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Abstract

Hyperelastic models developed by Gent, Ogden and Dobrynin are modified to include a
strain rate dependent element. This strain rate dependence accounts for the breaking of temporary
bonds in materials as opposed to the stretching of polymer chains. Accounting for the strain rate
dependence in a material’s mechanical response gives the ability to extract the modulus due to
temporary and permanent bonds, strain hardening, and the relaxation time of dynamic materials.
These modified models were tested against a wide range of elastomeric materials. The models
were applicable across many network polymers, showing clear effects of temporary bonds in the
material. Template spreadsheets for the developed models will be publicly and freely available,

facilitating the application of these models to a range of complex soft materials.

1. Introduction

When characterizing polymers, the stress-strain curve, most typically performed in tension,
is often the first experiment used to evaluate the material’s mechanical properties. At low strain,
stress is generally proportional to strain. ' However, at large deformation, non-linear stress-strain
behavior is commonly encountered, which makes evaluation of key parameters such as a material’s

modulus challenging. In such systems, models become necessary to extract fundamental material



parameters. Models are also used to extract material properties from materials with linear stress-
strain behaviors. For highly elastic materials, several models have been developed to understand
the stress-strain behavior of polymeric and other soft stretchable materials.*'° In general, these
hyperelastic materials display characteristics such as strain hardening, where the stress rapidly
increases beyond some critical strain. Without these models, this would be difficult due to the
highly non-linear mechanical responses which makes standard linear relationships much less
useful for their characterization. The parameters used for these characterizations are consistent
throughout the many models that exist for them; the shear modulus can be related to the density of
crosslinks within the polymer material,***? while the strain hardening parameter can be related to
the polymer conformation in the unstrained material to the fully stretched polymer chain.!*>"'* In
this way, as the material is strained, the underlying molecules change conformation due to the
applied strain, eventually causing a larger pull on the chains, leading to an increase in stress with

applied strain.

Because polymers can have so many different makeups and properties, the ability to extract
information from stress-strain curves is essential in understanding the materials. Many polymers
are made up of only permanent bonds, but there is a large portion of polymers that have both
permanent-covalent, and temporary such as ionic or hydrogen, bonds. Materials with both types
of these bonds respond differently to mechanical stimuli than materials that contain only
permanent bonds and models are necessary to understand the contributions of the permanent and

temporary crosslinks in these materials.

Many models have been developed to help characterize these materials starting in the 1940s
with relatively simple models. Tobolsky noticed that at high temperatures a time-dependency

could be seen in the mechanical responses of vulcanized rubber.!>!° This viscoelastic behavior,



that of both viscous and elastic materials,?*?! was attributed to the breaking of existing bonds and
formation of new bonds under this increased strain. From these changes a new interpenetrating
network is formed from the new bonds that were created and the already existing bonds, strained
and unstrained at the original length respectively. This new network allows for a balancing of force
in the material. Publications that followed were used to modify and refine the original models,
allowing for more detailed modeling of the materials specifically by Berry, Scanlan, and
Watson.?>?*The theory presented was generalized later to include multiple stage networks,?
before another large contribution to the field was made by Smith, Greene, Ciferri, and Hermays,
acknowledging that chains can have non-Gaussian behavior in double networks.?*° In 2000, Alan
Wineman added two dimensions to the original one-dimensional equations for soft materials
crosslinking and experiencing scission.3*=32 The most recent contributions to this field are those

from Zhao,** Yu,** and Katashima.?®

Davidson and Goulbourne have developed a non-affine model capable of describing strain
softening and strain hardening, although this model considered entanglements and permanent
bonds.3¢ Sheiko and Dobrynin developed a model for mechanical polymer responses that correlates
the time dependent elastic modulus with stress-strain behavior, enabling extraction of time
dependent moduli from tensile experiments.3” Although this approach is elegant and conceptually
simple, the systems studied did not extend deep into the hyperelastic regime, where stress rapidly
increases with applied strain. This creates a need to develop models that are able to capture non-
linear stress strain curves, which result from several physical factors. These factors include the
dissipation and dissociation of weak and transient bonds, as well as strain hardening derived from

pulling on the molecules as they adopt and increasingly uncoiled conformation.



The model that we present in this paper focuses on a strain rate dependent analysis of
viscoelastic materials with permanent and temporary bonds. Previous models have been developed
to capture the mechanical behavior of viscoelastic materials with permanent and temporary
bonds.3® The model presented in this paper focuses on capturing the strain rate dependence of such
materials’ properties, where the strain rate dependence is attributable to the presence of temporary
bonds which dissociate upon loading. Existing hyperelastic models including Dobrynin,****
Ogden,** Gent,** and the Neo-Hookean** are modified to incorporate strain rate dependence
related to the presence of temporary or dissipative bonds which may enable toughening or energy
dissipation upon strain. These existing models predict the stretching and elasticity of bonds in
materials with permanent crosslinking bonds relatively well in terms of shear modulus (G) and a
strain hardening parameter (f).3” However, these unmodified hyperelastic models are best suited
to non-linear stress strain curves for materials which are essentially elastic, and they do not include

temporary or dissipative bonds which may enable toughening or energy dissipation upon strain.

The introduction of temporary, weak, or transient bonds into a material can increase the
toughness and strength of the materials, ¢ and often leads to strain softening, typically in low
strain regions. These networks and materials that contain both permanent or covalent crosslinks
and transient or labile crosslinks have received significant attention in the past decade, with
numerous examples of systems with enhanced mechanical properties afforded by this synergy of
rigidity and elasticity from the permanent crosslinks and energy dissipation from the transient
crosslinks.#” Despite the extensive design of materials containing these crosslinks, a general

understanding of the underlying temporary and permanent bond density is still limited.

This work develops a framework which incorporates both transient and permanent

crosslinks and applies even to high extension. The focus of this work is one-dimensional



experiments, which can be performed at different strain rates, including loading-unloading
experiments. One dimensional experiments are the simplest and most commonly performed
mechanical tests. Developing the model towards the commonly used uniaxial experiments, which
contain both permanent and temporary crosslinks, could allow underlying materials parameters to
be derived by fitting the model to readily available experimental data.**-° In particular, the Ogden,
Gent, and Dobrynin strain energy functions *>3%4! are modified to include terms that represent
mechanical contributions from both permanent and transient crosslinks. Temporary bonds impact
material’s mechanical response primarily at low strain since these temporary bonds are likely to
be dissociated upon application of large stresses to the material. At high strain, the mechanical
response is dominated by the permanent crosslinks. The approach developed here can be applied
to temporary bonds that are covalent as well as noncovalent. The stress will increase rapidly at the
beginning of deformation although the dissociation of temporary bonds at low strain regions will
cause the stress to increase at a lower rate at intermediate stretches; once these temporary bonds
have dissociated, the permanent bonds will stretch for moderate strains and at high strains there is
another increase in stress due to strain hardening in the material. Existing hyperelastic materials
are adept at capturing this strain hardening behavior with constant moduli, but the addition of time
dependence into the models allows for a more comprehensive examination of the low strain stress
responses. This modified model enables extraction of the effective crosslink density or shear
modulus from both permanent and transient crosslinks, as well as strain hardening parameters and
effective lifetime of the transient bonds in the material. When no temporary bonds are present in

the material, the altered model reduces to the original system that only considers permanent bonds.

The goal of this work is to account for not just the extension of the tightly coiled polymer

chains,>! but also the temporary bonds that account for the low strain non-linear behavior of many



viscoelastic materials. These temporary bonds can be chain entanglements, non-covalent bonds
and interactions or even some rapidly exchanging dynamic covalent bonds. The key is that the
temporary bonds should have effective lifetime on the order of the tensile experiment. The
dissociation of these temporary bonds is dependent both on time and strain rate and can be
predicted by the model that this paper establishes. The dissociation of dynamic bonds in the
material can be seen in the parameter t as the relaxation time of the material. The value of this
parameter impacts the strain rate dependence that can be seen in the model. Scheme 1 shows the
anticipated behavior under tension for this type of material containing permanent and transient
bonds. The bond dissociation shown in Scheme 1 is the cause for the unique upward curve in the
low strain regions; the increase in stress caused by initial strain is quickly dissipated by the
breaking of temporary bonds which accounts for the leveled off portion of the graph at intermediate

strains.

Scheme 1: Schematic representation of a polymer network containing temporary and permanent

crosslinks subject to applied strain.
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2. Theoretical Section

For a network comprised of both permanent and temporary crosslinks, the energy density as a
function of the principal stretches at a given point in time is given by the following equations for
the Gent (W;(4,t)), Ogden (W, (A,t)), Dobrynin (Wp(4,t)), and Neo-Hookean (Wyy(4,t))=

models respectively: 4373942

W (A, £) =—Gg—;f)ln(1— B {1} —3)) (1)
Wo(h,t) =252 (2 + 25 + 2% - 3) 2)
Wy(4,t) = G(t) (%+%(1 —ﬁ’lT”i})_1 —c) 3)
Wy, ) = S22 (1,{2,} - 3) “)

Where A is the stretch ratio, ¢ is time, [ is a strain hardening parameter, Gy(¢) is shear modulus
and in the Dobrynin model G(?) is the structural shear modulus related to Go(f) through the

relationship:'4



G(t _
Go(t) =2 (1 +2(1-)?) 5)

It is important to note, that in the development of complex stretch and time dependent
models, that the shear moduli cannot be considered constants but rather depend on time. I;{4;} is

the first strain invariant given by:

LAY =22 + 25+ 42 (6)
C, shown in equation 7, is a normalization constant for the Dobrynin model, used to ensure that at

Ax = Ay = 4, = 1 the energy density is zero, given by:

c=1,_1

27 Ba-p (7)

For a network comprised of only permanent crosslinks , the structural shear modulus G (t) and the
material’s shear modulus G (t) are constant with respect to time and strain and proportional to the
density of crosslinks. 3’ However, in more complex materials containing transient bonds, the shear
moduli will depend on stretch, which itself is a function of time. The engineering stress in uniaxial
tension can be expressed in terms of the stretch ratio A in the direction of the extension and a strain
hardening parameter f. Hyperelastic models for the tensile engineering stress are given in Eq 7-9,
with the Gent model in Eq. 8, the Ogden model in Eq. 9, the Dobrynin model Eq. 10, and the Neo-

Hookean model Eq 11 assuming only permanent crosslinks in the system. ***’

op_(A) = Go(A— 172)(1 = B, () = 3)) ™ 8)
op_o(d) = ZGO(AB_l - A_(B/ZH))/,B 9
0p_p(D) =2 (A—272)- (1 +2(1 —ﬁ’lT“))_z) (10)
Op_nu =G (/1 - /1_12) (11)



Note in uniaxial tension the stretch ratio is related to strain (&) through the relationship A =
&+1, and due to incompressibility A, = Aand A, = 4, = A"1/2  Equations 8-11 assume that the
shear moduli are fixed at their initial value. Although each model uses a strain hardening
parameter, [, the interpretation and parameter range is different for each model. In all cases Gy

represents the shear modulus of the material. In the case of the Dobrynin model, G is related to Gy

through equation 4. In the Dobrynin model the strain hardening parameter is given by:!'#

(Run®)
) (12)

Rmax

which is the ratio of the mean squared end-to-end length in the unperturbed polymer network
relative to the contour length. In most synthetic polymer systems, the chains are highly coiled, and
hence <K 1, in these systems the distinction between G and Gy is minimal.'* In the Gent and

Ogden phenomenological models, Gy and S are fitted directly to the experimental data.

The shear modulus can be correlated with the total density of load carrying strands in the

network (nc) and molecular weight between crosslinks (M) as follows:>?

PRT
G=5—-=RTn,, (13)

where p is the mass density of the bulk polymer, R is the universal gas constant, 7 is the
absolute temperature. The density of supportive strands (n.) is related to the crosslink number

density, N, through the relationship:
n. = 2N,, (14)
where it was assumed that a crosslink binds two polymers together at a point along each chain (i.e.

crosslinks have connectivity of 4).
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Uniaxial Tension/Loading Temporary and Permanent Linkers

In a complex system containing temporary and permanent crosslinks, the crosslink density
varies throughout the deformation. Therefore, assuming a deformation is applied to the material
over time, the total crosslink density will depend on the deformation of the material (1) and also
the deformation rate A, both of which are functions of time (7). However, only temporary bond
crosslink density will depend on the deformation and deformation rate, since by definition
permanent bonds are not broken in the network. Therefore, the total crosslink density as a function

of stretch and stretch rate, which both in principle depend on time can be given by

N (A, 1)) = N(A(t), A(t)) + N, (15)

Here N, (A(t), A(t)) is the number density of crosslinks of temporary bonds, and N, is the
constant number density of permanent bonds. In order to simplify the analysis, consider a
continuous one-dimensional deformation, such that the stretch rate is a constant, A, over a given
segment of the experiment. With a constant stretch rate, time and stretch are related by the
relationship, A=1+1z, assuming the material starts from a stretch of 1. Systems with segments of
different values of A are considered in the Loading/Unloading section. The transient nature of
temporary bonds, indicate that these bonds will decay over time when deformation is applied and,

one may write:

INt(AA) _ dN(A(D)A) 1
L dt *7 (16)

This depends both on the intrinsic rate of bonding/debonding as well as how long the
deformation has been applied. The loss of temporary crosslinks is assumed to occur whenever the

material is deformed away from its initial configuration. In the model, the assumption that for total

11



loss of a temporary crosslink two 2 events must that have occurred. The first is that the linker of
interest has debonded, which occurs with a rate coefficient v. Without debonding, no loss of
temporary linker can occur. The second is that a second linker nearby has also dissociated within
the same window of time. The reason for the second requirements is that if the temporary linker
of interest dissociates without another nearby temporary linker dissociating, the chain is unlikely
to be freed enough to diffuse and debond permanently. Instead, it is likely to reassociate, leading
to no net change in crosslink density. Therefore, the change in temporary crosslink density in a

time window is given by:

ANt (AA) _

at — W (A1), ) xPa (N (A1), 1)) (17)

where v is the rate coefficient for the temporary bond dissociation, and P, (Nt 1, i)) is the
probability of a nearby transient bond dissociating within the same time window as the linker of
interest. To a first approximation the probability of a nearby linker dissociating is proportional to

the overall transient crosslink density, N; (A(t), /'1), with Q being the constant of proportionality.

This gives the second order differential equation for the evolution of Ny (A(t), 1):

AN(A(),N)

SOD x4 = —wN(A(6), 1) xQN, (2, 4) = —k (1vt(,1(1:),,i))2 (18)

where k= vx Q. The second order differential equation 18 has a solution:

Ne(A(£),A) = Neo (1+k Neg “;ﬁ)l = Nyo (1+ %)_1 = Nyo (1+ 5)1 (19)

where N; g, is the initial density of temporary crosslinks and 7= (k Ntlo)_l, which is the

half lifetime of the second order kinetic process. The time scale in equation 19 is likely to be

dependent on entropic force developed at the strands of the polymer, especially at higher strains,
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however for the purposes of the simplified analysis presented here, it is assumed to be a constant.
The form of Equation 19 is consistent with relaxation analysis done by Sheiko and Dobrynin in
earlier works,>* yeilding a powerlaw dependence of modulus or crosslink density with time.
Additionally, considering the ranges of stretches discussed in this paper, assuming a constant 7
does not alter the models,>* especially since in most cases temporary bonds are substantially lost

before reaching high stretches. Substituting equation 19 into equation 15, gives:
: -1 -1
N,(1,1) = Ny (? + 1) +N, (20)
Combining equation 20 with equations 13 and 14 gives:
G(A,4) = 2RTN(L, 1) = Gp + G, (5= + 1)_1 @1)
g - c\/" — Yp t\ ir

Where G, is the shear modulus from permanent crosslinks given by 2RTN,, G; is the initial

shear modulus from transient crosslinks given by 2RTNy.

A similar analysis for first order decay of bonds is given in the supporting information. The
stretch dependent energy density functions, assuming a constant stretch rate A, in equations 1-4

can be generalized to form W(/l, /i) = G(/l, i)H (1) as given below:

We (A ) =—%jf)ln(1— BU(A) - 3)) (22)
Wo (2, 4) = 2280 (2 4 21772 — 3) (23)
Wy(14) = (4, 1) (% +(1- %)_1 = c) (24)

Where, I; (1) = A* + 247" in one dimensional elongation of an incompressible material,
G(A, i) is given in equation 21, and H(A) gives the hyperelastic response of the energy density.

Therefore, the engineering stress, assuming uniaxial tension and an affine model, is given by:>

13



0(/1 A) aW(M) G(/I A) 6H(/1) aG(M)H(@ (25)
Assuming the stretch dependent shear modulus given in Eq 16, gives

AN _ -1 -2
9 Tt ( P 1) (26)

Combining equations 21 and 22 enables the engineering stress (ow) to be determined for a
mixed network containing both permanent and temporary crosslinking, assuming second order
loss of transient crosslinks, to be given by equation 27 for the Gent model, equation 28 for the
Ogden model, equation 29 for the Dobrynin model, and equation 30 for the Neo-Hookean model

as shown below:

1 96(a2) 1

om-c(h4) = 6(41) (- 5) (1 - B - 3) " -ZZA L in(1-B(L(D) - 3)) (27)

omo(A4) = 220) (361 _ p-Ger2en) “(“)< (2 + 2572 - 3)) (28)

om-p(L 1) =6(1.4) (1 - 53) (1 +2(1- ’“17(”)_2) 4 2644) (’12” s(1- ’“1”)) C) (29)

omonn(A1) = 6 (1 - =) + 22 1, () - 3) (30)

Where G(A, 1) is given in Equation 21 and ( 26(2A) ; is given in Eq 26. These equations for

engineering stress vs stretch can be fitted to experimental or simulated data for engineering stress
vs the stretch ratio in uniaxial tension at constant stretch rate, enabling the extraction of 4 key
parameters: G, the shear modulus from permanent crosslinks; G; the initial shear modulus from

temporary crosslinks; f the strain hardening parameter; and 7 the relaxation or lifetime of the

14



temporary crosslinks. Template spreadsheets for these models in eq 27-30 are made publicly

available as both supporting information, and on public websites.
Loading/Unloading Experiments

In addition to simple uniaxial tension experiments the model can be applied to loading unloading
experiments. In these systems, instead of continuing with a uniaxial tension at a constant stretch
rate, the system reaches a certain stretch value (Ac) and then changes direction and returns towards
a stretch ratio of 1. The developed model can be adapted to this type of loading history. In the
loading branch, the stretch (1) increases with time, following the equation A=1+1z, where A is the
stretch rate, and ¢ is time. In the loading branch the stress is the same as in simple uniaxial tension,

1.e. stress is given by equations 27, 28, 29, and 30 for the modified Gent, Ogden, Dobrynin, and

Neo-Hookean models, with G(4, 1) is given in Equation 21 and % is given in Eq 26. Once the

system reaches a stretch of Ac , the system a different evolution of stress occurs. The time, ., at

which the system reached A is given by:

A1

te =5 31)

where 4, is the stretch rate in the loading branch. In the unloading branch the relationship between

the experiment’s time and the stretch is given by:

Ae=1 | A=A
= Lol e

t -
Al Ay

(32)

where A, is the stretch rate in the unloading branch, with the condition 4, < 0. Although not

necessary, in many experimental systems the same magnitude stretch rate will be applied in the

15



loading and unloading branch. If the same magnitude of stretch rate is used in loading and

unloading branches, i.e. A,=—A; equation 32 for the time in the unloading branch simplified to:

24c—1-1
t="0 (33)

where |A| is a positive number representing the magnitude of the stretch rate in both the loading
and unloading branches. In developing the model for the temporary crosslink evolution in time, it
is assumed that the linkers have an intrinsic rate coefficient of dissociation k. The loss of temporary
crosslinkers is assumed to continue to occur any time the system is deformed away from its initial
configuration, i.e. A=1, the loss of temporary linkers is expected to continue in the unloading
branch, so long as the stretch is above 1. The evolution of temporary linkers over time is assumed

AN (ADA) _

” -k (Nt(l(t),i))z. This second order

to follow Eq 18 in the unloading branch, i.e.

differential equation has the solution:

2,10—1—/1)‘1 (34)

N:(A(0), |4 T

JAe) = Neo (1+

where the overall lifetime of the linkers 7 given by 7 = (k Nt_o)_l, and N, is the density of

temporary linkers at the start of the loading curve, after using equation 33 to describe how
experimental time, ¢, is related to stretch in the unloading branch. For more complex
loading/unloading systems equation 32 could be used. To evaluate the shear modulus in the
unloading branch equation 34 for the temporary crosslink density is combined with the permanent

crosslink density, N, to give N

-1
20-1-4
,A0) = Neg (1 + —) +N, (35)

N.(4,]4 e

Combining equation 35 with equations 13 and 14 gives:

16



-1
,A¢) = 2RTN.(4, 1) = Gp + G, (1 + “C‘H) (36)

G(2, |4 e

where Gy, Gt and 7 have the same values and meanings as in the loading branch, and |A| is the
magnitude of the stretch rate, which is in this system the same in the loading and unloading
experiments. This can be used to derive the derivative in the shear modulus in the unloading branch

with respect to stretch as follows:

aG(A A A:) i( uc—1—4)_2
7R TTF CR AT (37)

This allows the calculation of the stress in the unloading branch (cu,m), in the Dobrynin model, to

be given as follows:

GU,M—D(/L |/1 ’ ﬂc) =

(4 1AL20) (A - =) (1 +2(1- ‘”17(”)_2) + M(M $1(1-Bny c) 2k (38)

L 6 B 3

where equations 36 and 37 are used to define the shear modulus and the change in shear modulus
with respect to stretch, respectively, in the unloading branch. Other models such as Gent, Ogden
or Neo-Hookean could be developed using the same approach as in the loading branch. The final
term 2K arises from the discontinuity in the derivative of the shear modulus G as the system. To

ensure the stress is constant at the point where the system switches from loading to unloading this

K is defined as:
-2 1
_ Gt Ac—1 L) | 1(, Bl _
K_W<1+ er) ( 29 42 (1 - £u) c) (39)

; -1
which is the value of the term, 964l kc) (M +3 (1 - M) - C), at I=A.
al 6 B 3
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3. Results and Discussion

a. Overview of the model parameters

The strain rate dependent hyperelastic models can be characterized by 4 parameters, Gy, or the
shear modulus from permanent crosslinks, G, or the shear modulus from temporary crosslinks, a
strain hardening parameter £ and the characteristic lifetime of the transient crosslinks 7. As shown
in Scheme 2, these 4 parameters have distinct impacts on the stress strain response, and therefore
should be able to be fit independently, using least squares residual in the solver extension to
Microsoft Excel, to the experimental data. G, increases the slope of the stress stretch curve
relatively uniformly across all values of stretch, while G primarily impacts the stress stretch curve
at low values of stretch, since temporary bonds dissipate upon extensive application of strain. The
time parameter 7 dictates where in the stress curve the material transitions from having both
temporary and permanent bonds, typically with a concave down profile with strain softening, to
being dominated only by the permanent bonds and chain stretching with a concave up profile.
Finally, fis the strain hardening parameter. Larger values of S cause substantial strain hardening
and rapid increases of stress with small changes in applied strain®¢. These general trends are shown
in Scheme 2 for the modified Dobrynin model, but these trends can be seen in all three modified
models. Additionally, in all calculations G¢> Gy, This can be attributed to the higher concentration
of transient bonds in the materials and therefore the temporary modulus is higher than the

permanent modulus.

18
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Scheme 2: Schematic depiction of trends in stress-stretch responses as a function of modulation of parameters a) Gp
b) Gic) B d) t. In all panels, A values range from 1-4.5. o values range from a) ~0-670 kPa b) ~0-1900 kPa c) ~0-850

kPa d) ~0-2300 kPa.

b. Comparison of traditional and modified models

Figure 1 investigates the importance of temporary bonds on typical elastic materials which have
the potential to form non-covalent and covalent crosslinks. The experimental stress strain curve in
Figure 1 is for an elastomer of 2-hydroxyethyl acrylate (HEA) crosslinked with a divinyl molecule
((2-((3-(2-acryloyloxy)ethoxy)-3-oxopropyl)thio)ethyl acrylate, TMADA), polymerized in the
presence of a dithiol 2,2’-(ethylenedioxy)diethanethiol (EDDT), which can act as a chain transfer
agent and also form some thiol-Michael linkers in the material. The material has temporary bonds
due to the presence of soluble components and the hydrogen bonds in the polyHEA they can easily

impart to the material. There are clear discrepancies between the model that doesn’t account for
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temporary linkers (labelled time indep) and the experimental data on materials response at both
low strain and at high strain. In particular, the initially concave down regime of the stress-stretch
curve is entirely neglected by each model. The addition of a second order strain rate dependence
(labelled time dep) to the shear modulus to account for the dissociation of temporary bonds greatly
improved the fit in all cases, except the Neo-Hookean model. The Neo-Hookean model yielded
essentially the same poor fit whether or not temporary crosslinks were considered. Table 1 gives
the parameters used to fit the experiment for each model. Deconvolution of the contributions to
the stretch-strain curve from the permanent and temporary linkers is given in Figure S1. These
data show that at low stretch the temporary linkers can dominate the response, while the permanent
linkers dominate at high stretch values. Similar to the findings of Dobrynin and Sheiko,>” the
Ogden model had a relatively poor fit to the experimental data, even in the time dependent
formulation, while the time dependent Gent and Dobrynin models provided a good description of
the experimental data. The Neo-Hookean model did not capture the strain hardening behavior
effectively, or the general shape of the stretch strain curve, and therefore was omitted from future

analysis.

Table 1: Parameters used to fit experimental stress strain data in Figure 1. Time Dep refers to a
strain rate dependent shear modulus, while Time Indep refers to a model where the shear modulus

is unchanging across the experiment. i=0.0276 s*! for all experiments.

Model Gp (kPa) Gi(kPa) g 7(s)
Dobrynin-Time Dep 22 73 0.063 13
Dobrynin-Time Indep 32 0 0.049 N/A
Gent-Time Dep 24 84 0.03 11
Gent-Time Indep 35 0 0.024 N/A

20



Ogden-Time Dep 4.5 195 35 4.8

Ogden-Time Indep 28 0 2.6 N/A
Neo-Hookean-Time Dep 46 0 N/A 5.9
Neo-Hookean-Time Indep 46 0 N/A N/A
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Figure 1: Experimental engineering stress vs stretch ratio experimental data compared to a)
Dobrynin b) Ogden ¢) Gent model and d) Neo-Hookean without temporary bonds (dotted line)

and with temporary bonds (dashed line). Parameters are given in Table 1. TMADA/EDDT system.
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As another example, the recently developed poly(2-hydroxyethyl acrylate) (poly(HEA))
elastomer has a fraction of small chains capable of energy dissipation through the dissociation of
hydrogen bonds within an essentially permanently crosslinked network under ambient
temperatures.*® Extraction of the short chains primarily responsible for the rate dependence of the
shear modulus and energy dissipation and can be performed using solvents. This essentially leaves
behind the permanently crosslinked network. As seen in Figure 2, the Gent and Dobrynin models
with non-zero G; terms fit the neat material prior to the extraction of the small, temporary bonds
in the material very well, with the Ogden model showing a poorer fit. After extraction, the Gent
and Dobrynin models show an excellent fit to the materials, albeit now the materials can be fit
with no strain rate dependent component to the shear modulus. Importantly, the strain hardening
parameters and shear moduli from the permanent crosslinks are essentially unchanged upon
extraction for the Gent and Dobrynin models, the main difference is that after extraction the shear
modulus arising from temporary crosslinks becomes zero. The parameters used to fit their data are
given in Table 2. This clearly shows that the adapted Gent and Dobrynin models can accurately
capture time dependencies, with the ability to capture both permanent and transient crosslinks. The
Ogden model showed poorer performance in both the extracted and unextracted materials, similar
to the findings of Dobrynin and Sheiko.”” Having established the successful adaptation of the
Dobrynin and Gent models to include time dependence to the shear modulus in hybrid crosslinked
(temporary as well as permanent) systems, additional evaluations of the models and testing against
various systems are needed to prove the widespread utility over soft materials. Although in the
poly(HEA) systems studied in Figures 1 and 2, the Gent and Dobrynin models performed
comparably well against the experiments, analysis in the literature suggests that the Dobrynin

model generally has a better description of a wide range of experimental data. '* Additionally, the
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Dobrynin model typically converged to the optimized parameters in fewer iterations than the Gent
model. Therefore, having established that the strain rate dependent Dobrynin model is able to
describe the data with reasonable parameters, for all subsequent analysis, only the strain rate

dependent Dobrynin model of Eq 27 will be considered.

Table 2: Parameters used to fit experimental stress strain data in Figure 2. Neat refers to as
prepared HEA network, while Extract refers to a system where soluble components have been

extracted. Strain rates included are experimental rates.

Experiment- Gp Gt B T(s) i (1)

S
Model (kPa) (kPa)
Neat-Dobrynin 22 73 0.063 13 0.03136
Extract-Dobrynin 26 0 0.075 N/A 0.02632
Neat-Gent 24 84 0.03 11 0.03136
Extract-Gent 29 0 0.038 N/A 0.02632
Neat-Ogden 4.5 195 3.5 4.8 0.031358
Extract-Ogden 21 0 2.9 N/A  0.02632
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Figure 2: Materials with small bonds (temporary) unextracted (a) and extracted (b) show G; is

zero or close to zero as the small bonds are not present to have temporary bond considerations.

Parameters are listed in Table 2. TMADA/EDDT materials
c¢. Simulation data

In evaluating the performance of the model, it is important to confirm that the results predicted
by the model agree with those predicted in a simulated system, since simulations can be used to

garner more information about the system at a molecular level. In molecular dynamics (MD)
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simulations, stress-strain curves can be generated, and the predictions of the model can be
compared to those of the simulations. The simulations were performed using a coarse-grained
model of various interpenetrating networks with randomly dispersing polymer strands,
noncovalent cross-crosslinks, and covalent cross-crosslinks. MD simulations were then performed

using a LAMMPS?? software package. The interparticle interactions between the coarse-grained

particles were modeled using the Lennard-Jones potential, u(r) = 48[(%)12 — (%)6] o represents
bead diameters. € represents the strength of interparticle interactions, which was set to a value of
1kgT for noncovalent bonds. Covalent bonds in the system were modeled as bonded interactions
in LAMMPS based on the harmonic bond potential with a strength of 100£/02and an equilibrium
distance of a. All the MD simulations were performed in dimensionless format with reduced
values normalized with respect to Lennard-Jones parameters.”® To study the mechanical behavior
of the system, the NPT ensemble was employed within LAMMPS to relax the system under zero
pressure in order to obtain an equilibrium representation of the system. To investigate mechanical
properties of the network under different conditions, uniaxial strain, at different rates, was applied

to the system in the x direction while the stress in the y and z directions was set to zero. Additional

description of MD simulations may be found in the supporting information.
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Figure 3: a. Time dependence of non-covalent bonds derived from simulations at different
apparent strain rates (SR). Inset shows the same data over a narrower time range b. Comparison of
simulated stress strain curves against strain rate dependent Dobrynin model of Eq 16. Model was
fitted with parameters G; = 10 a.u., #=0.14, 7= 0.10 a.u.. Strain rates SR = 5, 10, and 20 were

fitted with G, = 17 a.u. and SR = 1 was fitted with G, = 13.
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As can be seen in Figure 3a, the rate of non-covalent bond dissociation was approximately constant
for apparent relative strain rates of 1 a.u., 5 a.u., 10 a.u. and 20 a.u. Interestingly even at very long
times not all the non-covalent bonds dissociate, and this is most likely due to intramolecular loops
which are not elastically effective®®, causing them to remain even after substantial tensile forces
are applied to the material. The data in Figure 3a justifies the use of a single time constant in this
system, regardless of strain rate. These data were fitted to a second order model, accounting for
the non-covalent bonds which do not dissociate, as seen in Figure S2, giving an average time
constant 7=0.1 a.u. Simulated stress strain curves were fitted with the strain rate dependent
Dobrynin model with a fixed value of 7=0.1 a.u. as seen in Figure 3b. Overall good agreement is
seen between the simulated stress strain curve and the model predictions. For the higher strain
rates, a single set of parameters could be used to describe the simulated data as noted in Figure 3b,
although the lowest strain rate required a somewhat smaller value of the crosslink density due to
permanent crosslinks, G,. As expected, the model and the simulations both predict a lower stress
as the strain rate is decreased, since the temporary or non-covalent bonds are dissociated at an

earlier time in the tensile system.
d. Strain Rate Dependence

Since the concentration of temporary bonds is time dependent, one key question is whether the
models developed are able to properly describe the strain rate dependence of tensile experiments.
Typically, higher strain rates lead to larger apparent moduli, since the bonds dissociate slowly on
the timescale of the experiment.?” In contrast, very slow strain rates can cause temporary bonds to
dissociate even after modest applied strain, and only the permanent crosslinks will remain. The
simulations already suggested good performance with different strain rates, Figure 3, however it

is also critical to evaluate the model performance against a range of materials studied under
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different strain rates. Since the time dependence and stretch/strain rate dependence primarily affect
transient bonds, this will be most apparent at low strains. The ability of the model to describe the
low strain regime at different stretch or strain rates is critical to the success of the model, and its

validity for future experiments.

Three polymer networks were evaluated at distinct strain rates. The first is the poly(HEA) materials
described above crosslinked with 1 wt% TMADA in the presence of 1% EDDT®. A second
system of ethyl acrylate (EA) based interpenetrating networks (IPN) containing both covalently
crosslinked furan-maleimide Diels-Alder (FMDA) bonds that act as permanent crosslinks on the
timescale of the experiment and dynamic quadruple hydrogen bonded 2-ureido-4[1H]-
pyrimidinone (UPy) transient bond. These were synthesized at both 2.5 mol % UPy plus 2.5 mol%

FMDA and also at both 3.75 mol % UPy plus 3.75 mol% FMDA®.

As seen in Figure 4, for each system, one single set of parameters could describe a system with 3
distinct strain rates that span 1 order of magnitude when using the strain rate dependent Dobrynin
model. The model is able to capture the fact that bond dissociation occurs at higher strain with
faster elongation, as expected for transient bonds. In particular, the agreement at low strain for the
poly(HEA) material and the IPN material at both the 5 mol % crosslinker and 7.5 mol % crosslinker
systems is notable. The impact of transient bonds is most significant at low strain, suggesting that
agreement below a strain of 1, stretch ratio of 2, is most important for capturing the effects of the
temporary bonds. Additionally, the time constants of the IPN materials at both the 5% crosslinker
and 7.5% crosslinker systems are essentially the same at 4-5 s, in good agreement with the

timescales of exchange of UPy crosslinks in network materials.®!
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Figure 4: Fits of the modified Dobrynin strain rate dependent model to 3 distinct materials tested
at distinct stretch rates (SR). a) Poly(HEA) elastomer fitted with parameters: G,=15 kPa, G=236
kPa, ==7.4 s, /=0.013 b) Poly(EA) IPN crosslinked with 2.5% mol of UPy and 2.5 mol% FMDA
crosslinker fitted with parameters: G,=120 kPa, G=410 kPa, ==5.0 s, f=0.051. c) Poly(EA) IPN
crosslinked with 3.75% mol of UPy and 3.75 mol% FMDA crosslinker fitted with parameters:

G,=480 kPa, G=1700 kPa, =4.3 s, 5=0.092.
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e. Application Across Broad Range of Soft Materials

To establish the broad applicability of the developed model, a range of experimental stress strain
curves were fitted with the strain rate dependent hyperelastic model. One system that could be well
described by the developed model were the poly(HEA) networks crosslinked by UPy and FMDA,
arranged in either single network (SN) or IPN, as outlined by Foster et al.*® As seen in Figure 5a,
the model is able to capture the key trend in the SN, correctly predicting the initial strain softening
due to breaking the hydrogen bonded UPy crosslinks with increasing strain in multiple replicates.
Additionally, as seen in Figure 5b, the model can capture the equivalent IPN strain softening at
low stretch, due to energy dissipation from breaking hydrogen bonds, and the notable strain

hardening at higher stretch ratios.

The mean parameters are given in Table 3, with each individual run given in Table S1 and Table
S2. In particular, the strain hardening parameter [ is higher for the IPN compared to the SN .
Consistent with earlier simulations of these systems, shear modulus due to hydrogen bonds (Gy) is
substantially higher in the IPN material compared to the SN.#’ Pleasingly, the G, and G; obtained
by fitting the whole stress strain curve in Table 3 are similar to those obtained when fitting just a
portion in loading unloading analysis in Figure 5, since the same IPN and SN materials are used

in both cases.

Another system of interest was synthetic hydrogels with a double network of long and short chains
that were crosslinked together. The material used ionically crosslinked calcium-alginate as

temporary bonds and covalently crosslinked polyacrylamide as permanent crosslinks to form this
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double network that could dissipate stress by breaking the ionic bonds.®? These bonds would then
have the ability to recover when the stress was gone, thus giving the material a dynamic capability
and a strain rate dependent element to the stress that it can dissipate. The parameters extracted
indicate the presence of temporary bonds that dissociate in low strain regions before the
manipulation of the permanently crosslinked bonds take over in the hyperelastic region which can
be seen in Table 3. The experimental data and model fits are given in Figure Sc. Materials with a
higher ratio of polyacrylamide crosslinks can be seen to have a lower initial slope, showing low
density of temporary bonds in the material. This pattern is shown by the decreasing slope as the
percentage of permanent crosslinks (polyacrylamide covalent bonds) goes from 80% to 88.89% to
94.12% of the total bonds in the material in Figure 5c. The remaining percentage of this material
is temporary (ionic) bonds that are able to dissociate to dissipate stress in the system. In materials
with a higher percentage of permanent covalent bonds, there are fewer temporary bonds, leading
to lower initial slope in the stress-strain curve. In the high strain regime there is very little upward

slope, indicating very little strain hardening. This can be seen in the values of £ in Table 3.

Additionally, amide-containing carbonyl networks (ACON) taken from the literature®® were tested
against the model. This material contained hydrogen-bonding capability through the secondary
amides present, which serve as temporary bonds when the material undergoes strain. The ACON
polymer was crosslinked by olefins in the presence of a Grubbs metathesis catalyst, a functional
group tolerant catalyst.®® In addition, the olefins can exchange in the presence of the metathesis
catalyst under ambient conditions. The hydrogen bonds were shown to increase the toughness of
the material considerably, without changing the initial stiffness of the network. Interestingly, when
fitted to the model, the results suggest that the material acts as if it has no permanent crosslinks

which can be seen with a G, of zero in the parameter table, Table 3. This is consistent with energy
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dissipation through both hydrogen bonds and through olefin metathesis. This phenomenon can be
observed in the stress strain curves in Figure 5d as well. The high initial slope indicates a high
number of temporary crosslinks that dissociate to dissipate strain at low strain regions. There is
also a low slope at the end of the curve indicating a low strain hardening which can also be seen

in Table 3.

The model was also tested against a catalyst free vegetable oil (VO)-based elastomer using the
curing of  VO-derived dimer acid (DA) and  N,N,N’,N’-tetraglycidyl-4,4’-
diaminodiphenylmethane (TGDDM). This network was found to dissipate stress in a short period
of time indicating the presence of temporary bonds that can dissipate stress especially at low
strains. The parameters that are extracted from these materials in different ratios of reagents can
be found in Table 3. The fits between these VO based elastomers and the modified Dobrynin model
are shown in Figure Se, indicating a good agreement between the model and the experiment. In
the curve with 1 0.8 (ratio of TGDDM_DA), there is a higher initial slope indicating a larger
amount of temporary bonds in the material to dissipate energy quickly. From the 1 0.8 and 1 1
curves, there is a marked decrease in the initial slope which can be attributed to ratio of temporary
to permanent bonds decreasing. The change in ratio also impacts the relaxation time of the
material, decreasing the relaxation time from 3.1s to 0.8s as there is less temporary bond behavior
in the material. Additionally, the material with a higher ratio of permanent bonds in the material
shows more substantial strain hardening than that with fewer temporary bonds. This strain
hardening can be attributed to the excess stretching of permanent bonds that do not dissociate. The
temporary bonds can be assumed to come from the dimerized acid as the tensile strength was lower
when the DA content was higher. This can be attributed to possible H-bonds that are due to a large

number of tertiary amines in the network from TGDDM that form with the dimerized acid.** As

33



can be seen in Figure Se, the concave portion of the graph in the low strain region decreases with
the increasing ratio of DA. As the TGDDM provides the temporary bonds in the material, systems
with less TGDDM have fewer temporary bonds which will decrease the initial slope of the material

considerably.

Finally, the model was tested against sulfur vulcanized natural rubber.®> The model agreed with
the experimental data at different levels of self-curing for the material. The materials used cis-1,4-
polyisoprene chains that made rubber chains with sulfur cross links of mono-, di-, and polysulfide
bonds.® S-S bonds that are present in these materials could be broken or exchange in various ways
(such as heat, light, and redox, or in the presence excess thiols) allowed for temporary mobility of
the polymer and thus makes the material an excellent test for our model as the temporary bonds
present will break to relieve stress so that the material can more effectively self-heal.®> As seen in
Figure 5f, the model is able to accurately fit the low and high strain regions of the stress-strain
curve. While there is slight variation in the strain hardening region for a more cured material, less
cured material reliably fits to the model. The concave portion of the graph in the low strain regions
are well fit, indicating good capture of the temporary bonds in the material as the low strain region
is where the effects of temporary bonds are most often seen. This material also has a lower strain

hardening, which is shown by a low f in the extracted parameters.
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Figure 5 Model fits to a) a set of 5 replicate (A-E) typical traces for single network (SN)

Poly(HEA) materials crosslinked with UPy and FMDA crosslinks. b) a set of 5 typical replicate

(A-E) traces for IPN Poly(HEA) materials crosslinked with UPy and FMDA crosslinks.

c)

ionically crosslinked calcium-alginate and covalently crosslinked polyacrylamide hydrogels at

different percentages of polyacrylamide crosslinks in the system. d) secondary amide-containing

carbonyl networks (ACON). e) VO-derived dimer acid (DA) and N,N,N’,N’-tetraglycidyl-4,4’-

diaminodiphenylmethane (TGDDM) at differing ratios of TGDDM_DA f) sulfur vulcanized

natural rubber with cis-1,4-polyisoprene chains that made rubber chains with sulfur cross links of

mono-, di-, and polysulfide bonds at different curing percentages. All the fitted parameters are

listed in Table 3.
G, G, B T A
(kPa) (kPa) (s)
. 0.064
Poly(HEA) SN (Fig5a) 42° 54° 0.017% 9?
0.055
Poly(HEA) IPN (Fig5b) 38* 87* 0.035° g
0.017
Hydrogel 80 (Fig5c) 0.013 70 1.0x10® 470
0.017
Hydrogel 88.89 (Fig5c) 0.62 29 6.1x10™ 506
0.017
Hydrogel 94.12 (Fig5c) 2.2 6.4 1.0x10® 180
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0.11
ACON (Fig5d) 0 800 6.1x107 26

0.017
1 0.8 (Fig5e) 3800 57000  0.11 3.1
1_1(Fig5e) 1800 14000  0.16 0s0 OV
90% cured (Fig5f) 150 580 0.023 10 0.1
50% cured (Fig5f) 120 330 0.022 16 0.1
poly(HEA-EGDMA) 230 1100 0.036 2.4 0.022/0.04

Table 3: Parameters of soft materials used in Figure 5. Represents the mean of 5 fits. Lines 3-5:
separated by percentage of polyacrylamide covalent bonds in the system. Lines 7-8(Fig5e):
separated by ratio of TGGDM to DA in system. Strain rates were not fit but were taken from the

literature data.

f. Loading/Unloading Experiments

Viscoelastic soft materials and polymers are frequently characterized using loading-unloading
tests.*86 The increase and subsequent decrease of strain applied to the material can identify energy
dissipation is a key feature enabled by transient bonding in the material. When fitting the
loading/unloading experiments of poly(HEA) crosslinked with 1.5% ethyleneglycol
dimethacrylate (EGDMA), the a single set of parameters were able to be used for both
loading/unloading experiments as well as tensile to break at both a extension rate of 0.5 and 1
mm/s. These extension rates correspond to stretch rates of [4| = ~0.02 s7* or ~0.04 s In these
tests, the loading branch is largely the same as other experiments and fits that the model has shown
earlier in the paper. The unloading phase required changes to the model to match the stress at the
turnaround point and fit the unloading phase of the material which are described in the theoretical
section.

Tensile testing was performed on the poly(HEA-EGDMA) materials to show strain to break
curves which can be seen in Figure 6. The data in Figure 6 show excellent agreement between

model and experiment in low stretch regions of the loading curve where Gpand Gt and 7 contribute
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the most to the fit. The model also showed good fit in the higher strain region of the loading curve
where the strain hardening parameter, £, begins to have more of an impact on the material. These
strain to break tests show that the model has the capability of modeling experiments at greater than
100% strain with a high degree of accuracy. Further, using the approach outlined in the theoretical
section, the model was also applied to loading-unloading data at both a stretch rate of 0.04 s!
(Figure 6a) and 0.02 s! (Figure 6b). In both cases A = 2 was used. As seen in Figure 6, the model
was able to capture the behavior of the loading and unloading branches. It is important to note that
the poly(HEA-EGDMA) material had a clear hysteresis loop, which the model was able to capture
with the loss of temporary crosslinks that occurred during the cycle. Figure S3 shows only the
loading unloading data on a common axis, indicating the higher apparent modulus of the system
with higher strain rate, and how this is captured by the model. It is important to note that all
experiments in Figure 6 and Figure S3 were modelled with one single set of parameters given in

Table 3, and using the known stretch rate for each system.
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Figure 6: Tensile loading/unloading and tensile extension to break experiments for poly(HEA)
crosslinked with 1.5% EGDMA compared to the modified Dobrynin-Model. Loading/unloading

experiments were performed such that the system switched from the loading to unloading branch

at A= Ac= 2. a) was performed using |/1| = 0.04 s~ for the loading unloading experiment and
A =0.049 s7* for the tensile to break. b) was performed using |A| = 0.022 s~ for the loading

unloading experiment and A = 0.023 s~ for the tensile to break. All curves were fitted using

the parameters G, = 230 kPa, Gi¢= 1100 kPa, f=0.036, and 7=2.4s.
g. Sensitivity Analysis and Limitations

As seen in Figures S4-S7 excellent sensitivity of each parameter can be found when
considered separately. As expected, G, changes the overall shape of the stress strain curve, both at

low and high strain, £ determines the strain hardening, with higher values of f increasing the
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curvature especially at high strain, G; changes the slope of the stress response and modulus only
at low strain, while 7 determines the lifetime of the transient bonds and effectively determines
where in the stress strain curve the behavior changes from having both temporary and permanent
crosslinks , to being dominated only by the permanent crosslinks . Higher values of 7 extend the
lifetime of the transient crosslinks and shifts the inflection point to higher stretch ratios from a
system dominated by both types of crosslinks to a regime which is dominated only by permanent
bonds. Fits of the individual parameters to a data set are likely to be accurate substantially better
than a factor of 2 as seen in Figures S4-S7. However, since both G; and 7 determine the influence
of temporary bonds, it is possible that higher G, values and lower z, or lower G; parameters with
higher 7could give similar responses. As seen in Figure 7, inversely changing G; and 7 by a factor
of 2 gave some discrepancy from the reference system, although likely within the uncertainly of
the experiment, however, when varying G;and 7 inversely by a factor of 3 gave notable differences
between the experimental data and the model predictions. Therefore, the absolute values of G, and
7 fitted to an experimental data set are likely to be accurate to within a factor of 3. This difference

1s most pronounced at small deformation, before the loss of temporary bonds.
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Figure 7: Sensitivity analysis of inversely changed G; and 7 to a) a factor of 2 and b) a factor of 3.

Reference parameters are G,=100 kPa, G=300 kPa =0.03 ==10s.

While the model is accurate through a great number of different material types and does
account for temporary bonds when they are present, it does come with limitations. At very low
strain, separating the impact of temporary vs. permanent bonds can be challenging. Additionally,
the chains are unlikely to have substantial perturbations to their initial configuration, leading to
very little strain stiffening, making accurate extraction of £ challenging, unless moderate to high
elongation of the chain is achieved. In addition, the model proposed here assumes that the material
is undergoing a single relaxation time, when in fact there may be several relaxation processes,
where the estimated 7 is simply an average of all the relaxation processes. Multiple types of
temporary bonds will have distinct relaxation times for every type. Since this model assumes just
one relaxation process, this can be a substantial limitation of the model. The experimental time

scale is on the order of the relaxation time scale of the system. For materials with either very long
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or very short relaxation times compared to the time scale of the experiment, extracting accurate
timescales for 7 can be very challenging. Another limitation that we found with the model is the
assumption that temporary bonds in the material only dissociate. There is a potential in these
systems for the temporary bonds to rearrange as opposed to completely dissociating to dissipate
stress. The bonds also have the possibility of fully dissociating but reforming later to continue the
network of the material. Finally, as noted in the sensitivity analysis, both G, and 7 impact the low
strain region of the stress strain curve, and the certainty over the exact values of these parameters
is substantially less than their product. Nevertheless, values of G;and 7 are likely to be accurate to

a factor of 3, providing reasonable estimates of these critical parameters.

4. Conclusion

Established Gent, Ogden, and Dobrynin models for highly hyperelastic materials were
adapted to include crosslinks which dissipate or break with applied strain was performed. A focus
on one dimensional and uniaxial deformations allows the modified models to be applied to easily
accessible mechanical experiments. The modified Dobrynin model showed excellent fit to
experimental data, and the ability to correctly capture time dependence across strain rates. The
modified Ogden model in particular had a limited ability to describe key experimental data, with
the Gent model being acceptable. Applying the Dobrynin model with strain rate dependent
crosslink densities to a range of both experimental and simulated data on soft materials gave
insights into the underlying materials structure, across a range of experiments, including simple
loading and also loading/unloading experiments. Finally, the model was found to be highly
sensitive to parameters that govern the permanent crosslinks and strain hardening, with

approximately 1/3 order of magnitude sensitivity to the product of shear modulus from temporary
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crosslinks and lifetime of temporary crosslinks . The model templates are made freely available,

enabling fitting by researchers to a range of complex and soft materials.

Supporting Information

Supporting information available: deconvolution of temporary and permanent bond contributions
to stretch-strain behavior, simulated loss of temporary bonds, details of fits to replicates, loading
unloading analysis, sensitivity analysis, additional details of simulations and description of model

using first order loss.
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