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Abstract

A solvent cast 3D printing (SC-3DP) technique was explored comprehensively to fabricate bioresorbable polymer matrix
composite stent in the present study. The developed methodology was assessed by printing the customized shape stent on the
rotating mandrel. The polymeric composite was developed by blending bioresorbable carbonyl iron powder (CIP) and
polycaprolactone (PCL). The process parameter’s effect on percentage shrinkage in strut width and strut thickness, radial
compression load and flexibility of stents was evaluated. Response surface methodology (RSM) was used for designing the
experiments utilizing the process parameters like material compositions, printing speed and layer thickness. Analysis of variance
was used to find out the significant parameters. The regression analysis was performed to obtain statistical equations with
significant terms. It was noted that the reinforcement of CIP improved the fluidity of the material for better deposition as
compared to pure PCL. The printing speed and layer thickness were observed to have a significant effect on the process. The
significant interaction between layer thickness and printing speed parameters was also observed for shrinkage in width and
thickness, compression and flexibility properties. Moreover, multi-objective optimization was performed using a genetic algo-
rithm technique to minimize the percentage shrinkage of strut width and thickness, and load for bending to evaluate flexibility
and maximize radial compression load. The method opens a unique way to fabricate patient-specific bioresorbable composite
stents with customized properties.
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1 Introduction

In current medical practices, bioresorbable stents are gaining
attention to treat cardiovascular diseases and other vascular
complexities [1]. Bioresorbable stents resorb after the restora-
tion of a blocked artery leaving behind the healed and healthy
natural blood vessel. After-effects of such stents may improve
lumen gain, long-duration vascular rehabilitation and perma-
nent healing [2, 3]. Consequently, the development of artifi-
cial vascular grafts leads to the fabrication of stents due to their
excellent biocompatibility, biodegradability and drug loading
capacity [4, 5]. In the family of bioresorbable materials,
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polymeric materials are being preferred relative to their me-
tallic counterparts. Various bioresorbable polymers such as
polyglycolic acid (PGA), polylactic acid (PLA), poly(lactic-
co-glycolic acid) (PLGA), polycaprolactone (PCL), polycar-
bonate (PC) and poly(butylene succinate) (PBS) have been
successfully used for the fabrication of bioresorbable stents.
Easy processability, controlled degradation rate and biocom-
patible PCL behaviour make it suitable for long-term vascular
scaffolding and drug delivery inside the human body [6]. PCL
is a semi-crystalline thermally stable polymer that exhibits
excellent flexibility. It has lower tensile strength and low ten-
sile modulus due to its semi-crystalline structure [6, 7]. The
flexibility makes it permissible for easy deployment and,
therefore, a suitable candidate for vascular stents. However,
the fabrication ability of the PCL for the customized stents
with sufficient mechanical properties is not adequate.
Numerous micro- to nano-sized particles such as calcium car-
bonate (CaCOs3), calcium phosphates (CaPs), montmorillonite
(MMT) and alumina (Al,O3) have been reinforced in PCL to
improve the physical behaviour [8—11]. Gupta et al. [8]
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developed a composite of PCL and TiO, (anatase and rutile)
using the electrospinning process. The results showed that the
interaction between polymer and anatase-type TiO, was sig-
nificant, which resulted in the enhancement of mechanical
characteristics. Vella et al. [12] analysed polycaprolactone
composite behaviour by incorporating calcium phosphate in
the PCL matrix and fabricated scaffold using 3D printing. The
results concluded that improved toughness to fracture,
strength in bending and modulus of flexural were observed.
Among the micro-sized particles, carbonyl iron powder (CIP)
is a pure form of iron that has a great potential to amend the
mechanical properties of polymers [9, 13—16]. CIP has a good
bioavailability in the human body [17]. The incorporation of
CIP in polymer matrix resulted in the improvement of bio-
compatibility and non-thrombogenicity of the composite ma-
terial [18]. Also, the increase in CIP (wt%) led to improved
mechanical behaviour [19]. However, the fabrication of rein-
forced PCL as composite bioresorbable stents is challenging,
especially for a specific patient.

Fabrication of a stent requires prior knowledge of selecting
raw materials, stent designs, types of stents, fabrication
methods and post-processing. Till now, techniques used to
manufacture polymeric stents involve laser cutting,
electrospinning, injection moulding and 3D printing
[20-22]. The 3D printing technique has emerged as a useful
method for the fabrication of stents. It gives an advantage for
the fabrication of patient-specific stents [23]. The blockage
information from CT/MRI scan data can estimate CAD design
for the required strength and degradability period [24].
Various 3D printing techniques have been evolved including
stereolithography apparatus (SLA) [25], selective laser melt-
ing (SLM) [26] and extrusion-based 3D printing such as fused
deposition modelling (FDM) [27-29] and solvent cast 3D
printing (SC-3DP) technique [30, 31]. Qiu et al. [32] fabricat-
ed a novel PCL stent by using the electrospinning-based 3D
printing technique. Additionally, surface modifications of the
stent were done by 2-N,6-O-sulfated chitosan (26SCS). The
results concluded that surface modification of the stent en-
hanced the biological characteristics with no significant im-
provement in the mechanical properties. Jia et al. [33] fabri-
cated a biodegradable polymeric stent from shape memory
PLA using the hot-melt extrusion 3D printing process. In this
study, mechanical behaviour such as longitudinal contraction
and self-expansion studies was explored. Conclusively, PLA
material showed a strong candidacy for the fabrication of
shape memory stent by FDM. Xu et al. [34] fabricated a
PLA biodegradable stent using a modified FDM-based 3D
printer. The results indicated that a stent could be successfully
implanted in the artery to open up the stenosis. However, the
dimensions of the stents were expanded after the printing,
which was attributed to poor dimensional accuracy. van Lith
et al. [25] developed a technique based on stereolithography,
named micro-continuous liquid interface production (pclip).
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A bioresorbable stent was fabricated from a photocurable lig-
uid resin with a better surface finish. However, the printing
time was very high (~70 min) for a 20-mm-long stent due to
the meagre printing speed (5 pm/s). The reduction of mechan-
ical properties was observed at a higher scanning speed. Flege
et al. [26] fabricated a coronary stent prototype from biore-
sorbable polymers by utilizing SLM. The high-temperature
requirement for fabrication resulted in reduced biological
properties by lowering the level of human arterial smooth
muscle cells on the PCL surface. Also, degradation products
produced inflammatory responses under in vivo conditions.
Zhao et al. [4] developed a polymeric stent on a homemade
3D printing system working on the FDM technique having a
rotating coordinate axis in addition to the primary three coor-
dinate axes. Printed parts required post-processing for the re-
moval of hanging fibres and overflow filaments. The tech-
niques had a limitation of the thermal degradation of material
undergoing the melt extrusion [30]. Among these 3D printing
techniques, SC-3DP can be utilized as an effective stent fab-
rication technique due to its low fabrication time and non-
heated biomaterial ink, which can preserve material bioactiv-
ity. Also, the processing cost of SC-3DP is low as compared to
that of other 3D printing techniques. A variety of polymers
and inorganic substances can be dissolved in the polymer
solution to customize composite ink properties for SC-3DP
[30]. Dichloromethane (DCM), acetone, dimethylformamide
(DMF) and chloroform are highly volatile solvents that are
extensively used in SC-3DP. Many of the researchers have
developed customized ink for SC-3DP such as poly-L-lactic
acid/DCM, polyvinylidene fluoride (PVDF)/DMF/acetone
and polysulfone/DCM/DMF [30, 35, 36]. In SC-3DP, the bio-
activity of materials retains, making the technique suitable for
cell seeding and culturing in tissue engineering applications
[30, 35]. However, the printing of the cardiovascular stents on
a flat substrate with the SC-3DP technique is challenging as
stents have many interconnected mesh structures. Therefore,
the development of SC-3DP with the cylindrical substrate can
overcome these difficulties.

Based on the literature, PCL was determined to be the best
material for the fabrication of bioresorbable polymer stents.
Also, the reinforcement in PCL is an effective method to
overcome the low mechanical properties of PCL. SC-3DP is
the emerging technique of 3D printing, which gives the ad-
vantage to print any polymer or polymer composite material.
However, this method is challenging in use to fabricate cylin-
der shape stents with interconnected design shells. Also, the
FDM technique used with cylindrical mandrel opens a unique
way of fabricating stents. Therefore, in the present study, the
SC-3DP technique is combined with print on the cylindrical
mandrel method to print PCL-CIP—based bioresorbable stents.
The developed method is explored for two primary responses:
accurate printed dimensions, namely strut width and thick-
ness, and mechanical properties of the stents, precisely radial
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compression and bending loads. The processing parameters
were selected as printing speed, layer thickness and material
composition. Response surface methodology (RSM) is based
on the design of experiments and is used to investigate the
effects of process parameters on individual and interaction
responses. The genetic algorithm—based multi-objective opti-
mization has been performed to minimum geometry shrinkage
compared to CAD models and maximizes the mechanical
properties.

2 Materials and methods
2.1 Materials

The printing material for SC-3DP was prepared by using PCL
polymer (Sigma-Aldrich, Mn = 80,000), DCM (Fisher
Scientific, minimum assay = 99.5%) and CIP (BASF
Germany, CN grade, 99.5% pure iron).

2.2 Material preparation

The polymeric composite materials (PCL-CIP) were prepared
by reinforcing the variable weight percentage of CIP, ranging
from 0.5 to 2.0% in the PCL matrix. Initially, PCL was dis-
solved in DCM for 24 h in an airtight glass bottle. Separately,
CIP was added to another glass bottle and stirred in the ultra-
sonic bath for 1 h. Both the solutions were mixed together by
rigorous mechanical stirring for the next 1 h. Further, the
prepared composite material was fed into the syringe, and
the syringe was mounted to the printhead for printing. The
ratio of 3:1 for DCM:PCL was used for preparing five differ-
ent material samples by varying the weight percentage of CIP
in the PCL as 0%, 0.5%, 1.0%, 1.5% and 2%. Hence, the
prepared CIP-reinforced PCL composites were further used
for the printing of bioresorbable stents. The composite sam-
ples with CIP percentages ranging from 0 to 2% were labelled
PC, PCF0.5, PCF1, PCF1.5 and PCF2, respectively.

2.3 Proposed methodology

The stent fabrication in the present study was based on the
novel developed methodology, as shown in Fig. la. The 3-
axis machine was used to fabricate the required shape of the
tubular scaffold. The g-code of the sliced CAD model was
imported to the printer for fabrication.

A 3-axis 3D printing machine based on the SC-3DP tech-
nique is shown in Fig. 2. With the coordination of machine
components such as rotating mandrel, stepper motor and print-
head, polymer composite stents were fabricated. The stents
were easily fabricated with the printhead controlled move-
ment, governed rotation of mandrel, the flow of material
through nozzle and deposition of material on rotating mandrel.

The length and thickness of the stents were maintained by
controlling the motion of the x-axis and z-axis. However, the
circumference of the stent was built by the governed rotation
of the mandrel along the y-axis. The material was extruded
through the nozzle and directly deposited on the mandrel dur-
ing printing, as shown in Fig. 2. The material flow was con-
trolled with the help of the dispensing gear attached to the
printhead. Apart from the mentioned controls, some other at-
tachments (coupling, BD 10-ml syringe, dispensing tip) were
also implemented to facilitate the fabrication of the stent. The
purpose of the coupling was to connect the mandrel to the
stepper motor. The prepared material was filled in the BD
10-ml syringe, which was extruded through the dispensing tip.

A freeware CURA software program was generated by a g-
code of linear stent model, as shown in Fig. 3. The stents were
successfully printed only by a 22-G-sized nozzle, as observed
in pilot experiments. The layer thickness, printing speed and
material compositions were selected as the process parameters
to fabricate the stent. Hence, the printing of the stent was done
on the rotating mandrel by SC-3DP.

2.4 Stent model

The fundamental unit of a stent is a strut, which provides
radial support during implantation, and geometrical attributes
determine the performance [37]. Therefore, a CAD model of
the diamond-shaped stent was designed with dimensional pa-
rameters such as inner diameter, strut width and strut thick-
ness, as shown in Fig. 1. The stent shape was based on the
laser-cut self-dilating nitinol stent developed to assess stent
arterial interaction [38]. The physical and biological behaviour
of the stent directly depends upon these parameters. In this
work, the stent was modelled as per the intravascular ultrason-
ic IVUS) guidance, i.e. inner diameter and length ranged
from 2.4 to 4 mm and from 8 to 38 mm, respectively [39].
Figure 1b shows a stent model with designed geometrical
features having an inner diameter, length, strut width and strut
thickness equal to 3 mm, 30 mm, 0.5 mm and 0.3 mm,
respectively.

2.5 Measurements of responses

The percentage shrinkage in strut width and strut thickness
was calculated using the following formula:

v

Shrinkage in strut width (%), ws = ( ) x 100 (1)

We
t
Shrinkage in strut thickness (%), ts = (1_t_> x 100 (2)

C

where w, and ¢, are the strut width and strut thickness of the
CAD model, respectively, and w and ¢ are the measured values
of strut width and strut thickness, respectively. The calibrated
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digital microscope (Dinolite v2.0) was used for measurement,
and mean values of wg and f#, were calculated from three re-
peated samples. This method has been adopted by several
authors to measure small feature dimensions [40—42]. The
calibration of the digital microscope was done by using a
standard scale provided by the manufacturer. After the cali-
bration, strut width and strut thickness were measured at six-
teen different locations on the specimens. Four points were
measured at four different regions, as shown in Fig. 1. The
points were chosen to have a homogenous measurement on
the stent and to make the results more robust. Thereafter, the
average of the measured values was calculated along with the
standard deviation. In the present experimentation, radial
compression load (R;) was measured by parallel disc radial
compression test. A universal testing machine (UTM)
(Shimadzu AG-X series) was used for radial compression test
at a load movement of I mm/min as per the ISO 25539-2 [43].
The bending load (F;) was measured by a 3-point bending
examination, which is the simplest method to determine the
flexibility of stents [16]. In conformance with standard ASTM
F2606, a UTM (Shimadzu AG-X series) for a 3-point bending
test was used with a span length of 15 mm and at the loading
rate of 1 mm/min [44]. The test was performed to the constant
displacement of 1.5 mm for all experiments to measure the
bending load and to check the flexibility of the fabricated
stents. The mechanical tests were performed on three repeated
samples, and the average of the data was used. The SEM
images of the fabricated samples were captured using SEM
(Zeiss EVO 50 Special). The EDX machine (Hitachi High
Technology) was employed to study the element contribution
of the element and the mapping. The rheology of prepared
composite materials was investigated at 25 °C on an Anton
Paar 302 rheometer using parallel plate geometry of a diame-
ter of 25 mm.

2.6 Preliminary experimentation

The effect of process parameters on the prior mentioned pro-
cess responses was studied by performing the preliminary
experimentation on SC-3DP. The experiments were per-
formed to primarily evaluate the percentage shrinkage in the
strut width and strut thickness. Table 1 represents the process
parameters followed up in the initial experimentations.
Figure 4 represents the effect of the layer thickness and
printing speed on the w, and #; in SC-3DP. It is evident from
Fig. 4 that w, and £, were increased with the increment of layer
thickness and printing speed. The increase in the percentage
shrinkage could be attributed to the dragging effect, gravity at
higher printing speed and increased layer thickness [4]. The
increase in layer thickness resulted on the account of the sig-
nificant gap between the nozzle tip and substrate. The increas-
ing gap led to the dragging of the filament. The dragged fila-
ment had a reduced cross-sectional area which resulted in

Fig. 3 Linear CAD model of the stent

percentage shrinkage [45]. The dimensions shrank as the
printing speed increased due to filament stretching. This en-
hanced the evaporation rate of the solvent and caused a shrink-
age in dimensional attributes of the stent [46]. The reasons
behind the overall deviation in the dimensions of strut width
and strut thickness were attributed to the dragging effect, the
gap between dispensing tip and substrate, reduction in the
cross-sectional area of extruded filament, stretching of the
filament and increased evaporation rate.

2.7 Designing of experiments

The preliminary experiments significantly disclosed the strut
width and strut thickness variation with a change in the print-
ing speed and layer thickness. However, in previous research,
the change in the mechanical properties due to variation in the
layer thickness and print speed was reported [47-51]. Hence,
the selection of process parameters such as layer thickness and
printing speed were based on their significant effect on shape
fidelity in the pilot works. Another factor of material compo-
sition was selected based on the effect of variable material
composition on the 3D printed part’s mechanical behaviour
in the previous study [19, 52, 53]. The experimentations were
designed as a central composite design (CCD). The method
helps to design systematic experiments with the minimum
number of runs and a wider range of the parameters [53,
54]. Moreover, the deviation of the dimensional attributes
and the mechanical behaviour of printed stents were studied.
The study involved the application of RSM to analyse the
process parameters for efficient printing of the stent. The re-
sponse surface equation can be represented as a second-order
polynomial as

Table 1 Process

parameters in the CIP (%) 1 wt%

preliminary

experimentation Print speed 5-25 mm/s
Layer thickness 0.1-0.3 mm
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where K is the number of parameters; o, oy, a;; and «y;
are the parameter-depending constants with € a random
error; and Z;, Z? and Z;Z; are the first order, the second
order and the interaction terms for the process parame-
ters, respectively. For the present study, K=3 for the
four different responses. The range of variations occur-
ring in the responses was evaluated by Eq. (4).

Ye =Yy +teper X VVe (4)

where Y, describes the ranges of responses, Y, repre-
sents the predicted values of responses from the formu-
lated regression models, Iz per TEpIreEsents the ¢ value
with a significant level § and degree of freedom (DeF)
and V. refers to the variance of observed error in the
prefigured model. The confidence level of 95% in anal-
ysis of variance (ANOVA) was also considered to eval-
uate significant terms and assess the error range. The
different levels of the parameters for the design of ex-
periments are shown in Table 2.

(b)
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3 Results and discussions
3.1 Experimental runs and statistical analysis

The method of SC-3DP with rotating mandrel was success-
fully developed to fabricate bioresorbable stents, as shown in
Fig. 2. The success of the methodology was evidenced by the
fabrication of different designs of the stent, as shown in Fig. 5.
The method was also able to fabricate other similar designs as
per the CAD model. However, shrinkage was observed in
strut thickness and width. Therefore, the study of parameters
and their optimization was performed to improve the efficacy
of the method. For this study, a stent design based on the laser-
cut self-dilating nitinol stent as per IVUS guidance was fabri-
cated [55].

Figure 6a shows the diamond-shaped polymer stent (PC)
and polymer composite stent (PCF1), respectively. The pro-
posed methodology was effective in the fabrication of pure
polymer and polymer composite stents. Hence, material selec-
tion would not be a constraint for the proposed methodology
of stent fabrication. Moreover, EDX analysis was performed
to verify the involvement of the CIP in the polymer matrix
(ref. Fig. 6b). Table 3 shows the wt% of the elements observed
on the entire surface of a strut. The presence of carbon (C) and

Table 2 Printing parameters with

defined levels Symbols Process parameters Levels
-2 -1 0 +1 +2
Z1 Printing speed (mm/s) 4 8 12 16 20
z2 Layer thickness (mm) 0.1 0.15 0.2 0.25 0.3
Z3 Material compositions (% CIP in PCL) 0 0.5 1.0 1.5 2.0

@ Springer



Int J Adv Manuf Technol (2021) 115:3945-3964

3951

Fig. 5 Different geometries of the stents fabricated by the proposed methodology

oxygen (O) corresponds to the PCL polymer chain, and iron
(Fe) in composite materials corresponds to CIP. The presence
of C and O corresponds to the PCL polymer chain, and Fe in
composite materials corresponds to CIP. The Fe wt% was
increasing with an increase in CIP percentage, and values
were nearby to the material composition parameter levels
(Z3). Any foreign material other than PCL and Fe was not
involved in the matrix, as revealed from the EDX analysis.
Hence, the fabricated polymer and polymer composite stents
were free from any type of contamination.

The schematic diagram of CIP reinforcement in PCL is
shown in Fig. 6d. In general, the blending of the foreign ma-
terials in the PCL matrix results in the reinforcement [56, 57].
It was found from previous researches that PCL formed a
stable hydrolytic composite [56]. Also, it displayed a good
physical interaction with the foreign materials, which resulted
in the development of reinforced composite [57]. Also, the
addition of CIP could increase the mechanical properties and
provide better 3D printing fluidity characteristics, which are
discussed further. The rheological characterizations were eval-
uated for the flow properties of the material under the applied
shear strain rate. The apparent viscosity was calculated as a
function of shear rate (1-80) for all the composites prepared,
as shown in Fig. 7. Pure PCL and PCL-CIP composites ex-
hibited a shear thinning behaviour, indicating an excellent
flow behaviour of the material for extrusion as the viscosity
of composite materials decreased as a function of shear rate
[58]. Thus, the developed SC-3DP printing was used to fab-
ricate PCL and PCL-CIP composite stents. However, the
printing parameter affects the printing quality and the mechan-
ical properties of the fabricated stents. The statistical analysis

Table 3  Elemental details of the prepared samples observed in EDX
analysis

Samples C (wt%) O (Wt%) Fe (Wt%)
PC 69.189 30.811 0
PCFO0.5 68.664 30.838 0.498
PCF1 68.637 30.358 1.006
PCF1.5 68.577 29.868 1.555
PCF2 68.594 29.433 1.968

of the printing parameters was conducted as per the RSM
method described earlier.

The responses calculated as per RSM experimental runs are
shown in Table 4. The obtained response data for wy, t;, Ry
and F were investigated using ANOVA. Tables S1-S4 rep-
resent the ANOVA results for wy, , Ry and F with signifi-
cant terms (P < 0.05), respectively. The second-order regres-
sion equations for the response variables were obtained
through the regression analysis. The regression equations in
terms of variables are presented in Egs. (5)—(8).

wy = —43.3-16.52 x Z) +3.82 x Z,=25 x Z3 + 7.24
x Z7 +0.1140 x Z5 + 903 x Z3-18.98 x Z,
X Z3 (5)
ty = —453-14.27 x Z) + 5.15 x Zy + 81 x Z3 + 6.25
x Z3 + 572 x Z3-16.37 x Z, x Z3 (6)
Ry = 4.266 +1.909 x Z,-0.1221 x Z, + 4.17
x Z3—0.753 x Z3-0.00568 x Z3—43.4 x Z3
+0.609 x Z X Z3 (7)
Fr = 1.462 + 0.4863 x Z,-0.0702 x Z + 0.57
x Z3—0.1976 x Z1-10.87 x Z3 4+ 0.1758 x Z,
X Z3 (8)

The developed statistical models were validated by
performing the confirmatory experiments as represented by
Table 5. The results inferred that observations were in confor-
mity with the statistically developed models.

3.2 Effect of process parameters on w; and t;

Figure 8 and Fig. 9 represent the various effects and percent-
age contribution of the significant process parameters on wy
and 7 of the printed stents, respectively. The wy and # were
varied from — 20 to + 30% and from — 10 to + 20%. The neg-
ative sign indicated the expansion of the dimensions. The
printing speed and layer thickness were more effective
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(d) PCL chain

parameters than the material composition. The following seg-
ments describe the effects of individual process parameters
upon the strut width and strut thickness.

3.2.1 Effect of material compositions

The variation of the CIP (%) in the PCL matrix resulted in an
insignificant effect on wg and #;, as shown in Fig. 8 and Fig. 9.
The average density of the PCL blend was increased by
mixing CIP. The rise in the density was due to different den-
sities of filler material [59]. PCL (1.14 g/cm’) has a less den-
sity in comparison to the iron (7.5 g/em®) [59, 60]. Also, it had
been observed that the addition of the filler material in the
PCL led to an increase in the density [59]. The reinforced
particles provided better fluidity during printing and, thus,

@ Springer

CIP Particles

Fig. 6 a PC stent and PCF1 stent printed by SC-3DP on the proposed methodology. EDX analysis of b PC and ¢ PCF1 stents. d Schematic
representation of CIP reinforcement in PCL

decreased the shrinkage as compared to pure PCL as shown
in Fig. 9. The improvement in the fluidity could be attributed
to the shear-thinning behaviour of the materials. Huang and
Bartolo [61] obtained a similar kind of results in which shear
thinning behaviour was increased with an increase in the ce-
ramic percentage in the polymer matrix. However, insignifi-
cant changes in the dimensions were observed with an in-
crease in the percentage of CIP in the composite.

3.2.2 Effect of layer thickness

The variation of the dimensions in the strut width and thickness
was changed from expansion to shrinkage with the increase in
layer thickness. The printed part with a lower thickness value of
0.1 mm was having an overdeposition of material due to the
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material constant extrusion rate [62]. The layer-by-layer bond-
ing mechanism in SC-3DP is generally based upon solidifica-
tion of the polymer by evaporation of the solvent. There was a
tiny space for the evaporation of the solvent due to the less gap
between the nozzle and rotating mandrel in terms of small layer
thickness (0.1 mm). Therefore, strut thickness and width di-
mensions resulted in expansion with small layer thickness.
The increase in the dimensions was justified by a negative value
in the shrinkage parameter. The more significant gap between
nozzle and mandrel resulted in better evaporation of the solvent.

Therefore, at 0.2-mm layer thickness, the shrinkage was ap-
proximately zero. However, the higher value of shrinkage
was noticed at 0.3 mm of layer thickness due to the dragging
effect. Furthermore, the cross-sectional area and diameter of the
filaments were reduced because of dragging, which led to an
increase in solvent evaporation rate. Hence, shrinkage was ob-
served in both geometrical attributes (strut width and thickness)
at the layer thickness of 0.3 mm. A similar kind of variation
concerning layer thickness was noticed by Jin et al. [45].

3.2.3 Effect of printing speed

Printing speed showed a pronounced impact on the dimen-
sional values of the strut width and strut thickness, as de-
scribed in Fig. 8 and Fig. 9. The shrinkage percentage was
increased with increasing the printing speed. Generally, the
accumulation of extruded material is affected by the printing
speed. At a lower value of 4 mm/s, the material deposition was
more in comparison to the printing speed of 20 mm/s due to
the constant flow of the material. Therefore, oversized dimen-
sions were produced at a lower printing speed [63]. Further,
filament stretching was observed during printing at 20 mm/s,
which resulted in the reduction of filament diameter. Thus,
reduced filament diameter resulted in the shrinkage of strut
width and thickness. Guo et al. [46] also noticed a similar
effect of speed on the printing performance. Hence, constant
extrusion speed and the constant volumetric flow rate

Table 4 Input process parameters

with experimental responses Exp. No. Zy (%) Z, (mm/s) Z3 (mm) ws (%) 15 (%) Ry (N) FL(N)
1 0.5 8 0.15 —18.27 —-3.47 4.07 1.15
2 1.5 8 0.15 -19.72 —3.87 4.25 1.17
3 0.5 16 0.15 7.79 15.93 2.65 0.80
4 1.5 16 0.15 8.53 14.95 3.21 0.84
5 0.5 8 0.25 -1.44 13.93 334 0.94
6 1.5 8 0.25 —2.68 13.23 3.54 0.97
7 0.5 16 0.25 9.22 19.36 2.39 0.66
8 1.5 16 0.25 10.60 19.82 3.01 0.84
9 0 12 0.2 8.53 17.83 2.54 0.71
10 2 12 0.2 0.66 11.60 337 0.94
11 1 4 0.2 —20.00 —6.67 4.54 1.27
12 1 20 0.2 29.29 28.21 2.15 0.69
13 1 12 0.1 -6.02 2.16 3.98 1.11
14 1 12 0.3 18.78 26.21 2.58 0.72
15 1 12 0.2 —6.58 8.13 3.79 1.05
16 1 12 0.2 1.69 1.95 3.74 1.04
17 1 12 0.2 -5.39 8.00 3.90 1.09
18 1 12 0.2 —8.45 11.36 3.57 0.97
19 1 12 0.2 -0.62 4.34 3.77 1.05
20 1 12 0.2 —4.52 11.94 345 0.96
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Table 5 Experimental confirmations
S.No. Zi Z, Zy ws(%) 15 (%) R (N) Fr (N)

Statistical Experimental ~ Statistical Experimental ~Statistical =~ Experimental —Statistical =~ Experimental
1 2 8 02 -—-877+8.18 -9.13 524+515 503 3.80+£0.33 3.57 1.04£0.10 1.01
2 1 8 0.5 -2093+8.18 -1839 -6.74£5.15 -7.18 446 +033 424 1.24+0.10 1.17
3 2 12 01 -137+818 -1.62 7.13+£5.15 922 3.50+£0.33 3.26 096 £0.10 0.91

produced a shortened strut width and thickness at higher print-
ing speed [64].

3.2.4 Effect of interactions

The surface 3D and line 2D interaction plots for wg and #; are
shown in Fig. 10 and Fig. 11, respectively. It was observed that

high printing speed with small layer thickness showed a more
significant effect on wg and £ as compared with large layer thick-
ness. The number of layers in the fabrication of stent was less
using large layer thickness, which resulted in higher shrinkage
[49]. The phenomenon of overdeposition with low printing speed
and small layer thickness increased the dimensions of strut width
and strut thickness. However, at high printing speed and small

Fig. 8 a Main effects plot. b (a) Main Effects Plot for Shrinkage in Strut Width
Percent contribution of each
process parameter on percentage CIP(%) Printing Speed (mm/s) Layer Thickness (mm)
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Fig. 9 a Main effects plot. b (a)
Percentage contribution of each

process parameter on percentage

shrinkage in strut thickness

30

10

Mean

N
NY‘N&I

Main Effects Plot for Shrinkage in Strut Thickness
CIP(%)

Printing Speed (mm/s) Layer Thickness (mm)

layer thickness, wy and #; were higher than the large-sized layer
thickness and high printing speed because the filament stretching
was higher than the small-sized layer thickness at a larger value
of printing speed [4, 31].

3.3 Effect of process parameters on R, and F,

Figure 12 and Fig. 13 depict the main effect of significant
parameters and percentage contribution on the radial compres-
sion load (Ry) and flexural bending load (F}) of the printed
stents, respectively. All process parameters such as CIP (%),
printing speed and layer thickness substantially affected Ry,
and F. The following subsections describe the effect of indi-
vidual process parameters.

20 30 40 50

Contribution (%)

3.3.1 Effect of material compositions

The reinforcement of CIP in polymer enhanced the mechani-
cal properties of the composite material [9, 65]. The dispersion
of CIP in the PCL matrix increased the strength of the com-
posite stent samples PCF0.5 and PCF1 (ref. Figs. 12a and
13a). However, only small wt% of CIP acts as reinforcement
to increase the mechanical properties. It could be attributed to
the better dispersion of the filler materials with low wt% in the
matrix [66]. Thus, the values of Ry and F} were observed to
increase up to 1 wt% of CIP. However, Ry and F7 values were
decreased with increasing the wt% of the CIP beyond 1%. The
high wt% of CIP resulted in the agglomeration of the metal
particles in a polymer matrix which led to improper dispersion
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Fig. 10 Printing speed and layer thickness interaction plot on the percentage shrinkage in strut width

and generated stress concentration points [19, 67]. The ag-
glomeration of CIP in printed parts for PCF1.5 and PCF2
can be easily observed in Fig. 14. The increase in the points
of stress concentration resulted in early fracture during the
mechanical test and directly reduced the strength [19].
Similar effect of iron material reinforcement in PCL for the
mechanical properties was investigated by De Santis et al.
[68].

3.3.2 Effect of layer thickness

In 3D printing, the improvement of mechanical characteristics
also depends upon the layer thickness parameter. The lowest
value of layer thickness resulted in maximum compression
and flexural strength for the present study (ref. Figs. 12a and
13a). The low value of layer thickness results in a large num-
ber of layers which provides better interfacial strength be-
tween the layers due to compactness [49, 69]. This resulted
in formation of small-sized voids between the layers as
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compared to the parts printed with a high value of layer thick-
ness [28]. The mechanical properties decreased with increas-
ing the layer thickness value. The shrinkage in strut width and
strut thickness in the parts printed with 0.3 mm of layer thick-
ness reduced material quantity per unit area, which was also
responsible for poor mechanical properties [26, 43].

3.3.3 Effect of printing speed

Usually in FDM 3D printing, the printing speed, i.e. the rela-
tive speed between the printing nozzle and the platform, is
high between 40 and 100 mm/s. However, the high speed is
not suitable for solvent casting printing especially for mechan-
ical properties of the samples. Also, the PCL mixed with sol-
vent for extrusion printing has high viscosity as compared to
other FDM printed materials. The fast speed would reduce the
extrusion volume of the material and provide poor printing
stability [70]. The variation effect of printing speed from 4
to 20 mm/s on Ry and Fy is shown in Figs. 12a and 13a.
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Fig. 11 Printing speed and layer thickness interaction plot on the percentage shrinkage of strut thickness
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Fig. 12 a Main effects plot. b
Percent contribution of each
process parameter on radial
compression load 45

(@

CIP(%)

Mean

(b)

Main Effects Plot for Compression Load

Printing Speed (mm/s) Layer Thickness (mm)

AR

The slow printing speed provides sufficient time for the join-
ing between the surrounding printed material, which reduces
the voids between the layers and provides better mechanical
properties [43]. Also, the evaporation of the solvent was slow
at slow printing speed, which allows the layers for the better
settlement with high bonding strength [16]. However, the
strength decreased with increasing the printing speed. The
mechanical properties of the stacked macromolecule chain
dropped due to lose bonding between the layers. Therefore,
the parts printed with 20 mm/s printing speed resulted in min-
imum compression and flexural properties.

20 30 40 50 60
Contribution (%)

3.3.4 Effect of interactions

Figures 15 and 16 represent the surface 3D and 2D interaction
plots between layer thickness and printing speed for Ry and
F. The layer thickness parameter effect was insignificant for
Ry and Fy properties at fast printing speed. The fast-printing
speed reduces the material deposition per unit area and pro-
vides less time for the homogenous deposition as discussed
above. This resulted with both small and large layer thickness
values at fast printing speed, which provides the low mechan-
ical properties. Also, the stretching of the filament was higher
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Fig. 13 a Main effects plot. b
Percent contribution of each
process parameter on bending
load
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Fig. 14 SEM micrograph of polymer composite stents PCF1.5 and PCF2

@ Springer



Int J Adv Manuf Technol (2021) 115:3945-3964

3959

- =
2] - 2] 2]
L 1 L L

w
/

9
in

1

Radial Compressive Load (N)

—
2] [
S L

03 =
Laye,. 02 20

Ickpe, 0.1
Ss (
)

15
10
Printing Speed (mm/s)

— = Layer Thickness = 0.1lmm

ss + Layer Thickness = 0.15mm

Z — + — Layer Thickness = 0.2mm
Z
= s0d ~ -+ = Layer Thickness = 0.25mm
- B o - - - - Layer Thickness = 0.3mm
(=) N
- 4.5 TN
- - s

£ S
-a 4.0 4 _ \‘\\
15 D T s N
i l ‘-, "R
g 35 ey R
£ Y

309 el P
Q BT
= RN
S 29 e, D
k- R
o 204 oo N

L5 T T T T T T T T T 1

2 14 16 18 20 22
Printing Speed (mm/s)

Fig. 15 Printing speed and layer thickness interaction plot on radial compression load

at fast printing speed with high evaporation rate. This results
in poor bonding between the layers in respect to any layer
thickness value. However, the parts printed with small layer
thickness at low printing speed resulted in maximum mechan-
ical strength due to better bonding between the layers as
discussed in a previous section.

3.4 Multi-objective optimization

The multi-objective optimization problem was formulated to
minimize the wy, 7, and F1 and maximize the Ry to optimize
the process parameters of the developed methodology. The
genetic algorithm was employed for multi-objective optimiza-
tion to determine the globally optimized solution [71]. The
Matlab 2015b optimization toolbox was employed to perform
multi-objective optimization. The objectives with constraints
for optimization are given below.

0.3

- 0.2
Laye, Thickness (m (;.1
m

15 20
ed (mm/s)

10
printing Spe

Minimize : &) = ws(A), t(A), FL(A) and Maximize &3
=Ri(4)

where A= {Z,2,73}"

Subjected to 0<7,<2,4<7,<20,0.1<73<0.3

Table 6 describes the determined optimum solution for
the multi-objective functions. The efficacy of the present
work was evaluated by comparing the various outputs
(such as strut thickness and strut width, radial compres-
sion load and bending load) with literature regarding the
3D printing of PCL stents. Further, the experiments were
performed on the obtained parameters to confirm the re-
sults predicted from the optimization technique. The ob-
tained results conformed to the predicted results. The ge-
ometry dimension and mechanical properties curves of the
fabricated stent at the optimized parameters are shown in
Fig. 17.
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Fig. 16 Printing speed and layer thickness interaction plot on load for bending
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Table 6  Optimized response values along with design parameters

S.No. Z Z, Zz ws(%) t5 (%) R. (N) FrL (N)
Statistical Experimental ~Statistical ~ Experimental = Statistical =~ Experimental Statistical ~ Experimental
1 1.08 8.02 020 —12.80+8.18 —13.83 1.90+5.15 195 412+033 393 1.13+£0.10 1.17

Guerra and Ciurana [72] fabricated the stents with the FDM
technique and observed the expansion of the strut width
(0.519 mm) as compared to the designed value (0.4 mm),
which was very high as observed in the present work (i.e.
0.5 to 0.57 mm). Puppi et al. [22] fabricated a PCL stent by
computer-aided wet spinning (CAWS) technique and ob-
served shrinkage in the strut width from 0.35 to 0.318 mm.
The radial compression load was 0.317 N and 0.015 N, which
was lower than the 3.93 N observed in the current work.
Ansari et al. [73] fabricated a PCL tube for vascular applica-
tion by using the solvent casting method and observed the
radial compression load equal to 1.08 N with a wall thickness
of 0.3 mm. The present study results outperformed the above-
mentioned references. The reinforcement of the CIP particles

Fig. 17 a Geometry
measurements of strut width and
thickness and b radial
compression and bending load of
the sample fabricated at the
optimized parameters

in PCL has clearly shown the advantage of enhancing me-
chanical properties in the present work.

Furthermore, to check the distribution of the CIP particles
in the fabricated stent at optimized parameters, EDX mapping
was conducted (ref. Fig. 18). The distribution of the CIP par-
ticles was obtained to be approximately homogenous by the
SC-3DP method.

4 Conclusions

In the present study, the process parameters of the solvent cast
3D printing (SC-3DP) technique were analysed for the fabri-
cation of bioresorbable polymer composite stents on the
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Fig. 18 EDX mapping on the sample fabricated at the optimized parameters

rotating mandrel. The method gives freedom to fabricate in-
terconnected cell shape stents without the support and fabri-
cate polymer-metal composites. Response surface methodol-
ogy (RSM) was used to develop statistical models, and further
multi-objective optimization technique based on genetic algo-
rithm was used to minimize geometry shrinkage and maxi-
mize compression properties and flexibility. The various
points concluded from the current work are given below:

1. The EDX peaks described the successful reinforcement of
CIP in the PCL matrix in the fabricated stents without any
contamination.

2. The printing speed and layer thickness were observed as
significant factors and having essential contributions over
the shrinkage in strut width and strut thickness, radial
compression load and flexibility of the polymer compos-
ite stents. The higher value of the shrinkage percentage in
strut width and strut thickness was observed at a high
speed of printing and a small value of the layer thickness.
It was due to the stretching and overdeposition of the
material by high printing speed.

3. The mechanical properties of the printed stents were also
dependent upon the interaction of printing speed and layer
thickness. The maximum radial compression load and
load for bending were observed at the small layer thick-
ness and slow printing speed.

4. The optimized output responses were found to have —
12.80% shrinkage in strut width, 1.90% shrinkage in strut
thickness, 4.12 N radial compression load and 1.13 N load
for bending with obtained optimized process parameters
such as CIP (%) equal to 1.08%, printing speed equal to
8.02 mm/s and layer thickness equal to 0.2 mm. The low
bending load describes the higher flexibility of the stent
up to 1.5 mm displacement.

The optimized parameters would be used to fabricate dif-
ferent topological ordered shapes of the stents in the near
future. The work would also be extended to the fabrication
of patient-specific stents using computer tomography scan
data as a case study.
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