | Photolithographic patterned hydrogels with controllable swelling mismatch and the 
resultant of internal-stress-directed orientation of rigid macromolecules. (a) Experimental set-up 
for synthesis of programmed superstructure in the hydrogels using photolithographic method. As an 
example, two identical photo masks of stripe pattern are placed in phase on two surfaces of the reaction 
cell containing precursor solution of gel. The width of masked regions (black) and unmasked regions 
(white) are 2 mm and 0.6 mm, respectively. UV was irradiated from both sides of the cell to initiate 
polymerization. (b) After gelation, the as-prepared gel shows morphology characteristic to the mask 
pattern. (c) Schematic to show the built-up of internal stress, due to the swelling mismatch, and the 
resultant superstructure of rigid molecules in the photolithographic patterned gels. In the gel, 
composition gradient between the masked and unmasked regions leads to swelling mismatch. For 
stripe-patterned hydrogel, as shown in (b), the large swelling region experiences a compression from 
the less swelling region. Rigid molecules embedded in the gel intend to orient along the tensile 
direction while they orient in perpendicular to the compressive direction. Thus, the patterned swelling 
mismatch induces programmed internal stress, which directs the orientation of the rigid 
macromolecules. Using oppositely charged rigid molecules and polymer network, the structure is 
memorized by polyion complex formation after dialysis of their counter-ions. 
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Figure 3.3 | Controlling of superstructure  in hydrogels by using different masks. (a) Images of 
the as-prepared gels taken by digital camera to show the gel appearances and patterns. The masks used 
for photolithography are shown in the top of each column, where the masked regions are black and 
unmasked regions are white. (b) Images of swollen gels observed under circular polarized light. The 
oriented domains show strong birefringence. (d) The yellow rectangle regions shown in row (b) were 
observed by crossed polarizers with 530 nm tint plate to determine the molecular orientation. (c) and 
(e) Schematic illustrations of the orientation of PBDT molecules within the swollen gel, where the 
orange, blue and green bars represent highly ordered orientation. The grey regions in (e) correspond 
to the regions of masks, where the central parts of gels have high swelling. Size of mask patterns: (I) 
Width of masked stripes and distance between stripes are 1.5 mm and 0.5 mm, respectively. (II) Width 
of masked stripes and distance between stripes are 2.0 mm and 0.6 mm, respectively. (III, IV) Diameter 
of dots and distance between dots are 2.0mm and 0.6mm, respectively. (V) Width and length of branch 
line are 1.5mm and 4.0mm, respectively. 
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Figure 3.6 | Illustration of the deviation of the width of masked and unmasked regions in the as-
prepared patterned gel from the feature of photo mask. (a) Schematic to show the feature deviation 
between the patterned gels and the photo mask. There are two reasons for this deviation. 1) Because 
the UV light irradiated for polymerization is not completely parallel, the width of area irradiated is 
wider than that of transparent stripe in the mask. On the other hand, the width of area without direct 
irradiation is narrower than that of black stripe in the mask. 2) The regions with direct and indirect 
irradiation have quite different reaction kinetics. Due to the difference of reaction kinetics, diffusion 
of reactive species (monomer, crosslinker and initiator) from the masked region having a slow reaction 
to unmasked region having a fast reaction was induced. Therefore, composite gradient and internal 
stress during the gelation and swelling processes was built. Since the reaction time was long (about 7 
h), the latter effect should play an important role in the formation of the gradient structure. (b) The 
images of patterned gels observed from side direction. The images (i) and (ii) are patterned gel in the 
as-prepared state and swollen state, respectively. (c) Thickness of the masked and unmasked regions 
of patterned gel in the as-prepared and swollen states. 
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Figure 3.7 | Elemental analysis results of the masked and unmasked regions of patterned gel. (a) 
The sample with stripe-patterned gel was used for elemental analysis. After swelling the as-prepared 
gel in a large amount of water to remove the residual reagents, the patterned gel was cut into small 
piece in masked and unmasked regions, as shown in the following scheme. After vacuum-drying, 
elemental analysis was conducted at the chemical analytical center of Hokkaido University, Japan, 
using the standard techniques. (b) Mass ratio of PDMAPAA-Q to PBDT, WQ/WP, is estimated from 
the values of N and S. The mass ratio in feed was 41.2. The table shows that the mass ratio of 
PDMAPAA-Q to PBDT, WQ/WP, is much lower than the value in feed (41.2) in the masked region 
while much higher than the value in feed in the unmasked region. The result confirms that the reactive 
species diffuse from the masked region to unmasked region during the polymerization. 

Samplea C % H % N % S %

Masked

Unmasked 47.35 9.43 12.26 0.17

47.10 9.40 12.06 0.46

WQ/ WP
b

65.1

23.4

Masked

Unmasked
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Figure 3.8 | Observation of swollen PBDT-containing PDMAPAA-Q hydrogel from cross-section 
direction. Two pieces of gels were cut from masked (a) and unmasked (b) regions, respectively, along 
the patterned stripe direction and observed from the cross-section direction. One piece of gel was also 
cut vertical to the patterned stripes and then observed from the cross section direction (c). The images 
in columns (i) and (ii) were observed under the crossed polarizers without and with insertion of 530 
nm tint plate, respectively. The column (iii) is a schematic illustration of the orientation of PBDT 
molecules in the gel, where the green circles represent PBDT oriented vertical to the sheet, the orange 
and blue bars represent highly ordered PBDTs. 
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Figure 3.9 | Observation of swollen PBDT-containing PDMAPAA-Q hydrogel from top direction 
after slicing the masked and unmasked regions into separate stripes. Two pieces of gels were cut 
from masked (i) and unmasked (ii)  regions, respectively, along the patterned stripe direction and 
observed from the cross-section direction. The images in columns (a) and (b) were observed under the 
crossed polarizers without and with insertion of 530 nm tint plate, respectively. The results indicate 
that the oriented structure is fixed even after removal of the internal stress. 
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4.3.2 Effect of coupling of two instabilities 

Two mechanical instabilities occur during the fast free swelling of the polyelectrolyte gel. One is the 

saddle-like bending induced by the swelling mismatch between the annulus and inner region of the 

disc shape gel (Fig. 4.3a), because the annulus region swells faster by taking water from the top, bottom 

and sides (Fig. 4.3a-i), while the inner disc region swells slower only by taking water from the top and 

bottom surfaces (Fig. 4.3a-ii) . When the inner radius of the annulus is larger than the radius of the disc, 

the annulus region is compressed, thus the saddle-like bending occurs to minimize the radius mismatch. 

Such a kind of saddle-like bending was also reported by Y. Klein, et al.34. Especially, the investigation 

reported by M. Pezzulla, et al., which is using a disc-shaped elastomer made from a swellable annulus 

and an unswellable disc, are closely related to our system35. The other is surface buckling due to 

swelling mismatch between the surface layer and inner layer. The surface instability induced by this 

type of swelling mismatch, as clarified by previous works, generally forms polygonal surface creasing 

(Fig. 4.3b). The unique stripe-like creasing of crossed orientation on the two surfaces observed in this 

work is the result of coupling of the surface instability with the saddle-like bending. When the bulk 

gel deforms into saddle-like shape, the ridge of the bending releases and the basin of bending receives 

additional stresses (Fig. 4.3c-i), as shown by the orientation of PBDT molecules shown in Figure 4.2. 

In the center of saddle, on the same point, one direction is in compression and the other direction is in 

extension. As a result, each surface of the sample receives anisotropic stress by the saddle-like bending, 

which changes the isotropic polygonal surface creasing into anisotropic, stripe-like pattern (Fig. 4.3c-

ii,iii) .   

We notice that although the bulk bending can induce anisotropy of surface crease, it is not necessary 

to give continuous stripe-like patterns. The coupling of surface instability and bulk deformation was 

also studied by observing the surface crease patterns of hydrogel sheets fixed, prior to swelling, onto 

a flat substrate and a saddle-shaped substrate, respectively (Fig. 4.4a). Isotropic polygonal surface 

crease was observed for the hydrogel fixed on the flat substrate, the same as reported before (Fig. 4.4b-
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The theoretical prediction corresponds reasonably well with the above experimental observation, 

which justified the proposed mechanism. Therefore, these results indicate that surface crease patterns 

are affected by large three-dimensional shape change induced by geometric swelling mismatch. 

4.4 Conclusions 

In this study, we have investigated the mechanical instabilities of a thin polyelectrolyte hydrogel disc 

in the process of fast free swelling. During the swelling process, the gel morphed into a saddle-like 

shape and then the polygonal surface creases changed to stripe creases due to two swelling mismatches, 

surface layer/inner layers, and inner disc/outer annulus region. The stripe creases were formed uni-

directionally, and were perpendicular to each other at the two surfaces of the sample. From the detail 

observation of the internal stress analyzed by the orientation of semi-rigid polyanions, we found that 

both surface creasing and bulk deformation minimize the swelling mismatch. We further demonstrated 

the surface pattern change of thin hydrogel films fixed onto flat or saddle-shaped substrates and these 

results confirmed the mechanical coupling of the surface instability and bulk deformation. Under the 

assumption that the gel morphs into a saddle-like shape with mean curvature of zero, it was 

theoretically suggested that the gel layer tends to tilt in the one of the principal directions by the 

minimization of total energy in ref. [25]. The direction of tilt of the gel layer was separated by the 

middle surface, therefore, the creases on the top and bottom surface were normal each other.  
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Figure 4.3 | Schematic illustration of two kinds of swelling mismatch and their coupling to induce 
anisotropic surface creases during fast free swelling of a polyelectrolyte gel. (a) Swelling mismatch 
between the annulus (dark blue) and the inner disc (light blue) induced by the difference in swelling 
kinetics between the annulus and the inner disc. The annulus can absorb water from three directions 
(a-i), while the inner disc can only absorb water from two directions (a-ii) as shown by arrows in (a-i, 
ii). This swelling mismatch induces a saddle-like bending to minimize the swelling mismatch. (b) 
Swelling mismatch between the surface layer (light blue) and inner layer (gray) induced by the 
difference in swelling kinetics between the surface layer and the inner layer. Surface creasing 
instability is induced to minimize this swelling mismatch.  (c) The two mechanical instabilities are 
coupled to induce anisotropic surface crease pattern. Bending of the sample exerts a tension to the 
ridge and a compression to the basin (c-i). The saddle-like bending induces anisotropic stresses, 
perpendicularly oriented, on the two surfaces of the sample (c-ii), which changes the isotropic 
polygonal crease patterns into the anisotropic stripe crease patterns aligned in right angles on the two 
surfaces (c-iii).  
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CHAPTER 5  

Creating Macro-scale Hydrogel Composites with Low Melting Point Alloys (LMA) 

5.1 Introduction  

Composite materials, consisting of a matrix and a reinforcing phase, can show hybridized 

characteristics of each component, including physical, mechanical, and electrical properties1-3. This 

ability makes well-tuned composite materials uniquely desirable for specific applications in diverse 

fields, which may require properties that are unattainable with a single material. In particular, 

hydrogels exhibit a variety of properties that make them extremely useful as a matrix material, such as 

biocompatibility3,4, high water content5,6, high flexibility7,8, permeability9,10, antifouling11,12, low 

friction13 and optical clarity14,15. However, a serious problem has limited the use of hydrogels as a 

matrix material in combination with rigid reinforcements: stress-induced deformation can occur due 

to swelling mismatch between the hydrogel and the solid phase. In general, the volume of hydrogels 

can change dramatically from the as-prepared state by expelling water to or absorbing water from the 

environment16-18, causing the hydrogel-solid composites to undergo strain resulting in surface creasing 

or bulk deformation, at best, and delamination or rupture, at worst19-21. To avoid or reduce deformation 

due to swelling mismatch, intense efforts have been devoted as follows: (1) relatively low-swelling 

hydrogels were used as a matrix to reduce the mismatch22-24; furthermore (2) geometrically compliant 

materials that could deform by sliding (steel wool or glass-woven fibers), or stretching (nanometer 

scale reinforced gels)22-25, and (3) mechanically compliant materials that could stretch (such as 

elastomers), were used as reinforcing materials to reduce the mismatch26. However, these approaches 

merely limit the impact of the induced stress, and are not fundamental solutions to swelling mismatch. 

As a result, the components of hydrogel-solid composites have been highly selective. A universal 

strategy and practical methods for fabricating diverse hydrogel-based composites is strongly required 

for versatile applications. 
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same as the global size change of the composites, demonstrating that the local mismatch was also 

released. 

5.3.2 Enhanced mechanical properties of macro-scale hydrogel composites 

To confirm the reinforcing effect of the LMA phase in the composite hydrogels, uniaxial tensile tests 

were performed on PUMA-LMA composite. Typical force-stretch curves of the PUMA composite, 

neat LMA honeycomb skeleton, and pristine PUMA gel are shown in Fig. 5.5a. The PUMA composite 

exhibited much higher stiffness (~25 kNm-1) than the pristine gel (~4 kNm-1), similar to that of the 

neat LMA skeleton (~27 kNm-1) (Fig. 5.5b). However, the maximum stretch of the composite (~ 480%) 

was comparable to that of the pristine gel (~ 550%). This is due to the unique fracture process of the 

composite, which results in a highly stretchable, yet stiff composite. As shown in the macrographs in 

Fig. 5.5a, initially, the stress was concentrated in the stiff LMA skeleton, until it fractured. Then, the 

stress was transferred to the soft hydrogel matrix that stretched until it reached a force that was 

comparable to the fracture force of the LMA skeleton (~16 N). After that, other regions of the LMA 

skeleton ruptured. Locally, the deformed regions of the gel were highly stretched, which enables high 

stress. However, rather than fracturing globally, the force caused the LMA skeleton to fracture, and 

this process continued many times. The composite hydrogel exhibits stretch values close to that of the 

pristine gel, but with force values near the fracture force of the LMA skeleton. This mechanical 

response mimics that of double network gels, where the LMA skeleton acts as the first network, 

breaking to dissipate energy, and the PUMA gel acts as the second network, stretching to maintain 

global integrity. This phenomenon has also recently been reported in a model fabric mesh-VHB tape 

composite system30. As a result of the high stiffness and extensibility of the composite, the composite 

toughness was much higher than either neat component (Fig. 5.5c), representing a synergistic increase 

in mechanical properties.   

It should be noted that the matrix component must possess a higher strength than the LMA skeleton 

to induce the multiple fracture process. This can be clearly seen in the behavior of the PAAm composite, 
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were generated around the LMA skeleton that was connected to the negative electrode of the power 

supply, which caused a chemical reaction with the phenolphthalein. Subsequently, a color-change was 

observed34. In addition to this, electro-polymerization can be performed at the interface between the 

LMA electrode and hydrogel matrix. As shown in Fig. 5.8c, when the hydrogel matrix contained 

sodium chloride and pyrrole, black polypyrrole was electro-chemically polymerized around the LMA 

skeleton that was connected to the positive electrode of the power supply. This electro-chemical 

reaction could be used to fabricate composites that have increased interfacial strength35, 36.  

In a contrasting approach, the LMA can be used as template to develop hydrogels with a 

programmed channel structure. As shown in Fig. 5.9a, by taking advantage of the solid-liquid phase 

transition of LMA, the internal LMA skeleton of the composite could be easily removed by air pressure 

in hot water, resulting in hydrogel fluidic devices. Such kind of hydrogel fluidic devices could be used 

for size excluded separation controlled by the mesh size of the gel matrix. For example, small dye 

molecules (~16 nm) could diffuse into the bulk of the hydrogel matrix with (Fig. 5.9a-ii) , while the 

large colloidal particles (~100 nm) could not (Fig. 5.9a-iii) . Given the high wettability of hydrogels 

(Fig. 5.9b-i), the hydrogel-based fluidic device showed strong capillary action to aqueous solutions. 

To demonstrate well-controlled capillary action of the hydrogel fluidic device, a PAAm hydrogel with 

straight line channels of various sizes was fabricated by utilizing LMA as a template (Fig.5b-ii). 

Subsequently, the hydrogel was immersed in aqueous solution containing dye and the liquid rose 

vertically due to the capillary force in the channels of the hydrogels (Fig.5b-iii). The height of the 

liquid columns, h, was found to be inversely proportional to the size of the channels, a, agreeing with 

the theoretical relationship (Fig.5b-iv). This result shows that the capillary action is precisely 

controlled by geometry of the channels. Possessing the ability to rapid transport fluid over a long 

distance by capillary force, these hydrogel fluidic devices can serve as fast and efficient molecular 

filters or chemical reactors 37, 38.     
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Figure 5.3 | Chemical structures and reaction schemes of deswellable / swellable hydrogels. (a) 
Chemical structures of monomers, cross-linker, and initiator. (b, c) Model systems of deswellable (b) 
and swellable (c) hydrogel matrix. (b) PUMA system exhibits deswelling nature in pure water due to 
the formation of hydrogen bonds during solvent exchange from dimethyl sulfoxide (DMSO) to pure 
water. (c) PAAm system exhibits swelling nature in pure water. 
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Figure 5.4 | Size changes of pristine gels and composites at swelling equilibrium in relati on to 
their as-prepared states. (a) The PUMA system exhibited isotropic shrinkage while the PAAm system 
exhibited isotropic swelling. Each measurement was performed three times. Error bars represent 
standard deviation. (b) Size changes of the LMA honeycomb in annealed composites in relation to that 
of the as-prepared state. The PUMA system exhibited isotropic shrinkage while the PAAm system 
exhibited isotropic swelling. These results well coincide (a), indicating that the local swelling 
mismatch was also released. Each measurement was performed three times. Error bars represent 
standard deviation.   
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Figure 5.5 | Mechanical properties of PUMA-LMA composites. (a) Force-stretch curves of a 
honeycomb mesh LMA skeleton (grey), a pristine PUMA gel (navy) and their composite (wine). The 
insets (i)-(vi) represent snapshots of the composite sample at the corresponding stretch shown in the 
loading curves. Initially, the force of the composite rapidly increased and the LMA skeleton broke at 
a force comparable to that of the neat LMA skeleton (i-ii). During further stretching of the sample (ii-
v), multiple fractures of the LMA skeleton were observed (inset arrows indicate fracture points), while 
the hydrogel matrix maintains global integrity. As a result, bulk fracture did not occur. Finally, the 
hydrogel matrix ruptured at the position shown by the dashed line (vi). (b) Stiffness of each component 
and the composite in the respective system. (c) Work of extension (area below the stress-strain curve) 
of each component and composite in the respective system. Each mechanical test was performed 3-5 
times. Error bars represent standard deviation. 
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Figure 5.6 | Mechanical properties of PAAm-LMA composites. (a) Force-stretch curves of a 
honeycomb mesh LMA skeleton (grey), a pristine PAAm gel (navy) and their composite (wine). The 
insets (i)-(iv) represent the snapshots of the composite sample corresponding to the specific points 
shown in the loading curves. Initially, the force of the composite rapidly increased and the LMA frame 
broke at a force comparable to that of the neat LMA frame (i-ii). After fracture of the LMA frame, the 
hydrogel matrix was stretched (ii-iii). Finally, the hydrogel matrix ruptures at the position shown by 
the dashed line (iii -iv). (b) Stiffness of each component and the composite in the respective system. 
(c) Work of extension (area below the stress-strain curve) of each component and composite in the 
respective system. Each mechanical test was performed 3-5 times. Error bars represent standard 
deviation. 
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Figure 5.8 | Electrochemical reactions in PAAm-LMA composites. (a) Electrical conductivity of 
LMA composite hydrogels. Both ends of the LMA frame were connected to a power supply unit (3V) 
and LED light in series. (b) Demonstration of electro-reduction in the hydrogel matrix for the 
composite swollen with NaCl aqueous solution (0.15 M). By connecting the LMA skeleton to the 
negative electrode and the gel to the positive electrode of a 3V power supply, a reduction reaction was 
induced and hydroxide ions were generated around the LMA skeleton. When the hydrogel matrix 
contained phenolphthalein, a color response was observed after electrolysis due to the reaction between 
the phenolphthalein and the hydroxide ions. (c) Demonstration of electro-oxidation in the hydrogel 
matrix for the composite swollen with NaCl aqueous solution (0.15 M). By connecting the LMA 
skeleton to the positive electrode and the gel to the negative electrode of a 3V power supply, an 
oxidation reaction was induced. When the hydrogel matrix contained pyrrole monomers, black 
polypyrrole can be observed around the honeycomb skeleton of LMA after electrolysis due to the 
oxidative electro-polymerization. 
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Figure 5.9 | Hydrogel fluidic devices using LMA as template. (a) Fabrication of a PAAm hydrogel 
fluidic device utilizing the LMA skeleton as a channel template; (i) photograph and optical micrograph 
(inset) of the channel structure, (ii) demonstration of hydrogel fluidic channels by diffusion of green 
dye molecules (Uranine) into the hydrogel matrix (inset picture), (iii) hydrogel filtration of black 
colloidal particles (Indian ink) from a mixture with green dye (Uranine) when passed through the 
hydrogel channels. The upper row are illustrations to show the channel fabrication (i), dye diffusion 
(ii), and filtration (iii). (b) Investigation of a capillary action of the PAAm hydrogel fluidic channels; 
(i) whole view (top) and cross sections (bottom) of hydrogel channels with various width, a, (ii) 
demonstration of capillary action using purple dye solution (0.1 % methyl blue), (iii) theoretical and 
experimental results of the relationships between the liquid columns height, h, and the length of the 
channel side, a. The theoretical inverse relationship between h (mm) and a (mm) is the result of the 
energy balance between the wetting of water on the gel surface and the potential energy of the water 
column. The numerical factor 29.2 (mm2) is estimated using the surface tension of water, the contact 
angle of water to the PAAm gel, the density of water, and the acceleration of gravity. Each 
measurement was performed for three times. Error bars represent standard deviation. 
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6.2.5 Polarized optical microscope (POM) observation 

The deformation ratio of soft matrix in 3D-printable resin reinforced NR was determined by the 

intensity of birefringence of the NR in the as-prepared state and the stretching state that were observed 

under a polarizing optical microscope (POM) (Nikon, Eclipse, LV100POL) in the crossed polarization 

modes, with and without the tint plate, at room temperature. The composites that have three types of 

reinforcement geometry (honeycomb, square, and auxetic grid) were prepared and observed. Samples 

were placed on glass slides and observed from the top (Fig. 6.6c,d). All the samples of NR matrix 

exhibited a first order white-gray birefringence color and highly deformed part showed pink 

birefringence color.  

6.3 Results & discussion 

6.3.1 Creation of macro-scale soft composites based on double network architectures 

Required network properties for creating typical double network (DN) materials; hard/brittle properties 

and soft/ductile properties are necessary for 1st network and 2nd network, respectively. Traditionally, 

typical DN gels have a first network consisting of a polyelectrolyte, such as PAMPS, and a second 

network consisting of a neutral material such as polyacrylamide. To expand the DN concept from 

micro-scale to macro-scale, we utilized a hard, 3D-printable resin grid with specific geometries for 1st 

network and a soft, stretchable natural rubber matrix for 2nd network to prepare a macro-scale double 

network (DN) composite. As model systems to produce such composite, firstly we prepared simple 

lattice-grid shape for reinforcing phase (Fig. 6.1). The composite has a heterogeneous architecture that 

is macro-scale (mm scale) hard grid phase and soft matrix phase. To confirm the reinforcing effect 

based on the aforementioned sacrificial bond principle, uniaxial tensile tests were performed on the 

macro-scale composite. Typical force-displacement curves of the composite, pristine natural rubber 

(NR), and neat 3D-printable resin grid are shown in Fig. 6.2. The composite exhibited much higher 

stiffness than the pristine NR, similar to that of the neat resin grid. However, the extensibility of the 

composite was comparable to that of the pristine NR. This is due to the unique fracture process of the 
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6.6 Schemes 

 

Scheme 6.1 | Fabrication of 3D printable resin reinforced natural rubber (NR) composites. 

 

 

 

Scheme 6.2 | Fabrication of 3D printable resin reinforced polyvinyl alcohol (PVA) gel composites. 
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6.7 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 | Schematic illustrations of micro and macro double network materials. (a) Required 
network properties for creating double network materials; hard/brittle properties and soft/ductile 
properties are necessary for 1st network and 2nd network, respectively. (b) Implementation of double 
network concept in micro- and macro-scales. Traditionally, micro-DN gels have a first network 
consisting of a polyelectrolyte, such as PAMPS, and a second network consisting of a neutral material 
such as polyacrylamide. The macro-DN composite has a first network consisting of a 3D printed, rigid 
grid of (insert polymer name), and a un-crosslinked natural rubber second network.  
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Figure 6.3 | Schematic illustrations of fracture process of the macro-scale DN composites. (a) 
Firstly, when the sample is stretched, the stress is concentrated on the grid. (b) Secondly, internal 
fracture of the grid occur and stress is isolated in the rubber. (c) Thirdly, stress is concentrated on the 
rubber and strain hardening of rubber occur. (d) After that, another part of grid is fractured and this 
cycle is repeated many times. During this process, energy is well dissipated. (e) Then finally, rubber is 
broken and whole sample fails. 




























