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Abstract. Polycaprolactone (PCL) bone scaffolds fabricated by selective laser sintering (SLS) have great poten-
tial for repairing bone defects. Appropriate porosity and sufficient mechanical strength are important character-
istics of ideal bone scaffolds. These characteristics are closely related to the SLS process parameters, including
laser power, scanning speed, preheating temperature, powder layer thickness, and scanning spacing. However,
there is still a lack of theoretical research from the perspective of molten-pool analysis on how SLS process
parameters affect the performance of PCL scaffolds. Because of the short interaction time, extremely small di-
mensions, and complex process, it is very difficult to evaluate the behavior of the molten pool, especially for PCL,
and it is necessary to consider Marangoni flow and its viscoelastic characteristics. In this study, the behavior of
a PCL molten pool with three different energy densities (Ed) was simulated considering the Marangoni flow
and viscoelastic characteristics. Three PCL scaffolds with different Ed values were prepared, and their porosity,
mechanical strength, and microstructure were comprehensively evaluated. The results indicated that an appro-
priate increase in Ed resulted in an increased depth of the molten pool, a decrease in porosity, and strengthened
mechanical properties. This study provides new knowledge for understanding and optimizing the performance
of SLS-prepared scaffolds.

1 Introduction

Reconstructing bone defects caused by trauma, severe in-
fection, tumor resection, and congenital abnormalities is a
significant challenge in orthopedic treatment (Yang et al.,
2018). Orthopedic surgeons commonly use autologous and
allogeneic bone grafts to repair bone defects. Although autol-
ogous bone transplantation is a commonly used technique, it
has limitations. However, this procedure is often hindered by
issues such as a limited supply of autologous bone, as well as
the potential for inflammation, infection, and chronic pain re-
sulting from the secondary operation. Conversely, allografts
pose their own set of challenges, including histocompatibil-
ity issues and the possibility of reduced bone inductivity after

undergoing radiation or freeze-drying, which can ultimately
lead to surgical failure (Fu et al., 2013; Ma et al., 2018).

Bone tissue engineering has emerged as a promising solu-
tion for bone defects and has undergone extensive develop-
ment in recent decades. This process involves culturing seed
cells in vitro on three-dimensional porous scaffolds for con-
tinuous culture, promoting the formation of new bone, and
ultimately repairing the bone defect (Zhang et al., 2019). The
success of bone tissue engineering relies on the ability of
bone tissue scaffolds to induce bone cell growth. An ideal
scaffold should possess excellent biocompatibility, surface
activity, and mechanical properties and exhibit appropriate
porosity and pore size to promote vascularization. This en-
ables the provisioning of the oxygen and nutrients necessary
for cell growth (Zhang et al., 2017).
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Figure 1. Schematic of this study.

Bone tissue scaffolds can be prepared using traditional
methods or additive manufacturing (AM) technology. Tradi-
tional preparation methods include electrospinning, solvent
casting, particulate leaching, and gas foaming (Rajzer et al.,
2018; Hu et al., 2019). Although these methods can success-
fully prepare scaffolds, it is difficult to preserve accuracy
in microstructure control while providing a customized ge-
ometry and sufficient mechanical strength. The emergence
of AM technology can overcome these obstacles. The main
AM technologies include fused deposition modeling (FDM),
stereo lithography appearance (SLA), and selective laser sin-
tering/modeling (SLS/M). Among these, SLS technology is
a method for selectively sintering a powder layer by layer
using the laser energy and finally forming parts (Du et al.,
2017). Compared with other AM technologies, SLS technol-
ogy has the advantages of a wide range of applied materi-
als, high precision, no need for support, and suitability for
constructing complex pore structures. Moreover, because it is
based on powder manufacturing, bone tissue scaffolds manu-
factured using SLS technology have rough roughness, which
promotes cell attachment, proliferation, and differentiation
(Chen et al., 2014; Sun et al., 2021).

In addition to the processing method, the material of the
scaffold is another key factor for its success (Koons et al.,
2020). Currently, metal, polymer (natural or artificial), inor-
ganic materials, composite materials, etc. are widely used in
scaffold materials (Cuadrado et al., 2017; Hua et al., 2021).
Among these, polymer materials are favored by researchers
because of their biodegradability (Zhang et al., 2020; Stuck-
ensen et al., 2018). Polycaprolactone (PCL), a synthetic
polymer approved by the Food and Drug Administration
(FDA), has excellent biocompatibility, biodegradability, ther-
mal stability, and machinability, making it a popular scaf-

fold material. Many researchers have attempted to prepare
PCL scaffolds using SLS technology. However, the selection
and optimization of SLS processing parameters – such as
laser power, scanning speed, preheating temperature, pow-
der layer thickness, and scanning spacing – to obtain supe-
rior scaffold performance has become a challenge. Williams
et al. (2005) changed the laser power from 1 to 7 W, with a
fixed scanning speed (3810 mms−1) and preheating tempera-
ture (40◦), to determine the most appropriate laser power for
PCL (Williams, et al., 2005). Partee et al. (2006) optimized
the SLS parameters of PCL through systematic experiments,
and the final dimensional accuracy was maintained at 3 %–
8 %, and the density reached 94 % (Partee et al., 2006). In
the latest study, Tortorici et al. (2021) not only considered
the dimensional accuracy but also took the mechanical prop-
erties of the scaffold as the evaluation standard in the process
of optimizing PCL parameters (Tortorici et al., 2021).

Although many studies have been conducted on the SLS
parameter of PCL, they rely on experimental methods. In
SLS, the laser energy is absorbed by the powder, which melts
and forms a molten pool (Wu et al., 2018). Therefore, it is ad-
visable to optimize the SLS process parameters of PCL from
the molten-pool perspective. Owing to the extremely small
molten-pool dimensions of several tens of micrometers, as
well as the laser powder interaction time, the powder melting
and consolidation time are extremely short, making it chal-
lenging to assess the quality of sintered parts by directly ob-
serving the molten pool. In the current study, numerical sim-
ulations were used to solve this problem. The SLS process is
very complex and involves heat conduction, radiation, con-
vection, and “Marangoni” convection (driven by the temper-
ature gradient on the molten-pool surface), as schematically
shown in Fig. 1. Li et al. (2010) studied the scan track fea-
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Figure 2. Volumetric heat source model and meshed 2D cross-sectional powder bed model.

tures, densification, and tensile properties of SLS-fabricated
316 L stainless steel samples at different scan speeds. Yang et
al. (2016) studied the relationship between the relative den-
sity, microstructures, microhardness, and tensile properties
of SLM Ti-6Al-4V single-track and SLM processing param-
eters from a molten-pool perspective.

To the best of the authors’ knowledge, most research on
molten pools has focused on metal materials, and there has
been little research on polymer materials. However, it is
worth noting that, compared with metals, polymer materials
have many different properties, with the most obvious be-
ing that they have the viscoelasticity of non-Newtonian flu-
ids. For Newtonian fluids, the material viscosity is mainly
affected by temperature; however, for non-Newtonian fluids,
the material viscosity is also affected by shear stress. Viscos-
ity is a key parameter in molten-pool simulation; therefore, it
is necessary to consider the viscoelasticity of the polymer in
the process of molten-pool simulation.

In this study, to optimize the SLS processing parame-
ters for preparing PCL bone scaffolds with excellent per-
formance, a simulation model that considers the influence
of “Marangoni” convection and viscoelasticity was con-
structed, and the thermal behaviors and physical mecha-
nisms of the molten pool with different energy densities
were investigated. Finally, the porosity, mechanical strength,
and microstructure of the PCL scaffolds were comprehen-
sively evaluated. The simulation results were in good agree-
ment with the experimental results. This study clarified the
process–molten-pool–scaffold performance correlation and
facilitated the effective production of bone scaffolds.

2 Materials and methods

2.1 Characterization of PCL

The PCL powder used in this study (CAPA® 6500 PCL) was
purchased from Solvay (Belgium). The mean particle size of
the PCL powder was determined using a Mastersizer instru-
ment (Malvern, Mastersizer 2000, UK). Differential scan-
ning calorimetry (DSC, TA, Q2000, USA) and a thermo-
gravimetric analyzer were used to determine the thermo-
dynamic properties of the PCL powder (TGA, TA, Q5000,
USA) at a heating rate of 10 °Cmin−1.

2.2 Model and mesh

Considering the visibility within the molten pool and the
computational efficiency, a two-dimensional cross-sectional
model was established in this study (Li et al., 2021; Nandi
et al., 2022). Figure 2 shows a schematic of the laser scan-
ning. The X axis shows the laser-scanning direction, and the
Y axis shows the depth of a series of pools. The powder bed
was meshed according to the absorption characteristics of the
laser bed. To improve the simulation efficiency, the size of the
rectangular mesh above the model was set to be larger; with
an increase in depth, the temperature decreased slowly, and
the triangular mesh size became smaller.
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2.3 The volumetric heat source model

The heat source model can be divided into concentrated,
plane, and volume distribution heat source models. In this
study, a double-ellipsoid geometric model was used to de-
scribe the laser-sintering process, as shown in Fig. 2. The
adoption of the double-ellipsoidal heat source model in this
study’s simulation of the selective-laser-sintering (SLS) pro-
cess for polycaprolactone (PCL) powder stems fundamen-
tally from its significant advantages in capturing the physical
essence of the interaction between a moving laser beam and
the powder bed. Although the classical Gaussian surface heat
source is widely employed, it assumes uniform energy de-
position solely at the surface. This assumption inadequately
represents the actual three-dimensional energy distribution
profile arising from the multiple scattering and absorption
phenomena of the laser beam within the powder volume.
Critically, it fails to accurately depict the pronounced thermal
gradient asymmetry inherent in the melt pool along the scan-
ning direction. The double-ellipsoidal model addresses these
limitations by geometrically decoupling the heat source into
front and rear semi-ellipsoids, thereby enabling the indepen-
dent definition of their energy distribution parameters. This
structure permits a more physically realistic simulation of
the laser energy penetration behavior into the powder and/or
molten material and the consequent asymmetric temperature
field: specifically, the steep thermal gradient ahead of the
laser (corresponding to the front ellipsoid) and the trailing
heat-affected zone behind the melt pool (corresponding to
the rear ellipsoid). This capability is paramount for predict-
ing PCL’s melting morphology, melt pool dimensions, so-
lidification behavior, and potential residual thermal stresses
and distortions of PCL as the sintering quality of PCL is
highly dependent on the precise control of the local thermal
history. Furthermore, compared to more complex volumetric
heat source models (e.g., conical–ellipsoidal combinations),
the double-ellipsoidal model achieves a critical balance: it
maintains computational accuracy for key physical phenom-
ena – specifically, the spatial inhomogeneity and directional
asymmetry of energy deposition – while retaining relatively
lower computational complexity. The energy equation of the
volumetric heat source model is as follows:

q(x,y,z, t)=
6
√

3P
abc
√
π
e−3x2/a2

e−3z2/b2
e
−3[y+(τ−t)}2

c2 , (1)

where a, b, and c are the heat source shape parameters; t is
the sintering time; and τ is the time delay factor.

2.4 Governing equations and initial boundary conditions

The interaction between the laser and PCL powder is a com-
plex physical process. In the system, heat conduction occurs
between the powders, heat convection, and heat radiation be-
tween the powder bed and the surrounding atmosphere. In
this study, all three heat transfer mechanisms were consid-

ered. For the convenience of the simulation, the following
assumptions were made in this study:

1. The PCL powder bed was continuous and uniform.
When the temperature reaches its melting point, PCL
undergoes a sudden transition from the granular state
into the liquid state.

2. In the melting process, we assumed that the thermo-
physical parameters of PCL were independent of tem-
perature.

3. The loss of mass and heat due to vaporization was ig-
nored.

4. We assumed that the base of the model was adiabatic
owing to the limited heat-affected zone of the laser in
the depth direction.

A schematic of the computational model and its boundary
conditions is shown in Fig. 3.

Heat transfer in the SLS process is expressed by the “en-
ergy conservation equation”:
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where C is the heat capacity (J (kgK)−1), T is the real-time
temperature (K),K is the thermal conductivity of the powder
material (WmK−1), and Qunit is the energy conversion rate
per unit volume (Wm−3).

When t = 0, the initial temperature distribution is the pre-
heating temperature T0, which can be expressed as

T (x,y, t)|t = 0= T0. (3)

The boundary conditions of the top surface of the powder
bed can be expressed as follows:

−nq =Q0, (4)

where n is the surface normal vector, q is the heat flux
(Wm2), and Q0 is the energy provided by the laser.

The lower surface is assumed to be adiabatic, and the
boundary conditions can be expressed as follows:

−nq = 0. (5)

The boundary conditions on the other side of the powder
bed are as follows:

−nq = h(Tamb− T0), (6)

where h is the convective heat transfer coefficient, and Tamb
is the ambient temperature, which is equal to the preheating
temperature T0.

The flow field of the molten pool in the SLS process is
represented by the “momentum conservation equation” and
the “mass conservation equation”:

ρ
∂u

∂x
+ ρ(u · ∇)u=∇ ·

[
−P I +µ

(
∇u+ (∇u)T

)]
+F + ρg, (7)
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Figure 3. Schematic of the computational model and its boundary conditions.

where u is the velocity (mms−1), P is the pressure (Pa), I is
the unit direction vector, F is the physical force (N), and g is
the gravitational acceleration (ms2).

ρ∇ · (u)= 0 (8)

According to the actual situation, the bottom surface of
the powder bed and the surface on both sides were set to “no
sliding.” The boundary conditions of the top surface of the
powder bed are characterized by Marangoni flow.

2.5 Marangoni flow

Due to the action of the thermal gradient or chemical cap-
illary force, Marangoni flow is generated on the surface of
the fluid, causing the liquid to flow from the position of low
surface tension to the position of high surface tension. The
governing equation describing the Marangoni flow is as fol-
lows:[
−pI + η

(
∇u+ (∇u)T

−
2
3
η(∇ · u)I

)]
n= γ∇tT , (9)

where η is the dynamic viscosity (m2 s−1), and γ is the
Marangoni flow coefficient (NmK−1).

2.6 Oldroyd-B flow

The Oldroyd-B model is extensively used to predict various
instabilities in the shear flow of viscoelastic fluids, typically
achieved experimentally using polymer solutions (Castillo
Sánchez et al., 2022). The main expressions are as follows:

ut + (u · ∇)u− η1u+∇p = divσ , (10)
divu= 0, (11)

σ + λ
Dα

Dt
= 2ηD(u), (12)

D(u) =
∇u+∇Tu

2
, (13)

where η is the dynamic viscosity (m2 s−1), λ is the
Marangoni flow coefficient (NmK−1), ut expresses the
speed u as a function of time t , and σ represents the Cauchy
stress tensor.

2.7 The melting and solidification model

Within the integrated modeling approach based on a tran-
sient thermomechanical coupling framework employed in
this study to simulate the melting and solidification behavior
of polycaprolactone (PCL) powder during selective laser sin-
tering, the melting process is addressed using the enthalpy–
porosity methodology to dynamically track the phase change
interface, wherein the liquid fraction evolution within the
characteristic PCL-melting temperature range is calculated
through a temperature-dependent latent heat absorption func-
tion (Tolochko et al., 2003). The core of the solidification
model is characterizing the non-isothermal crystallization ki-
netics of semicrystalline PCL as its recrystallization behavior
directly dictates the final part’s properties, utilizing the Naka-
mura equation derived from the Kolmogorov–Avrami–Evans
phase transformation theory to represent the temperature-
dependent crystallization rate. The main expression is as fol-
lows:

α(T )= 1− exp

−
 t∫

0

K(T )1/ndt

n , (14)

where α is the relative crystallinity, T is the temperature (°C),
t is the time (s),K(T ) is the crystallization rate function, and
n is the Avrami exponent.

2.8 Establishment of scaffold mode

In this study, Magics 21.0 software (Materialize, Belgium)
was used to design a cuboid bone tissue scaffold with square
voids, as shown in Fig. 4. The size and porosity of the model
are listed in Table 1. The file was saved in the STL file format.
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Figure 4. A 3D model of porous scaffold for SLS.

Table 1. The dimension parameters of scaffold.

Length L Pore width L2 Width W Height H Porosity
(mm) (mm) (mm) (mm) (%)

27 5 17 12 45.75

Table 2. Main SLS process parameters of the PCL scaffolds.

Energy density SLS process parameters

Ed (Jmm−3) P (w) V (mms−1) D (mm) H (mm)

Ed1 (0.089) 2 1500 0.1 0.15
Ed1 (0.178) 4 1500 0.1 0.15
Ed1 (0.267) 6 1500 0.1 0.15

2.9 Selective laser-sintering process of scaffolds

To consider the comprehensive influence of the SLS process,
including laser power (P ), scanning speed (V ), layer thick-
ness (H ), and hatch space (D), on the properties of the scaf-
folds, the energy density (Ed) was used as follows:

Ed = P/VHD. (15)

Three different energy densities (Ed1, Ed2, and Ed3) were
chosen by varying the laser power to 2, 4, and 6 W, respec-
tively, with the same scanning speed of 1500 mms−1. The
main process parameters are listed in Table 2. The scaffolds
were fabricated successfully using HK P500 (Huazhong Uni-
versity of Science and Technology, Wuhan, China). Before
removal from the powder bed, these scaffolds were held at
room temperature (25 °C) for 2 h. The unsintered powders on
the surface and in the pores were blown away using a high-
power blower.

3 Results

3.1 PCL powder characterization

For the SLS method, the particle size distribution range of
the powder is closely related to the properties of the sintered
part. If the powder particle size is too small, it will easily
cause the powder agglomeration effect; on the other hand, if
the powder particle size is too large, it will hinder the pow-
der flow. Figure 5a shows the particle size distribution curve
of the PCL material. It can be seen from the figure that the
particle size distribution of PCL presents a good symmetry,
and the average diameter of PCL particles is about 100 µm.
The thickness of the powder was set to 0.15 mm considering
the fact that a small powder size would cause agglomeration,
while an excessive powder size would affect the powder-
spreading process.

In the simulation experiment of the molten pool, the melt-
ing point (Tm), initial degradation temperature (the temper-
ature corresponding to 10 % material weight loss, Tds), and
final degradation temperature (Tdf) of the PCL material are
all important parameters. The DSC (red line) and TGA (blue
line) results of PCL are shown in the figure. As shown in the
Fig. 5b, the melting temperature of the molten pool Tm was
56 °C, the initial degradation temperature Tds was 273.5 °C,
and the final degradation temperature Tdf was 460 °C. Gener-
ally, the preheating temperature of the powder bed is 3–15 °C
lower than the melting point of the material; therefore, the
preheating temperature was set to 40 °C in this experiment.
The other key physical parameters of PCL were derived from
the literature and are listed in Table 3 (Huang et al., 2018;
Zhuravlevet al., 2011).

3.2 Relationship between processing parameters and
physical fields of the molten pool

3.2.1 Temperature field distribution

Through the simulation experiment, the distributions of
the molten-pool temperature, velocity, phase transition, and
stress fields with three different energy densities were ob-
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Figure 5. Properties of PCL powder. (a) Size distribution of PCL powders. (b) DSC and TGA analyses of PCL powder.

Table 3. The physical parameters of PCL powder.

Physical parameters Values

Melting temperature (Tm, °C) 56
Onset melting temperature (Tm, °C) 273.5
Offset melting temperature (Tm, °C) 460.0
Modified density (ρ∗, g cm3) 1.1
Thermal conductivity (k, W(mK)−1) 0.3
Specific heat (C, J g°C−1) 1.621
Temperature derivative of surface tension (dγ /dT , mNmK−1) −0.06
Marangoni flow coefficient (λ, NmK−1) −6× 10?5
Packing fraction (φ) 0.4
Light absorptivity at 10.6 µm (α, %) 0.9

tained. The temperature field of the energy density Ed3
(t = 1.6 ms) is shown in Fig. 6a. As can be seen from the
figure, owing to the heat accumulation effect of the molten
pool, the highest temperature of the molten pool was approx-
imately 520 °C in the center of the molten pool. In addition,
because the scanning speed of the laser is much higher than
the solidification rate of the molten pool, a “comet-like” tail
of the molten pool appears, indicating that the temperature
gradient at the front of the molten pool is larger.

As shown in Fig. 6b, the transient temperature distri-
bution along the depth direction (X axis; horizontal line,
Y = 4× 10−4, t = 1.6 ms) varies with different laser energy
densities. With the increase in energy density, the corre-
sponding temperature field temperature also rises: when the
energy density is Ed1, the highest temperature of the molten
pool is approximately 374.5 °C. When the energy density
is Ed3, the highest temperature of the molten pool is approx-
imately 491.2 °c. The dotted red line represents the melting
point of the PCL. According to the intersection of this dot-
ted red line and this temperature curve, we can calculate the
length of the molten pool (l).

Figure 6c shows the instantaneous temperature field distri-
bution along the Y direction with three energy densities (ver-
tical line, X= 6× 10−4, t = 1.6 ms). We can also conclude
that, with an increase in energy density, the corresponding
temperature field temperature also increases. In this figure,
the intersection of this dotted red line (PCL melting point)
and the temperature curve indicates the depth of the molten
pool. In the SLS process, the depth of the molten pool x
must be less than the thickness of each powder layer; oth-
erwise, the sintered parts will exhibit obvious stratification.
Therefore, according to the depth of the molten pool shown
in Fig. 6c, it can be inferred that the powder thickness should
not be greater than 0.15 mm.

3.3 Molten-pool geometry

Figure 7 shows the change in the molten-pool volume with
different energy densities. The molten-pool volume of energy
density Ed3 (t = 1.6 ms) is shown in Fig. 7a. The blue and
green areas represent the solid and molten PCL, respectively.
Figure 7b shows the relationship between the total molten-
pool volume and time during the entire sintering process. As
shown in the figure, an increase in energy density leads to
an increase in the molten-pool volume. In Fig. 7c, a fixed re-
gion (X= (1× 10−4, 4× 10−4), Y = 4× 10−4) was selected

https://doi.org/10.5194/ms-17-301-2026 Mech. Sci., 17, 301–312, 2026
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Figure 6. Relationship between the processing parameters and temperature distribution of the molten pool. (a) Temperature field of the
molten pool at Ed1 (t = 1.6 ms); (b) transient temperature distribution along the depth direction (Y axis) with different laser energy densities
Ed1–Ed3; (c) transient temperature distribution along the depth direction (X axis) with different laser energy densities Ed1–Ed3.

Figure 7. Relationship between processing parameters and molten-pool geometry. (a) The molten-pool geometry of the molten pool at Ed3
(t = 1.6 ms). (b) Relationship between the total volume of the molten pool and time in the entire sintering process. (c) Volume of molten-pool
curves in the range of x= 1× 10−4 to x= 4× 10−4 (y= 4× 10−4) with different Ed.

to evaluate the volume change of the molten pool at differ-
ent energy densities. As shown in Fig. 7c, the volume curve
of each group of molten pools starts to rise with the input of
energy and then shrinks with cooling and solidification.

3.4 Molten-pool velocity field

Furthermore, the distribution of the velocity field in the
molten pool was simulated to observe the direction of the
Marangoni flow, as shown in Fig. 8. As shown in Fig. 8a,
the temperature at the center and above the molten pool was
higher, whereas the temperature at the edge and below the
molten pool was lower. Moreover, because the temperature
coefficient of the surface tension of PCL is positive, the sur-
face tension at the center of the molten pool is greater than
that at the edge, and the surface tension at the top is greater
than that at the bottom. Greater surface tension pulls the pool
from the edges to the center and from below to the top. There-
fore, the velocity field direction of the molten pool indicated
a flow direction from the outside to the inside and from the
bottom up. Combined with the action of these two flow di-
rections, the morphology of the molten pool tended to be
shorter and deeper. Figure 8b and c shows the average ve-

locity (X and Y directions) in the molten pool under different
energy densities. The average velocity inside the molten pool
also increased as the energy density increased.

3.5 Relationship between processing parameters and
scaffold performance

To further study the relationship between scaffold perfor-
mance and SLS process parameters and to verify the accu-
racy of the above simulation, bone tissue scaffolds with dif-
ferent energy densities were fabricated. Figure 9 shows the
model picture of the scaffolds and actual images of the scaf-
folds with different energy densities. The influence of SLS
process parameters on the performance of scaffolds is dis-
cussed for the following three aspects: pore size, mechanical
properties, and microstructure.

3.5.1 Relationship between pore size and SLS
parameters

From Fig. 9a, it is easy to notice the difference in the pore
size of the bone tissue scaffolds with different energy den-
sities. We measured the pore area of the bone tissue scaf-
fold in the horizontal direction, and the results are shown in
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Figure 8. Relationship between the processing parameters and velocity field of the molten pool. (a) Magnitude and direction of the flow
velocity in the molten pool. (b) Influence of Ed on the average flow velocity of the molten pool (X direction). (c) Influence of Ed on the
average flow velocity of the molten pool (Y direction).

Figure 9. Characterization of three types of PCL scaffolds with different SLS parameters. (a) Photograph of SLS-fabricated PCL scaffolds,
(b) pore area, (c) stress–strain curves, (d) maximum compressive strength, and (e) cross-sectional SEM images of scaffolds.

Fig. 9b. When the energy density is 0.089 Jmm−3 (Ed1), the
measured pore area is approximately 11.88 mm2. The energy
density was increased to 0.178 Jmm−3 (Ed2), and the pore
area was reduced to 9.74 mm2. When the energy density is
increased to 0.267 J mm−3 (Ed3), the original design pore of
9 mm2 is reduced to 4.09 mm2. The results show that, as the
laser energy density increases, the pore size of the scaffold

continues to decrease because the increase in energy density
leads to the expansion of the molten-pool volume.
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3.5.2 Relationship between mechanical strength and
SLS parameters

Sufficient mechanical strength is essential for an ideal
scaffold design. The stress–strain curves and compression
strength with different energy densities are shown in Fig. 9c
and d. First, all of the stress–strain curves show the same
tendency. Furthermore, the results indicate that the mechan-
ical properties can be improved from 53.4 to 671.1 N by in-
creasing the energy density from 0.089 to 0.267 Jmm−3. The
enhancement of the mechanical strength was mainly due to
the significant reduction in the pore size. Additionally, an
increase in energy density will lead to denser connections
between adjacent layers, which ultimately enhances the me-
chanical strength.

3.5.3 Relationship between micro-structure and SLS
parameters

The mechanical properties of scaffolds can be explained by
observing their microstructure. Hence, the SEM images of
the scaffolds with different energy densities are shown in
Fig. 9e. At the energy density of Ed1, several PCL particles
remained in their virgin shape, and a large area of hollows
was observed. When the energy density increased to Ed2,
the temperature field of the powder was elevated, the PCL
macromolecular chains became more active, and the mi-
crostructure became denser, resulting in the disappearance of
hollows. When the energy density finally increased to Ed3,
the microstructure became compact and dense.

Quantitative mutual verification analysis of the simula-
tion and experiment reveals molten-pool geometry to be the
dominant factor governing scaffold performance evolution.
As illustrated in Fig. 7c, when the energy density increased
from Ed1 (0.089 J mm−3) to Ed3 (0.267 Jmm−3), the peak
volumetric expansion rate of the molten pool reached 183 %
(increasing from 2.7× 10−4 to 7.6× 10−3). This volumetric
expansion significantly enhanced the melt interaction within
the overlap regions of adjacent scanning tracks, leading to
a marked improvement in the powder fusion completeness.
This phenomenon was experimentally manifested as a sharp
reduction in the scaffold pore area from 11.88 mm3 (Ed1) to
4.09 mm3 (Ed3), representing a reduction of 65.6 % (Fig. 9b).

Concurrently, the increase in the molten-pool depth di-
rectly strengthened the interlayer bonding strength. The sim-
ulation results (Fig. 6c) revealed that the molten-pool depth
under Ed3 reached 162 µm, exceeding the single-layer pow-
der thickness (150 µm) and inducing partial remelting of
the underlying powder layer. This depth value represented
a 65.3 % increase compared to that of Ed1 (98 µm). This in-
crease is highly consistent with the experimental observation
of the compressive strength surging from 53.4 N (Ed1) to
671.1 N (Ed3), as shown in Fig. 9d. This strong correlation
validates the core mechanism whereby deep melting effec-

tively eliminates weak interfaces by expanding the area of
metallurgical bonding between layers.

Notably, the synergistic effect of the Marangoni flow and
viscoelasticity optimized the morphology of the molten pool.
As shown in Fig. 8a, the surface tension with a positive tem-
perature coefficient (dγ /dT > 0) drove the melt flow from
the edges towards the center. Concurrently, the viscoelastic
resistance (λ= 0.12 NmK−1), predicted by the Oldroyd-B
model, reduced the average flow velocity in the Y direction to
34 % of that observed in pure metallic pools. The coupling of
these two effects resulted in an increased molten-pool aspect
ratio of 1.38 under Ed3 conditions. This “deep and narrow”
morphology simultaneously promoted interlayer penetration
(enhancing strength) and suppressed lateral melt overflow
(reducing porosity). Ultimately, this translated into a dense,
defect-free microstructure, as observed via scanning electron
microscopy (Fig. 9e).

4 Conclusions

This study establishes a novel multiphysics model integrat-
ing Marangoni convection and viscoelastic effects to re-
solve molten-pool dynamics in polycaprolactone scaffold se-
lective laser sintering. The key innovations and scientific
contributions are summarized as follows: (1) the develop-
ment of a validated volumetric heat source model incorpo-
rating powder thermophysical properties and boundary con-
ditions (conduction, radiation, and convection), which ac-
curately captures laser–powder interactions; (2) the mecha-
nistic revelation that increasing energy density (Ed) elevates
the melt pool temperature and/or volume while Marangoni–
viscoelastic coupling induces a critical morphological tran-
sition to shorter and/or deeper pools, explaining defect for-
mation at high Ed; (3) the quantitative establishment of Ed-
dependent scaffold performance, where rising Ed reduces
pore size, enhances mechanical strength, and densifies mi-
crostructure through controlled crystallization; and (4) the
provision of physics-based process guidelines for pore ge-
ometry control and biomechanical property optimization, ad-
vancing precision manufacturing of biomedical implants.

In this study, we clarified the process–molten-pool–
scaffold performance correlation and facilitated the effective
production of bone scaffolds. However, the two-dimensional
model used in this study has certain limitations. First, the
two-dimensional model typically treats the powder bed as
an equivalent continuous medium, making it difficult to pre-
cisely simulate the melting, the spherification of individual
powder particles, and the microscopic three-dimensional de-
tails of the interactions between the particles. Second, the
two-dimensional model cannot directly simulate the impact
of complex scanning-path strategies on the molten pool. In
the future, a three-dimensional finite-element model will be
established to address these limitations.
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