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A B S T R A C T

Measuring and understanding the mechanical properties of blood clots can provide insights into disease
progression and the effectiveness of potential treatments. However, several limitations hinder the use of
standard mechanical testing methods to measure the response of soft biological tissues, like blood clots.
These tissues can be difficult to mount, and are inhomogeneous, irregular in shape, scarce, and valuable.
To remedy this, we employ in this work Volume Controlled Cavity Expansion (VCCE), a technique that was
recently developed, to measure local mechanical properties of soft materials in their natural environment.
Through highly controlled volume expansion of a water bubble at the tip of an injection needle, paired
with simultaneous measurement of the resisting pressure, we obtain a local signature of whole blood clot
mechanical response. Comparing this data with predictive theoretical models, we find that a 1-term Ogden
model is sufficient to capture the nonlinear elastic response observed in our experiments and produces shear
modulus values that are comparable to values reported in the literature. Moreover, we find that bovine whole
blood stored at 4 ◦C for greater than 2 days exhibits a statistically significant shift in the shear modulus from
2.53 ± 0.44 kPa on day 2 (𝑁 = 13) to 1.23 ± 0.18 kPa on day 3 (𝑁 = 14). In contrast to previously reported
results, our samples did not exhibit viscoelastic rate sensitivity within strain rates ranging from 0.22 – 21.1 s−1.
By surveying existing data on whole blood clots for comparison, we show that this technique provides highly
repeatable and reliable results, hence we propose the more widespread adoption of VCCE as a path forward
to building a better understanding of the mechanics of soft biological materials.
1. Introduction

While blood clot coagulation is vital for human survival, thrombi
are also a leading cause of mortality and morbidity world wide (World
Health Organization, 2020). Formed naturally following a traumatic
injury, after surgery, or even during pregnancy, thrombus dislodgement
can be fatal, leading to heart attack, stroke, and pulmonary embolism.
The mechanical stiffness and relaxation properties of whole blood
clots, and of contracted thrombi in vivo, have been highlighted as
potentially indicative of disease progression, and are thus crucial for
the development of methods for prevention and treatment (Litvinov
and Weisel, 2016; Hinnen et al., 2005; Liebeskind et al., 2011; Marder
et al., 2006).

Blood clots are complex, hierarchical biological polymers composed
of long chains of fibrin and interspersed with platelets and whole blood
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cells. The prevalence of cells within the structure means that characteri-
zation of the mechanical stiffness of isolated constituents is insufficient
to capture the response of a whole clot as it might exist in the body
as mechanical loading changes the cell shapes and packing (Tutwiler
et al., 2018; Liang et al., 2017; Gersh et al., 2009). In contrast to fibrin
or platelet poor clots, whole blood clots containing red blood cells are
less stiff and demonstrate different viscoelastic behavior (Gersh et al.,
2009; Huang et al., 2013; Riha et al., 1999; Litvinov and Weisel, 2017;
Tynngård et al., 2006).

The conditions required to dislodge a clot are dependent on not
only the geometric boundary conditions, but also the mechanical prop-
erties of the clot such as stiffness and viscoelastic relaxation. How-
ever, quantification of mechanical properties in soft biological tis-
sues remains challenging. Conventional mechanical testing methods
often necessitate homogeneous, macroscopic specimens of predefined
vailable online 10 May 2023
751-6161/© 2023 Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/j.jmbbm.2023.105901
Received 27 January 2023; Received in revised form 29 April 2023; Accepted 7 M
ay 2023

https://www.elsevier.com/locate/jmbbm
http://www.elsevier.com/locate/jmbbm
mailto:talco@mit.edu
https://doi.org/10.1016/j.jmbbm.2023.105901
https://doi.org/10.1016/j.jmbbm.2023.105901


Journal of the Mechanical Behavior of Biomedical Materials 143 (2023) 105901H. Varner et al.

c
s
s

e
t
t
W

2

2

C
d
P
t
f
v
t
a
r
i
s
m

2

i
G
3
S
U
r
o
a
d
m

T
r
d
D
p

t
e
m

b

geometry (e.g. dog-bone in tension testing, or plugs in compression
testing), or may only access bulk properties near the surface of a
sample (e.g. indentation testing), and are incapable of mapping spatial
variation within a material (e.g. shear rheology). The heterogeneity
of most tissues, combined with the finding that mechanical properties
can change significantly when a tissue is removed from its native
environment (Nickerson et al., 2008; Zimberlin et al., 2010), necessitate
a mechanical testing technique that can be used to probe multiple
locations of these heterogenous tissues in vivo. The variability and
range of local mechanical properties can be used to quantify disease
progression or the safe limits of mechanical loading that human tissues
can experience.

The study of mechanical properties in thrombus mimics largely
bares out the complications of biological tissue testing described above.
Consensus has been growing in recent literature that whole blood clots
are strain-stiffening (Riha et al., 1999; Krasokha et al., 2010; Malone
et al., 2018; Sugerman et al., 2020; Chueh et al., 2011). However,
the quantification of stiffness within whole clots varies widely across
literature. While some of the variation can be attributed to differences
in the individual donor animals, a principal complication of obtaining
material properties for these soft and highly hydrated tissue is the
challenge in executing standard mechanical tests. To avoid the irregular
shape of clots formed in vivo, researchers have turned to clots formed
in a laboratory setting with more repeatable macro-scale geometry
and homogeneity but have experienced mixed success in crafting and
successfully testing these ‘‘standard’’ specimens (Malone et al., 2018;
Krasokha et al., 2010). Authors have performed mechanical charac-
terization of whole clots derived from human, porcine and bovine
blood using tensile elongation (Malone et al., 2018; Krasokha et al.,
2010), pure shear (Sugerman et al., 2020, 2021b), compression or
indentation testing (Litvinov and Weisel, 2016; Liang et al., 2017;
Malone et al., 2018; Chueh et al., 2011; Weafer et al., 2019; Johnson
et al., 2021), and oscillatory shear rheometry (Gersh et al., 2009; He
et al., 2022; Malone et al., 2018; Riha et al., 1999; Tynngård et al.,
2006; van Kempen et al., 2016). However, these studies report elasticity
values spanning three orders of magnitude. These variations may be
attributed to some methods probing the bulk, while others test the local
properties, the difficulty in applying standard geometries to samples,
and the strain stiffening nature of biological materials. Furthermore,
values are frequently reported from a small number of replicates given
the difficulties in executing the tests and destructive nature of testing.

The idea of a needle-based method to measure mechanical prop-
erties of soft biological tissue has grown in popularity as a way to
overcome the geometry, handling, and sample condition considera-
tions. First Needle Induced Cavitation Rheology (NICR) (Zimberlin
et al., 2007; Kundu and Crosby, 2009) and later Volume Controlled
Cavity Expansion (VCCE) (Raayai-Ardakani et al., 2019a,b), allow for
local material testing through recording the resistance of a sample to
expansion of a cavity at the end of a needle. While NICR relies on the
existence of a cavitation instability, highly strain-stiffening materials,
such as blood clot, exhibit fracture and do not approach a cavitation
limit. VCCE thus builds on a decade of NICR literature, while using an
incompressible working fluid and volumetric control of the cavity, to
access rich data from the full range of the material response (Raayai-
Ardakani and Cohen, 2019; Nafo and Al-Mayah, 2021). Nafo and
Al-Mayah (2021) demonstrate the flexibility of controlled cavity ex-
pansion testing to allow for selection of a constitutive model that is
well matched to the tissue under test (i.e. porcine liver). Also using a
strain-stiffening constitutive model, Mijailovic et al. (2021) show that
VCCE captures material stiffness comparable to values from small strain
microshear rheological testing in brain tissue, achieving this with high
enough resolution to distinguish white matter from gray matter.

The precise volume control in VCCE allows for investigation of the
rate-dependent properties of a sample. Both Mijailovic et al. (2021)
and Ji et al. (2022) note that the stiffness values obtained during NICR
2

tends to be correlate well with high strain rate testing. By employing t
VCCE at different strain rates, Chockalingam et al. (2021) were able to
quantify the viscoelastic properties of Sylgard 184 polydimethylsilox-
ane (PDMS) samples.

In this work, we first propose the application of VCCE to testing of
whole blood clots as a step towards in vivo tissue measurement. Second,
we demonstrate the utility of VCCE in exploring the rate dependence
of whole clot mechanical properties, which is of vital importance for
enabling the application of computer simulation to the analysis of bio-
logical tissues such as clot in dynamic loading scenarios (Gasser et al.,
2022). We find that while the elastic shear modulus does not exhibit
sensitivity to loading strain rates in the range 0.22 – 21.1 s−1, the
ritical values (indicating an onset of damage) show appreciable rate
ensitivity. Moreover, the storage time of the blood prior to coagulation
ignificantly influences the measured mechanical response.

This paper is organized as follows: We begin by describing our
xperimental method and theoretical formulation in Section 2. Sec-
ion 3 describes the results of our experiments, with presentations of
he results organized by both the test rate (3.1) and storage time (3.2).

e discuss our results in Section 4 and conclude in Section 5.

. Materials and methods

.1. Whole blood clot

Whole blood clots were prepared from bovine blood collected with
PDA-1 anticoagulant at 14% volume anticoagulant/total volume and
erived from a single donor animal (Lampire Biological Laboratories,
A,USA) (Sugerman et al., 2021a). The blood is stored at 4 ◦C prior
o initiation of coagulation via the addition of calcium chloride to a
inal concentration of 20 mM. Between 20 and 25 mL of whole blood
olume is placed in a 30 mL container using a serological pipette and
he containers are covered to avoid water loss while they are incubated
t 37 ◦C for 90 min.1 Testing is then performed within 90 min of
emoval from the incubator. After removing a blood clot sample from
ncubation, phosphate buffered saline (PBS) is added to the container
uch that the surface of the clot is fully covered to prevent drying and
aintain osmotic balance.

.2. VCCE experimental procedure

VCCE is used to initiate a metered expansion of the cavity. As
n Chockalingam et al. (2021), the plunger of a 50 μL syringe (Hamilton
ASTIGHT of Reno, NV, USA) is controlled by an Instron Electropuls
000 (Norwood, MA,USA) and the pressure is recorded by a PRESS-
-000 luer lock connected pressure sensor (PendoTech, Princeton, NJ,
SA). We relate the displacement of the syringe plunger to the volumet-

ic increase of the cavity as 𝑉 = (4∕3)𝜋𝑎3 where 𝑎 is the effective radius
f the cavity, assuming it is spherical. Raayai-Ardakani et al. (2019a)
nd Mijailovic et al. (2021) have independently shown that the error
erived from non-spherical initial cavity is insignificant throughout the
ajority of the expansion.

A typical pressure-radius profile is shown schematically in Fig. 1.
he pressure increases during expansion of the cavity up until a critical
adius 𝑎𝑐𝑟𝑖𝑡 at which point the sample fractures and pressure decreases
ramatically from the peak at 𝑃𝑐𝑟𝑖𝑡 (Raayai-Ardakani et al., 2019b).
ata within the dashed lines (𝑎𝑚𝑖𝑛 to 𝑎𝑚𝑎𝑥) is used for fitting material
arameters as discussed in Section 2.4.

Prior to performing each experiment, we examine the water column
o ensure that no air has entered the system, as this would lead to
rroneous volume measurements. For pressure calibration we perform a
ock injection into a container of the working fluid at the programmed

1 Sugerman et al. (2021b) have previously demonstrated coagulation times
etween 60 and 120 min do not have a significant effect on the stiffness of
he resulting clot.
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Fig. 1. During a VCCE test the measured pressure increases as fluid is injected until a
critical pressure 𝑃𝑐𝑟𝑖𝑡 is obtained, after which pressure decreases sharply as the sample
fractures. A typical initial defect (modeled as a sphere with radius 𝐴 > 0) is illustrated
relative to the radius of a hemisphere defect the size of the needle inner diameter 𝑎∗𝐼𝐷 .
The bounds of elastic data used in fitting material properties are denoted by 𝑎𝑚𝑖𝑛 and
𝑎𝑚𝑎𝑥.

Fig. 2. A provides dimensions of a typical insertion into the blood clot. Equivalent
spherical radii used during data fitting are shown in B. These were informed by the
geometry of the experimental set up described by C. For example, the yellow sphere
in B with 𝑎 = 0.153 mm would have the equivalent volume to a hemisphere with
∗
𝑚𝑖𝑛 = 0.193 mm, the average of the inner and outer radii of the needle.

test rate prior to material testing. The pressure from this step is sub-
tracted from the experimental data to eliminate the contribution of
viscous losses to the pressure.

The Instron is programmed to produce constant radial expansion
rates (𝑎̇) of 0.02, 0.08, 0.32, 0.64, and 1.60 mm/s, corresponding to
elastic expansion times from 15 to 0.1875 s. The range is selected to
include rates that have previously been used with VCCE to identify
viscoelastic behavior of materials while the inertial effects of the cavity
expansion can be neglected (Chockalingam et al., 2021; Cohen and
Molinari, 2015).

When testing a clot, the needle is held stationary and the sample
platform is raised until the needle first breaks the surface, then to a
final depth approximately double the surface penetration depth, before
‘‘retracting’’ the sample slightly (see Fig. 2A) in order to form an initial
defect. Barney et al. (2019) have shown that retracting the needle
during NICR reduces residual strain in the material, with a minimal
effect on the measured mechanical properties. By strictly following this
insertion protocol, we expect that the initial defects will be of a similar
size in all the VCCE trials. Typical depths used for the whole blood clots
presented here are shown in Fig. 2A. All testing presented here uses a
25 gauge blunt needle (outer diameter ⌀𝑂𝐷 = 0.51 mm, inner diameter
⌀𝐼𝐷 = 0.26 mm).

The working fluid for all tests is PBS with a small amount of water-
based colorant (to enable visualization of test failures associated with
fluid leaking from the cavity). Five minutes after insertion, or when
the recorded pressure reaches 0 kPa, we initiate radial expansion from
zero volume. One sample is tested at multiple locations, taking care to
space each test away from previous tests or the container walls (>10X
the diameter of the needle).
3

b

2.3. Theoretical foundation of VCCE

We employ the theoretical framework proposed in Raayai-Ardakani
et al. (2019a) to relate the experimental results of the VCCE method
to the material properties. We consider our test specimen to be an
unbounded2 and incompressible body (an assumption justified for our
experimental procedure in Section 4.4). A spherically symmetric inter-
nal cavity of undeformed radius 𝐴 is embedded within the body and
expanded to a new radius 𝑎 by injecting an incompressible fluid that is
assumed to be isobaric. With our assumption of spherical symmetry, the
measured fluid pressure is directly related to the material response. We
represent the material response using an arbitrary free energy function,
which can be written in terms of the principle stretch components
𝛹 = 𝛹̂ (𝜆𝑟, 𝜆𝜃 , 𝜆𝜙), in the radial and circumferential directions, respec-
tively. The circumferential stretch is 𝜆 = 𝜆𝜃 = 𝜆𝜙 = 𝑟∕𝑅, where 𝑅
and 𝑟 denote the radial coordinate in the undeformed and deformed
configurations, respectively. Incompressibility implies 𝜆𝑟 = 𝜆−2. Hence,
the energy density can be simplified to write 𝛹 (𝜆) = 𝛹̂ (𝜆−2, 𝜆, 𝜆).

To determine the pressure–stretch relationship, we first obtain the
total elastic energy, 𝑈𝐸 , by integrating 𝛹 throughout the body. As
shown by Raayai-Ardakani et al. (2019b), the cavity pressure can then
be obtained directly by the differentiation 𝑃 = −𝜕𝑈𝐸∕𝜕𝑉 , where 𝑉
represents the volume of the cavity. The resulting pressure can then be
written in the form

𝑃 = ∫

1

𝜆𝑎

𝛹 ′(𝜆)
1 − 𝜆3

d𝜆. (1)

Pressure contributions from surface tension are not included in this
formulation given that the working fluid creating the cavity and the
material under test are both water-based.

In keeping with the observations of Sugerman et al. (2021b), Umale
et al. (2013), Budday et al. (2017), and Lu et al. (2014) for thrombi
mimics, spleen, brain and liver tissue, respectively, we use a 1-term
Ogden model to capture the constitutive response of the whole blood
clot and compare the measured values to existing literature. While this
model is not without its limitations (Lohr et al., 2022), it is useful in the
context of whole blood clots because it captures the full nonlinear strain
stiffening response of the material. The 1-term Ogden model relates
volumetric strain energy to a circumferential stretch 𝜆 in spherical
coordinates as

𝛹 (𝜆) =
2𝜇
𝛼2

(2𝜆𝛼 + 𝜆−2𝛼 − 3) (2)

with the conventional shear modulus 𝜇 and strain stiffening parameter
𝛼 (Ogden, 1972).

2.4. Material model fitting

Material parameters 𝜇 and 𝛼, and an effective initial cavity size
𝐴 (used to calculate 𝜆) are estimated using the native nonlinear least
squares (NLLS) fitting algorithm within MATLAB. We first employ a
multi-start method to fit a subset in order to determine appropriate
‘average’ initial conditions for the NLLS method. To ensure we have
avoided a local minimum, we perform a sensitivity test to the initial
conditions of the NLLS fit. Trials that did not converge on a global min-
imum with multiple seeds for initial radius (i.e. were highly sensitive
to the initial guess) were excluded from the final data set; this occurred
in < 10% of trials.

During the experiment, expansion begins from an initial defect of
effective radius 𝐴 and continues until the material fractures at 𝑎𝑐𝑟𝑖𝑡.
Although the initial defect is not a perfect sphere, initial geometric
imperfections have little effect on the pressure–volume response within

2 Earlier studies have shown that there is nearly no size sensitivity
or 𝐵∕𝐴 > 20, where 𝐵 denotes the undeformed outer dimension of the
ody (Raayai-Ardakani et al., 2019a).



Journal of the Mechanical Behavior of Biomedical Materials 143 (2023) 105901H. Varner et al.

i
s

Fig. 3. Experimental data grouped by rate for clots made from blood stored for ≤ 2 days. For A.–F. the median is marked on the plots by an open circle and the box extends
from the first to third quartile. The dashed lines on B. indicate the region of data that was used during the NLLS fitting procedure. The dotted line on C. indicates the equivalent
spherical radius for a hemispherical defect with the internal diameter of the needle. The fit material parameters (D. and E.) show no statistically significant differentiation. However,
the measured modulus increases with increasing strain rate as shown in G. where a linear fit results in 𝜇 = 0.0059 𝜖̇ + 2.363 kPa with RMSD = 0.53 kPa.
Table 1
Results grouped by test rate. Clots from blood stored for ≤2 days.

Rate N 𝑃𝑐𝑟𝑖𝑡 ± SD𝑃 [95% CI𝑃 ] 𝜇̄ ± SD𝜇 [95% CI𝜇] 𝛼̄ ± SD𝛼 [95% CI𝛼] 𝐴̄ ± SD𝐴 [95% CI𝐴] ̄̇𝜖 ± SD𝜖̇

𝑎̇ mm/s kPa kPa – mm s−1

0.02 4 41.5 ± 27.9 [28.3, 54.7] 2.71 ± 0.78 [2.34, 3.07] 5.81 ± 0.27 [5.68, 5.94] 0.095 ± 0.026 [0.083, 0.107] 0.22 ± 0.04
0.08 5 39.7 ± 14.8 [33.4, 46.0] 2.25 ± 0.22 [2.16, 2.34] 5.69 ± 0.21 [5.60, 5.78] 0.080 ± 0.005 [0.082, 0.082] 1.0 ± 0.06
0.32 4 34.9 ± 8.5 [30.9, 39.0] 2.19 ± 0.15 [2.12, 2.26] 5.85 ± 0.31 [5.70, 6.0] 0.082 ± 0.006 [0.085, 0.085] 4.0 ± 0.27
0.64 3 59.4 ± 40.7 [37.1, 81.8] 2.41 ± 0.46 [2.16, 2.66] 5.74 ± 0.29 [5.58, 5.90] 0.079 ± 0.009 [0.074, 0.083] 8.7 ± 0.78
1.6 6 61.5 ± 53.9 [40.6, 82.4] 2.49 ± 0.71 [2.22, 2.77] 5.72 ± 0.36 [5.58, 5.86] 0.078 ± 0.005 [0.076, 0.079] 21.1 ± 1.4
r
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o
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the considered experimental range of data. Recall that this insensitivity
was shown in two separate studies (Raayai-Ardakani et al., 2019a;
Mijailovic et al., 2021). By employing computational simulations with
various defect shapes, the authors demonstrate that the deviation from
the theoretical spherical solution is significant only for small expansion
volumes. The spherical assumption is thus a good approximation for
VCCE.

Accordingly, in the present experiments, the lower bound for fitting
is chosen based on the system geometry: first calculating the volume
of a hemisphere with 𝑎∗ equal to the average of the needle outer and
nner diameters ⌀𝑂𝐷 and ⌀𝐼𝐷, then finding the radius of the equivalent
phere containing this volume (𝑎𝑚𝑖𝑛 = 0.153 mm). The upper bound,
𝑎𝑚𝑎𝑥 = 0.3 mm, is informed by the material response such that a
majority of the trials have 𝑎𝑐𝑟𝑖𝑡 > 𝑎𝑚𝑎𝑥. In the case that 𝑎𝑐𝑟𝑖𝑡 < 𝑎𝑚𝑎𝑥,
fitting was performed on the curve from 𝑎𝑚𝑖𝑛 to 𝑎𝑐𝑟𝑖𝑡. A schematic of
𝑎𝑚𝑖𝑛 and 𝑎𝑚𝑎𝑥 is shown in Fig. 2B and C. Note that fitting until 𝑎𝑐𝑟𝑖𝑡 in
all trials results in an inverse dependence of 𝐴 on the absolute value of
𝑎𝑐𝑟𝑖𝑡. This is contrary to the expectation that the size of the initial defect
is independent of the loading conditions that follow after it is formed.

3. Results

To better examine trends in our results, we segment our data by
expansion rate and by day (i.e. days of whole blood storage prior to
clotting) when examining both the experimentally collected values and
fitted material parameters. A selection of experimental data and the
corresponding curve fits demonstrating the versatility of the Ogden
model for our data can be seen in Section ESI 1 of the Electronic
4

Supplemental Information. d
3.1. Expansion rate

Table 1 and Fig. 3 summarize our experimental results analyzed
with respect to the radial expansion rate. Mean fitted values of the
materials properties 𝜇̄, 𝛼̄ as well as the effective initial radius of the
cavity, 𝐴̄, are provided (and denoted by the superimposed bar) along
with the standard deviations (SD), for each specified expansion rate.

For trials with 𝑎̇ from 0.02 to 1.60 mm/s, stiffening is observed to
be consistent across all rates considered (Fig. 3E) with 𝛼 = 5.76 ± 0.27
(𝛼̄ ± SD across all trials 𝑁 = 22). Fig. 3C shows that the initial defect
adius 𝐴 = 0.082 ± 0.013 mm is below 0.10 mm in all but one trial,

indicating that the spherical volume of the initial defect is less than that
of a hemispherical cap with the internal diameter of the needle.3 We
take this as an indication that the cavities created in our experiment are
not simply expanding off of the face of the blunt needle (Fig. 2C), but
are in fact generating deformation that is resisted by the bulk of the
material and can be well represented by a spherical field assumption
(Fig. 2B).

The experimental strain rate 𝜖̇ s−1 is determined from the ratio
etween the radial expansion rate from 𝑎𝑚𝑖𝑛 to 𝑎𝑚𝑎𝑥, and the fitted

value of 𝐴 for a given trial. Strain and stretch at the cavity wall relate
as 𝜖 = 𝜆 − 1 resulting in 𝜖̇ = 𝑎̇∕𝐴. Accounting for the variability
bserved in each experiment results in strain rates from 0.22 ± 0.04 s−1

or 𝑎̇ = 0.02 mm/s to 21.1 ± 1.4 s−1 for 𝑎̇ = 1.60 mm/s. Fig. 3G
elates 𝜇 to 𝜖̇ for each trial. Though not well described by a lin-
ar fit, with a root-mean-square deviation (RMSD) of 0.533 kPa for
= 0.0059 𝜖̇ + 2.363 kPa, some variation with rate can be observed.

3 Note that this defect size corresponds to ∼20–25 red blood cells in
iameter (Turgeon, 2005).
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Fig. 4. Experimental results grouped by days of storage show statistically significant variation in results for only the shear modulus 𝜇 (D.) Results marked with [ ]∗ indicated
statistical significance at 𝑝 < 0.05. Median is marked by an open circle on all plots A.–F. and the box extends from the first to third quartile. The dashed lines on B. and G. indicate
the region of data that was used during the NLLS fitting procedure. The dotted line on C. indicating the equivalent spherical radius for a hemispherical defect with the internal
diameter of the needle. G. shows the full traces of experimental raw data collected. Traces are colored by test day with green indicating test performed <24 h after collection,
pink within 24–48 h, and blue within 48–72 h. Data after 𝑃𝑐𝑟𝑖𝑡 has been removed from the plot.
Table 2
Results grouped by days of storage show significant shift in shear modulus between 2 and 3 days. Mean and standard deviation include tests
performed with 𝑎̇ = 0.02–1.60 mm/s.

Day N 𝜇̄ ± SD𝜇 [95% CI𝜇] 𝛼̄ ± SD𝛼 [95% CI𝛼] 𝐴̄ ± SD𝐴 [95% CI𝐴]

kPa – mm

1 9 2.24 ± 0.60 [2.05, 2.43] 5.69 ± 0.30 [5.6, 5.79] 0.084 ± 0.019 [0.078, 0.090]
2 13 2.53 ± 0.45 [2.41, 2.65] 5.8 ± 0.26 [5.73, 5.87] 0.081 ± 0.006 [0.079, 0.083]
3 14 1.23 ± 0.18 [1.19, 1.28] 5.74 ± 0.25 [5.68, 5.80] 0.079 ± 0.007 [0.078, 0.081]
m
d
i
d

t
e
s
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Employing an analysis of variance test (ANOVA) with 𝑝 < 0.05
did not yield any statistically significant differentiation of material
properties or critical values for the rates tested. The number of tests
at each rate ranged from 𝑁 = 3 to 6. 𝜆𝑐𝑟𝑖𝑡 ranged from 1.50 to 5.91,
with a mean of 4.36.

3.2. Blood storage time

Comparing all the trials performed in our experiments, we find that
blood stored for more than 2 days produces a softer clot. An ANOVA
test indicates a statistically significant decrease in the equilibrium shear
modulus between each of the first two days 𝜇 = 2.24 kPa with a 0.95
confidence interval of [2.05, 2.43] kPa and 2.53 [2.41, 2.65] kPa,
respectively, and the third day of testing 1.23 [1.19, 1.28] kPa. This
is apparent in the raw pressure-radius curves shown in Fig. 4G, as well
as the stiffness values in 4D and Table 2.

We see no statistically significant separation by days of blood stor-
age for the experimental critical values 𝑃𝑐𝑟𝑖𝑡 (Fig. 4A) and 𝑎𝑐𝑟𝑖𝑡 (4B), or
𝐴 (4C), 𝛼 (4E), and 𝜆𝑐𝑟𝑖𝑡 (4F). Each test day includes data from multiple
ifferent blood clots created on that day from the same reservoir of
onor blood but tested at variety of rates 0.02 – 1.60 mm/s. Including
he 14 additional tests for blood stored for 3 days, the average and
D of 𝛼 and 𝐴 both remain consistent with SD < 15% of the value

(𝛼 = 5.75 ± 0.26 and 𝐴 = 0.081 ± 0.011 mm, 𝑁 = 36).

4. Discussion

4.1. Elasticity values in context

It is instructive to compare the results obtained in this work with the
reported results in the literature. The most commonly reported material
5

parameter is the shear modulus. In Fig. 5 we summarize reported shear
moduli from 11 studies of whole blood clots using bovine, human,
porcine, and ovine blood. The two most commonly used in vitro me-
chanical test methods, compression testing and rheology, result in some
of the highest and lowest stiffness values for blood clot, respectively.
Reported shear moduli in literature range from 0.013 to 16.8 kPa. With
VCCE, we found a more narrow range of stiffness with 𝜇 = 1.38 to
3.53 kPa from 𝑁 = 22 with an average of 2.41 kPa and SD of 0.52 kPa.

Compared to the existing literature, VCCE enables more trials to be
conducted on the same sample and provides repeatable results. Only
one of the other studies in Fig. 5 presents results with 𝑁 > 15 and
75% present a modulus based of 𝑁 < 10. In addition to the higher
replicate count, VCCE is the only method of blood clot testing that
allows for potential in vivo testing of clot samples since it does not
require destruction of bulk tissue to extract a test specimen.

4.2. Rate insensitivity within test range

The consistency of 𝐴 across rates and days validates the VCCE
ethodology. It is notable that despite a marked shift in stiffness after 2
ays of storage, 𝐴̄ is within 5 μm across the three days. We take this as
ndication that the needle insertion process creates a consistent initial
efect within the sample.

At the same time, the lack of distinct shear moduli for the rates
ested is unexpected based on previous work in whole blood clots. Sug-
rman et al. (2020) documents a marginal increase in stiffness for pure
hear tests conducted at strain rates of 2% s−1 vs. 50% s−1. In contrast,
ur experiments employed stretch rates between 22 and 2000% s−1 and
how no increase in stiffness, possibly indicating a saturation in rate-
ependent stiffening for whole blood clots. Further exploration of the
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Fig. 5. Comparison of literature results for whole blood clot elasticity testing. Tests
are color coded by type of experiment performed. Dark green is compression, pink
rheology, dark blue is tension, purple is simple shear, light green is elastography,
orange is indentation and light blue is VCCE. If reported: ranges are indicated by
thin lines with a horizontal bar at the end, the standard deviation is shown by a
thick vertical line. Individual data points are crosses and open circles show the mean.
Median is a filled square. The 𝑁 value is written next to each data set and is the
minimum value if authors reported 𝑁 as a range. Blood for these test is from mixed
rigin (human, porcine, ovine, and bovine) each denoted by a superscript on the 𝑁
alue. Only lab-made, whole blood clots are considered.

ate dependence of 𝜇 is warranted to build a more complete picture of
he slight increase in stiffness with strain rate (6 Pa per s−1) shown in
ig. 3G and improve the prediction intervals of this trend.

As an alternative to our approach of examining the influence of
xpansion rate on the elastic modulus, VCCE could be used to perform
elaxation tests as in Chockalingam et al. (2021) to obtain viscoelas-
ic properties. Viscoelastic relaxation of blood clots has been consid-
red by previous authors, but was not examined in this work. Suger-
an et al. (2020) and Johnson et al. (2021) both use an exponential
ecay (Prony series) to model strain-dependent stress relaxation of
hole clots. Meanwhile, van Kempen et al. (2016) propose a two term
axwell model with 7 material parameters to capture the nonlinear vis-

ous dissipation they observed in whole blood clots. By contrast, when
tudying aortic aneurysms, van Dam et al. (2008) propose a Leonov-
ype 3-term viscoelastic model that allows for nonlinear stress evolution
hat is fully characterized by two linear parameters of a spring-dash-
ot type Maxwell model. A modified protocol from that presented here
or whole blood clot VCCE would allow direct comparison to these
roposed models in the future.

.3. Critical values

In contrast to the constitutive model-based results discussed above,
he critical pressure at onset of fracture (𝑃𝑐𝑟𝑖𝑡) demonstrates observable
ate dependence as shown in Fig. 3A. As a ‘raw’ value obtained from
n experiment, 𝑃𝑐𝑟𝑖𝑡 itself may be useful to characterize these materials
egardless of the constitutive assumptions. The greater variability and
ncreased median value of 𝑃𝑐𝑟𝑖𝑡 that we observe with faster strain rates
oints to open questions regarding the nature of this fracture transition
nd the rate dependence of fracture energy in whole blood clots.

.4. Acceptability of using a miscible working fluid

Prior NICR and VCCE experimentation efforts in biological materials
ave largely avoided working fluids that could perfuse the sample being
ested. Biological tissues, including clots, are known to be poroelastic
nder certain loading conditions (He et al., 2022; Oftadeh et al., 2018;
oailly et al., 2008). Most NICR studies avoid perfusion by using air,
eanwhile, in controlled cavity expansion Nafo and Al-Mayah (2021)
6

se a balloon to separate their sample from the cavity and Mijailovic
t al. (2021) used silicone oil when testing in brain tissue. We chose
BS as a working fluid since it is biologically compatible, supporting
he clinical relevance of our method, and resulted in more reliable
peration of our test apparatus than oils or other fluids.

Using Darcy’s Law for pressure driven flow in porous media, we
re able to show that fluid perfusion into the clot is insignificant on
he timescales and pressure of our experiment. According to Darcy’s
aw, the interstitial fluid flux (in m/s) is given as 𝑞 = 𝑘𝛥𝑃∕(𝜇𝑓𝐿)

where 𝑘 is the permeability, 𝛥𝑃 is the pressure drop that occurs
over a distance 𝐿, and the dynamic viscosity is 𝜇𝑓 . We simulate the
fluid loss due to pressure driven flow by incrementally time stepping
through a full cavity expansion process: first increasing the volume
of the cavity, calculating the expected internal cavity pressure using
the Ogden model, and then calculating fluid flux with Darcy’s Law.
The cavity volume at the end of a time step is the initial volume plus
injected volume less the lost volume calculated as flux through the
surface area of the equivalent spherical cavity.

The permeability is taken as an upper bound seen in literature,
and 𝐿 is set as a single cavity radius (also an upper bound as the
elastic response predicts a pressure gradient to occur over 10X the
length). Wufsus et al. (2013) found the permeability 𝑘 to range between
1.2 × 10−1 μm2 and 1.5 × 10−5 μm2 for platelet rich fibrin clots using
perfusion testing with pressures between 30 and 2000 kPa/m. He et al.
(2022) used indentation and shear rheology to find a permeability of
3.5 × 10−2 μm2 for human whole blood clots.

Results of this analysis, shown in Fig. 6, indicate that no more than
2.5% of the injected fluid volume will be lost to interstitial flow under
the experimental test conditions used in this work. Given that the ex-
pected fluid permeation is negligible and restricted to the vicinity of the
cavity where pressure gradients are greatest, the permeation has little
influence on the resisting pressure generated by the deformation field.
Hence, we do not need to consider the coupling of poroelastic effects
(as described by Biot (1956), Hu and Suo (2012) and others) with our
measured material properties, and the incompressibility assumption
that we employ in our theoretical model is valid.

5. Conclusion

Thrombus dislodgement poses a significant risk to the population.
Understanding the mechanical properties of whole blood clots is thus
imperative for risk assessment as well as for the development of medical
devices, therapies, and procedures that aim to safely remove clots or
create clot mimics (Rausch et al., 2021a). Moreover, through develop-
ment of in silicomodels, a deeper quantitative understanding can inform
guidelines for safe transport loading after traumatic injury.

The application of VCCE to measure the elastic and rate dependent
properties of whole blood clot is shown in this work. Performing radial
expansion at rates from 0.02 to 1.60 mm/s and applying a 1-term
Ogden model constitutive relationship we find that the shear modulus 𝜇
varies from 2.19 ± 0.15 to 2.71 ± 0.78 kPa with a stiffening parameter
of 5.69 ± 0.21 to 5.81 ± 0.31 across the tested rates. These results
align with previous reported values for the nonlinear elastic properties
of whole blood clot while providing more repeatable modulus mea-
surements and larger samples sizes than the compression, tension, and
simple shear methods described in literature.

We did not reproduce the strain rate dependence of stiffness that
was previously reported for whole blood clots tested at slower rates,
possibly demonstrating saturation of rate dependence at moderate
strain rates. The expectation that the VCCE experimental procedure
produces a consistent initial defect is validated by the repeatable initial
defect size with 𝐴 = 0.081 ± 0.011 mm, 𝑁 = 36.

We have demonstrated that VCCE may be useful in other soft
biological systems as well or in a clinical setting, given the relative
ease of performing multiple, nondestructive and minimally invasive
tests within the same sample and using saline as the working fluid.
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Fig. 6. Fluid loss due to flow in the porous media is predicted to be less than 2.5% for the rates of expansion and cavity sizes considered in this test.
Our results demonstrate that VCCE can measure material properties
with sufficient sensitivity to register elasticity changes as tissue ages,
identifying a statistically significant difference in the elasticity of clots
formed from blood stored for less than 3 days compared to blood stored
for 3 or more days.

Furthermore, the precise volume control of the VCCE method pro-
vides the opportunity to extend investigations beyond the elastic regime
discussed here, and into an investigation of fracture. Efforts to under-
stand and model blood clot fracture are an active topic of research given
the relevance to morbidity and mortality (Rausch et al., 2021b; Liu
et al., 2021; Tutwiler et al., 2020). One avenue of future exploration
is in understanding the observed dependence of 𝑃𝑐𝑟𝑖𝑡 and 𝑎𝑐𝑟𝑖𝑡 on
strain rate. Numerous authors have begun investigating the transition
between elastic cavitation or cavity expansion and fracture (Yang et al.,
2019; Lefèvre et al., 2015; Kang et al., 2017; Hutchens et al., 2016;
Lai et al., 2015; Song and Cai, 2022). Raayai-Ardakani et al. (2019b)
have used energy minimization arguments in a VCCE setting to examine
the critical values of transition to fracture and its propagation in
PDMS, such approaches would have to be extended to capture the rate
dependence observed in this work.
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