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ABSTRACT:  Multiple diseases can cause deformities in the structure of the heart valve and the 
heart valve function, which leads to the patient’s physical condition disorders and medical treatments 
like valve replacement surgery subsequently. In this case, artificial heart valves are used extensively, 
which generally are made of biocompatible (biologic) or metal (mechanical) materials. Thermoplastic 
Polyurethane is one of the best choices for the replacement of artificial heart valves due to their high 
mechanical stability, which makes the heart valve function last for a long-time. Therefore, the artificial 
heart valves were characterized by a scanning electron microscope analysis, and molecular dynamics 
simulation was conducted to predict the mechanical performance of the artificial heart valves in this 
study. Also, the tensile strength, strain at fracture, permeability, and the ultimate tensile strength were 
evaluated to monitor the mechanical property of this these novel artificial heart valves. The obtained 
biological and mechanical properties of the vessel showed a suitable strain percentage at the fracture 
point and low permeability of the saline into the vessel. Also, about 11% increase in diameter, lead to a 
nearly 0.09 increase in mechanical performance. Although as surface analysis indicated, the permeability 
of the inner and outer layer of the artificial heart valves is in the range of 20% and 25%.
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1. INTRODUCTION
One of the prevalent etiologies of heart disease is problem 

in the heart valves [1]. The heart has three tricuspid valves 
(pulmonary, aortic, and right atrioventricular or tricuspid) 
and one bicuspid (mitral). Tricuspid and mitral valves are 
located between the atrium and ventricles. These valves have 
four parts: leaflets, papillary muscles, chordae-tendinae, 
and annulus [2,3], which make the blood passing from the 
atrium to the ventricle while blocking their return to the 
atrium during the contraction phase of the ventricles, which 
is called systole. When the ventricles contract and the atrial-
ventricular valves become closed, chordae-tendinae make 
the leaflets remain firmly in their place [4,5]. The other two 
valves are between ventricles and large arteries (aorta and 
pulmonary artery), which allow the blood to exit from the 
heart during the systolic phase and block the blood to return 
to the ventricles during the resting phase, the diastole. These 
two valves are semi-crescentic shape [6]. Pibarot et al. [6] 
designed a new heart valve with a selection of the optimal 
prosthesis and long-term management. They fabricate a novel 
Stented bio-prostheses purports to mimic the anatomy of the 
native aortic valve. Also, alternatives to warfarin therapy 
are now under investigation, including the use of direct 

thrombin inhibitors administered at fixed doses. Myocardial 
infarctions can affect pupillary muscles, and therefore, the 
valve becomes insufficient, and blood regurgitates to the 
atrium [7]. Aortic root dilation, enlargement of the ventricles, 
hypertension in the pulmonary artery, or aorta, make the 
aortic or pulmonary valves insufficient. Chronic rheumatic 
fever causes calcification in the valves and constricts the 
blood flow; thus, the valve becomes stenotic. Finally, a lot 
of valvular problems are congenital and diagnosed during 
childhood. Valvular problems, if left untreated, enlarge the 
heart and decrease the efficacy of its pumping [8–11]. Since 
the beginning of the heart valve replacement in the 1950s, 
several synthetic polymers, containing silicon material, have 
been used as valve leaflets. However, they could not be well-
tolerated [10], therefore, from 1961 to 1963, researchers 
tested aortic heart valve based on polytetrafluoroethylene 
(PTFE), or Teflon, on 23 patients and had a high mortality 
rate as predicted. Studies then revealed that their leaflets were 
utterly stiff, thick, ruptured, and broken. Bio-stability is one 
of the essential features of the artificial heart valve, which is 
the ability of the material to tolerate destructing mechanisms. 
The degradation of polymers can be due to hydrolysis, 
oxidation, or even enzymatic catalysis, which accelerates the 
processes of hydrolysis, oxidation, lipid uptake, swelling, and 
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calcification [12]. Polymer stability is an essential factor in 
the body [13,14]. Long-term exposure to blood and then the 
accumulation of the calcium on valves’ surfaces, known as the 
calcination phenomenon, prevent using those polymers in the 
implants [15]. Thermoplastic Polyurethanes (TPU) have been 
studied since the 1950s and are one of the most widely used 
materials in medical applications [16], due to their several 
desirable properties, including two-phase microstructure 
derived from hard crystalline segments and soft elastomeric 
segments. Other features, including blood compatibility and 
desirable hemodynamic behavior, are made polyurethane as 
an attractive material for cardiovascular applications. The use 
of polyurethane is extensive in cardiovascular applications 
today, which can be used in the manufacture of vascular 
catheters and stents, pacemaker cladding, and now artificial 
heart valves [17–25]. The use of polyurethane heart valves is 
critical in heart valve replacement surgery, but polyurethanes 
may cause calcification, which may cause valvular stiffness 
and disrupted structure. The calcification rate is affected 
by many phenomena such as local stress concentration, 
surface uptake of the plasma-bounded calcium molecules, 
the presence of any surface defects, and cell or mineral 
adhesions attached to the surface. The calcination level is 
dependent on the type of material and surface roughness, 
as well as the fluid flow shear rate [18]. Previous results 
showed that calcination of the polyurethane is a superficial 
phenomenon, which happens on the surface of the valve, 
and calcium cannot penetrate to the mid-substance. Three 
main hypotheses for calcination of polyurethane are factors 
related to the host individual, local stabilization conditions 
of the valve, and mechanical effects. Calcium sits effortlessly 
on stress-focused areas because lamination occurs mainly in 
areas with high mechanical changes, such as bending points 
of the Artificial Heart Valves (AHV’s) leaflets [19]. Recently, 
Esmaeili et al. [25] fabricated novel artificial blood vessels 
using the fused deposition modeling (FDM) technique by 
evaluating their mechanical and biological properties. Del 
et al. [26] produced polycaprolactone (PCL) heart valve 
prosthesis using the electrospinning technique (ELS) with the 
evaluation of its in vitro functional characterization in a pulse 
duplicator. Also, the morphological investigation showed 
polymeric micrometric fibers randomly oriented with an 
average porosity of about 90%. This study was performed to 
produce and model an AHV using fused deposition modeling 
3D bioprinter and applied using the molecular dynamics (MD) 
method to predict its mechanical and physical properties. The 
design new AHV for replacing with dysfunctional response 
HV using TPU and new bioprinter technique remarks this 
study as a novelty. 

2. MATERIALS AND EXPERIMENTAL PROCE-
DURES

Fig. 1 (a-d) shows the heart value and heart mechanism in 
which the mitral valve dysfunction can be treated with sus-
tainable polyurethane biopolymer valve manufactured by ap-
plying fused deposition modeling (FDM) and the mechanical 
properties were characterized by using a scanning electron 

microscope (SEM) and molecular dynamic simulation pro-
cess. In the first step, the AHV design was evaluated accord-
ing to its natural structure and MRI images. The design file 
was converted to STL format and transferred to the appropri-
ate software to simplify 3D for 3D printing, which optimizes 
3D printing methods, as shown in Fig. 1 (a-b). Fig. 1 shows 
the designed model from the simplified 3D software: (a) lat-
eral view, (b) top view. Also, the SEM image of the AHV sur-
face fabricated using a 3D bioprinter technique with polyure-
thane polymer was shown to monitor the saline permeability 
in AHV. Fig. 2 (a-b) shows examining the different portions 
of the inlet valves, and the design was performed in Solid 
works software. Fig. 2 (a-b) shows a 10-chain polyurethane 
polymer simulation versus polymer simulation in a materials 
studio simulation box. According to the present studies in the 
field of 3D-printed heart valves, some studies evaluated dif-
ferent biocompatible materials for heart valves like silicon, 
polysiloxanes, and PTFE. Also, the purpose of this study is to 
investigate the kinetic energies and potential of a thermody-
namic isolation system. At this stage, the system is subjected 
to 1 atmospheric pressure under NVE and the simulation time 
is considered 50 ps.

 According to Fig. 3, the kinetic energy of the simulat-
ed polymer is 3500 kcal/mol, and the potential energy of 
the simulated polymer is 4000 kcal/mol. This software has 
advanced settings for printing, including 3D printer speed, 
nozzle head temperature, and the height of the layers. Proper 
settings for printing included the above as set out in the re-
spective software. The 3D machine with nozzle head temper-
ature, 220 °C, maximum forward speed: 180 mm/min, lower 
temperature to meet the initial layers at 70 °C, address layer 
thickness for 100 microns, percentage of material density for 
empty areas: 45%, layer Type: Bee House, the TPU was used 
and set for 3D bioprinter. To have negative slope angles to the 
upper levels of the valve inlet, the required segment needed 
to be supported, which was designed in the printer software. 
After the post-processing, the printout process was performed 
in the 3D simulation section of the software. After the final 
check and ensuring that the result was correct, the G-code file 
extracted from the printer software was transferred to the de-
vice. After loading the TPU filament with a diameter of 1.75 
mm into the nozzle of the machine and after preheating it, the 
presence of appropriate fluidity was verified, and finally, the 
piece was ready to be printed. It took 4 hours for the heart 
valve to be printed, and the supports were separated from the 
final segment and prepared for subsequent tests and analy-
ses. As can be seen, the printed heart valve is shown in Fig. 
1(a-b) using fused deposition modeling tools and simplify 3D 
software by scanning the real heart valve in mimics software. 
In this study, the molecular dynamics method was used to ex-
tract the mechanical and physical properties of polyurethane 
polymer. The following steps have been taken to implement 
the molecular dynamics method: Simulation Box Prepara-
tion: At this point, the molecules of carbon, hydrogen, nitro-
gen, and oxygen are prepared, at random molecular ratios, 
are randomly placed in the simulation box. At this point, the 
atomic structure of the polyurethane molecule is formed ac-
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Fig. 1.  Designed model transfer to the simplify 3D software (a) lateral view, (b) top view, SEM image (c) 
lateral view, (d) top view of AHV surface fabricated using 3D bioprinter technique with a polyurethane 

polymer

Fig. 2. The results of 10-chain (a) polyurethane polymer simulation, (b) Polymer simulation in the Materials 
studio simulation box
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Fig. 3. Energy diagram of the polyurethane polymer in Materials Studio software

cording to its chemical formula (C27H36N2O10). The flexibility, 
permeability of the inner surface, and its biological property 
were evaluated in the simulated body fluid. The purpose of 
this study was to fabricate and model an AHV using fused 
deposition modeling 3D bioprinter and applied using the MD 
method to predict its mechanical properties (Young’s modu-
lus and Poisson’s ratio) and physical properties (Density).  

3. RESULT AND DISCUSSION
Heart valve replacement is one of the most challenging 

cardiac operations. This valve can be manufactured by 
biocompatible metals, use from animal (xenograft) or 
allogenic tissues, and nowadays, biotechnology-assisted 
materials, which make the polymeric valves. Mechanical 
heart valves are widely being used because of their longer 
life compared to tissue valves; however, hemolysis and blood 
coagulation are their problems, which makes the patients use 
life-long anticoagulant drugs, mostly warfarin. Polymeric 
valves are gaining attention due to their comparable 
durability and functioning time with mechanical valves and 
better hemodynamic function compared to tissue valves.  
Our knowledge of medicine is increasing exponentially. The 
prescriptions, as per pieces of evidence, evidence-based so-
called drugs, are replacing the traditional medical practice 
by application of the same therapy for various patients. 
Finally, due to differences between human bodies from 
genetic changes to anatomical composition, individualized 
or personalized medicine has been evolved and developing 
very fast. The architecture of the human heart is very delicate 
and is working in good order. Heart valves are one of the 
most critical structures in the heart. They have two layers 
of endothelium and an arranged matrix bed of collagen and 
elastin fibers, which make this valve flexible, soft, elastic, 
and firm simultaneously. They have to confront three forces; 

opening pressure from behind (shear stress), the reverse force 
which closes the valve from the front to avoid leaking the 
blood backward (tensile stress), and flexural stress which is 
induced transvascular when the valve is either open or closed. 
When the valve becomes stenotic due to calcifications, the 
opening pressure increases, and therefore, the chamber 
behind becomes hypertrophic (e.g., in aortic stenosis, the left 
ventricle has to become hypertrophic, and in mitral stenosis, 
the left atrium is hypertrophic). When the valve becomes 
insufficient, the blood regurgitates backward and makes the 
pumping process less efficient, and enlarges the affected 
chamber. Heart valve replacement for stenotic or insufficient 
valves makes the heart work better again. These artificial 
valves should fit the anatomy and the exact structures of 
the heart to achieve a better result; therefore, to adapt to 
personalized medicine, using 3D printing by computed 
tomography scans or magnetic resonance images can be 
very helpful. According to FDA approval protocols, the 
fabricated heart valves should have some baseline eligibility 
criteria in their functions (e.g., regurgitated volume, standard 
geometrical, and effective orifice area) to pass the first phase 
of the experiment and pharmacokinetics for a better quality of 
medical consultations [27–35] Although present studies have 
suggested impressive results about 3D-printed heart valves 
with biocompatible polymeric materials, they will become 
inefficient due to thrombosis formation, calcification, and 
multiple cyclic loading. One of the well-known and highly 
applicable biomaterials is polyurethane, which has been used 
for other purposes. In this research, we aimed to investigate 
the usage and applicability of polyurethane in the field of 
3D-printed heart valves. 

The MDs are one of the most precise techniques for real 
simulation in physics, which is used to simulate complex 
multi-particle systems. In this method, phase paths of systems 
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Physical and mechanical properties Molecular dynamics simulation Laboratory Mode

Density (g/cm3) 1 1.02 [12-13]
Young’s modulus (MPa) 70 33-72 [12-13]

Poisson’s ratio (--) 0.3 0.3 [12-13]

Table 1. Physical and mechanical properties of the polyurethane polymer

Fig. 4. NVT at 300 K in the Materials Studio software

involving thousands of interacting particles are obtained 
by solving Hamiltonian equations under appropriate and 
controlled conditions [36–45]. Analyzing the particle path in 
the phase space and applying statistical mechanics, which is a 
mediator between the microscopic and macroscopic quantities, 
information can be obtained on various properties of the 
system, including energy, structural, dynamic, mechanical 
properties. In MDs, the system’s sequential configuration is 
obtained by integrating Newton’s laws of motion. The result 
is a curve that shows how the positions and velocities of the 
system particles change over time. Using MDs paths, time-
dependent thermodynamic properties can be calculated. 

3.1. Molecular Dynamics Simulation Of The Polyurethane 
Polymer

For MDs, it is necessary to apply this term to the system 
after choosing the particles and the simulation space to ap-
ply the equation from the beginning of the simulation until 
the system reaches equilibrium in solving equations. Each 
of these modules determines a particular path to equilibrium 
during the simulation time. Choosing different artifacts in 
MDs can lead to different answers. NVE (constant number 
(N), volume (V), and energy (E); the sum of kinetic (KE) and 
potential energy (PE) is conserved, T and P are unregulated) 
or Micro-focal (particle number and energy are constant) and 
the NVT or focal point (number of pressure and temperature 

particles are constant). Isothermal-pressure NPT (number of 
pressure particles and temperature constant). At this stage, 
the simulation box is subjected to NVE at 300 K, while the 
simulation box, as shown in Fig. 3, is subjected to NVT load-
ing at 300 K. This hybrid is performed to increase the system 
energy so that the atoms gain enough energy to move to the 
equilibrium. Fig. 3 illustrated the energy diagram of the poly-
urethane polymer in the Materials Studio Software. The rea-
son for applying NVT was to release the molecular structure 
from the initial internal stresses that were applied when con-
structing the simulation box. At this stage, the initial system 
density (0.9 gr/cm³) is assumed to allow the molecules and 
atoms to move to the optimum state. The simulation time was 
50 ps. At this stage, the system is subjected to 1 atm pressure 
and at 300 °C under NPT to obtain the density of the system 
closer to the actual density. Also, NPT can eliminate residual 
stresses of the system. The simulation time is 50 ps. Accord-
ing to Fig. 4, the first 10 polyurethane polymer chains were 
simulated in the Materials Studio Software. The output was 
used to derive mechanical properties (Young’s modulus and 
Poisson’s Ratio) and physical properties (density) using the 
universal force field. It should be noted that in this polymer is 
used 2700 carbon atoms, 3600 hydrogen atoms, 200 nitrogen 
atoms, and 1000 oxygen atoms, and its structure is cubic with 
dimensions 35 × 35 × 35 angstroms (A°). At this stage, the 
box is subjected to an energy minimization process to accom-
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Fig. 5. Polyurethane polymer density diagrams in Materials Studio software

Fig. 6. Diagram of the RDF polyurethane polymer in the Materials Studio software

 

 

modate molecules and atoms at the best distance.
Fig. 4 applies NVT at 300 K in materials Studio software. 

One of the critical quantities to investigate the equilibrium 
validation of the system in molecular dynamics is the radial 
distribution function. The radial distribution function ex-
presses the mass distribution of the system over atomic dis-
tances and is expressed Eq. (1).

(1)

In this respect ( )rρ
ρ

is the density of the number of atoms 

in the shell to the radius r in volume 
2
rr ∆ Ω ± 

 
 and ρ  is 

the density of the number of atoms in the total volume of the 
system. For solid materials, the radial distribution function 
at intervals the circle must converge to a numerical value, 
as shown in Fig. 5, and is a measure of the equilibrium of 
the solid atom’s system. Two points are essential in this 
diagram: first, the convergence of the diagram to the number 
1, indicating the correct execution of the distribution of atoms 
in the crystal structure. Second, the presence of sharp peaks 
in the graph indicates the formation of a solid structure by 
MDs, which demonstrates the accuracy of the modeling. 
Table 1 shows the mechanical and physical properties of 
the laboratory and analytical tests, which are very close, 

2( ) 1( )

2

rN r
rg r
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ρ
ρ ρ
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Fig. 7. Tensile strength and permeability value of AHV samples

 Fig. 8. Strain at fracture versus ultimate tensile strength value of AHV samples
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while Fig. 6 describes the diagram of the radial distribution 
function (RDF) polyurethane polymer in the Materials Studio 
software. The following changes represent the relationship 
between the heart valve geometry and its tensile strength. 
Also, about 11% increase in diameter, lead to a nearly 0.09 
increase in mechanical performance. Although as surface 
analysis indicated, the permeability of the inner and outer 
layer of the AHV is in the range of 20 and 25%. The diagram 
shows that tensile strength and permeability are both related 
to each other. Fig. 7 shows that the tensile strength of the 
AHV is in the range of 9.2 MPa to 10.6 MPa as the heart 
valve diameter changes from 14 mm to 16 mm. The strain 
at fracture value for the AHV decreases when increasing 
the diameter, while the ultimate tensile strength increased 
monotonously. The observation declares that strain at fracture 
point is not dependent on the ultimate tensile strength (UTS) 
value, as shown in Fig. 8. Previous researchers used ECM-
coated molds in which living cells were extracted from the 
heart and replicated. These valves supported matrix and 
tissue regeneration. It has been shown that a fully synthetic 
heart valve (metallic or polymeric), which was made of 
animal protein tissue, can be applied as a human heart valve. 
Studies also showed that new generations of AHV in which 
currently available have a spring-like microstructure around 
the valve and tissue. This spring can be fully attached to the 
surroundings of the heart valve. 

4. CONCLUSIONS
 A new AHVs was manufactured in the desired shape 

and size in only several minutes. So, this research aimed to 
develop a method for producing an AHV in minimum time 
and at a low cost. The data derived from the experimental 
test was then used to obtain mechanical properties (Young’s 
modulus and Poisson’s Ratio), physical properties (density) 
by using MDs, and also using the universal force field to 
predict mechanical and physical properties. It should be 
noted that this polymer was constructed with 2700 carbon 
atoms, 3600 hydrogen atoms, 200 nitrogen atoms, and 1000 
oxygen atoms, and its structure is cubic in shape and lattice 
dimensions are 35 × 35 × 35 angstroms (A°). 
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