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A B S T R A C T   

The advancement of metal additive manufacturing has recently enabled the integration of porous lattice regions 
into orthopaedic devices. Despite the increased utilisation of various metamaterials there remains limited un
derstanding of how to optimise laser process specifically for these geometries. Selective laser melting (SLM) of 
representative single struts is focused on this study from the perspective of surface properties, mechanical per
formance, and in-vitro biological response. Specifically, the influence of laser power (100 – 200 W) and speed 
(2250 – 900 mm/s) and struts angle (20–90◦) for a 250μ m strut diameter was explored. Struts built below 45◦ to 
the substrate using optimal laser parameters (150 W and 1125 mm/s) were found to exhibit a surface topography 
that facilitated the highest level of cell adhesion (84.3 cells/mm2) after 24 hrs (p ≤ 0.001). To support this 
finding, a novel image analysis method was developed to characterise the average roughness across the complete 
strut profile. An opposite trend was observed for mechanical strength with struts built at above 45◦ without 
failure. These findings were brought together in a parameter design map was to guide stakeholders in producing 
customised biomedical devices, enabling control of key physiochemical properties with the aim of maximising 
osseointegration.   

1. Introduction 

The global orthopaedic devices market is predicted to reach USD 73 
billion by 2032, due to an ageing population and an increasing number 
of traumatic injuries as well as bone disorders [1,2]. Ti-6Al-4 V (Ti64) 
has been a widely used biomaterial for bone implants benefitting from 
its biocompatibility, mechanical properties, and corrosion resistance 
[3]. However, compared to natural bone, the inherent high strength and 
stiffness of solid metal components shields the stress that stimulates 
bone cell growth, resulting in an unbalanced load distribution between 
native bone and implanted device. Known as stress shielding, it in
creases the risk of revision surgery due to aseptic loosening [4], although 
it has been shown that controlled and customised metal scaffolds can 
minimise this effect [5]. Open cellular lattice structures as meta-bio
materials, consisting of regular or stochastically connected struts and 
nodes, are designed to reduce the bulk stiffness of the material, as well as 
providing a larger surface-to-volume ratio to enhance osseointegration 
[6]. Control of geometric lattice parameters, such as unit cell type, strut 

thickness, designed pore size, etc., have been shown to provide specific 
functional characteristics [7–11]. 

In addition to facilitating osseointegration, a number of other ad
vantages of porous lattices have been proposed, including their use as 
reservoirs to release therapeutic agents without losing mechanical 
strength, bone-mimetic platforms to enhance pro-regenerative extra
cellular vesicle production or as strategic features capable to mitigate 
magnetic resonance imaging (MRI) artefacts, further increasing their 
potential in regenerative medicine [12–14]. However, the complexity of 
lattices makes them difficult to be manufactured by conventional sub
strative processes. In this regard, Additive Manufacturing (AM) tech
niques and, more specifically, Selective Laser Melting (SLM), offers 
unsurpassed freedom to produce these beneficial porous structures [15]. 
SLM manufacturing flexibility is enabled by the layer-by-layer confor
mation of three dimensional parts through selectively melting and so
lidifying feedstock powder according to a computer-aided design (CAD) 
guided design [16]. Despite the advantages of SLM, process issues 
including partially melted particles attached to the surface, selection of 
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in-process parameters, and the inherent rapid and localised heating and 
cooling could limit lattices prospective use of ideal surface finish and 
controlling of mechanical strength for biomedical devices [17]. Thus, 
the predictability, consistency, and manufacturability of AM implant
able lattices need to be further explored. 

It has been reported that the selection of SLM process parameters 
affects the final quality of lattices. This is especially important for lat
tices used in medical devices where geometric accuracy and surface 
finish directly influence performance [17]. Varying key process pa
rameters, namely, laser power and scanning speed, has been found to 
influence formation of defects within lattices, including keyhole and gas 
porosity, lack of fusion defects, and balling behaviour [18]. Process 
parameters were also shown to strongly influence surface quality of 
SLMed components, particularly in down-facing regions, where greater 
energy input drove formation of a larger melt pool resulting in a poorer 
surface due to increased particle adhesion, entrapment, and sintering 
[19]. Likewise, inappropriate process parameters impact manufacturing 
accuracy, leading to oversized/undersized and irregular struts [20]. 
These geometric inaccuracies have been shown to negatively influence 
mechanical performance including deformation behaviour and failure 
mode [21]. Wang et al. found that scan speed plays a key role in the 
transformation of grain shape of Ti64 microstructure due to altered 
thermal history [22], while Ahmadi et al. concluded that the effect of 
process parameters is not significant to the grain size and shape of Ti64 
lattices [23]. Collectively, properties such as surface finish and 
manufacturing accuracy varied with process parameters together bring 
challenges to the predictability of lattice production. 

Alongside process parameters, the effect of struts angle on surface 
finish and manufacturing defects (internal pores), which influences 
mechanical performance, have been reported [24]. Changing deforma
tion and failure behaviour between lattices consisted of different struts 
angles were observed by Mazur et al., with failure occurring mostly in 
struts built in the diagonal and vertical angle, with bending and buckling 
behaviour in lattices [25]. Both Murchio et al. and Hossain et al. studied 
the struts angle effect on tensile properties, the former concluded that 
build angle of struts has no obvious regularity on tensile properties, the 
latter found that there is an increasing trend of ultimate tensile strength 
as a function of struts angle [24,26]. These suggest that the importance 
to analyse, calculate, and control the local stress and strain of lattices. 
There has also been work demonstrating that the differences in surface 
topography of surfaces built at different angles may significantly alter 
osteoblast and bacterial attachment [27]. In summary, limited work 
brings together the influence of both process parameters and build angle 
on key success criteria for utilisation in medical devices, including sur
face quality, mechanical performance, and biological response. With 
this in mind, our objective is to understand the effect of process pa
rameters and struts angle on fundamental properties of lattice element 
that drive these performance criteria. While it may be challenging to 
balances these criteria for orthopaedic device performance ultimately 
moving in this direction will improve predictability and quality. 

Herein, a robust assessment to the effects of SLM process parameters 
and struts angle on surface roughness, three-point bending properties, 
and mammalian cell response has been conducted. To enable these 
fundamental relationships to be broadly utilised by the field a map to 
guide the design of lattices for tissue regeneration has been developed. 
Overall, this work initiates from fundamental study aiming to innova
tively enable control, prediction, and improvement of implantable lat
tice fabrication within customised biomedical devices applied in bone 
replacement, maxillofacial, craniofacial, dental implants etc. 

2. Materials and methods 

2.1. Specimen manufacturing 

A strut diameter of 250μ m was selected as being representative of 
lattices used in orthopaedic devices and used throughout this study [28]. 

10 mm long single struts at build angles of 20◦, 45◦, 70◦ and 90◦ to the 
substrate plate were designed in nTopology (version 3.35.2, nTopology 
Inc., USA) and exported as standard tessellation files (.stl). To avoid 
damage during the de-build process, specimens were built within a thin 
protective wall structure (Fig. 1 (a)). Plasma atomised Ti-6Al-4 V (Grade 
23) powder feedstock with a size range of 15-53μ m was used to 
manufacture all samples with a RenAM 500S (Renishaw, UK). Dupli
cates (n = 10) were prepared for each group with varying laser power 
and scanning speed (defined as point distance/exposure time for the 
point-wise scanning of RenAM 500S system) (Table 1). Linear energy 
density (LED) is calculated from laser power divided by scanning speed 
to indicate the energy input during manufacturing. Point distance of 
45μ m, layer thickness of 30μ m and single contour were constant for all 
manufactured samples. All specimens were built under an argon atmo
sphere and on a Ti64 substrate pre-heated to 170 ◦C. Following manu
facture, parts were manually removed while maintaining a final length 
for all struts of 7 mm. 

2.2. Roughness measurement 

As-fabricated struts were marked before removing from the plate for 
roughness measuring of specific interested upper and lower surfaces 
(Fig. 1 (b)). Images were captured vertically to the sample surface using 
an optical non-contact profilometer (Alicona Infinite Focus G5, Austria) 
with a 20 × lens to get the maximum resolution and profile length of ~ 
0.8 mm. Three regions from the up- and down-faces were scanned 
respectively through top to bottom for each strut. The average roughness 
(Ra) was obtained by using a Gaussian filter, cut-off wavelength was 
chosen with a compliance to ISO 4287. 

2.3. Micro-CT characterisation 

A μ CT system (Skyscan 1172 Bruker, Belgium) was used to inves
tigate the 3D volume of struts. Scans were obtained using a voltage of 80 
kV, current of 100 mA, exposure time of 1600 ms, a 0.5 mm aluminium 
filter, pixel size of 2.44μ m, camera resolution of 2664 × 1120, rotation 
step of 1.12◦ and a frame averaging of 6. Cross sections were produced 
after reconstruction in NRecon (version 1.7.1, Bruker), by which the 
internal defects generated in the SLM process were detected and 
exhibited in 3D geometries. Strut thickness was measured at top, middle 
and bottom section from reconstructed images, then input to ImageJ and 
averaged for further calculation of mechanical properties and 
manufacturing accuracy evaluation. 

An image analysis method in Fig. 1 (c) was developed to calculate 
average roughness (Ra) from the complete strut profile captured by μ CT. 
A threshold of 70 was firstly determined in ImageJ [29] from the 
reconstructed images by NRecon (version 1.7.1, Bruker) to highlight the 
solid material. Binary images were then imported to MATLAB (Version 
R2021b, U.S.A.) and a global threshold of 70 applied. If the pixel grey 
value was greater than the threshold value, the pixel would be counted 
to identify the struts solid area, after which the centre of each slice 
would be located individually by calculating the midpoint of coordinates 
meeting the condition of threshold over 70. A simple moving average 
function was used to remove the deviation of eccentricity that may be 
caused by either poor vertical alignment in the scanner, or overall bends 
or curvature to the strut. Thus, the current layer was aligned by aver
aging the centre coordinates for 20 slices forward and backward, 
respectively. Next, the last pixel within threshold range would be 
located along the chosen MATLAB angle. By multiplying the given pixel 
size from μ CT scanning with the number of pixels counted, distance 
between struts centre and the border were measured and the above steps 
would be repeated for chosen successive slices to generate the struts 
profile. At each specific measuring angle, the base line was calculated 
from the mean value of the measured profile and subtracted to compute 
the roughness profile, following by Ra calculation as stated in Eq. (1). 
The overall roughness of each single strut contour was attained by 
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varying the MATLAB measuring angle through 0◦ to 350◦ with a 10◦

interval. 

Ra =
1
n
∑n

i=1
|yi| (1)  

Where: 
n = number of data points in the sampling length. 
yi = absolute value of the difference between the actual height at that 

point and the mean height of the sampling length. 

2.4. Three-Point bending test 

Considering the simplicity and adaptivity of specimen preparation 
and testing, as well as the interests to complex loading mechanism of 
compression, tension and shearing in lattices, 3-point bending test was 
conducted on a universal testing machine (Instron 5848, USA) at room 
temperature, using a 2 kN load-cell [30]. Span length was fixed at 4 mm, 
displacement rate was set at 0.5 mm/min for all measurements 
compliant with ASTM E290 (Fig. 1 (d)). Bending continued until failure 
or if a maximum deformation of 2 mm was reached with independent 
tests performed on each condition per triplicate. Elastic modulus and 
maximum flexural strength (MFS) were calculated based on Eq. (2) and 

Eq. (3) [31]. 

Ef =
F
δ
•

L3
total

48I
(2)  

Where: 
F = applied external load, N. 
Ltotal = span length or distance between the supporting pins, mm. 
δ = deformation, mm. 
I = polar moment of inertia, calculated from measured diameter, 

mm4 

σf =
FmaxLtotal

4W
(3)  

Where: 
Fmax = applied external load at failure, N. 
Ltotal = span length or distance between the supporting pins, mm. 
W = section modulus, calculated from measured diameter, mm3. 
Average strut diameter used in the equation were obtained from the 

μ CT reconstructed cross-section area. To acquire a thorough under
standing of the failure point, images of the fracture cross-sections were 
taken with a scanning electron microscope (SEM, Hitachi 3030, Japan). 

2.5. In-vitro analysis of osteoblast behaviour on single strut samples 

2.5.1. Cell culture 
20◦, 45◦ and 70◦ struts with the LED of 0.13 J/mm were chosen to 

evaluate the osteoblast cell response. MC3T3 murine pre-osteoblasts 
were acquired from American Type Culture Collection (ATCC, United 
Kingdom). Basal medium comprised of minimal essential medium 
(α-MEM; Sigma-Aldrich, United Kingdom) with 10 % Foetal Bovine 
Serum, 1 % L-glutamine (Sigma-Aldrich, United Kingdom) and peni
cillin/streptomycin (Sigma-Aldrich, United Kingdom). Osteogenic me
dium was prepared by supplementing basal medium with 50 μg/mL L- 
ascorbic acid (Sigma-Aldrich, United Kingdom) and 10 mM β-glycer
ophosphate (Sigma-Aldrich, United Kingdom). 

The struts were sterilised in 70 % ethanol for 24 h, then washed three 
times with sterile phosphate buffered saline (PBS, Lonza, United 
Kingdom) prior to use. For cell seeding, MC3T3s were initially incubated 
with the CellTrackerTM Green CMFDA (2 μM, Thermo Scientific, United 

Fig. 1. (a) Image showing the as-built single struts within the protective wall structure; (b) diagram defining the struts angle, upper surface (black-dash marked) and 
lower surface (red marked); (c) flow diagram displaying the main steps to calculate average roughness of whole strut profile through micro-computed tomography (μ 
CT) and MATLAB image analysis, and (d) image to illustrate the set up and the beginning position of 3-point bending test. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Design summary of build angles and parameters used in this study.  

Strut build 
angle (◦) 

Laser power 
(W) 

Exposure time 
(μ s) 

Scan speed 
(mm/s) 

LED (J/ 
mm) 

20 100 20 2250  0.04 
150 40 1125  0.13 
200 50 900  0.22 

45 100 20 2250  0.04 
150 40 1125  0.13 
200 50 900  0.22 

70 100 20 2250  0.04 
150 40 1125  0.13 
200 50 900  0.22 

90 100 20 2250  0.04 
150 40 1125  0.13 
200 50 900  0.22  
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Kingdom) for 30 min in the dark. Following staining, cells were 
dynamically seeded onto the struts as previously described [13]. Briefly, 
cell suspension containing 2 x 105 cells were transferred into a sterile 2 
ml Eppendorf tube with a hole pierced in the lid. The sterile struts were 
placed into each tube and the Eppendorf tube sealed with an AeraSeal™ 
film membrane (Sigma-Aldrich, United Kingdom). The samples were 
then loaded onto an SB tube rotator (SB3, STUART, United Kingdom) 
and dynamically cultured for 16 h at 8 rpm (37 ◦C, 5 % CO2). The next 
day, the samples were washed twice with basal medium, then cell 
adhesion was assessed under an EVOS fluorescent inverted microscope 
(EVOS M5000, Invitrogen, USA) where the number of cells were quan
tified. Samples were then incubated in osteogenic media for 21 days 
with media replaced every two days. After 21 days of culture, cell 
viability was assessed by live/dead staining. Samples were incubated 
with basal medium supplemented with CellTrackerTM Green CMFDA (2 
μM, Thermo Scientific, United Kingdom) and Propidium iodide (1 μg/ml 
in PBS, Sigma-Aldrich, United Kingdom) for 30 min in the dark. Samples 
were washed twice with basal medium, then visualised under an EVOS 
fluorescent inverted microscope (EVOS M5000, Invitrogen, USA). 

2.5.2. Alkaline Phosphatase (ALP) activity 
ALP activity was quantified using the 4-nitrophenyl colourimetric 

phosphate liquid assay (pNPP, Sigma-Aldrich, United Kingdom) as 
previously described [32]. Briefly, 90 μL of pNPP was added to 10 μL of 
cell lysate (in 0.1 % Triton™ X-100), which was then incubated for 60 
min at 37 ◦C. The absorbance at 405 nm was measured using the SPARK 
spectrophotometer (TECAN, Switzerland). ALP specific activity (ALPSA) 
of each sample was calculated using total ALP quantity divided by total 
DNA content (nM ALP/hr/μg DNA) [33]. 

2.5.3. DNA quantification 
DNA content was quantified by the Quant-iT PicoGreen DNA assay 

(Invitrogen, Life Technologies, United Kingdom). 10 μL of cell lysate (in 
0.1 % Triton™ X-100) was added to 90 μL of TE (10 mM Tris-HCl, 1 mM 
EDTA) buffer. 100 μL of PicoGreen reagent was added and the fluores
cence was read at 480/520 nm using the SPARK spectrophotometer 
(TECAN, Switzerland). 

2.5.4. Collagen production 
Collagen deposition was assessed with picrosirius red staining. 

Samples were washed twice in PBS then fixed in 10 % neutral buffered 
formalin (NBF, Cellpath, United Kingdom) for 30 min. Following which 
samples were stained with Picro-Sirius Red Solution (ScyTek Labora
tories, Inc., USA) for 1 h. The samples were washed in 0.5 M acetic acid 
followed by distilled water and then air dried. For the quantification of 
collagen staining, 0.5 M sodium hydroxide was was added to elute the 
bound dye and absorbance was measured at 590 nm using a SPARK 
spectrophotometer (TECAN, Switzerland). Collagen production was 
normalised with DNA content. 

2.5.5. Calcium deposition 
Alizarin red staining was conducted to evaluate calcium deposition. 

Briefly, cells were washed with PBS then fixed in 10 % NBF (Cellpath, 
United Kingdom) for 30 min. Samples were washed in distilled water 
and then incubated with alizarin red solution (Sigma-Aldrich, United 
Kingdom) for 10 min. Following staining, samples were washed with 
distilled water. For the quantification of alizarin red staining, stained 
samples were eluted with 10 % cetylpyridinium chloride (Sigma- 
Aldrich, United Kingdom) for 1 h and then absorbance measured at 550 
nm in the SPARK spectrophotometer (TECAN, Switzerland). Calcium 
content was normalised with DNA content. 

2.6. Statistics 

All statistical analysis was conducted using Prism (GraphPad Soft
ware, version 9.0.0, USA). Two-way ANOVA was performed followed by 

Tukey’s post-hoc to reveal the effects of process parameters and build 
angles on Ti64 struts. Alpha level was 0.05, p values lower than or equal 
to which were deemed significant. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. Results are shown as average ± standard deviation. 

3. Results 

3.1. Effect of process parameters and struts angle on geometric defects 

The porosity was evaluated by both the open pores (op) connected to 
the strut surface and internal closed pores (cl) which are enclosed by 
solid material, both of which were captured by μ CT (Fig. 2 (a)). Spec
imens built at the lowest LED of 0.04 J/mm were largely hollow showing 
a significant lack of fusion in their core that seems to decrease as the 
strut angle increases with the open porosity of samples built at 20◦ and 
45◦ greater than the 70◦ and 90◦ struts. Spheroidization could be 
observed at the surface and inter-layers of the struts which may be 
caused due to balling during manufacturing. As the LED increases, both 
the internal closed and open porosity rapidly decreases with struts 
manufactured using a LED of 0.13 J/mm fully melted, ~ 0 %, across all 
struts angles. Further increases in LED, 0.22 J/mm, revealed struts 
dominated by isolated closed pores, shown as gas pores or keyholes, 
especially noticeable in 90◦ struts that showed higher porosity compared 
with those built at 70◦ and lower where porosity remained below 1 %. 

The actual sturts thickness of all specimens is shown in Fig. 2 (b), 
where it can be clearly seen that the struts thickness increases with the 
LED. The standard deviation (SD) is relative larger for LED of 0.04 J/ 
mm. Struts manufactured by 0.13 J/mm showed the highest accuracy 
with an average thickness of 257.8 ± 13.2μ m. Noticeably, for the same 
LED, the struts thickness appears to be decreasing as the struts angle 
increases. 

3.2. Effect of process parameters and struts angle on average roughness 

Average roughness Ra of upper and lower areas of the strut was 
shown to be influenced differently by process parameters and struts 
angle (Fig. 3). The upper surface shows a general decrease in roughness 
with increased LED for all angles considered, albeit only significantly 
different for the 20◦ sample (p < 0.01) (Fig. 3 (a)). As presented in Fig. 3 
(b), the upper Ra for struts produced at 0.13 J/mm and 0.22 J/mm for 
20◦(9.5 ± 1.6μ m and 10.4 ± 2.0μ m) was shown to be smoother than the 
struts of 0.04 J/mm (19.4 ± 4.2μ m). These surfaces also seem to be 
affected by lower struts angle resulting in rougher surfaces than struts ≥
45◦. On the other hand, the lower areas of the struts appear to raise their 
average roughness with increased energy density for struts ≤ 45◦. 
Similarly, to the upper surfaces, it should be noticed that the Ra of struts 
angle of 20◦ was significantly greater than those above 45◦ at LED of 
0.22 J/mm (Fig. 3 (a)). The lower surface of 20◦ struts were largely 
covered by partially melted powder with wavier surfaces observed as the 
LED increases in Fig. 3 (b), opposite to the upper surfaces while struts 
processed under the same LED. 

The Ra obtained through image analysis in Fig. 3 (c), reveals values 
between 10μ m and 15μ m, for strut angles above 45◦ which are in line 
with the measurements observed with optical profilometry Fig. 3 (a). 
Similarly, the Ra of 20◦ drastically increased as the LED was risen for the 
lower surface, which agrees with the Ra measurements. Roughness ap
pears to be more uniform for strut angles above 45◦, while as LED in
creases, the Ra map of 20◦ struts tend to be more elliptic. Notably, for 
struts manufactured by 0.13 J/mm, Ra reached the lowest value of 9.0 ±
1.9μ m for 45◦, 7.9 ± 1.8μ m for 70◦, and 7.6 ± 1.4μ m of 90◦. 

3.3. Effect of process parameters and struts angle on mechanical 
properties 

In Fig. 4 (a) and (b), there is a general increase in maximum flexural 
strength (MFS) and elastic modulus as the LED increases from 0.04 J/ 
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Fig. 2. (a) Images showing inner morphology of struts scanned by μ CT, where defects are indicated by arrows for lack of fusion, balling effect, gas pores and 
keyholes, porosity including open and internal closed is shown at the bottom left of each image; (b) actual struts thickness varies with different LED for all specimens 
(n = 3, shown as mean ± SD). 
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mm to 0.13 J/mm. Further increase in LED only improved the me
chanical properties of the 20◦ strut with 45◦ and 70◦ remaining largely 
unchanged and 90◦ displaying a slight reduction. These properties seem 
to display trends highly correlated with the build angle, with positive 
relationships apparent for lower LED, 0.04 J/mm, negative arising for 
the higher LED studied, 0.22 J/mm, and stagnation at 0.13 J/mm. 

Fig. 4 (c-f) shows typical stress–strain curves of the 3-point bending 
tests on struts; firstly, a linear region of elastic gradient, secondly a re
gion of plastic deformation following the yield point, and finally an 
irregular region prior to failure. For struts built at 0.04 J/mm, all failed 
immediately after reaching the MFS (Fig. 4 (c)) while, as the LED 
increased to 0.13 J/mm, struts above 45◦ showed a smooth plateau re
gion until achieving a 2 mm deformation suggesting a more ductile 
behaviour (Fig. 4 (d)). For the 0.22 J/mm struts, two different phe
nomena were observed. Those above 45◦ either experienced a direct 
failure after MFS (Fig. 4 (e)) or entered a non-failure plateau region 
(Fig. 4 (f)). 

Struts built at 20◦ all ruptured by crack propagation regardless of 
process parameters (Fig. 5 (a)), where the failed samples showed crack 
propagation along a zigzag path. No cracks or fracture were found for 
struts above 45◦ processed at 0.13 J/mm. Where cracks can be clearly 
seen on the struts, 0.22 J/mm specimens that ruptured after plastic 
deformation displayed a notable pore pit at the fracture surface, except 
those manufactured at 20◦ (Fig. 5 (b)). These pores were surrounded by 
smooth and concentric shapes and displayed rough fracture surfaces. 
(Fig. 5 (b)) shows secondary electron micrographs of the fracture surface 
featuring notable dimples and voids, suggesting a ductile behaviour of 

the 0.22 J/mm manufactured struts. 

3.4. Effect of process parameters and struts angle on in-vitro osteoblast 
response 

Following dynamic seeding of the struts, cellular adhesion was 
visualised by fluorescent microscopy. Viable cells could be seen 
distributed throughout the struts surface in all groups (Fig. 6 (a)). The 
20◦ struts exhibited increased quantity of cells towards the edge of the 
struts, whilst cell distribution was more homogenous in the 45◦ and 70◦

struts. Quantification of the images in Fig. 6 (c) confirmed that 20◦ struts 
exhibited a significant increase in cell attachment when compared to the 
45◦ and 70◦ struts. These findings are likely due to the increased 
roughness exhibited by the 20◦ struts which likely correlates to 
increased cell adhesion at early time points. Following 21 days of 
osteogenic culture, live/dead staining showed that cells on the struts 
were highly viable and reached confluency in all groups (Fig. 6 (b)). 

To investigate the influence of the different strut fabrication angles 
on osteogenic differentiation, alkaline phosphatase (ALP) activity, 
collagen production and calcium deposition were evaluated. Initially, 
ALP activity, an early marker of osteogenesis, was evaluated following 
14 days in osteo-inductive culture. The findings in Fig. 6 (d) showed 
significantly enhanced ALP levels within the 20◦ groups when compared 
to the 45◦ and 70◦ struts (p ≤ 0.01). Picrosirius red staining showed that 
the 20◦ struts exhibited a significant increase in collagen content when 
compared to the 45◦ (p ≤ 0.05) and 70◦ struts (p ≤ 0.01) (Fig. 6 (e)). 
Similarly, in Fig. 6 (f) alizarin red staining for calcium deposition 

Fig. 3. Plot showing the build angles and process parameters effects on (a) upper and lower surface of struts; (b) 3D maps presenting the upper and lower surface of 
20◦ struts built with 0.04 J/mm, 0.13 J/mm, and 0.22 J/mm energy densities; (c) radar figures showing whole profile of Ra, plotted against measured angle in 
MATLAB for single strut built with different LED, as well as showing recognisable upper and lower area of 20◦. 
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showed that the 20◦ and 45◦ struts exhibited substantial increase in 
calcium deposition when compared to the 70◦ group (p ≤ 0.05). The 
osteogenic differentiation induced by these different struts clearly shows 
that reducing the struts angle enhances the osteogenic capacity of cells 
on these materials. This is likely attributed to the increased roughness 
observed on these lower tilted struts, as several studies have indicated 

the influence of roughness on osteo-induction. 

4. Discussion 

The occurrence of lack of fusion (Fig. 2 (a)) in struts built at 0.04 J/ 
mm LED can be attributed to insufficient laser energy input, resulting in 

Fig. 4. 3-point bending results showing build angle effects for (a) MFS and (b) elastic modulus of struts; force–displacement curve taken at different LED of (c) 0.04 
J/mm, (d) 0.13 J/mm, 0.22 J/mm for (e) failure occurred and (f) without failure. 

X. Cao et al.                                                                                                                                                                                                                                     



Materials & Design 243 (2024) 113043

8

un-melted powder particles existing between the adjacent melted re
gions [34]. Lack of fusion tends to be more obvious and severe as struts 
angle decreasing, due to the larger powder area left un-melted by a low 
laser energy input. Balling effect fusion (Fig. 2 (a)), resulting from poor 
wettability is also reported to be more prevalent under low energy 
density conditions as a resulting in spheroidization and discontinuity of 
the melt pool [18] alongside poor bonding between layers. At higher 
LED (0.22 J/mm), escaping material vapour during melting leads to 
keyhole formation and subsequent porosity following its collapse [35]. 
Besides, the vertically aligned melt pool between layers of 90◦ possibly 
leads to the repeating deposited materials experiencing more intense 
and frequent heat of laser compared to lower struts angle (Fig. 2 (a)). 

This effect of heat accumulation generated as a results of multiple re- 
melting might increase the porosity for 90◦ struts [36]. 

At low LED, lack of fusion and balling would be the main factors 
increasing Ra. These defects not only create an inherent roughness due to 
introducing discontinuity of material, but they also disrupt the uniform 
deposition of subsequent powder layers [20]. Process conditions could 
play a more important role on the roughness profile at this low LED stage 
than strut angle, leading to the poor melting of materials regardless of 
geometric angle (Fig. 3 (a) and (c)). Whilst as the LED increases, so too 
does melt pool depth and width which may improve inter-layer bonding 
and remelting of surface adhered particles. On the other hand, because 
of loose powders largely distributed at the lower surface as the struts 

Fig. 5. Images showing fabricated struts (a) failure in red solid frame and without failure in green dashed frame after bending test; (b) showing cross-section of 0.22 
J/mm manufactured struts after failure occurred to illustrate the ductile topography of Ti64 struts. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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angle decreases, poor heat conduction would expand the formation of 
overhang for low-angle struts [19]. Surface irregularities could be more 
observable as the increasing LED causes formation of wider and deeper 
melt pool, therefore larger sintering of raw materials, leading to greater 
Ra of lower surface (Fig. 3 (b)). 

The failure of 3-point bending test samples occurred in all specimens 
when applying the lowest LED with insufficient energy input resulting in 
high porosity generated by lack of fusion. The large size and irregular 
shape of these pores may act as stress concentration and subsequent 
crack initiation points which leads to weak load-bearing capacity, 
impacting both mechanical strength and stiffness [37]. As LED in
creases, enhanced ductility for struts above 45◦ indicates the importance 
of optimising parameters for elimination of enclosed pores. For struts 
manufactured with LED 0.22 J/mm, the failure mode of all the speci
mens agreed with the study of Paulo et al. and Costanzo et al [38,39]. At 
the highest LED, the increased porosity for higher angle struts due to 
keyhole and gas pore defects (especially for 90◦ struts) may be a critical 
factor in reducing strength and elastic modulus. The pore pit located at 
the fracture point for struts above 45◦ are considered as stress concen
tration risers, which can cause the struts to fail under relatively low level 
of stress, inducing the failure and propagating to the surrounding so
lidified region [40]. Moreover, the strut angle and as-built strut thick
ness tends to result in the dramatic changing of the UFS and elastic 
modulus (Fig. 2 (b) and Fig. 4 (b)). It has been found that part heat 
accumulation depends on build angle, leading to the variation of both 
mechanical properties and internal porosity [41]. Consistent with the 
phenomena in this work, it was demonstrated by Palmeri et al. that the 
Ti64 samples built above 45◦ exhibited lower mechanical strength and 
higher ductility than the samples built below 45◦. These findings were 
associated with an increasing heat accumulation due to the larger vol
ume of the solidified materials and number of layers, that below the 
depositing layer of higher struts angles. Furthermore, as Barba et al. 
observed that the microstructure could be influenced by the changing of 
strut size and build orientation, which could potentially cause differ
ences in elastic modulus [42]. It can also be assumed that the failure 
occurrence was associated with average roughness. The high Ra of 20◦

struts lower surface can influence the mechanical performance of SLM 
lattices by creating stress concentrations or microcracks at the peaks and 
valleys of the rough surface and reducing the overall ductility of the 
part. This phenomenon corresponds with the results observed by Scott 
et al., indicating that the higher roughness would be more detrimental to 
mechanical properties of components, causing earlier strain (work)-to- 

failure [43]. As explained, struts above 45◦ manufactured by LED of 
0.13 J/mm which showed the lowest Ra. Therefore, struts could be less 
distorted, uniformly melted and solidified, ensuring a more consistent 
microstructure and stable mechanical properties throughout the part. 

There is a growing body of evidence demonstrating the influence of 
mechanobiological interactions between cells and their substrates on 
directing cell behaviour [13,44]. The substrates surface roughness has 
been proved to critically influence cell response [45]. At optimised 
process parameters, osteoblasts were shown to preferably adhere to and 
proliferate on as-build struts of lower angle below 45◦. The results of cell 
adhesion in Fig. 6 (c) fit with the changing of lower-surface Ra in Fig. 3 
(a), indicating that a rougher surface is probably a positive factor to 
enhance initial contact between the implant and cells, a critical process 
for successful osseointegration. In addition to the initial cell adhesion, 
several studies have demonstrated the role of substrate roughness on 
improved osteogenic differentiation via the activation of mechano
transducive signalling [46,47]. In the present study, we observed that 
the rougher surfaces also facilitated osteoblast collagen production and 
calcium deposition. This suggests that the selection of struts angle is 
extremely important for the initial cell behaviour and the subsequent 
osseointegration process. Meanwhile, the attached partially melted 
powders were not shown to be covered by cells, emphasising the 
importance of eliminating these particles during post processing. These 
observations are in line with the work of Cox et al., where the relatively 
large angle between partially melted particles and the solid surface 
might block the spread of cells [45]. 

With the idea of improving implant mechanical and biological 
properties whilst controlling the manufacturing process, a map was 
developed to guide the design of AM lattices. Fig. 7(a) defined the angle 
α and ά  used to calculate the struts angle assembled in a BCC lattice. 
Starting from either adjusting build orientation of lattices, θ, Fig. 7(b) or 
adjusting the unit cell size (height) Fig. 7(c), the build angle of indi
vidual strut α*, α** and γ in the lattice can be customised. As the gradient 
colour maps of Fig. 7(d) & (e) indicate, struts built lower than 45◦

display improved osteoblast cell adhesion but poor mechanical perfor
mance (green), while struts built above 45◦ show an opposite behaviour 
(red) with a superior ductility but reduced cell response. Overall, 45◦

struts built with LED of 0.13 J/mm showcase superior properties in both 
mechanical strength and osteoblast behaviour than other struts. The 
deviation from 45◦ was thus calculated by Eq. (4) and Eq. (5), which can 
be used as an indicator to determine the actual build angle of struts in a 
rotated or unit cell size changed lattice. 

Fig. 6. Microscopy images showing live cell adhesion on struts surface for (a) day 1 and (b) live/dead cell staining after 21-days culture, plots illustrating (c) cell 
adhesion, (d) ALP activity, (e) collagen production and (f) calcium deposition on 20◦ to 70◦ struts, scale bar represented 200 μ m for all. 
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Deviation from 45◦

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(α* − 45◦
)

2
+ (α** − 45◦

)
2
+ 2*(γ − 45◦

)
2

√

(4)  

Deviation from 45◦

= 2 *|(α* − 45◦

)| (5) 

Struts angle against lattice rotation in Fig. 7 (d) can be used to select 
the orientation of a preferred BCC unit cell in a selected geometry, 
assisting further design and property modification of the whole part. 
Meanwhile, Fig. 7 (e) showcases a design map to modify a lattice with 
fixed orientation . These two approaches can be combined to enable full 
tailoring of unit cell height and/or part build orientation to optimise 
geometry of lattices (Fig. 7 (f)). Furthermore, these could be adapted 
depending on specific needs on an implant. 

The ideal and key properties of porous metallic implants include 
biocompatibility, comparable mechanical strength and stiffness, surface 
morphology facilitating cell attachment, proliferation, differentiation 
and migration [48]. For biomedical devices requiring load bearing, it is 
critical to avoid mechanical failure while maintaining suitable me
chanical strength of implants to patients’ bone, which is further chal
lenged by different bone conditions, such as quality, density, and disease 
location of bone [49]. The representative 3-point bending results suggest 
that lattice struts manufactured above 45◦ have exceptional ductility 
without failure, plus a wide range of strength between 2811 MPa to 
3715 MPa that could be tailored into porous implants to meet various 
personalisation requirement. Mechanical strength and elastic modulus 
could be adjusted through either rotating lattice or varying unit cell 
height, therefore, by containing more, or less struts above 45◦ to 
accommodate broader bone implants application. 

When bone defect exceeds the size limit (approximately > 2 cm) of 
bone self-regeneration, implantable lattices with surface quality satis
fying bone cell response are essential to promote initial bone ingrowth 
effectively. In this study, it is demonstrated that AM processed struts 
with different topological features could significantly influence 
mammalian cell behaviour, where the struts built below 45◦ possess an 
outstanding performance on bone cell attachment, proliferation, and 
differentiation. This work created the map to allow users to select lat
tices with precise control of surface finish to improve bone regeneration 

process [27]. The map with the customisation function of combining the 
mechanical and surface morphology features, could be particularly 
applicable as new-generation bone substitute for bone defects repair 
caused by trauma, tumour, or functional atrophy [50]. In the future, it is 
also essential to explore the optimal build orientation of whole lattices 
regarding to the map. De Biasi et al. has proposed and verified a cost- 
efficient way to utilise struts and nodes built with different orienta
tions to predict and improve the fatigue of lattice structures through 
algorithm driven by experimental results [51]. Further utilizations of the 
map to design optimal meta-biomaterials has been taken into account by 
the authors, to conduct evaluation and verification by combining 
simulation and experimental work. 

Moreover, given the highly complex and fine geometry features of 
lattices, common post-processing, such as sand blasting, would be 
extremely difficult to complete for these geometries. Thus, this approach 
could also be potentially useful to select part build orientation and/or 
unit cell height to alter and predict surface quality, conducting further 
post-process, rendering higher efficiency for research community, en
gineers, AM users and clinicians. 

5. Conclusions 

To improve of the osseointegration ability of Ti64 porous medical 
devices, this study explored the effect of process parameters and struts 
angle on surface quality, mechanical properties, and cell response of 
lattice struts. From the presented results, it was observed that both laser 
energy input and design properties heavily influenced the behaviour of 
the final product. For struts built at optimised LED of 0.13 J/mm, all 
parts were fully melted with those above 45◦ exhibiting greater ductility 
without obvious failure. For strut angles below 45◦, mammalian cells 
showed the preference of attachment, proliferation, and mineralisation 
to the overall rougher surface comparing to struts built higher than 45◦. 
However, a less ductile behaviour from 3-point bending test was 
observed at low struts angle. An image analysis method was developed 
to detect the whole profile roughness of struts and promised to be an 
effective way to represent and predict the surface quality of complex 

Fig. 7. (a) BCC unit cell showing the angles used for the determination of actual strut angle after lattice rotation and unit cell height changing; (b) showing an 
example of unit cell orientated when rotating a lattice to angle ofθ = 45◦, α*, α** and γ indicate the actual build angle of struts (c) presenting the difference of struts 
angle after the unit cell height adjusted; (d) illustrating struts angle being manufactured in a rotated lattice, whilst (e) plotting the build angle of struts when unit cell 
height changes; up-down arrows indicate areas for enhanced ductility but poor cell attachment (red) or improved cell adhesion but reduced ductility (green); (f) map 
illustrating the deviation of struts angle from 45◦ while rotating the lattices and adjusting the unit cell height. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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lattice structure. 
Combining these findings, by using 45◦ as a reference and BCC lattice 

as a representative demonstrator, processing maps were developed to 
take advantage of part rotation and unit cell design to optimise complex 
AM structures. As a design-assistance map, the final output would enable 
functionalisation of these parts during the early manufacturing stages 
for improved mechanical and/or cell behaviour. Thus, it will be possible 
to predict and modify the properties of SLM latticed structures in-situ, 
increasing the confidence and applicability of these techniques for all 
AM stakeholders, and healthcare professionals while also improving the 
outcomes of medical devices. 
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