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ABSTRACT 

We report a method to create anisotropic double network (DN) hydrogels, through the controlled 

orientation of a physical sacrificial network. A crosslinked polyacrylamide hydrogel is synthesized 

from a solution containing a semi-rigid anionic polyelectrolyte. Subsequently, the gel is stretched 

to orient the semi-rigid polyelectrolyte, which does not relax in the stretched state due to the high 

contour length in comparison to the mesh size of the polyacrylamide network.  The polyelectrolyte 

is then physically crosslinked with a multivalent cation, ZrCl2O, to fix the anisotropy. Anisotropy 

was visualized by observing birefringence and quantified by small angle x-ray scattering (SAXS). 

By comparing the scattering in the oriented direction versus perpendicular to the oriented direction, 

a structural anisotropy factor was calculated. Uniaxial tensile testing was performed on samples of 

varying pre-stretch, both parallel and perpendicular to the stretching direction. The Young’s 

modulus, fracture stress, fracture strain, and work of extension were characterized, and the 

resulting mechanical anisotropy was compared to the structural anisotropy factor. We find that the 

anisotropy of Young’s modulus and fracture stress are directly controlled by the anisotropy of the 

sacrificial network, while fracture strain and work of extension show little influence from 

structural anisotropy.  The results of this work demonstrate that pre-stretching of a physical 

sacrificial network is a controllable and simple method to create anisotropic DN hydrogels.  
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INTRODUCTION 

Load-bearing soft tissues represent a unique type of soft matter: while containing water, they 

possess robust mechanical properties over a diverse spectrum of stiffnesses.1,2 Ranging from 

softest to hardest, some examples include skin,3 ligament,4–6 and cartilage.7–9 Interestingly, all of 

these materials possess anisotropic and hierarchical structures, which enables important functions. 

Ligaments are composed of aligned collagen fibrils within an extracellular matrix, providing high 

stiffness along with water content. Cartilage is also a soft material that contains collagen, but the 

orientation of the collagen fibrils changes spatially. Close to the bone, collagen is aligned 

perpendicular to the surface, providing high compression stiffness. Moving away from the bone, 

the collagen becomes increasingly isotropic, and then reverses close to the interface, eventually 

becoming aligned parallel to the surface.8 This parallel alignment provides stiffness against the 

tension experienced during motion. Creation of synthetic materials that possess similar controlled 

anisotropy and robust mechanical properties similar to biological tissues is a significant challenge.  

Hydrogels are often compared to biological tissues because they contain large amounts of 

water.  Yet simple hydrogels are brittle and weak, which has limited their application. Significant 

progress has been achieved towards improving the mechanical properties of hydrogels through the 

development of numerous toughening mechanisms.10–13 Among the many methods developed, 

double network (DN) gels stand out due to their combination of high modulus, toughness, and 

water content.11,14 DN gels consist of an interpenetrating network structure, where the first network 

is rigid and brittle, and the second network is soft and stretchable. When deformed, covalent bonds 

in the first network fracture, dissipating energy. This fracture process permanently remodels the 

structure of the gel, and this dissipation process cannot be repeated. 

Recently, we developed a new type of DN gel with a physical sacrificial network based on 
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the semi-rigid polymer poly(2,2’-disulfonyl-4,4’-benzidine terephthalamide) (PBDT, Figure 

1a(i)) reinforcing a crosslinked polyacrylamide (PAAm) matrix (Figure 1a(ii)).15 Polyelectrolytes 

are capable of physical crosslinking through the incorporation of multivalent metal ions.16–21  

Because these bonds are capable of breaking and reforming, they represent a method to create a 

sacrificial network that can reversibly dissipate energy. In the reaction cell, PBDT was mixed with 

acrylamide monomer, a chemical crosslinker, and potassium persulfate (KPS) as an initiator. 

Thermal polymerization was carried out in air in a temperature-controlled heat box at 60℃. After 

polymerization, the hydrogel was immersed in ZrCl2O solution. ZrCl2O forms a complex 

compound, [Zr(OH)2⋅4H2O]4[Cl8⋅12H2O], where the cation is an octavalent tetramer complex 

[Zr(OH)2⋅4H2O]4
8+ that can form multiple physical bonds with polyelectrolytes.20,22,23 Addition of 

this ion results in physical crosslinking of the percolated PBDT network. The PBDT/PAAm DN 

gels exhibited high modulus (up to ~5 MPa) along with toughness (work of extension up to 17.3 

MJ/m3), matching or exceeding the best DN gels.14,24 These physical DN gels also exhibited up to 

51% recovery of hysteresis upon unloading, up to strains of 50%.  

Understanding the importance of anisotropy in biomaterials applications, researchers have 

recently focused on developing anisotropic hydrogels. A recent review by Sano, Ishida, and Aida 

discusses the depth of the approaches attempted, and can be viewed for a complete list of 

references.25 Hydrogels with anisotropic properties have been achieved through four primary 

methods: orientation of nanofillers,26–32 orientation of the polymer chain network,26,33,34 

incorporation of oriented channels,35,36 and macroscale composite structures.37–41 One of the most 

successful techniques used to create anisotropic materials involves the introduction of bilayer 

structures that can be polymerized after orientation through shear flow.29–32 As a result of the 

incorporated oriented network, these materials exhibit one-dimensional swelling, anisotropic 
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modulus, and fast-switching structural color. In some circumstances, the delineation between 

oriented nanofillers and oriented polymer chain structures is not so clear, as the nanofillers can 

form large-order domains. For example, researchers have made anisotropic, tough biomaterials 

through incorporating fillers (such as cellulose, collagen, and graphene oxide) that form long-range, 

oriented phases through stretching,42,43 drying in confined conditions,44 ionic diffusion,45 and 

interfacial welding.46  

In this work, we aim to create anisotropic PBDT/PAAm double network hydrogels based 

on a physical sacrificial network of ionic-crosslinked semi-rigid polyelectrolytes.  Compared to 

traditional DN gels that utilize swelling to extend the chains of the sacrificial first network, PBDT 

is inherently rigid due to its long persistence length and can be incorporated in a one-step 

fabrication process that does not rely upon swelling. Due to its much larger contour length in 

comparison to the mesh-size of the PAAm network, the linear PBDT chains are physically trapped 

in the PAAm matrix.  Mechanical force can therefore be used to align the PBDT chains, by 

stretching the PAAm hydrogel without showing relaxation of the PBDT chains to the isotropic 

state. The oriented PBDT chains are subsequently crosslinked by immersion of the sample in 

ZrCl2O solution to fix the anisotropy. After the release of the mechanical force, the new geometry 

is maintained. The anisotropy is first visualized through optical birefringence experiments, where 

birefringence increases linearly with pre-stretch. X-ray scattering is next performed to quantify the 

ordering of the sacrificial network. We see a characteristic peak at a scattering vector of q = 0.21 

nm-1, corresponding to 30 nm, in accordance with the persistence length of the PBDT. Integrating 

azimuthally, we quantify the orientation due to an increase in scattering at 0/180° versus 90/270°. 

Comparing the scattering intensity in the peak and valley regions results in an anisotropy factor. 

After analyzing the network structure, we characterized the mechanical properties as a function of 
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different pre-stretch ratios, both parallel and perpendicular to the stretching direction. Young’s 

modulus ranging from 0.45 MPa to 1.3 MPa, and fracture stress ranging from 0.92 MPa to 2.2 

MPa is achieved, simply by modifying the architecture of the sacrificial network. Finally, we 

compare the structure anisotropy from x-ray scattering to the mechanical anisotropy, as a function 

of pre-stretch. We see a strong correlation between structural and mechanical anisotropy factors 

for modulus and fracture stress, demonstrating the role of the oriented physical sacrificial network 

on the resulting mechanical properties. The techniques demonstrated here allow us to develop 

anisotropic hydrogels with significantly enhanced mechanical properties compared to simple 

hydrogels. These materials possess properties that may help guide the design of new anisotropic 

materials for biological prosthetic applications.  
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RESULTS AND DISCUSSION 

Properties of Isotropic PBDT/PAAm DN Gels 

To focus our investigation on the role of the sacrificial network orientation, a standard formulation 

will be utilized throughout all experiments. PBDT/PAAm DN gels can be tuned through a number 

of parameters, including crosslinking ion type, crosslinking ion concentration, and PBDT 

concentration. In our previous work, we have investigated these parameters in order to optimize 

the mechanical properties of the gel.15 In all cases, a 3.0 M as-prepared polyacrylamide hydrogel 

was synthesized as the stretchable polymer network (see experimental section for full synthesis 

Figure 1. Chemical components, and fabrication method of an oriented PBDT/PAAm DN hydrogel. (a) (i) The 
structure of the reinforcing PBDT, and (ii) the structure of the PAAm network. (b) The method to fabricate the 
oriented PBDT network. (i) The PBDT/PAAm gel sample is placed into a custom design jig and clamped. (ii) 
Pre-stretch is applied to the gel, to orient the PBDT chains. (iii) The sample is then immersed in ZrCl2O solution, 
to physically crosslink the PBDT chains. Upon release (iv), the sample maintains its shape.  
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details). We utilize ZrCl2O as the crosslinking agent, as it can form strong crosslinks with the 

anionic PBDT. The concentration of the crosslinking solution is important because if it is too low, 

not enough crosslinks are formed, and if it is too high, intermolecular interactions are shielded. A 

concentration of 0.15 M allows for significant crosslinking to occur. Finally, it was previously 

shown that the overlap concentration at equilibrium conditions, C*, was 0.3 wt%,47 while the 

critical nematic liquid crystalline concentration, CLC*, was 2.2 wt%, for PBDT with Mw = 182,000 

Da, similar to the Mw = 142,000 Da PBDT used in this research.16 Between these two equilibrium 

concentration bounds, the PBDT can form a percolated network, without coordinated motion, 

which allows for highly transparent yet mechanically tough gels. A 3 wt% PBDT prepolymer 

solution results in a gel containing 1.8 wt% PBDT at equilibrium conditions. When these 

parameters are combined, the produced PBDT/PAAm DN gel contains 81 wt% water and has 83% 

transparency at 550 nm, along with a Young’s modulus of 1.69 MPa, fracture stress of 1.34 MPa, 

fracture strain of 7.29, and an average work of extension of 5.94 MJ/m3.15  

Utilizing Tensile Stress to Make Anisotropic Sacrificial Networks 

The topological structure of the PBDT network within the PBDT/PAAm DN gels can be tuned by 

using a pre-stretching method. We have recently demonstrated that when hydrogels are loaded 

with stiff macromolecules and dried in confined conditions, the reinforcing phase can be 

oriented.44 Similarly, we can orient the PBDT molecules embedded in the gel matrix by applying 

an external force (e.g. stretching).48 The as-prepared PBDT/PAAm gels are placed into a custom-

built jig, that enables the application of controlled pre-stretch, as shown in Figure 1b(i). A given 

pre-stretch, λp, is then applied and held constant (Figure 1b(ii)). While maintaining the stretched 

position, the gels were submerged in ZrCl2O solution (Figure 1b(iii)) to fix the oriented PBDT 

molecules during the swelling process. Upon releasing from the jig, the sample geometry, with a 



9 
 

new length proportional to λp was maintained even after swelling (Figure 1b(iv)). Due to the high 

stiffness of PBDT and its strong crosslinking with ZrCl2O, the newly formed sacrificial network 

causes the resulting DN gel to maintain the geometry formed from pre-stretching; in other words, 

the sample length does not change when released from the pre-stretching jig.  

The method employed here differs from previous methods used to make anisotropic 

hydrogels. First, the PBDT used for reinforcement is inherently rigid and has a long contour length 

due to its high molecular weight (Mw = 142,000 Da). During pre-stretching, the chemically 

crosslinked PAAm network cannot relax. The linear PBDT chains, although only physically 

embedded in the PAAm matrix, also do not relax in a relatively short time because the contour 

length of the PBDT chains (Lcontour = ~460 nm) is much longer than the mesh size of the PAAm 

network (Lmesh = ~ 9 nm), Lcontour/Lmesh ≈ 51 (see Supporting Information Appendix A and Figure 

S1 for calculations). Accordingly, the orientation of the PBDT is fixed by ZrCl2O that physically 

crosslinks the PBDT to form the network, and the time of physical crosslinking is governed by the 

diffusion of the ZrCl2O ions into the polymer network, which is faster than the relaxation time of 

PBDT in the PAAm matrix.  

We successfully introduced anisotropic PBDT structures with different orientation degrees 

that were controlled by the pre-stretching ratio (λp, stretch length / initial length). The anisotropic 

structure was observed in the swollen samples under cross nicols (Figure 2a, black background) 

with 1/4λ plates (Figure 2a, grey background).49 At λp = 1.0 (unstretched), the PBDT/PAAm DN 

gel did not show birefringence, indicating an isotropic structure. However, vivid birefringence was 

observed due to the presence of anisotropic structures at λp = 1.5-2.5. According to the color images 

under the cross nicols with a 1/4λ plate, we found that the PBDT molecules were aligned along 

the pre-stretch direction. As λp increases, the measured birefringence also increases (Figure 2b) 



10 
 

in a linear fashion.  

 

Quantifying Anisotropy with Small Angle X-ray Scattering (SAXS) 

To further characterize the anisotropy of the gel due to the oriented PBDT structure, small angle 

x-ray scattering (SAXS) experiments were performed on the DN gels with various degrees of pre-

stretch (Figure 3). As λp of the sample increased, the scattering pattern transforms from radially 

symmetric to noticeably oriented (Figure 3a). To analyze the orientation of the sacrificial network, 

1D integration in the azimuth direction against the scattering vector, q, was performed, with the 

region between 70-110o considered “perpendicular” scattering and 160-200o considered “parallel” 

Figure 2. Orientation of the sacrificial network as confirmed by birefringence tests. (A). Images of isotropic, 
parallel oriented, and perpendicular oriented samples, under both cross nicols (black background), and 
1/4λ wave plates (grey background).  (b) The measured birefringence as a function of pre-stretch ratio, λp.  



11 
 

scattering. The intensity vs. q plot for these regions with different pre-stretch ratios can be seen in 

Figure 3b. A characteristic peak (q = 0.21 nm-1) corresponding to a length of about 30 nm is 

expected to represent the persistence length of PBDT (close to the literature value of ~40 nm for 

180 kDa PBDT).16 With increasing pre-stretch, more scattering occurs in the parallel direction than 

in the perpendicular direction. To better analyze this trend, we integrated the intensity between q 

= 0.17 and 0.25 nm-1, denoted by the dashed lines in Figure 3b, for the entire azimuthal range. 

The intensity versus azimuth angle plot is shown in Figure 3c. As pre-stretch increases, full width 

at half maximum decreases and intensity increases in the parallel direction and decreases in the 

perpendicular direction, indicating the long axis of PBDT aligns in the pre-stretch direction.  

Mechanical Characterization of Anisotropic PBDT/PAAm DN Gels. 

To investigate the orientation effect of PBDT on the mechanical properties, we performed uniaxial 

Figure 3. Small Angle X-ray Scattering (SAXS) experiments, performed on PBDT/PAAm samples with 
anisotropic sacrificial networks. (a) Scattering profile as a function of pre-stretch, λp. As pre-stretch increased, 
the shape changes from radially symmetric to a two-lobed shape. (b) Intensity as a function of q. Intensity is 
higher in the parallel direction than the perpendicular direction. Dashed lines denote q = 0.17 nm-1 and 0.25 nm-

1, the region over which is integrated to form the plot in (c). (c) Intensity versus azimuth angle. The maximum 
scattering occurred near 0/180 degrees, and the minimum scattering intensity occurred near 90/270 degrees. The 
ratio of maximum intensity to minimum intensity was calculated as the anisotropy factor.  
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tensile tests on the anisotropic PBDT/PAAm DN gels. Large sheets of PBDT-containing PAAm 

gel were made, pre-stretched, and immersed in 0.15 M ZrCl2O solution to fix the anisotropic 

physical sacrificial network. After fixing the anisotropic structure, dumbbell shaped samples were 

punched parallel and perpendicular to the stretching direction. An isotropic (λp = 1) sample was 

also prepared as a control. The resulting stress versus strain curves can be seen in Figure 4a. In 

the case of the samples that have parallel PBDT orientation in relation to the tensile direction, the 

gels became harder and stronger than the control sample with increasing orientation degree of 

PBDT. 

A noticeable change in the stress versus strain response occurs after the yielding point. In 

the case of the parallel samples, noticeable stiffening occurs compared to the isotropic and 

perpendicular-oriented samples. In the case of traditional double network gels, covalent bonds are 

continuously fracturing during yielding. Once a sacrificial bond is extinguished, it cannot be 

reformed. In the case of PBDT/PAAm DN gels, the sacrificial bonds are formed from ionic 

interactions, and can reform after fracture. The impact this reformation process has depends on the 

orientation. In the case of the parallel oriented samples, the reformation process results in 

significant strain-hardening during yielding. With PBDT aligned perpendicular to the loading 

direction however, the PBDT network supports less load during deformation, reducing the impact 

of this effect.  

Figure 4b through Figure 4e compare the resulting properties extracted from the stress 

versus strain curves. Circle symbols denote parallel tests, while triangle symbols represent 

perpendicular tests. In the case of Young’s modulus, E, as pre-stretch increases, the modulus 

deviates from the isotropic modulus of E = 0.98 MPa, increasing in the stretching direction up to 

E = 1.29 MPa, and decreasing perpendicular to the stretching direction to E = 0.44 MPa (Figure 
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4b). Following the same trend, an 81% increase in fracture stress, σx, was measured due to 

orientation of the stiff network, in the parallel direction (Figure 4c). Due to pre-stretching, we see 

a noticeable decrease in fracture strain for the parallel samples, and only a slight change in the 

perpendicular samples (Figure 4d). This is likely due to pre-stretching influencing the total 

extensibility of the samples. In the case of the parallel samples, pre-stretching in the loading 

direction results in the testing specimen possessing residual tension (and therefore decreased strain 

at break). For perpendicular samples, we would expect the Poisson’s effect during stretching to 

result in residual compression, and therefore increased strain at break. In reality strain at break 

increases only slightly. The rigid PBDT network that possesses higher modulus is oriented 

perpendicular to the stretching direction and therefore will exert a resistance against the contraction 

in this direction when the sample is stretched. As a result, the sample is less deformed in the 

direction perpendicular to the stretch direction than expected from an isotropic sample, and the 

fracture strain will not increase as expected from an isotropic sample.  This effect will be discussed 

Figure 4. Mechanical response of anisotropic PBDT/PAAm DN gels. (a) Nominal stress versus strain for samples 
with oriented sacrificial networks. (b) Young’s modulus, (c) fracture stress, (d) fracture strain, and (e) work of 
extension of the anisotropic PBDT/PAAm DN gels.   



14 
 

further in the next section. Additionally, one sample from the λp = 1.5 perpendicular data set failed 

early, resulting in the large error bars shown. Finally, we compared the work of extension, W, 

(normalized by sample volume) of the composites, in Figure 4e. In the case of the parallel samples, 

despite having higher σx they also have a lower εx, resulting in no significant change in W. The 

perpendicular samples show approximately the same εx but lower σx, and therefore exhibit 

decreased W.  

Correlating Structural and Mechanical Anisotropy 

In the previous sections, we have shown that we can quantify the orientation of DN gels by x-ray 

scattering experiments and the anisotropic mechanical properties by tensile tests.  Next, we analyze 

the correlations between the structural anisotropy factor of the PBDT network and the measured 

mechanical anisotropy factor (Figure 5). Mechanical anisotropy factor is defined as the ratio of a 

quantified property in the parallel direction divided by the perpendicular direction. The anisotropy 

factor for Young’s modulus, E, fracture stress, σx, fracture strain, εx, and work of extension, W, are 

represented by the colored symbols in Figure 5a to Figure 5d, respectively. For the control sample 

with λp = 1, both the x-ray scattering and the mechanical response are isotropic, corresponding to 

the anisotropy factor of 1. Anisotropy factor for the x-ray scattering experiments was determined 

by dividing the maximum intensity (at an azimuth angle of 0/180 degrees) by the minimum 

intensity (at an azimuth angle of 90/270 degrees), as highlighted in Figure 3c. For each plot, two 

guidelines are drawn, as an aid to the eye: one line represents a linear response between anisotropy 

factor and pre-stretch where the slope, m, is equal to 1, and one guideline is horizontal (m = 0), 

showing no correlation between anisotropy factor and pre-stretch.  

 First, we can discuss the orientation of the structure, as determined by x-ray scattering. We 

see that the anisotropy factor in the structure matches very closely to the line with m = 1, meaning 
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that the anisotropy factor is equal to the pre-stretching ratio. This provides good evidence that as 

pre-stretching increases, we are continually creating a more anisotropic sacrificial network. Next 

we will compare the mechanical responses to the structural anisotropy. Each plot contains the 

SAXS data for comparison.  

For both Young’s modulus (Figure 5a) and fracture stress (Figure 5b), we see a strong 

correlation between the increase in anisotropy factor and pre-stretch. The values are close to those 

measured from SAXS experiments, confirming our belief that the oriented structure results in the 

anisotropic mechanical response. When the PBDT becomes aligned, they formed rigid structures 

in the direction of pre-stretching. After the introduction of the cations, the anisotropic structures 

become locked. These structures result in this gel having composite properties that can be 

understood by simple composite averaging methods.50 When the samples are prepared with the 

sacrificial network aligned in the tensile direction, both components of the PBDT/PAAm DN gel 

experience the same strain (iso-strain limit). Since the PBDT network is stiffer than the PAAm 

network yet they both deform to the same degree, a significant increase in modulus is observed. 

On the other hand, when the sacrificial network is aligned perpendicular to the tensile direction, 

each component will experience the same stress (iso-stress limit). Due to its higher stiffness, the 

PBDT deforms much less than the PAAm network to achieve the same stress, and thus the 

mechanical properties are primarily governed by the matrix. Note that changing the crosslinking 

density of the PAAm gels by two orders of magnitude had only a small influence on modulus 

(Figure S2), demonstrating the small impact the stretchable network has on the ultimate 

mechanical properties and confirming the important role PBDT plays in controlling Young’s 

modulus of PBDT/PAAm DN gels. By utilizing pre-stretching, we can control the architecture of 

the PBDT sacrificial network structure in the gel, providing significant, post-polymerization 
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control over mechanical properties.  

 In the case of fracture strain, we see an inverse trend in mechanical anisotropy factor with 

increasing pre-stretch and increasing structural anisotropy: higher pre-stretch results in a decrease 

in strain in the stretching direction, and an increase in strain in the perpendicular direction (Figure 

5c, green solid symbols). However, these results do not account for the effect of the pre-stretch on 

the PAAm matrix. In the case of the parallel direction, an additional stretch equivalent to λp has 

already been applied to the matrix prior to testing. Conversely, in the perpendicular direction, due 

to Poisson’s effect, the network is beginning the test in a compressed state, allowing for more 

stretch prior to fracture. Assuming the gels are incompressible results in a decrease in true stretch 

Figure 5. Comparing mechanical anisotropy to structural anisotropy. (a) Young’s modulus and (b) fracture stress show 
strong correlations with structural anisotropy, as determined with SAXS. (c) Fracture strain shows no correlation with 
structural anisotropy. (d) Work of extension may show a small correlation with structural anisotropy at low pre-stretch 
ratios but shows no correlation in highly oriented structures.  
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of λp
-1/2. The adjusted true strain in the parallel and perpendicular direction can be seen in Figure 

S3a and Figure S3b, respectively. The anisotropy factor based on this calculated true strain is 

shown with open symbols in Figure 5c.  We now see that true fracture strain closely matches the 

m = 0 guideline, representing no correlation between anisotropy factor and pre-stretch for this 

property. Any change in fracture strain can be directly related to the pre-stretching process and its 

influence on the PAAm network, not the presence of the oriented sacrificial PBDT network.  

 Finally, in Figure 5d, we plot the anisotropy factor of work of extension versus pre-stretch. 

Initially, anisotropy in work of extension matches that of the structure, but the trend quickly levels 

off to show no change with increasing pre-stretch. The pre-stretching process results in an oriented 

sacrificial network, but also results in a pre-strained PAAm matrix. At small pre-stretches, this has 

little influence, and optimized orientation and load-sharing within the sacrificial network results 

in matching anisotropy factor. However, upon further increasing pre-stretch, the pre-strained first 

network is limiting the total amount of energy that can be dissipated. This result demonstrates that 

while orienting the sacrificial network does allow us to tune the mechanical response with regards 

to Young’s modulus and fracture stress, work of extension does not appreciably change with 

orientation.  

CONCLUSION 

Due to the high contour length and rigidity of PBDT, orientation can be induced and maintained 

by pre-stretching within a PAAm matrix to create robust, anisotropic physical DN gels. Immersion 

in multivalent ZrCl2O solution was used to fix the anisotropic structure by ionic crosslinking. 

Through this method, we successfully fabricated anisotropic PBDT/PAAm physical DN hydrogels. 

We visualized anisotropy by birefringence measurements and quantified anisotropy by small angle 

x-ray scattering. The degree of orientation was calculated by comparing the ratio of scattering in 
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the stretching direction versus perpendicular to the stretching direction between q = 0.17 nm-1 and 

0.25 nm-1, which we termed the anisotropy factor. We found that the modulus and fracture stress 

of the anisotropic DN gels changes proportionally with the anisotropy factor, while fracture strain 

and work of extension were independent of anisotropy factor. Based on this result, we can fabricate 

DN gels which exhibit Young’s modulus and fracture stress up to 2.5x greater in the parallel 

direction than the perpendicular direction. The development of a method to create oriented physical 

sacrificial networks will help in the design of future materials for biomedical applications.  

 

EXPERIMENTAL 

Materials:  

Acrylamide (AAm) (Jundei Chemical Co., Ltd) was recrystallized from chloroform. N,N’-

Methylenebis (acrylamide) (MBAA; Tokyo Kasei Co., Ltd.), as a crosslinker for AAm-based gels 

was recrystallized from ethanol. Potassium Persulfate (KPS) (Wako Pure Chemical Industries, 

Ltd.), as a thermal initiator for the polymerization, was used as received. Poly(2,2’-disulfonyl-

4,4’-benzidine terephthalamide) (PBDT), a water soluble, anionic, semi-rigid polymer, was 

synthesized by an interfacial polycondensation reaction.51 The synthesized PBDT had an average 

molecular weight, Mw of about 142,000 Da, number average molecular weight, Mn of about 

110,000 Da, and dispersity, Mw/Mn of about 1.29. These values were determined by size exclusion 

chromatography (column: Shodex SB-806M) with multiple angle light scattering.  

 

Preparation of PBDT-containing PAAm hydrogels: 

The preparation of PBDT-containing PAAm hydrogels was described in detail in a previous 

publication.15 Briefly, to synthesize the hydrogel sheet, reaction cells were prepared by 
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sandwiching a square framed silicone spacer (thickness: 1 mm) between two parallel glass plates. 

Aqueous pre-gel solutions containing 3.0 M of the neutral monomer, AAm, 3 wt% of the semi-

rigid anionic polymer, PBDT, 0.1 mol% of the chemical cross-linker, MBAA, and 0.5 mol% of the 

thermal-initiator, KPS (mol% is relative to the monomer) were prepared. After mixing, the pre-gel 

solution was injected into the reaction cells. Thermally induced free radical polymerization was 

performed in air in a temperature–controlled heat box (60℃) for 10 h. After polymerization, the 

as-prepared sheet-like gels (about 60×60×1.00 mm3) were gently removed from the reaction 

cells. 

 

Preparation of anisotropic physical sacrificial network:  

The as-prepared PBDT/PAAm gels were stretched in a uniaxial direction at various stretch ratios 

(λp = 1~2.5), with a custom-built apparatus. After stretching, samples were immersed in a large 

amount of aqueous ZrCl2O solution for 24 h. The concentration of the ionic solution was 0.15 M. 

Subsequently, the metal ion-loaded hydrogels were immersed in deionized water for 24 h to 

remove excess ions.  

 

Optical observation of PBDT orientation in hydrogel matrix:  

The birefringence of the PBDT/PAAm gels in the equilibrium swelling state after ZrCl2O ion 

exposure was observed with a polarizing optical microscope (POM) (Nikon, Eclipse, LV100POL) 

in the crossed polarization mode, at room temperature. Sample gels were placed on glass slides 

and observed from the top direction. All the samples of PBDT-containing PAAm gels exhibited a 

high order birefringence color, so a quarter-wave plate (1/4λ) was inserted to determine the 

orientation direction of the rod-like PBDT molecules or their fibrous bundles. While PBDT has a 
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positive birefringence, PAAm has a negative birefringence. At the prescribed condition in this 

study, the birefringence intensity of PBDT surpasses that of PAAm. Therefore, the birefringence 

color observed was governed by the PBDT orientation. 

 

Mechanical testing:  

Uniaxial tensile tests were performed on swollen samples using a tensile-compressive tester 

(Instron 5965 type universal testing system). Samples were cut into a dumbbell shape standardized 

as JIS-K6251-7 sizes (length 35 mm, width 6 mm, thickness 1.5-3, gauge length 12mm, inner 

width 2mm) with a gel cutting machine (Dumb Bell Co., Ltd). All the samples were stretched along 

the length direction of the samples at an extension rate of 100 mm/min. Tensile stretch ratio, λ, is 

defined as l/l0, where l0 and l are the length of the gel before and during elongation, respectively. 

The fracture stress and the fracture strain were defined as the nominal stress and strain at breaking 

point, respectively. Young’s modulus was defined as slope of initial stress-strain curves. Work of 

extension at fracture was defined as the area under the stress-strain curve. 

 

Small Angle X-ray Scattering (SAXS): 

SAXS measurements were performed on swollen samples using the high-brightness synchrotron 

x-ray facility of beam line BL05XU in SPring-8 (Hyogo, Japan). The extraction wavelength of 

synchrotron X-ray was 1 Å (12.4 keV in energy). The distance between sample and detector 

(Dectris Ltd., PILATUS3 S 1M) was 3.86 m. The irradiation time was 20 s to obtain 2D scattering 

images. The pre-stretch axis of samples was set in perpendicular to the horizontal direction.  

To evaluate the anisotropy of the PBDT structure, images were processed as follows. First, 

transmittance of the samples, Ts, was calculated from the X-ray beam intensity measured by 

ionization chamber (IC) at the sample stage, IC0, and at the detector, IC1.  
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𝑇𝑇𝑠𝑠 =

�𝐼𝐼𝐼𝐼1𝑠𝑠 − 𝐼𝐼𝐼𝐼1𝑑𝑑�
�𝐼𝐼𝐼𝐼1𝑎𝑎 − 𝐼𝐼𝐼𝐼1𝑑𝑑�
�𝐼𝐼𝐼𝐼0𝑠𝑠 − 𝐼𝐼𝐼𝐼0𝑑𝑑�
�𝐼𝐼𝐼𝐼0𝑎𝑎 − 𝐼𝐼𝐼𝐼0𝑑𝑑�

 

Superscripts s, a and d indicate the beam intensity of sample, air and dark, respectively. Then, the 

sample scattering image was divided by the transmittance, and air scattering was subtracted from 

the sample by image calculator processing on Image J (v1.49) software. In addition, to remove the 

influence of the thickness for the samples with various pre-stretch ratio, the thickness correction 

factor, tc, determined from the Lambert-Beer law was multiplied. 

  𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �
𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑇𝑇𝑠𝑠

− 𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎� × 𝑡𝑡𝑐𝑐 

𝑡𝑡𝑐𝑐 =
ln𝑇𝑇𝑠𝑠,𝜆𝜆𝑝𝑝=1

ln𝑇𝑇𝑠𝑠,𝜆𝜆𝑝𝑝
 

1D integration was performed on corrected 2D scattering images using Fit_2D (v12.077) software. 

We defined the azimuthal angle, φ, as starting from the equatorial direction and proceeding 

counterclockwise on the 2D images. We integrated the intensities from φ = 70° ~ 110°, and φ = 

160° ~ 200° to quantify “perpendicular” scattering and “parallel” scattering, respectively. The 

azimuthal angle distributions at the characteristic peaks were also integrated between q = 1.7 nm-

1 and 2.5 nm-1 using Fit_2D (v12.077) software. 
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