
 

 

Microfibrous and Nanofibrous Materials for Cartilage Repair and Energy Storage 

by 

Feichen Yang 

Department of Chemistry 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 

Benjamin Wiley, Advisor 
 

___________________________ 
Stephen Craig 

 
___________________________ 

Junjie Yao 
 

___________________________ 
Stefan Zauscher 

 

Thesis submitted in partial fulfillment of 
the requirements for the degree of Doctor 

of Philosophy in the Department of 
Chemistry in the Graduate School 

of Duke University 
 

2020 
 

 

 



 

 

ABSTRACT 

Microfibrous and Nanofibrous Materials for Cartilage Repair and Energy Storage 

by 

Feichen Yang 

Department of Chemistry 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 

Benjamin Wiley, Advisor 
 

___________________________ 
Stephen Craig 

 
___________________________ 

Junjie Yao 
 

___________________________ 
Stefan Zauscher 

 
 

An abstract of a thesis submitted in partial 
fulfillment of the requirements for the degree 
of Doctor of Philosophy in the Department of 

Chemistry in the Graduate School of 
Duke University 

 
2020 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright by 
Feichen Yang 

2020 
 



 

 

iv 

Abstract 
This thesis explores the application of nanofibrous and microfibrous materials in 

the fields of cartilage repair and water electrolysis.  

Articular cartilage lesions have a limited intrinsic ability to heal and are 

associated with joint pain and disability. The current treatment options suffer from high 

failure rates, prolonged rehabilitation times, and can be very costly. Therefore, an ideal 

solution is a low cost, mechanically strong, biocompatible replacement material with 

long lifetime.  

To develop a cartilage replacement material, I first developed a two-step method 

to 3D print double network hydrogels at room temperature with a low-cost ($300) 3D 

printer. A first network precursor solution was made 3D printable via extrusion from a 

nozzle by adding a layered silicate to make it shear-thinning. After printing and UV 

curing, objects were soaked in a second network precursor solution and UV-cured again 

to create interpenetrating networks of poly(2-acrylamido-2-methylpropanesulfonate) 

and polyacrylamide. By varying the ratio of polyacrylamide to cross-linker, the trade-off 

between stiffness and maximum elongation of the gel can be tuned to yield a 

compression strength and elastic modulus of 61.9 and 0.44 MPa, respectively, values that 

are greater than those reported for bovine cartilage. The maximum compressive (93.5 

MPa) and tensile (1.4 MPa) strengths of the gel are twice that of previous 3D printed 
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gels, and the gel does not deform after it is soaked in water. By 3D printing a synthetic 

meniscus from an X-ray computed tomography image of an anatomical model, I 

demonstrate the potential to customize hydrogel implants based on 3D images of a 

patient’s anatomy. 

On the basis of the previous work, I developed the first hydrogel with the 

strength and modulus of cartilage in both tension and compression, and the first to 

exhibit cartilage-equivalent tensile fatigue at 100,000 cycles. These properties were 

achieved by infiltrating a bacterial cellulose nanofiber network with a PVA-PAMPS 

double network hydrogel. The bacterial cellulose provided tensile strength in a manner 

analogous to collagen in cartilage, while the PAMPS provided a fixed negative charge 

and osmotic restoring force similar to the role of aggrecan in cartilage. The hydrogel has 

the same aggregate modulus and permeability as cartilage, resulting in the same time-

dependent deformation under confined compression. The hydrogel is not cytotoxic, has 

a coefficient of friction 45% lower than cartilage, and is 4.4 times more wear-resistant 

than a polyvinyl alcohol hydrogel. The properties of this hydrogel make it an excellent 

candidate material for replacement of damaged cartilage.  

In the field of water electrolysis, I studied the effect of fiber dimensions to their 

performance in water electrolysis. Water electrolysis is a good way to convert excess 

renewable energy to hydrogen. The generation of renewable electricity is variable, 

leading to periodic oversupply. Excess power can be converted to hydrogen via water 
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electrolysis, but the conversion cost is currently too high. One way to decrease the cost 

of electrolysis is to increase the maximum productivity of electrolyzers. I investigated 

how nano- and microstructured porous electrodes could improve the productivity of 

hydrogen generation in a zero-gap, flow-through alkaline water electrolyzer. Three 

nickel electrodes—foam, microfiber felt, and nanowire felt—were studied to examine the 

tradeoff between surface area and pore structure on the performance of alkaline 

electrolyzers. Although the nanowire felt with the highest surface area initially provided 

the highest performance, this performance quickly decreased as gas bubbles were 

trapped within the electrode. The open structure of the foam facilitated bubble removal, 

but its small surface area limited its maximum performance. The microfiber felt 

exhibited the best performance because it balanced high surface area with the ability to 

remove bubbles. The microfiber felt maintained a maximum current density of 25,000 

mA cm-2 over 100 hrs without degradation, which corresponds to a hydrogen production 

rate 12.5- and 50-times greater than conventional proton-exchange membrane and 

alkaline electrolyzers, respectively. 
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1. Introduction  
1.1 Fibrous materials 

Fiber is a natural or artificial substance with high length-width aspect ratio.1 

Fiber materials are commonly used as reinforcements for composite materials to 

enhance its strength and modulus.2 The most common fibers in commercial applications 

are different types of glass, carbon and Kevlar fibers.3-5 Recently, novel fiber materials 

like ultra-high moledular weight polyethylene (UHMWPE) fibers and basalt fibers, 6, 7 

along with natural fibers like silk and cellulose fibers are attracting more attention in 

both research and commercial fields.8, 9  

Fiber reinforced materials offers a high strength and modulus that are 

comparable to or better than traditional materials, combined with a light weight.2 

Therefore, they have wide applications in fields like aircraft, space, automotive, sporting 

goods, infrastructure, etc. 10-15 

On top of that, the unique geometrics of fiber material brings more good feature 

like high surface area, high permeability, quick mass transport, therefore they are 

commonly used in fields like filtration media, fuel cells, sound absorbents, lithium metal 

battery, catalyst bed etc.16-20 

This work explored its application in the research fields of cartilage repair and 

water electrolysis.  
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1.2 Cartilage Repair 

Articular cartilage lesions have a limited intrinsic ability to heal, and are 

associated with joint pain and disability.21 Current strategies for cartilage restoration, 

including bone marrow stimulation, cartilage cell implantation, and osteochondral 

transplantation, have high failure rates (~50% at 10 years), prolonged rehabilitation 

times (12 to 18 months), and can be very costly.22-24    

Microfracture is the most common method used to attempt cartilage repair, with 

~100,000 surgeries performed annually.25 Microfracture stimulates the formation of a 

blood clot by creating holes in the surface of the subchondral bone. The clot typically 

forms fibrocartilage, which has half the stiffness of hyaline cartilage. Microfracture does 

not produce reliable long-terms clinical benefits; approximately 20% and 50% of patients 

require a second surgery after 5 and 10 years, respectively.22   

 The three most common alternatives to microfracture are: (1) osteochondral 

autologous transplantation (OAT), in which the defect is filled with hyaline articular 

cartilage plugs harvested from non-weight bearing cartilage in the knee, (2) autologous 

chondrocyte implantation (ACI) or matrix-assisted ACI (MACI), which involves the 

harvesting and culturing of chondrocytes from the patient, followed by their 

transplantation into the defect area, and (3) osteochondral allograft transplantation. A 

2017 review found no significant difference between these methods and microfracture at 

five years, and concluded no single method could be recommended for treatment of 
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knee cartilage defects.22 Long-term outcome studies (> 10 years) show no advantage of 

advanced cartilage repair techniques over microfracture, as well as high rates of 

radiographic osteoarthritis progression and eventual conversion to total knee 

arthroplasty.26 Thus, the value added by these costly and complex techniques remains in 

question. All currently used methods require at least 6 weeks of protected weight 

bearing, 3-6 months of physical therapy and no full-impact activities for 12 months. 

Furthermore, all of the existing cartilage repair techniques have decreased clinical 

efficacy in patients older than 40-50 years, yet cartilage defects are most common in the 

older population.   
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Figure 1. the proposed steps for cartilage repair with hydrogel: (A) original 

cartilage; (B) remove damaged region; (C) apply adhesive; (D) insert hydrogel disk. 

1.2.1 Tough hydrogel for cartilage repair 

Hydrogels were extensively explored as cartilage repair materials because of 

their biocompatibility, low friction and high water content.27, 28 However, to act as a 

weight bearing part like a cartilage repair, the hydrogel must have very high strength.29 

For example, Cartiva Inc received FDA approval for a hydrogel implant to treat arthritis 

of the metatarsophalangeal (MTP) joints.30  
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Currently, there are a bunch of ways to strengthen a hydrogel. Double network, 

fiber reinforced, metal ion, nanocomposite, etc. For example, Gong et al synthesized the 

first double network hydrogel, which showed a fracture stress of 17.2 MPa;31 Sun et al 

used the coordination bonds between metal ion and alginate to dissipate energy in 

hydrogels, and developed a hydrogel with a fracture energy of 9000 J m-2.32 However, 

none of the modified hydrogels meet the requirement for strength and modulusfor 

repairing human cartilage. In this thesis, we aim to improve the strength of hydrogel 

material to a value that’s comparable or better than natural cartilage by reinforcement 

with fiber materials.  

1.3 Water Electrolysis 

Water Electrolysis is a promising option for hydrogen production from 

renewable resources.33 Typical electrolyzer configurations are shown in Figure 2. 

Generally, two electrodes (the anode and the cathode) separated with a diaphragm or a 

membrane while a bias was applied. 

As the portion of electricity generation from intermittent renewable sources 

increases, it has become difficult to balance variable supply with demand, leading to 

curtailment of energy generation and negative electricity prices.34 Improving the 

utilization of renewable energy will require increasing electricity storage and the 

flexibility of demand.35 Conversion of electricity to chemicals is an important route to 

achieving these goals. Currently, the most common water electrolysis methods include 
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alkaline water electrolysis (AWE),36 polymer electrolyte membrane (PEM) electrolysis37 

and solid oxide electrolyser cell (SOEC) electrolysis.38   

Extensive effort has been made to enhance the performance for water electrolysis 

with advanced electrocatalysts, including metal layered double hydroxide,39, 40 nitrides,41-

43 phosphides44, 45 and carbides.46  

1.3.1 Flow-through Electrodes for Water Electrolysis 

An alternative strategy to improve the water electrolysis performance is to 

optimize the electrolyzer and electrode configuration.37  

 Flow-through electrodes have been used in various fields including redox flow 

batteries and electroorganic syntheses to improve the productivity of electrochemical 

reactions.47-49 Several types of porous electrodes are commercially available, including 

carbon paper, graphite felt, reticulated vitreous carbon (RVC) and metal foam.50-53 

Achieving a high rate of electrochemical conversion at a high efficiency in with a flow-

through porous electrodes requires a high surface area per unit volume, a high 

conductivity, and large mass-transfer rates.48 Metal fiber networks are ideal flow-

through electrodes because of their high conductivity and highly percolated structures 

with quick mass transfer.54, 55 In this thesis, metal fiber networks with different fiber 

dimensions are explored for water electrolysis.  
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Figure 2. Schematic of the operating principle of an alkaline and PEM water 
electrolysis cell.37  
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2. 3D printed hydrogel with compression strength and 
modulus higher than that of cartilage* 
2.1 Introduction 

The meniscus, a network of tightly woven collagen fibers, serves as a shock 

absorber for the knee. A meniscal tear is among the most common knee injuries with 

more than 500,000 reported in the United States annually.56 Serious tears in the meniscus 

often do not heal and require surgery to repair. For the most severe tears the entire 

meniscus is removed in a process known as a meniscectomy.57 Between 2005 and 2011, 

387,000 meniscectomies were performed in the United States.56  

If a patient who has previously lost a meniscus does begin to develop pain from 

early degeneration in the same knee compartment, they may be a candidate for meniscal 

replacement surgery.58 Currently, the only FDA approved synthetic meniscus 

replacement product is NUSurface®.59 Though it provides mechanical support, its non-

porous structure does not stimulate tissue regeneration, which could lead to failure over 

time due to wear, fatigue, or an adverse body response.60, 61 Two other meniscal 

replacement solutions that have undergone clinical trials, CMI® and Actifit®, do have 

the ability to stimulate tissue regeneration due to their porous nature, but this tissue is 

not the fibrocartilage that makes up the meniscus.62-67 In addition, CMI® and Actifit® do 

 

* This chapter adapted from Yang, F.;  Tadepalli, V.; Wiley, B. J., 3D Printing of a Double 
Network Hydrogel with a Compression Strength and Elastic Modulus Greater than 
those of Cartilage. ACS Biomaterials Science & Engineering 2017, 3 (5), 863-869. 
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not have the strength to serve and a total meniscus replacement, and therefore have only 

been used as partial replacements in patients with some meniscus tissue remaining.66 

Double network (DN) hydrogels may offer an innovative alternative to a 

meniscectomy by enabling the production of a customized synthetic meniscus. DN 

hydrogels are an extremely strong family of hydrogels that are comprised of two non-

covalently bonded, interpenetrating polymer networks.31 It’s been shown that, because 

of their unique porous and elastic structure, DN hydrogels stimulate articular cartilage 

regeneration.68 As the meniscus acts as a buffer between two pieces of bone, any 

replacement should be able to withstand significant compressive stress with minimal 

distortion. A synthetic meniscus would ideally be custom-made for the patient and 

rapidly produced at a relatively low cost, suggesting that 3D printing is a promising 

method for the production of synthetic menisci. Researchers have developed various 

approaches to 3D print hydrogel materials that are suitable for tissue engineering 

applications, including the use of liquid extrusion based 3D printing,69-73 two-photon 

polymerization,74 dynamic optical projection stereolithography75 and fused deposition 

modeling followed by cell culturing.76, 77 However, current 3D printable hydrogels do 

not meet the compression strength (14-59 MPa) required for replacing a human 

meniscus.78  

One approach to obtaining a 3D printable, tough hydrogel consists of using ionic 

crosslinking to reinforce the gel. Zhao et al. 3D printed a hybrid hydrogel made from a 
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poly(ethylene glycol) diacrylate (PEGDA) network and alginate crosslinked by Ca2+. This 

gel had a maximum fracture energy of 1500 J m-2.70 Spinks et al. used extrusion printing 

to produce a polyacrylamide gel reinforced by alginate-Ca2+ network; this gel had a 

toughness of 260 kJ m-3.79 Unfortunately, these 3D printable hydrogels disintegrate upon 

exposure to water as the calcium required for reinforcing the gel leaches out, making 

them unsuitable for in situ and in vivo applications.  

Another approach to 3D-print a tough hydrogel is to print a gel with a 

temperature-dependent viscosity. Cong et al. used a 3D printer with a heated cartridge 

to print a polyacrylamide hydrogel reinforced with both agar and ionically crosslinked 

alginate at 45 - 60 °C.73 Although they achieved a toughness of 3860 kJ m-3, using a 

heated syringe increases the complexity of the printing process. Other strategies of 

reinforcing 3D printed hydrogels involve 3D printing a hydrogel-plastic composite80 or 

encapsulating hydrogel in epoxy resin.81  

In this chapter, we report the development of a shear-thinning ink that enables 

the printing of a DN hydrogel at room temperature. The concentration of Laponite, a 

layered silicate, and the molecular precursors of the first network were tuned to enable 

the ink to easily extrude through a fine nozzle, but have sufficient viscosity after 

printing to retain the shape of a 3D printed object with a height up to 35 mm. Printing 

was performed with an easily modified $300 3D printer. After printing, objects were UV-

cured, soaked in the precursor solution of the second network, and UV-cured again to 
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form a DN hydrogel. The mechanical properties of the DN hydrogels can be tuned to 

have compression strength approaching 100 MPa, double that of any previous 3D 

printed hydrogel. Objects printed with this gel retain their shape and mechanical 

integrity after soaking in water.  

2.2 Materials and Methods 

2.2.1 Preparation of Hydrogel Precursor Solutions 

2-acrylamido-2-methylpropanesulfonic acid sodium salt (AMPS), acrylamide, 

N,N'-methylenebis(acrylamide) (MBAA) and Irgacure 2959 (I2959) were purchased from 

Sigma Aldrich. Laponite RDS was donated by BYK additive.  

To make the 3D printable gel precursor, 1.0 g Laponite RDS, 50 mg I2959 and 60 

mg MBAA were dissolved in 8.1 g water. The solution was allowed to stir overnight to 

homogenize, and 1.9 g of a 50 wt% AMPS solution was slowly added. The final 

concentrations of the components in the ink were 10 wt% Laponite RDS, 0.40 M AMPS, 

40 mM MBAA and 22mM I2959. The first network precursor was cured with a variable 

intensity UV transilluminator (VWR, 26XV). 

The second network precursor was made by dissolving 14 wt% acrylamide (2.0 

M), 0.01 wt% MBAA (0.64 mM) and 0.05 wt% (22 mM) I2959 in 10 g water. After UV 

curing, the first network gel was soaked in the second network precursor for 24 hours. 

The fully soaked gel was subsequently cured again with a variable intensity UV 

transilluminator (VWR, 26XV) in N2 atmosphere. For the precursors with 4.0 and 6.0 M 
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acrylamide, the concentration of I2959 was kept the same at 22 mM, and the molar ratio 

of acrylamide to MBAA was kept the same at ~3125. 

2.2.2 3D Printing of the DN Hydrogel 

To 3D print the DN hydrogel, a Reprap Prusa i3 3D printer was modified by 

replacing the thermoplastic filament extruder with a 3D printed syringe pump. The 

modified 3D printer was shown in Figure 3. The 3D model of the syringe pump is 

available for downloading at: http://www.thingiverse.com/thing:1923150. A 5 mL 

syringe and a 21-gauge needle was used for extrusion. The first network precursor was 

loaded into the syringe and distributed to certain positions in 3D space according to a 

gcode file. After 3D printing, the printed object was cured with a variable intensity UV 

transilluminator (VWR, 26XV) for 10 minutes to 3 hours, depending on the size of the 

hydrogel. Following the first UV curing step, the object was soaked in the second 

network precursor for 24h, then cured again in a N2 atmosphere for 30 minutes. To test 

the maximum height of 3D printed objects with this method, a 3D model of a 10 mm × 10 

mm × 100 mm pillar was created, and 3D printed. As the pillar increased in height 

during printing, the weight of the pillar caused it to compress. Compression of the pillar 

caused the distance between the needle and the pillar to increase until eventually (at a 

height of 35 mm) no additional gel could be extruded from the needle onto the pillar. 

The human nose model was downloaded from 

http://www.thingiverse.com/thing:306031.  



 

13 

 

Figure 3. Picture of the modified 3D printer 

2.2.3 Mechanical Characterization 

Dogbone-shaped samples were 3D printed according to ASTM D412 for tensile 

tests on a micro-strain analyzer (TA Instrument, RSA III). The exact dimensions of 

samples were measured with a caliper before testing. Tensile tests were performed at a 

shear speed of 0.1 mm s-1. The stress-strain curve between 0-10% strain was used to 

calculate the Young’s modulus. Compression tests were performed on a materials 

testing machine (Instron, model 1321) on a shear speed of 0.1 mm s-1. Cylindrical 

samples with a diameter of 10 mm and a height of 8 mm were 3D printed with the 

procedure described above. The exact sizes of samples were measured with a caliper 

before testing. The stiffness measurements were performed on a rheometer (TA 

Instrument, AR-G2). The stiffness data were extracted by linear regression of the stress-

strain curve in the range of 0-10% strain. Viscosities of aqueous solutions of AMPS and 

Laponite RDS were measured on a rheometer (TA Instrument, AR-G2) with a 2° cone 
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and plate geometry. Yield strain was determined with the 0.2% offset method. A line 

was drawn parallel to the linear part of the stress-strain curve, intersecting the “strain” 

axis at 0.2%. The yield strain was determined as the intersection of this line to the stress-

strain curve.  

2.3 Results and Discussion 

2.3.1 3D printing of the Double Network Hydrogel 

Figure 4 shows an overview of the steps for 3D printing a DN hydrogel. The 

process starts by 3D printing a suspension containing 10% w/v Laponite RDS, 0.40 M 

sodium 2-acrylamido-2-methylpropanesulfonate (AMPS), 40 mM N,N'-

methylenebis(acrylamide) (MBAA), and 22 mM Irgacure 2959. Laponite RDS is a layered 

silicate rheology modifier that was added to control the viscosity of the ink, AMPS is the 

monomer for the first network hydrogel, MBAA is a cross-linker, and Irgacure 2959 is a 

photoinitiator for UV curing. After printing, the object was UV cured to form a stiff and 

brittle hydrogel consisting of poly(2-acrylamido-2-methylpropanesulfonate), which is 

abbreviated as PAMPS. To improve its mechanical strength, a second interpenetrating 

network was created by soaking the first hydrogel network in an acrylamide solution, 

causing it to swell by 20%-750%. The swelling ratio is affected by the amount of MBAA 

in the first network, which affects its stiffness. After soaking overnight, the fully swollen 

hydrogel was cured with UV light, forming a tough DN hydrogel consisting of an 

interpenetrating network of PAMPS and polyacrylamide. We note that both of these gels 
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have been demonstrated to be biocompatible after the removal of acrylamide monomer 

by dialysis.82-84 

 

Figure 4. Steps for 3D printing a DN hydrogel. (a) 3D print the AMPS 
suspension; (b) UV-cure to obtain the PAMPS network; (c) Soak the PAMPS network 

in an acrylamide solution (d) UV-cure to obtain a PAMPS/polyacrylamide double 
network. 
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2.3.2 Optimizing the Viscosity of AMPS Solution for Printability 

The 3D printed DN hydrogel described here was inspired by the PAMPS-

polyacrylamide double network first reported by Gong et al.31 However, in its original 

formulation this gel was not 3D printable. For 3D printing the gel precursor should have 

a low viscosity during extrusion so it can flow, and a high viscosity once extruded so it 

can retain its shape. Since the viscosity of the first network precursor is too low to 

maintain a 3D structure after printing, the addition of a rheology modifier is necessary 

to enable the gel precursor to be 3D printed. The pH of solutions containing 2-

acrylamido-2-methylpropane sulfonic acid (used in the original work by Gong et al.) are 

generally too low for thickening by most rheology modifiers such as layered silicates, 

alginate, or cellulose. Therefore, we replaced this acid with sodium 2-Acrylamido-2-

methylpropane sulfonate. Laponite RDS was then added to create a shear-thinning gel.85 

We note that Laponite RDS is a biocompatible material that is safe for food contact 

applications, and thus should not compromise the biocompatibility of the PAMPS-

polyacrylamide hydrogel.85  

Figure 5a shows the effect of adding Laponite RDS to a solution of 0.40 M AMPS. 

Without Laponite, the viscosity of the AMPS solution is approximately equal to that of 

water (3.0 Pa⋅s). Addition of Laponite increases the viscosity from 3.5 kPa⋅s at 5 w/v% to 

148.1 kPa⋅s at 20 w/v%. By 3D printing these different viscosities, we found that a 

viscosity of 14.48 – 37.72 kPa⋅s (8-12 w/v% Laponite) was sufficient to enable an object to 
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retain its shape after extrusion without the frequent clogging of the nozzle that occurs if 

the viscosity is too high. The intermediate concentration of 10 w/v % Laponite RDS was 

chosen for all the following printing experiments.  

 

Figure 5. (a) Viscosity of aqueous solutions containing 0.40 M AMPS and 
different amounts of Laponite RDS. (b) Viscosity of aqueous solutions containing 10 

w/v% Laponite RDS with different amounts of AMPS; (c) The viscosity of the 3D 
printable gel precursor as a function of shear rate.  

We also found that the concentration of the AMPS monomer has a strong effect 

on the viscosity of the 3D printable gel precursor. Changing the concentration of this 

precursor changes the ionic strength of the solution, which is known to affect the 

viscosity of a Laponite suspension.85 Shown in Figure 5b, we found that the viscosity 

was at a maximum with a concentration of 0.40 M AMPS. Although a higher 

concentration of AMPS would result in a gel with a higher strength, suspensions with 

higher concentrations of AMPS didn’t retain their shape after printing due to their lower 

viscosity. Therefore, for all the following experiments we used a concentration of 0.40 M 

AMPS in the 3D printed gel precursor.  

Figure 5c demonstrates the shear-thinning properties of a solution containing 10 

wt% Laponite RDS and 0.40 M AMPS. When the suspension is extruded at a speed of 5.0 
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mm s-1, its shear rate can be calculated with the following formula, wherein γ is the 

shear rate, ν is the linear flow rate of fluid in the nozzle and d is the inside diameter of 

the needle):86 

 

At this shear rate, the low viscosity of the suspension allows it to be easily 

extruded. As soon as the gel precursor leaves the nozzle, it reverts to the high viscosity 

state and the lack of fluid flow enables the printing of the liquid in a wide variety of 

shapes, with heights up to ~35 mm.  

2.3.3 3D Printing of DN Hydrogel 

The rheological properties of the gel precursor ink allow it to be printed with 

most liquid extrusion-based 3D printers, such as those that use a syringe or air pressure 

to dispense a liquid solution. For this paper we used a modified Prusa i3 3D printer 

available for about $300 (see Figure 3). We replaced the original polymer extruder with a 

syringe-based extruder consisting of 3D printed parts and lead screw stepper motor.31 

Conventional 3D modeling software (Tinkercad, Autodesk 123D) was used to design the 

objects, and these shapes were converted to gcode files for 3D printing using Cura as the 

slicing program.  
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Figure 7 demonstrates the 3D printing of menisci with the DN hydrogel. In Figure 7a, a 

3D model of a pair of menisci was obtained by scanning an anatomical model of a 

human knee with X-ray computed tomography. A pair of artificial menisci was then 3D 

printed based on that 3D model, and put back into the same knee model as a 

replacement. Since it was obtained from the original menisci shape, the 3D printed 

meniscus fits the model joint perfectly with no modifications after printing. We imagine 

a similar workflow could potentially be used for real patients, in which 3D images of 

their menisci served as the starting point for creating a replacement. In contrast, partial 

synthetic meniscus replacements such as CMI® and Actifit® are not customized for each 

patient, but are instead trimmed from a standard shape by hand using a scalpel.62, 65, 87 

The whole meniscus replacement product NUSurface® also comes in seven standard sizes that 

are not customizable, and finding the right size can involve some trial and error during surgery.59, 

88, 89  

Figure 7c shows a series of objects to demonstrate that a variety of geometries 

can be printed with the shear-thinning gel precursor. The thin pyramid demonstrates 

printing of objects with high vertical aspect ratios. The reverse cone demonstrates 

printing of an overhang. The human nose demonstrates the ability to print complex 

anatomical structures that combine the need to print a high vertical aspect ratio and 

overhangs. The minimum spacing between printed lines (Figure 6) that could be 

achieved with a needle diameter of 500 µm without the lines touching was 750 µm, 
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demonstrating the minimal flow that occurs after printing of the ink. This resolution can 

likely be improved by using a needle with a smaller diameter.  

 

Figure 6. (a) Photo of the 3D printing resolution test (a series of 3D printed 
parallel lines) with the DN hydrogel ink beside a 1 cent coin. (b) Zoomed in picture of 
the resolution test with the distance between the lines labeled on the left side of the 

figure. 

After soaking in the second network precursor, the printed first network swells 

and exhibits a volume increase of 20% - 750%. This swelling is isotropic, and the degree 

of swelling must be taken into account when designing an object with a desired size. 

Swelling decreases the resolution and minimum feature size that can be printed for a 

given needle diameter. The degree of swelling depends largely on the concentration of 

MBAA in the first network; a higher concentration of MBAA in the first network leads to 

less swelling because of the increase in stiffness with higher concentrations of MBAA. 

Thus swelling can be minimized at high MBAA concentrations.  
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Figure 7. (a) Top: 3D model of a pair of menisci. Bottom: 3D printed DN 
hydrogel menisci. The 3D model was obtained by scanning an anatomical model of a 

human knee with a High Resolution X-ray Computed Tomography Scanner 
(MicroCT). (b) The 3D printed meniscus in the knee model. (c) Front row: a reverse 
cone (yellow), a hemisphere (green) and a human nose scan (off-white); Back row: a 

cube (red), a sharp pyramid (red) and a square tube (yellow). Food coloring was added 
to make the originally transparent gel more visible. (d) The 3D printed hydrogel from 
this work (left) retains its shape after soaking in DI water for 24 hours while a 3D printed 

PEGDA + alginate/Ca2+ semi-interpenetrating hydrogel swells. The dashed line boxes 
indicate their original size before soaking. (e) A piece of 3D printed double network 

hydrogel retains its shape when held, but the 3D printed PEGDA hydrogel was deformed by 
gravity. 

In order to be used in vivo, a gel-based meniscus should not lose its shape and 

strength after prolonged soaking in water. In Figure 7d, we compare the shape of the 

DN gel to a previously reported PEGDA + alginate/Ca2+ semi-interpenetrating hydrogel. 

There is no observable change in the shape of the DN gel after immersion in DI water for 24 
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hours, but the PEGDA-based gel clearly deforms as the Ca2+ leaches into solution. In Figure 7e, 

both the DN gel and the PEGDA + alginate/Ca2+ gel was soaked in DI water for 24 hours, then 

suspended by hand. While the DN hydrogel retained its stiffness after the 24-hour soak, the 

PEGDA + alginate/Ca2+ gel was immediately deformed by gravity.  

2.3.4 Tensile Characteristics of the DN Hydrogel 

 

Figure 8. (a) Tensile stress-strain curve of samples with 40 mM MBAA in the 
first network and different concentrations of acrylamide in the second network. (b) 
Tensile stress-strain curve of samples with different concentrations of MBAA in the 
first network and 6 M acrylamide in the second network. (c)-(d) a dog-bone with 40 
mM MBAA and 6 M acrylamide before and after stretching to 677% strain. 

The mechanical properties of the 3D-printable DN hydrogel could be tuned by 

changing the concentration of crosslinker, MBAA, in the first network, or the 

concentration of acrylamide in the second network while keeping the molar ratio of 
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acrylamide to MBAA in the second network constant at 3125:1. Figure 4a shows that 

increasing the concentration of acrylamide in the second network from 2 to 6 M 

increases the maximum elongation strain from 322% to 923%, which a concurrent 

increase in toughness from 404.1kJ m-3 to 3024kJ m-3. This toughness is similar to the best 

result previously reported (3860 kJ m-3) that relied on an alginate-Ca2+ network.70 The 

yield strain of all samples shown in Figure 8a&b is listed in Table 1. 

Table 1: The Tensile yield strain of double network hydrogels. The label 
“Fractured” denotes gels for which the yield strain is the strain at fracture. 

Concentration of MBAA in 
the First Network (mM) 

Concentration of 
Acrylamide in the Second 
Network (M) 

Yield Strain (%) 

40 2.0 171 

40 4.0 185 

40 6.0 195 

80 6.0 143 (Fracture) 

120 6.0 116 (Fracture) 

 

Although increasing the acrylamide concentration leads to excellent toughness, 

the elastic modulus and tensile strength may not be sufficient for some applications. 

Therefore, we also explored the effect of the crosslinker, MBAA, on the stiffness of the 

PAMPS-polyacrylamide DN hydrogel. Figure 4b demonstrates that the elastic modulus 

of the DN hydrogel with 120 mM MBAA and 6 M acrylamide is 1060 kPa, which is 449% 

greater that of the DN hydrogel with 40 mM MBAA. Both of these networks were made 
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with 6 M of acrylamide. More MBAA in the first network also decreases the maximum 

elongation from 923% to 112%. Thus tuning the MBAA crosslinker concentration allows 

one to tune the gel to exhibit a desired tradeoff between stiffness and maximum 

elongation. The increase in stiffness that results from increasing the amount of MBAA 

also affects the swelling behavior of the first network during immersion in the second 

network precursor solution. Hydrogels with 40 mM MBAA exhibited a volume increase 

of 590% during the soaking step, but the swelling ratio of hydrogels with 120 mM 

MBAA was less than 110%.  

Previous research has shown that the toughness of the DN hydrogel is related to 

local yielding effects.90 When being stretched over the yield strain, the brittle first 

network fractures and dissipates energy. This phenomenon can be seen in a comparison 

of the stress-strain curves that show the first and second cycle of tensile testing (Figure 

9). After the first cycle, it is thought that the fracture of the first network creates a less 

stiff, sliding-ring hydrogel with different stress-strain characteristics.91 These results 

show that the 3D printed DN hydrogel reported here has similar mechanical properties 

as previously reported PAMPS-polyacrylamide DN hydrogels, despite the modifications 

made to make it 3D printable.  
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Figure 9. Tensile stress-strain curve for the first and second tensile test cycle on 
a gel with 40 mM MBAA in the first network and 6 M acrylamide in the second 

network. 

2.3.5 Compression Characteristics of DN Hydrogel 

Compression tests were performed on the 3D printed gels to determine their 

suitability for the replacement of meniscus cartilage. Figure 10 shows that a DN 

hydrogel with 40 mM MBAA in the first network and 2 M acrylamide in the second 

network has the biggest compression fracture strength of 93.5 MPa. Increasing the 

concentration of acrylamide increases the stiffness of the gel in the low-strain region, 

while leading to a lower maximum stress in the high-strain region. The compression 

strength of the DN hydrogel decreased from 93.5 MPa to 10.5 MPa when the acrylamide 

concentration was increased from 2 to 6 M. Higher compression strengths can be 

obtained without a loss of ductility by increasing the concentration of MBAA in the first 

network. When the MBAA concentration was increased from 40 to 120 mM in the first 

network and the acrylamide concentration was kept at 6 M, the compression strength 
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increased from 10.5 to 61.9 MPa, while retaining a maximum strain of 99%. If the MBAA 

concentration was further increased to 140 mM, the gel became more brittle and 

fractured at a strain of 75%, leading to a decreased compression strength of 5.05 MPa.  

 

Figure 10. (a) Compression stress-strain curves of DN hydrogels made with 40 
mM MBAA and varying concentrations of acrylamide. (b) Compression stress-strain 
curves of DN hydrogels made with 2 M of acrylamide and varying amounts of 
MBAA. (c) Stress-cycling curve of a 100 compression cycle test. The DN hydrogel 
sample with 120 mM MBAA and 6M acrylamide was compressed to 75% strain for 50 
times, then relaxed for 15 minutes, followed by another 50 cycles. (d)-(f) a piece of 
cubic DN hydrogel before, during, and after being compressed to 80% strain. 

In Figure 10d – 10f, a 3D printed cube of DN gel with 40 mM MBAA in the first 

network and 6 M acrylamide in the second network was compressed to 80% strain, then 

released, showing no visible sign of plastic deformation after compression. To further 

test the fatigue resistance of the DN hydrogel material, a cycling compression test was 

performed. In a compression cycle, a cylindrical DN hydrogel sample was compressed 
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to a strain of 75% with a shear rate of 1 mm/s, the position was held for 1 second, and the 

gel was released back to its original height at a speed of 1 mm/s. After the first 50 cycles, 

the maximum stress in each cycle decreased from 7.12 MPa to 6.14 MPa. In order to 

determine if the softening effect was reversible, the sample was rested for 15 minutes 

before being compressed for another 50 cycles. As shown in Figure 10c, the maximum 

stress recovered to a value of 7.01 MPa after relaxation, which indicates that the loss of 

strength of the DN hydrogel is temporary. After the 60th cycle, the stress plateaued at 

5.87 MPa, showing only some fluctuations. The softening is likely due to the fact that the 

gel requires several minutes before it goes to back to its original height. After the first 

compression cycle, the total height of the gel is slightly smaller than it was originally, 

but the original height was still used for the strain calculation. This results in the gel 

being compressed to a strain several percent smaller than 75%, leading to a smaller 

stress.  

2.3.6 Comparison of 3D Printed Tough Hydrogels and Bovine 
Cartilage 

Table 2 compares the various mechanical properties of bovine articular cartilage, 

previously reported 3D printed hydrogels, and several optimized gels in this work. By 

tuning the formula of the 3D printed DN hydrogel, the mechanical properties can be 

tuned to surpass those of most other gels. The 3D printed gel with 120 mM MBAA in the 

first network and 6 M acrylamide in the second network was found to be the best 

potential meniscus replacement (See Figure 10b and Figure 11) due to its excellent 
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stiffness (0.44 MPa compared to 0.31 MPa of bovine femur cartilage) and compression 

strength (61.9 MPa compared to 14-59 MPa of bovine cartilage). Although a further 

increase of the MBAA concentration in the first network increases the stiffness of 3D 

printed gels, it leads to a brittle gel and ultimately lower compression strength.92, 93  

 

Figure 11. The effect of MBAA concentration in the first network on the 
compression strength and stiffness of hydrogels with 6.0 M acrylamide in the second 

network. 

Table 2. Mechanical properties of bovine cartilage and 3D printed hydrogels. 

Content 
Compression 
Strength 
(MPa) 

Tensile 
Strength 

(MPa) 

Elastic Modulus 
(MPa) Toughness 

(kJ m-3) 
Tensile Compression 

Bovine 
Cartilage,78, 92, 94 

14-59 0.53-9 10.1-28.3 0.31 - 

Polyacrylamide-
Alginate+Ca2+79  

- 0.17 0.066 - 260 

Agar-
Polycrylamide-
Alginate+Ca2+ 

73, 95  

40 0.781 0.810 - 3860 
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40 mM MBAA, 
2 M acrylamide 

93.5 0.160 0.069 0.051 401.4 

40 mM MBAA, 
6 M acrylamide 

17.9 0.437 0.167 0.11 3024 

120 mM 
MBAA, 6 M 
acrylamide 

61.9 1.417 1.016 0.44 1060 

2.4 Conclusions 

In conclusion, this paper introduces a method to 3D print double network 

hydrogels that have a compression strength, tensile strength, or elastic modulus greater 

than any previous 3D printed gels. Tuning the ratio of cross-linker in the first network to 

the acrylamide monomer in the second network allowed for the formulation of a gel 

with a compression strength and stiffness greater than that of bovine cartilage. In 

addition, the DN hydrogels could be printed at room temperature with a modified $300 

3D printer, and exhibited no deformation after soaking in water for 24 hours. This new 

gel presents an opportunity to customize hydrogel implants based on X-ray computed 

tomography images of a patient’s own anatomy. Future work may examine the 

relationship between the mechanical properties of this printed gel and its potential to 

stimulate cartilage tissue growth.  
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3. A Synthetic Hydrogel Composite with the Mechanical 
Behavior and Durability of Cartilage 
3.1 Introduction 

Every year, approximately 900,000 people in the United States suffer from 

damage to the articular cartilage that lines the ends of the bones, with the knee being 

most commonly affected.96 Articular cartilage lesions have a limited intrinsic ability to 

heal and often lead to osteoarthritis.22 Treatment of cartilage lesions can alleviate 

debilitating pain and delay the need for a total knee replacement.26, 97-99 Current strategies 

for cartilage restoration include bone marrow stimulation (microfracture), autologous 

cartilage cell implantation, and osteochondral transplantation.100-103 These methods 

typically have high failure rates (25-50% at 10 years), prolonged rehabilitation times (> 

12 months), and show decreasing efficacy in patients older than 40-50 years.22, 26 Focal 

joint resurfacing with traditional orthopedic materials (e.g. cobalt-chromium alloy, ultra-

high-molecular-weight polyethylene) is being explored as an alternative strategy, but 

due to their high stiffness, these implants may ultimately contribute to joint 

degeneration through abnormal stress and wear.104, 105 The “holy grail” of cartilage 

restoration is a cost-effective procedure that can immediately and durably restore the 

mechanical function of cartilage. 

Hydrogels have been extensively explored as a cartilage substitute because, like 

cartilage, they mostly consist of water and have a low permeability, giving them a very 

low coefficient of friction (COF). However, current hydrogels do not have sufficient 
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mechanical strength and durability under cyclic loading and wear conditions to serve as 

a load-bearing cartilage replacement. For example, Figure 1A shows that no previously 

reported gel achieved both the tensile and compressive strength of cartilage (see Table 3 

for the data and references).  If a synthetic hydrogel is to be used for replacement of 

cartilage, it should have at least the strength of cartilage so that it does not fail during a 

return to sporting activities. A hydrogel replacement for cartilage should also have the 

same time-dependent mechanical properties as cartilage to ensure a normal stress-

distribution, as well as a fatigue strength and wear resistance the same as or better than 

cartilage to ensure durability.  

Table 3. mechanical properties of our hydrogel and previously published 
works. 

Composition Tensile Strength 
(MPa) 

Tensile 
Modulus (MPa) 

Compressive 
Strength (MPa) 

Compressive 
Modulus (MPa) 

Reference 
number 

BC-PVA-PAMPS (22.1%-40%-
146kDa-30%-60 mM)a 13.4 155 23.0 10.8 

This Work 

BC-PVA-PAMPS (22.1%-40%-
146kDa-20%-60 mM)a 22.6 158 20.0 15.2 

BC-PVA-PAMPS (22.1%-40%-
146kDa-30%-40 mM)a 18.0 181 17.3 13.7 

BC-PVA-PAMPS (22.1%-40%-
146kDa-30%-20 mM)a 12.3 227 20.6 9.49 

BC-PVA-PAMPS (22.1%-40%-
146kDa-30%-0 mM)a 14.1 206 22.7 10.9 

Human cartilage 8.1-40 58-228 14-59 8.1-20.1 78, 106, 107 

PVA 0.35b 0.14b >24 0.31-0.80 108 
PAMPS-PDMAAm 0.49b 0.96b 3.1 0.2 91 
PVA-PAMPS-PAAm 0.55 0.4 0.06 0.25 109 
Agar-PAAm 1 0.08 38 0.123 95 
3D printed PAMPS-PAAm 1.41 1.01 61.9 0.44 110 
Polyaramid nanofiber-PVA 5 9.1 4 26.5 111 
BC-PAAm 40 114 5.1 10 112 
BC-gelatin 3.8 21 5.3 2.9 91 
PVA-Agarose 14.6 6.38 3.66 0.09 113 
PVA-Fe-alginate-PAAm 0.5 0.15 2.25 2.89 114 
PVA-CPBA-Ca 2 0.5 26 5.5 115 
PVA-HA/PAA 0.98 3.71 1.3 0.3 116 
Tetra-PEG 0.032 0.008 18 0.16 117 
Chitosan-gelatin-multivalent sodium 
phytate 1.75 0.25 60 6.1 118 

PVDT-PEGDA 1.1 0.12 6 3.81 119 
CNC-PA-PAAm 16.5 232.4 31.1 65.4 120 
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4.4 40.6 21.2 41.8 

(a) BC-PVA-PAMPS hydrogels with a formula of X wt. % BC, Y wt. % PVA, a 

PVA molecule weight of Z k g mol-1, M wt.% PAMPS and N mM MBAA was denoted 

as BC-PVA-PAMPS (X%-Y%-Z kDa-M%-N mM). 

(b) Tensile strength and modulus of PVA and PAMPS-PDMAAm were tested as 

described in the supplementary information.  

(c) Abbreviations used in this table: BC: bacterial cellulose; PVA: Poly(vinyl 

alcohol); PAMPS: poly(2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt); 

PDMAAm: poly(dimethylacrylamide); PAAm: polyacrylamide; CPBA: 4-

carboxyphenylboronic acid; HA: hydroxyapatite; PAA: poly(acrylic acid); Tetra-PEG: 

Tetra-polyethylene glycol; PVDT: poly(2-vinyl-4,6-diamino-1,3,5-triazine); PEGDA: 

polyethylene glycol diacrylate; CNC: cellulose nanocrystal, PA: phenyl acrylate; 

(d) With the exception of PVA and PAMPS-PDMAAm, on which we performed 

tensile tests ourselves, this table is limited to publications that report all four metrics, i.e., 

strength and modulus in tension and compression.  

(e) The metrics that fall in the cartilage equivalent range in bold.  
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Figure 12. (A&B) A plot of the compressive vs. tensile strength and modulus 
for BC-PVA-PAMPS (this work) and other strong hydrogels (see Table 3 for data and 

references). The multiple data points for BC-PVA-PAMPS are for different 
compositions. (C) BC-PVA-PAMPS easily bears the weight of a 100 lb. kettlebell. (D) 
Cylinders of PAMPS-PDMAAm, PVA, and BC-PVA-PAMPS hydrogel before and 

after compression with 100 lbs. 

This paper describes a biomimetic approach to create the first hydrogel that has 

the strength and modulus of cartilage in both tension and compression (see Figure 12 

A&B). This hydrogel consists of BC, PVA, and poly(2-acrylamido-2-methyl-1-

propanesulfonic acid sodium salt) (PAMPS), so we refer to it as the BC-PVA-PAMPS 

hydrogel.  As demonstrated in Figure 12C-D, a cylindrical sample of BC-PVA-PAMPS 

hydrogel (59% water) with a diameter of 20 mm exhibited <5% strain under a 100 lb. 

weight (a compressive stress of 1.43 MPa). To put this into context, a 200 lb (890 N) 

human will have a peak force of 3000 N on the knee during walking, corresponding to a 
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mean contact stress of 2.5 MPa.121 In comparison, a double network hydrogel consisting 

of PAMPS and polydimethylacrylamide (PAMPS-PDMAAm) of the same diameter 

fractured under the 100 lb load even though it has been reported to exhibit a 

compressive strength of 3.1 MPa.91 Although the PAMPS-PDMAAm hydrogel has been 

extensively studied for treatment of cartilage defects,68, 122 it appears to be too weak to 

be used in the human knee. A comparison with a polyvinyl alcohol (PVA) hydrogel was 

also made as it has received FDA approval to  treat arthritis of the first 

metatarsophalangeal (MTP) joint.30 A PVA hydrogel exhibited significant deformation 

(>20%) due to its low compressive modulus (0.31-0.8 MPa).108 Such a large deformation 

means that PVA alone would transfer stress to the surrounding cartilage and bone if 

used as synthetic cartilage in the knee. In contrast, the BC-PVA-PAMPS hydrogel has the 

compressive strength and modulus necessary to potentially serve as a weight-bearing 

replacement for cartilage.  

3.2 Experiment Section 

3.2.1 Materials 

Bacterial Cellulose (BC) was purchased from Gia Gia Nguyen Co. Ltd. Poly(vinyl 

alcohol) (PVA) (fully hydrolyzed, molecular weight: 145,000 g mol-1), N,N’-

methylenediacrylamide (MBAA, 97.0%), 2-hydroxy-4’-(2-hydroxyethoxy)-2-

methylpropiophenone (I2959), potassium persulfate (KPS) and 2-acrylamido-2-

methylpropanesulfonic acid sodium salt (AMPS, 50 wt.% solution in water) were 
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purchased from Sigma Aldrich. Phosphate buffered saline (PBS) was purchased from 

VWR International. Bovine serum (New Zealand origin, collected from cattle typically 

12-24 months old) was purchased from Fischer Scientific.  

3.2.2. Hydrogel Fabrication 

3.2.2.1 Fabrication of BC-PVA-PAMPS hydrogel 

BC sheets were pressed to a controlled thickness between 2 aluminum plates 

(typically 0.5 mm, controlled by spacers between the aluminum plates) and placed into a 

hydrothermal reactor with a mixture of PVA (40 wt.%) and DI water (60 wt.%). The 

hydrothermal reactor was sealed and heated at 135°C for 24 hours to allow the PVA to 

diffuse into the voids of BC and form a BC-PVA hydrogel. The BC-PVA hydrogel was 

removed from the reactor when hot (>85°C). Note the hydrothermal reactor was 

pressurized with hot steam and created a burn hazard, so personal protective equipment 

including lab coat, heat resistant gloves and full-coverage face shields should be used 

when opening the reactor. The residual PVA solution was removed by scrapping the 

surface of the BC-PVA samples with a metal spatula. The samples were frozen in a -78°C 

fridge for 30 minutes and thawed at room temperature to physically crosslink the PVA 

network. The BC-PVA hydrogel was then soaked in a solution of AMPS (30 wt.%), 

MBAA (60 mM), I2959 (50 mM) and KPS (0.5 mg mL-1) for 24 hours. The hydrogel was 

cured with a UV transilluminator (VWR International) for 15 minutes on each side, and 

further cured in an oven at 60°C for 8 hours to ensure even and complete curing. The 
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resulting BC-PVA-PAMPS hydrogel was stored in PBS for at least 24 hours before 

further characterization. 

3.2.2.2 Fabrication of the PVA hydrogel 

To fabricate PVA hydrogel with a PVA concentration of 40 wt.%, a slurry of PVA 

(40 wt.%) and DI water (60 wt.%) were mixed in a glass petri dish (diameter: 90 mm) 

and heated at 121°C for 30 minutes in an autoclave sterilizer. The resulting hydrogel was 

frozen in a -78°C fridge for 30 minutes and thawed to room temperature. The hydrogel 

was frozen and thawed for 4 additional cycles. The resulting PVA hydrogel was cut into 

the desired shape and stored in 0.15 M PBS for at least 24 hours before tests. 

3.2.2.3 Fabrication of PAMPS-PDMAAm hydrogel 

The PAMPS hydrogel was synthesized following a modified procedure from 

previous work.82 An aqueous solution of AMPS (1 M), MBAA (40 mM) and I2959 (50 

mM) was made and cast in a silicone rubber mold and sandwiched between a pair of 

glass slides. The solution was cured with a UV transilluminator (VWR International) for 

1 hour on each side. The PAMPS hydrogel was then removed from the mold and 

submerged in an aqueous solution of DMAAm (3 M), MBAA (3 mM) and I2959 (50 mM) 

for 24 hours. The hydrogel sample was then cured with a UV transilluminator for 30 

minutes on each side to form a PAMPS-PDMAAm double network hydrogel. The 

resulting hydrogel was soaked in 0.15 M PBS for at least 24 hours before mechanical 

testing.  
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3.2.2.4 Fabrication of PVA-PAMPS hydrogel 

 PVA hydrogel was made with the previously described procedure (see section 

3.2.2.2). The PVA hydrogel was then soaked in a solution of AMPS (30 wt%), MBAA (60 

mM), I2959 (50 mM) and KPS (0.5 mg mL-1) solution for 24 hours. The hydrogel was 

cured with a UV transilluminator (VWR International) for 15 minutes on each side, and 

then heat cured in an oven of 60°C for 8 hours to ensure even and complete curing. The 

resulting PVA-PAMPS hydrogel was stored in 0.15 M PBS for at least 24 hours before 

tests. 

3.2.3 Cryomicroscopy 

Samples of BC and BC-PVA-PAMPS were cut into disks with a diameter of 6 mm 

and stored in DI water before shipping to Dr. John Watt for imaging with cryogenic 

scanning electron microscopy (cryo-SEM). 

The disks were plunge frozen in liquid ethane using a Mark IV Thermo Fisher 

Vitrobot and transferred under liquid nitrogen (LN2) to a Leica VCM cryogenic sample 

preparation chamber. They were mounted to an SEM stub under an inert LN2 

environment and then loaded into a Leica VCT500 transfer shuttle. A 10 nm layer of Pt 

was deposited onto the samples, also under cryogenic conditions, using a Leica ACE600 

sputter coater. Finally, using the VCT500 the samples were introduced into the SEM via 

load lock to a cryogenically cooled stage maintained at -150 °C. Imaging was performed 

with an accelerating voltage of 5 keV.   
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3.2.4 Monotonic Tensile and Compression Tests 

3.2.4.1 Tensile tests 

Monotonic tensile measurements were carried out on an Instron 1321 (Instron, 

Norwood, MA, USA) instrument as well as a TestResources 830 (TestResources, 

Shakopee, MN, USA) load frame at a rate of 0.25 mm s-1. Monotonic samples in an 

ASTM D638-14 Type V shape with a titanium hollow punch that was created through 

additive manufacturing. The dimensions of the samples were measured with a caliper 

before testing. The ultimate tensile strength (UTS) was the maximum stress measured 

before fracture. The tensile modulus was taken as the slope of the stress-strain curve at a 

stress of 1 MPa for comparison with previous studies of human cartilage.106  

3.2.4.2 Compression tests 

The compressive properties of all samples were measured with an axial Torsion 

System (Test resources 830LE63). The cylindrical samples were cut out of films of 

hydrogel samples with a hollow steel punch (diameter: 4 mm). The dimensions of the 

samples were measured with a caliper before testing. The compressive properties were 

measured with a strain rate of 0.05 s-1. The ultimate compressive strength was taken as 

the maximum stress measured before fracture. The compressive modulus was derived 

as the slope of the stress-strain curve at a stress of 0.4 MPa. The 0.4 MPa stress point was 

chosen for comparison with previous studies of human cartilage.78 
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3.2.5 Confined Compression Creep Tests 

3.2.5.1 Test procedures 

The confined compression creep tests were conducted with the setup and 

procedures previously published by Cutcliffe et al.123 Hydrogel samples with diameters 

of 6 mm were cut out with a hollow steel punch. The cartilage samples were harvested 

from pig femurs with an osteochondral autograft transfer system (Arthrex). The femurs 

were purchased from a local grocery store and frozen at -78°C before the harvest. As 

shown in Figure 13, the samples were placed in a hole 6 mm in diameter in the center of 

the sample holder piece. A plunger 6 mm in diameter applied pressure on the sample 

during the test.  

 

Figure 13. (A) Picture and (B) schematic of the experimental setup used for the 
confined compression creep test. 

Before the test, the sample was pre-conditioned at a minimum pressure of 1 kPa 

for 15 minutes to rehydrate it to an equilibrium state. Then, a series of pressures of 0.04, 
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0.05, 0.06, 0.07, 0.08, 0.09 and 0.1 MPa were applied for 1 hour each. The stress vs. time 

and strain vs. time are shown in Figure 14A & B.  
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Figure 14. (A) Stress profile for the confined compression creep test. (B) Strain 
vs. time for BC-PVA-PAMPS and porcine cartilage in 0.15 M and 2 M PBS. (C) Stress 
vs. equilibrium strain for BC-PVA-PAMPS and porcine cartilage in 0.15 M and 2 M 
PBS 
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3.2.5.2 Derivation of aggregate modulus (HA) 

The data was processed following the procedure reported by Cutcliffe et al.123 

The relationship between the strain and time in a confined compression creep test of a 

hydrogel follows the biophasic theory,124 and is shown in Equation 1 and 2:  

Equation 1 

 

Equation 2 

 

where u is the surface displacement, h is the baseline thickness of the sample, σ0 

is the applied stress, HA is the aggregate modulus, and τ is a time constant. Note that the 

strain is u/h. 

As t -> ∞, Equation 1 becomes Equation 3:  

Equation 3 

 

Therefore, HA can be obtained from the slope of the stress vs. equilibrium strain 

curve, as indicated by Equation 4: 

Equation 4 
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The equilibrium strain of the samples was taken as the strain after one hour of 

compression at a constant stress. The equilibrium strain at different stresses was plotted 

(see Figure 14C) and the HA was taken as the slope of a linear fit to the data with least 

squares regression.   

3.2.5.3 Derivation of the permeability 

To determine the permeability, Equation 1 was fit to the data collected during the 

confined compression creep test with an applied stress of 0.04 MPa to calculate the time 

constant and the aggregate modulus. The fit procedure was performed in Python 

(version 3.74) using the nonlinear least-square curve fitting function 

scipy.optimize.leastsq. In short, the fit procedure was performed by calculating the  

value with Equation 1, while the values of t and HA were adjusted to minimize the least 

mean square error between the calculated u/h and the strain data. The value of u/h was 

calculated by adding up the first 11 terms (n=0-10) in the infinite series in Equation 1. 

The python code for the fit procedure can be downloaded from: 

 https://github.com/FeichenYang/Non-Linear-Fitting 

After obtaining the value of t, the permeability k was calculated with Equation 2. 

The fitted curve is compared the experimental curve in Figure 15.   
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Figure 15. Comparison of experimental (solid) curves of strain vs. time with 
theoretical fits (dashed) for the confined compression creep test of our BC-PVA-
PAMPS hydrogel and porcine cartilage. The applied pressure was 0.04 MPa. 

3.2.6. Tribological Tests 

3.2.6.1 Tribological testing 

The coefficient of friction (COF) was measured with a pin-on-disk method using 

an Anton Paar Rheometer (MR302) and a tribology accessory (SCF7) in a manner similar 

to that reported by Pondicherry et al.125 A picture of the test setup is shown in Figure 16. 

A 304 stainless-steel pin (diameter: 6 mm) was polished with #2500 sandpaper and 

secured in the upper fixture. A disk of hydrogel or porcine cartilage with a diameter of 

12.7 mm was adhered with cyanoacrylate glue (Gorilla Glue Company) to the sample 

holder. 
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Figure 16. (A) Components of the experimental setup for tribological testing. 
(B) Setup during a tribological test. 

At the beginning of the tests, a normal force equivalent to a pressure of 1 MPa 

was applied without rotation for 5 minutes prior to the measurements. Then, a 

logarithmical speed ramp test was performed with the following parameters: angular 

speed ramp (ω): 10-5 to 500 rounds per minute (logarithmic); data point duration: 10 s to 

1 s (logarithmic); normal force (FN): 28.26 N (1 MPa). The 1 MPa pressure was chosen as 

the highest compressive load that all of the tested samples could withstand and is also 

comparable to the stress experienced by cartilage in a human knee during walking. 

Testing was performed in 0.15 M PBS. The friction force as a function of the angular 

speed was measured from the torque on the pin.  
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3.2.6.2 Data processing for the tribology data 

The COF is usually plotted as a function of the linear sliding velocity (v). Gong et 

al reported the Equation 5 for calculating the total friction force (F) from the torque (T) 

and the radius of the pin in the pin-on-disk setup (R):126, 127 

Equation 5 

 

The COF can then be calculated by Equation 6:  

Equation 6 

 

Here FN is the normal force (28.26 N). The resulting relations between the COF 

and the linear velocity (v) are shown in Figure 17.  

 

Figure 17. COF of PVA, PVA-PAMPS, porcine cartilage, PAMPS-PDMAAm 
and BC-PVA-PAMPS hydrogels at different sliding speeds. 
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The linear velocity (v) was calculated by: 

Equation 7 

 

Where w was the angular speed of the pin.  

The COF reported for the hydrogels in the following chapters was taken as the 

COF at v = 50 mm s-1, which is comparable to the sliding speed in the knee during 

walking. 91, 128  

3.2.7. Wear resistance 

The wear resistance of the hydrogels and porcine cartilage samples were 

determined with the same pin-on-disk setup used to measure the COF. For the data in 

Figure 20 the testing parameters were as follows: 100,000 rotations; angular speed: 319 

rounds per minute (maximum linear velocity: 100 mm s-1); normal force: 28.26 N 

(pressure: 1 MPa); pin material: 304 stainless steel. The tests were performed in 0.15 M 

PBS. 

The wear depth for the BC-PVA-PAMPS and PVA hydrogel were also tested in 

bovine serum for 1 million rotations against porcine cartilage. Bovine serum is often 

used during wear tests to mimic the lubrication provided by synovial fluid.129-131 The 

osteochondral plug of cartilage with subchondral bone was extracted with an 

osteochondral autograft transfer system from a pig femur in the same manner as with 

the confined compression creep test. The test was performed with an angular speed of 
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319 rotations per minute (linear velocity: 100 mm s-1) and a normal force of 28.26 N 

(pressure: 1 MPa).  

After the wear test, the samples were rehydrated in 0.15 M PBS for 24 hours to 

allow the gels to recover from the applied pressure before the wear depth was measured 

with a High-Resolution X-ray Computed Tomography (MicroCT) Scanner (Nikon XTH 

225 ST). A 3D model of the reconstructed MicroCT images was rendered with Avizo 9 

Lite. To measure the wear depth, a slice of the 3D model was taken in the middle of the 

wear mark. The wear depths were measured from the images of the middle slices with 

ImageJ.  

3.2.8. Fatigue resistance 

Hydrogel samples for fatigue were prepared in an ASTM D638-14 Type V shape. 

Samples were initially analyzed for their ultimate tensile strength (UTS) in monotonic 

tension in a 37°C tap water bath. A minimum of four samples for each hydrogel was 

tested to obtain an average UTS value, which are listed in Table 4.  

Table 4. Average UTS and standard deviations for hydrogels in the fatigue tests. 

 

 

Cyclic tensile tests were carried out with the hydrogel samples in a water bath at 

37°C. Samples were cycled between 1 N of force to a specific load of interest at a 

frequency of 2.5 Hz. Target load values were based on the stress at 0.5, 1 and 2 standard 

Composition UTS (MPa) Standard Deviation (MPa) 
BC-PVA-PAMPS 12.37 1.87 
BC-PVA 7.06 1.52 
BC-PAMPS 2.21 0.35 
BC 2.36 0.32 
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deviations below the UTS.  A maximum of 100,000 cycles were carried out. Every 

sample that did not fail after 100,000 cycles had no visible signs of damage accumulation 

or crack formation. 

3.2.9 Cytocompatibility 

Nine disks of the BC-PVA-PAMPS hydrogel with a diameter of 20.5 mm and a 

thickness of 0.9 mm were submitted to NAMSA to evaluate their cytotoxicity with an in 

vitro mammalian cell culture test. This study was conducted following the guidelines of 

ISO 10993-5, Biological evaluation of medical devices - Part 5: Test for in vitro 

cytotoxicity. The extract from the hydrogel exhibited no evidence of causing cell lysis or 

toxicity.  

3.3 Results and Discussion 

3.3.1 Design 

Cartilage-equivalent properties were achieved in the BC-PVA-PAMPS hydrogel 

by mimicking the structure of cartilage. Articular cartilage principally consists of water 

(60-85% by weight), collagen fibers (15-22%) with diameters of ~100 nm, and negatively 

charged aggrecan (4-7%).132-134 The collagen fiber network gives cartilage its high tensile 

strength.132 Aggrecan is a brush-like molecule with a negative charge that comes from 

sulfate groups on the glycosaminoglycan chains attached to a protein core.135 Aggrecan 

forms large aggregates with hyaluronan that are trapped within the collagen network, 

leading to an osmotic pressure that resists compressive loads.133-141  
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Collagen cannot be used in a synthetic replacement for cartilage because it 

degrades in the human body, as is demonstrated by the high failure rate of 

decellularized allografts.142 Bacterial cellulose (BC) was chosen as the nanofiber network 

to mimic collagen due to its biocompatibility, high tensile strength, and because the 

human body lacks the enzymes necessary to degrade cellulose.143-146 The second network 

consisting of a PVA hydrogel was infiltrated into the BC network to provide an elastic 

restoring force and viscoelastic energy dissipation,147-149 and to increase the tensile 

strength by preventing allowing BC fibers to load share in a composite framework.111, 150, 

151 As shown in Figure 18A, a BC-PAMPS hydrogel had a tensile strength of 4.6 MPa, 

lower than the 8.1 MPa required to be in the cartilage-equivalent range. In contrast, a 

BC-PVA hydrogel has a cartilage-equivalent tensile strength of 12.3 MPa.  

A PAMPS network was added to the hydrogel to provide it with a fixed negative 

charge from the sulfate groups on the PAMPS molecules, thereby mimicking the role of  

the chondroitin sulfate and keratan sulfate components that give aggrecan its negative 

charge.124, 136 This negative charge results in an osmotic pressure that swells cartilage and 

contributes to its compressive strength. As shown in Figure 18B, neither the BC-PAMPS 

or the BC-PVA hydrogel had sufficient strength to be considered cartilage-equivalent. 

By adding the PAMPS network into the BC-PVA hydrogel, we increased both the 

compressive modulus (23 MPa) and strength (10.8 MPa) to within the cartilage-

equivalent range.   
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Figure 18. (A&B) Tensile and compressive stress-strain curves for BC-PVA, 
BC-PAMPS, and BC-PVA-PAMPS hydrogels; (C) Illustration of the BC-PVA-PAMPS 
hydrogel fabrication process; (D&E) Cryo-SEM images of the BC and the BC-PVA-
PAMPS hydrogel. 

3.3.2 Fabrication 

Figure 18C provides an illustration of the fabrication process for the BC-PVA-

PAMPS hydrogel. First, a piece of BC was pressed to a controlled thickness, typically 0.5 

mm, by using spacers between 2 metal plates. A cryogenic scanning electron microscopy 

(cryo-SEM) image (Figure 18D) shows the nanofibrous nature of the BC. Next, the 

pressed BC was soaked in an aqueous solution of 40 wt% PVA at 135°C for 24 hours to 

diffuse the PVA solution into the BC. The BC-PVA gel was then frozen at -78°C for 30 

minutes and thawed to room temperature to physically crosslink the PVA network.151 

The BC-PVA hydrogel was then soaked in a solution of 30 wt% AMPS, 60 mM MBAA, 

50 mM I2959 and 0.5 mg/mL KPS solution for 24 hours. The hydrogel was cured with a 

UV transilluminator (VWR) for 15 minutes on each side, and then heat cured in an oven 



 

52 

at 60°C for 8 hours to ensure even and complete curing. The resulting BC-PVA-PAMPS 

hydrogel was stored in 0.15 M phosphate buffered saline (PBS) solution for at least 24 

hours before further characterization. Figure 18E shows a cryo-SEM image of the surface 

of the BC-PVA-PAMPS hydrogel. 

3.3.3 Effect of Composition on Strength and Modulus 

Thirty mechanical tests were performed on BC-PVA-PAMPS hydrogels with 

different molecular weights of PVA, and different concentrations of BC, PVA, AMPS, 

and MBAA cross-linker to determine the sensitivity of the hydrogel’s mechanical 

properties to these parameters.  The results are shown in Figure 19. Unless otherwise 

stated, the composition of the hydrogel selected for subsequent testing in the paper was 

22.1 wt.% BC, 40 wt.% PVA (molecular weight: 144k g mol-1), 30 wt.% PAMPS, and 60 

mM MBAA. 



 

53 

 

Figure 19. Tensile strength (A), tensile modulus (B), compressive strength (C), 
and compressive modulus (D) of BC-PVA-PAMPS hydrogels with different 

formulations. The concentrations of BC, PVA, PAMPS, MBAA are 20 wt.%, 40 wt.%, 
30 wt.% and 60 mM and the molecular weight of PVA was 146k g mol-1 unless 
otherwise indicated. The range of compositions that corresponds to cartilage-

equivalent hydrogels are denoted with blue shading. 

A BC wt.% of 13.9%, 22.1%, or 49.8% resulted in a cartilage-equivalent tensile 

and compressive strength, but only the intermediate value of 22.1% resulted in a 

hydrogel with a cartilage-equivalent tensile modulus.  For the PVA network, molecular 

weights of 77k, 144k and 202k g mol-1 were tested. Increasing the PVA molecular weight 

from 77k to 144k g mol-1 increased the tensile and compressive strength of the hydrogel 
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from below to within the cartilage-equivalent range. This increased strength may be 

attributed to increased hydrogen bonding and entanglement between the polymer 

chains.151, 152 However, increasing the molecular weight further to 202k g mol-1 lead to a 

decrease in strength outside of the cartilage-equivalent range because the higher 

molecular weight polymer did not fully dissolve during the infiltration processes. 

Compositions with PVA below 40 wt.% were not cartilage equivalent, while higher 

concentrations did not fully dissolve during infiltration. 

PAMPS by itself forms a relatively stiff, brittle hydrogel. Thus, increasing the 

AMPS concentration increased the tensile and compressive moduli. The addition of an 

intermediate range of AMPS (20-30 wt.%) provided cartilage-equivalent mechanical 

properties. Further increasing the AMPS wt.% (e.g. 40 wt.%) made the hydrogel brittle 

under compression, decreasing its compressive strength below the cartilage-equivalent 

range. 

MBAA crosslinks the PAMPS network. Interestingly, MBAA was not necessary 

to provide cartilage-equivalent mechanical properties. The MBAA concentration had a 

relatively minor effect on the mechanical properties of the hydrogel, but an MBAA 

concentration of 80 mM or higher increased the tensile modulus to outside the cartilage-

equivalent range. Therefore, a range of 0-60 mM of MBAA provided cartilage-equivalent 

mechanical properties.  
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3.3.4 Creep 

A cartilage-equivalent hydrogel should ideally not only mimic the strength and 

modulus of cartilage, but also its time-dependent mechanical properties. Figure 20A 

shows plots of compressive strain vs. time for BC-PVA-PAMPS and porcine femoral 

cartilage under confined compression with a constant pressure of 0.04 MPa (see Figure 

13 for the experimental setup). The pressure of 0.04 MPa was chosen to keep the strain of 

the sample in a small range (<10%), as was done in previous work.123 Tests were 

performed in 0.15 M PBS to mimic the salt concentration in the physiological 

environment. The creep curve for the BC-PVA-PAMPS hydrogel is similar to porcine 

cartilage. The aggregate modulus for these samples was determined by fitting the slope 

of the stress-equilibrium strain curve over the range of 0.04-0.1 MPa (shown in Figure 

14). This analysis produced an aggregate modulus of 0.78 MPa for both the BC-PVA-

PAMPS hydrogel and porcine cartilage, which is consistent with the range of values 

reported in the literature for human femoral cartilage (0.46-1.43 MPa).153 The 

permeability of BC-PVA-PAMPS hydrogel (3.2×10-15 m4 N-1 s-1) is also in the range of 

values reported for human cartilage (1.2-9.2×10-15 m4 N-1 s-1),153, 154 indicating that the 

time-dependent deformation of the BC-PVA-PAMPS hydrogel should match that of 

surrounding cartilage if it is implanted into a patient’s knee. The methods of deriving 

the permeability of BC-PVA-PAMPS hydrogel are given in the experimental sections.  

 



 

56 

 

Figure 20. (A) Strain vs. time for confined, uniaxial creep tests on BC-PVA-
PAMPS hydrogel and cartilage under 0.04 MPa. (B) Comparison of the coefficient of 
friction and wear depth of porcine cartilage and the BC-PVA-PAMPS hydrogel. (C) 
MicroCT images of the BC-PVA-PAMPS hydrogel, porcine cartilage, PVA-PAMPS 
hydrogel, PAMPS-PDMAAm hydrogel and PVA hydrogel before and after wear 
testing of 100,000 rounds at 100 mm s-1 in PBS. (D) Maximum cyclic tensile stress 
applied vs. the number of cycles before fracture. Eight samples indicated by arrows 
did not fail after 100,000 cycles. 

Given the large amount of literature citing the importance of osmotic pressure in 

the compressive strength of cartilage,133, 139-141, 155-158 we were curious to see if there was a 

similar osmotic effect for the BC-PVA-PAMPS hydrogel. Such an osmotic effect was 

previously deduced from a decrease in the aggregate modulus at a higher salt 
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concentration.124, 136 We found that indeed the aggregate modulus of the BC-PVA-

PAMPS decreased to nearly the same value (0.50 MPa) as porcine cartilage (0.49 MPa) 

when the PBS concentration was increased to 2.0 M (Figure 20A). Thus, a component of 

the compressive strength and modulus of the BC-PVA-PAMPS hydrogel can be 

attributed to the osmotic pressure resulting from the large fixed negative charge 

provided by PAMPS.  

3.3.5 Friction 

Any replacement for cartilage should have a similarly low coefficient of friction 

(COF) and resistance to wear to ensure that the synthetic replacement is durable and 

generates minimal wear debris in vivo.159, 160 A low COF is also desirable to minimize 

wear of the opposing cartilage surface.160-162 The COF of BC-PVA-PAMPS, PVA, PAMPS-

PDMAAm, PVA-PAMPS and cartilage samples were tested with a rotating pin-on-fixed 

disk configuration (shown in Figure S5). As shown in Figure 3B, the COF of BC-PVA-

PAMPS (0.06) was not only the lowest among the hydrogels previously studied for 

cartilage replacement (0.17 for PVA, 0.08 for PAMPS-PDAAm, 0.13 for PVA-PAMPS), it 

was also lower than that of porcine articular cartilage (0.11). We attribute the low COF to 

the negative charge of the PAMPS network and the role of BC in reducing the swelling 

of the hydrogel during soaking in AMPS. The charged surface of the PAMPS hydrogel 

network can increase the thickness of the water lubrication layer between the gel and the 

opposing surface, and thereby decrease the COF.126, 127 Both the PVA-PAMPS and 
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PAMPS-PDMAAm hydrogels have a lower COF than PVA, providing further support 

for the importance of the negative charge for minimizing the COF. The reason why the 

BC-PVA-PAMPS hydrogel has a lower COF than PVA-PAMPS is likely because the BC 

network decreases the volumetric swelling ratio of the hydrogel after being soaked in 

PBS (160% for BC-PVA-PAMPS hydrogel, 310% for PVA-PAMPS), thus increasing the 

fixed charge density. The relationship between COF and the sliding speed of PVA, PVA-

PAMPS, porcine cartilage, PAMPS-PDMAAm and BC-PVA-PAMPS are shown in 

Figure 17.  

3.3.6 Wear 

The wear resistance of the hydrogels was tested by rotating a 304 stainless-steel 

pin on top of the samples in 0.15 M PBS for 105 cycles under a pressure of 1 MPa. As 

shown in Figure 20B-C, the maximum wear depth of BC-PVA-PAMPS hydrogel (370 

µm) was 2.6-4.4 times smaller than the other hydrogels (1620 µm, 962 µm and 989 µm 

for PVA, PAMPS-PDMAAm and PVA-PAMPS hydrogels, respectively). The wear depth 

for the BC-PVA-PAMPS is even 14% smaller than that of porcine cartilage (429 µm). We 

attribute this excellent wear resistance to the low COF, high modulus and high strength 

of the BC-PVA-PAMPS hydrogel.[57] Traditional, more wear-resistant orthopedic 

materials like cobalt-chromium alloy (CoCr) or ultra-high-molecular-weight 

polyethylene have a much higher COF (CoCr against cartilage: 0.1-0.2;  BC-PVA-PAMPS 

against cartilage: 0.03)163 which can lead to wear to the opposing cartilage surface.163-165  
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We also measured the wear of PVA and the BC-PVA-PAMPS hydrogel against 

cartilage in bovine serum to determine what amount of wear might be expected under 

these more physiologically-relevant conditions. A cartilage pin was rotated on top of a 

BC-PVA-PAMPS disk and a PVA disk for 1 million cycles with 1 MPa of pressure.108, 162 

As shown in Figure 21, the wear of the BC-PVA-PAMPS hydrogel was undetectable 

under MicroCT, which means that the maximum wear depth was smaller than the 

resolution of the MicroCT (25 µm) after 1 million cycles. On the other hand, the PVA 

sample was completely worn through (3.5 mm) after 200,000 cycles under the same 

testing conditions. These results indicate the amount of wear that will occur for the BC-

PVA-PAMPS hydrogel in vivo could be negligible. 

 

Figure 21. MicroCT images of BC-PVA-PAMPS hydrogel (top row) and PVA 
hydrogel (bottom row) before (left column) and after (right column) 1 million cycles 
of wear in bovine serum. 
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3.3.7 Fatigue 

Cartilage experiences cyclic stress in vivo, so it is important to characterize the 

fatigue properties of materials that have the potential to be used for cartilage 

replacement.166, 167 Figure 20D shows the results from cyclic tensile testing for the BC-

PVA-PAMPS hydrogel, its components in different combinations, as well as porous 

titanium for comparison.168 We focused on tensile fatigue because tensile fatigue failure 

of collagen may play a role in the mechanical failure of cartilage,169-172 and failure in 

tension is more clearly defined than failure in compression for cartilage-like materials.78 

Cyclic tests were conducted at 2.5 Hz, so that samples with a higher strength 

experienced a higher stress rate (see Table 4 and experimental sections for testing 

conditions). The BC-PVA-PAMPS hydrogel exhibited a remarkably high fatigue strength 

of 8.62 MPa at 105 cycles, which is comparable to 85% porous 3d-printed titanium.168 As 

shown in Figure 20D, the fatigue strength is also similar to that of human cartilage of a 

middle aged human.   

Addition of PAMPS to BC decreased its resistance to fatigue due to the brittle 

nature of PAMPS.31 The addition of PVA to BC increased fatigue resistance due to the 

toughness of PVA;147-149 all four BC-PVA samples were free of damage at 105 cycles. BC-

PVA-PAMPS exhibited superior fatigue strength than BC-PAMPS due to the ability of 

PVA to act as a toughening agent and cancel out the poor fatigue properties of PAMPS. 
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The fatigue strength of BC-PVA-PAMPS is the same as the fatigue strength of cartilage 

in middle-aged adults.169  

3.3.8 Biocompatibility 

To test for biocompatibility, a sample of the BC-PVA-PAMPS hydrogel was 

submitted to NAMSA, a medical research organization, to test the in vitro cytotoxicity of 

the gel to mammalian cells with the elution method (ISO 10993-5). The resulting report 

is included in the supplemental information. No signs of cell cytotoxicity or lysis were 

observed after incubating L-929 mouse fibroblast cells with an extract of the hydrogel for 

48 hours. This result is not surprising given the components of the hydrogel have already 

been independently demonstrated to be biocompatible.143, 173 The lack of adverse cell 

response indicates that this hydrogel may be suitable for use as a cartilage replacement in 

vivo, but further animal testing is necessary to confirm the biocompatibility of the 

hydrogel over longer time periods.  

3.3.9 Animal Model Studies 

To further examine the biocompatibility of the BC-PVA-PAMPS hydrogel in vivo, 

a series of rabbit model tests were conducted by implanting a BC-PVA-PAMPS hydrogel 

attached to a porous polyether ether ketone (PEEK) plug (reinforced by stainless steel 

fibers) into the knee joints of rabbits for up to 12 weeks. The physical conditions of 

rabbits were monitored after the surgery. After 6-12 weeks, the rabbits were euthanized 

to harvest the knee joints. As shown in Figure 22A-B, the cartilage surrounding the 
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implant is healthy, the implant is well-integrated in the defect, and there was no sign of 

inflammatory synovitis. 

The harvested knee joints with the implants were characterized with High 

Resolution X-ray Computed Tomography Scanner (MicroCT) to demonstrate bone 

ingrowth. As shown in Figure 22C-D, the porous PEEK implant induced bone ingrowth 

which creates a strong fixture between the rabbit knee and the implant.  

 

Figure 22. (A) A knee joint with a BC-PVA-PAMPS hydrogel implanted, 
harvested after 6 weeks; (B) A knee joint with a BC-PVA-PAMPS hydrogel implanted, 
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harvested after 12 weeks; (C-D) MicroCT images of knee joints harvested after 12 
weeks.  

3.4 Conclusion 

In summary, a biomimetic approach was used to create the first hydrogel with the 

same strength and modulus as human articular cartilage in compression and tension. 

Bacterial cellulose nanofibers provided the hydrogel with a source of tensile strength in a 

manner analogous to collagen nanofibers in cartilage. PVA provided an elastic restoring 

force, viscoelastic energy dissipation, and prevented stress concentration on individual 

BC fibers. PAMPS provided the hydrogel with a source of fixed negative charge and 

osmotic restoring force similar to the role of aggrecan in cartilage. The BC-PVA-PAMPS 

hydrogel also had an aggregate modulus (0.78 MPa) and permeability (3.2×10-15 m4 N-1 s-

1) that give it the same time-dependent mechanical response as cartilage under confined 

compression. The BC-PVA-PAMPS hydrogel exhibited a coefficient of friction (0.06) 

about half that of cartilage, was 4.4 times more resistant to wear than PVA, and exhibited 

cartilage-equivalent fatigue strength at 100,000 cycles. BC-PVA-PAMPS was not 

cytotoxic and is comprised of materials that have been previously demonstrated to be 

biocompatible. Taken together, these properties make the BC-PVA-PAMPS hydrogel an 

excellent candidate material for use in the repair of cartilage lesions.   
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4. Alkaline Water Electrolysis at 25 A cm-2 with a 
Microfibrous Flow-through Electrode* 
4.1 Introduction 

The variability of electricity generation from wind and solar can lead to 

mismatches between generation and load which necessitate curtailment of generation. 

For example, approximately 4% of electricity generated from wind was curtailed in 

2013,174 a time at which only 4% of the electricity in the U.S. was generated from wind 

power.175 The curtailment of renewable power by the California independent system 

operator (CAISO) has increased from 188 GWh in 2015 to 461 GWh in 2018, 95% of 

which was solar power.176 An analysis of the Electricity Reliability Council of Texas 

(ERCOT) grid system with 55% renewables indicates that at least 11% of the electricity 

would be curtailed.177 Even with the addition of 8.5 GW of 4 h electricity storage, 

modeling showed curtailment remained at 8-10% in the ERCOT system.177 Finding 

additional ways to utilize this excess generation is critical to maximizing the 

environmental and economic benefits of renewable power as its share of electricity 

generation increases. 

 

* This chapter adapted from Yang, F., Kim, M. J., Brown, M., Wiley, B. J., Alkaline Water 
Electrolysis at 25 A cm−2 with a Microfibrous Flow-through Electrode. Adv. Energy 
Mater. 2020, 2001174.   
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One strategy to utilize excess renewable electricity is to generate hydrogen with 

water electrolysis, an approach that is also referred to as power-to-gas.178-187 There are 

many potential uses of hydrogen, including heating, ammonia production, metal 

refining, conversion into methane or liquid fuels, or use in fuel cell vehicles.188 Very large 

amounts of hydrogen can potentially be stored relatively cheaply in underground 

reservoirs to address the seasonal variability of renewable electricity generation.183, 189-191  

The two most common water electrolysis systems are alkaline and proton exchange 

membrane (PEM). The alkaline electrolyzer is the most mature technology with a cost 

roughly half that of PEM electrolyzers.178, 192 On the other hand, PEM electrolyzers can 

work under higher current densities (600–2,000 mA/cm2) than alkaline electrolyzers 

(200–450 mA/cm2), enabling them to be more compact.37, 192  

Without a tax on CO2 emissions, techno-economic assessments of the feasibility 

of hydrogen production via water electrolysis indicate that it is not cost-competitive 

with methane steam reforming under current market conditions.185, 193-195 Thus, 

commercial applications of electrolyzers are currently limited to small-scale, on-site 

hydrogen production for industrial applications, with a few larger-scale plants for 

ammonia fertilizer production in remote areas with excess electricity.192 The opportunity 

to utilize low-cost, excess electricity from renewable generation will help to make water 

electrolysis cost competitive, but reductions in the cost of the electrolyzer plant will also 

be necessary.196, 197 One way to lower the electrolyzer cost and take advantage of 
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periodically low electricity prices is to increase the amount of hydrogen such plants can 

produce, i.e., their productivity, without degrading their lifetime.192  

The formation of gas bubbles currently limits the maximum current density, and 

thus productivity, of alkaline electrolyzers.192, 198 A variety of attempts have been made to 

address the bubble removal problem, including circulation of electrolytes across the 

surface of the electrode,192, 198-200 development of zero gap and other advanced 

electrolyzer architectures,36, 201-204 application of magnetic fields,205-207 application of 

ultrasonic fields,208 and even modifications to the gravitational field.200, 209, 210 

Approaching this problem from the perspective of material scientists, we are 

particularly interested in how the structure of the electrode can be modified to improve 

bubble removal. 

There are a huge number of studies of how electrode structure affects the 

efficiency of water electrolysis, but relatively few studies have focused on the effect of 

electrode structure on bubble removal and the maximum current density.211-214 For 

example, a study of electrodeposited Ni catalysts with different morphologies indicated 

a needle-like morphology exhibited the highest current density due to its low surface 

tension which facilitated bubble removal. Studies of three-dimensional porous 

electrodes have attributed their high performance to their ability to remove bubbles.211, 213, 

215 However, it is not yet clear what is the optimum electrode structure that will 

maximize surface area for electrolysis without hindering bubble removal. It is also not 
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clear what is the maximum current density for different three-dimensional porous 

electrode structures. 

This study sought to address the question of what is the ideal electrode structure 

that maximizes the surface area for water electrolysis while facilitating bubble removal 

at high current densities. A zero-gap, flow-through electrode geometry was adopted to 

minimize the distance between the electrodes and maximize the ability of flowing fluid 

to remove bubbles from the porous electrode surface. Three Ni porous electrodes - foam, 

microfiber (MF) felt, and nanowire (NW) felt - were tested to examine the tradeoff 

between pore diameter and surface area. Although the NW felt had a surface area 1.34 

times larger than the MF felt, it exhibited an overpotential 41 mV higher than the MF felt 

at a current density of 100 mA/cm2. Pulse electrolysis revealed the overpotential for the 

NW felt was initially lower than the MF felt, but quickly rose to exceed that of the MF 

felt within 1 minute. The corresponding decrease in the permeability of the electrode 

over the same period suggested that bubble entrapment limited the performance of the 

NW felt. The greater entrapment of bubbles within the NW felt was ascribed to the 

greater pore-throat aspect ratio and the smaller size of the pore throat relative to the gas 

bubbles. The MF felt also exhibited better performance than the Ni foam due to its 

higher surface area. The MF felt thus represents an optimal trade-off between surface 

area and pore throat geometry for bubble removal. MF felts exhibited H2 production 

rates 1.7 and 6.7 times greater at an energy efficiency of 50% (based on the lower heating 
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value of H2) compared to conventional PEM and alkaline water electrolyzers, 

respectively. The maximum current density of the MF felt was 25,000 mA/cm2 at 6.3 V, 

which is 12.5 and 50 times greater than the current density from PEM and alkaline water 

electrolyzers, respectively. The greater production rate enabled by MF electrodes can 

improve the economics for conversion of inexpensive, excess renewable energy to H2.  

4.2 Experimental 

4.2.1 Materials 

Isopropyl alcohol (IPA, VWR), hydrogen (Airgas), nickel nitrate (Ni(NO3)2·6H2O, 

98%, Alfa Aesar), potassium hydroxide (KOH, ACS, VWR Chemicals BDH), copper 

nitrate (Cu(NO3)2·2.5 H2O, ≥98.0%, Sigma-Aldrich), sodium hydroxide (NaOH, 99.0%, 

NOAH Technologies), ethylenediamine (EDA, Sigma-Aldrich), α-D-glucose (96%, 

Sigma-Aldrich), ethylene glycol (>99%, VWR Chemicals BDH), polyvinylpyrrolidone 

(PVP, molecule weight: 10,000 Da, Sigma-Aldrich), diethylhydroxylamine (DEHA, 

Sigma-Aldrich), hydrazine (35% aqueous solution, Sigma-Aldrich), Ni foam (thickness: 

0.5 mm, Kunhewuhua), and polyethersulfone membranes (pore size: 0.1 µm, nominal 

thickness:110-150 µm, Sterlitech) were used as received. 

4.2.2 Fabrication of Porous Electrodes 

4.2.2.1 Synthesis of Copper Nanowires 

Cu NWs were synthesized with EDA as a facet-dependent promoter for 

anisotropic growth.216, 217 First, three aqueous solutions were prepared: (i) 0.1 M 
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Cu(NO3)2 (160 mL), (ii) 8 M NaOH (1500 mL), and (iii) 1 g/mL α-D-glucose (150 mL). 

Solutions (i) and (ii) were mixed first, and then EDA (23 mL) was added to the solution. 

After shaking the solution by hand, solution (iii) was added, and the final solution was 

shaken by hand and placed in an oven (60°C) for 4 hrs. The Cu NWs were then collected 

by filtering the product solution using a stainless-steel mesh strainer (400 mesh). The 

collected Cu NWs were washed with and stored in an aqueous solution containing 3 

wt% PVP and 1 wt% DEHA. The average diameter and length of the Cu NWs were 245 

nm (± 90) and 40 µm (± 14) (shown in the measurements in Figure 22). The diameters 

were measured with a scanning electron microscope (SEM, FEI XL30) and the lengths 

were measured with a dark-field optical microscope (DFOM, BX51, Olympus). 
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Figure 23. (a) SEM, (b) DFOM images, and (c) the distributions of diameter and 
length of Cu NWs, and (d) SEM, (e) DFOM images, and (f) the distributions of 
diameter and length of Ni-Cu NWs. The average diameter and length of NWs were 
obtained from randomly selected NWs (n > 50). 
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4.2.2.2 Ni Coating on Ni Microfibers and Cu Nanowires 

Nickel was coated onto both Ni microfibers (Ni MFs, IntraMicron, average 

length: 3 mm, diameter: 1.5 µm, Figure 23) and Cu NWs according to a previously 

reported electroless plating process.218 The as-received Ni MFs contained Fe impurities, 

so the MFs were coated with Ni to exclude the potential effect of Fe impurities on water 

electrolysis. 

Cu NWs in the storage solution were washed with IPA and collected by 

centrifugation. This Cu NW solution (50 mL), 0.1 M Ni(NO3)2 in ethylene glycol (7.87 

mL), and 2 wt% PVP in ethylene glycol were mixed, and the final concentration of the 

Cu NWs was adjusted to 1 mg/mL. The solution was transferred to a round-bottom flask 

equipped with a reflux condenser and heated to 120°C in an oil bath. To initiate Ni 

deposition, 35% hydrazine (7.87 mL) was added into the solution, and the final solution 

was stirred every 2 min for 20 min. The Ni-coated Cu NWs (Ni-Cu NWs) were separated 

from the solution by a magnet and re-dispersed in an aqueous solution containing 1% 

hydrazine and 3% PVP. The composition of the Ni-Cu NWs was measured to be 46 at% 

Cu and 54 at% Ni at% with atomic absorption spectroscopy (Perkin-Elmer, 3100 Atomic 

Absorption Spectrometer). The average diameter and the length of the Ni-Cu NWs were 

350 nm (± 130) and 41 µm (± 13), respectively (Figure 22d,e), indicating that the thickness 

of the Ni shell was approximately 52.5 nm. The Ni MFs were coated with Ni using the 

same procedure. The Ni MFs were first dispersed in ethylene glycol at a concentration of 
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1 mg/mL. The average diameter of Ni MFs after the additional Ni coating was 1.7 µm (± 

0.8), indicating that the thickness of Ni coating was approximately 100 nm (Figure 23). 
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Figure 24. SEM images of Ni MFs (a) before and (b) after Ni coating. The 
average diameter was obtained from randomly selected MFs. (c) The diameter 
distributions of Ni MFs before and after Ni coating (n > 50). 

4.2.2.3 Fabrication of Ni Microfiber and Ni-Coated Cu Nanowire Felts 

The Ni-Cu NWs and Ni MFs were first washed with IPA. The Ni MFs were re-

dispersed in ethylene glycol at a concentration of 2 mg/mL, and then 2.6 mL of this 

solution (5.2 mg of Ni MFs) was filtered onto a 4×4 mm2 area (defined by 800 µm-thick 

silicone gasket) through a 400×400 metal mesh (McMaster-Carr). The Ni-Cu NW felts 

were fabricated in the same fashion; however, only 2.2 mL of the Ni-Cu NW solution 

(4.4 mg of Ni-Cu NWs) was filtered on a metal mesh with a filtration efficiency of 63%. 

The weights of the filtered Ni MF and Ni-Cu NW felts were 5.2 mg and 2.8 mg, 

respectively. The thickness of the Ni MF and Ni-Cu NW felts was 800 µm. 

After the filtration step, the Ni MF and Ni-Cu NW felts were annealed in 5% H2, 

95% N2 to eliminate the surface oxide layer and sinter adjacent MFs and NWs. The 

annealing temperature was optimized to minimize the electrical resistivity in each 

material without melting the MFs and NWs. The electrical resistivity was calculated 

using the sheet resistance and thickness of the felts. Plots of resistivity as a function of 

annealing temperature indicate the optimum annealing temperatures for the Ni MF and 

Ni-Cu NW felts were 550 and 400°C, respectively (Figure 24).  
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Figure 25. Resistivity of (a) Ni MF felt and (b) Ni-Cu NW felt as a function of 
annealing temperature. The annealing was performed in 5% H2, 95% N2 for 1 hr. The 
increase in the resistivity of Ni-Cu NW felt at the temperature above 450°C was due to 
the melting of the NWs.  

4.2.2.4 Characterization of Ni Microfiber and Ni-Coated Cu Nanowire Felts 

The porosity (ε) of the Ni MF and Ni-Cu NW felts was calculated with following 

equations:48  

Equation 8 
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Equation 9 

 

where Vvoid is the volume of the void in the felts, Vtotal is the volume of the felts, WNi 

MF is the weight of the Ni MF felt, ρNi is the bulk density of Ni, and WNi-Cu NW is the weight 

of the Ni-Cu NW felt. The density of Ni-Cu NW (ρNi-Cu) was calculated using Vegard’s 

law219 with the bulk density of Ni (8.9 g/cm3) and Cu (8.96 g/cm3) and the atomic 

composition of Ni and Cu in the NWs (Ni:Cu = 46:54 at%; ρNi-Cu = 8.932 g/cm3).  

 

Figure 26. A picture of the flow cell used in this study. 

The electrochemically active surface areas (ECSA) of the Ni foam, Ni MF felt, and 

Ni-Cu NW felt were determined by cyclic voltammetry (CV) in a 1 M KOH aqueous 

solution (Figure 25a–c) as described in previous work.220 The CV was performed in a 

flow cell with a Ag/AgCl reference electrode as shown in Figure 26. The capacitive 

current density (jcapacitive) was plotted against scan rate (v) as shown in Figure 25d, and the 
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ECSA for a given electrode volume (ECSA/Vtotal) was calculated from the jcapacitive-v 

relationship with the following equation,221  

Equation 10 

 

where icapacitive is the capacitive current, Across-section is the cross-sectional area of the 

electrodes, and Cd,flat is the specific capacitance for a flat Ni surface (40 µF/cm2).220, 222, 223 

The size of the Ni foam was 12 cm2 for this measurement because the jcapacitive was too 

small to accurately determine its surface area when its size was 0.16 cm2. Figure 25 

displays the capacitive current normalized by cross-sectional area. The volumetric 

specific surface area (As, m2/m3) of the three electrodes was finally calculated using the 

following equation and summarized in Table 5. 
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Figure 27. Cyclic voltammograms for (a) Ni foam, (b) Ni MF felt, and (c) Ni-Cu 
NW felt obtained in 1 M KOH aqueous solution. (d) The capacitive current density 
(jcapacitive)-scan rate relationship for the three electrodes. 

Equation 11 
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The permeability (k) of the Ni MF and Ni-Cu NW felts was determined by the 

pressure drop (Δp) as a function of liquid flow rate (Figure 27) as described in our 

previous research.48 The permeability was calculated with Darcy’s law as follows,224, 225 

Equation 12 

 

where u is the superficial velocity, µ is the viscosity of water, and L is the 

thickness of the felts.  

 

Figure 28. The pressure across the Ni MF and Ni-Cu NW felts at various flow 
rates for deionized water. The thickness of the Ni MF and Ni-Cu NW felt was 500 µm. 

X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD) of the Ni foam, 

Ni MF and Ni-Cu NW felts confirmed the electronic structure of Ni in the three 

materials was the same. The contact angles of water droplets (20 µL) on three electrodes 

were measured by an automated goniometer (Ramé-Hart Instrument, 290-F4). 
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Table 5. Physical Properties of Ni Foam, Ni MF Felt, and Ni-Cu NW Felt. 

 Ni foam Ni MF felt Ni-Cu NW felt 

Fiber diameter (μm) - 1.70 0.35 

Electrical resistivity 
(mΩ cm) 0.08 1.88 0.67 

Porosity 0.94 0.93a 0.96a 

Permeability (m2) Too high to 
measure 1.76×10-12 2.30×10-13 

Pore diameter (μm) 400b 46.9c 17.1c 

Pore-throat diameter 
(μm)d 226 ± 33 19 ± 6.2 3.3 ± 1.1 

Specific surface area 
(m2/m3) 4.80×103 4.40×105 5.90×105 

aAfter compression (800 µm to 500 µm thickness), bAverage pore size provided 

by the vendor, cCalculated using equation (2), dMeasured from SEM images. 

4.2.2.3 Electrochemical Measurements for Oxygen Evolution Reaction and Water 
Splitting 

Electrochemical measurements were performed with a potentiostat (CH 

Instrument, CHI600D) and a custom-made flow cell (Figures 25). The Ni MF felt, Ni-Cu 

NW felt, and Ni foam, were inserted into a square hole in a 500 µm-thick silicone gasket 

to serve as the porous working electrodes. The as-prepared 800 µm-thick Ni MF and Ni-

Cu NW felts were compressed to have a final thickness of 500 µm in the flow cell. A 

porous electrode of the same material was used as the counter electrode (creating a 



 

81 

symmetric configuration), and a mercury/mercury oxide electrode (Hg/HgO, 1M KOH, 

CH Instrument) was used as the reference. All potential values are reported versus the 

standard hydrogen electrode (SHE). The electrocatalytic activity of the three porous 

electrodes for oxygen evolution reaction (OER) was evaluated by linear sweep 

voltammetry (LSV) in 1 M KOH aqueous solution, sweeping from 1.18 V to 2.03 V at a 

scan rate of 5 mV s-1. 

The full-cell water splitting performance was evaluated with a two-electrode 

configuration using the flow cell shown in Figures 25. The potential or current was 

controlled by a power supply (KORAD KA3005P). Two porous electrodes of the same 

material were used as the cathode and anode, separated by a polyethersulfone 

membrane. Both catholyte and anolyte were 30 wt% KOH in water. The flow rate of 

electrolyte was adjusted from 0.1 to 2 mL/min with a syringe pump (Harvard 

Apparatus, PHD 2000), corresponding to the superficial velocity from 0.0833 to 1.667 

cm/s (the cross-sectional area of the electrode facing a liquid flow: 0.4 cm×0.05 cm).  

A two-electrode configuration consisting of a Ni mesh as the working electrode 

and a Ni wire as the counter electrode was used for measuring the size of bubbles that 

departed from the Ni mesh electrode. The electrolyte was 1.0 M KOH, and a constant 

current density of 100 mA/cm2 was applied with a power supply. Images were taken by 

a DFOM to measure the average bubble size (n = 26).  
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4.3 Results and Discussion 

4.3.1. Physical Properties of Ni Foam, Ni Microwire Felt, and Ni-Cu 
Nanowire Felt 

To investigate how pore size and surface area affect the performance of alkaline 

water electrolysis, three electrodes, Ni foam, Ni MF felt, and Ni-Cu NW felt, were 

studied with a flow cell shown in Figure 28a (also see Figure 25). We used Cu NWs as a 

core for Ni-covered NWs because we previously developed a large-scale synthesis of Cu 

NWs.216, 217 This large-scale synthesis facilitates electrode fabrication. In addition, there 

are no syntheses of Ni nanowires with a stick-like morphology and dimensions 

appropriate for the fabrication of a highly porous flow-through electrode.226 Ni MFs 

were coated by Ni to exclude the effect of impurities in as-received Ni MFs. The Ni MF 

and Ni-Cu NW felts were prepared via filtration and then annealed to maximize their 

electrical conductivity (Figures 24 and 28b,c).48 Before annealing, it was not possible to 

use the MF and NW felts for flow electrolysis due to their low mechanical strength and 

low electrical conductivity. The XPS results for the electrodes confirmed that the 

electronic structure of Ni in the three electrodes was the same (Figure 29), indicating 

they should have the same electrocatalytic activity, and that the differences in the 

electrochemical performance of the three electrodes are due to their different 

microstructures.  
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Figure 29. (a) A diagram of the flow cell used in this study. (b) Photo and (c) 
low-magnification SEM image of Ni MF felt. High-magnification SEM images of (c) 
Ni foam, (d) Ni MF felt, and (e) Ni-Cu NW felt. The bottom images in (d)–(f) have the 
same magnification. 

Figures 28d–f show the morphology of Ni foam, Ni MF felt, and Ni-Cu NW felt. 

The physical properties of the electrodes are listed in Table 5. All three electrodes were 

electrically conductive and highly porous (porosity: 0.93–0.96). The pore and pore-throat 

diameters (illustrated in Figure 30) and specific surface area of each material were 

significantly different. The average pore-throat diameter for the Ni-Cu NW felt, Ni MF 

felt, and Ni foam measured from SEM images was 3.3, 19, and 226 µm, respectively, 

spanning three order of magnitude. The Ni-Cu NW felt had the greatest specific surface 
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area, followed by the Ni MF felt and Ni foam (Table 5, Figure 26). Since larger pores 

with a smaller surface area facilitate liquid flow at a given pressure as described in 

Darcy’s law and the Kozeny-Carman equation,224, 225 the Ni foam had the greatest 

permeability, followed by the Ni MF and Ni-Cu NW felts (Table 5, Figure 27). Although 

the permeability of the Ni-Cu NW felt was on the order of 10-13 m2, the pressure required 

for liquid flow at 2 mL min-1 was only 3.59 atm (through the 0.02 cm2 cross-sectional area 

of the 500-µm-thick, 0.4-cm-wide electrode used in this study), which is similar to the 

water pressure in a house (~3-4 atm). 

 

Figure 30. XPS spectra for Ni foam, Ni MF felt, and Ni-Cu NW felt. 

4.3.2. Surface Area vs. Pore Structure on the Performance of Water 
Electrolysis 

We now discuss how the pore dimensions and surface area of the electrodes 

affect their productivity. If gas bubbles can travel easily through a porous electrode, 

increasing the specific surface area will increase the productivity. In such a case, the 
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Butler-Volmer formula predicts the Ni-Cu NW felt would have the greatest productivity. 

On the other hand, if gas bubbles are trapped within the porous electrode, they will 

block the surface and reduce the productivity of the electrode. Thus, the optimal 

electrode structure should be one that maximizes the active surface area while still 

allowing for rapid removal of gas bubbles. 

 

Figure 31. Schematic illustration for the cross-section of a pore in the NW or 
MF felts, and the definition of the pore (Dpore) and pore-throat (Dthroat) diameters. 

To determine the conditions under which surface area or bubble removal limits 

the productivity of the electrodes, linear sweep voltammetry for the OER was performed 

in 1 M KOH aqueous solution (Figure 31a). The current density (normalized by the 

geometric surface area of the electrode, 16 mm2, Figure 28b) of the Ni MF felt was the 

greatest, followed by Ni-Cu NW felt and Ni foam. To achieve a current density of 100 

mA cm-2, the Ni MF felts required a 349 mV overpotential, versus 390 mV for Ni-Cu NW 

felt and 473 mV for Ni foam (see also Table 6). In the magnified voltammograms (Figure 
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32), the onset potentials were between 1.52 and 1.55 V, similar to the range of onset 

potentials of reported for Ni electrodes in the literature (1.53–1.55 V).51,52 Such a small 

difference in onset potentials (0.03 V) indicates the intrinsic activities of Ni in three 

electrodes for OER are comparable, and cannot account for the large difference in 

current observed densities. Thus, the differences in the currents in Figure 31a were 

determined by the different pore size and surface area of each electrode. 

 

Figure 32. (a) Linear sweep voltammograms for the OER with Ni foam, Ni MF 
felt, and Ni-Cu NW felt. (b) ECSA for a given volume (4×4×0.5 mm3) and jECSA at a 
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potential (vs. SHE) of 1.980 V (i.e., an overpotential of 0.750 V) for the Ni foam, Ni MF 
felt, and Ni-Cu NW felt.  

To understand why the Ni MF felt exhibited the highest OER performance, we 

considered two factors: (i) the current density normalized by the electrochemically active 

surface area (ECSA) and (ii) the ability of the three electrodes to remove gas. Note that 

the current density normalized by the ECSA (jECSA) was only used for Figure 31b, and the 

rest of the current densities were normalized by the geometric area of the electrodes (16 

mm2). The ECSA of each electrode was determined using the capacitive current density 

(Figure 26). 

Table 6. Overpotential (V) at a Given Current Density for Ni foam, Ni MF felt, and 
Ni-Cu NW felt Measured from Figure 2a. 

Current density 
(mA/cm2) Ni foam Ni MF felt Ni-Cu NW felt 

100 0.473 0.330 0.390 

200 0.574 0.360 0.437 

500 0.775 0.414 0.505 

1000 1.026 0.518 0.616 

2000 - 0.682 0.778 

Overpotential (V) = Electrode Potential (V vs. SHE) – 1.23 V 

 

Figure 31b shows the ECSA for the volume (4×4×0.5 mm3) of the electrode and 

the jECSA for the three electrodes at an overpotential of 0.75 V (i.e., 1.980 V vs. SHE). The 
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ECSA Ni-Cu NW felt was the highest, followed by Ni MF felt and Ni foam. In contrast, 

the jECSA exhibited the opposite trend: Ni-Cu NW felt < Ni MF felt < Ni foam. If the OER 

follows the Butler-Volmer formula,53 the jECSA should be comparable across the three 

electrode materials after ECSA normalization. Also, assuming the electrocatalytic 

activity of each electrode material is the same, the Tafel slope (i.e., (1-α)F/2.3RT where α, 

F, R, and T are the transfer coefficient, Faraday constant, gas constant, and temperature, 

respectively)53 should be identical as well. However, as shown in Figure 33, the three 

electrodes exhibited slightly different Tafel slopes. The Ni MF felt had the lowest Tafel 

slope (88.8 mV/dec), followed by Ni-Cu NW felt (97.3 mV/dec), then Ni foam (104.6 

mV/dec). Given all three electrodes are Ni and exhibit the same onset potential, the 

differences in the Tafel slope and jECSA for the three electrodes should be due to their 

different ability to remove bubbles.  

 

Figure 33. The magnified voltammograms for the OER with Ni foam, Ni MF 
felt, and Ni-Cu NW felt. 
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Figure 34. Tafel plots for the OER with Ni foam, Ni MF felt, and Ni-Cu NW 
felt obtained by replotting i-V curves in Figure 31a. 

We performed pulse electrolysis to further examine the effect of bubble removal 

on the performance of these porous electrodes. During pulse electrolysis, a constant 

current of 500 mA/cm2 was applied during the On-period, followed by a period of no 

current during the 5-minute-long Off-period. The electrolyte flow rate was fixed at 1 

mL/min, corresponding to a superficial velocity of 0.833 cm/s. The Off-period provides 

time for bubble removal and recovery of any surface area that was blocked by the 

bubbles. However, if the bubbles are confined and cannot be removed, the cell potential 

will increase after each On-period due to blockage of the electrode surface by bubbles 

and the loss of active surface area. The pressure drop across the electrode will also 

increase if bubbles are confined within the electrode because they will reduce the 

number of paths for liquid flow.  
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Figure 35. (a) Changes in the cell potential and pressure drop (P/P0) during 
pulse electrolysis with Ni MF and Ni-Cu NW felts. A current density of 500 mA/cm2 
was applied for 5 min (On-period), and then electrolysis stopped for 5 min (Off-
period, shaded region). The electrolyte was a 1 M KOH aqueous solution with a 
superficial velocity of 0.833 cm/s. (b) The average pore diameter, throat diameter, and 
pore-throat aspect ratio for the Ni foam, Ni MF felt, and Ni-Cu NW felt. 

Figure 34a depicts the change in the cell potential and pressure drop for the Ni 

MF and Ni-Cu NW felts during pulse electrolysis. The pressure drop (P) during 

electrolysis was normalized by the initial pressure drop (P0) obtained when electrolyte 

flowed through the porous electrodes without an applied voltage. Both electrodes 
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exhibited an increase in the cell potential and P/P0 during the On-period. During the Off-

period, the P/P0 for both electrodes decreased due to the removal of the gas bubbles. We 

confirmed the electrode reached a steady-state in each Off-period from the plateau in 

P/P0. However, the cell potential and P/P0 increased to a much greater extent for the Ni-

Cu NW felt compared to the Ni MF felt. During the first cycle of pulse electrolysis, the 

Ni-Cu NW felt exhibited an increase in the cell potential of 0.44 V, and an increase in 

P/P0 of 2.8 times. In comparison, for the Ni MF felt the cell potential increased by 0.14 V 

and P/P0 increased 1.9-fold. In addition, the starting cell potential for each On-period 

increased for the Ni-Cu NW felt. By the third cycle, the Ni-Cu NW felt required a 270 

mV greater potential than the first cycle to drive the same current. The cell potential at 

the start of each On-period for the Ni MF felt did not change.  

 

Figure 36. Change in the cell potential during pulse electrolysis with Ni foam. 
The experimental conditions were same to those used for Figure 34a. 
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The change in the cell potential for the Ni foam during pulse electrolysis was also 

monitored, but the pressure change during pulse electrolysis with the Ni foam could not 

be measured due to the high permeability of Ni foam. Figure 35 indicates that bubbles 

less increased the cell potential for the Ni foam to a lesser extent than the other 

electrodes. In the first cycle of pulse electrolysis, the increase in the cell potential with 

the Ni foam was 0.12 V, while those for Ni-Cu NW and Ni MF felts were 0.44 and 0.14 V 

(Figure 34a).  

 

Figure 37. Diagram of gas bubbles traveling through the pores with pore-
throat aspect ratios of 2.8 (Ni MF felt), 5.9 (Ni-Cu NW felt), and 1.8 (Ni foam). 

The cell potential of the Ni-Cu NW felt during the first and the second cycles was 

initially lower than that of the Ni MF felt, but the Ni-Cu NW felt lost this performance 

advantage once bubbles were trapped within the pores of the electrode. In addition to 
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retaining its initial potential, the P/P0 for the Ni MF felt increased only 10% after three 

cycles of pulse electrolysis. In comparison, the P/P0 for the Ni-Cu NW felt increased by 

55%, providing further evidence that the NW electrode performance was limited by 

bubble entrapment. The results of pulse electrolysis show that the effect of the gas 

bubbles on the performance of water splitting was the smallest for the Ni foam, followed 

by the Ni MF felt and the Ni-Cu NW felt. 

The mechanism for the displacement of gas bubbles by the electrolyte in the 

porous electrode must be considered to understand how the electrode structure affects 

bubble entrapment. The situation can be considered as two-phase flow in porous media 

consisting of a wetting (electrolyte) and non-wetting (gas bubbles) phases.227-231 Two 

primary mechanisms govern bubble removal: snap-off and frontal displacement. Frontal 

displacement refers to gas bubbles getting pushed through the porous media by the 

electrolyte like a piston, resulting in removal of the gas bubbles. Snap-off refers to the 

electrolyte wetting the surface of the pores (which are initially filled with gas), and 

forming a meniscus at the pore throat. Snap-off results in gas bubbles being surrounded 

by the electrolyte and confined in the pores. 

The amount of frontal displacement versus snap-off is affected by the capillary 

number and the pore-throat aspect ratio. As the capillary number (Ca = µu/σ) is a 

function of the viscosity of the fluid (µ), the superficial velocity (u), and the interfacial 

tension (σ), it should be similar for all of the electrodes, and thus cannot explain the 
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difference in electrode performance. Thus the pore-throat aspect ratio (the diameter ratio 

of pore to throat) is likely to govern the amount of bubble entrapment.227-231 The effect of 

the pore-throat aspect ratio on bubble entrapment is illustrated in Figure 36. Basically, if 

the throats between the pores are much smaller than the pores, bubbles that grow to the 

size of the pores will be trapped within them. The effect of the pore-through aspect ratio 

on frontal displacement versus snap-off can be described quantitatively with the 

following equation:227  

Equation 13 

 

where P is the threshold capillary pressure for snap-off or frontal displacement, 

CIn is a constant related to the number of throats per pore (n), D is the diameter, θ is the 

contact angle, and α is the half-angle of the corners (α=[90(n-2)/n]).232 As the pores in 

each electrode have multiple pore throats, the value of CIn can be taken as 0.5 (n ≧ 4).227 

Therefore, the snap-off versus frontal displacement is determined by the pore diameter 

to pore-throat diameter aspect ratio (Dpore/Dthroat), α, and θ.  

The average Dthroat of the electrodes was measured from SEM images (Figures 

28d–f). The Dpore of the electrodes was calculated from the following eqaution,233  

Equation 14 
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where w is the diameter of constituent fibers and ε is the porosity. The values of 

Dpore, Dthroat, and Dpore/Dthroat for the three electrodes are summarized in Figure 34b and 

Table 5. The Dpore/Dthroat for the three electrodes were 5.9 ± 2.0 for Ni-Cu NW felt, 2.8 ± 0.9 

for Ni MF felt, and 1.8 ± 0.3 for the Ni foam.  

 

Figure 38. Contact angles for Ni foam, Ni MF felt, and Ni-Cu NW felt. 

As described in a previous report,227 the large Dpore/Dthroat value for the Ni-Cu NW 

felt is more likely to induce snap-off of the gas bubbles, leading to their entrapment and 

a lower permeability to fluid flow. The smaller pore-throat aspect ratios of the Ni MF felt 

and Ni foam indicates that the snap-off is less likely to occur for these electrodes. Our 

findings are supported by previous research suggesting that a decrease in the Dpore/Dthroat 

from 6.8 to 1.7 could increase the contribution of frontal displacement to the pore-filling 

process, resulting in lower residual saturation of gas bubbles.227 As a result of the 

different Dpore/Dthroat for the electrodes, the entrapment of gas bubbles goes as Ni foam < 

Ni MF felt < Ni-Cu NW felt. 



 

96 

Next, we consider the role of α, the half-angle of the corners. As stated above, α = 

[90(n-2)/n] where n is the number of throats per pore. Therefore, tan α increases with n, 

meaning that more throats per pore makes the snap-off process more favorable. The 

number of throats per pore can be approximately determined by dividing the surface 

area of a pore (πDpore2) by the area of a throat (πDthroat2/4), assuming that the pore and the 

throat are a sphere and circle, respectively, n ≈ 4(Dpore/Dthroat)2. The equation, 4(Dpore/Dthroat)2, 

gives n values of 139 for the NW felt and 31 for the MF felt, corresponding to the values 

of α of 88.7° and 84.2°. Thus tan(αNW) ≈ 44.1 while tan(αMF) ≈ 9.5. The higher value of the 

tangent of αNW for NW felt again implies that snap-off is more favored within the NW 

felt due to the greater Dpore/Dthroat.  

The influence of contact angle (θ) is more complicated because the contact angle 

continuously changes with the movement of bubbles.234 Although the apparent contact 

angles for three electrodes are similar (Figure 37), the dynamic contact angle in each 

electrode depends on the the values of Dpore/Dthroat. To obtain an approximate comparison 

the effect of contact angle for the MF and NW felts, we consider the contact angles when 

a pore is completely filled with a gas bubble, i.e., Dbubble ≈ Dpore. The contact angle can be 

calculated from cos q = Dthroat/Dbubble»Dthroat/Dpore.235 This equation gives the θ values of 69° 

for MF felt and 80° for NW felt. As a result, the tangent of θ value for the NW felt (5.7) 

was greater than that for the MF felt (2.6). These results again indicate the snap-off 

process is more favorable for the NW felt than the MF felt.  
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Figure 39. A snapshot of in situ visualization for the gas evolution and 
departure from the Ni mesh electrode. Black arrows indicate the gas bubbles that 
departed from the Ni mesh electrode due to buoyant force. The electrolyte was 1 M 
KOH aqueous solution, and the applied current density was 100 mA/cm2. The average 
bubble size was obtained from 26 bubbles. 

Of course, regardless of the value of Dpore/Dthroat, α, and θ, if the bubbles are much 

smaller than Dthroat, they can be easily displaced from the electrode. Thus, is it also 

necessary to consider the size of the gas bubbles relative to Dthroat. Since it is difficult to 

directly measure the average bubble size within each electrode, we determined the 

maximum size of gas bubbles when only a buoyant force exists with a Ni mesh 

electrode. A dark-field microscope image in Figure 38 shows the maximum bubble size 

at departure was 33 µm (± 15). We note that the bubble diameter for a Ni mesh electrode 

in a solution of 31 wt% KOH at 80 °C was previously measured to be approximately 100 

µm with a camera equipped with a macro lens.236 For either bubble size, the size of the 

bubbles was smaller than the Dthroat and Dpore for the Ni foam but larger than the Dthroat for 

the Ni MF and Ni-Cu NW felts. Therefore, bubbles can easily escape from the Ni foam 
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since their maximum size is less than the Dthroat of the Ni foam (Figure 36, bottom). 

However, it is possible the gas bubbles can be larger than the Dthroat of the Ni MF and Ni-

Cu NW felts, increasing the resistance to bubble removal (Figure 36). As predicted by 

both the bubble size vs. Dthroat and Dpore/Dthroat value, resistance to bubble removal takes 

the following order: Ni foam (Figure 36, bottom) < Ni MF felt (top) < Ni-Cu NW felt 

(middle). 

In summary, the OER current densities shown in Figure 31a (Ni MF felt > Ni-Cu 

NW felt > Ni foam) can be understood by the ECSA of the electrodes and gas 

entrapment. The Ni MF felt exhibited the best performance because it has a greater 

surface area while maintaining an adequate ability to remove gas bubbles. Although the 

specific surface area of the Ni-Cu NW felt was 1.34 times greater than the Ni MF, the 

smaller Dthroat and Dpore/Dthroat values lead to greater entrapment of bubbles within the 

electrode, and thus a decrease in the active surface area of the electrode. The fact that 

Dthroat is larger than the diameter of the bubbles for the Ni foam facilitated bubble 

removal, but Ni foam exhibited the lowest OER performance because the ECSA of the Ni 

foam was 92 times smaller than the Ni MF felt. Additional simulations237, 238 and 

experimental observations239, 240 for bubble transport within NW and MF felts could 

provide more detailed analytical results that enable a quantitative connection between 

bubble transport phenomena and OER performance. 
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4.3.3 Maximum Productivity of Alkaline Water Electrolysis with Ni 
Microfiber Felts 

The Ni MF felt proved to be the best porous electrode for water electrolysis 

because it provided an optimal balance between surface area and bubble permeability. 

We conducted further optimizations of the flow rate and cell potential to determine 

what was the maximize productivity (i.e., the maximum current density for water 

electrolysis) for the Ni MF felt in a flow-through reactor. Figures 39a-b show that the 

relationship between the current density, cell potential, and flow rate depended on the 

cell potential. Between 2 and 2.5 V (Figure 39a), the current density increased with 

increasing flow rate, presumably due to the liquid flow facilitating bubble removal. 

However, above 3 V, the current density decreased with increasing flow rate (Figure 

39b). We hypothesize this is due to resistive heating of the electrolyte, which will cause a 

greater temperature increase at lower flow rates. Higher temperatures will in turn 

reduce the charge transfer resistance for OER as described in the Butler-Volmer 

equation.221 However, excessive resistive heating burned the membrane and caused that 

the anode and cathode to short-circuit (the green-shaded region in Figure 39b). The 

burned and melted membrane after electrolysis is shown in Figure 40. The maximum 

current density without membrane degradation for 5 minutes was 31,000 mA/cm2 at 3.75 

V with a superficial velocity of 0.833 cm/s. 
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Figure 40. Water electrolysis with the Ni MF felt in two regimes: (a) gas 
removal-dominant (cell potential: 2–2.5 V) and (b) resistive heating-dominant (cell 
potential: 3–3.75 V). (c) The cell potential vs. time for constant current densities of 
25,000, 27,500, and 30,000 mA/cm2. The electrolyte was 30 wt% KOH aqueous solution 
at superficial velocity of 0.833 cm/s. (d) The water electrolysis performance of the Ni 
MF felt as a function of the cell potential, compared to industrial PEM and alkaline 
electrolyzers. The current density versus cell potential was obtained in a 30 wt% KOH 
aqueous solution at a superficial velocity of 0.833 cm/s. The boxes shaded in green 
and aquamarine correspond to the operating cell potentials and current densities for 
industrial alkaline and PEM electrolyzers, respectively.37, 192 Red symbols 
corr241espond to the recently reported maximum current density for alkaline 
electrolysis,203, 242-257 and the red triangles at 3.5 V indicates membraneless flow-
through alkaline electrolyzers.203, 252 
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Figure 41. A picture showing the burnt membrane produced when performing 
water electrolysis with the Ni MF felts at a cell potential of 3.75 V and a superficial 
velocity of 0.417 cm/s. 

Since it is important that operation of an electrolyzer at high current densities 

does not reduce its lifetime, we further investigated the long-term stability of the Ni MF 

felt by applying a constant current density of 30,000 mA/cm2 (Figure 39c). At this 

current, the cell potential spiked after 1.2 hr due to continuous degradation of the 

membrane by resistive heating. The current density of 27,500 mA/cm2 also resulted in 

the cell failure after 6 hrs. By reducing the applied current density to 25,000 mA/cm2, the 

driving voltage remained stable for 100 hrs (Figure 39c). At this current density, the 

Faradaic efficiency was 98–99% (Figure 41), as determined by the volume of the 

produced gas. The electrode experienced a weight fluctuation of 0.2 mg over this period, 

which was within the error of the measurement (Figure 42). This weight fluctuation of 

0.2 mg corresponds to 0.000046% of the total current that was used in the long-term test 

(25,000 mA/cm2, 100 hrs), indicating that the electrode was not undergoing corrosion 
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(Ni0 à NiII + 2e-) during this period. As indicated in the Pourbaix diagram for Ni,258 the 

electrode surface likely consists of a gamma phase Ni(OH)2, which imparted corrosion 

resistance.259 XPS results indicate the electronic structure of Ni in Ni(OH)2 remained the 

same for 100 hrs (Figure 43), and no apparent degradation of MFs was observed in SEM 

images (Figure 44). In addition, the membrane was visually examined every 12 hrs and 

no degradation was apparent at a current density of 25,000 mA/cm2. We note there was a 

fluctuation in the cell potential (<0.3 V) over this period. This fluctuation was most likely 

caused by a change in the contact resistance to the electrode after the repeated 

disassembly and assembly of the flow cell to measure the change in the weight of the 

MF felt. Based on the results of the long-term stability test, the maximum current density 

for alkaline water electrolysis with the Ni MF felt was determined to be 25,000 mA/cm2 

at a cell potential of 3.6 V. 

 

Figure 42. The production of H2 and O2 during the water electrolysis. The 
water electrolysis was performed with the Ni MF felts at the current density of 25,000 
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mA/cm2 and the superficial velocity of 0.833 cm/s. The dashed lines corresponded to 
the volume of the produced gas at 100% Faradaic efficiency. 

Figure 39d compares the alkaline water electrolysis performance of the Ni MF 

felt to industrial PEM and alkaline water electrolyzers. The current density for the Ni 

MF felt was comparable to industrial alkaline electrolyzers at cell potentials lower than 2 

V. At cell potentials greater than 2 V, the Ni MF felt achieved a current density 

comparable to conventional PEM electrolyzers, and surpassed the maximum 

performance of PEM electrolyzers at cell potentials greater than 2.31 V. The energy 

efficiency, ηLHV (%) = 1.25 / cell potential (V) × 100, based on the lower heating value 

(LHV) of H2 for conventional water electrolysis, is generally recommended to exceed 

50%,37, 192, 260 corresponding to a cell potential of 2.5 V (Figure 39d). At this boundary, the 

Ni MF felt achieved 1.7 and 6.7 times greater current density than conventional PEM 

and alkaline electrolyzers, respectively. The lower current densities of alkaline water 

electrolyzers has been considered their main drawback compared to PEM 

electrolyzers.37, 260, 261 The higher current density achieved with the Ni MF suggests it can 

achieve a better balance of surface area and bubble removal ability to the electrode 

structures (e.g. perforated plates or mesh) currently used in commercial alkaline water 

electrolyzers,183 and allow them to achieve higher current densities than PEM 

electrolyzers. 
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Figure 43. The change in the weight of the Ni MF felt during water electrolysis. 
Electrolysis was performed at a current density of 25,000 mA/cm2 and a superficial 
velocity of 0.833 cm/s. To measure the weight of the Ni MF felt, the flow cell was 
disassembled, and the Ni MF felt was dried for 1 day. The electrolyzer was then 
reassembled with the same Ni MF felt electrode to measure its weight again after a 
subsequent period of electrolysis. This process was repeated eight times. 

Even higher current densities are relevant in situations when electricity costs are 

zero or negative due to a periodic oversupply of electricity. Under such conditions, one 

would want to operate the electrolyzer at its maximum rated current density without 

regard for energy efficiency. The maximum current density for the Ni MF felt was 50- 

and 12.5-fold than conventional alkaline and PEM water electrolyzers,37, 192 respectively. 

This result suggests that alkaline electrolysis with the Ni MF felt would greatly improve 

the costs for conversion of electricity into hydrogen when electricity costs are zero or 

negative. 
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Figure 44. XPS spectra for Ni MF felts after water splitting for 1 and 100 hrs. 
The water splitting was performed at 25,000 mA/cm2. 

We further compared the performance of Ni MF felts with the maximum current 

density for alkaline electrolysis reported in the recent state-of-the art research (red 

symbols in Figure39d, Table 7). This comparison indicates that the electrocatalytic 

activity of the electrode material dominates the electrolysis performance at cell 

potentials below 2.0 V. Although the maximum current density for Ni MF felt (670 

mA/cm2 at 2.0 V) was mostly higher than other electrocatalysts, a higher performance 

can be achieved by improving the electrocatalytic activity of the electrode material.  
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Figure 45. SEM images of Ni MF felts after the water splitting for (a) 1 and (b) 
100 hrs. The water splitting was performed at 25,000 mA/cm2. 

On the other hand, the modification of electrode microstructure and cell 

configuration is more critical when the cell potential exceeds 2.0 V. In this potential 

regime, it is difficult to exceed the current density of 1,000 mA/cm2 by only changing the 

electrocatalytic activity. For example, Co2P bifunctional electrodes and IrO2/Pt 

combination could achieve only 500 mA/cm2 at cell potentials of 3.36 V and 4.31 V, 

respectively.251 Only membranless flow-through electrodes (red triangles in Figure 39d) 
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achieved a much higher current density of 3,900 mA/cm2 at 3.5 V.203, 252 Furthermore, 

superaerophobic Ni phosphide nanoarrays achieved a current density of 1,200 mA/cm2 

at the cell potential of 2.1 V by enhancing the bubble departure from the electrode 

surface. These results indicate that promoting the departure of gas bubbles from 

electrode surface is essential to break through the current density of 1,000 mA/cm2. This 

study shows the use of a Ni MF felt in a flow-through configuration essentially 

eliminates bubble removal as a factor that limits the maximum current density, and 

thereby enables a 6.4-fold increase in the maximum current density over what had been 

achieved with a membraneless flow-through alkaline electrolyzer in previous research 

(3,900 mA/cm2 at 3.5 V).203 At current densities in excess of 25,000 mA/cm2, resistive 

heating and associated degradation of the polyethersulfone membrane limit the 

maximum current density that can be achieved. Higher current densities may be 

possible by using a membrane that remains stable at high temperatures.  

Table 7. Maximum Current Density and Corresponding Cell Potential for Alkaline 
Water Electrolysis Reported in Previous Literature. 

Electrode 
Cell 

potential 
(V) 

Maximum current 
density (mA/cm2) Ref. 

Ir NPs on N-doped graphene sheet 1.6 40 185 

Ni-MOFs on Ni foam 1.6 36 186 

NiFe LDH 1.65 40 187 

Pt-CoS2 1.65 80 188 

(Ni,Fe)OOH/MoNi4 1.66 1000 189 
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Cr-Doped FeNi-P nanoparticle in N-doped CNT 1.7 180 190 

B-doped graphene quantum dots on a graphene 
hydrogel 1.7 80 191 

Ni-Fe-O NW network 1.8 80 192 

Fe- & Ni-MOFs on Ni foam 1.8 500 37 

NH2-MIL-88B(Fe2Ni) MOF on Ni foam 1.9 500 193 

N-CNTs/NiS2@Mo2C 2.0 75 194 

Fe phosphide/Ni phosphide on Ni foam 2.0  113 195 

FeCoNi (oxy)hydroxide nanosheets 2.0 100 196 

Co-B on Ni 2.0 160 197 

Ni MF felt 2.0 670 This 
study 

Ni phosphide nanoarray 2.1 1200 198 

Ni foam 3.3 620 200 

Co2P-Co3O4/Co2P 3.4 500 201 

RuO2/IrO2/TiO2 and Pt on Ti mesh 3.5 3,900 202 

Ni mesh 3.5 2,500 36 

IrO2-Ta2O5/Pt 4.31 500 201 

Ni MF felt 3.6 25,000 This 
study 

4.4 Conclusion 

This study explored how the structure of an electrode impacts the maximum 

productivity for alkaline electrolysis in a zero-gap, flow-through reactor. Linear sweep 

voltammetry showed that Ni microfiber felt exhibited a lower overpotential (330 mV at 

100 mA/cm2) than Ni-Cu nanowire felt (390 mV), even though its surface area was 25% 

smaller. Pulse electrolysis experiments showed the nanowire felt initially had a lower 



 

109 

overpotential than the microfiber felt, but the overpotential rose to be larger than that of 

the microfiber felt in less than one minute. The increase in overpotential and 

corresponding decrease in permeability to fluid flow was ascribed to greater entrapment 

of bubbles in the nanowire felt. The greater degree of bubble entrapment in the 

nanowire felt was caused by the greater pore-throat aspect ratio, and the greater ratio of 

the bubble diameter to the pore throat. The microfiber felt also outperformed Ni foam 

(470 mV at 100 mA/cm2) because its surface area was 92 times larger. The microfiber felt 

thus represents and optimal trade-off between surface area and bubble removal for 

water electrolysis. A flow-through alkaline electrolyzer with microfiber felt electrodes 

achieved a current density of 25 A/cm2 over 30 hours. This current density is 12.5- and 

50-times greater than conventional alkaline and PEM electrolyzers, respectively, and is 

6.4 times higher than the next highest current density reported in the literature. The use 

of microfiber felts for water electrolysis can therefore lower the cost of hydrogen 

produced by alkaline electrolysis by increasing the productivity of electrolyzers, and by 

taking better advantage of low electricity costs due to oversupply from renewable 

energy sources.  

We expect that further improvements in the electrode design may lead to even 

greater performance. For example, one might introduce shallow, nanoscale pores or 

needles on the surface of the microfibers to further increase surface area without 

hindering bubble removal. Also, more advanced methods to accurately control the 
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structure and dimensions of pores in flow-through electrodes could minimize bubble 

entrapment while maximizing the surface area for water splitting. Development of 

improved electrode structures would be facilitated by additional visualization and 

modeling of bubble transport through such electrodes.240 Alternatively, one could coat 

the microfibers with a better catalyst than Ni that potentially further boost the 

performance of alkaline electrolysis. The water splitting performance could be also 

improved by developing the method to reduce the bubble size (e.g., the addition of 

surfactants) or adopting membranes that have better thermal tolerance. We hope that 

these results will inspire additional studies of how to increase the productivity of water 

electrolysis.  
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5. Conclusion 
In summary, the application of nano- and microfibrous material in both 

biomedical engineering and electrochemistry was explored in this thesis.  

To understand the structure-property relations for hydrogel materials in the 

biomedical engineering field, I first developed a method to 3D print a double network 

hydrogel for meniscus repair. This DN hydrogels could be printed at room temperature 

with a modified $300 3D printer, which presents an opportunity to customize hydrogel 

implants based on medical imaging of a patient’s own anatomy. By tuning the 

concentration of crosslinker and monomer in a gel, a compression strength and stiffness 

greater than that of bovine cartilage was achieved. However, the tensile strength and 

modulus was not sufficient for a weight bearing meniscus repair.  

Inspired by the previous project, a bacterial cellulose network was used to 

reinforce the previously developed hydrogel material as a cartilage repair material with 

the same strength and modulus as human articular cartilage. A biomimetic approach was 

used to create this hydrogel. The bacterial cellulose nanofiber network provides the high 

tensile strength of the hydrogel, similar to the role of the collagen fibers in articular 

cartilage. The PVA network in the hydrogel enhances the toughness of the hydrogel, and 

the PAMPS network introduces negative charge and osmotic restoring force to the 

material, which mimicks the role of aggrecan in cartilage. As a result, the hydrogel 

showed cartilage equivalent properties in tensile and compressive strength and modulus. 

It also had an aggregate modulus (0.78 MPa) and permeability (3.2×10-15 m4 N-1 s-1) that 
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give it the same time-dependent mechanical response as cartilage under confined 

compression. The BC-PVA-PAMPS hydrogel exhibited a coefficient of friction (0.06) 

about half that of cartilage, was 4.4 times more resistant to wear than PVA, and exhibited 

cartilage-equivalent fatigue strength at 100,000 cycles. BC-PVA-PAMPS was not 

cytotoxic and is comprised of materials that have been previously demonstrated to be 

biocompatible. Taken together, these properties make the BC-PVA-PAMPS hydrogel an 

excellent candidate material for use in the repair of cartilage lesions.   

In the field of electrochemistry, we explored how different fibrous structures of 

electrodes affect the maximum hydrogen productivity in a flow-through setup. A 

comparison of a linear sweep voltammetry Ni foam, Ni microfiber felt and Ni-Cu 

nanowire felts shows that the water electrolysis performance was determined by both 

the surface area and the bubble entrapment in the electrodes. The Ni microfiber felt 

represents an optimal trade-off between the surface area and bubble removal for water 

electrolysis. Therefore, it shows a lower overpotential (330 mV at 100 mA cm-2) than both 

Ni-Cu nanowire felt (390 mV) and Ni foam (470 mV). A flow-through alkaline 

electrolyzer with microfiber felt electrodes achieved a current density of 25 A cm-2 over 

100 hours. This current density is 12.5- and 50-times greater than conventional alkaline 

and PEM electrolyzers, respectively, and is 6.4 times higher than the next highest current 

density reported in the literature. The use of microfiber felts for water electrolysis can 

therefore lower the cost of hydrogen produced by alkaline electrolysis by increasing the 
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productivity of electrolyzers, and by taking better advantage of low electricity costs due 

to oversupply from renewable energy sources.  
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