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A B S T R A C T

Laser powder bed fusion of unsupported overhang structures, required for metamaterial lattices, are difficult
to manufacture. In this study, process parameters are experimentally determined to successfully fabricate
auxetic re-entrant metamaterial structures. Due to the support-less printing, higher linear energy densities
compared to contour and hatch scanning are required to build continuously solidified overhang structures.
Simulation results show that the melt pool width and in particular the length is enlarged, promoting loose
powder attachment by denudation and balling. Auxetic re-entrant metamaterials are successfully fabricated.
Impact tests show good mechanical performance and better energy absorption compared to previous studies.
© 2025 The Author(s). Published by Elsevier Ltd on behalf of CIRP. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

Metamaterials are artificial structural designs capable of achieving
unprecedented properties not observed in naturally occurring materi-
als. These extraordinary materials have complex, small repeating
structures, i.e., unit cells, that can be designed to exhibit unique prop-
erties, such as a negative refractive index, perfect absorption, negative
thermal conductivity or negative Poisson’s ratio. The ability to create
such materials has far-reaching implications for various fields includ-
ing aerospace, defence, energy, biomedical, optics, and more [1,2].

The development of Additive Manufacturing (AM) technologies
has revolutionised amongst others the field of metamaterials by
enabling the efficient and economic production of complex geome-
tries that were previously impossible to manufacture using tradi-
tional methods. AM offers unparalleled flexibility in geometry
coverage from macro-scale to micro-scale, local tailorability and free-
form capabilities [3,4]. The adoption of AM for metamaterials opens
up new avenues for research and development [5,6]. By leveraging
advantages of AM, complex structures with predefined optical,
acoustic and mechanical properties can be designed and fabricated
[7]. Mechanical metamaterials typically feature counterintuitive
mechanical properties besides the constituent material arising from
the architecture of the unit cell [8].

Recent studies have examined several AM-fabricated mechanical
metamaterials. For high-energy absorption, a number of ideal struc-
tures have been identified [9,10]. For instance, stretch-dominated
structures, such as the octet truss, have unique strength-to-weight
characteristics exceptional for energy absorption purposes. For large
deformability, an auxetic structure, such as the strut-based re-entrant
lattice, features an advantageous negative Poisson’s ratio; however, its
unit cell is difficult to manufacture. Laser Powder Bed Fusion (LPBF) is
notorious for its limitations in fabricating unsupported overhang struc-
tures [11], which are required to fabricate auxetic re-entrant struc-
tures, as shown in the right-hand side inset of Fig. 1.

To warrant LPBF processability, overhang structures are typically
designed following a minimum (material-specific) inclination angle or
otherwise they are given a support structure that needs to be remove
afterwards. For metamaterials in which the unit cell is repeated
numerous times, post-process removal of supports is not a feasible
approach. To solve this, researchers have adapted the unit cell design
to improve manufacturability; e.g., overhanging struts have been
replaced by 45° inclined struts or support material has been included
into the unit cell as a compromise [12,13]. Also, demanded metamate-
rial behaviour has been modelled in the x-y plane and then continu-
ously fabricated as a thin-walled honeycomb structure in the z-
direction, i.e. a 2D metamaterial [14]. Both approaches are suboptimal
as most proposed metamaterial structures, e.g. to attain auxetic behav-
iour, require a lattice design that includes overhang structures.

LPBF processing maps, as generalised in Fig. 1, are generally used to
identify suitable Regions of Interest (ROIs). The defect-free ROI is
bound by regions prone to keyhole defects, balling and lack-of-fusion
defects [15]. Furthermore, within the defect-free ROI, typical parame-
ter sets are developed for subtle contour scanning and faster hatch
scanning. In this study, we aim to find a parameter set that would
allow for the unconstrained fabrication of overhanging struts within a
lattice structure. Normally the melt pool of the laser scan track has to
reach the underlying previously solidified material through the depos-
ited powder bed layer to guarantee a good build. In doing so also a
thermal path is created through which the melt pool can conduct its
excess heat and rapidly solidify [16]. The goal is to find the ROI where
the melt pool is solidified as a horizontal unsupported overhang struc-
ture spanning a relatively short distance between 4 and 8 mm, as is
typically found in the unit cell design of metamaterial structures.
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Table 1
SS316L powder bed parameters for the melt pool
prediction.

Parameter Symbol Value

Density rPB 5527 kg/m3

Thermal conductivity kPB 23.2 W/m¢K
Specific heat capacity cp,PB 512.2 J/kg¢K

Fig. 1. Generalised laser power vs. scan speed LPBF processing map; insets highlight
typical regions of interest based on supported builds, yet for unsupported overhangs,
typical for metamaterials, this is unknown.

Fig. 2. Computational domain [μm] to simulate the melt pool geometry dark red indi-
cates material (SS316L) in the molten state (i.e. the melt pool) and the yellow dashed
line indicates the laser spot.

Fig. 3. LPBF fabrication of overhangs without support structure.
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2. Modelling and experimental approach

To understand the solidification behaviour and dimensions of a sin-
gle laser scan track based on selected LPBF process parameters, several
mathematical models have been proposed in the literature. Typically,
the size of the melt pool is computed and used as a starting point to
predict scan track dimensions. For instance, Tang et al. [17] proposed a
relatively simple equation based on the Rosenthal equation in which
the melt pool geometry is computed based on the laser power and
scan speed in combination with a number of material and powder bed
parameters. Rubenchik et al. [18] proposed a refined model by includ-
ing the Eagar-Tsai temperature fields model [19] and developed scal-
ing laws to compute the melt pool geometry based on dimensionless
numbers p and B. Letenneur et al. [20] validated a similar analytical
model specifically for stainless steel 316 L, which is also the material of
choice for this study. In their model, the laser beam energy is modelled
on a semi-infinite solid representing the powder bed. The laser beam
irradiating the powder bed is modelled as a Gaussian beam and is
assumed to illuminate the surface of the powder bed for a time interval
defined by the laser scan speed and the laser spot size. The tempera-
ture distribution within the powder bed caused by the laser energy
can be modelled as [20]:
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Here, T0 is the initial powder bed temperature controlled by the

LPBF-preheating temperature, which was set to 150 °C for this
study. APB is the material-specific absorptivity [-] of the laser energy
by the powder bed. P and d are the laser power [W] and spot diame-
ter [m], respectively. kPB is the material-specific thermal conductiv-
ity [W/m¢K] of the powder bed. (ξ , h, z) coordinates are normalised
(x, y, z) Cartesian coordinates by the laser beam diameter. P�e is the
P�eclet number [-] relating advective to diffusive heat transfer within
the powder bed. v is the travel speed of the melt pool [m/s], which is
assumed equal to the scan speed of the laser beam along the x-axis.
The time constant t is normalised taking the laser spot size, the
thermal diffusivity and the process time t [s] into account. Finally,
aPB is the thermal diffusivity [m2/s] of the powder bed, which is
defined as:

aPB ¼ kPB
rPBcp;PB

ð2Þ

where, rPB and cp,PB are the density [kg/m3] and specific heat capacity
[J/kg¢K] of the powder bed, respectively.

The material properties of the powder bed are derived from
SS316L bulk properties at the melting temperature of 1400 °C and by
applying a scaling factor determined by the effective powder bed
density, which is material and recoater specific. Table 1 lists the
SS316L powder bed properties used for this study, derived by apply-
ing an experimentally determined scaling factor of 0.7. The laser
absorptivity and laser spot diameter are modelled as 0.5 and 85¢
10�6 m, respectively.
To compute the melt pool geometry, the computational domain is
set to a size of 600 μm along the laser scan direction (x-axis), 300 μm
across (y-axis) and 100 μm powder bed thickness (z-axis). Due to the
Gaussian model, the temperature distribution is symmetrical along the
scan direction. The origin of the coordinate system is aligned with the
centre of the laser spot illuminating the top surface of the powder bed
and the laser scan direction is in negative x direction. To distinguish
the melt pool, the locally computed temperatures are maximised to
the melting temperature of 1400 °C for SS316L [20]. For temperatures
above this threshold value, the material is assumed to be in the molten
state. Fig. 2 shows the computational domain and illustrates a typical
melt pool geometry from which the melt pool width and depth, as
well as the tail length, can be determined. The laser spot is illustrated
in yellow. In this exemplary case, the simulated melt pool is 128 μm
(2£ 64 μm) wide, 54 μm deep and 190 μm long.
Goal of the experimental campaign is to determine optimal process
parameters for the fabrication of horizontally overhanging struts with-
out any supporting structure. For this, a novel approach has been
devised in which overhangs are laser scanned between two pillars of
4x Ø0.5 mm, as illustrated in Fig. 3(a); thus, mimicking the horizontal
struts of an auxetic re-entrant lattice. The laser system is programmed
such that each overhang is scanned in one continuous motion from
one pillar to the other. In this way, one continuous melt track is cre-
ated rather than e.g. two tracks that meet somewhere in between.
The overhang is constructed by laser scanning five single scan tracks
on top of each other with a recoating step in between similar to reg-
ular LPBF fabrication. Before each recoating step, the build platform
is lowered 50 μm. The power and scan speed are systematically var-
ied from 110 to 290 W, and 370 to 970 mm/s, respectively, as indi-
cated in the process window of Fig. 3(b). Next, the distance between
the two pillars is increased from 4 to 8 mm in steps of 1 mm. In this
way, 500 combinations are tested in total.



Fig. 4. Result of fabricating horizontal overhang structures without supports; inserts are exemplary images to understand the scoring metric.
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The experiment was conducted in two steps. First, the experimental
design focused around the previously determined optimal working
points for contour scanning and hatch scanning indicated by the orange
points in Fig. 3(b). Second, the focus area shifted to higher Linear Energy
Densities (LEDs), defined as the ratio of laser power to scan speed, at rela-
tively low scan speeds, as indicated by the blue points in Fig. 3(b). The
experimental trials were conducted on an SLM Solution 280HL machine
using stainless steel 316 L as powder feedstock material. Optical analysis
was conducted using a Keyence VHX-1000 digital light microscope. The
quality of each overhang structure was evaluated by visual inspection. A
score of 1 (hardly any structure visible at all) up to 5 (continuously solidi-
fied overhang) was applied. The scoring metric including exemplary
images are shown in the top of Fig. 4. The size (i.e. the width) of the fabri-
cated overhang structures was determined from a top-view observation.
3. Simulation and experimental results

To validate the numerical model, first the width of thin wall struc-
tures is predicted and compared to an earlier test campaign that focused
on finding optimal contour scanning parameters by stacking single scan
tracks on top of each other (see bottom centre inset of Fig. 1). The width
of the thin walls was determined by optical cross-sectional analysis. The
measured widths are depicted as black dots in Fig. 5. The vertical spread
is caused by the tested range of laser power-scan speed combinations,
as well as process variation (i.e. noise). The blue area represents the sim-
ulation results in which the vertical spread is also caused by the simu-
lated combinations of laser power and scan speed. The figure illustrates
that the model using the material parameters of Table 1 is well capable
of predicting the width of single scan tracks. Fig. 5 also shows the simu-
lation results for the higher LEDs matching the process window of Trial
#2. As expected, continuously wider structures are predicted for a higher
energy input.
Fig. 5. Measured (dots) and simulated (blue area) width of thin wall (black) and hori-
zontal overhang (grey) structures; inset illustrates the difference in heat flow path for
thin wall and overhang structures.
Trial #1 resulted in the fabrication of few successful overhang struc-
tures. Some successful overhangs were found in the top left-hand side of
the contour parameter range (see Fig. 3). Hence, in Trial #2 the focus
was expanded in this direction with higher LEDs. The results of the Trial
#2 are illustrated in Fig. 4. As can be expected, best results are found for
the shortest overhang distance of 4 mm. For each increment in overhang
length, the number of completely solidified overhangs is lower. For an
overhang distance of 8 mm, none of the laser power-scan speed combi-
nations led to the formation of a completely solidified overhang. In total
Trial #2 produced 39 successful overhang structures out of 250 tested
combinations. Although it is expected that below 4 mm even more suc-
cessful overhangs can be fabricated, for such short lengths the unit cell
will collide internally and not render auxetic behaviour.

The measured width of each successfully consolidated overhang
structure is depicted in Fig. 5 by the grey dots. Most successful overhangs
are fabricated with a LED between 0.40�0.55 J/mm; higher than conven-
tionally applied values for contour or hatch scanning of SS316L. Most suc-
cessful overhangs (10 out of 39) were fabricated with a scan speed of
410 mm/s. Similar to the model prediction, the experimental results dis-
play a befitting trend that higher LEDs lead to wider overhang structures.
Themodel however underpredicts the width by about 70 μm on average.

One explanation discussed earlier is the fact that consolidating on
powder, compared to solid structures, causes poor thermal conduction
downwards to the base plate. Although the applied scaling factor cor-
rects for powder bed material properties, the effect of a thick poorly
conducting powder bed is not well taken into account. In fact, the
effective thermal conductivity of a powder bed may be 1,000x lower
compared to bulk material [21]. Hereto, the thermal conductivity, kPB,
and hence the thermal diffusivity, aPB, according to Eq. (2), are
adjusted. Assuming the conductivity is correct for supported struc-
tures, as is the case for the afore-examined thin wall structures, a
geometry-based parallel thermal resistance network can be con-
structed to model heat transfer through both the powder bed and the
two 4x Ø0.5 mm pillars towards the base plate (see Fig. 5 inset). Fol-
lowing the approach of Lee et al. [21], the effective conductivity of a
SS316L powder bed was measured to be 0.32 W/m¢K. By implement-
ing this value in a thermal resistance network model, for the shortest
overhang structure of 4 mm an equivalent thermal conductivity of
4.90 W/m¢K can be computed, almost 5x lower than the value of
Table 1. The effect of applying a lower thermal conductivity on the
melt pool width is indicated by the orange dashed line in Fig. 5. Results
show that indeed the melt pool width is enlarged; however, altogether
the melt pool width remains underpredicted.

The fabricated overhang structures exhibit a large number of
unfused powder particles attached to the overhang, which can also
be seen from the insets of Fig. 4. Due to the fact that fabrication is
done directly on the powder bed without solid supports, heat dissipa-
tion towards the build plate is hampered. This results in relatively
high melt pool temperatures, which is known to induce a lateral gas
flow towards the melt pool [22]. This gas flow may entrain powder
particles drawing them into the melt pool, associated to the denuda-
tion process. Next to the high number of unfused particles, the denu-
dation effect also explains the relatively high width of the overhang



Fig. 6. Simulation results of the melt pool geometry [μm] at a scan speed of 450 mm/s
and a LED of 0.45 J/mm.

Fig. 7. Overhang structures and corresponding metamaterial build fabricated using
410 mm/s laser scan speed and 170W laser power.
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structures, approximately 3x the laser spot diameter, as powder is
cleared around the scan track and brought into the melt pool. The
overhang structures also exhibit the effect of balling, which is known
to occur when fabricating without solid support, due to overheating
of the melt pool [23]. Melt pool hot spots drive Marangoni flow
thereby inducing circulatory motion in the melt pool. An elongated
melt pool, as is the case for low thermal dissipation, may also lead to
balling due to Plateau-Rayleigh type instabilities [24].

To understand the model underpredictions, Fig. 6 compares the melt
pool geometry for the regular and overhang-adjusted thermal conduc-
tivity. Both the scan speed and LED are selected mid-way the tested
range at 450 mm/s and 0.45 J/mm, respectively. For the overhang-
adjusted case, the computational domain had to be enlarged along the
scan direction to determine the melt pool dimensions. For the regular
value, see Fig. 6(a), the melt pool width is 200 μm (2 £ 100 μm), while
in the overhang-adjusted case of Fig. 6(b) the melt pool is wider:
210 μm. The increase in width of about 10 μm is constant for all LEDs, as
can also be seen in Fig. 5. However, Fig. 6(b) also shows that, due to the
poor thermal contact through the powder bed, the melt pool is pro-
foundly extended along the scan direction. The simulated length of the
regular melt pool is 444 μm, while for the overhang-adjusted melt pool
the length is 4x longer (1885 μm). The reason why mainly the length is
affected is because of the adapted time constant t in Eq. (1) impacting
the temperatures in the scan direction. As mentioned, elongated melt
pools are prone to balling.

The simulation results indicate that the predicted maximum melt
pool width is mainly restricted by the laser spot diameter. Even at
low conductivity and the highest LED, the melt pool width does not
grow beyond 242 μm. Instead, the excessive energy causes the melt
pool to be markedly elongated. Without thresholding at the melting
temperature, the simulated temperatures are also much higher for
the lower thermal conductivity case. As the theoretical model is con-
duction based, the simulation results fall outside the validated range
and are not accurate enough to predict the melt pool geometry even
with an adjusted thermal conductivity value. As also demonstrated
by Bayat et al., neglecting the fluid flow leads to unrealistically large
melt pools [25]. Hence, in order to correctly simulate the fabricated
overhang structures, the model should be extended to include fluid
dynamics, and convective and radiative heat transfer contributions,
due to the high melt pool temperatures, alongside temperature-
dependent material properties. Also, the afore-discussed denudation
effect drawing in more powder particles should be incorporated.

4. Metamaterial fabrication

Based on the results of Fig. 4, a maximum unit cell size of 6 mm is
selected for the fabrication of an auxetic re-entrant metamaterial in
which support-less horizontal overhangs are present. By overlaying the
results for the 4, 5 and 6 mm overhang lengths, six parameter sets give
best results. The parameter set of 410 mm/s scan speed and 170 W laser
power is selected, as the corresponding LED of 0.41 J/mm is closest to
the contour scanning parameter set. This is a good compromise between
the horizontal overhangs and inclined struts that are both present in the
auxetic re-entrant lattice. Also, the total energy input will be relatively
low avoiding excessive balling and denudation.

Fig. 7 depicts a top view of the fabricated overhang structures for the
4 mm and 6mm lengths, as well as a photograph of the fabricated meta-
material lattice. A section of the auxetic re-entrant metamaterial was
impact tested using a drop-weight tester. The dynamic stress-strain
behaviour of the metamaterial showed progressive resistance as can be
expected from an auxetic material. Moreover, the experimentally deter-
mined specific energy absorption between 8.0�10.3 kJ/kg for SS316L is
higher than other reported sources [9�10]. In a separate study, quasi-
static compression testing was performed, in which auxetic behaviour
was observed as well. Near-instant collapses of a complete layer did not
occur. Hence, although some balling and loose powder attachment are
present in the overhang structures, the solidified truss structures are
capable of transferring the required loads to enable the structure to suc-
cessfully act as an auxetic metamaterial.

5. Conclusions

LPBF process parameters have been determined for the fabrication
of unsupported overhanging struts required for auxetic re-entrant
metamaterials. Following a novel experimental design, single over-
hang structures were systematically fabricated, and the resulting
quality and size were measured. For SS316L best results are obtained
with a higher LED compared to conventional process parameters.
Complete metamaterial structures were additively fabricated and
impact tested to determine the energy absorption behaviour. Both
successful load transfer through the metamaterial structure as well
as auxetic material behaviour were observed.

In future work, other scan strategies for support-less printing; e.g.,
variable laser process parameters, laser defocusing, zig-zagging
rather than straight line scanning, etc., are to be explored. These
strategies may suppress the effect of balling and result in longer con-
tinuously solidified, yet unsupported overhangs.
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