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Woven Dacron grafts are currently used for the surgical treatment of aortic aneurysm and acute dissec-
tion, two otherwise fatal pathologies when aortic wall rupture occurs. While Dacron is chosen for aortic
grafts because of characteristics such as biocompatibility and durability, few data are available about the
dynamic response of Dacron prosthetic devices and about their side effects on the cardiovascular system.
In this study, a Dacron graft was subjected to physiological flow conditions in a specifically-developed
mock circulatory loop. Experiments were conducted at different physiological pulsation-per-minute
rates. Results show that, in comparison to an aortic segment of the same length, the prosthesis is extre-
mely stiffer circumferentially, thus limiting the dynamical radial expansion responsible for the
Windkessel effect in human arteries. The prosthesis is instead excessively compliant in the axial direction
and develops preferentially bending oscillations. This very different dynamic behaviour with respect to
the human aorta can alter cardiovascular pressure and flow dynamics resulting in long-term implant
complications.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Dacron is the commercial name for polyethylene terephthalate,
also known as polyester. A bibliography regarding the use of
Dacron prostheses in the context of aortic surgery can be found
in (Thompson, 1998). Collagen impregnation was introduced to
reduce postoperative internal bleeding and to favor endothelial
seeding (Dalsing et al., 1989). Dacron grafts are linked to a satisfy-
ingly low rate of complications, mostly consisting in graft dilata-
tion and mechanical failure. However, an increasing number of
researchers (Spadaccio et al., 2013) supposes that the many-
times larger circumferential stiffness of grafts with respect to the
human aorta (Tremblay et al., 2009) may perturbate the Wind-
kessel effect, the arterial dynamics and consequently the ventricu-
lar load. The discontinuity at the sutures at the interface between
the graft and the remaining aortic portion may cause pressure
wave reflections that can dramatically increase heart workload.

Woven Dacron is a composite material where a fabric consti-
tuted by continuous strands of polymeric fibres is immersed in a
protein matrix (collagen). Woven Dacron also presents direction
and time-dependent mechanical behavior. The static mechanical
properties of Dacron were investigated by several researchers
(Bustos et al., 2016a; Hasegawa and Azuma, 1979; How, 1992;
Yeoman et al., 2010). The relaxation of this material at low strain
rates was also investigated (Lee and Wilson, 1986). Amabili et al.
(2018) experimentally investigated the static, relaxation and
dynamic mechanical behaviour of woven Dacron for commercial
aortic grafts. They found a large increase of the dynamic stiffness
with respect to the static stiffness, which is very relevant since
prostheses are subjected to dynamic loading (i.e. physiological pul-
satile flow and pressure). The effect of static pressurization on
Dacron graft was studied by Bustos et al. (2016b). A finite-
element fluid-structure interaction for Dacron grafts was devel-
oped by Jayendiran et al. (2018). The nonlinear dynamic response
of a Dacron graft to pulsatile flow was analytically and numerically
investigated by Tubaldi et al. (2018).

Mock circulatory loops (MCLs) are an essential asset for the
in vitro testing of cardiovascular devices subjected to pulsatile
blood flow. Pulsatile piston pumps became soon a widespread
option used to recreate the physiological ventricular pumping
characteristics in this type of apparatus. Several studies show
attempts to recreate desired pulsatile flow conditions through
the usage of electromechanical systems under closed loop control.
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Taylor and Miller produced a series of papers about the closed-loop
automatic control of the entire MCLs and the three main compo-
nents of MCLs: the pulsatile pump, the expansion chamber with
an air cushion to reproduce the Windkessel effect and pinch valves
to recreate the peripheral resistance (Taylor et al., 2012; Taylor and
Miller, 2012a, 2012b). Their choice was an Harvard Apparatus pis-
ton pump, which is still considered a high-end solution.

To the authors’ knowledge, MCLs have never been used to test
the effects of Dacron implants on the human circulatory system.
In this study, the behavior of the woven Dacron prosthesis is tested
in a mock circulatory loop for the first time. The understanding of
the dynamics of cardiovascular prostheses is crucial to identify the
limitations of the currently used prostheses in mimicking the
dynamic expansion of the lumen of the human aorta. This study
highlights that the insertion of a woven Dacron prosthesis in the
arterial tree reduces extremely the Windkessel effect and bending
vibrations are generated. As a result, this compromises the func-
tioning of the vasculature and leads to an increase in the heart
workload (Spadaccio et al., 2013).
2. Materials and methods

2.1. Woven Dacron graft

A thin woven Dacron fabric has different properties in two per-
pendicular in-plane directions and can be considered as an ortho-
tropic material. In the axial direction a corrugation is present in
woven Dacron grafts to increase the axial compliance and to facil-
itate non-straight implantation. A Hemashield Platinum woven
double velour thoracic aortic prosthesis produced by Maquet was
experimentally studied; this is a collagen-impregnated graft.
Fig. 1. (a) Dacron graft under test; (b) characteristic dimen
According to the producer, the nominal length is 300 mm and
the nominal diameter is 28 mm. The geometrical details and
dimensions are shown in Fig. 1.

The prosthesis was cut by means of straight surgical scissors
between two ridges at a length of 110 ± 1 mm in the unloaded
state. The middle-surface diameter was measured to be
27.8 ± 0.4 mm by cutting a thin cylindrical ring from the prosthe-
sis, opening it and measuring its length. The cut portion presents
62 corrugation waves along the axis. The axial length of one wave
is 1.77 ± 0.05 mm. The thickness of the fabric is 0.33 ± 0.01 mm and
was measured with a Vernier caliper. When implanted, the pros-
thesis is subjected to an axial prestress and internal pressure.
Indeed, the human aorta retracts to a shorter length if excised
and the axial pre-stretch depends on age (Horný et al., 2014). An
axial stretch of 1.3 times the undeformed length of the graft was
chosen during tests in the mock circulatory loop.

2.2. Static and dynamic mechanical properties of woven Dacron

Amabili et al. (2018) characterized the static and viscoelastic
behavior of woven Dacron strips taken from Hemashield Platinum
aortic grafts. In Amabili et al. (2018), the axial strip was character-
ized after pre-stretch to remove the corrugation. Since the studied
graft presents corrugations, the static strain-stress curves in axial
and circumferential directions were tested again without any axial
pre-stretch in both cases, and results are reported in Fig. 2(a and b).
The 2nd Piola-Kirchhoff stresses r and Green’s strains e are
obtained as

r ¼ F
A k

; e ¼ DL
L

þ 1
2

DL
L

� �2

; ð1a;bÞ
sions of the wave structure of the tested Dacron graft.



Fig. 2. Uniaxial tensile tests on strips from a woven Dacron aortic graft; 2nd Piola-
Kirchhoff stress, Green strain. (a) Axial strip, four repeated tests, mean values and
standard deviations; (b) circumferential strip, nine repeated tests, mean values and
standard deviations (Amabili et al., 2018).

Table 1
Pre-stretch values and associated stresses applied in the dynamic characterization of
axial and circumferential strips from a woven Dacron aortic graft.

Axial strip Circumferential strip

Stretch Stress (MPa) Stretch Stress (MPa)

1.22 0.08 1.008 0.17
1.29 0.16 1.01 0.25
1.36 0.30 1.012 0.40

134 G. Ferrari et al. / Journal of Biomechanics 86 (2019) 132–140
where F is the measured force, A is the cross-section area,
k ¼ 1þ DL=L is the stretch, DL is the elongation caused by the
applied force F and L is the original length of the strip. Here it must
be clarified that, since the cross-section area is non-continuous with
fibers having space among them, a conventional continuous cross-
section without pores is assumed. Therefore, the stress given by
Eq. (1a) is a conventional value. A second reason for the difference
between Eq. (1a) and the actual stress value in the fibers is due to
the geometry of the Dacron graft along the longitudinal axis, which
is shown in Fig. 1(b). This introduces stress concentrations.

Fig. 2(a and b) were obtained by using an eXpert 4000 Admet
Micro Test System after ten pre-conditioning cycles on strips of
45 � 10.5 mm at a strain rate of 0.025 mm/s. Fig. 2(b) coincides
with the one obtained in Amabili et al. (2018). Results indicate a
very high circumferential and a very low axial stiffness of the cor-
rugated Dacron.

The experimental frequency-dependent stiffness and dissipa-
tion characteristics of a viscoelastic material can be described by
the complex modulus. Under harmonic oscillations, the ratio
between stress and strain for a viscoelastic material is a frequency
dependent complex number. This is justified by the fact that,
depending on the forcing frequency, a phase / is present between
the imposed dynamic force and the resulting elongation. Through
the measurement of (i) the dynamic force, (ii) the corresponding
elongation of a Dacron strip and (iii) the phase between the two,
the amplitude of the complex modulus can be obtained as
E�j j ¼ Dfj j=A
Dlj j=L

1
k2

; ð2Þ

where, L is the original free length of the strip and A its cross-section
area, both before applying the pre-stretch k. The reason for the pres-
ence of the term 1=k2 in Eq. (2) is to convert the complex modulus
from the slope of the engineering stress/engineering strain curve to
the slope of the 2nd Piola-Kirchhoff stress/Green’s strain curve. The
storage modulus E0 and the loss modulus E00 are given by

E0 ¼ E�j jcos/; E00 ¼ E�j jsin/; ð3a;bÞ
the loss factor g is

g ¼ tan/: ð4Þ
The experiments were carried out at assigned initial pre-

stretches on one axial and one circumferential Dacron strip. The
values of pre-stretch and the corresponding stresses are presented
in Table 1. The stretches were chosen in order to reach physiolog-
ical stresses. A strip holder was connected to a fix surface through a
Brüel & Kjær 8203 piezoelectric load cell. The other strip holder
was fixed to the armature of a Brüel & Kjær 4824 electrodynamic
exciter connected to a Brüel & Kjær 2732 power amplifier and con-
trolled by a LMS/Siemens Test-Lab system; its dynamic displace-
ment was measured by a Polytec OFV-505 laser Doppler
vibrometer with displacement decoder. The harmonic excitation
was varied from 1 to 60 Hz with an adaptive frequency resolution
varying from 0.1 to 0.5 Hz. The initial 50 cycles at every frequency
were discarded to eliminate the transient vibration and give pre-
conditioning. The dynamic elongation Dl and the dynamic har-
monic force Df applied to the strip, of the order of 0.1 N, were
measured for 10 cycles. A small dynamic load, superimposed to
the static load, allows for a linear response of the material around
the pre-stretched configuration. This linear relationship is used in
Eq. (2) to find the complex modulus. The estimation of measure-
ment errors is presented in Appendix A.

2.3. Mock circulatory loop

A mock circulatory loop was designed and built for this applica-
tion and its scheme is shown in Fig. 3(a). A photo of the test section
with the Dacron graft installed and equipped with Carolina Medical
magnetic flowmeters and Millar catheter pressure sensors at the
inlet and outlet of the prosthesis is shown in Fig. 3(b). A classical,
manually controlled design was developed to recreate the pumping
action of the heart and the Windkessel effect for the portion of the
arterial tree. The pumping action of the heart is recreated by amodel
55-3305 piston pump by Harvard Apparatus. The pump is in a stan-
dard configuration, with ball check valves and manual controls of
stroke (range 15–100 cc), systole/diastole ratio (25/75 to 50/50 %)
andanalogic speed control. Themaximumspeedof this pump is lim-
ited to 100 beats per minute (bpm). However, in this case the stan-
dard Bodine 6126 electric motor was substituted by a Bodine 6125
motor capable of an approximately double speed. This allows to
study the full range of physiological heart rates.

3/400 ID tygon tubing was employed. The Dacron prosthesis is
assumed to replace a long portion of the thoracic descending aorta



(a)

(b)

Dacron graft

Pressure sensors

Flowmeters

Fig. 3. Mock circulatory loop. (a) Schematic representation of the mock circulatory loop with images of the components; (b) test section with Dacron graft installed and
equipped with Carolina Medical magnetic flowmeters and Millar catheter pressure sensors.
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and was fixed to rigid cylindrical supports by hose clamps, leaving
a free length of 117 mm between the supports (with pre-stretch
1.3). To prevent liquid leakage, a very thin latex film (0.046 mm
thick) of negligible stiffness compared to Dacron was placed inside
the graft. In order to simulate both upstream and downstream
arterial compliance, two compliant chambers (manufactured by
BDC Laboratories) were positioned before and after the location
of the prosthesis. Each compliance chamber features an approxi-
mate total volume of 2.25 L. The loop is filled with salted water
(salt 0.9% in volume), while an air pocket is trapped on top of a
compliance chamber; this pocket provides compliance as air is
compressible and constitutes a pneumatic spring. The stiffness of
the spring is proportional to the volume of air, which is adjusted
by pneumatic components. A gauge measures the pressure of the
air pocket. After the Dacron prosthesis, a pinch valve was installed
to introduce arterial resistance to flow. The tuning of the volume of
air in the expansion chambers and of the level of squeezing intro-
duced by the pinch valve allows to obtain the desired 100 mmHg
mean pressure, the diastolic pressure of about 80 mmHg and the
systolic pressure of around 120 mmHg. The tuning must be
repeated at every simulated heart rate.

The function of the tank, open to the atmospheric pressure, is to
separate the test section from the drawing action of the inlet of the
pump, i.e. it separates the arterial tree from the venous system. In
fact, the flow in the descending thoracic aorta is determined only
by the systolic pumping of the heart and by the Windkessel effect,
while the atria of the heart do not provide any suction. In the tank,
a heater was installed to maintain the fluid at body temperature.

2.4. Dynamic displacement measurement

Hemodynamic investigations in general assume axisymmetric
radial deformation of arterial ducts. In the specific problem, bend-
ing displacements are very relevant, due to the initial deviation of
the graft from the perfectly straight configuration and its extre-
mely low axial stiffness. The graft bends by increasing the trans-
mural pressure. Thus, the mean and oscillatory components of
pressure induce a lateral bending motion without diameter
changes, see Fig. 4(d), superimposed to an axisymmetric motion,
see Fig. 4(b), with diameter change (breathing motion). The direc-
tion along which the bending motion happens cannot be predicted
and is given by the initial bending of the graft once installed onto
the rigid frame.

Four perpendicular OFV 505/PSV 500 Polytec laser Doppler
vibrometers equipped with displacement decoders (sensitivity
setting 200 mm/volt) were used simultaneously. Each one pointed
at half-length of the prosthesis and measured the displacement in
the direction of the laser beam, capturing both bending and
axisymmetric dynamic deformation, as shown in Fig. 4(a–e). Dur-
ing an axisymmetric deformation, the sections of the prosthesis
are expected to remain circular while all radii change of a same
quantity. Therefore, for a purely axisymmetric motion, all lasers
would measure identical signals in phase and amplitude. With
similar geometric considerations, it can be shown that, for a
purely bending motion, one couple of coaxial laser sensors would
measure signals identical in amplitude but with opposite phase.
Therefore, if the four signals from the lasers are named Vtop

(top), Vbot (bottom), Vleft (left), Vright (right), the axisymmetric
components of motion in the vertical and axial directions are
given by

ðVtop þ VbotÞ=2; ðVleft þ VrightÞ=2; ð5a;bÞ

respectively. The two components of the axisymmetric motion
should be equal for a perfectly circular and axisymmetric graft.
Differences in the previous expression are introduced by



Fig. 4. Measurement of the dynamic deformation of the Dacron graft by using four
Polytec laser Doppler vibrometers. (a) Experimental set-up with the four laser
Doppler vibrometer heads; (b) axisymmetric (breathing) deformation of the graft;
(c) measurement of the axisymmetric deformation; (d) bending deformation of the
graft; (e) measurement of the bending deformation.
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imperfections. The bending components in the two directions are
obtained as

ðVtop � VbotÞ=2; ðVleft � VrightÞ=2: ð6a;bÞ
A schematic of the laser measurements of axisymmetric and

bending motions is shown in Fig. 4(c) and Fig. 4(e), respectively.
3. Results

3.1. Storage modulus and loss factors of woven Dacron

The storage modulus in axial and circumferential direction at
different initial pre-stretches is given in Fig. 5(a) and (c), respec-
tively. Fig. 5(a) has been obtained in presence of corrugations,
while Fig. 5(c) coincides with the one presented in Amabili et al.
(2018). Results indicate that the storage modulus is largely increas-
ing (more than doubling) when passing from static load to 1 Hz of
harmonic loading, while a further modest stiffness increase is
observed at higher frequencies. A two-order of magnitude differ-
ence is observed between storage moduli in the circumferential
and axial directions. The corresponding loss factors are given in
Fig. 5(b and d).
3.2. Mock circulatory loop

The results obtained for the Dacron graft in the mock circula-
tory loop are presented for four heart rates: 52, 92, 126 and
164 bpm. These rates correspond roughly to the case of rest, mod-
erate and intense physical activity. A volumetric stroke of 50 cc and
a systole-to-diastole ratio of 25/75 were used. The mean, systolic
and diastolic pressures were kept similar at different heart rates
in order to have the same load acting on the graft at different
frequencies.

The measured inlet pressure p1, outlet pressure p2 and pulsating
volumetric flow rate are presented in Fig. 6(a) for a heart rate of
52 bpm and are close to standard physiological pressure and flow
at rest, including the phase relationship between flow rate and
pressure (Mills et al., 1970). The measured systolic pressure is
113 mmHg and the diastolic pressure is 73 mm Hg. This confirms
the good performance of the tuned mock circulatory loop. The
axisymmetric oscillation is shown in Fig. 6(b). It presents an oscil-
lation amplitude of about 0.07 mm and follows closely the pres-
sures p1 and p2. Fig. 6(c) displays the bending oscillation in the
vertical and horizontal directions, which also follow the pressures
p1 and p2. The horizontal bending oscillation amplitude is 0.32 mm.

Fig. 7(a–c) presents measures for the graft at 92 bpm. The
amplitude of the axisymmetric oscillation is about 0.07 mm and
the one of the horizontal bending increases to 0.4 mm; it can be
observed that a slightly larger mean pressure was reached in this
case (systole 135 mmHg, diastole 93 mmHg) with respect to the
case at 52 bpm. It can be concluded that similar breathing and
bending oscillations were observed at 52 and 92 bpm.

Results at 126 bpm are presented in Fig. 8(a–c) with horizontal
bending oscillations of 0.33 mm (systole 121 mmHg, diastole
86 mmHg) and breathing oscillation of about 0.07 mm.

Finally, the test at 164 bpm is displayed in Fig. 9(a–c) and shows
a bending amplitude of 0.37 mm while the axisymmetric vibration
is still 0.07 mm; the systolic pressure is 124 mmHg and the dias-
tolic pressure is 86 mmHg, thus close to the 126 and 52 bpm cases.

The typical maximum measurement error for the Millar cathe-
ter pressure sensor is 3 mmHg, for the Carolina Medical magnetic
flowmeter is 0.3 L/min, for the dynamic displacement is 4 lm
and mostly due to alignment accuracy.

A comparison of the present quasi-static pressurization experi-
ment with those by Bustos et al. (2016b) for a similar, but slightly
smaller Dacron graft of 24 mm diameter, is presented in Fig. 10.
The relationship between pressure (mmHg) and circumferential
stretch kh at midlength of the graft under an axial pre-stretch
k = 1.3 shows results in reasonable agreement (only two points
were measured in the present test). Fig. 10 displays also results
for dynamic inflation experiment under pulsatile pressure at
52 bpm (data from Fig. 6b). It is very interesting to see that the



Fig. 5. Storage modulus (from 2nd Piola-Kirchhoff stress and Green’s strain) and loss factor versus loading frequency at three different initial pre-stretches k; the error bars
quantify the estimated measurement errors. (a) Storage modulus of the axial strip; (c) loss factor of the axial strip; (c) storage modulus of the circumferential strip; (d) loss
factor of the circumferential strip.
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slope of the dynamic pressurization is over three times larger than
the quasi-static pressurization. This is directly linked to the ratio
between the dynamic stiffness at 0.87 Hz and the static stiffness,
both in circumferential direction. Fig. 5(c) shows that the ratio
between the dynamic stiffness at 1 Hz and the static stiffness is
about 3.5, which is in full agreement with the increase of the slope
of the dynamic pressurization curve in Fig. 10.

4. Discussion and conclusions

Across the entire set of heart rates, the amplitude of dynamic
bending of the Dacron graft observed in the mock circulatory loop
was 0.3–0.4 mm. This is about five times larger than the amplitude
of the axisymmetric (breathing) oscillation, which has been mea-
sured to be around 0.07 mm. The ratio between the axisymmetric
oscillation amplitude and the graft radius is 0.5%, which is much
smaller than the dynamic change of diameter during in vivo blood
pulsation in the human descending thoracic aorta, which is
reported to be between 8.1 and 2.7%, according to the age
(Morrison et al., 2009). Therefore, experimental results indicate a
very strong mismatch between the dynamic expansion of the
lumen of the human aorta and that of the Dacron graft, which
has an extremely reduced Windkessel effect. This is a potential
source of complications for the proper functioning of the heart.
In addition, the connection between the human aorta, which
expands significantly at any heart beat (especially for younger
individuals), and the circumferentially stiff Dacron graft represents
a point of significant stress concentration and a potential source of
problems. Finally, the bending vibrations observed for the Dacron
prosthesis have no counterpart in the human aorta and this is a
further point of concern.

Based on this study, a hypothetical new generation of dynami-
cally compatible aortic grafts should mimic the hyperelastic and
viscoelastic material properties of the human aorta and its layered
structure in order to reduce the dynamic mismatch observed in the
currently used commercial Dacron aortic prostheses.
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Fig. 6. Dacron graft at 52 bpm. (a) Inlet pressure (continuous red line), outlet
pressure (dashed blue line), volumetric flow rate (continuous green line) versus
time; (b) inlet pressure (continuous red line), outlet pressure (dashed blue line),
axisymmetric (breathing) dynamic displacement in horizontal direction (green
continuous line); (c) bending dynamic displacement: vertical direction (red line),
horizontal direction (blue line). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 7. Dacron graft at 92 bpm. (a) Inlet pressure (continuous red line), outlet
pressure (dashed blue line), volumetric flow rate (continuous green line) versus
time; (b) inlet pressure (continuous red line), outlet pressure (dashed blue line),
axisymmetric (breathing) dynamic displacement in horizontal direction (green
continuous line); (c) bending dynamic displacement: vertical direction (red line),
horizontal direction (blue line). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Dacron graft at 126 bpm. (a) Inlet pressure (continuous red line), outlet
pressure (dashed blue line), volumetric flow rate (continuous green line) versus
time; (b) inlet pressure (continuous red line), outlet pressure (dashed blue line),
axisymmetric (breathing) dynamic displacement in horizontal direction (green
continuous line); (c) bending dynamic displacement: vertical direction (red line),
horizontal direction (blue line). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 9. Dacron graft at 164 bpm. (a) Inlet pressure (continuous red line), outlet
pressure (dashed blue line), volumetric flow rate (continuous green line) versus
time; (b) inlet pressure (continuous red line), outlet pressure (dashed blue line),
axisymmetric (breathing) dynamic displacement in horizontal direction (green
continuous line); (c) bending dynamic displacement: vertical direction (red line),
horizontal direction (blue line). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Relationship between pressure (mmHg) and circumferential stretch kh at
midlength for the Dacron graft for axial pre-stretch k = 1.3. s, results for quasi-
static inflation experiment by Bustos et al. (2016b) for Dacron graft of 24 mm
diameter; , present results for quasi-static inflation experiment for Dacron graft of
28 mm diameter; , present results for dynamic inflation experiment under
pulsatile pressure at 52 bpm for Dacron graft of 28 mm diameter.
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Appendix A. Measurement errors

The expression for calculating the measurement error for the
storage modulus is given by

E
0 ¼ jDf � Df ej=A

jDl� Dlej=L
1
k2

cos u�ueð Þ; ðA1Þ

where Df e is the measurement error from the dynamic force sensor,
Dle is the error from the laser Doppler and ue is the phase angle

error from the data acquisition system. The value of E
0
is maxi-

mized and minimized to get the bounds for the storage modulus.
Similarly, for the loss factor the error is expressed as

g ¼ tan /�ueð Þ: ðA2Þ
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