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Quantitative SEM and ImageJ Analysis of 3D Printed Polycaprolactone Surface Roughness  
for Coronary Stent Applications

Coronary artery disease (CAD) remains a leading cause of mortality, driving advancements in bioresorbable stents (BRS). 
While 3D printing enables precise fabrication of such stents, surface roughness remains a critical factor influencing biocompat-
ibility and vascular healing. This study investigates the effects of layer height, nozzle temperature, printing speed and flow rate on 
the surface roughness of 3D-printed polycaprolactone (PCL) BRS. A novel aspect of this work lies in the application of the ImageJ 
SurfCharJ plugin to quantify roughness metrics (Ra and Rq) from scanning electron microscopy (SEM) images, which is an approach 
rarely explored in polymer-based stent research. Statistical analyses using t-tests and ANOVA identified layer height and nozzle 
temperature as the most significant factors, with 0.2 mm layer height and lower nozzle temperatures yielding relatively smoother 
surfaces. These findings contribute to the optimisation of FDM printing parameters for enhanced surface quality in PCL-based BRS 
and support the broader adoption of image-based roughness quantification in biomedical additive manufacturing.

Keywords: Surface roughness analysis; 3D printing parameters; polycaprolactone; coronary stents; greyscale-based surface 
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1. Introduction

Coronary artery disease (CAD) continues to be a major 
global cause of mortality, highlighting the need for effective treat-
ment strategies such as coronary stents. Initially, bare metal stents 
(BMS) were introduced to maintain vascular patency but their 
high restenosis rates led to the development of drug-eluting stents 
(DES), which significantly mitigated in-stent restenosis (ISR) 
through controlled drug release. Despite these advancements, 
concerns regarding long-term biocompatibility and late stent 
thrombosis (LST) have driven research toward bioresorbable 
stents (BRS), which gradually degrade after fulfilling their me-
chanical support function within the vessel [1]. Among various 
biodegradable materials, polycaprolactone (PCL) has emerged 
as a potential candidate due to its suitable mechanical properties, 
biocompatibility, tunable degradation rate and processability, 
making it suitable for BRS fabrication [2,3].

To meet the evolving demands of BRS, the fabrication of 
coronary stents has increasingly shifted from traditional laser-
cutting techniques to advanced additive manufacturing (3D print-
ing) methods. While laser cutting has been widely used in stent 
production, it induces thermal damage, leading to microcracks, 
residual stress and localised material degradation, which may 
compromise mechanical integrity and biocompatibility [4,5]. 
In contrast, 3D printing offers enhanced design flexibility, precise 
material deposition and improved control over microstructural 
properties. Consequently, 3D printing technology, particularly 
fused deposition modelling (FDM) technology, has gained atten-
tion as a promising alternative for producing customized BRS 
with optimised properties. 

As a promising method for coronary stent fabrication, 
FDM’s effectiveness strongly depends on the precise control of 
printing parameters, particularly due to their influence on sur-
face roughness, a key factor in determining stent performance 
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and biocompatibility [6]. Previous studies have shown that 
excessive surface roughness may trigger platelet adhesion and 
thrombus formation, while an excessively smooth surface may 
hinder endothelial cell attachment and impede early endotheli-
alisation [7,8]. At the cellular level, surface roughness provides 
essential topographical cues for endothelial cells. For instance, 
nanoscale surface features can guide filopodia extension into 
micro- and nano-scale pores, promoting initial cell anchorage. 
Moreover, increased surface area from rougher textures enhances 
protein adsorption, which facilitates integrin-mediated cell ad-
hesion [9]. However, to minimise the risk of adverse vascular 
responses caused by excessively rough surfaces, a relatively low 
surface roughness with mean roughness (Ra) of less than 0.5 µm 
has been identified as one of the desirable design features for 
coronary stents to improve overall vascular compatibility [10]. 
Thus, a balance in roughness of coronary stent is needed to 
support endothelialisation but not so high as to increase throm-
bogenicity.

Consequently, growing research efforts have focused on 
optimising surface roughness in FDM-printed structures. Altan 
et al. [11] found that reducing layer height improved surface 
quality by 12% in poly(lactic acid) (PLA). Kandi and Pandey 
[12] optimised infill density, layer height and printing speed, 
achieving a PCL/polyurethane (PU) tubular scaffold with a sur-
face roughness of 1.85 µm. Ouazzani et al. [13] showed that 
printing speed, layer height and extrusion temperature influenced 
acrylonitrile butadiene styrene (ABS) roughness, ranging from 
7.18 to 13.4 µm. These studies collectively demonstrated that 
tuning FDM parameters can effectively improve surface rough-
ness of different materials and potentially enhance downstream 
performance, including accelerating endothelialisation in vas-
cular applications. However, despite growing interest, limited 
research has addressed the surface roughness characteristics of 
BRS particularly fabricated using PCL, highlighting a critical 
gap that this study aims to fill.

In terms of roughness evaluation, while contact-based 
profilometry has been widely used, it may not be suitable for 
microscale or delicate biomaterials. As a result, image-based 
roughness quantification using scanning electron microscopy 
(SEM) and the SurfCharJ plugin in ImageJ software has gained 
popularity, particularly in the field of biomedical implants such 
as titanium dental implants [14-16], where it has been widely 
adopted to extract roughness parameters like Ra and root mean 
square roughness (Rq). This method offers a non-contact, cost-
effective alternative to conventional profilometry and has proven 
effective in assessing the surface texture of various biomaterials. 
In the context of coronary stents, SurfCharJ has been previously 
applied by Saqib et al. [17] to analyse the surface roughness of 
stainless steel stents treated with laser-induced periodic surface 
structures (LIPSS). Their study demonstrated that increased mi-
croscale surface roughness supported endothelial cell adhesion 
and migration, contributing to improved endothelialisation and 
potentially reducing late stent thrombosis and restenosis. How-
ever, the application of SurfCharJ for quantifying the surface 
roughness of polymeric BRS remains unexplored. 

Building upon the demonstrated utility of SurfCharJ in 
biomedical surface analysis, this study applies the method 
for the first time to quantify SEM-derived surface textures of 
FDM-printed PCL BRS. The aim is to establish a foundational 
understanding of how extreme variations in key printing param-
eters affect surface roughness in PCL-based stent structures. The 
findings are expected to provide valuable insights for optimising 
printing processes and enhancing the biocompatibility and clini-
cal performance of polymeric BRS.

2. Materials and methods

2.1. Materials

PCL was used as the base material for sample fabrication. 
The PCL filament utilised has a diameter of 1.75±0.05 mm 
with an average molecular weight of 50,000 g/mol. PCL was 
chosen due to its mechanical properties, biocompatibility, bio-
degradability and suitability for 3D printing and coronary stent 
applications [3,18,19]. No additional additives or modifications 
were introduced to the PCL filament to ensure that the results 
reflect the inherent material properties.

2.2. Sample printing

2.2.1. Printing system

The 3D printing process was conducted using a FDM-
based 3D printer (Artillery® Genius Pro, China), equipped with 
a 0.4 mm nozzle. Stent samples were created using computer 
aided drawing (CAD) software and processed for printing with 
Ultimaker Cura slicing software (Ultimaker Cura 5.2.2, Utrecht, 
Netherlands).

2.2.2. Sample model

Three distinct coronary stent designs were used (Chevron B, 
Hybrid C and Hybrid A) as illustrated in Fig. 1. These designs 
were selected based on their demonstrated performance in prior 
research by Prisipaul et al. [20]. Each stent was fabricated with 
a strut width of 0.4 mm and a stent thickness of 0.3 mm, dimen-
sions chosen to maintain structural integrity while enabling ef-
fective evaluation of surface roughness variations. The inclusion 

Fig. 1. Stent structure designs: (a) Chevron B, (b) Hybrid C, (c) Hy-
brid A
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of these three designs allows for a comprehensive assessment of 
how different 3D printing parameters influence surface rough-
ness, ensuring the study’s findings are applicable across various 
stent geometries.

2.2.3. Printing parameters

The experiment employed a One-Factor-At-a-Time (OFAT) 
approach to systematically investigate the influence of individual 
FDM parameters on the surface roughness of PCL stent samples. 
Four key printing parameters were studied: nozzle temperature 
(80-250°C), printing speed (5-50 mm/s), flow rate percentage 
(70-150%) and layer height (0.1, 0.2, 0.3 mm). A total of nine 
parameter combinations were used to fabricate the PCL sam-
ples. The parameter ranges were selected based on preliminary 
experiments conducted using simplified geometries and default 
slicing software settings. Each parameter was varied individually 
while keeping the others constant to ensure stable printing and 
part completion. The chosen ranges also referenced literature 
sources and considered the melting characteristics of PCL, 
printer limitations and stent geometry. Specifically, the layer 
height range was selected to correspond with the 0.3 mm stent 
thickness designed. To isolate the effect of each parameter, the 
others were held constant at baseline values: nozzle tempera-
ture (165°C), printing speed (27.5 mm/s), flow rate percentage 
(110%) and layer height (0.1 mm). The bed temperature was 
maintained at 35°C for all prints. 

2.3. Surface roughness analysis 

2.3.1. Scanning Electron Microscopy

The surface structure of the PCL stent samples was exam-
ined using a tabletop SEM microscope (Hitachi TM3000, Japan) 
to capture high-resolution images of the sample surfaces. Before 
imaging, the samples were securely mounted on specimen stubs 
and coated with a platinum layer via sputter coater (Leica® EM 
SCD050, USA) to enhance conductivity. SEM imaging was con-
ducted at an accelerating voltage of 10 kV with a magnification 
of 200×, enabling detailed visualization of surface features for 
subsequent roughness analysis.

2.3.2. Roughness Index Statistics

Roughness index statistics of the SEM images were con-
ducted using ImageJ software (v1.53t, National Institutes of 
Health, USA) with the SurfCharJ plugin to quantify surface 
roughness parameters, including Ra and Rq. The plugin com-
putes these metrics based on the definitions established in ISO 
4287/2000. The sampling length used was adjusted according 
to the study of Mendes et al. [16] and the sampling lengths 
of 100, 150 and 200 µm were tested to collect the average Ra 

and Rq. The SurfCharJ plugin extracted roughness values from 
the greyscale intensity variations and the surface plot function 
was used to generate 3D surface topography representations. 
Processed images and extracted roughness metrics were exported 
for statistical analysis, enabling a quantitative assessment of how 
different 3D printing parameters influence surface roughness in 
PCL stent samples.

2.4. Statistical analysis

To evaluate the significance of each 3D printing parameter 
on Ra, two statistical methods were employed using Minitab® 
21.4 software (Minitab LLC, State College, PA, USA). An 
independent samples t-test was performed to assess the effect 
of nozzle temperature, printing speed and flow rate on Ra, de-
termining whether the differences between parameter variations 
were statistically significant. Additionally, a one-way analysis 
of variance (ANOVA) was conducted to assess the effect of 
layer height on Ra, as this parameter involved multiple levels. 
All statistical tests were performed at a 95% confidence level 
(α = 0.05).

3. Results and discussion

3.1. Effect of printing parameters on surface roughness 
based on statistical roughness indices

The Ra and Rq of PCL stent samples were analysed across 
different nozzle temperature, printing speed, flow rate and layer 
height (Figs. 2 and 3). The mean roughness values were calcu-
lated based on sampling lengths of 100, 150 and 200 µm, with 
error bars indicating the variability across these measurements. 
The results for different stent designs (Chevron B, Hybrid C, 
Hybrid A) were compared to assess consistency and parameter 
sensitivity.

The results indicate that nozzle temperature (80 vs. 250°C) 
exhibits a linear relationship with surface roughness, where both 
Ra and Rq generally increase at the higher temperature (250°C) 
across all stent designs. In contrast, the effects of printing speed 
(5 vs. 50 mm/s) and flow rate (70 vs. 150%) on surface rough-
ness do not display a clear trend. The variations in Ra and Rq 
across different designs suggest that these parameters may have 
an insignificant influence on surface roughness. The relationship 
between layer height (0.1, 0.2, 0.3 mm) and surface roughness 
is nonlinear in all three designs. The highest Ra and Rq values 
occur at the smallest layer height (0.1 mm). As the layer height in-
creases to 0.2 mm, both roughness metrics decrease significantly, 
suggesting improved surface uniformity. However, at 0.3 mm, 
Ra and Rq remain stable or show a slight increase. There is no 
obvious difference between the influence trends of Ra and Rq, 
indicating that they are highly correlated.

The findings of this study regarding nozzle temperature 
are consistent with those reported by Buj-Corral et al. [21,22], 
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despite the use of PLA instead of PCL. Their studies demon-
strated that higher nozzle temperatures led to increased surface 
roughness, with Ra values reaching up to 18 μm in one case 
and 21.77 μm in another. However, their results were typically 
observed under conditions combining high nozzle temperature 
with other contributing factors, such as large nozzle diameter, 
elevated flow rate, increased layer height and high printing speed. 
Similarly, Shirmohammadi et al. [23] reported a rise in surface 
roughness as nozzle temperature increased from 190°C to 210°C. 
They attributed this trend to the effect of temperature on polymer 
melting behaviour, which alters the deposition characteristics 
and promotes surface irregularities.

However, the relationship between layer height and surface 
roughness observed in this study contrasts with previous findings, 
which generally suggest that increasing layer height results in 
higher surface roughness [21-23], including studies focused spe-
cifically on PCL-based materials [24]. One possible explanation 
is that the printed stent samples in this study had a total thickness 
of only 0.3 mm, which may have introduced constraints that 

were not present in previous studies. At a layer height of 0.1 mm, 
the increased line density and finer deposition features amplify 
surface irregularities, leading to higher surface roughness. As the 
layer height increases to 0.2 mm, the deposition of two material 
layers contributes to a more uniform surface, reducing surface 
roughness. When the layer height further increases to 0.3 mm, 
the printed structure consists of only a single deposited layer, 
which lacks the smoothing effect observed at 0.2 mm. As a result, 
surface roughness increases again due to the absence of multiple 
stacked layers that could help refine surface uniformity. 

Although no consistent trend was observed in the effects 
of flow rate and printing speed across the different designs, it is 
worth noting that both parameters may indirectly influence sur-
face roughness through their impact on layer adhesion. Higher 
flow rates can lead to over-extrusion [21], potentially enhancing 
interlayer bonding but also introducing surface irregularities due 
to excess material deposition. Conversely, higher printing speeds 
may affect the proper material deposition and interlayer fusion, 
weakening adhesion and resulting in more pronounced surface 

Fig. 2. Grouped bar charts of the effect of each parameter on Ra. (a) Layer height, (b) nozzle temperature, (c) printing speed, (d) flow rate

Fig. 3. Grouped bar charts of the effect of each parameter on Rq. (a) Layer height, (b) nozzle temperature, (c) printing speed, (d) flow rate
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variations [25]. However, in the present study, such effects did 
not manifest consistently, possibly due to the small sample thick-
ness (0.3 mm) or the limited number of printed layers.

3.2. Statistical significance of printing  
parameters on Ra

The statistical analysis results indicate that nozzle tempera-
ture and layer height greatly affect Ra, while printing speed and 
flow rate show no statistically significant effect (TABLE 1). The 
p-values for nozzle temperature (p = 0.000000084) and layer 
height (p = 0.000000010) are well below the standard signifi-
cance level (p < 0.05), confirming their substantial influence. The 
T-value for nozzle temperature (T = 9.22) suggests a strong effect 
on Ra, while the F-value for layer height (F = 69.43) indicates 
an even greater impact. In contrast, printing speed (p = 0.114, 
T = 1.67) and flow rate (p = 0.346, T = 0.97) have p-values 
above 0.05, suggesting that their influence on Ra is statistically 
insignificant. These results highlight that nozzle temperature 
and layer height are key parameters to consider when optimis-
ing the surface quality of coronary stents, as they have the most 
pronounced effect on surface roughness.

The surface plots further validate the statistical findings 
regarding the significance of each parameter’s influence on 
surface roughness. Figs. 4 and 5, which present SEM images and 
corresponding surface plots, illustrate these effects. The white 
boxes in the SEM images indicate the cropped regions selected 

for analysis. In the surface plots, the Z-axis represents greyscale-
based roughness metrics, with colour variations (blue, purple, 
red and orange) depicting peaks and valleys at the micron scale. 
As observed in Fig. 4, the 0.1 mm layer height produces a surface 
plot with significant colour variations compared to 0.2 mm and 
0.3 mm, confirming its substantial impact on surface roughness. 
Similarly, Fig. 5 demonstrates that nozzle temperature also has 
a significant effect, as seen in the pronounced differences in 
surface topography. These findings align with previous studies 
by Buj-Corral et al. [22] and Taşcıoğlu et al. [26], who also 
identified layer height as the most critical factor influencing 
surface roughness.

4. Conclusions 

This study demonstrates that layer height and nozzle 
temperature are the most influential parameters affecting the 
surface roughness of FDM-printed PCL stent samples. Among 

Fig. 4. SEM images and surface plots of the Chevron B design printed with different values of layer height. (a) 0.1 mm, (b) 0.2 mm, (c) 0.3 mm. 
The surface plots visualize greyscale roughness levels extracted from SEM images, where warmer colours (e.g., red/orange) represent surface 
peaks and cooler colours (e.g., blue/purple) represent valleys

Table 1
Statistical Analysis of Printing Parameters on Ra

p-Value T-Value F-Value
Nozzle  

Temperature 0.000000084 9.22 —

Printing Speed 0.114 1.67 —
Flow Rate 0.346 0.97 —

Layer Height 0.00000000010 — 69.43
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the tested conditions, a layer height of 0.2 mm combined with 
a lower nozzle temperature resulted in the lowest measured 
surface roughness values. Therefore, for applications where 
achieving a Ra below 0.5 µm is desired, which is considered 
relatively smoother within the context of this study and suitable 
for coronary stent use, a layer height of 0.2 mm and the lowest 
practicable nozzle temperature are recommended. The evalu-
ation of surface roughness in this study was conducted using 
greyscale-based statistical analysis of SEM images via ImageJ 
and its associated plugins. While these software tools provide 
a practical and efficient approach for surface roughness assess-
ment, potential limitations or calibration issues may affect their 
accuracy. This highlights the importance of stringent validation 
against established measurement techniques to guarantee con-
sistency and dependability of results across approaches. Despite 
these considerations, the findings provide a useful reference for 
parameter selection in the fabrication of PCL BRS or similar 
implantable devices, particularly where surface roughness must 
be balanced with other critical properties such as dimensional 
accuracy and mechanical strength.
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