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In this study, we present the fabrication and characterization of the kink-free electrospun small 
caliber (4 mm in internal diameter) vascular graft based on a blend of biocompatible poly(ethylene 
terephthalate) (PET) and highly elastomeric polyurethane (PU) and subsequently reinforced by additive 
manufacturing 3D printing. We also report the design and simulation of the grafts under various internal 
pressures. Long-length small-diameter grafts suffer from the kink and loop formation for electrospun 
tubes. We have seen that collector rotation speeds (from 50 to 200 rpm) yielded grafts with varied 
mechanical properties and kink resistance. By reinforcing electrospun vascular grafts with the help of 3D 
printing, we report the reduction of the kink radius from 2.30 to 0.45 cm and 0.57 cm, respectively, for 
poly(lactic acid) (PLA)- and PET-reinforced vascular graft.

Introduction
The number of people affected by cardiovascular diseases 
(CVDs), often defined as conditions that affect the heart and/
or the vascular systems of the body, is growing every year in the 
world, and so are the deaths, making CVDs one of the major 
causes of death and diseases [1, 2]. An estimated 17.9 million 
people died in 2016 from complications related to cardiovascu-
lar disease, which was 31% of all deaths in the world that year 
according to WHO [3]. These deaths are often avoidable and 
happen prematurely before the age of 70 and yet the number 
of CVD cases and deaths are likely to increase over the years.

Peripheral arterial disease (PAD) is one of the major cardio-
vascular conditions along with strokes, coronary arterial disease, 
and aortic disease. PAD leads to restricted or reduced blood 
flow to the extremities of limbs leading to failure of circulation 
of oxygenated blood to the extremities [4, 5]. This reduced flow 
in PAD as the plaque develops in the blood vessels leading to a 
condition called atherosclerosis and over time the plaque hard-
ens and ultimately results in stiff arteries and narrowing of blood 
vessels [6]. Although interventions like increased exercises, ces-
sation of smoking, other habitual changes, and drugs can bring 

symptomatic relief to the patient, loss of limbs is a major risk 
to the patients [7].

Along with other interventions the treatment of CVDs, and 
specifically PAD, often requires the replacement of blood ves-
sels in the patient’s body. In the USA alone, 1.4 million patients 
require arterial prosthesis to treat their conditions [8, 9]. Vari-
ous biological candidates are proposed for the replacement of 
the vascular grafts such as autografts, allografts, and xenografts, 
each having different shortcomings like a dimensional mis-
match, donor site morbidity, immune rejection from the body, 
limited supply, and inferior mechanical properties [10–12]. All 
of these grafts being biological systems have limited to no con-
trol over the dimensional tunability, physical properties, and 
manufacturing.

Despite years of research, long-term patency is a greater 
issue in the case of grafts with a small or medium diameter 
(< 6  mm) due to the development of thrombosis, stenosis, 
occlusion, and hyperplasia in the implanted grafts [9, 10, 13, 
14]. The reasons for the development of these complications 
can be attributed to factors such as (1) the mechanical mismatch 
between the natural vessel of the host body and the implanted 
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graft leading to the compliance mismatch [9, 10, 15] and (2) 
lacking the biomimicry of the environment of the graft com-
pared to natural vessels [16]. Also, the failure of the implanted 
grafts is associated with the poor mechanical properties of the 
replacement graft. The graft efficacy is compromised due to 
the development of complications like intimal hyperplasia and 
accelerated atherosclerosis [17]. Plaque development inside the 
wall of the implanted graft or the early sign of the thrombogenic 
development goes undetected until it is too late and there is no 
good solution available [18, 19].

Electrospinning is a well-known method used to fabricate 
a seamless conduit in vascular graft research and has a tremen-
dous advantage in that it can be used to produce fibers and 
meshes that have comparable structure and morphology to the 
collagen in the natural extracellular matrix (ECM). It can be 
used for a myriad of materials and has excellent control over the 
process parameters [20, 21]. Researchers over the year reported 
the fabrication of vascular grafts from natural, biological, and 
synthetic materials or the combination of them and reported 
promising results [22–24]. Various biocompatible polymers 
like polyethylene terephthalate (PET), polycaprolactone (PCL), 
poly(lactic acid) (PLA), polyurethane (PU) and their blends 
have been reported examining different mechanical, morpholog-
ical, and biological properties [25–31]. Hasan et al. studied the 
blend of PET and PU for the vascular graft application in their 
2015 study and reported the mechano-morphological properties 
for different blending ratios [32]. PET is a well-known material 
used in the fabrication of synthetic graft commercially known 
as Dacron and is being used in vascular surgeries for years [33]. 
PU, on the other hand, is an elastomer widely used for biomedi-
cal applications. Both materials have been used in large diameter 
vascular grafts and are biocompatible materials. [34]

Similarly, 3D printing, or additive manufacturing, has gar-
nered significant interest over the past few decades [21]. In the 
realm of tissue engineering, 3D printing has been explored for 
its potential to create precise designs for myriad applications 
and has been utilized for the creation of versatile tissue scaf-
folds that exhibit favorable and customizable biomechanical 
properties [35, 36]. Most of the 3D-printed vascular graft appli-
cation research involves patient-specific graft fabrication and 
mostly used as scaffolds. This approach is mainly regarded as 
a promising candidate for the next-generation class of tissue-
engineered vascular grafts. Kabirian et al. reported the fabri-
cation and characterization of PLA-based 3D-printed vascular 
grafts which degrade as the tissue regeneration takes place [37]. 
Rabionet et al. reported the fabrication and determined the 
effect of various process parameters in cell proliferation [38]. 
But much research and improvement are required in order to 
develop viable artificial blood vessels [39]. PET and PLA are 
thermoplastic crystalline polymers with extrusion printability 

for creating spirals around the electrospun graft for kink resist-
ance reinforcements. PET is a biostable polymer and PLA is 
having half-life of more than 2 years with proven biocompat-
ibility as sutures. The materials used for 3D printing were PLA 
and PET since both of these materials offer different advanta-
geous properties like superior mechanical properties, ease of 3D 
printability and biocompatibility, etc. that make them excellent 
material choices for vascular grafts [40, 41]

Despite having much interest and ongoing research, the 
currently 3D-printed grafts lack the necessary porous structure 
vital for the long-term patency of the grafts. On the other hand, 
the replacement of vessels for treating PAD is generally longer 
length bypasses which suffer from physical occlusion of blood 
flow due to the kinking observed at the bending and joints [42]

Therefore, in this study, we explore a novel technique to 
combine electrospinning and 3D printing methods to develop a 
vascular graft system with mechanical properties comparable to 
the native blood vessels, possessing a structure that mimics the 
extracellular matrix of the native vessels, and is kink resistant. 
The patient population with PAD that requires surgical inter-
vention is approximately 100,000 cases annually and additional 
cases involving multiple revascularization procedures would be 
the immediate beneficiaries of a “ready to implant off-the-shelf ” 
vascular substitute (< 6 mm diameter).

Results
Morphological characterization

Figure 1 presents the SEM imaging of the grafts and the diam-
eter distribution of the fibers in the electrospun layer. Figure 1a 
shows the cross-sectional bilayer view of the graft, with the right 
solid layer representing the 3D-printed filament layer, and the 
left layer representing the electrospun PET/PU layer. There is 
good contact and lamination between the electrospun layer and 
the 3D-printed layer as seen in the SEM image, allowing for 
a combination resulting from the novel incorporation of elec-
trospinning and additive manufacturing. Figure 1b depicts the 
SEM image of the outer side of the graft showing even spacing 
between the filaments over the electrospun inner layer.

SEM images of PET/PU electrospun grafts depicted in 
Fig. 1c show the randomly oriented fibrous mat with the high 
porosity (79.29 ± 4.19%, n = 5) associated with electrospun fibers. 
The image depicts the highly connected electrospun fiber mats. 
The diameter distribution analysis as shown in Fig. 1d shows 
that the majority of the fibers are below 500 nm in diameter. 
DiameterJ (free software from NIH) measurements confirmed 
that fiber diameters were on the order of collagen fibers of the 
ECM: 54.6% of diameters fell between 120 and 365 nm, while 
78% of diameters fell between 50 and 500 nm.
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FTIR surface chemistry

The FTIR spectrum shown in supplementary data, SP 2c, was per-
formed on a sample of electrospun PET/PU graft (control). As is 

expected from the given polymers used, a –OH ad N–H peak can 
be observed in the broad region (~ 3600–3000 cm−1), -CH2 peaks 
appeared at around wavenumbers 2900–2800 cm−1, and a promi-
nent –C=O peak is depicted at 1724 cm−1 associated with urethane 
carbonyl of PU with shoulder ester carbonyl of PET. Finally, –C–O–C 
and other single-bonded functional groups can be found in the 
1400–1000 cm−1 region, which is associated with the ester/urethane 
ether group.

Mechanical properties

The apparent elastic modulus of the grafts with the intact 
cylindrical geometry is measured and the apparent tensile 
modulus of the grafts is represented in Fig. 2. The schematic 
of the test coupon and method is shown (Supplementary data, 
SP 1). The graph shows the apparent elastic modulus of the 
grafts post 3D printing and is compared to the electrospun 
control graft. The apparent elastic modulus for the control graft 
measured to be 19.3 ± 1.06 MPa and that for PET-reinforced 
grafts at 50 RPM, 100 RPM, 150 RPM, and 200 RPM was found 
to be 8.51 ± 2.31 MPa, 9.51 ± 0.61 MPa, 13.9 ± 3.87 MPa an,d 
137 ± 25.8 MPa, respectively. Similarly for PLA-reinforced 

Figure 1:   SEM images of the grafts. (a) cross-sectional view showing both the filament and electrospun layer. (b) front view of the graft. (c) electrospun 
PET/PU layer. (d) diameter distribution of the fibers in the electrospun layer.

Figure 2:   Apparent elastic modulus of the electrospun grafts with the 3D 
reinforcement using PLA and PET as filaments at the different collector 
rotation speed (n = 3 per group, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) and 
control being electrospun grafts without 3D reinforcement.
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grafts, the values for 50 RPM, 100 RPM, 150 RPM, and 
200 RPM were found to be 14.3 ± 4.6 MPa, 15.7 ± 2.2 MPa, 
23.1 ± 1.07 MPa, and 34.7 ± 1.51 MPa, respectively.

Figure 3 represents the elastic modulus of the graft in the cir-
cumferential direction. The graft was cut open, and the modulus 

is measured following the ASTM standard. The graph and the 
value show that there is a significant increase in the elastic mod-
ulus in the circumferential direction post 3D printing. The elas-
tic modulii in the circumferential direction for the control grafts 
measured to be 7.43 ± 1.99 MPa and that for PET-reinforced 
grafts at 50 RPM, 100 RPM, 150 RPM, and 200 RPM was found 
to be 90.0 ± 16.2 MPa, 126 ± 26.5 MPa, 205 ± 29.1 MPa an,d 
282 ± 25.6 MPa, respectively. Similarly for PLA-reinforced grafts, 
the values for 50 RPM, 100 RPM, 150 RPM, and 200 RPM were 
found to be 179 ± 73.5 MPa, 164 ± 43.8 MPa, 202 ± 35.4 MPa, and 
195.3 ± 16.7 MPa, respectively.

Kink radius measurement

Figure 4a represents the measured kink radius of the grafts. Kink 
radius as measured by bending from both ends of grafts until 
noticeable bends or kinks formed show there is an improve-
ment in the kink radius. The kink radius of the control graft 
was measured to be 2.30 ± 0.19 cm. The least kink radius is 
reported in the PLA-reinforced graft at 50 RPM and measured 
as 0.45 ± 0.02 cm and that for PET-reinforced graft at 50 RPM is 
measured as 0.57 ± 0.02 cm. Figure 4b represents the fabricated 

Figure 3:   Elastic modulus in the circumferential direction (n = 3 per group, 
*p ≤ 0.05, **p ≤ 0.01) of control electrospun grafts, and PLA and PET (with 
different RPMs) grafts with 3D-printed reinforcement.

Figure 4:   (a) Distribution of kink radii of samples as measured by fitting circles to inner diameters using ImageJ. (b) kink-free graft fabricated with 
electrospinning and 3D printing. (c) Kinking nature of electrospun graft without 3D printing reinforcement (control). (n = 3 per group, *p ≤ 0.05, 
**p ≤ 0.01).
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graft by both electrospinning and those reinforced by 3D print-
ing for kink-resistance.

Burst pressure measured for the electrospun control grafts 
was found to be 1787.64 ± 76.61 mm of Hg (n = 3). For grafts 
with reinforcements, the grafts did not burst until the limitation 
of the setup and  the burst strength was achieved at an average 
value of 2650 mm of Hg where the experiment was stopped.

Design using SOLIDWORKS

Figure  5 represents the design for 50 RPM and 100 RPM 
grafts. The dimension of the filament was measured from the 
SEM images included in the supplementary materials SP2. 
The internal diameter of the design was 4 mm and the outer 
diameter with the filaments was 5 mm. Figure 5a–c represent 
the top view, 3D design, and 3D CAD design of the 50 RPM 
graft and Fig. 5d–f represent the top view, 3D design, and 3D 
CAD design of the 100 RPM grafts.

Table  1 represents the values of the maximum stress, 
strain, and displacement developed under the various pres-
sure inside the graft with 50 RPM reinforcements.

Table  2 represents the values of the maximum stress, 
strain, and displacement developed under the various pres-
sure inside the graft with 100 RPM reinforcements.

The stresses in both the graft models increase as the 
pressure increases. The values for stresses, strains, and the 
deformation in the graft made with 50 RPM reinforcement 
have shown to have a higher value than the graft made with 
100 RPM reinforcement. The maximum stress developed are 
0.186 MPa and 0.177 MPa for 50 RPM grafts and 150 RPM 
grafts at 250 mm of Hg internal pressure and the maximum 
strain for the same grafts was 4.716e−05 and 4.305e−05, 
respectively. Additional simulations were performed at higher 
pressure values with reference to the burst pressure of the 
human saphenous vein, 1599 ± 877 mm of Hg ,reported by 
various researchers [43–45].

Figure 5:   Graft design in SOLIDWORKS for simulation. (a) Top view of the 
graft. (b) 3D view of the graft. (c) 3D CAD design of graft prepared at 50 
RPM. (d) Top view of graft. (e) 3D view of the graft. (f ) 3D CAD design of 
graft prepared at 100 RPM.

TABLE 1:   Stress, Strain, and Displacement of the tube under different 
pressures prepared at 50RPM (from Simulation).

Pressure  
(mm of Hg) Stress (N/m2) Strain

Deformation/
displacement 

(mm)

80 5.881e+04 1.492e−05 3.486e−05

100 7.464e+04 1.886e−05 4.461e−05

120 8.956e+04 2.264e−05 5.353e−05

140 1.045e+05 2.641e−05 6.245e−05

180 1.343e+05 3.396e−05 8.030e−05

250 1.866e+05 4.716e−05 1.115e−04

300 1.087e+06 2.334e−04 1.221e−04

500 1.449e+06 1.629e−04 3.11e−04

1000 3.662e+06 7.782e−04 4.071e−04

1500 3.797e+06 9.324e−04 7.019e−04

2000 5.062e+06 1.242e−03 9.35e−04

TABLE 2:   Stress, Strain and Displacement of the tube under different pres-
sures prepared at 100RPM (from simulation).

Pressure  
(mm of Hg) Stress (N/m2) Strain

Deformation/
displacement 

(mm)

80 5.675e+04 1.378e−05 3.183e−05

100 7.094e+04 1.722e−05 3.979e−05

120 8.513e+04 2.066e−05 4.774e−05

140 9.932e+04 2.411e−05 5.570e−05

180 1.277e+05 3.099e−05 7.161e−05

250 1.774e+05 4.305e−05 9.947e−05

300 2.191e+05 5.516e−05 1.349e−04

400 2.992e+05 7.354e−05 1.799e−04

500 3.684e+05 9.493e−05 2.315e−04

1000 7.368e+05 1.899e−04 4.630e−04

1500 1.105e+06 2.848e−04 9.945e−04

2000 1.474e+06 3.797e−04 9.260e−04
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Discussion
In this study, we report the fabrication of a kink-free syn-
thetic graft by a novel combination of electrospinning and 
3D printing. Electrospinning can easily be used to synthesize 
seamless tubular structures of any diameter and length. These 
grafts also do not have the flexibility over the long length as a 
vascular replacement since they form kinks. Some other stud-
ies include printing grafts by additive manufacturing meth-
ods only producing very stiff grafts not suitable for clinical 
uses. Poly(ethylene terephthalate) (PET), a known synthetic 
vascular graft polymer (Dacron), was blended with highly 
elastic biostable and biocompatible silicon-based polyure-
thane (PU-E2A from AorTech International) to synthesize 
the inner layer. By blending stiff PET with highly elastic PU 
by co-spinning and the combination with 3D-printed spirals 
could impart strength, flexibility, and kink resistance to the 
graft. Moreover, the addition of PU with rubbery visco-elastic-
ity attribute could give suture puncture healing effects.

By fabricating the inner layer of the graft by the electro-
spinning process, we report the highly porous fiber-mesh of 
interconnected pores in the interior of the grafts resembling 
the structure of the ECM morphology of the natural blood ves-
sels. This structure is a must for the development of smooth 
endothelial lining onto the luminal surface of the graft [21, 46]. 
The majority of the fibers in the electrospun layer have a diam-
eter that is comparable to the diameter distribution of collagen 
fibers found in the natural blood vessels. Mimicking the physi-
cal structure of the collagen fibers in the blood vessels is very 
essential in the long-term patency of the grafts as the biomimetic 
microenvironment is very important in cell development and 
proliferation [47]. The collagen in the ECM have sizes in the 
range of 50–500 nm [48, 49]. The diameter analysis of the SEM 
image of the electrospun layer shows 78% of the fibers lie in 
this range (Fig. 1). SEM images showing the fiber size of elec-
trospun pure PU and PET and chemistry of blend by infrared 
spectroscopy (IR) can be seen in Supplementary data (SP 2). 
These IR peaks are observed due to the functional groups of 
PET/PU that are attributed to the signature peaks associated 
with the individual polymers used and are consistent with the 
results obtained by Khodadoust et al. using PET and PU for the 
graft fabrication [34].

The SEM images also reveal a good contact and lamina-
tion between the electrospun layer and the 3D-printed filament 
(Fig. 1) which suggests its integrity in the cyclic environment 
of the blood vessels during the systolic and diastolic cycle of 
the blood flow. This lamination occurred as a result of the heat 
applied to the 3D-printed filament, which comes out hot from 
the extruder head, assisting the bonding between these layers.

The kink radius is reduced significantly for the reinforced 
grafts compared to the control grafts made with electrospinning 

only. All the grafts reinforced with 3D-printing filaments have 
less than half the kink radius of the control grafts. The best 
improvement measured was for the PLA-reinforced graft at 50 
RPM, which is less than one-fifth of the kink radii of the control 
graft, which are 0.45 ± 0.02 cm and 2.30 ± 0.19 cm, respectively, 
closely followed by PET-reinforced graft at 50 RPM, whose kink 
radius is measured to be 0.57 ± 0.02 cm. SEM images of the rein-
forced graft can be seen in Fig. 1 and Supplementary data SP 3. 
Most reinforced grafts did not kink in the traditional sense of 
the word; rather, they experienced bending that would likely 
still allow for flow to continue mostly uninterrupted. Addition-
ally, they offered more resistance to bending than control grafts, 
meaning that, in addition to having smaller kink radii, more 
force would be required to reach those points than for control 
grafts. Notably, the PLA-reinforced graft at 50 RPM did not kink 
or bend at all, and thus, the noted kink radius is that of the mini-
mum radius reached via the testing method used.

The elastic modulus measurement is done in two different 
ways: apparent elastic modulus in the longitudinal direction 
and elastic modulus in the circumferential direction. From the 
results of both these tensile measurements, we can conclude that 
the electrospun layer mostly dictates the elastic strength in the 
longitudinal direction, while the elastic modulus in the circum-
ferential direction is dictated by the 3D-printed filament layers. 
The apparent elastic modulus in the longitudinal direction for 
the reinforced, on average, has values comparable to the elec-
trospun control grafts. We expected heat during the 3D printing 
process and the lamination during this process would melt some 
electrospun fibers and would decrease the elastic modulus in 
the longitudinal direction. The reason filament layers would not 
have much influence on the elastic properties in the longitudinal 
direction is they form a spiral around the conduits and results 
in an increase in the distance between the filaments subjected 
upon the force in the direction, hence load is transferred mostly 
in the electrospun layer. There is a sharp increase in the apparent 
elastic modulus for grafts with PET reinforcement at 200 RPM. 
This can be attributed to the fusing of some adjacent filaments 
due to the higher printing temperature for PET printing and the 
nature of the PET filament used. With exception to the grafts at 
200 RPM, PLA-reinforced grafts had, on average, higher appar-
ent modulus which can be attributed to the higher extrusion 
temperature of PET printing (220 °C) compared to that of PLA 
(190 °C) printing. The variation of the diameter and the distance 
between the two successive spirals (measured from SEM images) 
of the grafts produced at different collector rpm using ImageJ 
software is given Supplementary data (SP 4).

The elastic modulus in the circumferential direction has 
shown to have a significant increase in the case of reinforced 
grafts. Tensile test in the circumferential direction indicated that 
the elastic modulus in the circumferential direction was sub-
stantially higher than that of control grafts (Fig. 3) suggesting a 
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tangible improvement by combining 3D printing with electro-
spinning. This result is very important during the blood flow 
as the walls of the vessels act as the barrier that balances the 
hydrostatic pressure and the oncotic pressure through the vessel 
wall [50–52]. The mechanical properties and the modulus values 
are found to be higher compared to the natural blood vessels. 
For example, the elastic modulus values for the saphenous vein 
in the circumferential direction is reported to be 43 MPa [53], 
4.2 MPa [54], and that for the femoral artery is reported to be 
in the range 9–12 MPa [55, 56]. These values are comparable to 
the values we report with the control graft (7.43 ± 1.99 MPa), 
the lowest among the graft fabricated, whereas other grafts show 
superior mechanical properties. Khodadoust et al. in their 2017 
study reported the mechanical properties of the PET-PU hybrid 
grafts and cytotoxicity of the grafts has been evaluated in with 
MTT assay for human skin fibroblast cells and found to be non-
toxic to the cells [34].

The control electrospun PET-PU graft shows a burst pressure 
of 1787.64 ± 76.61 mm of Hg (Supplementary data SP 5) which is 
comparable to the saphenous vein’s burst pressure (~ 1800 mm Hg) 
described in the literature [44]. The reinforced grafts were able to 
withstand more than 2500 mm Hg that they did not burst even 
at higher pressures (2650 mm of Hg). The reinforced grafts had 
much higher burst strength than that of the non-reinforced graft 
(control) or the natural saphenous vein.

The simulation work represents the theoretical predictions 
to see how the grafts would behave in different pressure condi-
tions. The results investigate the stress, strain, and deformation 
under various pressures, ranging from normal blood pressure 
to hypertension. The values obtained for stresses and strain are 
well below the stress and strain measured in the tensile tests 
performed in both longitudinal and circumferential directions. 
This result demonstrates the viability of these grafts for vascular 
graft applications as they would be able to perform well under 
the systolic and diastolic pressure inside the blood vessel. This 
simulation work is performed for the PET-reinforced graft, but 
the design can be used for other materials with known mechani-
cal properties. This study includes the simulation work for the 
lower RPM grafts due to the limit of the SOLIDWORKS node 
limit for mesh structure.

Conclusions
By harnessing electrospinning with the additive manufactur-
ing technique such as 3D-printing process, we fabricated a bi-
layer vascular graft with superior mechanical properties, notably 
in the circumferential direction. These layers have excellent lami-
nation and kink resistance with ECM-like internal mesh structure 

mimicking natural blood vessels. Fabricating kink-resistant vas-
cular grafts is advantageous for future synthetic vascular graft 
developments, especially for grafts with long lengths and small 
diameters. The simulation results suggest that these grafts will 
withstand the pressure behavior inside the blood vessels.

Further studies could include experimenting with a range 
of materials and geometries for producing grafts with matching 
mechanical properties by combining 3D printing and electrospin-
ning. However, the patency should be ultimately assessed by the bio-
compatibility of grafts under in vitro and preclinical in vivo condi-
tions. We have previously shown that atmospheric pressure plasma 
jet could selectively functionalize the luminal surface of small caliber 
tubes for improved blood compatibility [31, 32].

Materials and methods
Graft preparation

Electrospinning

An 18% wt/vol of polymer blend was prepared by dissolving PET 
and PU (4:1 ratio) in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). 
PET was stirred in HFIP for 48 h before adding the PU and then 
they were stirred further for 24 h. The parameter for the electro-
spinning set is as follows: the voltage 20 kV, needle to collector 
distance 20 cm, and flow rate 1 mL/h. The collector for the electro-
spinning process was a rotating stainless steel mandrel of diameter 
4 mm rotating at 600 RPM (0.126 m/s), resulting in grafts with 
an internal diameter of 4 mm. The total volume of the solution 
used for the preparation of each conduit was 2 ml. The flow rate 
was maintained throughout the electrospinning process by using 
Harvard PHD 2000 Advanced syringe pump.

3D printing

Once the electrospinning step is concluded the grafts were exter-
nally reinforced with 3D printing. 3D printing is carried by mov-
ing the extruder head at a constant rate, while the mandrel con-
taining the electrospun graft was rotating at different speeds. The 
filaments used for the reinforcements were PLA and PET and both 
are extruded at the rate of 1 mm/s of 1.75 mm diameter filaments. 
The lateral distance the extruder head moved was 140 mm at 
1mm/s speed resulting in 15-cm-long reinforced grafts. The col-
lecting mandrel was rotated at different rotating speeds—50 RPM, 
100 RPM, 150 RPM, and 200 RPM resulting in grafts with different 
reinforcement properties.

The mandrels after 3D printing were then ultrasonicated in the 
water bath for 2 h and then grafts were removed from the mandrel 
and dried in the vacuum desiccator for 48 hours to be ready for 
further analysis.
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Characterization

Morphological characterization

The structure and the morphological analysis of the graft, both 
electrospun layer and the 3D-printed layer, was first sputter-coated 
with Au–Pd, and imaging was done with FE-SEM (Quanta FEG 
650 from FEI, Hillsboro, OR USA) at different magnifications and 
further measurements were done using ImageJ (NIH).

Porosity measurement

The porosity of the grafts was measured by using the liquid intru-
sion method. The samples were cut into squares of 1 cm × 1 cm 
in size, n = 5, and weighted before emerging in ethanol under 
ultrasonication. After 30 min, the samples were patted dry and 
weighted again, the weight is converted to volume by using the 
density of the ethanol at room temperature to calculate the poros-
ity using the following formula:

Mechanical characterization

To evaluate the mechanical properties of the graft in the longi-
tudinal and circumferential direction, the samples were tested 
using a DMA analyzer (TA Instruments, RSA G2) in tension 
mode under constant stress.

Tensile testing ‑longitudinal direction

Apparent elastic modulus was measured using the modified 
setting according to the protocol described in the literature 
[57]. The cylindrical samples were clamped with the modified 
setup to measure the apparent elastic modulus in the longitu-
dinal direction. The samples were 35 mm in length, and n = 3 
for each sample was taken. The thickness of the electrospun 
layer of the samples was 0.45 ± 0.06 mm.

Tensile testing‑ circumferential direction

For circumferential tensile measurements, grafts were cut 
open to form strips of reinforced plastic that were then 
mounted in the DMA machine using a standard set up accord-
ing to the ASTM D882 standard for tensile testing of thin-film 
plastics [58]. The length of the samples was 12.6 cm and the 
average width of the samples was 4.5 ± 0.6 mm, n = 3.

Apparent elastic moduli and elastic moduli were evaluated 
for grafts by obtaining the slope of the elastic region of the 
stress–strain curves accompanying each graft. Tensile testing 
was performed in dry conditions at constant strain mode at 
room temperature.

Porosity =
Volume of ethanol diffused

Total volume of the samples
× 100 %

Kink radii were evaluated by bending from both ends 
of grafts until noticeable bends or kinks formed that could 
occlude flow [59, 60]. Then, several points were demarcated 
about the grafts at the point of bending/kinking. ImageJ 
(NIH) analysis allowed for the fitting of arcs along the points 
to properly evaluate kink radius.

Burst pressure measurement was evaluated for grafts 
using Eisco NeuLog Pressure Logger Sensor—Recorders 
with Neulog USB connection module. The graft being highly 
porous, the catheter balloon method was used. The proce-
dure for using a catheter balloon to measure is outlined in 
ISO 7198:1988 and is described in Jones et al. studies [61]. A 
30 ml syringe(BD) was used and a pump was used to main-
tain a flow of 4 ml/min and the pressure was recorded using 
the Neulog module. A 3.5-cm-long section of the graft was 
directly mounted on the top of Foley catheter FR12 and the 
pump was run. The test was run until the graft ruptured or 
the pressure plateaued due to the physical constraints of the 
catheter, tubing, connection, and syringe pump.

Statistical analysis was performed using a t-test: two-sample 
using unequal variance between the groups. A statistical level 
of p-value < 0.05 was considered a significant difference. All the 
values are represented as mean value ± standard deviation.

Simulation for stress, strain, and deformation

The model of the grafts was designed with the help of SOLID-
WORKS Inc 2019–2020 and ANSYS software, simulations 
were run for the determination of stress, strain, and defor-
mation developed at various internal pressure. After measur-
ing all the required dimensions of grafts prepared at differ-
ent rpm, 3D design was done using the SOLID Works Inc 
2019–2020; for the simulation it was necessary to convert 
SOLID Works design files into IGES format, because ANSYS 
accepts external files in the.IGES format. Although the design 
is possible in ANSYS due to the complexity of grafts, the use 
of SOLIDWORKS for design is preferred. The values for the 
exact dimensions for the simulation work were done using 
the SEM image analyzed by ImageJ (Supplementary data SP 
4). The filament materials for the simulation purpose were 
chosen to be PET and standard PET materials properties were 
used to perform such simulation. Even though PET is used for 
the simulation, once the model was developed, only changing 
the properties value could be used to simulate for other mate-
rials (PLA) for the same geometry. These simulations were 
performed for the grafts made at 50 RPM and 100 RPM, and 
the mesh structure for higher RPM grafts was not supported 
by the mesh limit of the SOLIDWORKS software.
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