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Abstract This work provide theoretical understandings for the enzyme-degradable PCL,
and assist its structural designs and engineering applications. An energy-dependent evolution
model is developed to reflect the enzyme-triggered decrystallization of crystals and the further
dissolution by applying a chain-broken chemical reaction. Then, the mechanical properties of
the enzyme-degradable semicrystalline PCL is modelled through the homogenization-based
procedure by the volume-average of a collection of laminated inclusions with crystals and
amorphous phase. A dual-phase-lag diffusion model is advanced to solve the enzyme
concentrations in the PCL. The model is calibrated by the experiments and then applied for the
chemomechanical properties of the PCL when under enzyme conditions. Some numerical
examples are conducted to discuss effects of the enzyme concentration and the crystallinity on
the crystallographic axe evolution as well as the overall chemomechanical properties of the
semicrystalline PCL.

1. Introduction

Characterized with merits of high biocompatibility, enzyme-degradationability and non-toxicity,
the poly(e-caprolactone) (PCL) and the PCL-constituent composite find a wide potential appli-
cations in biomedical and pharmaceutical industries, such as biological scaffold [1], bone re-
generation [2], drug delivery application [3], regeneration of healing tissues [4] and etc. Among
these bio-applications, the structural integrities and the mechanical strengths of the PCL-
constituent composites and structures are thus very important for the stable and regular engi-
neering performances. The poly(e-caprolactone) (PCL), a typical semi-crystalline material, con-
sists of two phases, i.e., crystalline phase and amorphous phase, where the crystal phase en-
sures the sufficient mechanical strength, while the amorphous phase provides the material
ductility. In addition, the crystals undergo melt-crystallization transitions when under tempera-
ture variation and enzyme-activated degradation, where dramatic modulus contrast of the crys-
talline phase and amorphous phase provides a wide design space of the PCL-constituent com-
posites/structures. For example, Buffington et al. [5] recently developed an enzyme degradable
shape memory polymer (EDSMP) by utilizing the heat-enzyme activated crystal-melt transition
of the PCL. This new design develops a new trigger for shape memory (SM) effect of polymers,
and finds a wide biological and medical applications by introducing the SM capacities to en-
zyme-activated materials, such as tissue regeneration, drug delivery, wound healing, etc. What
is more, the chemo-triggered melt-crystal transition of the PCL provides a feasible approach for
designing a wide series of intelligent polymer composites having different chemistries to
achieve applications in bioengineering. More engineering applications by applying the dissolu-
tion of semicrystalline polymers can be found on membrane science [6], recycling of polymers
[7], controlled drug delivery [8], and etc. Therefore, it is of great importance to get a deep un-
derstanding on the enzyme-triggered decrystallization of the PCL, as well as the overall
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chemomechanical behaviors of the PCL and PCL-constituent
composites and structures.

Lots of experimental works can be found on the analysis of
dissolution of polymers [9]. In contrast, only few theoretical
works can be found on the dissolution properties and coupled
chemo-mechanical behaviors of polymer. Herman and Ed-
wards [10] developed a linear dissolution model for amorphous
polymer, in which the swelling properties of the material under
immersion were included. Later, Kaunisto et al. [11] proposed a
more efficient mathematical model for the dissolution of a poly-
ethylene oxide tablet. These models are applicable for analysis
of 1D diffusion and dissolution of polymer, and more 1D mod-
els can be referred to Refs. [6, 12, 13]. Different from the disso-
lution mechanisms of amorphous polymer, it was believed
there are three molecular mechanism steps in dissolution of
semicrystalline polymer, i.e., decrystallization, cleavage of
chain networks and the further chain diffusion [14]. For exam-
ple, Hassan et al. [15] analyzed the dissolution properties of
crystals based on a three-step dissolution kinematics for the
semicrystalline PVA gels. Recently, a 3D dissolution has been
developed by Yu et al. [16], where the dissolution model was
developed for polymer based on bond exchange reaction
(BER), and micromechanism of polymer chains were consid-
ered in dissolution process. For the coupled chemo-
thermomechanical analysis of the PCL-constituent composites,
a more elaborated 3D theoretical model is needed for
semicrystalline PCL to get a deep understanding of the en-
zyme/thermal triggered dissolution kinematics.

When cooled from the melt, semicrystalline polymers regu-
larly exhibit spherulitic morphologies comprising radial ar-
rangements of broad thin crystalline lamellae infilled with
amorphous layers, and the overall chemo-thermomechanical
properties depend on the local properties of the constituents
and crystallographic evolutions [17-21]. The homogenization-
based method was demonstrated effective on well predicting
overall properties of semicrystalline polymers with detailed
description of micro-features, as done in the works [18, 20, 22-
27]. In these homogenization-based procedures, the overall
properties of each representative volume element (RVE) were
solved by volume-averaged results over an assemble of two-
layer laminated composite inclusions with randomly distributed
interface normal directions. Based on the homogenization-
based approaches [7, 20], we develop a viscoplastic model for
the PCL when under enzyme-activated decrystallization and
dissolution. The kinematic models are developed for the en-
zyme-activated decrystallization of crystals, as well as the fur-
ther dissolution process of the amorphous chains. Then, a
homogenization-based model is proposed for the overall
chemomechanical properties of the PCL. Following the proce-
dures in the works [7, 20], the macro-material properties of the
semicrystalline PCL are solved from the nested representative
volume element (RVE) containing multi-inclusions, with each
inclusion a laminated composite of amorphous layer and crys-
talline layer. In the remainder of this work, the Sec. 2 describes
the material and experimental methods for characterizing en-

Fig. 1. (a) The tested PCL strip; (b) the PCL strips are immersed in enzyme
solutions and the containers are put in the sterile oven; (c) the mechanical
properties of the PCL strips are tested by DMA.
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Fig. 2. Normalized mass variations of the PCL strips along with immersion
time when under enzyme degradation.

zyme diffusion and the mechanical properties of the enzyme-
degraded PCL. Sec. 3 presents the developed homogeniza-
tion-based viscoplastic model for the PCL under enzyme deg-
radation. In Sec. 4. the model is calibrated by experiments;
some numerical examples and discussions are presented.

2. Materials and experiments
2.1 Materials and experimental setups

The poly(e-caprolactone) (PCL) slices were printed by a 3D
printer, and then cut into strips of 12 mm(L) x 2 mm(W) x 0.47
mm(H), as presented in Fig. 1(a). The enzyme solutions were
synthesized by dissolving enzyme powders into pure water.
Three concentrations of 0.05 mg/ml, 0.1 mg/ml and 0.5 mg/ml
were prepared. The PCL strips were immersed in the enzyme
solutions, and the enzyme solution containers were put in the
sterile oven at room temperature to ensure the enzyme activi-
ties, as presented in the Fig. 1(b). Then, the immersed sam-
ples were taken out to test the weights using the electronic
microbalance after wiping excess enzyme solution from the
surface. The mechanical properties of the degraded PCL were
measured using a dynamic mechanical analyzer (DMA, Model
Q850, TA Instruments, New Castle, DE, USA), as presented in
Fig. 1(c). All samples were uniaxially stretched with a strain
rate of 0.2 % s™.

2.2 Experimental results

Fig. 2 presents the normalized mass variation of the PCL
strips after immersing in enzyme solution for different immer-
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Fig. 3. The engineering strain-engineering stress of the PCL strips after
immersing in enzyme solutions with different concentrations of (a)
0.05 mg/ml; (b) 0.1 mg/ml; (c) 0.5 mg/ml.

sion times. Total three enzyme concentration conditions are
tested, i.e, 0.05 mg/ml, 0.1 mg/ml and 0.5 mg/ml. Quasi-linear
weight decreases of the PCL sample are observed under en-
zyme degradation which suggests a non-Fickian diffusion
properties of enzyme solution in the semicrystalline PCL. The
weight decreases faster when the enzyme concentration is
higher, which means a higher degradation rate of the crystals.
Fig. 3 plots the tested engineering stress-engineering strain
of the degraded PCL strips after immersing in enzyme solu-
tions for different times. The samples that immersed for a along
time were difficult to be clamped in the DMA, therefore, only
the samples immersed for three days were tested under three
enzyme concentration conditions. It can be found from the
figure that an obvious material softening takes place due to the
plastic slips in the crystals. After the enzyme-degradation, the
material strengths are decreased obviously. That is because
that the enzyme solution diffuses into the PCL, decrystallizes
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Fig. 4. The engineering strain-engineering stress of the PCL strips after
immersing in enzyme solutions for different immersing times of (a) 1 day;
(b) 2 days; (c) 3 days.

the crystals and further cleaves the amorphous chains. When
the enzyme concentration is higher, a more serious enzyme-
activated degradation is induced in the PCL, leading to a larger
material properties reduction, as plotted in Fig. 4, where the
engineering stress-engineering strain relations of the degraded
PCLs are presented under different enzyme concentration
conditions.

3. Homogenization-based viscoplastic mo-
del for the semicrystalline PCL

3.1 General description

We aim to develop a homogenization-based viscoplastic
model for the semicrystalline PCL featuring with the heat-
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Fig. 5. (a) Schematic plot of multiscale structure of the semi-crystalline
PCL; (b) in the microscopic level the spherulite consists of multi-laminated
composite entities with different direction; (c) each composite entity con-
sists of a crystal layer and an amorphous layer.
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Fig. 6. Schematic plot of enzyme degradation of semi-crystalline PCL.

enzyme activated degradations. Following works [18, 20, 22-
27], the semicrystalline PCL exhibits spherulitic morphologies
with radial arrangements of broad thin crystalline lamellae in-
filled with amorphous layers, as plotted in Fig. 5(a). In the stan-
dard fashion of the multi-scale procedure, the overall properties
of the PCL are extracted from nested representative volume
elements (RVEs) containing an assemble of two-layer lami-
nated composite inclusions with randomly distributed interface
normal directions. Each inclusion comprises a crystalline la-
mella and amorphous lamella, as shown in Fig. 5(c).

Diffusants, such as ions and gas molecules, are difficult to
permeate into the crystalline domains with tightly packed
chains, as stated in the works [28, 29], which always cause a
tortuous diffusion pathway along the boundary of crystals.
Therefore, it is reasonably assumed that enzyme monomers
mainly permeates into the amorphous domain, which results in
a material swelling and the enzyme-activated cleavage of
polymer chains. Simultaneously, crystals are decrystallized
gradually on the crystal-amorphous interface, leading to an
interface-front movement into the crystals. In the decrystalliza-
tion area, the tightly aligned chains of crystals are unfolded and
melt into the amorphous chains around, as schematic plotted in
Fig. 6. Mainly two issues need to be settled in the process, i.e.,
(1) the enzyme-triggered decrystallization kinematics in addi-
tion to the thermally-activated melt mechanism; (2) the en-
zyme-triggered dissolution kinematics of amorphous chains.

In the following sections, the micromechanical model and the
associated interaction law of composite inclusions are devel-
oped first. Then, the material models are developed for the
crystal phase and the amorphous phase, respectively.

3.2 Micromechanical models for composite
inclusion

3.2.1 Kinematical relations

(1) Deformation gradient

Denote the deformation gradient and enzyme concentration
for each microscopic inclusion as F’', ¢’, and the counter-
parts measured on each macro-material point as F, and c.
Through this work, all variables with superscript 7 indicate the
variables defined for laminated inclusions, and that without
superscript for the macro-material. Considering an aggregate
of n inclusions at each macroscopic material point, we have
the following deformation relation basing on the one-order ho-
mogenization algorithm

F=(F"), (1)

N

where the notation (e)=>" 7 ()" denotes the operating
i=1

algorithm for the volume average, and z' is the volume

fraction of the ith inclusion. The superscript 7, indicate that

the variables are defined for the i th inclusion.

Basing on the generalized three-dimensional lamination the-
ory, a piecewise uniform of deformation gradient within each
phase is assumed, and the total deformation gradient of the
laminated inclusion, F’, can be solved by a volume-weighted
average of the crystalline layer and amorphous layer as

Flo = ‘/"(Li»F’fn +(1 —fl(l”)F[‘u') , (2)

where ' indicates the volume fraction of crystalline layer in

the i th inclusion, and (1— f’f") for the amorphous layer;

F and F are the deformation gradients for the amor-
phous layer and crystalline layer of the i th inclusion, respec-
tively.

(2) Enzyme concentration

Since a large free volume and molecular disorder in amor-
phous layer, a significant rapid diffusive transport process was
observed comparing to that in the tightly packed polymer crys-
talline domains [30]. Thus, we assume a uniform enzyme con-
centration distribution in amorphous layer in the considered
time scale, ¢ ~/?/D with I the characteristic length of RVE
and D the diffusion coefficient. A gradual-decrystallization
undergoes on crystal-amorphous interface resulting in a grad-
ual transformation of crystals into amorphous, where areas
behind the diffusion front in crystalline layer are reasonably
assumed free of enzyme monomers, as plotted in the Fig. 6.
Therefore, denoting the enzyme concentration in the i th lami-
nates inclusion as ¢, and that at macromaterial point as ¢,
we have the concentration relation of
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c= <cl"‘>=<(1—fl‘(")cl‘””>, (3)

here ¢'“ are the enzyme concentrations in amorphous layer

of the ith inclusion. Here all mass concentrations are defined

as the mole numbers of enzyme monomers per unit volume.
For simplicity, we assume a same crystallinity for all inclu-

sions at each macroscopic material point, i.e., <= /",
(i=1,2,..,n) . This assumption makes sense when the crystal-

linity is related only to the temperature and enzyme concentra-
tion, which are assumed uniform within all inclusions of each
macroscopic point. By the way, it is not the case when the
crystallinity is associated with the local stress and deformation,
such as the discussed stretch-induced crystallization mecha-
nisms in Ref. [31]. Upon above consideration, we have c=

(=) (™).

In this work, we aim to unveil underlying mechanisms in en-
zyme triggered dissolution of the PCL and the induced overall
chemomechanical properties of the PCL with local micro-
features. At this point, the detailed descriptions of transient
diffusion in local inclusion are omitted for a reasonable simple
way to capture the complicated chemomechanical properties.
Thus, a stable diffusion process is assumed in the RVE, which
leads to a uniform distribution of the enzyme concentration, i.e.,
c=c (i=12,..,n).

(3) Inclusion interaction law

In each laminates inclusion, the interfacial compatibility and
equilibrium conditions should be met according to the three
dimensional lamination theory. Consider an inclusion with inter-
face normal direction of n, as plotted in Fig. 5(c). A local or-
thonormal vector basis e (i =1,2,3) are set, with ¢/ and e}
the two unit vectors in the interface, and e, =n the unit nor-
mal vector of the interface with e xe] =] . For later using,
two fourth-order subspace projection tensors are defined as

P =1-n"®n)®(1-n'®n"), P/ =1-P/, @)
here tensor operator ® is defined as (A&)B)_ﬂ =A4,B,;1
ij

and I(=I®I) are the second- and fourth-order identity ten-

sors, respectively.

Then the strain tensors and the stress tensors of the inclu-
sion, the crystalline layer and amorphous layer can be decom-
posed as

E' =P/ :E‘+P/ :E',
S =P :S' +P:S* (k=1,1°1°) 5)

Accordingly, the deformation continuous condition across in-
terface of the inclusion can be written as

P :E" =P :E" =P/ :E’, (6)

and the stress continuous conditions of
P/ :S8" =P :S" =P :§". 7

3.2.2 Free energy function and material solving

Denote the He i Imholtz free energy density, measured as
per unit initial volume, for the th inclusion as " (F',c").
Then the free energy density at each macroscopic material
point of the PCL can be obtained by the Hill-Mandel principle
as

w(F.c)= (" (Fo.c)). (8)

Here the free energy density of the i th inclusion,
y/"”(F’“,c'“), is solved as inclusion-average over that of
crystalline fraction and amorphous fraction as

v =yt - 9)

where '™ and y'® are the defined free energy densities of
the crystalline phase and amorphous phase of the ith lami-
nates inclusion , respectively.

From a standard two-scale solving procedure, the following
stress relation can be solved

o= <c (F"”,c"")> , (10)

where ¢’ the Cauchy stress of the ith inclusion and o is
the volume-averaged Cauchy stress on macroscopic scale.

3.3 Constitutive relations of single inclusion

3.3.1 Crystalline phase

(1) Elasticity

To characterize the plastic slips in the crystalline phase, we
multiplicatively decompose the mechanical deformation gradi-
ent F" into the elastic part (F’) and plastic part (F"") as

F'=F" .F". (11)

The following logarithm elastic strain measure and the plastic
velocity gradient are defined as

r 12
E” =In(U"), U""=((F"") -F"") ,

D" = sym[pl"” : (F )) . (12)

It is well-known that the elastic properties of crystalline mate-
rial depend on the crystallographic direction and crystallo-
graphic slip within slip systems [18, 20, 32]. Thus, we relate the
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Mandel stress to the logarithm elastic strain by an anisotropic
forth-order elastic modulus tensor, L* as

M’ =L :E". (13)

For later use, we define the second Piola-Kirchhoff stress de-
fined in initial configuration as

(14)

(2) Viscoplasticity

Following the works [18, 20, 32], the irreversible plastic strain
rate of the crystalline phase is solved as a summation of multi-
slip systems as

Mw

D" =Y (#R%). (15)

1

B
)

Here 7” is the shear strain rate of the « th slip system; R“
is the Schmid’s tensor of each crystallographic slip system, as

Rﬁ:%@“®n”+n“®sﬂ (no sum), (16)

with s* and n“ are the slip direction and normal direction of
the slip plane, respectively.
For each slip system, the shear rate 7* is defined as the

Jela

power law function of its effective stress tensor 7", accord-
ing to the work by Miche et al. [33], as
@ 1@ n.~1
T T
s ’ 17
A e (17)

where n, is the rate exponent; 7, is the reference strain rate

and G“ the strength of the « th slip system. Here the refer-
ence strain rate are set same for all slip systems for simplicity
consideration. The effective driven force is solved as

’mz(M" :]]JJ):R“ , with D(=I-1®1/3) the deviatoric

projection tensor; I and I are the forth and second order
identity tensor, respectively. Since the thickness of the crystal-
line laminates is small, and the plastic strengthening is ne-
glected as done in the work [20].

(3) Texture evolution

To capture the crystallographic axes’ variation, we decom-
pose the spin tensor W¢ into the plastic spin W* and lattice
spin W™, and the lattice spin of each inclusion is solved as
[20]

wW=w" —ij/”A“. (18)

where A” is the skew part of the Schmid tensor of slip sys-
tem o, defined as A"=(s"®n“-n"®s")/2. W' is the
skew part of the velocity gradient, defined as W' =
(l" (" )Tj /2. Then the crystallographic chain axis of the

inclusion change with a rate of

0 =W n' (19)

c

Using the above equation, the crystallographic axe direction
at time step ¢+ A¢ can be solved in an incremental form over

the time increment ¢ to ¢+Ar,as n!(z+At)=exp(AW")-
n! (). Here nl(¢) is the solved crystallographic axe direction

at time step ¢ and the exponential function is solved using the
Cayley-Hamilton theorem [20] as

exp(AW" ) =T+ M(Atw’*)
w

+(1_C?SWJ(AtW’*)2 : (20)

w

with w? = - (aw")"] /2.

(4) Crystallization/melt under chemical and temperature acti-
vation

The enzyme-activated decrystallization have been re-
searched in some works, and the decrystallization rate was
generally considered to be proportional to the chemical solution
concentration [21] the crystal size and the crystal amounts [21,
28]. Also, the thermally-activated melt-crystallization behaviors
have been well explored in Ref. [34]. Accordingly, the following
evolution rate of crystals is proposed, which is assumed to be
related to the solution concentration, the fraction of crystals and
the temperature,

Jr=—k(T.e) S H ("), (21)

where " is the crystalline fraction of the inclusion. & (7,c)
is the decrystallization rate constant related to the temperature
and enzyme concentration. H ( f ") is the Heaviside step
function,

()0 0 (22)
f

The decrystallization rate is supposed to depend on both en-
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zyme concentration and temperature. We decouple these two
effects for simple consideration, i.e.

k(1) =k, ()k, (), (23)

where & (c) is enzyme concentration dependent decrystalli-
zation rate, and &, (T) is temperature dependent. In our par-
allel work [35], we have developed the enzyme-activated de-
crystallization rate of semicrystalline polymer under thermody-
namic framework as

E, Kg
kc(T,t)=Goexp{—R[T(t)_Tm]}exp|: T(t)AYf} (24)

where G, is the reference rate, E, and K, the activation
energy, T(¢) the temperature, R the gas constant, 7 the
reference temperature constant. f is the induced corrector
factor,

2T
(T+17)’

m

(25)

where T? is the melting reference temperature.
3.3.2 Amorphous phase

For theoretical derivation convenience, the deformation gra-
dient of amorphous layer is multiplicatively separated into a
mechanical part, F*, and a swelling part,

,,,,,

Y (26)

where F'“ =°1, and J° is the swelling volume, which is
assumed entirely due to the fluid content change as

J'=14+v

, 27
7 @)

where o indicates the mole volume of enzyme solution. Here
we have used relation of ¢ =c¢/(1-f°), with ¢* the num-
ber concentration of enzyme molecules permeated in the
amorphous layer, measured as mole number per volume in
initial configuration.

The amorphous phase in each considered inclusion, com-
posed of randomly coiled macromolecules, is often regarded
incompressible. To make current model more general, the
generalized neo-Hookean model with volume expansion is
applied as

m

y" = N&T (T —3)+%J‘Kln(J’” . (28)

—a
1ty

here T istemperature and &, the Boltzmann constant. 7,

is the first invariant of the strain tensor, e,

—a am am . am an \T am
I = tr(dey @™y ) with € =(F7) -F7, and the

volume deformation J'®

m

:det(F"“’";). J'is the swelling vol-

ume defined in Eq. (27).

The crosslinking chain density N, (Eq. (28)), which is de-
graded gradually under enzyme activated dissolution. The
enzyme-triggered dissolution rate of the crosslinked concentra-
tion has been developed in our previous work [35] as

N =-K, exp[— If}cha . (29)

Solving of the above evolution equation with initial conditions
for ¢ and N, yields the crosslinked chains density, which is
used in Eq. (28).

Thus the stress of the amorphous layer can be solved by Eq.
(28) as

p ‘
s =2 _onkr|s (]I—1C®C’1 j:l
ac 3

: (30)
+2(/'KIn(J,)C")

with S” the second Piola-Kirchhoff stress.

Applying the Egs. (14) and (30) and using Eq. (10), we have
the total stress of the PCL as

8= (St + (1-7°) (7)) (31)
Assume the free energy change due to permeation of en-

zyme solution is captured by following formation of mixing en-
ergy,

pr,/"f*'=”(UC1og(1+1]+ 74 ] (32)
v

ve) l+uvc

Considering the Eq. (28), the chemical potential can be
solved as

ve 1 1
=u +RT|1 + +
H=H [n(1+vc) 1+ve Z(1+vc)2J

—(1—f“)Kvln(Jm)2+@Kvln([ﬂ)z

(33)

with g, the reference chemical potential.

3.4 Non-Fickian diffusion equation

The enzyme concentration distribution in the PCL can be ob-
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tained by solving the following local mass diffusion equation,
derived from mass conservation law [36]

é:—V-jE, (34)

Here, j, is the mass flux, which is often assumed to obey a
‘Darcy-type’ relation [36, 37], i.e., a linear dependence of the
mass flux j, on the chemical potential gradient V® u,

Dc
i, =—m-(V®u),and m=—, 35
Iz ( ) an RT (35)

here c is the mass concentration, R and T are gas constant
and temperature, 4 is the chemical potential. D is the diffu-
sion coefficient tensor, and set as D= DI for an isotropic
diffusion.

From experimental results in Sec. 2.2.1, a general case |l dif-
fusion behaviors is observed. However, the above constitutive
relation is inconvenient for description of case Il diffusion where
a sharp diffusion front is observed, though it has been success-
fully applied in some models by considering the dependence of
diffusion coefficient D on local mass concentration. For ex-
ample, to solve the Li ion diffusion in the electrode, Yang et al.
[38] assumed a fast diffusion coefficient when the concentra-
tion fraction is larger than 0.1, while D — 0 when the concen-
tration fraction is less than 0.1. This procedure always results in
convergence problem when applied with finite element method.
In another work, a complex model was developed based on
free volume theory to capture the lagging behavior by the plas-
ticization effect [36]. However, this model is limited in capture
the diffusion sluggish due to more effects, such as chemical
reaction, species blocked effect, and etc. Tzou [39] developed
a dual-phase-lag model to solve the wave-like heat conduction
when under rapid heating, which was demonstrated later effec-
tive to capture the lag in mass diffusion process. The mass
diffusion in the semi-crystalline PCL is hindered by interactions
of enzyme monomers with the crystals in process of decrystal-
lization and the de-bonding of the polymer chains within the
material. These molecular effects are supposed to cause a
lagging response in the diffusion behavior, which is within the
context of the dual-phase-lag approach. By introducing two lag
parameters to depict the sluggish effect following the dual-
phase-lag model [39, 40], the mass flux is defined as

jﬁ(x,t+1/)=—m-(V@yE(x,t-i-TC)). (36)

Here 7z, and 7, are two introduced retardation times, to re-
flect the delay in formation of the concentration gradient and
the flux. Taking the first order Taylor expansion with respect to
time, and applying the mass balance of the diffusion species,
the following quasi-hyperbolic diffusion law can be obtained as

%(e’u,ﬁ)=V~(m~(V®y))+qV~(m.(V®g)). (37)
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Fig. 7. Schematic plot of the PCL samples that immersing in the enzyme
solutions.

As the 7, and 7, equal zero, the above equation is trans-
formed to the general diffusion model [37].

4. Model results and discussions

The developed 3D constitutive model is solved by coding
with MATLAB. The enzyme diffusion of Eq. (37) is solved by
finite difference method, which is detailed in Appendix A.1.
Using the constitutive relations (Egs. (13) and (30)) and com-
patible conditions (Egs. (6) and (7)), a convergent result is
sought for each inclusion by applying the self-consistent model
for large deformation provided in the work [20]. Then, the over-
all chemomechanical properties of the PCL are solved by vol-
ume averaged procedure. The solving method for uniaxial
loading of the PCL follows the procedure in our previous work
[41], and presented in details in Appendix A.2. Here, a total of
240 inclusions are solved at each material point.

In the following, the model is calibrated by the related ex-
perimental results first, and then applied for the chemome-
chanical properties of the PCL. The local crystallography axe
variations under large stretch have also been discussed when
degraded under enzyme solution. The identified material pa-
rameters are listed in Tables 1 and 2. Here total 5 model pa-
rameters regarding thermomechanical of PCL are fitted by the
engineering stress-engineering strain curves. The other 4
model parameters associated with enzyme degradation are
cited from the work [41].

4.1 Degradation of the PCL

4.1.1 Enzyme diffusion

The enzyme diffusion in PCL is simulated and discussed in
this section. According the immersion experiment (Fig. 1), en-
zyme mainly permeated in from the bottom and top surfaces of
the sheet sample, with in-plane size of ~12 mm and thickness
of ~0.47. Thus, a 1D diffusion case is reasonably simplified, as
schematic plot in Fig. 7 In the simulation, two end boundaries
are set as concentration condition of ¢_,=c_, =1. The finite
difference method is applied and 100 discrete points are dis-
creted along the thickness. A detailed solving method is pre-
sented in the Appendix A.1. The fitted retardation times are
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Table 1. Material parameters for the enzyme diffusion and enzyme-
activated decrystallization of the PCL.

Parameter Values Description
K° 12x10° Reference decrystallization rate Fitted
K, 1.2x 107 Reference reaction constant Fitted
E, 1% 10°J Activation energy of the reaction|  Fitted
D 1.0x 10" mfs Diffusion coefficient Fitted

o o °
S o =)
L :

Normalized concentration
o
N

0 0.2 0.4 0.6 0.8 1
Normalized Thickness

Fig. 8. Normalized concentration distribution along the thickness for differ-
ent diffusion time. The red arrow indicates the time increase direction.

7,=1x10°s and 7, =1x10*s, and the diffusion coefficient is
fitted as D =1.0x10""m?%s, as listed in Table 1. Fig. 8 pre-
sents the concentration profile along the thickness of the sam-
ple along with immersion time. A sharp advancing interface can
be found between the inner glassy core without any enzyme
and the outer swollen area swollen by the permeated enzyme
solution. An equilibrium or nearly equilibrium concentration of
the sorbate is achieved behind the advancing front, while the
area ahead has no diffusion take place. From the figure it can
be found current model predict a general case Il diffusion be-
haviors. The related mass variations of the degraded PCLs are
discussed in the following section.

4.1.2 Enzyme triggered dissolution of the PCL

Fig. 9 presented variation of the simulated normalized mass
of EDSMC, and the experimental result are also plotted for
comparison. Here the degradation of the PCL is solved at room
temperature (25 °C), and three enzyme concentrations (0.05,
0.1 and 0.5 mg/mL), are considered. From the figure, it can be
found that the simulated mass variations agree generally well
with the experimental results along with immersion time. When
the concentration is higher, a quicker dissolution of the
semicrystalline PCL is observed. The PCL sample has nearly
been dissolved completely after ~6 days immersing in the en-
zyme solution of 0.5 mg/ml.

Fig. 10 presents the crystallinity of the semi-crystalline poly-
mer when immersed in enzyme concentration, as well as the
volume fractions of the amorphous phase and the dissolved
segments. A gradual decease of the crystal fraction and amor-

Mormalized Mass

T2 3 4 5 6 T2 3 4 5 6
Degradation Time (Day) Degradation Time (Day)

(@) (b) (©

Fig. 9. Variation of the normalized mass of PCL-composite along with
immersion time.
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Fig. 10. Variation of the fractions of the crystals, the amorphous and the
cleavaged segments along with immersion time.

phous phase can be observed as enzyme permeated in as
immersion time increases. When the enzyme concentration is
higher, the degradation rate of the polymer is faster, where the
higher enzyme concentration induces a fast decrystallization
rate and the dissolution rate. It is found only ~6 days is needed
to completely dissolute the sample when under 0.5 mg/ml en-
zyme solution. It is interesting to observe that the fraction of the
amorphous depends on the “competition mechanism” between
the dissolution rate of amorphous chains and decrystallization
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Table 2. Mechanical parameters of the PCL.

Table 3. Slip systems of the PCL and the normalized resistances.

Parameter Values Description Slip sysem G/ G
N, 1% 10% molim® Crosslinking density of amor- Fitted (100)[001] 1.0
phous phase Chain slips (010)[001] 25
u 400 MPa Shear modulus Fitted ((11 }g;iggg gg
1GPa Bulk modulus Fitted (100)[001] 1.66
G 20 MPa Initial yield strength Fitted ' (010)[100] 25
— Transverse slips A10)[170] 29
% 0.001 Reference plastic strain rate Fitted (110)[110] 22

rate of crystals, because the polymer chains decrystallized
from the PCL would mix into the swelling amorphous area, and
further increase the amorphous fraction.

4.2 Viscoplastic behavior of the EDSMC

In this section, the viscoplastic mechanical properties of the
PCL are simulated with the developed homogenization-based
model. Fig. 11 plots the simulated engineering stress-
engineering strain under uniaxial stretch, and compared with
the experimental results. Here the stress is solved by averag-
ing over all finite difference points along the sample thickness,
as done in the work [42]. The stretch rate is set as 0.2 % s-1
according to the experimental sets. The detailed parameter
calibration is presented in the Appendix A.3, and the identified
material parameters are listed in Table 2. Here the anisotropic
elastic matrix of the crystalline phase is set as [43]

1 05 05 0
05 1 05 0
05 05 30 0

S © o O
S O O o O

and the u is fitted by the experiments as 400 MPa, as listed
in Table 2.

Here a number of 240 inclusions are simulated at each mac-
roscopic material point for the PCL. Total 8 slip systems are
considered for each crystal, and the slip resistances are set
according to the work [20], and shown in Table 3. The refer-
ence yield strength G° is fitted by experiment as 20 MPa and
listed in Table 2.

It can be found from the Fig. 11 that the PCL has a yield
strength of ~16 MPa after immersed in enzyme concentration
for 1 day, and then exhibits an obvious soften behavior due to
crystal slips followed with a stress platform, where mainly
amorphous fraction contributes. Both of the material modulus
and yield strength decrease obviously along with the immer-
sion time increases due to the enzyme-triggered decrystalliza-
tion and dissolution, as discussed in Sec. 4.1. From the figures
it can be found current model capture well the chemomechani-
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Fig. 11. The simulated engineering stress-engineering strain of the en-
zyme-degraded PCL and compared with experiment results.

cal properties of the PCL when under enzyme degradation for
different enzyme conditions. As for the case of immersing in
0.5 mg/ml for 3 days, there is a nearly ~10 % error between the
simulations and experimental results, which maybe due to the
numerical errors.

4.2.1 Texture evolution

The effects of the enzyme-degradation on the crystallogra-
phy axe direction are discussed in this section by applying the
developed model, aiming to get a deep understanding in the
chemomechanical properties of the PCL. The pole figures of
the randomly-generated 240 inclusions are plotted in equal

5090



Journal of Mechanical Science and Technology 35 (11) 2021

DOI 10.1007/s12206-021-1025-y
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£=0.75

Fig. 12. Equal area projection pole figures of the slip systems of (100)[001]
and (010)[001] when under different stretched strain.
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Fig. 13. Equal area projection pole figures of the crystallographic texture of
the enzyme-degraded PCL for different stretched strain.

area projection in the Fig. 12, where two slip systems
(100)[001] and (010)[001] are plotted for different strain. It can
be observed from the figure that the (100)[001] is more easy to
be active. When the engineering strain is &= 035, the slip
systems(100) are moving towards the stretch direction, while
the slip systems (010) are still in nearly isotropic distribution. As
stretch increases, the slip systems (010) become active and
are moving towards to the stretch direction. That is because
the slip systems (100)[001] have a lower vyield strength than
that of the slip systems (010)[001], as listed in the Table 3.
What is more, it is easy to find that a high anisotropic property
will be induced for the initially isotropic semicrystalline PCL
when the inclusions rotate greatly under large stretch, as dis-

cussed in Ref. [20]. In this work, we mainly discuss the en-
zyme-degraded uniaxial stretch properties of the PCL, and a
more detailed discussions on the stretch-induced anisotropic
properties of the PCL can be rereferred to our parallel work [35].

The crystallography axe directions of the inclusions are plot-
ted in equal area projection in Fig. 13 for different stretches
after immersing in enzyme solutions for 7 days. Here three
enzyme concentration solutions are considered as c,

0.05 mg/ml, 0.1 mg/ml and c,_ = 0.5 mg/ml, respectively. It

can be observed form the figure that the initially isotropic dis-
tributed crystallographic axe directions of the PCL migrate to-
ward the stretch direction as stretches increase. The predicted
patterns of crystallographic and morphological texture depends
on the enzyme concentration. After immersing in enzyme solu-
tion for some times, the direction migrations of the crystallo-
graphic axes are less than the case where no enzyme degra-
dation takes place. That is because the slips resistances within
crystals are lowered under enzyme degradation, as observed
in the Fig. 11, which result in great plastic slips and plastic
spins within the crystals. Thus, the higher of the enzyme con-
centration conditions, a smaller migration of the crystallo-
graphic axes is obtained. The enzyme degradation relax the
stretch-induced anisotropic properties of the PCL.

5. Conclusion

A 3D finite deformation viscoplastic model is developed for
Poly(e-caprolactone) (PCL) when under enzyme degradation.
The degradation properties of the PCL under enzyme activa-
tion are investigated, and accordingly the overall chemome-
chanical properties of PCL-composite are discussed. Through
volume average of a collects of laminated inclusions with crys-
tals, the overall viscoplastic properties of PCL are solved by the
homogenization-based procedure. The model is calibrated by
related experiments, and then applied to explore the dissolu-
tion properties and chemomechanical properties of the PCL
when under enzyme activation. Due to the enzyme-activated
decrystallization and dissolution, the material stiffness and yield
strengths of the semicrystalline PCL are decreased gradually.
Simulation results show that the crystallographic axes of the
PCL mitigate as the stretch increases. When consider enzyme-
activated dissolution, the mitigations of the crystallographic
axes become smaller which relax the stretch-induced anisot-
ropic properties of the PCL. The research in this work provides
theoretical foundation for the design and application of the PCL
and PCL-composite.
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Nomenclature o, : The side surface free energy
Ah, : The fusion heat
F : The deformation gradient for each microscopic inclusion T? : The melting temperature
c' : The enzyme concentration for each microscopic inclusion k, : The crystal/melt growth rate
X' :The volume fraction of the i th inclusion G, : The reference rate
Ly : The enzyme concentration for each microscopic inclusion T. : The reference temperature constant
il : The volume fraction of crystalline layer in the i th inclu- E,, K, :The activation energy
sion R : The gas constant
F* : The deformation gradients for the crystalline layer f : The induced corrector factor
F  :The deformation gradients for the crystalline layer of the F : The mechanical part of the deformation gradient of
i th inclusion amorphous layer
F : The deformation gradients for the amorphous layer of the F : The swelling part of the deformation gradient of amor-
i th inclusion phous layer
/ : The characteristic length of RVE J? : The swelling volume
D : The diffusion coefficient u : The mole volume of enzyme solution
clo : The enzyme concentration in the i th laminates inclusion " : The number concentration of enzyme molecules per-
¢ : The enzyme concentrations in amorphous layer of the meated in the amorphous layer of inclusion
i th inclusion c? : The number concentration of enzyme molecules per-
@'  :The Helmholtz free energy density, measured as per unit meated in the amorphous layer
initial volume, for the / th inclusion A : The Helmholtz free energy density, measured as per
o' :The Cauchy stress of the i th inclusion unit initial volume for the amorphous layer
o : The volume-averaged Cauchy stress on macroscopic N, : The crosslinking chain density
scale AL : The first invariant of the strain tensor
E : The strain tensors of the inclusion s” : The stress of the amorphous layer, the second Piola-
s : The stress tensors of the inclusion Kirchhoff stress
F~ : The elastic part of the mechanical deformation gradient S : The total stress of the PCL
F* W™ :Mixing energy
F” : The plastic part of the mechanical deformation gradient My : The reference chemical potential
F* u : The chemical potential
M : The Mandel stress to the logarithm elastic strain for the R, : The reactants and products
crystalline layer ¢, : The stoichiometry coefficients, measured in moles per
s : The second Piola-Kirchhoff stress defined in initial con- volume
figuration for the crystalline layer ¢, : Changes of reactant/product concentrations
D" : The irreversible plastic strain rate of the crystalline phase ?, : The chemical reaction rate
ye : The shear strain rate of the a th slip system E, : The activation energy
R® : The Schmid’s tensor of each crystallographic slip system c : The mole concentration of enzyme
s’ : The slip direction N, : The crosslinked network density per unit volume of the
n° : The normal direction of the slip plane amorphous fraction
7 The effective stress tensor of the shear rate ye N, : The rate of change of the crosslinked network density
n, : The rate exponent of the amorphous fraction
G’ : The strength of the a th slip system Je : The mass flux
ve : The reference strain rate D : The diffusion coefficient tensor
W’  :The lattice spin of each inclusion 7,, T, . Retardation times
W :The skew part of the velocity gradient A : The anisotropic elastic matrix of the crystalline phase
A° : The skew part of the Schmid tensor of slip system o u : The shear modulus of the PCL
n, : The rate of the change for the crystallographic chain axis G° : Initial yield strength
of the inclusion K : The bulk modulus of the PCL
£ : The evolution rate of crystals
K, : The decrystallization rate constant related to the tem- Ref
perature and enzyme concentration elerences
H : The Heaviside step function [1] B. Feng et al., Engineering cartilage tissue based on cartilage-
K., :The decrystallization rate for the decrystallization of derived extracellular matrix cECM/PCL hybrid nanofibrous
semicrystalline polymer scaffolds, Materials and Design, 193 (2020) 108773.
ke, : The reference decrystallization rate which is to be fitted [2] M. G. Gandolfi et al., Highly porous polycaprolactone scaffolds
by the experiment doped with calcium silicate and dicalcium phosphate dihydrate
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Appendix

A.1 1D mathematical solving of the dual-phase-lag
model

The dual-lag model based diffusion model is solved by finite
difference method, and described in this section. A 1D diffusion
case is assumed as show in the figure and 100 difference
points are applied.
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Fig. A.1. Schematic plot of 1D diffusion solving algorithm by finite difference
method.

For 1D diffusion case, the diffusion equation is written as
e+7é=V-(m(VOu))+7.V-(m(Vei)) (A1)

Based on backward Euler method, the velocity and accelera-
tion relations can be solved by

(A?) At
PO +A2t(.é<,>l) +e)
o0 = é( ) (A2)

Here the superscript i and i-1 indicates the variables of
the ith iterative step and that in the last step. Using the Eq.
(A.2) the Eq. (A.1) can be rewritten as
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The above equation can be rewritten as
(@)
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By applying the finite difference formulations to discrete the
chemical potential gradients, the above equation can be written
in terms of concentrations and chemical potentials. Applying
the following compatible conditions between the chemical po-
tential and concentration,

0

U —p

+In(1-ve)+ vc+;((vc)2 —(l—f”);—liln(Jvc)

+Mgln(.]vc)2 =0.
2 RT

(A5)

The concentration can be solved by applying above implicit
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equation when given with a chemical potential. And then the
concentration distribution can be solved by Eq. (A.4) finally.

A.2 Solving procedure of the uniaxial loading

Assume the applied strain loading is D=[£,0,0,0,-¢/2,
0;0,0,-¢/2] at each time interval [¢,,z,,,]. Then the applied
total macroscopic deformation is solved by

F,, =exp(DA?)F

n"t

(A.6)

With the deformation gradient at macroscale, the deforma-
tion gradient of each inclusion can be obtained as
(Fn+] )1 = QF,MQT 3 (A?)
here Q is the transformation matrix between the local coordi-

nate and the global coordinate.
At each inclusion, consider the deformation gradient is

— B,

F=()"F, U=sF (), (A8)

Using the relation of the R"=R’, we can have U'=
(J’)fl/3 U’ . Then accordingly we can define the strain of the

inclusion, the crystalline phase and the amorphous phase.
Here we use the symbol E°, and E° to denote the strain
tensors. Using the relations of Egs. (14) and (31) in the main
text, we can write the constitutive relations of the crystalline
phase and amorphous phase of laminated inclusion in the local
coordinate by
S =L:E°, S“=L":E", (A.9)
By separating the tensors in the projection subspace by
L=L,+L,, we can rewrite the above equations as

So=L :E.+L :E}, S; =L, :E: +L, :E,
S =L :ES+L, :E., S.=L, :E+L,:E, (A10)

Using the relation of E; = Ej =E;, and the constitutive rela-
tions, we can solve the S;, S;, E; and E; defectively.
There are still total 12 unknown variable to be solved, i.e., E?,
E;, E;, S and S:. We then solve it in the following proc-
esses.

(1) Define an error function by using the stress jumping con-
dition

=8 -8:<¢

‘max 7

(A11)

Using the relation of Eq. (A.10), the error function can be
written as

f”'=(1L;'“n;E;+L;T:E;)—(L‘;“;Ej+]1;;T:E;), (A12)

Using the relation of E;=E;=E;, and E;=(E,-
fM, :E;)/(1- <), the above error function can be rewrit-
ten as

=L E+1L° - L :E
f ( nn n + nn (l— ()( nn n)]

. )
L' :E’
(1_](.(‘) nn * Ty

(A13)
+(L,

nT

—]L‘;T):E’T—

(2) The above error function can be solved iteratively to ob-
tainthe E and, accordingly the E: by

Ei=(E! - /"M, E)/(1- /7). (A14)
Then all the strains components are solved, i.e.,
E‘=E'+E!, E°=E.+E. (A15)
(3) The stress can be solve accordingly as
S“=L":E“,and S°=L:E°, (A.16)
and finally,
S'=(1-f7)8" + f°8°, (A7)

And the stress finally in global coordinate can be solved by

SPCL=Z|:<Q(TJ')S§’CL(1‘)QU))-fi:| ’ (A-18)

i

where W, is the integration weight.

A.3 Parameter identification

Four groups of model parameters are determined by calibrat-
ing the experimental results and referred to the published
works: (1) 4 model parameters of temperature dependent melt-
crystallization of PCL were obtain by simulation and cited from
the works [44]; (2) 6 model parameters regarding chemically
dependent of mass decrease fitted with degradation experi-
mental data in a room temperature [45] and cited from the
works [46, 47]; (3) 6 model parameters regarding thermome-
chanical properties of PCL. These parameters were deter-
mined by fitting the engineering stress-engineering strain of the
PCL [48]; (4) 9 model parameters regarding thermomechanical
properties of Pellethane (PE). These parameters were deter-
mined by fitting engineering stress-engineering strain of the
Pellethane (PE), the storage modulus versus temperature and
the tan delta versus temperature of the dry material [45, 48].
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Fig. A.2. The crystallization along with the temperature variation.
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Fig. A.3. The fitted mass variation of the PCL under different enzyme con-
centration.
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Fig. A.4. The fitted engineering stress-engineering strain of the PCL.

A.3.1 Coefficient of temperature dependent melt-
crystallization of PCL (G,,T_,k,.E,)

It is necessary to capture the parameters of crystal melting
kinetics because crystal melting transitions have a significant
effect on the chemo-thermomechanical properties of the PCL.
We use a raindrop model to simulate the crystal melting proc-
ess of PCL. According to the Eq. (26) in the main text, the crys-
tallinity of PCL can be calculated as a function of temperature.
The material parameters G, related crystal growth rate, 7
is 30 K lower than T, k, is nucleation constant. £, is diffu-
sional activation energy , these parameters are set following
the work [44]. By taking these parameters, we obtained the
results of the simulation are shown in Fig. A.2, it can be ob-
served that crystallization starts at ~40 °C and finishes at
~25 °C. During the melting process, observable melting starts
at ~35 °C and finishes at ~55 °C

A.3.2 Material parameters for the enzyme diffusion co-
efficients and enzyme-activated decrystallization

of PCL, (K%,K.,,E, AR, T?,D,)
Parameter Ak, is heat of fusion per unit volume of PCL,
and Parameter 7' is the equilibrium melting point of PCL,
they are set from previous reports [46, 47], Then, by fitting the

mass degradation curve of PCL at different enzyme concentra-
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tions, the reference decrystallization rate K., , the reference
reaction constant K _,, the activation energy of the reaction
constant E, and the diffusion coefficient D, , are fitted to-
gether, which are listed in the Table 2 in the main text. From
Fig. A.3 it can be found that the simulation results using the
degradation coefficients are in good agreement with the ex-

periments.

A.3.3 Material parameters for material parameter of
PCL (N_,N',u,K,G°y)

The crosslinking density of amorphous phase N, , number

of chain segments N, shear modulus 4 , bulk modulus K ,

initial yield strength G°, reference plastic strain rate 7, are

fitted by the engineering stress-engineering strain of the PCL at
room temperature. From Fig. A.4, it can be found that the simu-
lation results using cross scale viscoplastic model are in good
agreement with the experiments.
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