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a b s t r a c t 

Thrombus fragmentation during endovascular stroke treatment, such as mechanical thrombectomy, leads 

to downstream emboli, resulting in poor clinical outcomes. Clinical studies suggest that fragmentation 

risk is dependent on clot composition. This current study presents the first experimental characteriza- 

tion of the composition-dependent fracture properties of blood clots, in addition to the development of 

a predictive model for blood clot fragmentation. A bespoke experimental test-rig and compact tension 

specimen fabrication has been developed to measure fracture toughness of thrombus material. Fracture 

tests are performed on three physiologically relevant clot compositions: a high-fibrin clot made from a 

5% haematocrit (H) blood mixture, a medium-fibrin clot made form a 20% H blood mixture, a low-fibrin 

clot made from a 40% H blood mixture. Fracture toughness is observed to significantly increase with in- 

creasing fibrin content, i.e. red blood cell-rich clots are more prone to tear during loading compared to 

the fibrin-rich clots. Results also reveal that the mechanical behaviour of clot analogues is significantly 

different in compression and tension. Finite element cohesive zone modelling of clot fracture experi- 

ments show that fibrin fibres become highly aligned in the direction perpendicular to crack propagation, 

providing a significant toughening mechanism. The results presented in this study provide the first char- 

acterization of the composition-dependent fracture behaviour of blood clots and are of key importance 

for development of next-generation thrombectomy devices and clinical strategies. 

Statement of significance 

This study provides a characterisation of the composition-dependent fracture toughness of blood clots. 

This entails the development of novel experimental techniques for fabrication and testing of blood clot 

compact tension fracture specimens. The study also develops cohesive zone models of fracture initia- 

tion and propagation in blood clots. Results reveal that the fracture resistance of fibrin-rich clots is sig- 

nificantly higher than red blood cell rich clots. Simulations also reveal that stretching and realignment 

of the fibrin network should be included in blood clot material models in order to accurately replicate 

compression-tension asymmetry and fibrin enhanced fracture toughness. The results of this study have 

potentially important clinical implications in terms of clot fracture risk and secondary embolization dur- 

ing mechanical thrombectomy procedures. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Acute Ischemic Stroke (AIS), due to embolic occlusion of a 

erebral artery, results in over 5.5 million deaths each year [1] . 
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cell and fibrin content, Acta Biomaterialia, https://doi.org/10.1016/j.actb
ntra-arterial Mechanical Thrombectomy (MT) is a minimally in- 

asive procedure for treatment of AIS in which the obstructing 

hrombus is removed using a stent-retriever and/or an aspiration 

atheter. Based on the recent clinical studies [2–16] the propor- 

ion of patients experiencing successful procedural revasculariza- 

ion (TICI > = 2b) ranged from 76% [17] to 85.4% [18] after all pro-

edures. Although complete revascularization (TICI = 3) is achieved 
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n less than 61% of cases [19] , and it often takes multiple at-

empts to remove the complete thrombus. Many investigators at- 

empt to improve interaction between thrombectomy devices and 

hrombus to increase the successful revascularization rates. Despite 

mprovements from first-generation thrombectomy devices, distal 

mbolism due to clot fragmentation remains a significant challenge 

or MT procedures. In general, all endovascular MT techniques and 

evices carry a significant risk of thrombus fragmentation and sub- 

equent distal emboli with associated adverse clinical outcomes 

20–23] . 

Clinical data suggest that thrombus fragmentation and conse- 

uent distal emboli are related to thrombus composition. From 

istological analysis of thrombi retrieved from 85 AIS patients, 

aesmacher et al [20] found a higher fraction of RBC in patients 

ith multiple embolizations resulting from periprocedural throm- 

us fragmentation. Gengfan et al [24] found that higher thrombus 

ensity in nonenhanced computed tomography, associated with 

igher fraction of RBC, is an independent predictor for secondary 

mbolism. In contrast, Sporns et al [25] concluded that secondary 

mbolism is more probable for clot with lower RBC content. More- 

ver, per-pass analysis of AIS thrombi show that the composition 

f thrombus fragments retrieved with each pass of a device during 

T are different, further supporting the dependence of clot frag- 

entation on clot composition [26] . 

Previous studies have investigated clot hyperelastic and vis- 

oelastic behaviour using compression testing [27–30] and ten- 

ile testing [18,31–34] . However, no study to date has investigated 

he fracture properties of blood clots. The characterisation of frac- 

ure toughness of blood clots has the potential to guide the de- 

ign of improved next-generation MT devices and to inform clin- 

cal strategies. Such fracture mechanics investigation for a range 

f clot compositions may provide insight into the reported clini- 

al link between RBC content and risk of distal emboli generation 

uring MT. 

The objective of the current study is to provide the first char- 

cterization of composition-dependent fracture behaviour of blood 

lot. A bespoke experimental procedure for fabrication and frac- 

ure testing of compact tension blood clot specimens is devel- 

ped. Based on histological studies of the composition of clots re- 

oved from stroke patients by MT [35–39] , tests are performed 

n three different clot analogue fracture specimen compositions, 

anging from high red blood cell (RBC)/low-fibrin clots to low 

BC/high-fibrin clots. In addition to experimental fracture test- 

ng of blood clots, finite element cohesive zone fracture mod- 

ls are developed to simulate experimental tests and determine 

racture strength and fracture toughness as a function of clot 

omposition. 

. Materials and methods 

Developing a reliable test method that is suitable to test the 

road range of clot types and compositions can be challenging due 

o the fragile nature of the clot material. The issue is even more 

ritical when the sample is under loading modes that lead to ma- 

erial stretching, such as fracture testing. Such tests, in contrast 

o standard compression tests, require gripping of a fragile and 

lippery material. Another issue for fracture testing of blood clots 

rises from the high ratio of toughness to strength of clot, resulting 

n the significant deformation prior to fracture initiation. Finally, 

onsistent fracture testing requires samples that have dimensions 

ar larger than the dimensions of excised AIS clots. Therefore, care- 

ul design considerations are required for test specimen fabrication 

nd test-rig design. In this section we outline the development of 

 novel and bespoke approach to determine the fracture properties 

f blood clots. 
2 
.1. Fracture test 

.1.1. Blood clot fabrication 

Thrombus material from human sources cannot be readily fab- 

icated into a repeatable specimen geometry for mechanical and 

racture testing. Therefore, techniques have been developed to fab- 

icate clinically relevant thrombus analogues in vivo [40] . Clot ana- 

ogue samples produced from ovine blood have been found to be 

istologically similar to human clots [27] . Such analogue materials 

ave been shown to exhibit mechanical behaviour that is similar 

o excised human clots of a similar composition [41] , and are com- 

only used for pre-clinical testing of thrombectomy devices. 

The current study uses an established method to fabricate clot 

nalogues using fresh ovine blood [42] . Citrated whole blood was 

sed to form platelet-contracted blood clots within 5 hours of 

lood collection from the donor animals. Three different clot ana- 

ogues types were fabricated from blood mixtures with 5%, 20% 

nd 40% haematocrit (H). After separation of platelet rich plasma 

nd red blood cell fractions, blood clot mixtures of the desired 

aematocrit were created. These mixtures were placed in a cylin- 

rical container where the blood mixtures were clotted by adding 

alcium chloride to reverse the citrate. Finally, the clots were al- 

owed to mature overnight to create flat, disc-shaped clots with a 

iameter of between 40 and 90 mm and thickness of 6 to 9 mm. It

as previously been established that a decrease in the RBC content 

f blood clots results in an increase in fibrin content [40] . 

It should be noted that the RBC content of the final clot mate- 

ial is not the same as the hematocrit value of the blood mixture 

sed in fabrication. Using the same fabrication techniques, a pre- 

ious study by Duffy et al. [43] clot analogues fabricated using 5% 

 exhibit 35.7% RBC and 64.3% fibrin/platelets in histological anal- 

sis. Clots fabricated using 40% H exhibit 62.4% RBC and 37.6% fib- 

in/platelets in histological analysis. The physiological range of clot 

ay vary from 0% to over 90% RBC content histologically, as re- 

orted in several previous studies of clots extracted from patients 

44–48] . Therefore, the clots used in the current study are within 

he physiological range of RBC/fibrin composition. 

.1.2. Test method 

Test samples were prepared the day after formation by cutting 

he clots into a rectangular shape with two holes for the purpose 

f gripping using bespoke stainless-steel punches, ( Fig. 1 a). Firstly, 

 rectangular sharp punch was used to cut 25 ×24 mm specimens 

rom the discs of clot (step 1). Another punch was used for making 

wo holes in the rectangle specimen (step 2). A specific design was 

sed for this punch such that it can be fitted on top of the rect-

ngle punch, thereby allowing the precise positioning of the two 

oles. A bespoke constraining fixture was designed to fit on top of 

he clot sample, and to allow making notch of the exact size in the 

esired location in a repeatable way (step 3). A sharp razor blade 

f 250 μm thickness is used to make a sharp crack in the speci- 

en. Notched specimen with the crack length of a as well as the 

nnotched specimens were prepared (N = 7 for each clot type). 

A bespoke test-rig was developed to perform fracture testing of 

he prepared samples. A schematic of the designed fracture test 

ig and each component is shown in Fig. 1 c. A specific design has

een considered for top grip and the pin which connected the clot 

amples to the grip to minimize the variation of the hydrostatic 

orce and surface tension force during the test. This is a key con- 

ideration for this test and any other test which is performed in a 

uid medium, especially for the material with relatively low level 

f force such as clot material and soft biological tissues. The profile 

rea of the top grip was minimised in order to reduce hydrostatic 

orces that result from submerging the component in a water bath. 

 hollow bar was designed for the top pin, rather than a solid bar, 

o minimize the variation of the hydrostatic force during the test. 
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Fig. 1. Test method developed for fracture test of blood clot analogues . (a) Notched and un-notched clot specimens were prepared from a large circular clot sample using the 

bespoke punches. (b) Dimensions of the prepared clot specimens. (c) Designed fracture test rig. (d) Notched and unnotched specimen during the test. (e) The force-displacement curve 

shows that the hydrostatic force is negligible compared to a representative fracture test result for the developed test rig design. (f) Stress contour for top pin during the fracture test 

of a clot made from 5% H blood mixture for an applied displacement of u = 40 mm. (g) Schematic representation of steps for putting the prepared test specimens into the designed 

test rig. 

3 
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Table 1 

Validity checks for the fracture test of platelet-contracted clot analogues made 

from 5% H, 20% H, and 40% H blood mixtures. 

5% H 20% H 40% H 

F Q 
F max 

1.07 ( < 1.10) 1.02 ( < 1.10) 1.00 ( < 1.10) 

L = 

1 
π ( G Ic E 

σ2 
u 

) 9.37 ( < a = 10mm) 6.75 ( < a = 10mm) 2.28 ( < a = 10mm) 

Table 2 

Dimensions of the compact tension clot specimen for 

fracture test ( Fig. 1 d). All dimensions are in mm. 

l h w a d h 1 t 

5% H 25 24 20 10 5 5.5 8.7 

20% H 25 24 20 10 5 5.5 7.8 

40% H 25 24 20 10 5 5.5 7.2 
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reliminary validation checks reveal that changes in hydrostatic 

orces due to upwards movement of the top-gripping fixture are 

pproximately two orders of magnitude lower than the force re- 

uired to cause fracture ( Fig. 1 e). A finite element rig-design analy- 

is is also performed to ensure that the strength of the top pin pro-

ides sufficient mechanical strength during the fracture test. The 

esults as shown in ( Fig. 1 f) reveal that the maximum von-Mises 

tress in the pin (0.187 MPa) is much lower than the yield strength 

f the pin (~210 MPa). A locking fixture is designed to facilitate 

nsertion of the sample into the test rig without inducing pre-test 

ample damage ( Fig. 1 c). Two locking plates were connected to the 

op and bottom grips, through the fabricated pins on the grips and 

revented any relative movement of grips before test. This design 

eature is crucial for successful testing of fragile blood clot compo- 

itions. Moreover, a slider mechanism is designed for ease of at- 

achment/detachment of the lower grip to the bottom of the water 

ath without damage to the test specimen. Both bottom grip and 

ts mate component were fabricated from polylactic acid (PLA) us- 

ng 3D printing. 

A schematic of the steps for putting the prepared test specimen 

nto the designed test rig is shown in Fig. 1 g. Stainless steel bars

ere placed through the holes of the sample and attached to top 

nd bottom gripping components (step 1). Next, a locking fixture, 

ncluding two steel locking plates and the pins fabricated on the 

riping components, was used to prevent the relative movement of 

he gripping components (step 2). This locking fixture allows confi- 

ent handling and putting the prepared clot specimen into the test 

ig without tearing the clot before the test. The prepared samples 

ere then put into a customized experimental setup and fracture 

ests were performed to determine the mechanical and fracture be- 

aviour of the clot analogue samples. The bottom gripping com- 

onent slides into an engineered mate component which is glued 

o the bottom of the water bath (step 3). The top gripping fixture 

s attached to the mechanical uniaxial Zwick test machine (Zwick 

2.5, Ulm Germany) (step 4). The locking plates are then detached 

rom the gripping components (step 5) and the top grip is moved 

pwards at a velocity of 10 mm/min, based on the recommenda- 

ions for the fracture testing of natural rubbers [49] and plastics 

50] . 

The resultant reaction force is measured throughout the frac- 

ure test using a 10 N Zwick load cell (step 6). 

All tests are carried out in fully hydrated conditions by fully 

ubmerging the test specimen and test-rig in a water bath filled 

ith phosphate-buffered saline solution at room temperature (~20 

C). 

.1.3. Size of the test specimen 

The choice of specimen dimensions for fracture testing is con- 

trained by the requirement that the initial crack length must be 

ufficiently large to ensure that crack propagation occurs before 

he tensile strength is reached in the material [51] . Moreover, the 

ength of the remaining ligament ( = W-a) has to be large enough 

o avoid excessive inelastic deformation in the ligament. There is 

lso a size limit on the thickness of the specimen (t) in relation to 

he establishment of plane strain or plane stress conditions. More 

iscussion on the specimen thickness is provided in Appendix A . 

Consequently, large specimens are required for materials with 

igh toughness to strength ratios. This presents a considerable 

hallenge for fracture testing of biological material/soft tissue spec- 

mens, where high toughness occurs due to the fibrous nature of 

he material, yet fabrication of suitably large specimens may not 

e possible due to the geometric constraints inherent in the nat- 

ral anatomy of the material. In the current study, we overcome 

his challenge by using clot analogue materials (rather than ex- 

ised clots) fabricate large clot analogue samples in order to ensure 

ompliance with the requirements of fracture testing [52] . The so- 
4 
alled critical distance parameter L = 

1 
π ( 

G Ic E 

σ 2 
u 

) , has been used for 

stimation of the crack length, where G Ic is fracture toughness, E

s material stiffness, and σu is ultimate strength [53] . The crack 

ength a should be in the same order of magnitude as L (a larger 

alue of crack length is preferred) to make sure that the crack 

eaches to the propagation condition before the stress in the spec- 

men reach to the ultimate strength. 

Other dimensions of the clot specimen have been chosen based 

n the length of crack as shown in Fig. 1 b. It should be noted

hat the fracture toughness ( G Ic ) of blood clots has not been re- 

orted previously. Therefore we approximate the value of G Ic for 

lood clot before the test, based on the value of fracture tough- 

ess for soft tissues [53] . We have checked the validity of this 

nitial guess after finishing fracture tests and we found the crack 

ength to be large enough for all three compositions used in this 

tudy. Moreover, the clot shows non-linear material behaviour with 

on-constant stiffness [27,28] . Therefore an approximate values of 

 = 140 , 130 , 100 kPa , which are the values of clot stiffness at

5% strain in unconfined compression test, have been used for clots 

ade from 5% H, 20% H, and 40% H blood mixture, respectively. In 

ddition, the value of σu = 10 . 2 kPa has been taken from Krasokha

t al. [54] . 

Furthermore, we performed a second validity check for the 

easured fracture toughness. The condition F max /F Q < 1.1 should 

e maintained for a valid fracture test, where F max is the ratio of 

he maximum load that the specimen was able to sustain during 

he test [52] . A summary of the validity checks we have done for 

ur fracture test are presented in Table 1 for each clot composition. 

Given the aforementioned size limitations the chosen dimen- 

ions for the clot specimen are presented in Table 2 to make sure 

hat the sample is as large as required but also as small as possi- 

le. It should be noted that the same dimensions are used for all 

hree compositions, with the exception the specimen thickness di- 

ension, t . However, for all cases, the thickness is large enough to 

nsure plain strain condition behind the crack tip. More details on 

he effect of specimen thickness are provided in Appendix A . 

.1.4. Calculation of the fracture toughness 

Fracture toughness which describes the ability of a material to 

esist the propagation of pre-existing cracks is defined by a param- 

ter G IC which is the energy needed for crack propagation. The crit- 

cal strain energy release rate at the point of fracture initiation, G IC , 

s calculated form experimental data of fracture test based on the 

stablished method for fracture toughness calculation of materi- 

ls [52] . The method requires determination of the energy derived 

rom integration of the load versus load-point displacement curve 

n fracture test, while making a correction for the energy which 

oes not contribute to the creation of new surfaces, such as fric- 

ion losses due to the relative motion of pins and clot. This correc- 

ion is performed by performing test with an unnotched specimen 



B. Fereidoonnezhad, A. Dwivedi, S. Johnson et al. Acta Biomaterialia xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: ACTBIO [m5G; April 9, 2021;5:18 ] 

Fig. 2. Method for fracture toughness calculation of blood clot. (a) A representa- 

tive force-displacement curve for fracture test and (b) un-notched compact tension 

test of blood clot are shown, indicating the work until crack propagation U 2 and the 

corresponding energy in unnotched test U 2 as well as the force F Q and load-point 

displacement u Q at the start of crack propagation which are used to calculate the 

fracture toughness (tearing resistance). 
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f the same clot type and subtracting the corresponding energy 

rom that of the notched specimen test ( Fig. 2 ). First, the value of

 force F Q is found using the 5% secant method as demonstrated in 

ig. 2 a. The area under force-displacement curve up to the point 

f F Q is then calculated which is the energy U 1 . Corrected energy 

 is then calculated as U = U 1 − U 2 , where U 2 is the area under 

orce-displacement curve of the unnotched specimen test up to the 

oint with force F Q . The value of G IC is then calculated from the 

orrected energy, U , as follows: 

 IC = U/ ( twϕ ) (1) 

here the energy-calibration factor ϕ is a geometry function de- 

ends on the crack length to width ratio (a/w). A value of ϕ = 

 . 199 is used for a/w = 0.5 in this study which is obtained from

50] . 

.2. Compression test 

In order to further characterise the non-fracture biomechanical 

ehaviour of the clot analogue materials, unconfined compression 

esting is performed using a protocol recently developed by John- 

on et al. [27] . In summary, test specimens were prepared (N ≥15 

or each clot type) by cutting the clots into cylindrical-shaped sam- 

les with an approximate diameter of 10 mm, and an approximate 

eight of 5 mm. The testing was performed using a Zwick uniax- 

 iso 

(
λ̄1 , ̄λ2 , ̄λ3 

)
= 

3 ∑ 

i =1 

ψ̄ 

(
λ̄i 

)
, 

¯
 

(
λ̄i 

)
= 

⎧ ⎪ ⎨ 

⎪ ⎩ 

E 1m 

(
λ̄i − ln ̄λi − 1 

)
p m 

(
λ̄2 

i 

2 
− 2 ̄λi + ln ̄λi 

)
+ q m 

(
λ̄i − ln ̄λi 

)
+ r m 

ln ̄λi + ψ 01 m

E 2 m 

(
λ̄i − ( 1 + D 2 m 

) ln ̄λi 

)
+ 

(
p m 

D 

2 
2 m 

+ q m 

D 2 m 

+ r m 

)
ln ̄λ

 v ol ( J ) = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

κ1 ( J − ln J − 1 ) 

p v 

(
J 2 

2 
− 2 J + ln J 

)
+ q v ( J − ln J ) + r v ln J + ψ 01 v 

κ2 ( J − ( 1 + D 2 v ) ln J ) + 

(
p v D 

2 
2 v + q v D 2 v + r v 

)
ln J + ψ 02 v
5 
al tensile machine (Zwick Z2.5, Ulm Germany) with a customised 

luminium compression platen. The clot specimens were loaded to 

 compressive nominal strain of 80% at a constant axial strain-rate 

agnitude of 10% per second. 

.3. Statistical analysis 

Matlab software was utilized to perform all the statistical anal- 

sis for this study. One-way ANOVA test was performed to evaluate 

tatistical difference and statistical significance was considered as 

 < 0.05. 

.4. Computational modelling 

.4.1. Constitutive modelling and material parameters identification 

In order to obtain detailed insights from the fracture tests de- 

cribed above, finite element simulations are performed in which 

rack initiation and propagation are predicted using a cohesive 

one model. The clot material is modelled as an anisotropic hy- 

erplastic fibrous soft tissue using the a recently proposed formu- 

ation [55] . This formulation has been shown to accurately predict 

he isochoric and volumetric behaviour of blood clots over a wide 

ange of clot compositions while facilitating control of unphysical 

uxetic behaviour [28] . The isochoric strain energy density function 

s given as 

∣∣λ̄i − 1 

∣∣ ≤ D 1 m 

D 1 m 

< 

∣∣λ̄i − 1 

∣∣ < D 2 m 

 02 m 

∣∣λ̄i − 1 

∣∣ ≥ D 2 m 

(2) 

here D 1 m 

, D 2 m 

, E 1 m 

, and E 2 m 

are material parameters, 
¯

i ( i = 1 , 2 , 3 ) are the isochoric principal stretches, J = λ1 λ2 λ3 is 

he jacobian, and ψ 01 m 

and ψ 02 m 

are two constants which ensure 

he continuity of strain energy. Moreover p m 

, q m 

, and r m 

are not 

ndependent parameters; in order to maintain C 

0 and C 

1 continuity 

he following relations must be enforced: 

p m 

= 

E 1 m 

− E 2 m 

2 ( D 1 m 

− D 2 m 

) 
, q m 

= E 1 m 

− 2 D 1 m 

p m 

, r m 

= ( E 1 m 

− q m 

) D 1 m 

− p m 

D 

2 
1 m 

(3) 

Moreover, the volumetric strain energy density function is given 

s: 

| J − 1 | ≤ D 1 v 

 1 v < | J − 1 | < D 2 v 

| J − 1 | ≥ D 2 v 

(4) 

in which κ1 and κ2 are the initial small-strain and large-strain 

ulk modulus, respectively, the parameters D 1 v and D 2 v control the 

ransition volumetric strains, and p v , q v , and r v are obtained in a 

imilar manner as Eq. (3) by using the corresponding volumetric 

arameters. For further discussion on the volumetric strain energy 

ensity function the reader is referred to the recent paper by Mo- 

rman et al. [56] . 

The anisotropic strain energy density function corresponding to 

he contribution of fibrin fibres in blood clot is give as: 
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ψ aniso = 

2 ∑ 

i =1 

ψ f i , 

ψ f i = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

E 1f 

(
2 
3 
λ3 

f i 
− λ2 

f i 
+ 

1 
3 

)
2 
3 
λ3 

f i 

(
q f − 2 p f 

)
+ 

p f 
2 
λ4 

f i 
+ λ2 

f i 

(
p f − q f + r f 

)
+ ψ 01 f 

2 E 2f 

3 
λ3 

f i 
+ λ2 

f i 

(
p f D 

2 
2 f 

+ q f D 2 f + r f − E 2f ( 1 + D 2f ) 
)

+ ψ 02

here, and p f , q f , and r f are obtained in a similar manner as 

q. (3) by using the corresponding volumetric parameters. The 

otal strain energy density of the clot material is given as ψ = 

 f ( λ f i ) + ψ iso ( ̄λ1 , ̄λ2 , ̄λ3 ) + ψ v ol (J) . Stress-strain relationships are 

eadily derived from Eqs. (2) –(5) above, as described by Fereidoon- 

ezhad and McGarry [55] . 

The constitutive parameters for each clot composition are ob- 

ained using an inverse finite element parameter identification 

cheme and least-square optimization algorithm based on the frac- 

ure and compression test data. These calibrated material parame- 

ers are used for all computational simulations in this study. 

.4.2. J-Integral analysis 

In 1968, Rice introduced an energetically motivated generalized 

rack driving force referred to as the J-integral [57] . The crack will 

row upon reaching the J-integral to a critical value J C . Here, J- 

ntegrals for each of the three tested clot compositions are calcu- 

ated by using the virtual crack extension method in Abaqus (2018, 

assault Syst‘emes Simulia Corp.). The computed value of J-integral 

uring the fracture test is then compared to the critical value of 

he strain energy release rate (G IC = J c ) obtained from the fracture 

xperiment. This provide a good basis for the assessment of the 

omposition-specific fragmentation risk of the clot during clinical 

rocedures such as mechanical thrombectomy. 

.4.3. Modelling of crack propagation 

The cohesive zone fracture model developed by Fitzgibbon and 

cGarry [58,59] , is used to simulate the crack propagation in the 

racture test. In this CZM formulation the magnitude of the inter- 

ace traction is given as 

 ( �) = 

{
K�, � < δel 

Kδel ( 1 − D ) , � ≥ δel (6) 

here K is the interface stiffness, � is the magnitude of the inter- 

ace displacement vector, and δel is the maximum separation prior 

o the initiation of damage. Interface damage, D , increases mono- 

onically from 0, at the onset of damage, to 1, at the point of ulti-

ate failure, such that: 

 − D = exp 

(
−�max − δel 

δ∗

)
�

�max 
(7) 

max is the maximum displacement; δ∗ governs the rate at which 

amage increases with increasing interface displacement. More- 

ver, the CZM fracture energy U CZM 

is introduced as the area under 

raction-separation curve in the CZM model [59] . 

The finite element analysis has been performed by using the 

3D8 elements in Abaqus/standard. A mesh convergence study was 

arried out based on the value of force at fracture initiation point 

nd a mesh with 36084 elements was found sufficiently accurate 

nd was used for the calibration of interface strength ( T ) and CZM 

racture energy ( U CZM 

). The pins were modelled as rigid surfaces 

nd a frictionless contact between the pins and the clot specimen 

as been considered. 
6 
f i − 1 ≤ D 1 f 

 1 f < λ f i − 1 < D 2 f 

f i − 1 ≥ D 2 f 

. Results 

.1. Experimental results 

The results of fracture and compression tests for platelet- 

ontracted clot analogues, made from 5% H, 20% H, and 40% H 

lood mixtures, are presented in Fig. 3 . In general, it is observed 

hat the clot with higher fibrin content are stiffer than the clot 

ith lower fibrin content, both in compression and compact ten- 

ion test of un-notched specimens. The force-displacement curves 

f the compact tension fracture test ( Fig. 3 c) exhibit an initial 

on-linear stiffening followed by stable crack propagation with 

n approximately constant force. The steady-state force is signif- 

cantly higher with increasing fibrin content (decreasing haemat- 

crit). The clot made from 5% H blood mixture (high-fibrin clot) 

as the greatest peak force at steady-state crack propagation zone, 

ollowed by the clot made from 20% H blood mixture (medium- 

brin clot), with the clot made from 40% H blood mixture (low- 

brin clot) having the lowest peak force in the crack propagation 

one ( Fig. 3 h). The low-fibrin clot has the lowest initial stiffness, 

ompared to the medium-fibrin and high-fibrin clots ( Fig. 3 e,f). It 

s also observed that the crack propagation starts at a higher value 

f applied deformation (u) for the fibrin-rich clots compared to the 

BC-rich clots ( Fig. 3 g). The applied displacement at the final frac- 

ure point ( u f f ) is also higher for high-fibrin clots compared to the 

edium-fibrin and low-fibrin clots. However, the difference in u f f 

or medium-fibrin and low-fibrin clots is not statistically significant 

 Fig. 3 i), whereas a statistically significant difference is observed 

etween all clot compositions in terms of the force at fracture ini- 

iation ( ( F /t ) f i ). 

The critical strain energy release rates at the point of fracture 

nitiation, G IC , for each clot composition are calculated from frac- 

ure test results ( Fig. 3 b,c). Fig. 4 demonstrates a significant de- 

rease in critical strain energy release rate (fracture toughness) of 

lot analogous with increasing haematocrit (RBC content); i.e. an 

ncrease in fracture toughness with increasing fibrin content. This 

uggests that fibrin content is a key determinant of the fracture 

esistance of blood clots. 

.2. Computational results 

.2.1. Constitutive parameters identification 

The fracture test generates regions of high tension (e.g. in front 

f the crack tip), in addition to regions of high compression (e.g. 

bove the loading bars). Therefore accurate calibration of both the 

ompressive and tensile behaviour are critical for accurate simula- 

ion of fracture tests. The composition-specific constitutive param- 

ters are calibrated from compression and unnotched compact ten- 

ion test data and the best-fit parameters are presented in Table 3 . 

he ability of the calibrated constitutive law to predict the me- 

hanical behaviour of different clot types is also demonstrated in 

ig. 5 where a good agreement between experimental data and 

odel predictions is observed for all clot types. In relation to the 

aterial model calibration presented in Fig. 5 , the following key 

oint should be noted: An isotropic model (without representation 

f realignment of the fibrin network) can be calibrated to replicate 

he compression behaviour of the clot. However, it dramatically 
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Fig. 3. Mechanical and fracture behaviour of clot are significantly dependant on clot composition . Compression, compact tension un-notched test, and compact tension fracture 

test results for clot analogues made form 40% H, 20% H, and 5% H blood mixtures (N = 7 samples for the fracture tests and minimum of N ≥15 samples for compression tests for each 

clot type). (a) Nominal stress (P) vs. nominal strain ( ∈ ) for unconfined compression tests; (b) Force per thickness of the specimen (F/t) vs. applied displacement (u) in compact 

tension un-notched tests. (c) Force per thickness of the specimen (F/t) vs. the load-point displacement (u) in compact tension fracture test; (d) Tangent stiffness at 20%, 60%, and 80% 

strain in compression test; (e) Tangent stiffness at u = 2, 5, 10 mm in compact tension un-notched test; (f) Tangent stiffness at u = 2, 5, 10 mm in fracture test; Composition-specific 

difference in: (g) applied displacement at initiation of fracture (u fi), (h) The stable crack propagation force per thickness ((F/t) fi), (i) applied displacement at final fracture point (u ff). 

Results are presented as boxplots, where boxes represent upper and lower quartiles and lines inside the boxes define the median, while + represent outliers, and whiskers 10–90 

percentiles. Significant differences are indicated for p < 0.05 by ∗ (ANOVA test); (j) the clot specimen at several displacements of the loading point in fracture test for a clot made 

from 40% H blood mixture is shown. 

7 
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Fig. 4. Dependence of fracture resistance on clot composition. The critical strain 

energy release rate G IC (fracture toughness) at onset of crack propagation for 

platelet-contracted clot analogues made form 40% H, 20% H, and 5% H blood mix- 

tures (N = 7 samples for the fracture tests and N ≥15 samples for compression tests 

for each clot type). 

u

fi

t

c

o

Table 3 

Best-fit hyperelastic parameters of the constitutive model for platelet- 

contracted clot analogues made form 5% H, 20% H and 40% H blood 

mixtures, obtained from the mean experimental data for each composi- 

tion. 

40% H 20% H 5% H 

Matrix parameters 

D 1 m 0.55 0.35 0.4 

D 2 m 0.65 0.45 0.55 

E 1 m (kPa) 0.02 0.02 0.05 

E 2 m (kPa) 8 6 20 

Fibre parameters 

D 1 f 0.001 0.01 0.01 

D 2 f 0.003 0.015 0.02 

E 1 f (kPa) 30 85 65 

E 2 f (kPa) 32 95 150 

Volumetric parameters 

D 1 v 0.014 0.015 0.015 

D 2 v 0.022 0.025 0.025 

κ1 (kPa) 2 4 4 

κ2 (kPa) 6 6 6 

d

s

r

s

s

h

F

t

s

a

nderpredicts the stiffness of the clot in tension. Based on this 

nding, we have incorporated the contribution of fibrin fibres in 

he material model (to the best of author’s knowledge no previous 

lot model has considered this key feature). The developed model 

f the fibrin network accounts for deformation-induced anisotropy 
ig. 5. Computational simulation of unconfined compression experiments and compa

ension test are compared with the experimental data for platelet-contracted clot analogu

tress distribution in a clot analogue made form 20% H blood mixture for an unnotched 

n unconfined compression test at 80% compression. 

8 
ue to the re-alignment of fibrin fibres. This leads to an accurate 

imulation of the tensile behaviour, in addition to an accurate rep- 

esentation of the compressive behaviour. 

The anisotropic fibrin component is included in all subsequent 

imulations in this paper. Furthermore, in Appendix B , we have 

hown that an Ogden hyperelastic model with asymmetric be- 

aviour is not able to capture the experimental results of the un- 
ct tension experiments. (a) unconfined compression test; (b) unnotched compact 

es made form 5%, 20%, and 40% H blood mixture; (c) Contour plot of the von-mises 

compact tension test simulation at an applied displacement of u = 10 mm, and for 
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Fig. 6. Role of fibrin fibres on the tear resistance of clot. (a) Composition-specific J-Integral calculations for fracture path in the crack direction as a function of the applied 

displacement (u) in a fracture test. (b) The evolution of fibre alignment behind the crack-tip is shown for a high-fibrin clot (made from a 5% H blood mixture) at a point 

near the crack tip (point A) and a point far from the crack tip (point B). At point A the fibres are highly aligned in the direction perpendicular to the crack propagation 

direction at maximum load (u = 40 mm). (c) Degree of fibre alignment in clot is quantified by the probability density function (PDF) of the fibres as a function of the angle 

w.r.t the crack direction ( θ), for reference (undeformed) state and for the maximum load state and points A and B. (d) The corresponding peak fibre stretch at the notch 

along the direction of crack (x-direction) is computed. (e) The key role of fibrin fibres in fracture resistance of blood clot is demonstrated by using an anisotropic model 

which incorporating the influence of fibrin fibres (Model I) and a isotropic model without the fibrin fibres (Model II). Both models have the same uniaxial behaviour. 

c

t

3

p

m

l

t

h

m

fi

c

(

f  

n

i

onfined compression test and compact tension test at the same 

ime. 

.2.2. Role of fibrin fibre alignment 

Computed J-integrals are shown as a function of applied dis- 

lacement ( Fig. 6 a). The high-fibrin clot (made from 5% H blood 

ixture) has the greatest fracture initiation displacement (u fi), fol- 

owed by the medium-fibrin clot (made form 20% H blood mix- 

ure), with the low-fibrin clot (made from 40% H blood mixture) 

aving the lowest fracture initiation displacement. 
9 
This computational prediction is in agreement with the experi- 

ental observations in Fig. 3 g. 

More detailed analysis of the computational simulations reveals 

bre alignment perpendicular to the crack direction ahead of the 

rack ( Fig. 6 b, c). Moreover, the peak value of the fibre stretch 

 λ f, peak ) is higher behind the crack-tip compared to points farther 

rom the crack ( Fig. 6 d). The results in Fig. 6 can explain the tough-

ess enhancement in blood clots. It is noted that the fibres are 

sotropically distributed at the undeformed reference configuration, 
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Fig. 7. Finite element cohesive zone model predictions of fracture initiation and propagation for platelet-contracted clot analogues made from 5% H, 20% H, and 40% H blood 

mixture. Anisotropic hyperelastic material parameters shown in Table 3 have been used. 
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c

b

nd they become aligned as the material deforms and stretches in 

ront of the crack tip. 

For further investigation on the contribution of fibrin fibres into 

he fracture resistance of blood clot, we consider two different 

odels: an anisotropic constitutive model which incorporate the 

ontribution of fibrin fibres (model I) and a non-fibrous isotropic 

odel (model II). The hyperelastic parameters of Table 3 are used 

or model I and the parameters of model II are identified such that 

oth models have the same stress-strain behaviour in uniaxial ten- 

ion ( Fig. 6 e). The results as demonstrated in Fig. 6 e reveal the key

ole of fibrin fibres in fracture resistance of blood clots. Notably, 

uch more deformation is required to reach G IC when the con- 

ribution of the fibres are considered (model I), compared to the 

odel II which does not incorporate the contribution of the fibres. 

lso, the difference between model I and model II are higher for 

he high-fibrin clot compared to the low-fibrin clot. 

.2.3. Modelling of crack propagation 

FE simulations of the fracture test with notched specimen 

re performed by using the calibrated constitutive law and CZM 

odel. The results as shown in Fig. 7 reveal a good agreement be- 

ween computational predictions and experimental measurements, 
10 
n terms of the initial hyperelastic deformation, and in terms of 

rack initiation and propagation. 

The calibrated parameters for the anisotropic fibrin/clot model 

 Fig. 5 ) are used as model input for the simulation of the exper-

mental fracture tests. It should be noted that the experimental 

racture test data have not been used in the material model pa- 

ameter identification/calibration procedure. Therefore, in Fig. 7 the 

redicted/computed force-displacement behaviour prior to the on- 

et of crack propagation should be viewed as a validation step for 

he material model. 

The interface strength ( T ) of 45 kPa, 25 kPa, and 10 kPa and

he fracture energy ( U CZM 

) of 1.152 kN/mm, 0.3645 kN/mm, and 

.045 kN/mm are found for clots made from 5% H, 20% H, and 40% 

 blood mixtures, respectively. Similar to the fracture toughness 

G IC ), both interface strength and CZM fracture energy increase by 

ncreasing the fibrin content in clot. 

. Discussion 

This study provides the first characterization of the 

omposition-dependent fracture toughness (tear resistance) of 

lood clot analogues. The results of which are highly relevant 
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or assessment of clot fragmentation in thrombectomy, a major 

isk during endovascular treatment of AIS. Fracture toughness is 

bserved to significantly increase with increasing fibrin content, 

.e. RBC-rich clots are more prone to tear during loading compared 

o the fibrin-rich clots. This observation is consistent with the pub- 

ished clinical data which report high RBC-content clots in patients 

ith multiple secondary embolism resulting from periprocedural 

hrombus fragmentation [20 , 24] . 

Recent studies have described the relationship of stroke cause 

nd histological composition of retrieved thrombi during mechan- 

cal thrombectomy [60–63] . As an example, fibrin-rich thrombi are 

ssociated with a cardioembolic cause of stroke [62] , while large 

rtery atherosclerotic clots have less fibrin/platelets and more RBC 

63] . Clot structure is strongly influenced by the conditions present 

uring fibrin generation including the concentrations of pro- and 

nti-coagulants, fibrin-binding proteins, molecules, and metal ions, 

s well as presence of blood flow, and contributions of blood and 

ascular cells [64] . High concentrations of coagulation factors such 

s thrombin produce dense networks of highly branched fibrin fi- 

res while low thrombin concentrations produce coarse networks 

f relatively unbranched fibrin fibres [65 , 66] . Thrombin concentra- 

ion present during fibrin formation is controlled by several mech- 

nisms such as the levels of pro- and anticoagulants present dur- 

ng coagulation. The location of thrombin generation also impacts 

brin network formation as effective assembly and activity of the 

rothrombinase complex requires a lipid surface [67] . In-vitro ex- 

erimental tests by Campbell et al. [68] shows that a significantly 

enser fibre network is formed proximal to the surface of fibrob- 

asts and endothelial cells [68] . Blood flow during fibrin formation 

s another factor that affects thrombin concentrations and fibrin fi- 

res alignment [69] . Moreover, RBCs can support thrombin gener- 

tion and consequently affect procoagulant activity at the location 

f clot formation [70 , 71] . The presence of RBCs during clot forma-

ion also increases fibrin network heterogeneity. Moreover, transg- 

utaminase enzyme factor (FXIIIa) mediates fibrin crosslinking and 

hereby promotes RBC retention in clots during venous throm- 

oembolism [72] . The timing of fibrin crosslinking affects RBC re- 

ention in clots. In an experimental study on mice it has been 

hown that reduced binding of FXIII to fibrinogen and delayed fib- 

in crosslinking significantly decrease RBC retention and thrombus 

ize. Influences of RBCs on clot structure is also discussed by Litvi- 

ov and Weisel [73] . 

The experimental results of compression and compact tension 

ests, as shown in Fig. 5 , demonstrate that the high-fibrin clots 

made from 5% H blood mixture) are stiffer than the low-fibrin 

lots (made from 40% H blood mixture). This has been reflected in 

he calibrated material parameters in Table 3 , as the value of fibrin 

etwork stiffnesses ( E 1f , E 2f ) for the high-fibrin clots are 2-5 times 

igher than the corresponding stiffness of the low-fibrin clot. This 

nding is also consistent with the previous study by Duffy et al., 

43] which have shown that clot analogues made from 5% H have 

2.5 times higher fibrin content compared to the clots made from 

0%H blood mixtures. Moreover, the values of non-fibrous matrix 

tiffnesses ( E 1m 

, E 2m 

) for the high-fibrin clots are ~2.5 times higher 

han the corresponding stiffness of the low-fibrin clot. This higher 

tiffness may cause by the more compacted RBCs in high-fibrin 

lots. 

Finite element cohesive zone simulations of fracture tests are 

erformed to further investigate the toughening mechanism asso- 

iated with the clot’s fibrin network. Simulations reveal that, with 

ncreasing applied displacement, fibrin fibres behind the crack tip 

eoriented toward the tension direction, becoming highly aligned 

erpendicular to the crack direction. This significantly increases the 

omputed J-integral at the point-of fracture initiation. 

Furthermore, our investigation reveals that the anisotropic hy- 

erelastic contribution of the fibrin network must be incorporated 
11 
nto a computational model in order to accurately simulate ex- 

erimental behaviour in both tension and compression. In con- 

rast, an isotropic hyperelastic formulation does not capture both 

ompressive and tensile behaviour. This insight into the material 

odel is an advance on our previous isotropic models [27 , 28] , 

hich were proposed based on only considering compression ex- 

eriments. While we suggest that the developed anisotropic fib- 

in/clot model is an improvement on previous clot models (which 

ave relied mainly on compression test data [27–29 , 41 , 74] ), we

ote that several additional aspects of clot biomechanics should be 

ncorporated into the model in future studies. Ongoing develop- 

ent of the model will consider plasticity, viscoelasticity and ac- 

ive contractility. 

It has been well established that fibrin-rich clots are stiffer than 

BC-rich clots, including previous studies from our group [27 , 28] . 

owever, in the current study, for the first time, we demonstrate 

he key importance of clot composition on fracture toughness. Our 

xperiments and simulations suggest that stretching and alignment 

f the fibrin network in tensile regions is a key part of the me- 

hanical behaviour of the clot. In particular, our findings suggest 

hat alignment of the fibrin network in front of the crack tip sig- 

ificantly enhances the fracture toughness of fibrin-rich clots. Pre- 

ious studies of clots have primarily been limited to compressive 

ehaviour, so tensile fibre alignment as a mechanism of fracture 

oughening has not previously been investigated or reported. Con- 

equently, previous blood clot models rely on isotropic hyperelas- 

icity. Simulations in the current study suggest that alignment and 

nisotropy of the fibrin network is key to accurately simulating 

ensile and fracture behaviour of clots. This is particularly impor- 

ant for accurate simulation of complex multiaxial deformations 

ncountered during thrombectomy/aspiration [75] . 

Also, the CZM modelling and J-integral analysis have only been 

sed for a limited number of studies of biological soft tissues 

58 , 59] , and have not been used for blood clots before. The devel-

ped computational model provides a suitable basis for pre-clinical 

ssessment of the stent-retriever devices and thrombectomy pro- 

edure [75] . 

It is also noted that previous study by Riha et al. [76] reported 

hear modulus and shear strength of blood clots on rheometer 

esting. However, they did not report the fracture toughness of 

lood clot. To the best of author’s knowledge, the results pre- 

ented in the current study provide the first characterization of the 

omposition-dependent fracture toughness of blood clots. 

In the current study, we have investigated the influence of clot 

omposition (fibrin and RBC) on the fracture toughness of platelet- 

ontracted clot analogues for three compositions. There are many 

ther compositions/contractility levels that should be considered 

n future studies. Preliminary experimental data on the role of 

latelet contractility on mechanical behaviour and fracture tough- 

ess of blood clots are provided in Appendix C which provide 

otivation for a follow-on study. Moreover, the influence of re- 

ombinant tissue plasminogen activator (rtPA) on fracture tough- 

ess of clot should be considered in future experiments. Using 

tPA as an early reperfusion therapy for AIS is recommended 

y American Heart Association and American Stroke Association 

AHA/ASA) to reduce or prevent brain infarction. The experimental- 

omputational approach that we have developed in this study 

ould uncover the influence of rtPA on fracture toughness and frag- 

entation risk in vivo during subsequent MT. 

The primary clinical risk during a thrombectomy procedure is 

hat of clot fragmentation. The mechanisms of fragmentation dur- 

ng thrombectomy have not yet been elucidated. The characteri- 

ation of the composition-dependent fracture toughness is a key 

ontribution to the process of fracture during thrombectomy. Ad- 

itional factors include the strength of adhesion between the clot 

nd the artery wall, and the inelastic deformation of the clot. These 
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ssues will be addressed in follow-on studies. Influence of loading- 

ate on the fracture toughness of blood clot should also be ad- 

ressed in future studies. 

Our previous studies demonstrate that in the undeformed con- 

guration, our clot contains isotropically distributed fibrin fibres 

hat do not exhibit alignment [27] . However, following the applica- 

ion of uniaxial tensile loading, the fibrin network becomes aligned 

n the direction of stretching, as observed in SEM images [77] . In 

ur study we implement the first finite element model of blood 

lots where alignment of the fibrin network due to applied ex- 

ernal loading is incorporated. Future model development should 

onsider thrombosis and the development of initially aligned fib- 

in due to the surrounding blood flow. Future in vivo clot analogue 

abrication techniques should consider clot formation in the pres- 

nce of physiologically relevant flow fields in order to investigate 

he mechanism of fibre alignment during formation. 

. Conclusions 

Thrombus fragmentation during mechanical thrombectomy 

eads to downstream emboli, resulting in poor clinical outcomes. 

linical studies suggest that fragmentation risk is dependent on 

lot composition. In this study, we have presented the first exper- 

mental characterization of the fracture properties of blood clots, 

n addition to the development of a predictive model for blood 

lot fragmentation. A bespoke experimental test-rig and compact 

ension specimen fabrication has been developed to measure frac- 

ure toughness of thrombus material. Fracture tests have been per- 

ormed on three physiologically relevant clot compositions: a high 

brin clot made form a 5% H blood mixture, a medium-fibrin clot 

ade from a 20% H blood mixture, and a low-fibrin clot made form 

 40% H blood mixture. Finite element cohesive zone simulations 

f fracture tests have also been performed to further investigate 

he toughening mechanism associated with the fibrin network. Our 

xperiments and simulations suggest that stretching and alignment 

f the fibrin network in tensile regions is a key part of the me- 

hanical behaviour of the clot. In particular, our findings suggest 

hat alignment of the fibrin network in front of the crack tip sig- 

ificantly enhances the fracture toughness of fibrin-rich clots. This 

rovides a mechanistic explanation for the observed dependence of 

lot fracture toughness on fibrin content. Strong alignment of fib- 

in fibres in the loading direction following the application of uni- 

xial tension has previously been observed using scanning electron 

icroscopy (SEM) analysis of clots [77] . Additionally, previous frac- 

ure tests of soft collagenous tissues report significant alignment of 

ollagen fibres at the crack-tip, providing a significant toughening 

echanism [78] , similar to the toughening mechanism predicted 

n the clot models in the current study. 

The key findings of our study are summarised as follows: 

• Fracture toughness (rupture resistance) of blood clot is ob- 

served to significantly increase with increasing fibrin content, 

i.e. RBC-rich clots are more prone to tear during loading com- 

pared to the fibrin-rich clots. 

• Finite element cohesive zone modelling of clot fracture experi- 

ments show that fibrin fibres become highly aligned in the di- 

rection perpendicular to crack propagation, providing a signifi- 

cant toughening mechanism. 

• The mechanical behaviour of clot analogues is significantly dif- 

ferent in compression and tension; the anisotropic hyperelastic 

contribution of the fibrin network must be incorporated into 

a computational model in order to accurately simulate experi- 

mental behaviour in both tension and compression. 

The results presented in this study provide the first char- 

cterization of the composition-dependent fracture behaviour of 
12 
lood clots and are of key importance for development of next- 

eneration thrombectomy devices and clinical strategies. The frac- 

ure properties of blood clots uncovered in the current study will 

e used to predict clot fragmentation and embolism formation in a 

ollow-on finite element modelling study that simulates a patient- 

pecific thrombectomy procedure [79] . 
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ppendix A. Influence of specimen thickness on the fracture 

oughness 

The critical strain energy release rate (G IC ) of an specimen de- 

ends on the thickness of the specimen [52] . What is referred to 

s the fracture toughness is the value of the critical strain energy 

elease rate for the specimen which is thick enough to ensure the 

stablishment of plane strain condition at the crack tip. To inves- 

igate the influence of specimen thickness on the fracture test re- 

ults, we performed a series of CZM simulations for clot of dif- 

erent thickness. The results, as shown in Fig. A1 , reveal that the 

hickness of the tested samples ( Table 2 ) are high enough for a 

alid fracture test. 

ig. A1. Influence of specimen thickness on the fracture test results for clot ana- 

ogues made from a 5% H blood mixture. 

ppendix B. Role of fibrin fibres in tension-compression 

symmetry of clot 

In this appendix we show that the traditional Ogden hyperelas- 

ic model with asymmetric tension-compression behaviour is not 

ble to capture both the tension and compression test results, fur- 

her highlighting the key contribution of the re-alignment of fibrin 

bres in tensile loadings ( Fig. B1 ). 

https://www.insist-h2020.eu/
https://doi.org/10.13039/100010661
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Fig. B1. The prediction of Ogden model in unnotched compact tension specimen test (left) and unconfined compression test (right) for clot analogues made from a 5% H 

blood mixture. Two representative sets of parameters are visualized. 

Fig. C1. Results of fracture test for platelet-contracted and platelet-poor mechanically-contracted clot analogues made from 20% H blood mixture (N = 7 samples were used 

for each clot type). (a) Force per thickness of the specimen (F/t) vs. the load-point displacement (u) in compact tension fracture test (the solid lines show the average value 

and the shaded zone represent the standard deviation); (b) Force per thickness of the specimen (F/t) at u = 10 mm; (c) The stable crack propagation force per thickness 

((F/t) fi); (d) the critical strain energy release rate at the point of fracture initiation G IC . 
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ppendix C. Comparison of platelet-rich clots and platelet-poor 

lots 

Methods: In order to parse the role of platelet contractility 

n mechanical behaviour and fracture toughness of blood clots, 

racture specimens are fabricated using platelet-poor plasma with 
13 
 20% H blood mixture using the methodology described in 

ection 2.1 . Prior to fracture testing these platelet-free clot samples 

re subject to mechanical contraction in a centrifuge to achieve a 

imilar level of serum expulsion to platelet-contracted clots. 

Results: Fracture test results for platelet-poor 20% H clots are 

hown in Fig. C1 . Results for platelet-rich 20% H clots are also re- 
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roduced for comparison. Platelet-poor clots exhibit a lower initial 

tiffness than platelet-contracted clots; the force per thickness at 

n applied displacement of u = 10 mm ( ( F / t ) u=10 ) is 22% lower for

latelet-poor clots compared to platelet-contracted clots ( Fig. C1 

b)). However, the value of force during steady state crack prop- 

gation ( F / t ) fi is slightly higher for the platelet-free clots ( Fig. C1 

c)). Moreover, the critical strain energy release rate at the point 

f fracture initiation, G IC , for platelet-poor clots is found to be 

3.4% higher than platelet-contracted clot ( Fig. C1 (d)). We hypoth- 

sise that the lower tension in the fibrin network in the absence 

f platelets facilitates enhanced alignment of fibrin in front of the 

rack tip, which consequently leads to higher value of force during 

teady state crack growth and higher fracture toughness. Moreover, 

he higher stiffness in platelet-contracted clots may be cause by 

latelet-induced pre-tension in the fibrin network. Statistical anal- 

sis were performed by using t-test in Matlab and no significant 

ifference (p < 0.05) was observed for the quantities reported in 

ig. C1 (b)-(d). However, these data are preliminary and provide 

otivation for a follow-on study of the influence of platelets on 

he mechanical and fracture behaviour of the fibrin network. 
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