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Abstract
Ex-vivo vessel culture systems that simulate hemodynamic factors enable the measurement of flow and
pressure conditions. However, limited efforts have been made to use ex-vivo vessel bioreactors to accurately
replicate the hemodynamic factors influencing arterial wall behaviour in an artificial setting. Therefore, the
objective of this study was to examine mechanical properties of different types of vessels (vascular grafts and
human arteries) under various hemodynamic conditions using a specialised ex vivo. In addition, the study
compared different vascular grafts with human arteries. To achieve this, a Man-made Circulatory Model
was designed and constructed to simulate vessel structure under varying flow conditions. The following
vessel types were analysed: ring-enforced ePTFE prostheses, Dacron prostheses, and iliac arteries. The
initial conditions for the process were: pulsating flow at five frequencies (60, 75, 90, 105, and 120 l/min)
and varying ejection volumes (EV) of homemade fluid per cycle (70, 85, 100, and 115 ml). Our findings
suggest that pulsation frequency and ejection volume are key factors that influence the performance of
these vascular prostheses. In addition, we found that as pulsation frequency increases, the diameter dilation
differences between the iliac arteries and prostheses, as well as between the two types of prostheses, also
change (𝑝 < 0.0001). Specifically, the difference in dilation between the prostheses and the iliac arteries
increases at higher frequencies, but the pattern of this increase varies between the prosthesis types, suggesting
differences in their mechanical behaviour under varying conditions of flow (𝑝 < 0.0001). To sum up, our
approach may help guide clinical decisions on prosthesis selection.

Keywords: Iliac arteries, ring-enforced ePTFE vascular prostheses, Dacron vascular prostheses, artificial
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1. Introduction

Cardiovascular diseases (CVDs) continue to be the leading global cause of illness and death,
accounting for millions of deaths annually [1, 2]. CVDs are among the leading causes of death in
both Europe and the United States [3]. These diseases encompass a range of conditions that affect
the heart and blood vessels, including coronary artery disease, heart failure, stroke, peripheral
artery disease, and hypertension [4, 5]. In addition, conditions such as obesity, diabetes, and high
cholesterol significantly increase the risk of developing cardiovascular problems [6–8].

The systemic circulation includes veins, arteries, and blood vessels, all connected to the heart,
which acts as a pump to circulate oxygen and nutrients throughout the body [9, 10]. The pulsatile
flow of blood in the arterial system generates forces that repeatedly stretch the walls of the arteries,
potentially causing damage, especially when pre-existing conditions such as atherosclerosis
weaken the arterial walls [11]. As a result, in vivo and ex vivo research is conducted to explore
new strategies for protecting the human circulatory system [12]. However, in vivo studies, often
conducted on animal models, may not accurately reflect changes in the human body, and clinical
studies may present ethical challenges. In contrast, ex vivo studies are less restrictive, as they can
be performed on tissue samples or primary cells [13].

In blood flow research, image analysis plays a crucial role in the examination of raw data [14].
Various imaging processing algorithms can be applied for detection of blood vessels [15,16]. Most
studies required manual identification of vessel edges [17]. Because manual blood vessel segmen-
tation is slow and difficult, it is essential to create automatic methods [18]. Automated blood vessel
segmentation reduces manual effort and improves result objectivity [19]. Among other techniques,
convolutional neural networks are used to measure vessel width with subpixel accuracy [20].

Recent advances in medical research have highlighted the importance of early detection and pre-
vention in management of cardiovascular diseases [21–23]. Biomarkers, imaging technologies, and
genetic testing are increasingly being used to identify high-risk individuals and monitor the progres-
sion of the disease [24]. It creates the requirement to develop novel measurement systems for identifi-
cation and quantitative measurement of parameters of elements within the human circulatory system.

Furthermore, recent biomedical research is focused on the use of biomaterials to recapitulate
cells for therapeutic advancements and tissue regeneration [25]. Several in vivo models have
been developed to investigate vascular biology, including ex vivo tissue culture systems, which
serve as alternative models to in vivo animal studies and in vitro cell cultures to assess vascular
responses to biomechanical and biochemical factors [26]. Ex vivo vessel culture systems that
simulate hemodynamic factors allow the study of flow and pressure conditions [27]. However, few
efforts have been made to fully replicate the hemodynamic factors that affect the behaviour of
the arterial wall in artificial settings. This study aims to measure the mechanical properties of
various vessels (vascular grafts and human arteries) under different hemodynamic conditions using
a specialised computer-controlled vessel reactor. A dedicated system, the Man-made Circulatory
Model, was designed and implemented for this purpose. It enables the measurement of spatial
deformation of the vessel, which is crucial for assessing the mechanical behaviour of vessels. The
measurement results obtained were subjected to rigorous statistical analysis.

This paper is structured as follows: Section 2, “Materials and Methods”, details the self-made
apparatus, the analysed materials, and the boundary conditions. Section 3, “Results”, outlines the
experimental findings. In Section 4, “Discussion”, the results are thoroughly analysed. Lastly,
Section 5, “Conclusions”, provides a summary of the key findings.
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2. Materials and Methods

The analysis of vessel mechanical behaviour required simulating real hemodynamic conditions,
both physiological and pathological. The Man-made Circulatory Model (MmCM) was designed
to simulate vessel structures under varying flow conditions. The study focused on two groups of
vessels: iliac arteries and synthetic prostheses (ring-enforced ePTFE, Dacron). We performed
multiple analyses, each time using material from 10 patients and three technical repetitions of each
condition. All vessels had a length of 100 mm and diameters of 0.1 mm (prostheses) and 0.5 mm
(iliac arteries). The iliac arteries were obtained from ten male organ donors (aged 52± 10 years)
treated at the Medical University of Vienna (2016–2017) and preserved in PBS solution. The study
was approved by the local IRB (2069/2012).

The primary component of MmCM was a rectangular transparent container (the vessel reactor)
with thermal insulation designed to maintain a constant temperature. The vessels analysed were
supplied with a homemade fluid that mimicked blood, composed of 60% distilled water and
40% glycerol, kept at a constant temperature of 37◦C [28]. The pulsatile flow was generated by
a custom-built artificial heart, which controlled parameters such as ejection pressure, ejection
volume, and pulsation frequency. The initial conditions for the process were set as follows:
pulsatile flow with five different pulsation frequencies (PF): 60, 75, 90, 105, and 120 cycles per
minute and varying ejection volumes (EV) of homemade fluid per cycle, specifically 70, 85, 100,
and 115 ml. To ensure realistic inlet conditions for the vessels, the artificial heart was supplied
with blood hemodynamic parameters as described in previous works [29, 30]. Additionally, to
replicate the pressure exerted on the vessel’s outer wall, similar to conditions in the human body,
the transparent container was filled with distilled water at a constant temperature of 37◦C. A
Custom-Designed Control and Data Acquisition (CDCDA) system was created using LabView
2011 software (National Instruments, USA) to manage the artificial heart, temperature regulation,
and a set of nine cameras. The cameras were mounted on an aluminium circular frame, parallel
to the floor, enabling horizontal movement. To improve the accuracy of visual data capture, the
cameras were adjustable in 10-degree increments within a 40-degree range. The SCADA system
was integrated with a portable workstation, the Dell Precision M6400, equipped with a four-core
Intel CPU (2.4GHz), 4GB of RAM (1333MHz), and a 500GB SSD hard drive.

To reconstruct the actual flow, two crucial parameters were considered: the frequency of
pulsation and the different ejection volumes. The analysis of the mechanical behaviour of the
vessel focused on its capacity for spatial deformation. Two parameters were examined: diameter
dilation DD (1) and wall displacement (WD) (2).

DD = Ddynamic (𝑥, 𝑦, 𝑧) − Dstatic(𝑥, 𝑦, 𝑧), (1)

where: DD – dilation of the diameter of the vessel, [mm]; Dstatic(x, y, z) – vessel diameter
measured under static conditions, [mm]; Ddynamic(x, y, z) – maximum vessel diameter measured
under dynamic conditions, [mm].

WD = Wdynamic (𝑥𝑝′, 𝑦𝑝′, 𝑧𝑝′) − Wstatic(𝑥𝑝, 𝑦𝑝, 𝑧𝑝), (2)

where: WD – displacement of the wall of the vessel, [mm]; Wstatic(xp, yp, zp) – spatial configuration
of the vessel’s wall relative to its central axis under static conditions; xp, yp, zp – spatial coordinates
of a tracked point p located on the vessel’s surface, [mm]; Wdynamic(xp′, yp′, zp′) – spatial
configuration of the vessel’s wall relative to its central axis under dynamic conditions; xp′, yp′,
zp′ – spatial coordinates of a tracked point p located on the vessel’s surface, [mm].
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Both parameters enabled characterisation of the spatial configuration of each analysed vessel
under varying hemodynamic conditions. DD reflected the circumferential behaviour of the vessel,
while WD described its deviation from the central axis. Medical data was used to verify the
MmCM results. The 2D-speckle-tracking technique (2DSTT) was used to evaluate changes in
the diameter in three patient groups: ten with ring-enforced ePTFE vascular prostheses, ten with
Dacron vascular prostheses, and ten without either type of vascular prostheses (represented by the
iliac arteries). For standardisation, measurements were taken under the following conditions: PF
of 75 l/min and 90 l/min, with an EV of 70 ml. Finally, the MmCM results were compared to the
medical data obtained under the same hemodynamic conditions.

Statistical analysis was performed using Statistica 12.0 (USA). Data are presented as mean
± standard error (S.E.) and, when applicable, as median with an interquartile range. The Bland–
Altman method was applied to evaluate the agreement between 2DSTT and MmCM data, together
with Spearman’s correlation analysis. Comparisons between groups were performed using the
Wilcoxon Rank-Sum test or the paired Student’s t-test, based on normality and variance assessments.
A p-value of less than 0.05 was considered statistically significant, unless otherwise indicated.

3. Results

The study explored the flexibility of artificial and real vessels made from materials such as
ePTFE, Dacron, and human tissue. Initially, the relationship between DD and WD as functions of
EV and PF was analysed.

3.1. Diameter dilation

The analysis of circumferential stresses revealed that the iliac arteries and the Dacron vascular
prostheses experienced the highest DD. An increase in EV and PF led to an increase in DD
(from 0.83± 0.019 mm to 1.49± 0.008 mm for the iliac arteries, and from 0.80± 0.018 mm
to 1.44± 0.013 mm for the Dacron prostheses). A similar trend, though with a lesser ef-
fect, was observed for the ring-enforced ePTFE vascular prostheses (from 0.26± 0.009 mm
to 0.53± 0.010 mm). When comparing the ring-enforced ePTFE prostheses to the iliac arteries, the
difference in DD was approximately 76%. Similarly, the DD difference between the ring-enforced
PTFE and the Dacron prostheses was around 71%. In contrast, the difference in DD between
the iliac arteries and the Dacron prostheses was approximately 5%. For the iliac arteries, an
increase in EV was associated with a decrease in the magnitude of diameter dilation. When
EV increased from 70 ml to 85 ml, the DD difference was approximately 10%, with values of
1.04± 0.016 mm for 70 ml and 1.14± 0.016 mm for 85 ml. Increasing the EV from 85 ml to
100 ml reduced the Dd difference to about 8%, with values of 1.14± 0.016 mm for 85 ml and
1.22± 0.014 mm for 100 ml. A further increase in EV to 115 ml resulted in a decrease in the
Dd difference to around 7%, with values of 1.22± 0.014 mm for 100 ml and 1.29± 0.014 mm
for 115 ml (Fig. 1a). It was observed that for the ring-enforced ePTFE vascular prostheses, an
increase in EV was linked to a nearly constant degree of DD. When the EV increased from 70 ml
to 85 ml, the DD difference was about 3%, with measurements of 0.36± 0.008 mm for 70 ml
and 0.39± 0.011 mm for 85 ml. Increasing the EV from 85 ml to 100 ml resulted in a similar 3%
difference in Dd, with values of 0.39± 0.011 mm for 85 ml and 0.42± 0.009 mm for 100 ml. A
further rise in EV (up to 115 ml) led to a slight increase in the DD difference to approximately 4%,
with values of 0.42± 0.009 mm for 100 ml and 0.46± 0.011 mm for 115 ml (Fig. 1b). Similarly,
for the Dacron vascular prostheses, an increase in EV was associated with a nearly constant degree
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of diameter dilation. A change in EV from 70 ml to 85 ml resulted in an 8% difference in diameter
DD, with values of 1.00± 0.017 mm for 70 ml and 1.08± 0.017 mm for 85 ml. Increasing the
ejection volume from 85 ml to 100 ml resulted in a similar 8% difference in DD, with values
of 1.08± 0.017 mm for 85 ml and 1.16± 0.015 mm for 100 ml. A further increase in ejection
volume to 115 ml led to a slight decrease in the DD difference to around 7%, with values of
1.16± 0.015 mm for 100 ml and 1.23± 0.011 mm for 115 ml (Fig. 1c).

Fig. 1. Diameter dilation DD [mm] for (a) iliac arteries, (b) ring-enforced ePTFE vascular prostheses, (c) Dacron vascular
prostheses for ejection volume equal to 70 ml (blue rhombus), 85 ml (orange square), 100 ml (purple triangle), 115 ml

(yellow cross).

The experimental results were validated using 2DSTT data, revealing significant differences
between the MmCM and 2DSTT results. For the iliac arteries, at an PF of 75 l/min, DD was
0.94± 0.012 mm for MmCM and 0.92± 0.018 mm for 2DSTT (𝑝 = 0.0273). At an PF of
90 l/min, DD was 1.04± 0.012 mm for MmCM and 1.02± 0.015 mm for 2DSTT (𝑝 = 0.009). A
similar trend was observed for the ring-enforced ePTFE prostheses: at a PF of 75 l/min, DD was
0.32± 0.007 mm for MmCM and 0.30± 0.011 mm for 2DSTT (p= 0.029), and at 90 l/min, DD
was 0.36± 0.005 mm for MmCM and 0.34± 0.012 mm for 2DSTT (p= 0.017). For the Dacron
prostheses, DD at 75 l/min was 0.89± 0.022 mm for MmCM and 0.84± 0.027 mm for 2DSTT
(𝑝 = 0.004), and at 90 l/min, Dd was 1.00± 0.009 mm for MmCM and 0.98± 0.009 mm for
2DSTT (𝑝 = 0.001) (Table 1).

Additionally, Bland–Altman analysis showed that for the iliac arteries at PF= 75 l/min, the
difference between MmCM and 2DSTT was 0.02 mm within a range of 0.06 mm (Fig. 2a), and
at PF= 90 l/min, it was 0.03 mm within a range of 0.08 mm (Fig. 2b). For the ring-enforced
ePTFE prostheses, at PF= 75 l/min, the difference was 0.01 mm within a range of 0.04 mm
(Fig. 2c), and at PF= 90 l/min, it was 0.02 mm within a range of 0.06 mm (Fig. 2d). For the Dacron
prostheses, at PF= 75 l/min, the difference was 0.05 mm within a range of 0.15 mm (Fig. 2e), and
at PF= 90 l/min, the difference was 0.02 mm within a range of 0.07 mm (Fig. 2f).
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Table 1. Changes in diameter [mm] for iliac arteries, ring-enforced ePTFE, and Dacron vascular prostheses.
Data are presented as median (Q1; Q2). N = 10, P-values were calculated using the T test.

Type of Vessel
Average Change of

Diameter [mm] Median [mm] Low Q [mm] Top Q [mm]
P

MmCM 2DSTT MmCM 2DSTT MmCM 2DSTT MmCM 2DSTT

75 [l/min]

Iliac Arteries 0.94± 0.012 0.92± 0.018 0.94 0.92 0.91 0.88 0.96 0.95 0.0273

ePTFE 0.32± 0.007 0.30± 0.011 0.32 0.30 0.30 0.28 0.33 0.32 0.029

Dacron 0.89± 0.022 0.84± 0.027 0.91 0.85 0.83 0.79 0.92 0.88 0.004

90 [l/min]

Iliac Arteries 1.04± 0.012 1.02± 0.015 1.04 1.02 1.02 0.99 1.07 1.04 0.009

ePTFE 0.36± 0.005 0.34± 0.012 0.36 0.34 0.35 0.32 0.37 0.36 0.017

Dacron 1.00± 0.009 0.98± 0.009 1.00 0.98 0.99 0.96 1.02 1.00 0.001

Spearman’s rank correlation coefficients were calculated to examine the relationship between
DD and hemodynamic parameters (PF and EV). A very strong positive correlation was found
between PF and DD. This correlation was significant for the iliac arteries (rho= 0.853; 𝑝 < 0.0001),
Dacron vascular prostheses (rho= 0.858; 𝑝 < 0.0001), and ring-enforced ePTFE vascular
prostheses (rho= 0.824; 𝑝 < 0.0001) (Table 1). On the contrary, the correlation between EV
and DD was moderate. This association was also significant for the iliac arteries (rho= 0.499;
𝑝 < 0.0001), Dacron vascular prostheses (rho= 0.493; 𝑝 < 0.0001), and ring-enforced ePTFE
vascular prostheses (rho= 0.535; 𝑝 < 0.0001) (Table 1).

Additionally, it was observed that at a pulsation frequency of 60 l/min and an ejection volume
of 70 ml, the diameter dilation was 0.57 mm higher in the iliac arteries compared to the ring-
enforced ePTFE vascular prostheses, but only 0.04 mm higher compared to the Dacron vascular
prostheses. Increasing the pulsation frequency from 75 l/min to 120 l/min resulted in a 0.62 mm,
0.68 mm, 0.75 mm, and 0.78 mm increase in the diameter dilation difference between the iliac
arteries and the ring-enforced ePTFE vascular prostheses, respectively. In contrast, for the Dacron
vascular prostheses, increasing the pulsation frequency resulted in a much smaller increase in
diameter dilation difference with values of 0.05 mm, 0.04 mm, 0.04 mm, and 0.05 mm for the
respective frequencies of 75 l/min, 90 l/min, 105 l/min, and 120 l/min. Furthermore, comparing
the ring-enforced ePTFE vascular prostheses to the Dacron vascular prostheses, increasing the
pulsation frequency from 60 l/min to 120 l/min led to a rise in the diameter dilation difference for
the Dacron prostheses, with increases of 0.53 mm, 0.58 mm, 0.64 mm, 0.71 mm, and 0.73 mm at
60 l/min, 75 l/min, 90 l/min, 105 l/min, and 120 l/min, respectively (Fig. 3a).

At a pulsation frequency of 60 l/min and an ejection volume of 85 ml, the diameter dilation
was 0.61 mm greater in the iliac arteries compared to the ring-enforced ePTFE vascular prostheses,
but only 0.04 mm greater compared to the Dacron vascular prostheses. Increasing the pulsation
frequency from 75 l/min to 120 l/min resulted in a 0.67 mm, 0.75 mm, 0.80 mm, and 0.88 mm
increase in the diameter dilation difference between the iliac arteries and the ring-enforced ePTFE
prostheses, respectively. In contrast, for the Dacron prostheses, increasing the pulsation frequency
led to smaller increases of 0.05 mm, 0.06 mm, 0.05 mm, and 0.07 mm in the diameter dilation
difference between the iliac arteries and the Dacron prostheses, respectively. When comparing the
ring-enforced ePTFE prostheses to the Dacron prostheses, increasing the pulsation frequency from
60 l/min to 120 l/min resulted in an increase in the diameter dilation difference for the Dacron
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Fig. 2. Comparison of MmCM and 2DSTT for the iliac arteries, ring-enforced ePTFE and Dacron vascular prostheses
with the use of Bland–Altman analysis for: a) iliac arteries MmCM vs. 2DSTT for PF= 75 l/min, b) iliac arteries
MmCM vs. 2DSTT for PF= 90 l/min, c) ring-enforced ePTFE vascular prostheses MmCM vs. 2DSTT for PF= 75 l/min,
d) ring-enforced ePTFE vascular prostheses MmCM vs. 2DSTT for PF= 90 l/min, e) Dacron vascular prostheses

MmCM vs. 2DSTT for PF= 75 l/min, f) Dacron vascular prostheses MmCM vs. 2DSTT for PF= 90 l/min.

prostheses, with values of 0.57 mm, 0.63 mm, 0.70 mm, 0.75 mm, and 0.82 mm for 60 l/min,
75 l/min, 90 l/min, 105 l/min, and 120 l/min, respectively (Fig. 3b). For a pulsation frequency
of 60 l/min and an ejection volume of 100 ml, the diameter dilation was 0.66 mm higher for the
iliac arteries compared to the ring-enforced ePTFE vascular prostheses, but only 0.06 mm higher
compared to the Dacron vascular prostheses. Furthermore, increasing the pulsation frequency from
75 l/min to 120 l/min (for 75 l/min, 90 l/min, 105 l/min, and 120 l/min) resulted in a 0.72 mm,
0.80 mm, 0.85 mm, and 0.94 mm increase in the diameter dilation difference between the iliac
arteries and the ring-enforced ePTFE vascular prostheses, respectively. In contrast, increasing the
pulsation frequency for the Dacron vascular prostheses resulted in a 0.04 mm, 0.05 mm, 0.07 mm,
and 0.07 mm increase in the diameter dilation difference between the iliac arteries and the Dacron
vascular prostheses, respectively. However, a comparison of the ring-enforced ePTFE vascular
prostheses with the Dacron vascular prostheses indicated that increasing the pulsation frequency
from 60 l/min to 120 l/min (for 60 l/min, 75 l/min, 90 l/min, 105 l/min, and 120 l/min) provoked
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Fig. 3. Comparison of diameter dilation for the ejection volume equal to (a) 70 ml, (b) 85 ml, (c) 100 ml, (d) 115 ml for
the iliac arteries (blue rhombus), ring-enforced ePTFE vascular prostheses (orange square) and Dacron vascular prostheses

(purple triangle).

an increase in the diameter dilation difference for the Dacron vascular prostheses (by 0.60 mm,
0.68 mm, 0.74 mm, 0.79 mm, and 0.87 mm, respectively) (Fig. 3c). For a pulsation frequency of
60 l/min and an ejection volume of 100 ml, the diameter dilation was 0.66 mm greater for the
iliac arteries compared to the ring-enforced ePTFE vascular prostheses, but only 0.06 mm greater
compared to the Dacron vascular prostheses. Increasing the pulsation frequency from 75 l/min
to 120 l/min resulted in a 0.72 mm, 0.80 mm, 0.85 mm, and 0.94 mm increase in the diameter
dilation difference between the iliac arteries and the ring-enforced ePTFE prostheses, respectively.
For the Dacron vascular prostheses, increasing the pulsation frequency resulted in smaller increases
of 0.04 mm, 0.05 mm, 0.07 mm, and 0.07 mm in the diameter dilation difference between the
iliac arteries and the Dacron prostheses, respectively. Finally, comparing the ring-enforced ePTFE
prostheses with the Dacron prostheses showed that increasing the pulsation frequency from
60 l/min to 120 l/min provoked a larger increase in the diameter dilation difference for the Dacron
prostheses (by 0.60 mm, 0.68 mm, 0.74 mm, 0.79 mm, and 0.87 mm, respectively) (Fig. 3d).

3.2. Wall displacement

The next parameter analysed was WD. The highest WD was found in the Dacron vascular
prostheses, ranging from 7.48± 0.170 mm to 12.58± 0.096 mm (Fig. 4c). A similar trend was
observed for the iliac arteries, although the WD was approximately 25% lower, ranging from
5.80± 0.043 mm to 10.30± 0.089 mm (Fig. 4a). Similarly, the ring-enforced ePTFE vascular
prostheses exhibited behaviour similar to the Dacron prostheses, but with values approximately
10% lower, ranging from 4.84± 0.029 mm to 8.06± 0.030 mm (Fig. 4b).
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Fig. 4. WD [mm] for (a) iliac arteries, (b) ring-enforced ePTFE vascular prostheses, (c) Dacron vascular prostheses for
ejection volume equal to 70 ml (blue rhombus), 85 ml (orange square), 100 ml (purple triangle), 115 ml (yellow cross).

At a pulsation frequency of 60 l/min and an ejection volume of 70 ml, the wall displacement in
the iliac arteries was 0.014 mm higher than in the ring-enforced ePTFE prostheses, but 0.126 mm
higher than in the Dacron prostheses. Increasing the pulsation frequency from 75 l/min to 120 l/min
(for 75 l/min, 90 l/min, 105 l/min, and 120 l/min) caused the diameter dilation difference between
the iliac arteries and the ring-enforced ePTFE prostheses to increase by 0.003 mm, 0.005 mm,
0.007 mm, and 0.001 mm, respectively. Conversely, for the Dacron prostheses, the dilation differ-
ence increased by 0.259 mm, 0.013 mm, 0.022 mm, and 0.000 mm, respectively. When comparing
the ring-enforced ePTFE prostheses to the Dacron prostheses, the increase in pulsation frequency
from 60 l/min to 120 l/min caused the diameter dilation difference to increase for the Dacron
prostheses by 0.141 mm, 0.256 mm, 0.008 mm, 0.029 mm, and 0.000 mm, respectively (Fig. 4a).

For a pulsation frequency of 60 l/min and an ejection volume of 85 ml, the wall displacement in
the iliac arteries was 0.023 mm higher than in the ring-enforced ePTFE prostheses, but 0.029 mm
higher compared to the Dacron prostheses. Increasing the pulsation frequency from 75 l/min to
120 l/min caused the diameter dilation difference between the iliac arteries and the ring-enforced
ePTFE prostheses to increase by 0.075 mm, 0.002 mm, 0.008 mm, and 0.0048 mm, respectively.
For the Dacron prostheses, the increase was 0.064 mm, 0.091 mm, 0.050 mm, and 0.054 mm,
respectively. In comparing the two prostheses, the increase in pulsation frequency from 60 l/min
to 120 l/min caused the diameter dilation difference for the Dacron prostheses to increase by
0.006 mm, 0.012 mm, 0.093 mm, 0.058 mm, and 0.007 mm, respectively (Fig. 4b). For a pulsation
frequency of 60 l/min and an ejection volume of 100 ml, the wall displacement in the iliac arteries
was 0.010 mm higher compared to the ring-enforced ePTFE prostheses, but 0.005 mm higher
compared to the Dacron prostheses. Increasing the pulsation frequency from 75 l/min to 120 l/min
resulted in a diameter dilation difference between the iliac arteries and the ring-enforced ePTFE
prostheses increasing by 0.000 mm, 0.008 mm, 0.004 mm, and 0.017 mm, respectively. For the
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Fig. 5. Comparison of WD for the ejection volume equal to (a) 70 ml, (b) 85 ml, (c) 100 ml, (d) 115 ml for the iliac arteries
(blue rhombus), ring-enforced ePTFE vascular prostheses (orange square) and Dacron vascular prostheses (purple triangle).

Dacron prostheses, the increase was 0.020 mm, 0.001 mm, 0.021 mm, and 0.013 mm, respectively.
When comparing the two prostheses, the diameter dilation difference for the Dacron prostheses
increased by 0.005 mm, 0.020 mm, 0.009 mm, 0.025 mm, and 0.004 mm, respectively, with the
increase in the pulsation frequency from 60 l/min to 120 l/min (Fig. 4c).

At a pulsation frequency of 60 l/min and an ejection volume of 115 ml, the wall displacement
was 0.002 mm higher in the iliac arteries compared to the ring-enforced ePTFE vascular prostheses,
and 0.004 mm higher compared to the Dacron vascular prostheses. Additionally, increasing the
pulsation frequency from 75 l/min to 120 l/min (for 75 l/min, 90 l/min, 105 l/min, and 120 l/min)
resulted in an increase of 0.015 mm, 0.002 mm, 0.004 mm, and 0.042 mm in dilation difference in
diameter between the iliac arteries and the ring-enforced ePTFE vascular prostheses, respectively.
In contrast, for the Dacron vascular prostheses, the increase in diameter dilation difference was
0.034 mm, 0.002 mm, 0.009 mm, and 0.023 mm, respectively. When comparing the ring-enforced
ePTFE vascular prostheses with the Dacron prostheses, increasing the pulsation frequency from
60 l/min to 120 l/min (for 60 l/min, 75 l/min, 90 l/min, 105 l/min, and 120 l/min) caused the
diameter dilation difference to increase for the Dacron prostheses by 0.003 mm, 0.018 mm,
0.001 mm, 0.004 mm, and 0.066 mm, respectively (Fig. 4d).

4. Discussion

In our previous studies, we demonstrated the ability of an ex vivo bioreactor to replicate
hemodynamics in elastic 3D-printed models of abdominal aortic aneurysms [29] and human
grafts [12, 28, 31]. These studies demonstrated the ability of our custom-built system to effec-
tively monitor hemodynamic changes in models of abdominal aortic aneurysm under varying
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hemodynamic conditions, regardless of the presence of a thrombus or a stent-graft. We aimed to
assess the accuracy of our platform in simulating the movement of synthetic vascular prostheses in
comparison with the iliac arteries under fluctuating cardiovascular parameters, such as heartbeat
and ejection fraction. To the best of our knowledge, our MmCM is the first artificial model capable
of analysing these factors, as current vascular bioreactors do not monitor the mechanical properties
of the vessels being studied. Additionally, there are no existing data on the use of vision systems
for 3D projection of vessel wall behaviour after placement in bioengineering reactors. It should be
mentioned that systems have been developed, such as the ex vivo vessel culture system, to replicate
hemodynamic factors in the coronary circulation. However, the impact of altered flow conditions
has only been studied in human saphenous veins after coronary artery bypass grafting [32].

Vascular replacement and repair for the treatment of atherosclerotic disease, infections, and
traumatic injuries are among the most frequently performed surgical procedures in the Western
world [33]. Therefore, 3D printing offers several benefits in terms of biocompatibility. It allows for
precise customization of medical implants and tissue scaffolds, tailored to meet individual patient
needs and accommodate complex anatomical structures [34]. Different techniques are adopted
for artificial blood vessel production [35]. Stereolithography (SLA) is a prominent 3D printing
technique to create intricate artificial blood vessels. It has been observed that SLA bioprinting’s
ability to produce smooth surfaces helps replicate the natural environment of blood vessels [36,37].
The selective laser sintering (SLS) bioprinting technique is a key one among the 3D printing
methods employed to create complex artificial blood vessels. The authors observed that the strength
of SLS lies in its versatility with materials, which allows the use of various biomaterials, as well as
its ability to fabricate complex geometries [38, 39]. The correlation observed in our study between
the mechanical properties of PTFE and Dacron vessels and iliac arteries is consistent with the
improved mechanical properties reported by Wang et al. for synthetic non-biodegradable materials
such as PET, ePTFE, and PU [32].

It is very common to reconstruct blood flow using artificial and real vessels, but within the
human body, rather than with artificial systems [40, 41]. This allows for the reconstruction of
blood flow, but only according to the hemodynamics of the specific patient. For this reason, we
developed our own device that enables reconstruction of any blood flow parameters. In the future,
the MmCM introduced in this study will be applied to a wide range of vascular issues. Primarily,
it can provide detailed insights into new vascular grafts, as well as those already in clinical use.

The limitation of the study focuses primarily on the spatial configuration of the Man-made
Circulatory Model. The iliac arteries, ring-enforced ePTFE vascular prostheses, and Dacron
vascular prostheses were restricted to a length of 100 mm due to the dimensions of the chamber.
This limitation is dictated by the geometry of the MmCM. To improve the flexibility of the model,
future iterations should consider modifications to accommodate both shorter and longer vessels.
In addition, the inlet and outlet pipes were designed for vessels within the size range of the iliac
arteries, limiting their compatibility with smaller vessels. To expand the MmCM’s applicability,
further adjustments are needed to accommodate smaller vessels.

5. Conclusions

DD in vascular prostheses is influenced by EV and PF, with iliac arteries and Dacron prostheses
showing higher DD than ring-enforced ePTFE prostheses. Increasing EV and PF results in
increased DD, especially in iliac arteries and Dacron prostheses. DD is strongly correlated with PF
and moderately with EV. Pulsation frequency also affects dilation, with the iliac arteries showing
the greatest dilation and Dacron the least.
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Validation through the MmCM and 2DSTT models shows consistent trends in DD, indicating
that pulsation frequency and ejection volume are key factors in prosthesis performance, which
helps clinical prosthesis selection.

WD is affected by material type and pulsation frequency, with Dacron prostheses showing
higher displacement than ring-enforced ePTFE, and iliac arteries having intermediate values.
As the pulsation frequency increases, the dilation differences between the iliac arteries and the
prostheses increase, revealing a varying mechanical behaviour. These insights inform the design
of improved vascular grafts with better patency.
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