
ScienceDirect

Available online at www.sciencedirect.com

Procedia CIRP 124 (2024) 118–123

2212-8271 © 2024 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the international review committee of the 13th CIRP Conference on Photonic Technologies [LANE 2024]
10.1016/j.procir.2024.08.083

Keywords: Powder Bed Fusion, graded lattice structure, down-skin, Ti-6Al-4V

1. Introduction

Additive Manufacturing (AM) especially laser powder bed 
fusion (PBF-LB/M) enables the manufacturing of advanced and 
customized implants with increased biocompatibility compared 
to conventional manufacturing methods [1]. Due to a mismatch 
in mechanical strength compared to natural bone (Young’s 
modulus of trabecular bone = 1-5 GPa, ranging from 100 – 
200 µm feature thickness) and biocompatible materials such as 
Ti-6Al-4V grade 23 for implants (~ 110 GPa), stress shielding 
would occur, leading to bone atrophy [2-4]. 

AM enables the manufacturing of bone like lattice
structures, which can be altered in regard to the desired stiffness 
and porosity of the implant for mimicking trabecular or cortical 
bone for better osseointegration [5]. This requires fine structure 
sizes (100 – 300 µm), specific volume fractions (70-90%) and
pore sizes for cell attachment and adequate ingrowth (300 – 
900 µm) [6,7]. Implementing graded or altered structures 

further improve the stiffness-matching [8,9]. This leads to 
process related challenges and advanced process strategies for 
minimal structure sizes compared to bulk solid components 
with possible strategies such as the common used contour-hatch 
strategy, single contour scanning or single exposure strategies
[10-12]. Instead of the widely used volumetric energy density 
(VED) or line energy density (LED), dimensionless scaling 
laws including a more thermodynamic approach including 
enthalpy laws can be used for process window development of 
bulk solid parts [13] or strut diameter scaling of lattice 
structures [14] and are applicable for estimating melt pool 
characteristics [15]. 

Since the target structure sizes are at the limit of 
manufacturability on standard PBF-LB systems, the resulting 
strut geometry is highly dependent on the melt pool geometry, 
which can lead to typical geometric deviations in micro-lattice 
structures shown in Figure 1 [14,16,17]: 
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Abstract

Additive Manufacturing by laser powder bed fusion (PBF-LB/M) enables the manufacturing of metallic implants with graded lattice structures, 
adapting the porosity and stiffness of the implant with cortical and trabecular bone for improved osseointegration. One drawback is the 
manufacturing accuracy of graded lattice structures due to deviating process strategies. Minimal structures with diameters < 150 µm require low 
energy input to avoid overmelting. Conversely, larger structures (> 200 µm) are then prone to insufficient melting and require higher energy 
input. This prevents a combination into one graded structure using standard strategies, which can result in deviations of up to 50%. Investigations 
show that adjusting the energy input at down-skin surfaces enables a more precise manufacturing for graded BCC lattice structures (ranging from 
100 – 300 µm) without severe compromise for one size region. Furthermore, this approach also reduces the deviation for specific structure sizes 
to less than 2%.
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• necking
• overmelting (elliptical and deformed struts)
• waviness

Fig. 1. Typical geometric deviations in micro-lattice structures 
(necking, overmelting, waviness)

Since geometric deviations can reduce mechanical strength 
by up to 50% compared to the predicted nominal Young’s 
modulus, strategies for improvement must be addressed [16]. 

Additionally, the layer-by-layer process sequence and the 
stair stepping effect result in angle dependent oversizing for 
inclined struts in comparison to a vertical orientation [14]. For 
example, 20° oriented struts have nearly double the size 
compared to vertical struts and their nominal diameter on
average deviates up to 11.9% [18]. This can be explained by the 
fact that the amount of powder exposed by the laser increases 
with increasing inclination angle [19] and that the heat 
conduction through powder is much worse compared to solid 
structures, leading to heat accumulation and therefore a 
direction dependent oversizing [20,21].

This phenomenon has been widely described in literature 
[18,22], but strategies for overcoming this effect are limited, 
especially in the region of diameters < 300 µm. For example, 
a design-oriented approach can improve accuracy [23], by 
predicting the angle dependent deviation and compensation in 
the initial geometry. In contrast, process-oriented adaptions 
offer a more extensive approach for several lattice types. On the 
one hand, a general beam-offset of the contour-scan leads to an 
improved manufacturing accuracy [24]. In addition, scan areas 
can be divided into top- and down-skin areas for further 
improvement. In [25] a novel scan-strategy was introduced, by 
first implementing a low amount of energy to the loose powder 
(down-skin area) with an offset and then scanning the solid 
sections (filling area) by re-melting several previous layers, 
also increasing manufacturing accuracy and enabling 
inclination angles down to 10° with tolerable strut quality for 
diameters > 500 µm. A similar approach was shown in [26] by 
reducing the down-skin energy for cubic lattices (only vertical 
and horizontal struts) improving the manufacturing accuracy 
for horizontal struts with diameters > 700 µm. 

In this paper, a general applicability of down-skin parameter 
adjustments for a more accurate and simple manufacturing of 
micro-lattices for standard PBF-LB setups, conducted in [27], 
was further improved for Ti-6Al-4V. The best results were
transferred to BCC lattice structures with nominal diameters of 
100-300 µm. Furthermore, a transfer of this approach is also 
applicable for graded micro-lattices without the necessity of 
deviating strategies or process parameters for minimal structure 
sizes and upscaling.

Nomenclature

VED Volumetric energy density in J/mm³

LED Line energy density in J/mm
LEDT Line energy density in top-skin region in J/mm
LEDD Line energy density in down-skin region in J/mm
Θ              Inclination angle in °
cd Contour distance in µm
hd Hatch distance in µm

2. Experimental setup and methodology

2.1. PBF-LB process adjustment and sample production

All samples analyzed in this work were manufactured on a 
SLM 280 HL machine (SLM Solutions, Lübeck, Germany), 
equipped with a 400 W continuous wave laser by IPG with an 
80 µm spot diameter in argon atmosphere and a set layer 
thickness of 30 µm. The employed raw powder by m4p 
material solutions GmbH (Ti-6Al-4V grade 23) with a particle 
size range D10-D90 of 15-45 µm was used. 

The experiments were carried out in three stages. In order to 
evaluate the struts with as few CT measurements as possible, 

for each stage a specific test geometry was designed, shown in 
Figure 2. First, a basic process window and manufacturing limit 
for micro-struts was established by conducting a full factorial 
DoE study, including the following parameters (laser power 
P = 30 W, 50 W, 70 W; scan velocity v = 200-1000 mm/s; 
contour distance cd = 40-120 µm and inclination angles 
ranging from 15°-90°) with three repetitions each. In addition 
to the strut diameters, the strut quality was qualitatively 
assessed in order to obtain a starting point for the local 
parameter adjustment. In order to also check for transferability 
to graded lattice structures, the test geometry was extended by 
the specific inclination angle of BCC structures (35.26°), the 
geometrical context is illustrated in Fig. 2 (d). An inclination 

ideal cylindrical strut necking overmelting waviness

Fig. 2. (a) Test geometry for minimal structures and general influence of 
energy input; (b) Test geometry for down-skin process optimization; 

(c) Exemplary BCC lattice structure (100 µm); (d) Geometrical illustration 
BCC unit cell and specific inclination angle (35.26°)
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of 75° was excluded, as the direction-dependent influence for 
angles > 65° was classified as negligible. The designed
diameters were investigated in 50 µm steps ranging from 
100 µm to 300 µm, showcased in Fig. 2 (b), with three 
repetitions each. In order to evaluate the influence of the local 
laser adjustment, the contour was exposed with deviating LED
values, which represents the ratio of P to v in J/mm, and 
subdivided into a top-skin region (LEDT = const.) and a down-
skin area (LEDD < LEDT), shown in Fig. 3 (a). The best results 
were transferred to BCC lattice structures of 100-300 µm with 
five unit cells of 1 mm in each direction, represented in Fig. 2 
(c). In order to avoid increased lack of fusion defects, an 
internal hatching with a VED of 65 J/mm³ with the following 
parameters was used (P = 50 W, hd = 52 µm, v = 493 mm/s) in 
regard to [28]. 

2.2. Geometry and density evaluation

The test specimens were scanned in a Metrotom 800 CT 
device by Zeiss IMT GmbH (Germany). Samples were scanned 

in a single 360° scan without stitching; the source voltage and 
current were set to 130 kV and 30 μA. A 0.25 mm Cu beam 
hardening filter was used to improve the image contrast 
(resulting voxel size = 5 µm). The reconstruction was 
calculated on the CT device using its software Metrotom OS 
3.2 by Zeiss IMT GmbH (Germany). VGStudioMax 3.4 by 
VGStudio (Germany) was used for analyzing the internal 
porosity (VGEasyPore algorithm) and resulting strut diameter 
(thickness measurement with sphere method). This method was
used to determine the maximum inscribed circle of singular 
struts and lattice structures. Fig. 4 shows that a BCC structure, 
for example, can be distinguished in specific regions (sintered 
particles on the surface, a strut section without adherent 
particles and a node section). Since implant structures are 
usually post-processed in order to reduce the surface roughness 
and specifically remove sintered particles [29], the maximum 
inscribed circle was chosen as measured strut diameter value. 
Fig. 4. Exemplary histogram of a BCC structure (300 µm nominal diameter) 

and corresponding specific regions.

3. Results and discussion

3.1. General influence of energy input

To evaluate the fundamental influence of cd, P and v on the 
quality of micro-struts as a function of inclination angle, the 
geometric characteristics and strut diameters were assessed
qualitatively in Fig. 5 in accordance to Fig. 1. A sharp decrease 
in quality can be seen for inclination angles < 60°, with the 
struts tending to either overmelt if the energy input is too high, 
or to neck and even fail to build up if the energy input is too 
low, resulting in an undesirable quality, with examples 
manufactured as shown in Fig. 6. 

The manufactured diameters in stage one ranged from 103-
245 µm and two sets of LEDT with 0.083 J/mm and 0.125 J/mm
were chosen for stage two (region of further adjustment is 
indicated in Fig. 5.), as lower inclination angles mainly tended 
to overmelt, while manufactured struts with diameters > 60°
were in range to the desired nominal diameter.

Fig.3. Geometric correlation of the process parameters with the inclination 
angle (a) and the nominal diameter of struts (b).
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Fig. 5. Qualitative assessment on influence of energy input on geometry 
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3.2. Down-Skin process optimization

After a general assessment, different sets of LEDD were 
applied to the test geometry of Fig. 2 (b) with the following 
values (0.03; 0.038; 0.05; 0.067; 0.083 J/mm and 
LEDT = LEDD). Fig. 7. shows the analytical depiction of the 
exposed powder surface area depending on nominal strut 
diameter and inclination angle, indicating that smaller 
diameters are more prone to overmelting and oversizing.

The assumption could be confirmed with the results shown 
in Figure 8, using the example of an inclination angle of 20° for 
LEDT = 0.125 J/mm, demonstrating an almost linear 
relationship with increasing LEDD and the resulting deviation. 

Although individual combinations were in the range of almost 
0% deviation, a slightly too high LEDT value led to a strong 
oversizing for a nominal diameter of 100 µm, whereas a too 
low LEDD value even fell short of the nominal dimension by 
up to 40%. This can be explained by the fact that a too low 
LEDD value is not sufficient and only increases the number of 
sintered particles instead of generating a stable melt pool.

In contrast, Figure 9 shows the influence of the lower LEDD

on the resulting diameter as a function of the inclination angle 
for nominal diameters of 100-200 µm, compared to no local 
adjustment (full lines). The standard deviations were not 
specified for the purpose of visualization.

The specific angle of 35°, marked with a dashed vertical 
line, is of significant importance for the transfer to BCC lattice 
structures. On the one hand, it was possible to produce a high-

quality strut with a diameter of 110 µm at an overhang angle of 
35° using an LEDD value of 0.03 J/mm. However, this 
parameter set would be unsuitable for diameters > 150 µm, as 
derived from Fig. 9. Instead, an LEDD value of 0.05 J/mm 
showed the lowest deviation across all nominal diameters 
(intersections of the horizontal and vertical dashed lines).
Explaining, why this set was transferred to BCC lattice 
structures and evaluated in stage three for a scalable and 
optimized manufacturing accuracy for graded lattice structures.
Therefore, depending on the dominant angle of a lattice 
structure, an LEDD value should be selected that results in the 
smallest deviation across all nominal diameters, since a 
reduced angular dependence is still to be expected despite 
adaptation.

3.3. Applicability for graded and ungraded lattice structures

After choosing LEDT = 0.083 J/mm and LEDD = 0.05 J/mm 
as most suitable for a BCC diameter scaling, this set was 
compared to no local adjustment with a constant LED across 
the contour scan, in regard to the resulting strut diameter and 
relative density. Fig. 10 (a) summarizes the results for each set
comparing the as designed and resulting diameter. While a 
lower LEDT = LEDD value of 0.05 J/mm results in nearly no 
oversizing for 100 µm (15%), an increasing nominal diameter 
results in an increasing undersizing of down to 14.4% for 
300 µm. Conversely, a higher LEDT = LEDD value of 
0.083 J/mm results in a significant oversizing for 100 µm by 
38.2%, while an increasing nominal diameter leads to a 
decreasing oversizing of down to 1.5% for 300 µm. Since it 
was shown in Fig. 8 and Fig.9 that particularly small strut 
diameters are susceptible to a reduced LEDD, a reduction 
should have less influence on the nominal diameter of 300 µm 
and instead improve the accuracy for 100 µm. A splitting into 
LEDT = 0.083 J/mm and LEDD = 0.05 J/mm increased slightly 
the deviation for the lower diameter to 19.5%, but drastically 
improved the accuracy across all nominal diameters with < 1% 
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for 150 µm, 1.5% for 200 µm, 2.4% for 250 µm and 3% for 
300 µm. This means that the established parameter set and 
adapted strategy can be applied to graded structures without 
expecting significant over- or undersizing in the respective 
boundary areas of 100 µm < ∅ < 300 µm.

In contrast, the used set of hatching parameters significantly
decreased the relative density with an increasing nominal 
diameter, as summarized in Fig. 10 (b). While the energy input 
was sufficient to produce an almost completely dense lattice 
structure (99.99%) for a nominal diameter of 100 µm, it was 

not sufficient enough for larger nominal diameters, reducing
the relative density to 99.57-99.82%, with lack of fusion 
defects mainly occurring in the node sections. This can be 
explained by Fig. 3 (b) due to the multiple energy input
resulting from a spot overlap of nearly 50% for nominal 
diameters of 100 µm during the contour scan, the local energy 
input is sufficient enough to achieve high densities, while the 
relative density of larger nominal diameters depends mostly on 
optimized hatching parameters. As the energy input at 50 W 
was not sufficient, despite a recommended VED of 65 J/mm³, 
an optimized parameter set with an increased laser power of 
100 W (hd = 80 µm, v = 641 mm/s) and equal VED was used 
and combined with the adapted LEDD. This improved the 
relative density across all nominal diameters to 99.98-99.99%, 
but due to an increased laser power slightly increased the 
deviation for the respective nominal diameters of 150 µm to 
8%, 200 µm to 6.9% and 250 µm to 1%, while achieving nearly 
0% deviation for 300 µm. Fine tuning both parameters is 
therefore necessary to ensure both fully dense lattice structures 
and a high accuracy manufacturing.

4. Conclusion

This work has demonstrated that local laser power 
adaptation improves the manufacturing accuracy of BCC 
lattice structures with nominal diameters in the range of
100-300 µm, applicable for advanced and customized implants 
including structural grading. The investigations confirm the
necessity for advanced process strategies, due to the directional 
dependency of the process and corresponding geometrical 
defect of inclined struts. Therefore, the cross-section of the 
scan path was divided into a top and down section with 
deviating energy input (LEDT, LEDD), which results in a 

reduced direction dependency and reduced overmelting. It was
also shown that smaller nominal diameters and low inclination 
angles are more affected due to the larger proportion of exposed 
powder area. In contrast, larger nominal diameters are more 
prone to insufficient melting and undersizing if the LEDD value 
is too low. Therefore, the optimal parameter set has to be 
established depending on the dominant inclination angle of the 
lattice type to counteract this effect. Using the example of a 
BCC lattice structure (35.26°), the best parameter set 
(LEDT = 0.083 J/mm and LEDD = 0.05 J/mm) reduced the 
deviation drastically across the evaluated diameter range 
(19.5% for 100 µm, < 1% for 150 µm, 1.5% for 200 µm, 2.4% 
for 250 µm and 3% for 300 µm) without an extensive 
compromise for either the lower or upper diameter range. 
With further optimization of the hatch parameters, it was also 
possible to produce almost fully dense lattice structures
(99.99%) for all nominal diameters, highlighting the necessity 
to fine tune the contour and hatch scanning to ensure both fully 
dense lattice structures and a high accuracy manufacturing.
Future research will focus on introducing dimensionless 
scaling laws for further optimization and analyzing the local 
laser adaptation on the resulting mechanical characteristics of 
graded and new developed designs of lattice structures for 
advanced implants.
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