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a b s t r a c t 

Photopolymerized hydrogels are critical to soft devices, mechanobiology, regenerative 

medicine, and next generation drug delivery. However, the optimization of processing pro- 

tocols for all of these applications of photopolymerized hydrogels has been at least semi- 

empirical due to the lack of a comprehensive predictive framework. Herein, we developed 

the first comprehensive predictive framework for how the chemical kinetics, optical prop- 

erties, and mechanical properties of a photopolymerized hydrogel emerge from a precursor 

solution as the solution is illuminated, and of how these processing parameters relate to 

the final mechanics of the hydrogel. We validated the model experimentally using an eosin 

Y-initiated di-acrylate system. The model revealed that processing kinetics were dominated 

by photobleaching and crosslinking, and that network mechanics were dominated by chain 

growth and loop formation. We demonstrated the utility of the model by using it to de- 

sign and then synthesize hydrogels with specified gradients in mechanical properties. The 

modeling framework is general and enables design of a broad range of hydrogels. 

© 2020 Elsevier Ltd. All rights reserved. 

 

 

 

 

 

 

 

 

 

1. Introduction 

Photo-initiated hydrogels are key technologies for cell culture, regenerative medicine, drug delivery, and soft devices

( Brown and Anseth, 2017 ; Layani et al., 2018 ; Ruskowitz and DeForest, 2018 ; Wang et al., 2016a ; Yao et al., 2018 ; Yuk et al.,

2019 ). Development of these materials is typically empirical, with little guidance from theoretical models. Although many

outstanding constitutive models exist for hydrogels and polymers, an unmet need is to predict how processing conditions,

such as precursor chemical concentrations and illumination, can be varied to produce hydrogels with specific mechanical

properties ( Feng et al., 2016 ; Gao et al., 2016 ). This is a limitation for the entire range of synthesis methods, including

light-triggered bond exchange reactions ( Long et al., 2009 ; Ma et al., 2014 ; Zou et al., 2017 ), light-induced liquid crys-

tal deformation ( Krishnan and Johnson, 2014 ), light-induced shape memory ( Lendlein et al., 2005 ), photo-induced plastic-

ity, photodegradation, photoisomerization, and photopolymerization ( Wu et al., 2018 ). We therefore developed a predictive
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framework for how the chemical kinetics, optical properties, and mechanical properties of a photopolymerized hydrogel

emerge from a precursor solution, and validated it on a technologically important hydrogel system. 

In photopolymerized hydrogels, a photo-initiator is progressively consumed in response to illumination, changing the 

optical properties, crosslinking kinetics, and ultimately mechanical properties of the hydrogel ( Corrigan et al., 2018 ). Our

framework began with a model of photo-initiator kinetics. Photo-initiators come in two classes according to their photo-

chemical products: type I, which generate initiating radicals via light induced bond cleavage, and type II, which generate

radicals when a light-excited photo-initiator interacts with co-initiators via hydrogen abstraction, electron transfer, oxida- 

tion, and reduction ( Dadashi-Silab et al., 2016 ). Our focus was type II photo-initiators, in which the excited initiator either

returns its ground state reversibly or photobleaches irreversibly, generating a leuco-product ( Gorner, 2008 ; Herculano et al.,

2013 ; Zhu et al., 2018 ). Photobleaching decreases initiation efficiency and reduces the absorption of the precursor solu-

tion. The first component of our framework was therefore developing a model of how photo-initiator consumption affects

photopolymerization reaction kinetics. We focused initially on an eosin Y/amine hydrogel system because certain baseline

measurements of photobleaching kinetics are already available in the literature ( Zhu et al., 2018 ). 

The second component of the framework was modeling how network mechanics emerge over time. As polymer emerges,

loops and crosslinks form that determine the emergence of mechanical properties ( Lin et al., 2018 ; Wang et al., 2016b ;

Zhong et al., 2016 ). Existing models predict that the elastic modulus of a hydrogel rises in proportional to crosslink density

( Nishi et al., 2017 ), so elastic modulus increases linearly with polymer concentration if all possible crosslinking sites on each

polymer strand are crosslinked. However, this trend does not capture the response of polymer solutions with concentrations

sufficiently low that a substantial fraction of polymer strands crosslink with themselves, creating loop defects instead of effi-

cient crosslinks. These loops decrease the crosslinking density, and thus interfere with branch-like structures, delay gelation,

and weaken the hydrogel ( Zhong et al., 2016 ). Although loop formation and its effect on mechanics are well understood in

step growth hydrogels ( Lin et al., 2018 ; Wang et al., 2016b ; 2017 a; Wang et al., 2017b , 2016c ; Zhong et al., 2016 ; Zhou et al.,

2012 ), no previous model exists for photo-initiated hydrogels. 

The third component of the framework was modeling how “frontal photopolymerization” (FPP) affects kinetics. FPP oc-

curs in optically thick samples, in which photopolymerization forms a propagating wave of network solidification ( Cabral and

Douglas, 2005 ; Cabral et al., 2004 ). Coarse-grained kinetic models exist for how FPP affects optical properties ( Cabral et al.,

2004 ; Hennessy et al., 2015b ; Vitale and Cabral, 2016 ; Warren et al., 2005 ), mass diffusion ( Hennessy et al., 2015b , 2017 ),

heating ( Hennessy et al., 2015a ) ( Hennessy et al., 2017 ; Vitale et al., 2015a , b), thermal diffusion ( Hennessy et al., 2015a ), and

polymer kintics ( Vitale et al., 2015b ). However, the key parameters that feed into the other models in our framework, specif-

ically associated with the physics underlying the spatiotemporal polymer conversion fraction and the absorption coefficient,

are not available in this coarse-grained approach. We therefore undertook a detailed analysis of molecular changes in FPP. 

We integrated these components into a comprehensive framework for predicting and designing formation-structure- 

property relationships in type II photo-initiated photopolymerization. We used eosin Y-initiated polyethylene glycol di- 

acrylate (PEGDA) hydrogels as an example. We established a theoretical model combining photopolymerization kinetics 

and hydrogel mechanics for predicting the spatiotemporal evolution of concentrations of chemical species, gel points and

mechanical properties of hydrogel under various precursor compositions, light irradiation doses and sample thicknesses. 

To verify the model, we experimentally measured the photo-initiator conversion kinetics, the evolution of carbon double

bonds, the conditions for gelation, and the shear moduli in cured hydrogels using UV–vis spectra, FTIR, rheology, and in-

dentation experiments. Finally, we applied the validated model to successfully design the specific depth-dependent frontal

photopolymerization processes and define interfacial profiles of eosin Y and acrylate. 

2. Theory 

The model predicted how the evolution of eosin Y (EY) consumption and acrylate (CC) on PEGDA combined to predict

the evolution of hydrogel properties as a light source of intensity I 0 and frequency ν0 irradiated the hydrogel surface (Fig.

1) . For each component α ( α = EY, CC, or PEGDA), the fractional concentration X α( t ) and fractional conversion P α( t ) at time

t were calculated as: {
X α( t ) = 

[ α] 
[ α] 0 

P α( t ) = 1 − X α( t ) = 1 − [ α] 
[ α] 0 

(1) 

here [ α] 0 and [ α] are the initial molar concentration and molar concentration at time t of phase α, respectively. [PEGDA] 0 
denotes the initial concentration of PEGDA where its unit “%” represents its weight percentage in the hydrogel precursor.

Pure PEGDA ( M W 

≈575 g mol −1 , [PEGDA] 0 = 100%) at room temperature contains approximately 3.48 M 

−1 acrylates; there

are f = 2 functional groups on a single PEGDA molecule. 

2.1. Component 1: kinetics of photobleaching dependent photopolymerization 

2.1.1. Photobleaching 

An initiation mechanism similar to that of as eosin Y/thiol has been proposed for the eosin Y/amine initiation system

( Zhu et al., 2018 ). The consumption of eosin Y can be described by 

X EY = exp 

(
−k pb t 

)
(2) 

where k pb denotes the kinetic constant of photobleaching. 
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The consumption of eosin Y can be further described by the following sub-processes ( Zhu et al., 2018 ): ( Process 1 ) an

eosin Y molecule in the ground state (EY) is excited to the triplet state (EY 

3 ∗) by irradiation. ( Process 2 ) EY 

3 ∗ is subsequently

quenched by oxygen or emits phosphorescence, or ( Process 3 ) turns into the reductive radical form (EY 

• −) through reaction

with an amine and other organic compounds. ( Process 4 ) EY 

• − is then quenched by oxygen, or ( Process 5 ) changes into the

leuco-product (EYH 2 ). Let k i ( i = 1–5) represent the kinetic constant of Process i ; then, these processes can be described by

a set of kinetic equations as follows: 

d [ E Y 0 ] 

dt 
= −k 1 [ EY ] + k 2 

[
E Y 

3 ∗] + k 2 
[
E Y 

·−]
(3)

d 
[
E Y 

3 ∗]
dt 

= −( k 2 + k 3 ) 
[
E Y 

3 ∗] + k 1 [ E Y 0 ] (4)

d [ E Y 

·−] 

dt 
= −( k 4 + k 5 ) 

[
E Y 

·−]
+ k 3 

[
E Y 

3 ∗] (5)

d [ EY H 2 ] 

dt 
= k 5 

[
E Y 

·−]
(6)

[ E Y 0 ] + 

[
E Y 

3 ∗] + 

[
E Y 

·−]
+ [ EY H 2 ] = 1 (7)

where k 1 = σ I 0 / h ν0 and k 3 = k et • [TEOA] 0 , in which σ is the absorption cross-section of ground-state eosin Y, h is Planck’s

constant, and k et is the reductive electron transfer rate constant from triplet eosin Y to TEOA. 

According to Eqs. (3) –(7) , the relationships between kpb, the initial co-initiator concentration ([TEOA] 0 ), and the surface

light intensity ( I 0 ) can be described by ( Zhu et al., 2018 ): 

k pb = 

k et 0 + k et · [ TEOA ] 0 
k 2 + k et 0 + k et · [ TEOA ] 0 

k 5 
k 4 + k 5 

σ I ex 

hυ
(8)

2.1.2. Photopolymerization 

The eosin Y/amine initiated photopolymerization of PEGDA can be described by the following equations according to

reactions listed in Table A1 : 

d [ TEO A 

·] 
dt 

= R i − k i [ TEO A 

·] [ CC ] (9)

d [ CC ] 

dt 
= −k i [ TEO A 

·] [ CC ] − k p [ C C 

·] [ CC ] (10)

d [ TEOA ] 

dt 
= [ TEOA ] − [ TEO A 

·] (11)

d [ C C 

·] 
dt 

= k i [ TEO A 

·] [ CC ] − 2 k t [ C C 

·] [ C C 

·] (12)

where R i is the initiation rate (amount of TEOA radical generated per unit of time) and k i , k p , and k t are kinetic constants

for initiation, propagation, and termination, respectively. 

These kinetic equations can be simplified to obtain an explicit expression of P CC . Because [TEOA 

• ] << [TEOA], and consid-

ering the non-consumption of TEOA, ( d [TEOA 

• ]/ dt ≈0), from Eq. (9) : 

R i = k i [ TEO A 

·] [ CC ] (13)

Considering that the radical propagation can reach a quasi-equilibrium state in the reaction ( d [CC 

•]/ dt ≈0), from Eq. (12) :

[ C C 

·] = 

√ 

k i [ TEO A 

·] [ CC ] 

2 k t 
(14)

Using Eqs. (13) and (14) : 

[ C C 

·] = 

√ 

R i / 2 k t (15)

Through Eqs. (10) and (15) , the following can be obtained: 

d [ CC ] 

dt 
= −R i − k p 

√ 

R i 

2 k t 
[ CC ] = −R i − R p (16)
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where R p is the radical propagation rate. Generally, R i << R p holds true for most of the previous photopolymerization studies

( Cramer et al., 2003 ; Lee et al., 2014 ). Thus omitting Ri in Eq. (16) , the following can be obtained: 

d X CC 

dt 
= −k p 

√ 

R i 

2 k t 
X CC (17) 

It has been demonstrated that R i is dependent on [EY] t , [TEOA] t , and I 0 ( Lee et al., 2014 ): 

R i = γ [ EY ] [ TEOA ] I 0 (18) 

For a homogeneous system, only [EY] t is considered to vary with time and R i = R i0 • exp(- k pb • t ), where R i0 is the initial

value of R i and is dependent on the initial chemical composition and light intensity ( i.e. [PEGDA] 0 , [TEOA] 0 , [EY] 0 , I 0 ). Thus,

by integrating both sides of Eq. (17) , the kinetic process of eosin Y-initiated photopolymerization in a homogeneous reaction

system can be approximated as follows: 

X CC = exp 

(
−b + b exp 

(
−k pb t/ 2 

) )
(19) 

where b = 

k p 
k pb 

√ 

2 R i0 / k t . This equation was used to fit the experimental data of the time dependent fractional concentration

of acrylate. 

2.2. Component 2: the emergence of mechanical properties 

A modified Macosko model ( Macosko and Miller, 1976 ; Miller and Macosko, 1976 ) was used to determine the densities

of the efficient elastic chains and loops in PEGDA hydrogels, which were subsequently used to predict PEGDA hydrogel

elasticity. Because the rate of radical propagation is far greater than that of radical termination ( R p >> R t ) in most free radical

polymerizations, the effect of radical termination on the network topology was not considered. Instead, the propagation

process was divided into two parts, i.e. intermolecular reactions for crosslink formation and intramolecular reactions for

loop formation. The rates of intramolecular ( R pl ) and intermolecular ( R pc ) propagation depend on the internal ( C int ) and

external ( C ext ) concentrations of the functional groups as follows: 

R pl 

R pc 
= 

C int 

C ext 
(20) 

C int depends on the molecular properties of the polymer, but not on initial polymer concentration ( i.e. [PEGDA] 0 ),

whereas C ext is proportional to the initial polymer concentration ( Dutton et al., 1996 ; Rolfes and Stepto, 1990 ). To simplify

the calculation, the loop formation probability was considered to be constant over the entire duration of photopolymeriza-

tion. Thus, R pl / R pc = 2 C 0 /[PEGDA] 0 , where C 0 is a constant and denotes the critical concentration of [PEGDA] 0 below which

the precursor cannot be crosslinked even as acrylates are fully consumed. 

The probability θ that an acrylate molecule will react through intermolecular propagation is as follows: 

θ = 

R pc 

R pc + R pl 

= 

[ PEGDA ] 0 
[ PEGDA ] 0 + 2 C 0 

(21) 

(1) Pre-gelation 

The gel point of the hydrogel is the time when an effectively “infinite” molecule emerges, and could be estimated by

the average molecular weight ( Flory, 1941 ; Macosko and Miller, 1976 ; Wang et al., 2017b ). W 

out 
CC ∗ is defined as the expected

molecular weight attached to the carbon end when looking out from a random carbon double bond. WCC 

∗out is the ex-

pected molecular weight attached to the carbon end when looking out from a random carbon radical and the average

values of these two weights can be described as follows: 

E 
(
W 

out 
CC 

)
= P CC E 

(
W 

out 
CC ∗

)
+ ( 1 − P CC ) 0 (22) 

If a acrylate reacts intramolecularly, E( W 

out 
CC ∗ ) = 0 ; if a acrylate reacts intermolecularly, E ( W 

out 
CC ∗) equals the expected weight

E( W 

in 
CC ∗) attached to carbon end when looking inwards from a random carbon double bond: 

E 
(
W 

out 
CC ∗

)
= θE 

(
W 

in 
CC ∗

)
+ ( 1 − θ ) 0 = θE 

(
W 

in 
CC ∗

)
(23) 

As PEGDA is a di-functional polymer strand, W 

in 
CC ∗, the weight attached to the carbon end when looking inward from

a random carbon radical, is composed of three parts: the weight of the PEGDA itself, the weight attached to the reacted

carbon radical, and the weight attached to the remaining carbon double bond; thus, 

E 
(
W 

in 
CC ∗

)
= M PEGDA + E 

(
W 

out 
CC ∗

)
+ 2 E 

(
W 

out 
CC 

)
(24) 

From Eqs. (22) –(24) , 

E 
(
W 

out 
CC ∗

)
= 

θM PEGDA 

1 − θ ( 1 + 2 P CC ) 
(25) 
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The gelation point, which is the diverged point of average molecular weight, can be described as follows: 

P gel = 

1 − θ

2 θ
(26)

If P gel ≥1, the precursor cannot be cured even if all PEGDA has reacted. Thus, from Eqs. (21) and (26) , when

[PEGDA] 0 ≤ C 0 , the precursor is not crosslinked despite the full conversion of acrylates. To obtain an ideal network without

loops, θ→ 1, P gel → 0, indicating crosslinking at an extremely low conversion. 

(2) Post-gelation 

After gelation, the crosslink density can be calculated by counting the “infinite” ends on each PEGDA strand. We denote

F out 
CC 

as an event where a carbon end links to a finite chain when looking out from a random carbon double bond, the

probability of which is φ( F out 
CC 

) , and F out 
CC ∗ as an event where a carbon end on a reacted acrylate links to a finite chain when

looking out from a random carbon radical, the probability of which is φ( F out 
CC ∗ ) , we can write the following: 

φ
(
F out 

CC 

)
= P CC φ

(
F out 

CC ∗
)

+ ( 1 − P CC ) (27)

If a carbon end links to a chain via intramolecular reaction φ( F out 
CC ∗ ) = 1 ; if it links to chains via intermolecular reac-

tion φ( F out 
CC ∗ ) = φ( F in 

CC ∗) , in which φ( F in 
CC ∗) denotes probability of linking to a finite chain when looking into a random carbon

radical. Thus, 

φ
(
F out 

CC ∗
)

= θφ
(
F in CC ∗

)
+ ( 1 − θ ) (28)

in which 

φ
(
F in CC ∗

)
= φ

(
F out 

CC ∗
)
φ( E CC ) (29)

where E CC is an event in which neither of the remaining 2 arms extends to infinity. φ( E CC ) can be calculated using the

following equation ( Miller and Macosko, 1976 ; Reddy et al., 2006 ): 

φ( E CC ) = P CC φ
(
F out 

CC 

)
+ 1 − P CC (30)

From Eqs. (28) –(30) , 

φ
(
F out 

CC ∗
)

= 

1 − θ

1 − θφ( E CC ) 
(31)

Combining Eqs. (30) and (31) , the solution of φ( F out 
CC ∗ ) can be obtained. 

The probability of k acrylates ( k ∈ {0, 1, 2}) reacting on a PEGDA molecule is given as follows: 

φ( k reacted acrylates ) = 

(
f 
k 

)
P k CC ( 1 − P CC ) 

f−k (32)

If k ( k ∈ {1, 2}) acrylates reacted, m ( m ∈ {0, 1, 2, 3, 4}) carbons attach to an infinite network: 

φ( m infinite ends | k reacted acrylates ) = 

(
2 k 
m 

)
φ
(
F out 

CC ∗
)2 k −m 

(
1 − φ

(
F out 

CC ∗
))m 

(33)

Thus, the probability of a PEGDA molecule contains m end to infinity is: 

φ( χm 

) = 

∑ 

k 

φ( m infinite ends | k reacted acrylates ) φ( k reacted acrylates ) (34)

Thus, the fractional crosslinking density ( η) of the PEGDA network can be calculated as: 

η = 

2 f ∑ 

m =3 

m − 2 

2 

φ( χm 

) (35)

For a network without loop formation, q = 1, φ(F out 
C C ∗ ) = 0 , and: 

η = φ( k reacted acrylates ) | k =2 = P 2 CC (36)

A loop can be defined as the chain formed by the intramolecular reaction of two carbon ends. Thus, the total density of

loops ( l ) is the number of chains formed by reacting acrylate with a finite path as follows: 

l = φ
(
F out 

CC ∗
)
P CC υ0 (37)

where ν0 is the density of the efficient elastic chains of an ideal network (no loop formation). Because each ideal crosslinked

PEGDA strand contains 4 carbon ends on efficient elastic chains and each chain is formed by 2 ends, it can be calculated as

ν = 2 N [PEGDA] , where N is Avogadro’s constant. 
0 A 0 A 



6 H. Zhu, X. Yang and G.M. Genin et al. / Journal of the Mechanics and Physics of Solids 142 (2020) 104041 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It should be noted that this model can only provide the total density of loops but cannot distinguish loop order (the num-

ber of polymer strands between the carbon ends before linking ( Wang et al., 2016b )). Thus, only the mechanical contribu-

tion of the crosslink density is considered and the shear modulus was estimated by phantom theory as follows ( Nishi et al.,

2017 ): 

G = ηN A [ PEGDA ] 0 kT = 

1 

2 

ηυ0 k B T (38) 

where k is Boltzmann’s constant and T is the absolute temperature. Here, we presume that the shear modulus of the fully

cured sample (when acrylate is consumed) is G final , and the ideal network without loop formation is G ideal = 1/2 • ν0 kT . Thus,

the fractional crosslinking density ( η) is equal to the ratio between the shear modulus of cured sample and the ideal shear

modulus ( G / G ideal ). 

2.3. Component 3: frontal photopolymerization 

The frontal photopolymerization (FPP) process in an optically thick sample was considered next. The absorption coeffi-

cient can be calculated by the sum of the absorption coefficients of eosin Y ( μEY ) and PEGDA hydrogel ( μConst ): 

μ = μEY + μconst (39) 

where μEY is proportional to the remaining concentration of eosin Y, 

μEY = ε EY [ EY ] 0 X EY (40) 

In which εEY is the molar absorption coefficient of eosin Y. 

The light intensity is I , the initial value of μ is μ0 , the normalized absorption coefficient is ˆ μ = μ/ μ0 , and the normalized

light intensity is ˆ I = I/ I 0 . 

From Eqs. (2) and (8) , 

d X EY ( z, t ) 

dt 
= −k pb ( z, t ) X EY ( z, t ) = −k pb 0 ̂

 I ( z, t ) X EY ( z, t ) (41) 

According to Eqs. (40) and (41) , 

d ̂  μ( z, t ) 

dt 
= 

μEY 

μ0 

d X EY 

dt 
= −μEY [ EY ] 0 

μ0 

k pb 0 ̂
 I ( z, t ) X EY ( z, t ) (42) 

According to the Beer-Lambert law, 

d ̂ I ( z, t ) 

dt 
= −μ0 ̂  μ( z, t ) ̂ I ( z, t ) (43) 

From Eq. (18) , the initiation rate at depth z can be described as follows: 

R i ( z, t ) = −R i0 X EY ( z, t ) ̂ I ( z, t ) (44) 

From Eq. (17) , the spatiotemporally dependent fractional concentration of the acrylates can be calculated by: 

d X CC ( z, t ) 

dt 
= −k p 

√ 

R i ( z, t ) 

2 k t 
X CC ( z, t ) (45) 

Eqs. (41) –(45) were used to simulate the conversion of eosin Y and acrylates in FPP. 

The calculated X CC was used to determine the position of the interface between the fully cured and uncured samples, and

the stiffness gradient at the interface. Considering a similar interface and gradient of X EY can form in the depth direction,

the interfacial position was defined as z 0 ( Warren et al., 2005 ): 

d 2 P x 

d z 2 

∣∣∣∣
z 0 

= 0 ( x = EY , CC ) (46) 

where dP α/ dz approaches a maximum. The beginning and end of the interface were defined as z 1 , z 2 ( z 1 > z 2 ), where

dP α/ dz = –max(–dP α/ dz )/2. Thus, these positions were defined as z EY0 , z EY1 , z EY2 on the eosin Y conversion profile and as

z CC0 , z CC1 , z CC2 on the acrylate conversion profile, respectively. P EY i ( i = 0, 1, 2) is the degree of conversion (DoC) of eosin Y

at position z EY i , while P CC i ( i = 0, 1, 2) is the DoC of acrylate at position z CC i . The width of the interfacial profile was defined

as follows: 

w = z 1 − z 2 (47) 

All fitting and simulation processes were accomplished in the MATLAB environment (The Mathworks, Natick, MA,

USA).The values of all the parameters used in the model could be found in Table A2 . 
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Fig. 1. Schematic of eosin Y/TEOA-initiated photopolymerization of PEGDA. During irradiation of the photocurable sample, the absorption, light intensity, 

chemical conversion, and elasticity all changed spatiotemporally. Photobleaching of eosin Y changed the absorption gradient and light intensity in the 

reaction system, which influenced the conversion kinetics of PEGDA. The chemical kinetics determined the formation of polymer networks and the final 

elasticity gradient in the hydrogels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Experiments and results 

3.1. Materials 

Polyethylene glycol di-acrylate (PEGDA, M W 

≈575 g mol −1 ), triethanolamine (TEOA), eosin Y disodium salt, and phos-

phates were purchased from Sigma-Aldrich (St. Louis, MO, USA). All samples were irradiated using a light-emitting diode

(LED) with emission centered at 530 nm. The final concentration of phosphate was brought to 0.01 mM for each sample to

adjust the pH to 7.4. The light intensity of the LED was calibrated using an optical meter (Thorlabs PM100D, Newton, NJ,

USA). The following tests were performed under atmospheric conditions at room temperature (approximately 300 K). 

3.2. UV–vis spectroscopy 

To determine the DoC of eosin Y ( P EY ), the polymer precursors were added to 96-well plates (30 μL in each well) and

irradiated using the LED at a defined power for various durations. The UV–vis absorption spectra (40 0–60 0 nm) of the

curing samples were recorded in-situ using a Spark Multimode Microplate Reader (Tecan Group Ltd., Männedorf, Zürich,

Switzerland) at room temperature. The DoC of eosin Y was calculated by normalizing the absorbance at 520 nm measured

at different times using the following equation: 

P EY = 1 − A 520 nm 

− ( A 400 nm 

+ A 600 nm 

) / 2 

[ A 520 nm 

− ( A 400 nm 

+ A 600 nm 

) / 2 ] t=0 

(48)

The measurement scheme and representative UV–vis absorption spectra at different irradiation times are shown in Fig. 2 .

Although the measurements obtained using the Spark Multimode Microplate Reader provided relative absorbance changes

during a single curing process, the sample thickness was difficult to estimate due to the concave liquid surface in the well.

Therefore, to obtain the thickness-dependent optical properties of the hydrogels, precursors with different initial eosin Y

concentrations were added to the cuvette with a thickness of 1 mm and their UV-spectra were measured with a Lambda

35 UV–vis spectrophotometer (Perkin Elmer, USA) ( Fig. B1 a). The relationship between absorbance and initial eosin Y con-

centration is shown Fig. B1 b. The relationship is linear as described by the Beer-Lambert law, and through linear fitting, the

molar absorption coefficient of eosin Y at 515 nm (peak value) was determined to be approximately 0.009 μM 

−1 mm 

−1 ,

similar to the previously reported value ( Shih and Lin, 2013 ). The constant absorption coefficient of PEGDA hydrogels at

515 nm was approximately 0.2 mm 

−1 . 
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Fig. 2. Schematic of UV–vis absorption measurements and representative data for hydrogels irradiated for prescribed time intervals. As irradiation time in- 

creases, the absorption peak of eosin Y at 520 nm decreases gradually, as represented by the fading and differently dashed line styles. These measurements 

quantified relative changes in the absorbance of multiple reaction samples in a single well plate. For this figure, the initial conditions for the sample were 

[EY] 0 = 10 μM, [TEOA] 0 = 100 mM, and [PEGDA] 0 = 20%. The illumination intensity was I 0 = 50 mW cm 

−2 . 

Fig. 3. Schematic of FTIR spectral measurements and representative data for hydrogels irradiated for prescribed time intervals. IR absorbance at the peaks 

with wave numbers of 1415, 1297, 1254, 1211, 985 cm 

−1 is related to molecular vibration of chemical bonds on acrylates. IR absorbance at these peaks 

decreased with increasing irradiation time, as represented by the fading and differently dashed line styles. For validation of numerical models, the de- 

cay of the peak area around 1415 cm 

−1 was used to estimate the concentration of acrylates. For this figure, the initial conditions for the sample were 

[EY] 0 = 10 μM, [TEOA] 0 = 100 mM, and [PEGDA] 0 = 20%. The illumination intensity was I 0 = 50 mW cm 

−2 . 

 

 

 

 

 

 

 

 

3.3. IR spectroscopy 

DoC of acrylates ( P CC ) was measured via Fourier-transform infrared (FTIR) spectra (Nicolet iS 50, Thermo Fisher Scientific,

Waltham, MA, USA) equipped with an attenuated total reflection (ATR) accessory. The hydrogel precursors were dropped

onto a zinc selenide crystal and covered by a glass slide, while spacers with defined thicknesses were placed between them.

The LED was placed on the samples and irradiation was performed for different durations. Each sample was scanned 16

times at a 4 cm 

−1 resolution and averaged results were obtained. The absorbance of distilled water was used as a baseline

signal and deducted for each test. The integrated absorbance at approximately 1415 cm 

−1 was used to calculate the fractional

concentration of acrylates, as it arises from the deformation of = CH 2 ( Boonen et al., 2017 ). The integrated absorbance at

approximately 1085 cm 

−1 was used as an internal standard for conversion analysis of each sample, as it corresponds to

C 

–O 

–C stretching ( Boonen et al., 2017 ). Thus, the DoC of acrylate was determined as follows: 

P CC = 1 − A 1415c m 

−1 / A 1085c m 

−1 

( A 1415c m 

−1 / A 1085c m 

−1 ) t=0 

(49) 

The measurement scheme and representative FTIR spectra of a sample at different irradiation times is shown in Fig. 3 . 
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Fig. 4. Schematic of indentation measurements and representative data for hydrogels irradiated for prescribed time intervals. Indentation stiffness increased 

with increasing irradiation time, as represented by lines ( Eq. (3) ) and dots (experiment) of fading color (increasingly red in the online version). Lines 

represent fitting of Eq. (3) to obtain the shear modulus (G) of each sample. For this figure, the initial conditions for the sample were [EY] 0 = 10 μM, 

[TEOA] 0 = 100 mM, and [PEGDA] 0 = 20%. The illumination intensity was I 0 = 50 mW cm 

−2 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4. Quantification of the gel point and shear modulus 

2 mL of the polymer precursor poured into a 35 mm petri dish to form a hydrogel approximately 2 mm in height was

subsequently irradiated using a LED (50 mW cm 

−2 ) and tested on a MCR 302 rheometer (Anton-Paar, Graz, Austria) every

5 s over the course of illumination. Tests were performed at a 0.1% strain, 0.5 Hz frequency, and 0.1 N normal force. The gel

point was defined as the point where the storage modulus ( G ’) reached just above the loss modulus ( G ”) ( Hao and Lin, 2014 ).

The associated results are shown in Fig. B2 . 

Shear moduli were estimated on specimens identical to those above except irradiated for 30–120 s. Static indentation

tests were performed on each crosslinked sample using a Bose Electroforce Biomaterial Test Instrument (Bose, MN, USA). A

steel sphere 10 mm in diameter was used to compress the sample while force versus displacement were recorded at 10 Hz.

The shear moduli ( G ) were calculated by Hertz indentation theory as follows ( Hu et al., 2010 ): 

F = ( 16 / 3 ) G r 1 / 2 d 3 / 2 (50)

where F is the force on the indenter, d is the indenter displacement, and r is the spheroid indenter radius. Stress-strain

curves in the range of 0–0.1 strain were used to calculate the shear moduli. The measurement scheme and representative

indentation curves of the samples at different irradiation times are shown in Fig. 4 . 

4. Discussion 

4.1. Theoretical validation of photobleaching dependent photopolymerization kinetics 

The photobleaching model ( Eq. (2) ) predicted the time evolution of photobleaching ( X EY ) as measured by UV–Vis spec-

trometry ( Fig. 5 a–d, R 2 = 0.854–0.999). A single parameter, the photobleaching constant ( k pb ), was obtained by fitting the

experimental data. The relationships between kpb and [EY] 0 as well as I 0 and [TEOA] 0 , described by Eq. (5) , were also vali-

dated experimentally: kpb was unaffected by [EY] 0 ( Fig. 5 e), was proportional to I0 ( Fig. 5 f), and exhibited a sigmoidal func-

tional relationship with the logarithm of [TEOA] 0 ( Fig. 5 g). The model predicted that [PEGDA]0 would not affect kpb, which

agreed with experimental data, but only for [PEGDA] 0 ≤ 80% ( Fig. 5 h). However, over the range 80% ≤[PEGDA] 0 ≤ 100%, kpb

sharply decreased by an order of magnitude compared to the predicted value. This phenomenon can be attributed to the

increasing viscosity of the precursors with increasing [PEGDA] 0 . The increasing viscosity may decrease the diffusion rates of

the chemical species, limiting the overall reaction kinetics. 

The photopolymerization model ( Eq. (19) ), which incorporated the photobleaching process, predicted the time evolution

of X CC under different reaction conditions as measured via FTIR spectrometry ( Fig. 6 a–d, R 2 = 0.918–0.998). The begin-

ning initiation rate ( R i0 ) was obtained for each reaction condition and the functional relationships between R i0 and [EY] 0 ,

I 0 , [TEOA] 0 , and [PEGDA] 0 are shown in Fig. 6 e–h, respectively. The model predictions were included in these graphs for

comparison. As shown in Fig. 6 f and g, R i0 increasing with increasing I 0 and [TEOA] 0 in both experimental data and model

predictions. A slight deviation between the experimental data and modeling results at low I 0 or [TEOA] 0 was observed and

could be attributed to the unconsidered oxygen-inhibiting effect ( Dendukuri et al., 2008 ; Iedema et al., 2018 ). The predicted

linear relationship by Eq. (16) between R i0 and varying [EY] 0 was only validated for [EY] 0 ≤ 10 μM (dotted line in Fig. 6 e). 
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Fig. 5. The eosin Y conversion processes in an optically uniform film. Time evolution of the fractional concentration of eosin Y in the irradiated sample 

with four varying input parameters. (a) [EY] 0 ( I 0 = 50 mW cm 

−2 , [TEOA] 0 = 100 mM, [PEGDA] 0 = 20%), (b) I 0 ([EY] 0 = 10 μM, [TEOA] 0 = 100 mM, 

[PEGDA] 0 = 20%), (c) [TEOA] 0 ([EY] 0 = 10 μM, I 0 = 50 mW cm 

−2 , [PEGDA] 0 = 20%), and (d) [PEGDA] 0 ([EY] 0 = 10 μM, I 0 = 50 mW cm 

−2 , 

[TEOA] 0 = 100 mM). The symbols are experimental data and lines are the fitting. The different colors indicate samples with different initial conditions. 

The photobleaching kinetic constant ( k pb ) obtained by fitting as functions of [EY] 0 , I 0 , [TEOA] 0 , [PEGDA] 0 are provided in the symbols in (e), (f), (g), and (h) 

respectively, and the lines in these figures were generated from our model. 
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Fig. 6. Acrylate conversion in an optically uniform film. Time evolution of the fractional concentration of acrylates ( X CC ) in an irradiated sample at dif- 

ferent (a) initial eosin Y concentrations (other input parameters fixed at I 0 = 50 mW cm 

−2 , [TEOA] 0 = 100 mM, [PEGDA] 0 = 20%), (b) light intensi- 

ties (other input parameters fixed at [EY] 0 = 10 μM, [TEOA] 0 = 100 mM, [PEGDA] 0 = 20%), (c) initial TEOA concentrations (other input parameters 

fixed at [EY] 0 = 10 μM, I 0 = 50 mW cm 

−2 , [PEGDA] 0 = 20%), and (d) initial PEGDA concentrations (other input parameters fixed at [EY] 0 = 10 μM, 

I 0 = 50 mW cm 

−2 , [TEOA] 0 = 100 mM). The symbols are experimental data and lines are the fitting. The different colors indicate samples with different 

initial conditions. The beginning initiation rates ( R i0 ) obtained by fitting are shown in symbols in (e), (f), (g), and (h), and the lines in these figures are the 

simulation results provided by the newly developed model. 
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Fig. 7. Network analysis of the eosin Y-initiated PEGDA hydrogels. (a) The gel point ( P gel ) of the hydrogels with different initial PEGDA concentrations 

([PEGDA] 0 ). The symbols are experimental results and the line is the prediction provided by the modified recursive model. The gray region is the range 

of [PEGDA] 0 where the gel could not be crosslinked even when the acrylates were exhausted. (b) Time evolution of the shear moduli ( G ) under different 

[PEGDA] 0 . The symbols are experimental results and lines are the prediction provided by the modified recursive model. The different colors indicate samples 

with [PEGDA] 0 . (c) The DoC of acrylate ( P CC )-dependent shear modulus ratios between the actual networks ( G ) and ideal networks ( G ideal ) under different 

[PEGDA] 0 . The symbols were calculated from the experimental results and lines are the predictions of the modified recursive model. The different colors 

indicate samples with [PEGDA] 0 . The dashed line predicts the G / G ideal as [PEGDA] 0 approached infinity, where loop formation processes are prevented. (d) 

The final shear moduli ( G final ) of the actual and ideal networks and at different [PEGDA] 0 . All results were obtained at [EY] 0 = 10 μM, [TEOA] 0 = 100 mM, 

and I 0 = 50 mW cm 

−2 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

With increasing [EY] 0 , R i0 approached a constant value. To depict the R i0 -[EY] 0 profile at a defined [PEGDA] 0 , Eq. (21) can

be replaced by the following equation: 

R i0 = γ /ω · ( 1 − exp ( −ω [ EY ] 0 ) ) [ TEOA ] 0 I 0 (51) 

where ω is a fitting constant that is independent of [EY] 0 , I 0 , and [TEOA] 0 . This modified relationship (the solid line in

Fig. 6 e) fit the experimental data. A parabolic relationship between R i0 and [PEGDA] 0 was observed ( Fig. 6 h), but this was

not predicted by the model. When [PEGDA] 0 ranged from 15 to 50%, the time evolution of X CC ( Fig. 6 d) and R i0 values

( Fig. 6 h, 6.9–8.9 ·10 −4 M s −1 ) were similar, while the consumption of acrylates significantly slowed when [PEGDA] 0 was over

60% ( R i0 = 2.8 ·10 −4 M s −1 ). 

4.2. Validation of gel point and mechanical property predictions 

The experimentally obtained time of gelation ( Fig. B2 ) was used to calculate the DoC of acrylates at the gel point ( P gel )

using Eq. (26) . The experimentally measured [PEGDA] 0 - P gel curve (dots in Fig. 7 a) revealed that the gel point shifted to

smaller values with increasing polymer concentration ([PEGDA] 0 ), which is common in polymer networks and attributed

to loop formation ( Wang et al., 2017b ). This trend was accurately captured by the developed model (the line in Fig. 7 a).

Consistent with model predictions, experimental results revelaed that the gel was not crosslinked when [PEGDA] 0 was ≤5%,

even when the acrylates were exhausted. 

To validate predictions of mechanical properties, indentation tests were performed on photopolymerized hydrogels pre-

pared using different [PEGDA] 0 and different curing times under a fixed I 0 , [EY] 0 , and [TEOA] 0 . The shear moduli of the

prepared hydrogels were calculated from the stress-strain curves obtained by the indentation experiments ( Fig. 7 b). With

increasing curing time, the shear moduli of all samples increased, while the stiffness growth was slower and reached a

steady state after 120 s. As [PEGDA] increased from 10% to 40%, the final shear moduli increased from approximately 1.2
0 
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Fig. 8. Time evolution of acrylate conversion under different initial concentrations of eosin Y and thickness. The symbols are experimental data and lines 

are modeling results. The different colors indicate samples with [EY] 0 . The solid symbol and lines indicate the sample with 0.1 mm thickness, while hollow 

symbols and dashed lines indicate the samples with 1 mm thickness. The other input parameters were fixed at I 0 = 50 mW cm 

−2 , [PEGDA] 0 = 20%, 

[TEOA] 0 = 100 mM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to 960 kPa. Upon further increasing [PEGDA] 0 from 40% to 60%, the final shear moduli slightly decreased due to slower

polymerization kinetics at high [PEGDA] 0 . Model predictions showed good agreement with these experimental results. 

We explored the maximum shear moduli that can be achieved for hydrogels with different [PEGDA] 0 . P CC was calcu-

lated at different curing times for each sample using the model. The final P CC increased from 0.69 to 0.77 as the [PEGDA] 0
increased from 10% to 30%. However, upon further increasing [PEGDA] 0 to 60%, P CC decreased to 0.56. The relationships

between the relative shear moduli ( G / G ideal ) and P CC at different [PEGDA] 0 revealed that increasing conversion of acrylate

stiffened the hydrogels at arbitrary fixed polymer concentrations ( i.e. [PEGDA] 0 ): with increasing [PEGDA] 0 , the shear mod-

ulus of the fully crosslinked hydrogel ( P CC = 1) approached that of the ideal network ( G final / G ideal → 1) due to the reduced

probability of loop formation ( Fig. 7 c). As [PEGDA] 0 approaches 100%, the model predicted the maximum shear modulus of

the actual photopolymerized and ideal networks of PEGDA (Mw = 575) of 3.3 and 4.3 MPa, respectively ( Fig. 7 d). 

4.3. Prediction of frontal photopolymerization 

We applied the model to design a graded hydrogel using FPP. Model predictions were validated by measuring PCC at

the bottom of hydrogels with varying initiator concentrations and thicknesses by FTIR spectrometry (dots in Fig. 8 ). The

experimental data showed that the time evolution of PCC was similar in the 0.1 mm film when [EY] 0 changed from 100 to

10 0 0 μM, in accordance with the conclusions provided in Section 4.1 . As the film thickness was increased to 1 mm, the time

evolution processes of PCC showed differences in samples with different [EY] 0 due to differing absorption coefficients. At

low [EY]0 (100 μM), the 1 mm film exhibited an approximately uniform crosslinking, resulting in a similar time-PCC profile

as that of the 0.1 mm film. At high [EY] 0 (10 0 0 μM), the 1 mm film strongly slowed acrylate conversion, in contrast to the

0.1 mm film. These phenomena were well captured by the developed model (lines in Fig. 8 ). To fit the experimental data,

the molar absorption coefficient of eosin Y was set to 0.015 μM • mm 

−1 and the constant absorption coefficient of PEGDA

hydrogels to 0.5 mm 

−1 , both of which are slightly larger than the peak values (0.009 μM mm 

−1 , 0.2 mm 

−1 ) provided by

the UV–Vis spectra (see Section 3.2 ). These results indicate that the developed model provides a reasonable prediction for

FPP. 

The model was also used to analyze the conversion profiles of eosin Y and acrylates in FPP. As described in the In-

troduction, Cabral’s coarse-grained model provides a reasonable analysis of FPP. However, Cabral’s coarse-grained model

does not consider the concentration changes of initiators, which can affect the absorption coefficient and chemical kinetics

simultaneously. The model developed herein considers the variance of multiple chemical species ( i.e. acrylates, eosin Y),

which provides a more detailed analysis and predictions for FPP. In a typical simulation of FPP in a hydrogel with a fixed

composition ([EY] 0 = 10 μM, [TEOA] 0 = 100 mM, [PEGDA] 0 = 20%, I 0 = 50 mW cm 

−2 ), distributions of P CC and PEY var-

ied with curing time and sample depth ( Fig. 9 a and b). The DoC at the positions ( z CC0 , z EY0 ), starting points ( z CC1 , z EY1 ),

and end points ( z CC2 , z EY2 ) of the interface approached constant values ( P CC0, final = 0.63, P CC1, final = 0.2, P CC2, final = 0.92,

P EY0, final = 0.61, P EY1, final = 0.19, P EY2, final = 0.92) with progressing time. After 30 0 0 s of light irradiation, the consump-

tion of acrylate and eosin Y were not synchronous and the conversion interface of acrylate propagated more quickly than

that of eosin Y in the z axis ( Fig. 9 c). The interfacial positions of acrylate and eosin Y both grew logarithmically with

time, with the slope of acrylate significantly larger than that of eosin Y. Over time, the interfacial width of acrylate fi-

nally approached 7.51 mm, nearly twice that of eosin Y (4.11 mm) ( Fig. 9 d). The acrylate conversion profile and stiffness

gradient were both time-invariant after sufficient irradiance dosing (after 960 s, Fig. 9 e and f) as predicted by Cabral

( Vitale et al., 2015a ). It should be noted that the reverse stiffness gradient on the surface of the sample was caused by

photobleaching. 
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Fig. 9. Simulation of the spatiotemporally dependent degree of conversion and mechanical properties during frontal photopolymerization. (a) Contour plot 

of the DoC of acrylate ( P CC ) varying with curing time ( t ) and sample depth ( z ). (b) Contour plot of the DoC of eosin Y ( P EY ) varying with curing time ( t ) 

and sample depth ( z ). The red lines with arrows in (a, b) show the interfacial positions ( z CC0 , z EY0 ), beginning points ( z CC1 , z EY1 ), and end points ( z CC2 , z EY2 ) 

varying with time. The black lines with double arrows show the widths ( w CC , w EY ) of the interface. (c) Comparison of the conversion profiles of acrylate 

and eosin Y after curing for 30 0 0 s. The interfacial positions ( z CC0 , z EY0 ), beginning points ( z CC1 , z EY1 ), and end points ( z CC2 , z EY2 ) were determined according 

to maximum and half maximum values of the DoC derivatives dP CC / dz and dP EY / dz . (d) Time evolution of the interface widths ( w CC , w EY ) and interfacial 

positions ( z CC0 , z EY0 ) on the eosin Y and acrylate conversion profiles. The red and black dashed lines represent the final interface widths of acrylate and eosin 

Y, respectively. The blue and magenta dashed lines represent the interfacial positions of acrylate and eosin Y, as predicted by Eqs. (60) and (56) , respectively. 

(e) Dependence of the acrylate conversion profile along the sample depth ( z ) on curing time ( t ). The different colors and styles of lines indicate samples 

prepared with different irradiation times. (f) Dependence of the stiffness gradient along the sample depth ( z ) on curing time ( t ). The different colors and 

styles of lines indicate samples prepared with different irradiation times. All plots were calculated at [EY] 0 = 10 μM, [TEOA] 0 = 100 mM [PEGDA] 0 = 20%, 

I 0 = 50 mW cm 

−2 . 

 

 

 

 

 

 

 

To examine the effects of the initial concentration of photo-initiators on the FPP kinetics, the conversion of acrylate and

eosin Y as well as changes in shear modulus with [EY] 0 ranging from 1 to 10 0 0 μM were simulated ( Fig. 10 ). The interfa-

cial positions ( z CC0 , z EY0 ) evolved over time at a rate that decreased and converged to the same value with increasing [EY] 0 
( Fig. 10 a). When [EY] 0 ≤ 10 μM, the effects of [EY] 0 on the variances of both z CC0 and z EY0 were small, indicating that the

sample was nearly photo-invariant. The final widths of the interfaces ( w CC, final and w EY, final ) also decreased with increasing

[EY] 0 , with higher [EY] 0 resulting in a sharper conversion slope ( Fig. 10 b). Cabral showed that the interface width of the con-

version profile ( w ) exhibits a reciprocal relationship with the average absorption coefficient ( ̄μ) as w = e/ ̄μ ( Hennessy et al.,

2015a ). Therefore, e / μ0 was plotted as a function of [EY] 0 , which is very similar to the w EY, final -[EY] 0 curve. The acrylate
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Fig. 10. Role of the initial eosin Y concentration on the conversion profile and stiffness gradient during frontal photopolymerization. (a) The effects of 

[EY] 0 on the time evolution profiles of the interfacial positions ( z CC0 , z EY0 ) on the acrylate (solid lines) and eosin Y (dashed lines) conversion profiles. (b) 

The effects of [EY] 0 on the final widths ( w CC, final and w EY, final ). The dashed line shows the prediction of the interface width and conversion profiles from 

Cabral’s coarse-grained model. (c) The effect of [EY] 0 on the acrylate conversion profiles. The curing time was set to 30 0 0 s. The different colors and styles 

of lines indicate samples prepared with different [EY] 0 . (d) The effect of [EY] 0 on the stiffness gradients (curing time of 30 0 0 s). The different colors and 

styles of lines indicate samples prepared with different [EY] 0 . All data were calculated at [TEOA] 0 = 100 mM, [PEGDA] 0 = 20%, I 0 = 50 mW cm 

2 . 

 

 

 

 

 

 

 

 

 

 

 

 

conversion profile and the slope and strength of the stiffness gradient all steepened with increasing [EY] 0 ( Fig. 10 c and d):

at [EY] 0 from 1 to 10 0 0 mM, the average strength of the stiffness gradient (stiffness ranging from 1 to 190 kPa) increased

from 21 to 792 kPa/mm. 

Many of these model predictions were also observed in Cabral’s coarse-grained model, including the observations that

(i) interfacial positions increase logarithmically over time, (ii) the conversion profile shape and stiffness gradient at the

interface become time-invariant after sufficient curing time, and (iii) the final widths of the interface are nearly reciprocal to

the absorption coefficient. However, our model also predicted some new phenomena that have not been reported previously

and that are beyond the scope of the Cabral model. These include observations that (i) the conversion profiles of the initiator

and polymer were not synchronous, and (ii) the initiator concentration changed the shape of the conversion profile and

strength of the stiffness gradient. 

To further explore these new phenomena, the model was simplified to yield equations for eosin Y and acrylate conver-

sion. 

(1) Conversion profile of eosin Y 

From Eq. (2) , the spatiotemporally dependent conversion of eosin Y was described as: 

d P EY ( z, t ) 

dt 
= −k pb ( 1 − P EY ( z, t ) ) (52)

From Eq. (41) , the spatiotemporally dependent absorption coefficient was re-expressed as: 

μ( z, t ) = −μ0 ( 1 − P EY ( z, t ) ) + μconst P EY ( z, t ) (53)

From the generalized Beer-Lambert law, the distribution of light intensity ( I ) in the sample was described as: 

dI ( z, t ) = −μ( z, t ) I ( z, t ) (54)

dz 
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Because k pb ∝ I ( z,t ), Eqs. (52) –(54) exhibit exactly the same form as Cabral’s governing equations for the conversion frac-

tion in FPP ( Cabral and Douglas, 2005 ; Cabral et al., 2004 ; Warren et al., 2005 ). Thus, some conclusions obtained from

Cabral’s equations were suitable for conversion profile of eosin Y in the model developed herein. 

For the photoinvariant case (when [EY] 0 is sufficiently low, μ = μ0 = μConst ), Eqs. (52) –(54) showed that the spatiotem-

porally dependent P EY is: 

P EY ( z, t ) = 1 − exp 

(
−k pb exp ( −μconst z ) t 

)
(55) 

Thus, the interfacial positions on the conversion profile of eosin Y ( z EY0 ) grew logarithmically as: {
z EY 0 = h EY ln 

(
t 

T EY 

)
h EY = 

1 
μconst 

, T EY = − ln ( 1 − P EY 0 ) / k pb 

(56) 

Eq. (56) indicates that in photoinvariant case, z EY0 exhibited a linear relationship with the logarithm of time after an

induction time T EY , and the slope ( h EY ) is the reciprocal of μConst . In Fig. 9 d, Eq. (56) predicted the dependence of z EY0 

on time similarly to the experimental data and previous model, indicating that it is suitable for estimating the interfacial

positions of the eosin Y conversion profile when [EY] 0 is ≤10 μM. 

(2) Conversion profile of acrylate 

In contrast, the conversion of acrylate is not synchronous with eosin Y. To simplify the deviation, we first reformed

Eq. (19) by Taylor expansion as follows: 

X CC = 

[ CC ] 

[ CC ] 0 
= exp 

( 

−b + b 

( 

1 − k pb t 

2 

+ 

1 

2! 

(
k pb t 

2 

)2 

. . . 

) ) 

= exp 

( 

−b 

( 

k pb t 

2 

+ 

1 

2! 

(
k pb t 

2 

)2 

. . . 

) ) (57) 

When k pb t < 1, the high order terms are negligible, and the conversion process was simplified as an exponential function:

d P cc ( z, t ) 

dt 
= −d X cc ( z, t ) 

dt 
= 

b k pb 

2 

( 1 − P cc ( z, t ) ) = K ( 1 − P cc ( z, t ) ) (58) 

where K is the acrylate conversion constant, and K = k p 
√ 

R i / k t ∝ I ( z, t ) 0 . 5 . Because K is dependent on the concentration of

eosin Y, the value of K varied with time and space. 

To further simplify Eq. (58) , the concentration of eosin Y was set as invariant ([EY] 0 ) and the surface acrylate conversion

constant was set as K 0 = k p 
√ 

R i0 / k t . In the photoinvariant case, 

P CC ( z, t ) = 1 − exp ( −K 0 exp ( −0 . 5 μconst z ) t ) (59) 

Thus, the interfacial positions on conversion profile of acrylate ( z CC0 ) grew logarithmically as follows: {
z CC 0 = h CC ln 

(
t 

T CC 

)
h EY = 

2 
μconst 

, T CC = − ln ( 1 − P CC 0 ) / k pb 

(60) 

This equation indicates that, similar to eosin Y, z CC0 also exhibited a logarithmic relationship with time after the induction

time, T CC , but the slope ( h CC ) was twice that of eosin Y ( h EY ). From Eq. (58) , when acrylate conversion was completed within

t ∈ [0, 1/ k pb ), the effect of photobleaching could be omitted. The predicted results from Eq. (60) followed the trend of the

simulated z CC0 - t curve ( Fig. 9 d). Although Cabral’s coarse-grained model provides a reasonable fitting to experimental results,

identifying the meaning of the fitting parameters is beyond its scope. The newly developed model provides a predicted

distribution of eosin Y and acrylate and a clearer link between the molecular conversion processes and changes in the

optical and mechanical properties of photopolymerized hydrogels. 

5. Conclusions 

A multiscale model of chemical kinetics and network mechanics was developed to describe the spatiotemporal evolution

of optical and mechanical properties during photopolymerization, and was validated against eosin Y-initiated di-acrylate 

hydrogels. The model is the first of its kind to include predictive frameworks for photobleaching and loop formation. Re-

sults showed important effects of these parameters on the ways that the parameters initial conditions [EY] 0 , [TEOA] 0 , and

[PEGDA] 0 and irradiation intensity I 0 affect the chemical kinetics and mechanical properties of the resulting hydrogels. 

The model had only two fitting parameters: the photobleaching kinetic rate constant ( k pb ) and beginning initiation rate

( R i0 ). The model correctly predicted that k pb is invariant with respect to [EY] 0 , varies as a sigmoidal-like function of the

logarithm of [TEOA] 0 , is invariant of [PEGDA] 0 over a limited range (0–80%), and increases linearly with I 0 . The model also

predicted correctly that R i0 increases linearly with [EY] 0 within a limited range (0–10 μM) increased linearly with [TEOA] 0 
and I , and exhibited a parabolic relationship with [PEGDA] . 
0 0 
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The modified recursive model, including effects of loop formation, predicted how the DoC of acrylate and the variation

of [PEGDA] 0 affected gelation and shear moduli. The model predicted that the network shear modulus could reach 3/4 of

the ideal network modulus as acrylates are exhausted and [PEGDA] 0 reaches 100%. 

The model has broad utility for designing hydrogels with defined spatial gradients of material properties. This was

demonstrated by designing and fabricating a graded hydrogel via an FPP process. By harnessing the way that propagation

of the acrylate conversion profile is slower than that of eosin Y, well-defined, tunable gradients were possible, suggesting a

broadly applicable tool for defining hydrogels for use across a broad range of applications. 
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Appendix A 

Table A1 

Reactions modeled. 

Initiation 

E Y 0 ↔ E Y 3 ∗ k 1 , k 2 (R1) 

E Y 3 ∗ + TEOA → E Y ·− + TEO A · k 3 (R2) 

E Y ·− → E Y 0 k 4 (R3) 

E Y ·− → EY H 2 k 5 (R4) 

Propagation 

TEO A · + CC → C C · k i (R5) 

C C · + CC → C C · k p (R6) 

Termination 

C C · + C C · → P k t (R7) 
Table A2 

Parameters used in the developed model. 

Notation Variable Value Unit Ref 

T Temperature 300 K –

h Planck’s constant 6.63 • 10 −34 J • s ( Svelto and Hanna, 1976 ) 

ν The peak frequency of emission spectrum of LED 5.77 • 10 14 s −1 ( Zhu et al., 2018 ) 

k 2 Relaxation rate of eosin Y triplet state 4 ·10 5 s −1 ( Gorner, 2008 ) 

k 4 Rate constant for eosin Y relaxation from anion radical 

state to ground state 

3 ·10 4 s −1 ( Gorner, 2008 ) 

k 5 Rate constant for leuco-product generation by eosin Y 

anion radicals 

175 s −1 estimated a 

σ Absorption cross-section of eosin Y ground state 6.2 • 10 −17 cm 

2 ( Penzkofer and Beidoun, 1993 ) 

k et Electron transfer rate constant to SH 3.45 • 10 7 M 

−1 s −1 estimated a 

k et 0 Electron transfer rate constant to other molecules 5.58 • 10 4 s −1 estimated a 

k i Kinetic constant of initiating acrylate by TEOA • 0.3784 M 

−1 • s −1 ( Lee et al., 2014 ) 

k ct Kinetic constant of chain transfer of acrylate radical to 

TEOA 

0.3825 M 

−1 • s −1 ( Lee et al., 2014 ) 

k p Kinetic constant of acrylate radical propagation 4.94 • 10 3 M 

−1 • s −1 ( Lee et al., 2014 ) 

k t Kinetic constant of radical termination 9.55 • 10 6 M 

−1 • s −1 ( Lee et al., 2014 ) 

γ Fitting constant of initiation 20 M 

−1 mJ −1 cm 

2 estimated a 

ω Fitting constant of initiation 5 • 10 4 M 

−1 estimated a 

C 0 Critical initial PEGDA concentration for curing the 

precursor 

3.45 % estimated a 

εEY Molar absorption of eosin Y 0.015 μM 

−1 mm 

−1 estimated a 

μ0 Constant absorbance of PEGDA hydrogels 0.5 mm 

−1 estimated a 

a Values estimated by fitting experimental data. 

https://doi.org/10.13039/501100001809
https://doi.org/10.13039/100000002
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Appendix B 

Fig. B1. Experimental quantification of the absorption coefficient of hydrogel precursor. (a) The dependence between the wavelength absorption coeffi-

cient (absorbance per unit thickness of sample) and [EY] 0 . The different colors and styles of lines indicate precursors with different [EY] 0 . (b) The linear

dependence of absorption coefficient on 520 nm on [EY] 0 . This measurement provided the absorbance value with accurate depth information. 

Fig. B2. Results of the rheological tests for measuring gel points. Gel points are the points when the storage modulus ( G ’) is surpassed loss modulus ( G ”).

The initial concentration of PEGDA in the sub-graphs are (a) [PEGDA] 0 = 10%, (b) [PEGDA] 0 = 15%, and (c) [PEGDA] 0 = 20%, [PEGDA] 0 = 60%, while the

other reaction conditions were constant as [EY] 0 = 10 μM, [TEOA] 0 = 100 mM, and I 0 = 50 mW cm 

−2 . 
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