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CHAPTER 2 

Background 

2.1 DCC method 

Our facile method includes drying a piece of diluted physical hydrogel consisting of semi 

rigid/rigid polymers in air at a confining geometry, as shown in Figure 2.1(I). This drying in 

confined condition method is abbreviated DCC. During drying, the gel shrinks due to the 

evaporation of water (Figure 2.1(II)). As its two ends are fixed, the width and thickness of 

the hydrogel will shrink, but not the length. Therefore, the gel experiences tensile stress in 

the length direction during drying, causing orientation of the polymer chains along the length 

direction. When dried, the polymer concentration increases and above a critical concentration 

the polymers form nanofibrils through supramolecular interactions (Figure 1(II)). Further 

drying induces aggregation of nanofibrils to form thicker fibers. The process is repeated to 

form the hierarchical fibrous structure of the gel (Figure 1(III)). The reswollen gel maintains 

the same structure due to the formation of stable supramolecular interactions (Figure 2.1(IV)). 

Different rigid/semi-rigid linear polysaccharides such as alginate, cellulose, and chitin are 

critical to the morphogenesis and functionality of various hierarchically ordered natural 

materials.[1] 

2.2 DCC method on various polymer hydrogels. 

To confirm the effect of DCC method on different biopolymers, we applied DCC method on 

cellulose hydrogel, alginate hydrogel and chitin hydrogel respectively. Cellulose and chitin 
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direction, which aligns the polymer chains in the length direction. When polymer density 

reaches the fber forming concentration by drying, thin fbrils are formed along the tensile 

direction through H-bond formation (II). Further drying induces aggregation of nanofibrils 

to form thick fibers; this process is repeated to form the hierarchical fibrous structure of the 

gel (III). The reswollen gel maintains the same structure due to the formation of stable H-

bonds (IV). [REF] 

 

Figure 2.2 SEM photo showing the surface morphology of DCC-Cellulose, DCC-Alginate 

and DCC-Chitin respectively. 

Table 2.1 Mechanical properties and water contents of hydrogels prepared under different 

conditions. All the properties were measured after reswelling in water. Data are presented as 

average value with standard deviation from three measurements. Data are compared with 

human knee ligaments. 
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a)DCC: drying in confned condition; b)Human knee ligament data from medial collateral 

ligament (MCL), anterior cruciate ligament (ACL), and posterior cruciate ligament (PCL) 

are shown.[17,18] 

 

Figure 2.3 In vivo tests of various DCC biopolymer hydrogels. Subcutaneous implantation 

to the back of the rabbit to check the biocompatibility of different DCC biopolymer hydrogels. 
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CHAPTER 3 

Exploring the environmental effect on structure and performance of 

DCC-Cellulose hydrogel. 

3.1 Introduction 

In our previous work, we developed a facile method, called Drying in Confined Condition 

method, simple as DCC method, through which we produced DCC-alginate hydrogels with 

highly aligned hierarchical fibrous structure. [1] This highly biomimetic structure improved 

the mechanical performance of alginate hydrogel to the level of some connective tissues in 

human body, for example, ligaments.  

But as we mentioned in chapter 2, alginate hydrogel is instable under saline solution due the 

ionic crosslinking of Ca2+ ions. For application in the field of bio-engineering, a chemically 

stable biopolymer would be the best candidate. And hopefully can give a better mechanical 

performance to the final sample so that all of the connective tissues could be covered for 

future medical application.  
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With above consideration, we choose cellulose gel for DCC method, because cellulose 

molecules aggregate through hydrogen bonding and hydrophobic interaction, [2] which is a 

solid foundation for the chemical stability under saline solution. And most materials made of 

cellulose are famous for the high strength. Another advantage of cellulose is the vast source 

from the nature, cellulose is most abundant biopolymer in the world, with development of 

process techniques, cellulose can be easily refined and processed into ideal state like cellulose 

nanofibrils, cellulose nanocrystals, for application in a variety of areas, especially the 

biomedical areas. 

So in the first place, we need to confirm the optimal environmental conditions during the 

process of preparation of original gels and the DCC method. Based on the results, we will be 

able to further explore the possibility of improvement. And knowing environmental effect 

can give us a deeper understanding to the behavior of cellulose molecules, which can 

definitely contribute to future develop of cellulose-based materials. 

In this chapter, original gels have been made under various humidity and temperature. The 

resulted change in structure and mechanical performance have been checked. The cellulose 

molecules flexibility in original state plays an important role in the final morphology and 

mechanical performance of DCC samples. 

3.2 Experimental 

3.2.1 Materials 

Cellulose source (Advantec filter paper, Toyo Roshi Kaisha Ltd., Japan), DMAc and lithium 

chloride (Tokyo Chemical Industry Co., Ltd, Japan), acetone (Kanto Chemical Co., Inc., 
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Figure 3.1 Process of preparation of Cellulose hydrogel. 

 

Figure 3.2 Cellulose hydrogels prepared by exposing DMAc/Cellulose gels under different 

humidity. 
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Figure 3.5 Schematic illustration of DCC method 

 

Figure 3.6 a) Tensile tests of DCC samples dried under different temperature. b) The change 

of mechanical performance of DCC samples with the temperature during drying process. 
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Figure 3.9  SEM observation on the cross-section of cellulose hydrogel with different 

cellulose content. 

 

Figure 3.10  SEM observation on the surface of DCC-Cellulose hydrogels with 1.5 wt% 

cellulose. 
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Figure 3.11 Force change during DCC method 
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Figure 3.12 SEM observation on the morphology of DCC-Cel with different drying hours. 

  

    

 

CHAPTER 4 

Facile preparation of cellulose hydrogel with achilles tendon-like 

super strength through aligning hierarchical fibrous structure 

4.1 Introduction 

Polymer hydrogels are polymeric materials containing a large volume of water inside. This 

water-rich nature makes hydrogels similar to biological tissues, so that they are potentially 

suitable for use as biomaterials, including wearable devices, soft robotics, and alternative 

materials for various biological tissues.[1] However, the lack of sufficient strength and 

toughness restricts the application prospects of hydrogels. It is particularly challenging to 

fabricate hydrogels with excellent mechanical properties that could replace fibrous 

connective tissues such as ligaments and tendons. In recent years, different strategies, such 

as a double network strategy,[2,3] hybridization with nanomaterials,[4,5] and the use of 

biopolymers such as polysaccharides or proteins,[6,7] have been attempted to pursue the 

mechanical performance of fibrous connective tissues. However, hydrogels with strength at 
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(SAXS), and wide-angle X-ray diffraction (WAXD) characterizations, we confirmed that the 

fibrous structure of the DCC-E samples showed a rather different arrangement, which could 

play a central role in the improvement of both strength and toughness. 

 

 

4.2 Experimental 

4.2.1 Materials.  

Cellulose source (Advantec filter paper, Toyo Roshi Kaisha Ltd., Japan), DMAc and lithium 

chloride (Tokyo Chemical Industry Co., Ltd, Japan), acetone (Kanto Chemical Co., Inc., 

Japan), and ethanol (Imazu Chemical Co., Ltd.) were used as received without further 

purification. All the aqueous solutions were prepared using ultrapure deionized water. 

4.2.2 Preparation of cellulose hydrogel.  

Cellulose hydrogels were prepared from filter papers, as previously reported, with some 

minor difference.[9] The cut filter paper sheets were sequentially washed with water and 

ethanol. The washed paper was then activated by immersion in DMAc for 12 h and then 

vacuum dried at 60 °C. To prepare the cellulose solution, 0.75 g activated cellulose was 

dissolved in 100 g of LiCl/DMAc (8 g: 92 g). The cellulose solution was cast into a glass 

mold with a thickness of 3 mm. The solution was left in air under ambient conditions 

(temperature, 20 °C; humidity, 20%). After 2 days, the solution became a weak gel due to 

the diffusion of water molecules from the air into the cellulose solution. The weak cellulose 
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swelling equilibrium was reached to obtain the DCC hydrogels. Alcogel-based DCC 

hydrogels are referred to as DCC-E gels and hydrogel-based DCC hydrogels as DCC-W gels. 

Under the same pre-strain for the DCC method, fibrils formed inside DCC-E gel would be 

more oriented than DCC-W gel, because the network strands in the alcogel are initially 

straight, and there is more space for better aggregation during drying. 

    Then, the one-dimensional (1D) swelling ratios in three different directions (length, width, 

and thickness) of the DCC hydrogels were investigated, as shown in Figure 4.5a. All DCC-

E and DCC-W gels showed anisotropic swelling behaviour after immersion in water. The 

reswollen DCC samples show no obvious swelling in length direction, while there was 

significant swelling in the other two directions; for example, Figure 4.5b shows photos 

comparing DCC-W50% before and after reswelling. The one-directional swelling ratios in 

width and thickness depend slightly on the pre-strain and original solvent of the DCC 

hydrogels. The water content of all DCC hydrogels dropped from above 90% (original gels) 

to approximately 55%, as shown in Figure 4.5c. The anisotropic swelling behavior and 

decreased water content indicate abundant fibrillization along the tensile stress direction.[18, 

19] Fibrillization of cellulose by drying works as cross-links to suppress the water content of 

the DCC hydrogels, and the formation of stiff and highly aligned fibrils deters swelling in 

the length direction. 

4.3.3 Mechanical properties of DCC hydrogels 

    Although all the DCC samples showed similar water content (~55%) regardless of their 

original solvent and pre-strain, their mechanical properties varied significantly, as shown in 
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corresponding DCC-W samples with the same pre-strain, and the DCC-E samples show a 

smaller recovery ratio than the DCC-W samples.  

    Figure 4.8c depicts the residual strain of the DCC samples immediately after the first cycle 

and after 30 min of waiting. Each sample showed a significantly high residual strain, which 

corresponded to the energy dissipation during the cyclic test. The residual strain tended to be 

higher as the pre-strain increased, and the DCC-E gels showed a higher residual strain than 

the DCC-W gels with the same pre-strain. This tendency is similar to that of the energy 

recovery ratio. These data suggest a more efficient energy dissipation mechanism of the 

DCC-E samples upon deformation accompanying the structural transition and that the high 

toughness of the DCC-E samples originates from their efficient irreversible energy 

dissipation mechanism. 

4.3.5 Structure characterization 

Since all the prepared hydrogels are pure cellulose systems, the mechanical properties and 

energy dissipation mechanisms of the gels are highly dependent on the properties of cellulose 

fibrils and the morphology of the fibrils. To understand the structural origins of the 

enhancement of both the strength and toughness of the DCC-E samples, we used several 

techniques to characterize the fibril structure from the molecular level to the micrometer level 

for all the DCC samples. 

    It has been revealed that hierarchical structures exist extensively in biological tissues, 

playing an important role in toughening by dissipating energy to avoid devastating 

fractures.[20] Therefore, we observed freeze-dried DCC samples by SEM to observe their 
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spots along the vertical direction were observed in all samples. According to previous reports, 

these spots indicate a periodic lamellar arrangement of crystalline and amorphous cellulose 

regions along the fiber length direction.[21] Similar to most of the regenerated cellulose 

materials, the scattering from the lamellar structure was partially covered by the beam 

stop,[21, 22] which means that the structure length of the lamellar structure is larger than 115 

nm (calculated from the 1D profile in the vertical direction in Figure S6a), which is consistent 

with the SEM observation. In addition, sharp equatorial streaks in the horizontal direction 

were observed. The streaks indicate the nanometer-scale highly anisotropic structure in the 

DCC samples aligned in the stress direction, which should correspond to the fibrous structure 

of cellulose or needle-shaped voids between the cellulose fibrils. With a higher pre-strain for 

the DCC method, sharper and longer equatorial streaks for the DCC samples were observed. 

In addition, the DCC-E samples show longer streaks than the corresponding DCC-W samples 

with the same pre-strain. This means that an increase in the pre-strain and use of ethanol as 

the original solvent led to a higher alignment of cellulose fibrils in the DCC samples. 

WAXD measurements were performed on the DCC samples to analyze their molecular-scale 

structures. The DCC stretching of the samples was in the vertical direction, as shown in 

Figure 4.12. The 2D images of the WAXD for the DCC samples are shown in Figures 4.14a 

to 4.14f. For the cellulose hydrogel without DCC, only an amorphous scattering halo was 

observed, suggesting that the gel from regenerated cellulose was isotropic and had negligible 

crystalline domains. After applying the DCC method, two obvious changes were observed in 

the scattering profiles. First, instead of the amorphous scattering halo, two bright spots 

appeared in the horizontal direction, corresponding to the increased alignment of the non-
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crystalline region. Second, crystalline signals appeared in the scattering profiles of all DCC 

samples. The peaks can be assigned to cellulose II,[23, 24] as shown in the 1D profiles 

(Figures 4.15 and 4.15). From the 2D patterns of the WAXD results, for both DCC-W and 

DCC-E samples, the orientation of the crystalline region seems to be stronger with an 

increase in pre-strain. To quantify the orientation degree, we calculated the FWHM value of 

the scattering plane (110), which is the strongest crystalline signal in all samples (Figure 

4.14g). A smaller FWHM value indicates a higher degree of alignment of the crystals, and 

vice versa.[25] As shown in Figure 4.14h, the FWHM of the scattering plane (110) of both 

the DCC-W and DCC-E samples decreases with the pre-strain, suggesting that a larger pre-

strain induces a higher degree of alignment of the cellulose crystals. Moreover, comparing 

the samples with the same pre-strain, the DCC-E gels showed a smaller FWHM than the 

DCC-W gels, implying better orientation of the cellulose crystals in the DCC-E gels. 

    WAXD and SAXS measurements clarified the enhanced orientation of cellulose in the 

DCC-E samples from molecular to fibril scales. 

    With the above structural information, we believe that there are two important structural 

changes that could account for the improvement in both strength and toughness of the DCC-

E samples compared to the DCC-W samples. First, when comparing the DCC samples with 

the same pre-strain, the fibrils in the DCC-E gels have a stronger orientation than those in 

the DCC-W gels. Second, the fibrils inside the DCC-E gel were straight and in close contact, 

while the fibrils inside the DCC-W gel were twisted and loosely contacted. As already 

discussed, the difference in the fibrous structure of the DCC hydrogels depending on the 
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biopolymer materials by controlling the fibril arrangement, which could expand the 

application field of biopolymers to tissue engineering and soft electronics.[30, 31] 

4.5 References 

[1] Y. S. Zhang, Ali. Khademhosseini, 2017. Advances in Engineering Hydrogels. Science.  

356, eaaf3627. https://doi.org/10.1126/science.aaf3627 

[2] J. P. Gong, Y. Katsuyama, T. Kurokawa, Y. Osada, Double-Network Hydrogels with 

Extremely High Mechanical Strength. Adv. Mater. 15 (14) (2003) 1155-1158. 

https://doi.org/10.1002/adma.200304907  

[3] F. Yang, J. Zhao, W. J. Koshut, J. Watt, J. C. Riboh, K. Gall, B. J. Wiley,  A Synthetic 

Hydrogel Composite with the Mechanical Behavior and Durability of Cartilage. Adv. Funct. 

Mater. 30(36), (2020) 2003451. https://doi.org/10.1002/adfm.202003451 

[4] X. F. Wang, J. Fang, W. W. Zhu, C. X. Zhong, D. D. Ye, M. Y. Zhu, X. Lu, Y. S. Zhao, 

F. Z. Ren, Bioinspired Highly Anisotropic, Ultrastrong and Stiff, and Osteoconductive 

Mineralized Wood Hydrogel Composites for Bone Repair. Adv. Funct. Mater. 31(20), (2021)  

2010068. https://doi.org/10.1002/adfm.202010068 

[5] N. Annabi, S. R. Shin, A. Tamayol, M. Miscuglio, M. A. Bakooshli, A. Assmann, P. 

Mostafalu, J. Y. Sun, S. Mithieux, L. Cheung, X. S. Tang, A. S. Weiss, A. Khademhosseini, 

Highly Elastic and Conductive Human-Based Protein Hybrid Hydrogels. Adv. Mater. 28 (1) 

(2016) 40-49. https://doi.org/10.1002/adma.201503255 











46 
 

[31] B. R. Freedman, D. J. Mooney, Biomaterials to Mimic and Heal Connective Tissues. 

Adv. Mater. 31 (19) (2019) 1806695. https://doi.org/10.1002/adma.201806695 

4.6 Figures 

     

 

Figure 4.1 Schematic illustration of DCC method. 

 

Figure 4.2 Preparation of cellulose gels with DMAc/LiCl solution. 

 

Figure 4.3 SEM observation of cross-section part of original cellulose hydrogel. 
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Figure 4.4 Cellulose alcogel and hydrogel compared. a) A photo showing volume difference 

of the cellulose alcogel and hydrogel prepared with same amount of cellulose. b) Tensile 

stress-strain curves for the samples cut to 10 mm x 3 mm size (embedded image). c) Optical 

transmission tests results of the samples. d) Schematic illustrations showing network 

structures of the cellulose alcogel and hydrogel, where the cellulose hydrogels are made from 

more aggregated cellulose fibrils. 
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Figure 4.5 a) Swelling ratio in different directions of all DCC samples after immersion in 

water. b) Digital photos of DCC-W50% samples before and after reswelling in water. c) 

Water content of original cellulose hydrogel and all DCC samples after reswelling. 
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Figure 4.8 a) Cyclic tensile tests up to 0.2 mm/mm strain for all DCC samples at loading and 

unloading rates of 0.056 s-1. Waiting time between the first and second cycles is 30 min. b) 

Hysteresis and recovery rate estimated from the ratio of the second hysteresis area to the first 

hysteresis area. c) Residual strain in the cyclic tests of all DCC samples. 
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pattern, where 180° represents the direction perpendicular to the DCC stretching. h) Full 

width at half maximum (FWHM) values estimated from the azimuth angle profiles in (g). 

 

Figure 4.15 Intensity profiles of two directions extracted from 2D WAXD patterns: a) vertical, 

and (b) horizontal. 

 



57 
 

Figure 4.16 Schematic illustration showing different evolving process of fibrous structure for 

DCC samples prepared from hydrogel and alcogel. 

 

CHAPTER 5 

Energy dissipation by multi-scale untwisting of fibrils for DCC-

Cellulose hydrogel. 

5.1 Introduction 

Biological materials are inspiring for hydrogel scientists to prepare tough and strong 

materials through careful design of hierarchical structure. For example, tendon and ligaments. 

With highly aligned and hierarchical fibrous structure, those tissue have both high strength 

and toughness. Mechanism behind this excellent mechanical property is that hierarchical 

fibrous structure can effectively dissipate the energy while maintain the intact structure. [1] 

Previously, we have already confirmed the high toughness and strength of DCC-Cellulose 

hydrogel. In this chapter, in order to understand the way that hierarchical fibrous structure 

dissipate the energy, first, we combine cycling tests with SEM observation to analyze the 

mechanism from structure and energy point of view. And then, by tensile tests with different 

stretching rate to study the viscoelasticity of DCC-Cellulose samples. Furthermore, SEM 

observation was also applied to confirm the morphology change. Urea solution was also used 

in this chapter, with the purpose to undermine the hydrophobic interaction while maintain 
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the hydrogen bonding between fibrils. The changed energy dissipation behavior and fibrous 

structure give us more information of the origin of both high toughness and strength of DCC 

samples.  

 

5.2 Experimental 

5.2.1 Materials 

Cellulose source (Advantec filter paper, Toyo Roshi Kaisha Ltd., Japan), DMAc and lithium 

chloride (Tokyo Chemical Industry Co., Ltd, Japan), acetone (Kanto Chemical Co., Inc., 

Japan) were used as received without further purification. All the aqueous solutions were 

prepared using ultrapure deionized water. 

5.2.2 Gels preparation  

Cellulose hydrogels were prepared from filter papers, as previously reported, with some 

minor difference.[2] The cut filter paper sheets were sequentially washed with water and 

ethanol. The washed paper was then activated by immersion in DMAc for 12 h and then 

vacuum dried at 60 °C. To prepare the cellulose solution, 0.75 g activated cellulose was 

dissolved in 100 g of LiCl/DMAc (8 g: 92 g). The cellulose solution was cast into a glass 

mold with a thickness of 3 mm. The solution was left in air under ambient conditions 

(temperature, 20 °C; humidity, 20%). After 2 days, the solution became a weak gel due to 

the diffusion of water molecules from the air into the cellulose solution. The weak cellulose 

gel was then placed in pure water and equilibrated for 2 days, changing the water every 12 h, 

to obtain the cellulose hydrogel (thickness ~2 mm). The cellulose hydrogels were cut into 
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5.3.3 Cycling tests under different stretching rate 

Figure 5.16 summarized the results from cycling tests with different stretching rate, as we 

can see in Figure 5.16a, the irreversible hysteresis shows very limited rate dependence, while 

the reversible hysteresis shows a relative larger slope, but the viscoelasticity is still very 

limited. Take a closer look at the hysteresis results. First, for the irreversible hysteresis, even 

for the original cellulose hydrogel, the irreversible hysteresis is very low. As we previously 

revealed, the fibrous structure has already formed in original cellulose hydrogel, but not as 

dense as the DCC samples, the possible reason might be that the cross-linking between fibrils 

is irreversible, the hydrophobic interaction drives the close attachment of molecules or fibrils, 

it will lay a solid foundation for formation of abundant hydrogen bonding, because the 

hydroxy groups on cellulose are so close, they prefer to form inter-molecular hydrogen 

bonding rather than interacting with water molecules. [ref] Hence, when we break the cross-

linking between fibrils, the hydrogen boding will be broken, the hydrophobic part of cellulose 

will be exposed. Under this circumstances, the broken cross-linking is unable to form again, 

because the existence of other cross-linking limited the flexibility of molecules or fibrils. 

And as for the reversible hysteresis, the main contribution to which should be hydrogen 

bonding between the fibrils. while these hydrogen bonding should be mainly exist in fibril 

bundles, but not the cross-linking area. When the hydrogen bonding was broken by stretching, 

they form again when the stretching force is removed. 
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and most of which might be irreversible. More quantification work needs to done for 

confirmation. 

By doing cycling tests with different stretching rate, we found that cellulose samples show 

very limited viscoelasticity, and by fitting the results from irreversible hysteresis and 

reversible hysteresis we found that reversible hysteresis shows a larger viscoelasticity 

compare with irreversible hysteresis. And by using urea solution to undermine the 

hydrophobic interaction between cellulose fibrils we found that hydrophobic interaction 

plays an important role in both irreversible hysteresis and reversible hysteresis. Combine the 

SEM observation, we found that there could be 2 different kinds of cross-linking between 

cellulose fibrils, one is strong interaction which is hard to break though immersion in urea 

solution, another one is weak interaction which could be broken though urea solution, and 

make the cellulose fibrils separated. Quantify work need to be done to research interaction 

between fibrils, urea solution with different concentration will be used to further check the 

resulted change in mechanical performance. 
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5.6 Figures 

 

Figure 5.1 a). Experimental design of cycling test. b). Conduct freezing dry treatment at 

different strain for SEM observation. 

https://doi.org/10.1002/adma.201704937
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Figure 5.2 a) Swelling ratio of different directions of DCC samples. b). Water content and 

cellulose density of all samples. 

 

Figure 5.3 Illustration of two different hysteresis during cycling test.  
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Figure 5.4 a). Residue strain of DCC-Cel50% at different strain. b). Residue strain of DCC-

Cel 50% of first cycle and last cycle. 

 

Figure 5.5 a). Total hysteresis of DCC-Cel 50% after different cycles and different waiting 

times. b). For DCC-Cel 50%, the relation between hysteresis and cycling strain value. 
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Figure 5.6 a). For all the samples, the relation between irreversible hysteresis and cycling 

strain. b). For all samples, the relation between reversible hysteresis and cycling strain.  

 

Figure 5.7 SEM observation on the surface of DCC-Cel 0% under different magnification. 
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Figure 5.8 Schematic showing possible fibrils arrangement of DCC-Cel 0%. 

 

Figure 5.9 Structure evolution of DCC-Cel 0% under stretching.  
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Figure 5.10 Structure evolution DCC-Cel 0% under higher magnification. 

 

Figure 5.11 a). Residue strain of first cycle of all samples. b). Residue strain of last cycle of 

all samples. 
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Figure 5.12 SEM observation on DCC-Cel 0%, after being stretched to a certain strain and 

then immersed in water for 10 minutes. 

 

Figure 5.13 Magnification of previous SEM photos. 
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Figure 5.14 SEM observation on DCC samples with different prestretching after being 

stretched to 0.2 strain. Upper photos showing the structure of immediately freezed sample. 

Lower photos showing the structure of samples waited in water for 10 minutes. 
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Figure 5.15 Schematic showing the different fibril bundles in different DCC samples. 
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Figure 5.19 Anisotropic swelling behavior of DCC samples in water and urea solution. 
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Figure 5.20 Tensile tests of DCC samples and UDCC samples.  

 

Figure 5.21 Summary of tensile tests. 

 

Figure 5.22 Cycling tests for UDCC samples. 
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Figure 5.23 Summary of cycling tests for DCC and UDCC samples. 

 

Figure 5.24 Fibrous structure comparison between DCC and UDCC samples. 
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Figure 5.25 After cycling test (0.2 strain), the comparison of fibrous structure between DCC 

and UDCC samples. 
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CHAPTER 6 

Training cellulose hydrogel through DCC method. 

6.1 Introduction 

Biological load-bearing tissues are dynamic, open systems in which structural 

transformations to adapt surrounding mechanical environment are constantly occurring 

through metabolic processes. Specifically, skeletal muscles hypertrophy and strengthen due 

to the repeated exercise. The destruction of fibrous structure is caused by exertion, whereas 

the supply of building blocks such as amino acid and constructive chemical reactions grows 

new muscle. Similar phenomenon can also be observed in plants which mainly consists 

polysaccharides like cellulose and alginate. [1] For example, trees grow in the blustery places 

will bend along the wind wind direction, and many other phenomenon also reflects that 

polysaccharides can also adapt to surrounding forces.  

Those biological materials are inspiring for hydrogel scientists to prepare dynamic hydrogel 

system which can adapt to surrounding forces. Previously in our lab, we have developed the 

mechanoresponsive self-growing hydrogels based on Double Network hydrogel system.[2] 

This synthetic hydrogel successfully mimic the muscle building behavior through cycling 

stretching in monomer solution. This self-enhancing hydrogel is prospective in emerging 

areas like soft-robotic and tissue-engineering. But the big disadvantage of this system is that 

you have to incorporate the toxic monomer solution in the hydrogel, and strict environment 

for training will also limit the practical application.  
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Hence, in this chapter, we focus on the biopolymer system. Unlike synthetic polymer system, 

there is no need for monomer solution, we will take fully advantage of the physiochemical 

property of the biopolymer to explore the self-enhancement behavior.  

Previously, we successfully developed a simple method which named Drying in Confined 

Condition method, simple as DCC method. By using DCC method, we successfully 

improved the mechanical performance of alginate and cellulose hydrogel. The mechanical 

property of those DCC hydrogels reached the same level of connective tissues in human body 

like tendon and ligament. And we confirmed the biomimetic fibrous structure in those 

hydrogels. It would be very reasonable to ask is it possible to further improve the mechanical 

performance of those hydrogel. Or in other words, has the cellulose hydrogel or alginate 

hydrogel already fully adapted to the DCC method, is there still potential for further 

improvement? 

In this chapter, we will train the cellulose hydrogel through repetitive DCC method, as shown 

in Figure 6.1, and try to explore the mechanical limit of cellulose hydrogel. And it has been 

shown that repetitive DCC method can effectively improve the mechanical property of DCC-

Cellulose, despite their high strength. Some simple characterization has also been tried to 

find the origin of this self-enhancement behavior. 

6.2 Experimental  

6.2.1 Materials 

Cellulose source (Advantec filter paper, Toyo Roshi Kaisha Ltd., Japan), DMAc and lithium 

chloride (Tokyo Chemical Industry Co., Ltd, Japan), acetone (Kanto Chemical Co., Inc., 
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Japan), and ethanol (Imazu Chemical Co., Ltd.) were used as received without further 

purification. All the aqueous solutions were prepared using ultrapure deionized water. 

6.2.2 Gels preparation 

Cellulose hydrogels were prepared from filter papers, as previously reported, with some 

minor difference.9 The cut filter paper sheets were sequentially washed with water and 

ethanol. The washed paper was then activated by immersion in DMAc for 12 h and then 

vacuum dried at 60 °C. To prepare the cellulose solution, 0.75 g activated cellulose was 

dissolved in 100 g of LiCl/DMAc (8 g: 92 g). The cellulose solution was cast into a glass 

mold with a thickness of 3 mm. The solution was left in air under ambient conditions 

(temperature, 20 °C; humidity, 20%). After 2 days, the solution became a weak gel due to 

the diffusion of water molecules from the air into the cellulose solution. The weak cellulose 

gel was then placed in pure water and equilibrated for 2 days, changing the water every 12 h, 

to obtain the cellulose hydrogel (thickness ~2 mm). The cellulose hydrogels were cut into 

small pieces 10 mm wide, and 40 mm long and ~2 mm thick, and then loaded into the 

clamping devices with an initial length between the clamps of 30 mm, and then left drying 

under the air to record the force change during drying process.  After the sample become 

totally dried, we take it off the clamp of tensile tester, and re-immerse the sample in water, 

and then after the equilibrium was reached, we got DCC-0%, and then repeat the above steps, 

we get DCC-0%, 0%. If we keep repeat the step for one more time, then we name the sample 

as DCC-0%, 0%x2, which means this cellulose hydrogel has been trained with DCC method 

for 3 times, and no prestrain has applied upon each training process. Above is the description 
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6.6 Figures 

 

Figure 6.1 Schematic illustration of using DCC method as training method to cellulose 

hydrogel. 

 

Figure 6.2 The change of  swelling ratio of DCC samples along different direction after 

various training times. 
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Figure 6.5 Laser scanning confocal microscope observation on the surface of cellulose 

hydrogels after multiple DCC training process.  
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Figure 6.6 Schematic illustration of the change of fibrous structure after multiple DCC 

training.  

 

 

Figure 6.7 Comparison between cellulose hydrogels with different DCC training process. 
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improvement in mechanical properties is attributed to be the higher degree of cellulose 

orientation observed in the DCC-E gels from the molecular scale to the submicron fibril scale. 

We confirmed this observation by hierarchical structural analyses using SEM, SAXS, and 

WAXD. Finally, this study provides a simple strategy to improve and modulate the 

mechanical performance of biopolymer materials by controlling the fibril arrangement, 

which could expand the application field of biopolymers to tissue engineering and soft 

electronics. 

In Chapter 5, we confirmed the irreversible hysteresis and reversible hysteresis by cycling 

tests, and through quasi  in situ SEM observation, we confirmed that the untwisting behavior 

of fibrous structure. Twisted area might contribute large amount of energy to total hysteresis, 

and most of which might be irreversible.  Then, by doing cycling tests with different 

stretching rate, we found that cellulose samples show very limited viscoelasticity, and by 

fitting the results from irreversible hysteresis and reversible hysteresis we found that 

reversible hysteresis shows a larger viscoelasticity compare with irreversible hysteresis. And 

by using urea solution to undermine the hydrophobic interaction between cellulose fibrils we 

found that hydrophobic interaction plays an important role in both irreversible hysteresis and 

reversible hysteresis. Combine the SEM observation, we found that there could be 2 different 

kinds of cross-linking between cellulose fibrils, one is strong interaction which is hard to 

break though immersion in urea solution, another one is weak interaction which could be 

broken though urea solution, and make the cellulose fibrils separated. Quantify work need to 

be done to research interaction between fibrils, urea solution with different concentration will 

be used to further check the resulted change in mechanical performance. 
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