
 

 

 

 

 

 

Fatigue fracture of nearly elastic hydrogels 
 

 

Journal: Soft Matter 

Manuscript ID SM-ART-03-2018-000460.R1 

Article Type: Paper 

Date Submitted by the Author: 02-Apr-2018 

Complete List of Authors: Zhang, Enrui; Harvard University  
Bai, Ruobing; Harvard University John A Paulson School of Engineering and 
Applied Sciences,  
Morelle, Xavier; Harvard University, School of Engineering and Applied 
Sciences, Kavli Institute for Bionano Science and Technology 
Suo, Zhigang; Harvard University ,  

  

 

 

Soft Matter



1 

Fatigue fracture of nearly elastic hydrogels 

Enrui Zhang1, Ruobing Bai1, Xavier P. Morelle, Zhigang Suo* 

John A. Paulson School of Engineering and Applied Sciences, Kavli Institute for Bionano Science and 

Technology, Harvard University, Cambridge, MA 02138, USA 

 

1 These authors contributed equally to this work 

* Corresponding author. Email: suo@seas.harvard.edu 

 

Abstract 

Polyacrylamide hydrogels are highly stretchable and nearly elastic. Their stress-stretch curves 

exhibit small hysteresis, and change negligibly after many loading cycles. Polyacrylamide is used 

extensively in applications, and is the primary network for many types of tough hydrogels. 

Recent experiments have shown that polyacrylamide hydrogels are susceptible to fatigue 

fracture, but available data are limited. Here we study fatigue fracture of polyacrylamide 

hydrogels of various water contents. We form polymer networks in all samples under the same 

conditions, and then obtain hydrogels of 96, 87, 78, and 69 wt% of water by solvent exchange. 

We measure the crack extension under cyclic loads, and the fracture energy under monotonic 

loading. For the hydrogels of the four water contents, the fatigue thresholds are 4.3, 8.4, 20.5, 

and 64.5 J/m2, and the fracture energies are 18.9, 71.2, 289, and 611 J/m2. The measured 

thresholds agree well with the predictions of the Lake-Thomas model for hydrogels of high 

water content, but not in the case of low water content. It is hoped that further basic studies will 

soon follow to aid the development of fatigue-resistant hydrogels.  
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1. Introduction 

 Since the landmark paper by Wichterle and Lim,1 in 1960, synthetic hydrogels have 

developed into a class of materials of its own, principally for personal care and medical 

applications, such as contact lenses,2 superabsorbent diapers,3 tissue engineering,4, 5 drug 

delivery,6, 7 wound dressing,8 and artificial tissues.9, 10 In recent years, hydrogels have also been 

used to develop nonmedical applications. Examples include artificial muscles,11-20 artificial 

skins,21-27 artificial axons,28 artificial eels,29 optical fibers,30-32 fire-retarding blankets,33 

touchpads,34 triboelectric generators,35-37 liquid crystal devices,38 and ionotronic luminescent 

devices.39, 40 Hydrogels are highly stretchable, transparent, ionic conductors.11 Hydrogels can 

retain water in the open air when hydrogels dissolve hygroscopic salts41 and are coated with 

hydrophobic elastomers.22, 25, 42 Hydrogels containing salts can remain soft at temperatures 

below 0 ◦C.41 Hydrogels coated with elastomers can sustain temperatures above 100 ◦C without 

boiling.43 The property space further spans extensively when hydrogels are integrated with other 

materials to form water matrix composites (WMC).10, 44-47 Also under development are methods 

to create strong adhesion between hydrophilic and hydrophobic polymer networks,24, 25, 43, 48 and 

methods to fabricate integrated hydrogel devices through casting, coating, and printing.20, 23, 49-51 

 Of particular relevance to this paper is the discovery of hydrogels of extraordinary 

toughness.52 Most hydrogels are fragile, like tofu and Jell-O. A polyacrylamide hydrogel can be 

stretched several times its original length, but ruptures at a small stretch when the sample is 

pre-cut with a crack of length exceeding a few millimeters. This flaw sensitivity is common to all 

materials, but different materials are sensitive to flaws of different sizes53, 54. Flaw sensitivity is 
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inversely related to a material property: fracture energy (also called toughness).53 The toughness 

is about 1-10 J/m2 for tofu and Jell-O, about 100 J/m2 for polyacrylamide hydrogels, about 1000 

J/m2 for cartilage, and above 10,000 J/m2 for natural rubber. Hydrogels as tough as natural 

rubber have been developed.9, 52, 55-63 A tough hydrogel has a stretchable polymer network in 

topological entanglement with a network with sacrificial bonds. The hydrogel is tough when the 

stretchable polymer network is strong enough to break the sacrificial bonds in a large volume 

surrounding the front of a crack. That is, the sacrificial bonds act as tougheners. The discovery 

of this fundamental principle has instigated the worldwide search for hydrogels of various 

polymer networks and sacrificial bonds9, 52, 55-63, and for applications of hydrogels previously 

unimagined.7-9, 18, 63 

 Like all materials, as the property space spans and applications proliferate, hydrogels 

will be pushed into uses under extreme conditions. In particular, many applications will require 

hydrogels to sustain cyclic mechanical loads. For example, hydrogels will sustain cyclic 

deformation in artificial tissues,10 move repeatedly in soft robotic arms,12-19 stretch and relax in 

artificial skins,21-27 and vibrate in transparent loudspeakers.11 Fatigue fracture has been studied 

exhaustively in all established load-bearing materials, including metals, ceramics, plastics, 

elastomers, and composites.64-72 A steel, for example, can survive an unlimited number of cycles 

if the amplitude of load is below an endurance limit.72 However, if the steel contains a large 

enough crack, the crack will extend cycle by cycle. To enable new applications of hydrogels, as 

well as to aid the further development of hydrogels, it is urgent to study fatigue fracture of 

hydrogels. 
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 We have recently initiated the study of fatigue fracture of hydrogels.73-76 To explore 

principles that might aid the development of fatigue-resistant hydrogels, we have focused our 

study on the chemistry of fatigue. Hydrogels studied for fatigue fracture so far all contain at least 

a covalent network of polyacrylamide. Fatigue fracture has been observed in all of them, 

including polyacrylamide hydrogels,73 alginate-polyacrylamide hydrogels in which alginate is 

ionically crosslinked,74 poly(2-acrylamido-2-methylpropane sulfonic acid)-polyacrylamide 

hydrogels in which PAMPS forms a short-chain covalent network,75 and poly(vinyl 

alcohol)-polyacrylamide hydrogels in which PVA provides reversible, noncovalent interactions.76 

For all the hydrogels studied so far, the threshold for fatigue fracture, below which the crack 

does not propagate under cyclic loads, is considerably lower than the toughness measured under 

monotonic loading. The threshold depends on the long-chain covalent networks (i.e., the 

polyacrylamide networks for hydrogels studied so far), but negligibly on the tougheners. When 

the hydrogels are subject to cyclic loads above the threshold, the tougheners do markedly reduce 

the extension of crack per cycle. 

 This paper focuses on fatigue fracture of polyacrylamide (PAAm) hydrogels. A PAAm 

hydrogel contains a covalent network, but negligible tougheners. As a result, PAAm hydrogels 

are highly stretchable and nearly elastic.73, 74, 77, 78 The stress-stretch curves exhibit little 

hysteresis, and change negligibly after thousands of cycles of loads.74 This near-perfect elasticity 

makes the theory of entropic elasticity applicable,78-80 and simplifies the analysis of the fatigue 

tests by excluding the inelastic effects in hydrogels of complex rheology. PAAm hydrogels are 

readily synthesized, and are being used in water treatment, oil recovery, agriculture, medicine,81 
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as well as in most recently developed hydrogel devices.11-15, 17-19, 21-26, 28, 29, 32-35, 38-40 Many of these 

devices directly benefit from high water content, high stretchability, nearly perfect elasticity, and 

transparency of PAAm. As noted above, PAAm is the primary network in many tough 

hydrogels.52, 55-58, 60 Its property has been extensively characterized, including thermodynamics 

of mixing,82, 83 large deformation and swelling,78 fracture,52, 60 adhesion with elastomers,84 and 

phase seperation.85 All these facts together make PAAm an excellent model material for 

fundamental studies, just as silica for studying fracture of hard materials,86-88 and copper for 

studying fatigue of metals.89-91 A comprehensive knowledge of fatigue fracture of such a model 

material can aid the understanding of fatigue fracture in other hydrogels. 

 Despite near-perfect elasticity, PAAm hydrogels do suffer fatigue fracture.73-76 In our 

previous work, fatigue tests were conducted for PAAm hydrogels to support the studies of the 

effects of hygroscopic salts and tougheners. However, the effects of chain length and water 

content—two basic variables of a hydrogel of a covalent network—have not been systematically 

studied. This paper is devoted to the effect of water content on fatigue fracture of PAAm 

hydrogels. In addition to being a basic variable in hydrogels, water content plays important roles 

in applications, such as removing heat in fire-retarding blankets,33 transporting ions in 

ionotronic devices,11-17, 19, 22, 26-29, 34-40 dissolving drugs in drug-delivery systems,6 and maintaining 

softness and biocompatibility in artificial tissues.10, 21, 24  

 In this study, we form the PAAm networks in all samples under the same conditions, and 

then modify the water content of each sample through solvent exchange. We study hydrogels of 

96, 87, 78, and 69 wt% of water. We measure the crack extension under cyclic loads, and 

Page 5 of 27 Soft Matter



6 

measure the fracture energy under monotonic loading. For the hydrogels of the four water 

contents, the fatigue thresholds are 4.3, 8.4, 20.5, and 64.5 J/m2, and the fracture energies are 

18.9, 71.2, 289 and 611 J/m2. The measured thresholds agree well with the predictions of the 

Lake-Thomas model67, 73 for hydrogels of high water content, but not in the case of low water 

content.  

2. Experimental Section 

2.1 Preparation of hydrogels 

 PAAm hydrogels with different water contents were prepared following the same process. 

We purchased from Sigma Aldrich the following substances: acrylamide (AAm, A8887), 

N,N’-methylenebis(acrylamide) (MBAA, M7279), N,N,N’,N’-tetramethylethylenediamine  

(TEMED, T7024), ammonium persulfate (APS, A9164), and lithium chloride (LiCl, 746460). All 

chemicals were received and used without further purification. AAm powders of 4.69 g were 

dissolved in 30 mL deionized water to form an aqueous solution. MBAA, TEMED and APS were 

then added in quantities of 0.0015, 0.0022 and 0.0036 times the weight of AAm in sequence. To 

dilute the concentration of the APS initiator, we dissolved APS into 1.2 mL deionized water 

before adding it to the precursor solution. The prepared pre-gel solution was degassed and 

injected into acrylic molds with dimensions of 120×60×1.5 mm3 and covered with an acrylic 

plate. The samples were then stored at room temperature for more than 18 hours for complete 

polymerization. 

2.2 Modification of water content 

 The total mass of water in the precursor solution is 31.2 g. The mass of AAm in the 
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pre-gel solution is 4.69 g. We assume all the monomers are polymerized to form the as-prepared 

hydrogel, and there is no water evaporation during the polymerization. As a result, the water 

content of the as-prepared hydrogel is calculated as 31.2/(31.2+4.69) = 87 wt%. The hydrogels 

were then modified through solvent exchange to 96, 78, and 69 wt% of water (Figure 1a). When 

a hydrogel underwent solvent exchange, its weight was recorded daily (Figure 1b). The 

corresponding weight of the hydrogel with 96, 78, and 69 wt% of water is 3.5, 0.59 and 0.42 

times the weight of the as-prepared hydrogel. 

 To prepare a fully swollen hydrogel of 96 wt% of water, we soaked an as-prepared 

hydrogel in deionized water for 5 days until it reached equilibrium. To prepare hydrogels of 78 

and 69 wt% of water, we placed an as-prepared hydrogel into a closed chamber equilibrated 

with 10 wt% LiCl aqueous solution (Figure 1a). To ensure that the concentration of LiCl keeps 

nearly constant before and after the solvent exchange, we prepared the LiCl solution with a 

weight at least 100 times the weight of the hydrogel. The hydrogel was kept without direct 

contact with the solution, but could exchange water molecules through the moisture in the 

chamber. Upon reaching the expected water content after a few days, the hydrogel was taken out 

and sealed in a plastic bag for another 5 days for homogenization. The time scale of reaching 

homogenization was estimated as t ~ L2/D, where L is the thickness of the hydrogel, and D is the 

effective diffusivity of water in the hydrogel. Taking L~10-3 m and D~10-10 m2/s,78 we estimated t 

~ 104 s. The time period in the experiment hence ensures the homogenization of water inside the 

hydrogel. 

 Prior to solvent exchange, all samples of the hydrogels were prepared under the same 
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condition. The PAAm network so prepared was assumed to remain unchanged after solvent 

exchange—that is, the water content was the only controlled variable for all samples of hydrogels. 

In contrast, the mechanical behavior of a hydrogel can be significantly different if its water 

content is varied before the formation of network (Figure 1c). To highlight such difference, we 

prepared hydrogels of 96 wt% of water using two methods. In one method, we made an 

as-prepared hydrogel of 87 wt% of water, and then fully swelled the hydrogel in water after the 

polymerization (Figure 1c left). In the other method, we added the same amount of chemical 

reactants, but directly prescribed 96 wt% of water in the precursor (Figure 1c right). The two 

hydrogels show a significant difference in their mechanical responses. In particular, the 

hydrogel prepared from the precursor of 96 wt% of water is too soft and fragile to be solid-like. 

On the other hand, the hydrogel prepared from the precursor of 87 wt% of water and then 

swollen to 96 wt% of water results in a solid-like structure of the polymerized hydrogel. Such 

structural disparity between the hydrogels prepared in these two ways is perhaps also observed 

in other laboratories, but we are unable to identify any systematic study. 
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Figure 1. Modification of the water content in PAAm hydrogels. (a) Preparation of 

PAAm hydrogels with a specified water content: the fully swollen hydrogels (96 wt% water) were 

prepared by soaking the as-prepared samples in deionized water for 5 days; the drier hydrogels 

(78 wt% & 69 wt%) were prepared by introducing the as-prepared samples in a chamber. After a 

hydrogel reached its specified water content, it was stored in a sealed bag for another 5 days to 

reach homogeneity. (b) The weight change of hydrogels during solvent exchange to reach 

specified water contents. The actual weight w is normalized by the initial weight w0. (c) The 

comparison between two hydrogels of 96 wt% water made in different ways. Left: a precursor of 

87 wt% water was first polymerized and then fully swollen to reach 96 wt% water. Right: a 

precursor of 96 wt% water was directly polymerized. 

 

2.3 Setup of mechanical testing 
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 We conducted pure shear tests to characterize the fatigue fracture of the hydrogels.92 

Before the test, we cut a piece of hydrogel and glued it with two pairs of acrylic grips using the 

Krazy glue. Each sample was of 70 mm width and 10 mm length between the grips. We notched 

the sample with a 20 mm long horizontal crack from the middle of its edge using a razor blade. 

The sample was then fixed in a tensile machine (Instron model 5966) with a 10 N load cell. The 

average thicknesses of the samples of 96, 87, 78, and 69 wt% of water were 2.35, 1.50, 1.25, and 

1.10 mm. 

 To minimize dehydration during each test, we made an acrylic chamber to seal the 

tensile machine and sample (Figure 2a). Water droplets were sprayed on the inner surface of the 

chamber before the test. We weighed all the samples before and after testing, and found no more 

than 6% weight loss. In the case of hydrogels with 96 wt% water, consider an initial hydrogel of a 

unit weight, of which 0.96 is water, and 0.04 is polymer. After the hydrogel loses 0.06 units of 

its initial weight, the water content in the hydrogel becomes (0.96 – 0.06)/0.94 = 95.7 wt%. 

Similarly, the water content of the 69 wt% hydrogel will become 67 wt% after the 6 % weight loss. 

The maximum weight loss of 6 % observed during experiments only induces slight reduction of 

the water content in the hydrogel, which is within the experimental error. 

 Fatigue fracture was tested following a cyclic linear stretch-time profile (Figure 2b). In 

all tests, the stretch of the sample was cycled between 1 and λmax. We fixed the strain rate of the 

test to be 0.4 s-1. This strain rate ensures 20,000 cycles within 8-16 hours. The effect of strain 

rate on fatigue is not studied in this paper. To record the crack extension, we took photos every 

15 minutes (20 minutes for some tests) throughout the test with a digital camera (Canon EOS 
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70D). The photos were post-processed to obtain the crack extension over the loading cycles. We 

controlled the applied λmax between 1.3 and 1.6 in all tests, so that the crack extended on the 

order of 0.1-1 cm in 20,000 cycles. Under the fixed strain rate of 0.4 s-1, the period of one 

loading cycle ranged from 1.5 s to 3 s. A single fatigue fracture test typically took about 8-16 

hours. The resolution of the recorded crack extension every 15 minutes was on the order of 0.1 

mm. 

   

Figure 2. Fatigue tests of hydrogels. (a) Samples were tested with a tensile machine inside 

a humidity chamber to prevent dehydration during the experiment. (b) The stretch-time profile 

of the fatigue fracture test. The stretch λ is defined as the distance between the displaced grips 

divided by the initial distance between the grips. 

 

2.4 Sharpening of the crack tip 

 In initial cycles, the fatigue fracture was transient, and the rate of crack extension was 

hardly reproducible. After some cycles, the extension of the crack reached a steady state. The 

similar phenomenon has been reported for elastomers.93 In most experiments, the transient 

process took more than 20000 cycles. One contributing factor to the transient process is likely 

that the razor blade did not prepare a consistent, sharp crack. To prepare a sharp crack, we 

slightly stretched the razor-notched sample by hand to let the initial crack propagate for a few 

millimeters before the fatigue test (Figure 3a). We compared the fatigue crack extension of 
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hydrogels with and without such pre-extension (Figure 3b). With this method, the steady state 

was reached after ~10000 cycles (Figure 3c).  

 

Figure 3. Sharpening the crack tip reduces the period of transient process. (a) The 

crack tip initially cut by a razor blade was sharpened by slightly extending the crack before the 

fatigue test. The scale bar is 1 cm. (b) The fatigue crack growth of hydrogels with and without the 

sharpening process. (c) The representative raw experimental data of all the four hydrogels of 

different water content. The data typically contain transient growth, followed by steady growth. 

 

2.5 Quantification of the applied load 

 We adopted the pure shear test of Rivlin and Thomas.92 To convert the amplitude of load 

to the energy release rate G, we adopted the following procedure.60, 73 We monotonically loaded 

an unnotched hydrogel sample of the same geometry, under a strain rate of 0.01 s-1 (Figure 4a). 

We plotted the nominal stress (i.e. the applied force divided by the initial cross-sectional area) 

as a function of the stretch. The area under the curve gives the elastic energy per unit volume 

W(λ) (Figure 4b). The energy release rate G for a notched hydrogel under cyclic stretch of 
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amplitude λmax is 

  G = HW(λmax), (1) 

where H is the distance of the sample between the grips in the undeformed state. We also 

adopted Equation (1) to quantify the bulk toughness of the hydrogel, with λmax replaced by the 

critical stretch when a crack ran in a notched sample under monotonic loading. As noted before, 

PAAm hydrogels are nearly elastic,73, 74, 77, 78 the stress-stretch curve has little hysteresis, and 

changes negligibly over thousands of loading cycles.74  

   

Figure 4. Converting the applied load to the energy release rate. (a) The applied 

stretch as a function time. (b) The nominal stress as a function of stretch. 

 

3. Results and discussions 

 In the steady state of fatigue fracture, the crack grows linearly with the number of cycles 

(Figure 5a-d). We converted each applied stretch λmax to the corresponding energy release rate 

by Equation (1) using the stress-stretch curves of unnotched hydrogels (Figure 5e). Hydrogels 

with more water are more susceptible to fatigue fracture under the same level of energy release 

rate G. For example, at G = 8.0 J/m2, a crack in the hydrogel of 96 wt% of water propagates by 

about 0.6 cm within 5,000 cycles (Figure 5a). In contrast, at a similar load G = 8.4 J/m2, a crack 

in the hydrogel of 87 wt% of water only propagates less than 0.1 cm over 15,000 cycles (Figure 
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5b). We recorded the crack extension of approximately 1 cm over 20,000 cycles. The mechanical 

loads required for such scale of crack extension per cycle are 4.0 – 8.0, 8.4 – 13.8, 19.1 – 34.8, 

and 44.4 – 87.0 J/m2, corresponding to the hydrogels of 96, 87, 78 and 69 wt% of water, 

respectively. 

 We further compared the energy release rate for fatigue fracture in our experiments to 

the bulk toughness of the hydrogels. For the hydrogels of 96, 87, 78 and 69 wt% of water, the 

toughness was 18.9, 71.2, 289 and 611 J/m2, respectively (Figure 5f). The energy release rate for 

fatigue fracture is much smaller than the toughness of the hydrogel. This large difference 

motivates us to obtain the threshold for fatigue fracture, below which a crack does not propagate 

under cyclic loads. 
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Figure 5. Experimental data of fatigue fracture of PAAm hydrogels with different 

water content. The fatigue crack extension was recorded over loading cycles, in hydrogels of 

(a) 96 wt%, (b) 87 wt%, (c) 78 wt%, and (d) 69 wt% of water. Each curve is the representative of 

3 individual tests. (e) Stress-stretch curves of unnotched hydrogels under pure shear tests. (f) 

The toughness decreases with the water content of the hydrogel. The data represent the mean 

and standard deviation of 3 experimental results. 
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 We calculated the threshold for fatigue fracture by extrapolation of the experimental 

data. We performed linear regression to fit the steady-state crack growth ∆a as a function of the 

loading cycle n. The slope of the linear curve, ∆a/∆n, is a function of the energy release rate G 

(Figure 6). ∆a/∆n is ~50 nm/cycle when G is very small, but varies almost linearly with G when 

G becomes larger. The fitted linear curve intercepts the G axis at a finite value. This value, 

denoted as Γ0, is the threshold for fatigue fracture. Hydrogels of fully swollen state (96 wt%) 

have the lowest threshold of 4.3 J/m2. As the hydrogel becomes drier, the threshold increases 

dramatically (Figure 6 & Table 1). Hydrogels of 69 wt% of water have a threshold of 64.5 J/m2, 

even higher than the previously reported threshold for the PAAm-alginate tough hydrogel (53 

J/m2). As the water content becomes lower, the slope of ∆a/∆n vs. G decreases. That is, the 

crack extension in cyclic loads is slower in a drier hydrogel, compared to the same polymer 

network with more water. Hence, from the aspects of both the threshold and the speed of crack 

extension, we conclude that the resistance to fatigue fracture of a hydrogel improves when its 

water content is reduced.  

   

Figure 6. The crack extension per cycle ∆a/∆n as a function of the energy release 
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rate G. All the data represent the mean and standard deviation of 3 experimental results. 

 

 The threshold for fatigue fracture of elastomers was described by the Lake-Thomas 

model as the energy required to break the covalent network and propagate the crack by unit 

area.66 The Lake-Thomas model has been adapted for gels in several papers, but in different 

expressions.73, 94-97 Here we choose one of the adaptions, and estimate the threshold as73 

  2/3

0 0p
bUl nφΓ = .  (2) 

Here φp is the volume fraction of the polymer in the hydrogel, and is related to the water content 

α through 

   
( )

( )
2H O

1 /

1 / /
p

α ρ
φ

α ρ α ρ

−
=

− +
,  (3) 

where ρ is the density of acrylamide (1.13 g/cm3), and 
2H O

ρ  is the density of water (1.0 g/cm3). 

b is the number of C-C bonds per unit volume of the dry polymer, U is the energy of a C-C bond, 

l is the length of the monomer, and n0 is the average number of monomers per chain. 0
bUl n  

only depends on the PAAm network, but does not depend on the water content of the hydrogel. 

 For polyacrylamide, b is estimated by the number of monomers per unit volume of the 

dry polymer, 27 3/ 9.57 10 mb A Mρ −= = × , where M is the molecular weight of acrylamide (71.08 

g/mole), and A is the Avogadro number ( 236.022 10× /mole). The length of the monomer is 

estimated as 1/3 0.471 nml b−= = . The C-C bond energy is 193.3 10 JU −= × .67 All together, these 

parameters give a value of 21.3 J/mbUl = . 

 The number of monomers between two crosslinks, n0, can be estimated by n0 = b/N, 

where N is the number of chains per unit volume of the dry polymer. Because we assume that all 
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the hydrogels have the same PAAm network, n0 and N are expected to be constants. To estimate 

N, we adopted the Gaussian chain model to the hydrogel, which relates N to the shear modulus 

µ through78-80 

  1/3

p
NkTµ φ= ,  (4) 

where kT is the temperature in the unit of energy. At room temperature, we take 

214.1 10 JkT −= × . Experimentally, the shear modulus µ can be calculated as 1/4 of the initial 

slope of the stress-stretch curve under the pure shear test of unnotched samples (Figure 5e).73 

With these, we calculated the value of N for each water content (Table 1). The calculated N varies 

greatly with the water content. In the current analysis, we take the average value of 

24 34.4 10 mN −= ×  for all the hydrogels, and calculate the theoretical values of Γ0 from Equation 

(2) accordingly. 

Table 1 Properties of PAAm hydrogels 

Water 

content α  

(%) 

Polymer 

volume 

fraction 
p

φ  

(%) 

Threshold Γ0 

(J/m2) 

Toughness 

(J/m2) 

Shear modulus 

µ  

(kPa) 

Chain 

density N 

(1024 m-3) 

96 3.6 4.3 18.9 2.80±0.32 2.07 

87 12 8.4 71.2 5.92±0.22 2.93 

78 20 20.5 289 11.27±0.46 4.70 
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69 28 64.5 611 21.09±0.92 7.86 

 

 The prediction of the Lake-Thomas model agrees well with the experimental results for 

hydrogels with high water content (low φp), but deviates at φp = 28%, where the experimental 

value of Γ0 is much larger than the theoretical result (Figure 7a). The same deviation occurs 

between the measured shear modulus µ and its theoretical prediction from the Gaussian chain 

model in Equation (4) (Figure 7b). The suggested scaling of φp in Equation (2) and (4) does not 

fit the experimental data properly. In particular, the Lake-Thomas model adapted here does not 

account for the fatigue threshold of relatively dry hydrogels. Theoretical models with different 

scaling have been extensively studied in polymer physics,98-100 and may shed light on resolving 

this discrepancy. For example, at a high polymer volume fraction φp, it is hypothesized that the 

presence of polymer chain entanglements may have non-trivial contribution to the threshold 

and shear modulus.100 To better understand this deviation, more experimental data and 

improved theoretical analysis are currently under study. 
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Figure 7. Comparison between the experimental results and the theoretical 

prediction. (a) Fatigue threshold, theoretically predicted by the Lake-Thomas model in 

Equation (2). (b) Shear modulus, theoretically predicted by the Gaussian chain model in 

Equation (4). The four data points correspond to the hydrogels of 96, 87, 78, and 69 wt% of 

water, from left to right. The data in (b) represent the mean and standard deviation of 3 

experimental results. 

 

 Despite this deviation, both the experimental results and the Lake-Thomas model show 

that lower water content (or higher polymer volume fraction) enhances the threshold. In 

addition, the Lake-Thomas model indicates that the threshold increases with n0, the average 

number of monomers per chain.  

4. Concluding remarks 

 Polyacrylamide hydrogels are highly stretchable and nearly elastic. Despite this 
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near-perfect elasticity, polyacrylamide hydrogels are susceptible to fatigue fracture. A sample 

without pre-cut crack can sustain thousands of loading cycles without appreciable degradation 

in stress-stretch curves. When a sample with a pre-cut crack is subject to a cyclic load, however, 

the crack will extend cycle by cycle if the amplitude of the load (measured by energy release rate) 

exceeds a threshold. Here, we have characterized the effect of water content on fatigue threshold 

and fracture energy. Both the fatigue threshold and the fracture energy reduce as the water 

content increases. For hydrogels of fixed water content, the fatigue threshold is well below the 

fracture energy. So far as fatigue fracture is concerned, polyacrylamide hydrogels are not elastic 

enough. Some toughening mechanisms must exist to account for the large difference between 

the fatigue threshold and facture energy. For polyacrylamide hydrogels of low water content, the 

measured fatigue threshold is significantly higher than the prediction of the Lake-Thomas 

model. These findings await further study. 
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Fatigue fracture of polyacrylamide hydrogels of various water contents is 

studied both experimentally and theoretically. 
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