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Abstract

Blood clots play a diametric role in our bodies as they are both vital as a wound sealant, as well as the source for many dev-
astating diseases. In blood clots’ physiological and pathological roles, their mechanics play a critical part. These mechanics
are non-trivial owing to blood clots’ complex nonlinear, viscoelastic behavior. Casting this behavior into mathematical form
is a fundamental step toward a better basic scientific understanding of blood clots, as well as toward diagnostic and prognostic
computational models. Here, we identify a hyper-viscoelastic damage model that we fit to original data on the nonlinear,
viscoelastic behavior of blood clots. Our model combines the classic Ogden hyperelastic constitutive law, a finite viscoe-
lastic model for large deformations, and a non-local, gradient-enhanced damage formulation. By fitting our model to cyclic
tensile test data and extension-to-failure data, we inform the model’s nine unknown material parameters. We demonstrate
the predictability of our model by validating it against unseen cyclic tensile test and stress-relaxation data. Our original data,
model formulation, and the identified constitutive parameters of this model are openly available for others to use, which will

aid in developing accurate, quantitative simulations of blood clot mechanics.

Keywords Nonlocal damage - Finite viscoelasticity - Thrombus - Finite element

1 Introduction

Blood clots play a diametric role in our bodies. On one
hand, blood clots form at the site of vascular injury to pre-
vent hemorrhage (Esmon 2009). On the other hand, blood
clots may also form within our vasculature where they can
emobolize and occlude blood flow to vital organs causing
devastating diseases such as heart attacks, strokes, and pul-
monary embolisms (Wendelboe and Raskob 2016). Under-
standing blood clots’ mechanical properties is critical to
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understanding both of these roles. For instance, the ability of
a clot to undergo very large deformations and resist fracture
is important to its role as a wound sealant (Sugerman et al.
2020a). Similarly, blood clots’ ability (or inability) to resist
hemodynamic forces critically determines whether throm-
bus embolizes and causes aforementioned deadly diseases
(Tutwiler et al. 2020).

Because of the physiological and pathological importance
of blood clots, numerous studies have investigated blood clot
mechanics, which have been excellently reviewed by oth-
ers (Johnson et al. 2017). To provide context for this work,
we provide a brief overview below. Blood clots are highly
hydrated, composite biomaterials comprised of formed ele-
ments, red blood cells and platelets, within a fibrin biopoly-
mer network (Cines et al. 2014; Gersh et al. 2009). This
composition leads to a highly deformable, soft, initially
isotropic material that exhibits a negative Poynting effect,
i.e., contraction under shear (Di Martino et al. 1998; Suger-
man et al. 2020a). Additionally, the material is viscoelastic
such that its mechanics are strain-rate dependent, exhibit
hysteresis, Mullin’s-like damage, nonlinear stress relaxation,
and set (van Kempen et al. 2016; van Dam et al. 2008; Lee
et al. 2015; Malone et al. 2018; Sugerman et al. 2020a). In
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summary, blood clots are mechanically complex materials.
Numerous previous efforts have attempted to cast this behav-
ior into constitutive models (Geest et al. 2006; Rausch and
Humphrey 2016, 2017; Sugerman et al. 2020a; van Kempen
et al. 2016). While many models have successfully captured
limited aspects of this complex behavior into mathematical
form, none have so far included blood clots’ viscoelastic
behavior, damage behavior, and large deformation behavior
into a single, comprehensive model.

Our failure to develop a comprehensive, quantitatively
accurate model of blood clots’ mechanics has been a stum-
bling block to a more fundamental understanding of blood
clots’ physiology and pathology (Reeps et al. 2013; Sen-
gupta et al. 2014; Khodaee et al. 2016). For instance, under-
standing blood clots’ role in stroke, heart attack, and pul-
monary embolism requires quantification of their fracture
properties (Gasser et al. 2008; Tutwiler et al. 2020). In turn,
this requires detailed fracture studies that enable differen-
tiation between intrinsic toughness from other dissipative
mechanisms. To do so in a complex material such as blood
clot, it requires detailed, comprehensive models that include
viscoelasticity and damage behavior (Zhang et al. 2015).

The objective of this work is to develop and fit a viscoe-
lastic damage model for blood clots under large deforma-
tion as step toward establishing a quantitative and predic-
tive model of blood clots’ mechanics. To this end, we first
combine a hyper-viscoelastic framework with a gradient-
enhanced damage modeling approach. We then collect a
comprehensive set of mechanical data on blood clots’ vis-
coelastic-damage behavior under large deformation. We use
a subset of these data to train our model before validating its
suitability against left-out test data.

2 Methods

2.1 Non-local damage formulation coupled
with finite viscoelasticity

Modeling the structural behavior of large viscoelastic defor-
mations and damage to the material is formulated as a cou-
pled two-field problem, characterized by the deformation
field ¢ and the non-local damage field ¢. In this section, we
first briefly review the constitutive relations for the finite
viscoelasticity model of Reese and Govindjee that considers
large deformations and large deviations away from thermo-
dynamic equilibrium (Reese and Govindjee 1998). Then, we
subsequently incorporate damage-induced softening of the
constitutive behavior through a non-local damage formula-
tion, detailed in Ostwald et al. (2019), Waffenschmidt et al.
(2014), Schulte et al. (2020). Please note, in our effort to
describe the macromechanics of blood clots, we treat it in
subsequent derivations as a single-phase continuum. This
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choice is motivated by our analysis being conducted on the
centimeter scale, thus, exceeding the size of any microstruc-
tural constituents by at least three orders of magnitude. As
a consequence, we are also ignoring potential intra- and
inter-porous fluid flow. Additionally note that our framework
lends itself conveniently to including prestrain. However, in
the absence of direct evidence of the importance of prestrain
on the observed experiments, we chose to assume that our
material is stress-free in its reference configuration.

2.1.1 Finite viscoelasticity

Consider a continuum body that occupies the reference con-
figuration B at time r=0. The nonlinear deformation field ¢
relates reference positions X to current positions x = @(X, 1)
at any time >0, whereas its material gradient defines the
deformation gradient F = Grad ¢@. To account for the ine-
lastic (viscous) effects, a multiplicative decomposition of
the deformation into elastic and viscous parts F = F, - F,
is adopted. Accordingly, the local free energy density per
unit volume in the material configuration is additively split
into two parts'

¥ =V(C,F,) = Vgo(C) + WgoF, T-C-F, ™), (1)

where W and Wygq correspond to purely elastic (equilib-
rium) and viscous (non-equilibrium) response, respectively.
The non-equilibrium part leads to creep and relaxation
behavior of the material, and it depends on the elastic coun-
terpart of the right Cauchy—Green tensor C,=F,"T-C - F, " L.
The second Piola—Kirchhoff stress tensor can be calculated
as

s=22% _ 0k

oC oC

o
+2[F,] "
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Assuming an isotropic material response, we can then
represent the free energy (1) in terms of principal values
(Sugerman et al. 2020a). Similarly, the Kirchhoff stress
t=F-S-FTreads

3
[Trolin; @ ni+ Z[TNEQL‘ n;Qn; 3

i=1 i=1

3
T =
where n; are the principal normalized eigenvectors. The
eigenvalues [TEQ],- and [TNEQ]i are expressed using the
principal stretches A; and [4,]; of F and its elastic part F,,
respectively,

' To account for multiple relaxation mechanisms
(k=1,...,n), one can modify the local free energy as
Y=W(C.F!,....F') =¥ (O) + X|_, \P;EQ([Fﬁ]-T -C-[Ff1'D). In
the numerical calculations, we adopt n=2 considering both short-term
and long-term behaviors of the material.
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In what follows, we assume an isotropic compressible N=1
-Ogden material model for both the equilibrium and the non-
equilibrium states (Ogden 1973). For extensions to aniso-
tropic finite strain viscoelasticity suitable for fibrous soft
tissues, see (Latorre and Montans 2015; Liu et al. 2019).
For the sake of brevity, we report the derivations only for the
non-equilibrium part. For more details and additional infor-
mation, we refer the interested reader to Holzapfel (2000).
We further decompose the deformation gradient F, into vol-
umetric F e"°1 and volume-preserving (isochoric) F eis" parts,

F=FV01 .FiSO

- 5
where F =J;1/3Fe ©)

vol __ 71/3
and F)* =J°1,

with the determinant J,=[4,]; [4,], [4,]5. Thus, the Ogden-
type free energy splits into isochoric and volumetric parts
(Ogden 1973; Reese and Govindjee 1998; Nedjar 2016)

lPNEQ =y iso +¥ vol

NEQ T TNEQ
3
with Wl = Z [[b o /2 _ ] ©)
i:l
and W\, = —KV [743 + 27,727 - 3],

where the [6*° |, = J;*"[b,]; and [b,]; = [A, 1%
Using (6), the principal Kirchhoff overstresses are given
by

[tnpol; = 7, I\‘JE’Q] +TI\YEIQ where
[r0,] = Z PP Olbc) 4]
FNEQ olbie]; al4), 7
vol
vol _ TNEQ

and 7\, = 57 e

e

The overstresses [tyggl; vanish at the thermodynamic
equilibrium. This viscous effect in the structural behav-
ior is linked to the internal strain variable, i.e., the
inverse of the viscous part of the Cauchy—Green ten-
sor C,"'=F-'-p,-F7T. Using the Lie derivative
Zb,=F-C,-!-FT, the evolution equation can be defined

_%(gvbe) ‘be_l =V ! : TNEQ > (8)

and the fourth-order tensor v~ is isotropic and positive-

definite (Reese and Govindjee 1998)
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with volumetric and shear viscosities #,,,; and # 4, respec-
tively, and the associated relaxation time(s)

= nv_ol — M gey ) 10
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The details on the finite element implementation and the
solution of the evolution equation can be found in Reese
and Govindjee (1998). One contribution of this paper is to
formulate finite viscoelasticity integrated with non-local
damage, detailed in the next section.

2.1.2 Non-local damage formulation

Considering the damage to the material, we define the local
free energy function accounting for the nonlinear viscoelas-
tic material response as

Y= lIlloc(c’ Fv? K) =fd(K)TEQ(C) "
+ () WNpoF, T - C-F,7h, an

where f,(x) € (0,1] is the scalar damage function and
k € [0, o) is the non-decreasing local damage (internal)
variable, i.e., f;(0)=1 (no damage) and lim,._,  f,(x) =0
(fully damaged). For the damage function, we consider an
exponential form f,(x)=exp(n,[x,; — x]) among other alter-
natives (Waffenschmidt et al. 2014). The damage initiation
threshold k; should be exceeded to activate the damage evo-
lution, which is further defined using the damage saturation
rate 7,, see (Waffenschmidt et al. 2014) for further detail.
The evolution Eq. (8) is extended to account for the damage
function as
—%(fvbe) b, =vh o f()TNgg - (12)
Introduction of the non-local free energy v, regularizes
the damage over the volume through a non-local gradient
term and a penalty term

lPnloc nloc(C ¢ VXd) K) _VX(»b C’ ! VX(»b
;:ad
nloc
13)
B 2 (
+ ?d [d) - K] ,
—_——
‘Ppena]ly

nloc

where ¢, is the gradient regularization (length scale) parame-
ter and ¢ is the non-local damage field that is directly linked
to the local damage « using the penalty parameter f, = 200
kPa~!. Overall, the resulting gradient-enhanced free energy

potential becomes ¥ =¥, . + ¥ .. For the given form of
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the free energy contributions (6) and (13), the coupled gov-
erning equations are given in the following section.

2.1.3 Coupled governing equations

The coupled Euler—Lagrange equations can be derived from
the stationary conditions of a minimization principle. Here,
again, we point the interested reader to excellent work for
more details, see (Ostwald et al. 2019) for example. The
resulting weak forms of the balance of linear momentum and
the governing equation for the non-local damage field are

fs 7 V80 d V=0

Js,caVe (Ve)3hdV + [y pud—r)6pdv=0 (14

respectively, in the absence of body forces in the volume and
traction forces on the surface. We further assume zero-flux
conditions for the damage field on the entire boundary.

2.2 Mixed isogeometric discretization

The weak forms of the coupled governing equations (14) are
discretized using B-splines in the context of isogeometric
analysis (Hughes et al. 2005; Cottrell et al. 2009; Bazilevs
et al. 2006). Consider a knot vector 2 = {&;, &, ..., &y pir 1
a sequence of n + p + 1 non-decreasing (sorted) numbers,
where p is the degree of polynomial and r is the number
of basis functions. Given the knot vector =, B-spline basis
functions are defined starting with piecewise constants
(p=0)

NM@={élf

and recursively calculated for higher orders (p > 1) using

(5 - éi)Ni,p_l(é) + (éi+p+l - f)Ni.;.l,p_l(f)
§i+p - fi .

G <& <&y

otherwise (15)

N, (&)= (16)

‘fi+p+1 - §i+1

A B-spline curve of degree p can be represented in R? as the
linear combinations of the basis functions N; ,

GE) = ) N, (OB, 17
i=1
using the control points B;,i=1, 2, ... , n. B-spline geometries

in higher dimensions can be formed using tensor products of
univariate B-spline basis functions. For example, a B-spline
surface I'(€, ) is obtained

LEm =Y, Y NN, B, (18)

i=1 i=1
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using the knot vectors E={{,,...,¢,,.} and
H = {ny,ny, ..., M4 441 } and the bidirectional net of control
points B; ;. Using a third knot vector Z = {{}, &5, .., &y }
of the polynomial order », we form a B-spline volume

I m n
QO =D D D N, (EN, (DN, (OB, (19)

k=1 j=1 i=1

with a 3D grid of control points B, ;.

For our numerical calculations the computational domain
is discretized by C'-continuous B-spline volume elements,
where solid deformations and the non-local damage variable
are independently approximated

pr@"=N*©p and ¢~ ¢"=N(&¢ (20)

using the same B-spline basis functions, i.e., N?=N?_ The
choice of the same basis functions is due to its computa-
tional efficiency and the mixed interpolation spaces do not
have to coincide, e.g., see (Waffenschmidt et al. 2014).

2.3 Specimen preparation

We created blood clots from bovine blood that we obtained
from a commercial service (Lampire Biological Laborato-
ries, PA, USA). The blood was collected by directly bleeding
into anticoagulant (CPDA-1 anticoagulant at 14% volume/
volume) before it was shipped overnight and stored for less
than 48 hours in our laboratory at 4 °C. To coagulate, i.e.,
polymerize, blood we added calcium chloride to a final
concentration of 20 mM to reverse the anticoagulant (Sug-
erman et al. 2020a, b). Immediately after adding calcium
chloride, we injected the coagulating blood into a 2-piece
mold that was lined with hook-and-loop fabric on two sides,
see Fig. la. In turn, the mold had two sliding attachments so
it could be easily attached to our table top Instron uniaxial
tensile testing machine (Instron 5942, 10N capacity, 20mN
accuracy, Norwood, MA, USA). This technique requires no
clamping or gluing of the sample and thus avoids unneces-
sary damage or altering the material through exposure to the
glue. As previously described, the samples were given 60
minutes to fully coagulate before experiments were quickly
commenced. Note, in our previous work, we found no signif-
icant effect of coagulation time between 60 and 120 minutes
on the mechanics of blood clots (Sugerman et al. 2020a).

2.4 Mechanical testing

Once we mounted the samples to our tensile testing machine
we conducted one of three protocols: (i) cyclic loading to
successively increasing strain (by increments of 10% clamp-
to-clamp strain) until failure at a rate of 0.01 mm/s, (ii)
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Fig.1 Sample dimensions and loading protocols. a We coagulated samples between two mold pieces that we separated during testing. b Three
mechanical loading protocols used for parameter identification and model validation

Parameter Identification Data

Step 1 : Cyclic Tensile

Least Squares Optimization

Step 1
Reaction
Force

Fig.2 Inverse finite element algorithm and validation steps. For the
parameter identification, we identified the hyper-viscoelastic param-
eters in Step 1, for which we used the cyclic tensile tests up to 30%
strain. Note, we assumed that no damage had been accrued up to this
strain. In Step 2, we used the extension-to-failure data to inform the

damage parameter, while keeping the hyper-viscoelastic parameters 2)

£ o - Hyper-
g 1.20% Initial Guess|__|  lterative Viscoelastic
%) ; Minimization
& Settings Parameters
Time Step 1
FEM
Solution
Step 2 : Extension-to-failure
< Step 2
g Reaction
»n v Force
Time Inform Iterative Damage
FE Model Minimization Parameter
L Step 2
Validation Data FEM
Soluti
Validation 1 : Cyclic Tensile e
g 70% --------- Validation
75}
Time Reaction
Validation 2 : Stress Relaxation \ 4 Force
Inform .| For Validation Validation
c|l—— FE Model 1and2 S—
® | Validation 1/2
o |F FEM
Solution
Time

from the previous step fixed. Upon informing all model parameters,
we conducted validation experiments in which we predicted the
response to unseen cyclic tensile tests data at strains larger than 30%
(Validation 1). Additionally, we compared our predicted response to
stress relaxation experiments to four different strain levels (Validation
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uniaxial extension-to-failure tests at 0.01 mm/s, and (iii)
stress-relaxation tests during which we displaced the sam-
ples at a rate of 0.01 mm/s to either 10%, 20%, 30%, or 40%
clamp-to-clamp strain followed by a 300 s hold, see Fig. 1b.
Before each experiments, we displaced the samples by 0.5
mm to separate the clamps and all experiments were con-
ducted in physiological solution at 37 °C. Note, we chose the
displacement rate of 0.01 mm/s as the fastest displacement
rate that did not result in visible inertial effects and device
backlash.

2.5 Inverse finite element parameter identification

We used an inverse finite element approach to identify
the nine parameters to our proposed hyper-viscoelastic
damage model of blood clots, see Fig. 2. Specifically, we
identified the two parameters governing the hyperelastic
Ogden model, ji, and &,, six parameters governing the vis-
coelastic response of the material, the viscoelastic param-
eters fi,;, &, and the relaxation times 7, for k = {1,2},
and one of the three damage parameters, the saturation rate
n4- In contrast, we fixed the damage initiation threshold
to 0.28 kPa (corresponding to approximately 30% over-
all strain) and regularization parameter ¢, to 500 kPa~!-
mm? in the absence of experimental data relating to these
parameters (discussion to follow). Note, we assumed a
nearly incompressible material behavior for blood clots
and adopted the relation between the Lame parameters as
A =50u. Please note, blood clots’ highly hydrated nature
could allow for significant volume changes as extreme
deformations may lead to fluid expulsion. However, under
visual inspection, we did not see such affects in our experi-
ments and thus adhere to the convention of modeling blood
clots as incompressible. During the inverse identification,
we used a heuristic optimization technique that calls for-
ward finite element solutions of the uniaxial tensile experi-
ments and iteratively minimizes following objective func-
tion, which represents the difference between measured
and calculated reaction force:

foy = 2 IF® = Fm QO 21

t

where X is the vector of unknown parameters and ¢ is the
discrete time points at which we sampled our data and evalu-
ated our model. To decouple the hyper-viscoelastic response
from the damage response, we conducted this inverse iden-
tification in two steps. In the first step, we identified the
hyper-viscoelastic parameters using the cyclic tensile tests
up to 30% strain only. Note, here, we assumed that no or lit-
tle damage occurs below 30% strain. Once those parameters
were identified, in a second step, we kept those parameters
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fixed and identified the damage parameters against the exten-
sion-to-failure data.

Taking advantage of the symmetry of our specimen
geometry and of the loading conditions, we only simu-
lated an eighth of the specimen. We discretized this geom-
etry and the coupled governing Eq. (14) using quadratic
C'-continuous B-spline elements and solved the ensuing
boundary value problem using a custom, implicit nonlinear
isogeometric finite element software in which we solved
the coupled nonlinear system incrementally using the
iterative Newton—Raphson method with the direct sparse
solver Pardiso (Alappat et al. 2020; Bollhofer et al. 2019).

3 Results
3.1 Local versus non-local damage modeling

In our current work, we chose to implement a gradient-
enhanced, non-local damage formulation (Ostwald et al.
2019; Waffenschmidt et al. 2014). Figure 3a, b illustrates a
key feature of this implementation: Once converged, this for-
mulation is mesh-independent. In other words, the accrued
damage is not a function of the chosen spatial discretization.
Specifically, in Fig. 3a, we compare both h- and p-refined
discretizations. That is, we increase the total number of ele-
ments ranging from ‘coarse’ (200 elements) to ‘finer’ (3600
elements). Additionally, we increase the order of the inter-
polation scheme from linear (Q1Q1) to quadratic (Q2Q?2).
Clearly, both refinements lead to a converged solution. Simi-
larly, Fig. 3b shows that the damage variable, f;, also con-
verges with both refinements. In contrast, Fig. 3c, d shows
the identical convergence analysis for a local formulation.
While the solution with the local damage implementation
appears to converge, i.e., the curves for h- and p-refined
meshes appear to collapse, the simulations fail prematurely
(indicated by blue ‘x’), Fig. 3c. Additionally, Fig. 3d illus-
trates non-convergence of the damage variable, f;.

3.2 Hyper-viscoelastic parameter identification

In a first step, we identified the hyper-viscoelastic material
parameters against cyclic tensile tests up to 30% clamp-to-
clamp strain. See Fig. 4 for photographs of a representa-
tive test sample in the reference configuration (a) and the
deformed configuration at 6 mm clamp displacement (b).
The experimental data and our optimal fit are shown in
Fig. 5. Experimentally, we see that the material shows neg-
ligible nonlinearity as well as set after the first and second
loading to 10% and 20% clamp-to-clamp strain, respectively.
This behavior is consistent with our previous reports on the
nonlinear mechanics of blood clots (Sugerman et al. 2020a).
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Fig.3 Non-local damage formulation converges for both h- and
p-refinement, while a local damage formation does not. a With
increasing element number (h-refinement) and with increasing inter-
polation order (p-refinement), the predicted solutions begin to over-
lap. Note, the ‘coarse’ mesh has 200 elements, the ‘fine’ mesh has
1200 elements, and the ‘finer’ mesh has 3600 elements. b The dam-
age variable f; also converges for both types of refinement. ¢ The
solution fails prematurely and does not converge for either increas-

Our model fit reflects this behavior accurately with the only
discrepancy stemming from our model exhibiting higher
nonlinearity than our experimental findings. We report the
identified hyperelastic Ogden parameters, ji, and &,, and vis-
coelastic parameters, ji,, @, , 7, for k = {1,2}in Table 1.

B
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Cd= 50
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.
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ing element number (h-refinement) or increasing interpolation order
(p-refinement). d Non-convergence of the local damage approach is
even more evident for the damage variable f; which varies widely
between h- and p-refinement levels. e Example of a representative
simulation (‘finer’ mesh and Q2Q2 formulation) with a comparison
of different ¢, values which serves as a length-scale, where a lower
value corresponds to a more localized damage zone. Note, we fixed
K, t0 0.28 kPa and ¢, to 500 kPa~':mm? during our simulations

3.2.1 Damage parameter identification
In a second step, we identified the damage parameters
against uniaxial extension-to-failure tests. Note, for these

fits, the hyper-viscoelastic parameters identified in the
previous step remained unchanged. The experimental data
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W T

Fig.4 Photographs of representative sample during tensile testing. a
Sample in the undeformed configuration. b Sample in the deformed
configuration at 6mm clamp displacement. Note, for visualization,
these images were taken without the fluid bath

and our optimal fit are shown in Fig. 6. Experimentally,
we see that the material, again, shows negligible nonline-
arity until failure which appears abruptly at approximately
70% clamp-to-clamp strain. This behavior is consistent
with our previous reports and our cyclic tensile test data
(Sugerman et al. 2020a). Our model fit (with damage)

>

250
—— Experiment

2004 — Simulation

150

100 +

50

Reaction Force [mN]

0 20 40 60 80 100
Time [s]

Fig.5 Blood clots’ mechanics show viscoelastic behavior up to 30%
clamp-to-clamp strain, which is well captured by our hyper-viscoe-
lastic framework without inclusion of damage. a Force-time evolu-
tion of our tensile cyclic test with increasing magnitude. Our hyper-
viscoelastic model fits our experimental data both qualitatively and
quantitatively. b Force—displacement evolution of the same experi-

reflects the extension-to-failure data accurately with the
only discrepancy stemming from our model, again, exhib-
iting higher nonlinearity than our experimental findings.
This discrepancy does not stem from our model’s general
inability to fit these data, but from a competition between
two independently collected data sets with global param-
eters. We illustrate this assertion by fitting our full model
to the extension-to-failure test data independently. These
independent fits are almost perfect, see Supplementary
Figure & Table 1 (see Online Resource 1). Additionally,
to compare fitting with and without damage in Fig. 6a, we
also super-imposed our model fit without damage based
on the parameters identified in the previous step (light
gray). This superposition demonstrates that both fits show
excellent agreement up to 30% clamp-to-clamp strain sup-
porting our assumption that no (or little) damage occurs
prior but deviate significantly beyond 30%. Figure 6b
illustrates the damage variable, f;, corresponding to the
simulation with damage in Fig. 6a.

3.3 Validation 1—cyclic tensile tests
In a first test of our model’s ability to predict, we compared

our predictions to cyclic tensile tests with increasing mag-
nitude up to 70% clamp-to-clamp strain (see Fig. 7a, b).

250 A
—— Experiment

— Simulation

200 +

150 +

100 +

50 1

Reaction Force [mN]

T T T
0.0 0.5 1.0 15 20 25 3.0
End displacement [mm]

mental data as in a demonstrate set and hysteresis, which are both
captured well by our hyper-viscoelastic framework without inclusion
of damage. Note, for these simulations, we used the ‘finer’ mesh with
quadratic shape functions. The parameters of this fit are reported in
Table 1

Table 1 Optimal parameters of

. . i, [kPa]
our hyper-viscoelastic model

a, [-]

A, [kPa]

&v,l [-] 7, [s] lzv,z [kPa] a'v,z [-] 7, [s]

without inclusion of damage.

0.22468 8.59846

0.18373

18.06303 6.76230 0.70799 0.84515 168.44204

fi, and @, are the Ogden parameters of the hyperelastic model, while all other parameters belong to the vis-

coelastic terms in our model
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Fig.6 Blood clots’ mechanics show mostly linear behavior until fail-
ure at approximately 70% clamp-to-clamp strain, which is captured
well by our hyper-viscoelastic damage model. a Our simulations with
damage are well-aligned with our experimental data. Additionally, we
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Fig. 7 Our hyper-viscoelastic damage model accurately predicts pre-
viously left out cyclic tensile data up to 70% clamp-to-clamp strain.
a Our model fits the force-time data both qualitatively and quantita-
tively very accurately. b The force-displacement data highlight some

Note, we used a subset of these data (up to 30% clamp-
to-clamp strain) to fit our hyper-viscoelastic parameters in
Sect. 3.2. The corresponding strain-time evolution of the
damage variable, fy, is shown in Fig. 7c, d. Figure 7a dem-
onstrates excellent agreement between our experiments and
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End displacement [mm]

superimposed our hyper-viscoelastic model without damage for refer-
ence. b Shows the damage variable f;, which does not begin accruing
up to a clamp-to-clamp strain of approximately 30%. We identified
the optimal damage parameter 7, = 0.46720
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deviations between our predicted response and the experimental find-
ing by overestimating the force magnitude with increasing strain. ¢
The evolution of f; corresponding to (a). d The evolution of f; cor-
responding to (b)

our predictions of the force-time behavior. When displaying
the same data as force-displacement, some discrepancies are
notable. Specifically, at larger clamp-to-clamp strain, our
model overestimates the total force. However, the average
prediction error of approximately 18% falls well within the
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Fig.8 Our hyper-viscoelastic damage model generally predicts
unseen stress-relaxation data. a Our model fits our experimental
measurements fairly well. That is, significant deviations between the

measurement error of these type of experiments, see our
previous work for comparison (Sugerman et al. 2020a, b).
Additionally, the predicted failure is less abrupt, i.e., more
ductile, than our experimental findings. This difference is
likely due to singular nature of the fracture nucleation, which
we do not capture with our continuum model.

3.4 Validation 2—stress relaxation tests

In a second test of our model’s ability to predict, we com-
pared our predictions to entirely ‘unseen’ stress-relaxation
tests. In other words, these data were not used at all during
the fitting procedure (see Fig. 8). Figure 8a demonstrates
good agreement between our experiments and our predic-
tions of the force-time behavior. The corresponding evolu-
tion of the damage variable, f;, is shown in Fig. 8b. While
there are clear discrepancies between the predictions and
the experiments, we note that the average error between
predicted and measured forces is only 13.6%, which is com-
parable to between-sample variations previously reported
(Sugerman et al. 2020a, b). Again, we note that discrepan-
cies between experiments and model predictions do not stem
from our model’s inability to capture the stress-relaxation
behavior, in general, but from a global fit of four independ-
ent stress-relaxation tests that suffer from between-specimen
variability. To support this assertion, we also fit our model to
each stress-relaxation data independently as shown in Sup-
plementary Figure & Table 2 (see Online Resource 1).

4 Discussion

We have previously reported on the mechanics of blood
clots and demonstrated that blood clots exhibit strain-rate
dependence, hysteresis, a Mullin’s-like damage, nonlinear
stress-relaxation, and set (Sugerman et al. 2020a, b). In
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corresponding evolution of f,

other words, blood clots are classic viscoelastic materials.
Acknowledging and understanding its viscoelasticity are not
only important to our basic understanding of blood clots, but
also critical to the development of computational methods
for diagnosis, prognosis, and therapy of thrombotic diseases.

Our experimental findings in this current work reflect
those of previous investigations including our own (John-
son et al. 2017). Specifically, we found that blood clots show
all signs of a nonlinear, viscoelastic material. In our first
set of experiments, cyclic loading with increasing magni-
tude, blood clots showed hysteresis, a Mullin’s-like damage
phenomenon, and set (Rausch and Humphrey 2016, 2017).
Note that, “set” likely includes a temporary, i.e., viscoelas-
tic, and permanent, i.e., plastic, contribution. The extent to
which blood clots are therefore a viscoplastic rather than
viscoelastic material will have to be studied in more detail.
Additionally, we showed that blood clots undergo very large
deformation before failure (up to 70%) in our extension-to-
failure experiments, and nonlinear stress-relaxation in our
stress-relaxation experiments (Tutwiler et al. 2020; Ferei-
doonnezhad et al. 2020).

To cast above experimental findings into a comprehensive
constitutive framework, we brought together a hyperelastic
constitutive law that has previously been demonstrated to
excellently represent blood clots of various origin (Ogden
1973; Sugerman et al. 2020a), a well-established viscoelastic
model (Reese and Govindjee 1998), and a gradient-enhanced
damage formulation (Waffenschmidt et al. 2014; Ostwald
et al. 2019). We first illustrated the importance of a non-
local damage approach by contrasting it to a local approach,
before fitting our hyper-viscoelastic damage model to
original data on blood clots’ mechanics. Our comparison
between the two formulations confirmed that only a non-
local damage approach ensures mesh-independence, while
the local approach was (i) unstable in that simulations failed
prematurely, and (ii) showed mesh-dependence. While this
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is a known phenomenon that has been investigated by the
mechanics community (De Vree et al. 1995), the wider bio-
mechanics community continues to use local approach likely
owing to its simple implementation and wide availability in
open- and commercial finite element software. We hope that
our findings provide additional impetus to leave local dam-
age approaches behind and focus on non-local approaches.

When fit to our experimental data, our constitutive frame-
work fit our data well, albeit not perfect. Specifically, our
fits to extension-to-failure data deviated in that they demon-
strated a higher degree of nonlinearity when compared to the
experiments. It is important to keep in mind that deviations
are not inherent to the framework, but due to simultane-
ous fits to both cyclic tensile data and extension-to-failure
data. We demonstrated this assertion in our supplementary
materials. Finally, we validated our fits against two sets of
unseen data: (i) cyclic tensile test data at larger strains than
used during the parameter identification, (ii) and entirely
unseen stress-relaxation data. Here again, we achieved good,
but imperfect fits. Naturally, we would have liked to see bet-
ter fits, which would likely be possible with more complex
models, accounting for plastic deformations and poroelastic
behaviors. However, we must keep in mind that the observed
errors fell well within our measurement uncertainty. Addi-
tionally, our goal was to introduce a comprehensive, yet
practical, i.e., computationally tangible, model, which we
believe we achieved. Please see Supplementary Table 3
(Online Resource 1) for a summary of all fit and validation
errors. As to the interpretation of our model parameters:
While we chose a mostly phenomenological approach, each
parameter class has a clear physical meaning. That is, the
hyperelastic Ogden parameters are associated with the mate-
rial’s equilibrated response, i.e., after all viscous effects have
dissipated. Consequently, the non-equilibrium parameters
are associated with those phenomena that are temporary,
likely driven by solid-viscoelastic effects and poroelastic
effects due to intra- and inter-porous fluid flow. Finally, the
damage parameters are associated with the accumulation of
macro- and/or microscopic flaws in the material that reduce
the ability of the material to store strain-energy.

Also note, while fibrin is a constituent of blood clots
and undoubtedly plays an important role in determining its
mechanical behavior, fibrin and blood clots are vastly differ-
ent materials. In contrast to pure fibrin, blood clots contain
active and passive formed elements, platelets and red blood
cells, and a myriad of other plasma-borne factors. The addi-
tion of these formed elements alters the mechanics of blood
clots significantly (Gersh et al. 2009; Lam et al. 2011; Kim
et al. 2017; van Oosten et al. 2019). For this reason, we
have specifically abstained from including and discussing
the important and excellent previous work on multi-scale
fibrin mechanics (Miinster et al. 2013; Janmey et al. 1983;

Brown et al. 2009; Piechocka et al. 2010; Weisel 2004; Liu
et al. 2006; Kim et al. 2016; Wang et al. 2020).

Finally, our work was and is subject to limitations. For
example, our fits and validation are limited to measurements
of clamp-to-clamp displacement/strain and reaction force.
Ideally, we would have included some experimental quan-
tification to validate our ability to predict damage. Unfor-
tunately, to the best of our knowledge, there are no reliable
means to visualize and/or quantify mechanical damage in
blood clots. While there have been recent developments of
collagen-specific mechanical damage visualization probes
(Zitnay et al. 2017), none are available for fibrin. Thus,
including quantification of mechanical damage in blood
clots remains subject to future studies. As a consequence of
this limitation, we did not have means to determine at what
strain mechanical damage began to accrue. For our fitting
of the damage-independent, hyper-viscoelastic parameters,
we chose cyclic loading data at less than 30%, assuming
that no or little damage accrues before then. This decision
was based on pilot experiments in which repeated loading
to 10, 20, and 30% strain did not appear to yield significant
changes to the constitutive behavior of blood clots. Simi-
larly, we had no means to inform/fit c,. Instead, we chose ¢,
to yield homogeneous damage fields, an assumption which
will have to be tested in the future. Yet another limitation is
the age of our blood. While we test blood within 72 hours of
receipt and have shown that mechanical properties of blood
clots do not significantly change during this time (Suger-
man et al. 2020a, b), we suspect that platelet activity may be
reduced at the time of testing. Future work on human blood
that can be tested immediately after being drawn may enable
controlled studies in which platelets could be deactivated
via addition of blebbistatin—a myosin-II inhibitor—for
example. Finally, we treat our material as isotropic. While
we are confident that stress-free blood clots are isotropic,
we have not tested whether blood clots exhibit deformation-
induced anisotropy. In our future work, we will make use of
our recently introduced in situ imaging protocols to quantify
deformation-induced anisotropy and will thus overcome this
current limitation (Wang et al. 2020).

In conclusion, we introduced original data on blood clots’
mechanics and a comprehensive hyper-viscoelastic damage
model to cast the complex, nonlinear, viscoelastic behav-
ior of blood clots into a constitutive form. We found good
agreement between our model predictions and unseen, test
data. Our model and model data will be useful for basic
understanding of blood clots’ physiology and for predictive
modeling of thromboembolic disease.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10237-021-01467-z.
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