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Optimisation of the additive manufacturing parameters of polylactic acid 
(PLA) cellular structures for biomedical applications 

David Myers , Adel Abdel-Wahab *, Farrukh Hafeez , Nikolina Kovacev , Khamis Essa 
Department of Mechanical Engineering, School of Engineering, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK   
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A B S T R A C T   

Fused deposition modelling (FDM) is an additive manufacturing technology used to create functional and 
complex geometries directly from computer-generated models. This technique can be utilised to generate cellular 
structures with controllable pore size, pore shape, and porosity. Cellular structures are fundamental in ortho-
paedics scaffolds because of its low elastic modulus, high compressive strength, and adequate cell accommo-
dation spaces. This paper aims at investigating and optimising the FDM additive manufacturing process 
parameters of polylactic Acid (PLA) for two lattice structures namely Schoen Gyroid and Schwarz Primitive. The 
effect of additive manufacturing critical process parameters including layer height, flow rate, and print speed on 
the geometrical accuracy and compressive strength of the specimens were analysed. In addition, other param-
eters that have minimal effect on the geometrical accuracy of the printed parts were discussed. A Full Factorial 
Analysis (FFA) using Minitab software was undertaken to identify the perfect combination of printing parameters 
to provide the most geometrically accurate structure. In this study, samples of the Schoen Gyroid and the 
Schwarz Primitive lattices and a solid control cylinder were 3D printed using the ideal printing combination to 
assess the manufacturability, the geometrical accuracy, and the mechanical behaviour of both designs. It was 
found that the optimised FDM process parameters for the studied cellular structures were a layer height of 0.16 
mm, a printing speed of 50 mm/s and a flow rate of 90%. As a result of using these parameters, the solid, Schoen 
Gyroid and Schwarz Primitive specimens demonstrated elastic moduli values of 951 MPa, 264 MPa, and 221 
MPa, respectively. In addition, the Schoen Gyroid and the Schwarz Primitive have reached their stress limits at 
around 8.68 MPa and 7.06 MPa, respectively. It was noticed that the Schoen Gyroid structure exhibited ∼ 18% 
higher compressive strength and ∼ 16% higher elastic modulus compared to the Schwarz Primitive structure for 
the same volume fraction of porosity, overall dimensions, and the manufacturing process parameters. Although 
both structures revealed mechanical properties that fall within the range of the human trabecular bone, but 
Schoen Gyroid exhibited improved structural integrity performance that is evident by its post-yield behaviour.   

1. Introduction 

Additive manufacturing (AM) is a revolutionary new technology 
allowing new shapes and structures to be manufactured that were pre-
viously impossible using traditional methods. The biomedical field has 
many applications that can benefit from these new manufacturing so-
lutions (Brambilla et al., 2021; Hassanin et al., 2016; Langford et al., 
2021). For instance, orthopaedics implants can be designed to imitate 
several aspects of bone tissues such as the structure, elastic modulus, 
mechanical strength, biocompatibility, and bone ingrowth (Aimar et al., 
2019a; Gómez et al., 2016; Weiner et al., 1999). Nevertheless, the direct 

use of bulk materials is not recommended for bone implants since the 
difference in the stiffness between the host bone and the implant leads to 
bone resorption due to stress shielding and stress concentration (Poltue 
et al., 2021). Therefore, cellular structures have been integrated into the 
design of implants for orthopaedics. Nonetheless, the design of 
cellular-based orthopaedics scaffolds remains a challenge due to the 
complex interrelationship among their geometrical characteristics, me-
chanical performance, and biological behaviour (Jeon et al., 2014; 
Poltue et al., 2021). 

There are various AM processes that have potential biomedical ap-
plications (Elsayed et al., 2019; Read et al., 2015; Tan et al., 2019). In 
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particular, FDM technology was introduced since the early 90s by 
Stratasys Inc., USA (Minetola et al., 2016), and is capable of creating 
highly innovative and complex parts with suitable mechanical proper-
ties. FDM can make complex parts directly from computer-generated 
CAD files, and it can be used for commercially available materials 
such as acrylonitrile butadiene styrene (ABS), polycarbonate (PC), and 
polylactic acid (PLA) (Aimar et al., 2019b; Elsayed et al., 2019; El-Sayed 
et al., 2020). PLA is a biodegradable, rigid, and non-toxic polymer that 
can be manufactured without harmful solvents (Fatyeyeva et al., 2017). 
FDM is the main AM process to print parts with PLA. In FDM technology, 
a thermoplastic filament is heated to a semi-liquid state (170 ◦C–240 ◦C) 
and extruded from a nozzle onto a heated bed, layer by layer along a 
controlled path (Gebhardt et al., 2019). The use of PLA with its 
biocompatible properties manufactured by FDM could prove to be an 
ideal solution for interaction surfaces and would expand the research 
currently carried out around utilising lattice structures in orthopaedics. 

The wide range of applications for AM in the biomedical field has 
been expanded by the biocompatibility of lactic acid-based polymers 
such as (PLA) (Calignano et al., 2019). A biocompatible material can be 
defined as a material that is compatible with living tissue or living 
system by not being toxic or injurious to the living tissue and not causing 
an adverse immune response. In addition, it requires the compound to 
support interaction between the living cells and the material (Ramot 
et al., 2016). The biocompatibility and safety of PLA has been investi-
gated by Ramot et al. (2016) and Middleton and Tipton (2000), 
concluding PLA is safe to use in implants. This is further verified in a 
study by Singh et al. (2019) showing apatite (the mineral component 
that makes up human bones (Vallet-Regí and Arcos Navarrete, 2016)) 
forming on the surface of PLA test subjects with basic lattice structures 
(Singh et al., 2019). 

By utilising lattice structures created by AM from biocompatible 
materials, orthopaedics scaffolds that mimic the structure of bone tissues 
can be realised. As a result, the printed scaffolds can imitate various 
aspects of the structure of bone including elastic modulus, mechanical 
strength, biocompatibility, and bone ingrowth (Gómez et al., 2016; 
Weiner et al., 1999). In particular, mechanical strength and bone 
ingrowth are the essential in orthopaedics (K. C. K. C. Nune et al., 2017; 
K C K C Nune et al., 2017; Ran et al., 2018). Effective bone ingrowth has 
significant effect on the rate of revisions, and the main factors affecting 
the bone ingrowth are porosity, pore size, pore shape, and the random 
distribution of the pores (Warnke et al., 2009). When the porous struc-
ture has suitable porosity and pore size, it offers enough space for cell 
proliferation (Kuboki et al., 2001; Zadpoor, 2015). These factors are 
directly linked to the geometrical accuracy of the AM technology and the 
optimisation of the manufacturing process parameters. With the devel-
opment of AM, these factors can be controlled by computer-aided de-
signs in advance. As a result, the stress shielding effect can be effectively 
reduced when the elastic modulus of the scaffolds is similar to that of the 
bone (Chen et al., 2020). 

Triply Periodic Minimal Surface (TPMS) scaffolds have recently been 
the focus on many researchers because of their potential to be used as 
orthopaedics implants (Poltue et al., 2021). For instance, healing of 
large-scale bone defects due to diseases, accidents, and surgeries is not 
possible without effective and safe implants that can facilitate bone 
growth and be compatible with the surrounding bone tissues. The im-
plicit nature of TPMS-based scaffolds allows for precise control of 
important physical characteristics such as pore size, elastic properties, 
surface-to-volume ratio, and fluid flow behaviour (Poltue et al., 2021). 
As a result, TPMS porous structures offer the opportunity to optimise 
both the mechanical and biological properties of bone implants. Re-
searchers have promising results for TPMS-based as opposed to 
strut-based scaffolds (Chen et al., 2020; Hsieh et al., 2021). A recent 
study investigated the interconnection among structures, mechanical 
properties, biological performance, and manufacturing limitations for a 
number of TPMS-based structures including Primitive, Gyroid, Dia-
mond, Neovius, FRD and IWP (Poltue et al., 2021). It was concluded that 

the choice of the TPMS model affects significantly important features 
such as pore size, elastic properties, and flow behaviour. In addition, 
they found that some TPMS-based structures such as the Primitive 
structure exhibited lower modulus at low relative density while FRD 
exhibited lower modulus at high density. The remaining structures 
including Gyroid, Diamond, Neovius, and IWP exhibited comparable 
mechanical properties for both low and high relative densities. In an 
in-vitro study, TPMS-based structure, Gyroid, was compared with scaf-
folds with random pore architectures. It was found that Gyroid showed 
superior performance in terms of permeability and seedability (Melchels 
et al., 2010). In addition, Ma et al. (2020) carried out an experimental 
study on additively manufactured Gyroid scaffolds and considered 
different aspects including manufacturability, permeability, mechanical 
behaviours, and biocompatibility. They found that a Gyroid scaffolds 
that matches human trabecular bone can be obtained by altering their 
design parameters. Besides, they noticed a significant effect of perme-
ability on initial cell growth. 

The use of the biocompatible PLA polymer coupled with a lattice 
structure could improve the interaction between the implant and the 
surrounding bone structure, thus reducing stress shielding. Improving 
the manufacturing quality of this is very important to get the desired 
interaction between bone tissue and implant. 

Various FDM additive manufacturing parameters affect the quality of 
the printed parts, but the technology has high potential and viability 
when these parameters are optimised and successfully controlled. 
Hence, it is crucial to control and optimise these parameters during 
manufacturing (Ahn et al., 2002; Casavola et al., 2016). 

Based on the above literature review, various attempts have been 
made to study cellular structures such as Schoen Gyroid and Schwarz 
Primitive; however, based on the author’s knowledge there are no evi-
dence in the literature of analysing the effect of FDM additive 
manufacturing critical process parameters including layer height, flow 
rate, and print speed on the geometrical accuracy and compressive 
strength of these structures. A Full Factorial Analysis (FFA) using Min-
itab software was undertaken to identify the optimised combination of 
printing parameters to provide the most geometrically accurate 
structure. 

In order to achieve the main aim of this research, the following ob-
jectives have been identified: choosing the most suitable material and 
additive manufacturing process for the requirements of the prototype; 
designing unit cell versions of the Schoen Gyroid, Schwarz Primitive, 
and control solid body to initially validate the proposal; selecting the 
slicing software and the key printing variables that affect geometrical 
accuracy; conducting a FFA using Minitab software to find the optimum 
printing parameters that can accurately produce a repeatable 3D model 
of the cellular structure (Minitab, 2021a); manufacturing the cellular 
structures and the control solid body and analysing the quality of the 
prints; and finally testing the optimised cellular structures and 
comparing their compression behaviours with the control solid body. 

2. Materials and methods 

2.1. Unit cell proof of concept 

Based on literature it was decided the Schoen Gyroid and the 
Schwarz Primitive structures are among the most promising candidates 
for orthopaedics scaffolds. Therefore, these structures will be compared 
with a solid body to analyse the volume fractions, weights, 
manufacturing costs, and elastic-plastic behaviours when loaded in 
compression to identify the most mechanically-sound structure for a 
prototype orthopaedics implant. The following method shows how this 
will be carried out. 

Proof of concept study for the Schoen Gyroid unit cell structure has 
been designed using SolidWorks (see Fig. 1a). The design was duplicated 
using the linear pattern tool, to create a (2 × 2 x 2 assembly) version of 
the unit cell. This was saved as an industry standard (.stl file) and sliced 
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using the Ultimaker Cura software (see Fig. 1b) to create a G-code file 
(Ultimaker, 2010). The G-code file contains all the parameters required 
to print a part. These include nozzle temperature, layer height, and the 
path the printer will follow. A verification print of the Schoen Gyroid 
design (see Fig. 1c) was printed from PLA on a Creality Ender 3 Pro FDM 
printer (see Fig. 2) (Creality, 2014). Similarly, unit cells were designed 
and printed for the Schwarz Primitive and a solid body control unit cell, 
see Fig. 3. These initial prints proved the concept that each design was 
printable without failure. 

2.2. Optimising process parameters 

In the Ultimaker Cura software (Ultimaker, 2010), the printing pa-
rameters can be tuned to optimise prints for a specific printer, filament, 
and application. It is critical that the geometrical accuracy of the prints 
is maximised as this would affect the accuracy of the prototype’s 
porosity, pore size and pore shape. Besides, it is also important to 
consider both the printing time and the cost of the print. 

After running several preliminary FFA tests using Minitab software, 

it was identified that there are three critical printing parameters that 
influence the geometrical accuracy of a given print: layer height (mm), 
flow rate (%) and print speed (mm/s). With four further parameters 
having a minor effect on the geometrical accuracy: nozzle temperature 
(◦C), build plate temperature (◦C), travel speed (mm/s) and retraction 
distance (mm). A FFA Test using Minitab software was conducted to 
optimise the critical parameters, where each parameter had three levels 
(low, medium, and high), see Table 1 (Minitab, 2021a). The other pa-
rameters were set to Cura’s Creality Ender 3 Pro profile and kept con-
stant (Ultimaker, 2010); see Table 1 for a breakdown of these 
parameters. 

The first critical parameter, layer height, changes the thickness of 
each layer that is printed and impacts the resolution of the specimen. 
While a lower layer height increases the resolution, it also increases the 
time to print, cost and potentially the mechanical performance of the 
part (Garzon-Hernandez et al., 2020; Mwema and Akinlabi, 2020). The 
minimum layer height for the Ender 3 Pro is 0.12 mm increasing in steps 
equal to the size of the extruder nozzle of 0.04 mm. The second critical 
parameter, flow rate, changes the rate at which the filament is extruded. 

Fig. 1. a) SolidWorks model of Schoen Gyroid unit cell, b) sliced model of Schoen Gyroid unit cell using Ultimaker Cura software, and c) validation print of 
the design. 

Fig. 2. Creality Ender 3 Pro FDM used for all prints and AMZ3D 1.75 mm white PLA filament used for all prints.  
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With an infill of 100%, the printer often extrudes too much molten 
filament; this causes each layer to bulge with geometrical inaccuracies 
(Mwema and Akinlabi, 2020). Therefore, optimising the flow rate will 
improve the accuracy of the geometrical dimensions. However, if the 
flow rate is insufficient, spaces within the layers could form. This causes 
layer adhesion problems and impacts on the mechanical integrity of the 
print (Mwema and Akinlabi, 2020). The third critical parameter, print 
speed, affects the velocity at which the nozzle moves while extruding. 
Increasing this velocity would reduce printing times; however, this may 
also affect layer adhesion with a chance of introducing imperfections 
and printing failures. The print speed for the Ender 3 Pro ranges from 1 
mm/s to 200 mm/s; however, speeds greater than 70 mm/s often cause 
the prints to fail (Creality, 2014). 

The four further parameters that also have a minor effect on accuracy 
of the print are discussed in the following paragraph. 

The first parameter, nozzle temperature, defines the temperature the 
filament is heated to when extruded from the nozzle. A sufficient tem-
perature is required to melt the filament to ensure that the nozzle does 
not get blocked (Mwema and Akinlabi, 2020). An optimum nozzle 
temperature improves the bonds between the layers, thus reducing 
failures occurring especially at overhangs. The PLA filament used for 
testing has a specified nozzle temperature range (180 ◦C–210 ◦C). The 
optimum value of the second parameter, build plate temperature, im-
proves the adhesion between the build plate and the model, reducing 
printing failures and warping (Mwema and Akinlabi, 2020). 

With FDM printers, melted filament is not drawn back from the 
nozzle when traveling between printing locations. Therefore, an un-
wanted thin line of filament can often join these locations, this is known 
as stringing. The third parameter, retraction distance, has the main 
impact on the stringing of the filament. Retraction reduces the pressure 

in the nozzle melting zone; therefore, reducing the amount of filament 
extruded when traveling. The fourth parameter, travel speed, changes 
the velocity of the extruder when the printer is not extruding; therefore, 
optimising this will reduce stringing and could marginally improve 
printing times. 

Considering both the critical and further parameters, the FFA using 
Minitab Software (Minitab, 2021a) produced twenty-seven tests for 
various printing input parameters, see Table 2. For each of the 
twenty-seven runs described by the Full Factorial Test, a single unit cell 
of the Schwarz Primitive was printed, see Fig. 4. The outputs from this 
test were the average outer dimensions of the test specimen and its strut 
diameter. These outputs were measured and averaged, and as a result, 
the geometrical accuracy was determined for each test specimen. The 

Fig. 3. 3D printed specimens of a) Schwarz Primitive structure, b) solid control cylinder, and c) Schoen Gyroid structure.  

Table 1 
Printing parameters used in the full factorial analysis.  

Critical Parameters Level 1 Level 2 Level 3 

Layer height (mm) 0.12 0.16 0.2 
Flow rate (%) 90 100 110 
Print speed (mm/s) 40 50 60 
Other Parameters Fixed Level 
Nozzle temperature (◦C) 197 
Build plate temperature (◦C) 55 
Retraction distance (mm) 6 
Travel speed (mm/s) 150  

Table 2 
Full factorial test of various printing input parameters.  

Run Layer 
Height 
(mm) 

Flow 
Rate 
(%) 

Print 
Speed 
(mm/ 
s) 

Mean Outer Dimensions 
(mm) 

Mean Strut 
Dimensions 
(mm) 

X Y Z 

1 0.12 90 40 15.01 15.04 16.24 3.01 
2 0.12 90 50 15.02 15.03 16.23 3.01 
3 0.12 90 60 15.03 15.09 16.24 3.01 
4 0.12 100 40 15.17 15.17 16.27 3.04 
5 0.12 100 50 15.19 15.22 16.28 3.02 
6 0.12 100 60 15.23 15.27 16.29 3.03 
7 0.12 110 40 15.46 15.54 16.31 3.18 
8 0.12 110 50 15.45 15.46 16.31 3.14 
9 0.12 110 60 – – – – 
10 0.16 90 40 15.00 15.06 16.23 3.02 
11 0.16 90 50 15.03 15.05 16.23 3.02 
12 0.16 90 60 15.05 15.07 16.22 3.03 
13 0.16 100 40 15.22 15.27 16.26 3.11 
14 0.16 100 50 15.21 15.26 16.24 3.05 
15 0.16 100 60 15.22 15.25 16.25 3.08 
16 0.16 110 40 15.47 15.47 16.33 3.23 
17 0.16 110 50 15.40 15.45 16.32 3.24 
18 0.16 110 60 – – – – 
19 0.2 90 40 15.00 15.05 16.26 3.03 
20 0.2 90 50 15.04 15.07 16.27 3.01 
21 0.2 90 60 15.08 15.14 16.27 3.04 
22 0.2 100 40 15.19 15.26 16.29 3.12 
23 0.2 100 50 15.26 15.24 16.32 3.13 
24 0.2 100 60 15.28 15.29 16.31 3.18 
25 0.2 110 40 15.42 15.47 16.37 3.20 
26 0.2 110 50 15.53 15.55 16.37 3.37 
27 0.2 110 60 15.49 15.52 16.41 3.35  
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Schwarz Primitive design was chosen for these tests as the design con-
tains several features that can be easily defined and measured, with the 
measurements taken using a digital vernier calliper with an accuracy of 
±0.02 mm. 

The statistical analysis software Minitab was used to analyse the 
output results from the Full Factorial Test (Minitab, 2021a). The analysis 
comprises of an analysis of variance, a mean effects plot and an optimise 
parameters run. The analysis of variance describes the relationship be-
tween the individual input printing parameters and the various depen-
dent output parameters to categorise the importance of each input. The 
mean effects plot visualises these relationships. Optimise parameters 
finds the best combination of each input parameter, to provide the best 
overall geometrical accuracy. Each combination is given a composite 
desirability, which rates the combination against its output geometrical 
accuracy. More details can be found in the results section. Printing times 
and total cost were then compared against the composite desirability to 
specify the perfect combination between layer height, flow rate, and 
print speed. 

2.3. Manufacturing of unit cell prototypes 

MATLAB software (“MathWorks,” n.d.) was used to generate the 
cellular structures using the equations below for the lattice surfaces; Eq. 
(1) generates the Schoen Gyroid structure (Al-Ketan et al., 2020) with 
Eq. (2) generating the Schwarz Primitive structure (Jia et al., 2020). 
With the surface generated by v and a controllable offset generating the 
solid volume. 

v= sin x⋅cos y + sin y⋅cos z + sin z⋅cos x (Eq.1)  

v= cos x + cos y + cos z (Eq.2) 

The MATLAB function “stlwrite” was used to generate.stl files, which 
could then be manipulated in SolidWorks software (“SolidWorks Soft-
ware,” 1995). Flat plates were added to the top and bottom to evenly 
distribute the load, see Fig. 3. These sample unit cells along with a solid 
control cylinder were then printed using run 11’s optimum printing 
parameters (see Fig. 3 and Table 2). More details can be found in both 

the results and discussion sections. 

2.4. Mechanical testing of unit cell prototypes 

Compression tests of the Schoen Gyroid, Schwarz Primitive, and 
solid control cylinder specimens were carried out using a universal 
testing machine (Instron 4467, Instron, Norwood, MA, USA). The 
specimens and experimental setup are shown in Fig. 5a and b, respec-
tively. The compression deformation rate was set to 1 mm/min for all 
the samples. The compression load was applied along the build direction 
for all the specimens with the compressive stress and strain obtained 
using the standard formulae. 

3. Results 

3.1. Minitab analysis of test prints 

The geometrical accuracy of the twenty-seven test prints of the 
Schwarz Primitive lattice unit cell were measured. Table 2 provides a 
breakdown of the input parameters for each test and the measured 
geometrical outputs. As shown in Table 2, test runs 9 & 18 failed to print 
after multiple attempts, therefore the geometrical dimensions were 
impossible to measure. This data was entered into a FFA in Minitab 
(2021a). The test created an analysis of variance, which shows the 
interaction between the various input parameters, see Table 3. 

The Total Degrees of Freedom (DF) are used to estimate the vari-
ability of the different parameters. The Adjusted Sums of Squares (Adj 
SS) are the measurements of the variation of each parameter. Adjusted 
Mean Squares (Adj MS) are the Adj SS measurements when considering 
the degrees of freedom of each parameter. The f-value is the test used to 
understand if a parameter is associated with the output response (Min-
itab, 2021a). These four outputs are used by Minitab to calculate the 
p-value of each input parameter. The lower the p-value the greater the 
effect the input parameter has on the output response. It is suggested 
that if the p-value is lower than 0.05 confidence threshold, then the 
input has a significant effect on the output response (Minitab, 2021a). 

As can be seen from Table 3, flow rate has the most impact of the 
three input parameters with a p-value of 0.000, followed by the layer 
height with a p-value of 0.012. Print speed with a p-value of 0.617 can 
be regarded as having little impact on the geometrical accuracy of the 
test prints. Factorial Plots can then be plotted on the data, these are split 
into two graphs for each measured output. The Main Effects Plots (see 
Fig. 6) show if altering one input parameter has an impact on the 
measured output. If the line is horizontal, then changes in the input have 
no impact on the measured output. When the line is not horizonal there 
is an effect between altering the input and the measured output, this 
effect is known as the main effect. The steeper the gradient, the greater 
this main effect (Minitab, 2021a). 

As shown in Fig. 6, the gradient of the flow rate lines is the steepest 
and very consistent. This shows that the flow rate has the greatest impact 
on each of the measured outputs, and thus the overall geometrical ac-
curacy. This finding correlates with the p-value of the flow rate of 0.000. 
The fact that the lines are always relatively linear show the flow rate has 
a continuous relationship with each of the measured outputs (Minitab, 
2021a). 

The gradients of the layer height for outer X and Y are relatively flat, 
which shows that layer height does not have a significant effect on the X 
and Y dimensions of the test prints. However, the layer height has a large 
non-continuous effect on the outer Z dimensions of the print. The layer 
height also has a continuous relationship with the strut diameter, but the 
gradient of this line and therefore its effect on this output is lower 
compared to outer Z dimensions. 

The gradient of the print speed lines for all measured outputs shown 
are all slightly horizontal, which shows that print speed has an overall 
limited impact on the geometrical accuracy of the test prints. 

The Interaction Plots, see Fig. 7, show the relationship between two 

Fig. 4. Example Schwarz Primitive test run with measured output dimensions: 
X is the depth; Y is the width; and Z is the height of the test specimen; S is the 
strut diameter. 
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input parameters with regards to a specific output parameter. If the lines 
are not parallel in the interaction plot, it shows there is some interaction 
between the two parameters. This means changing one parameter has an 
impact on the main effects of the other parameter. Therefore, if strong 
interaction occurs, analysis of the main effects must consider this 
interaction (Minitab, 2021a). 

The lines in the interaction plots shown in Fig. 7 are all relatively 
parallel for each input. This means there is little interaction between the 
different input parameters for each measured output and the main ef-
fects plots can be analysed directly. The only interaction (slightly non- 
parallel lines) occurs between the layer height and print speeds 
mainly for the 40 mm/s line diverging slightly from both the 50 and 60 
mm/s lines. 

As seen in Table 4, a response optimiser was also executed on the 

data in Table 2 using Minitab Software (Minitab, 2021b). Target values 
of 16.2 mm × 15 mm x 15 mm for the outer X-, Y-, and Z-dimensions, 
respectively, and 3 mm for the strut were the inputs. 

The composite desirability specifies how well the combination of all 
the input parameters satisfies the goals set. This value ranges from 0 to 1, 
where 1 represents the ideal case and 0 indicates at least one response 
from the input parameters is outside acceptable limits (Minitab, 2021a). 
The composite desirability measures the overall output response to a 
given combination. This is calculated using Eq. (3) (Minitab, 2021a) 
which takes an average of the desirability’s of each of the individual 
measured outputs known as individual desirability. 

D=(d1 × d2 × ⋯ × dn)
1
n (Eq.3)  

Where:  

• D ¼ the composite desirability  
• di = the individual desirability for the ith output measurement  
• n = the number of output measurements 

The individual desirability of each response to a given input com-
bination is calculated using Eq. (4) if Li ≤ ŷi ≤ Ti or Eq. (5) if Ti ≤ ŷi ≤

Ui (Minitab, 2021a). 

di =
ŷi − Li

Ti − Li
(Eq.4)  

di =
Ui − ŷi

Ui − Ti
(Eq.5)  

Where:  

• di = the individual desirability for the ith output measurement 

Fig. 5. a) Schwarz Primitive, solid control cylinder, and Schoen Gyroid compression test specimens, b) experimental setup of the compression test of the cellular 
specimens, c) Schoen Gyroid specimen before compression test, d) Schoen Gyroid specimen after compression test, e) Schwarz Primitive specimen before 
compression test, f) Schwarz Primitive specimen after compression test. 

Table 3 
Analysis of variance conducted on the full factorial test.  

Source DF Adj SS Adj MS f- 
value 

p- 
value 

Model 18 0.2631 0.0146 10.67 0.004 
Linear 6 0.2112 0.0352 25.70 0.000 
Layer Height (mm) 2 0.0282 0.0141 10.29 0.012 
Flow Rate (%) 2 0.1258 0.0629 45.92 0.000 
Print Speed (mm/s) 2 0.0014 0.0007 0.52 0.617 
2-Way Interactions 12 0.0223 0.0019 1.35 0.371 
Layer Height (mm)* Flow Rate 

(%) 
4 0.0101 0.0025 1.85 0.239 

Layer Height (mm)*Print Speed 
(mm/s) 

4 0.0055 0.0014 1.01 0.471 

Flow Rate (%)*Print Speed (mm/ 
s) 

4 0.0045 0.0011 0.83 0.554 

Error 6 0.0082 0.0014   
Total 24 0.2713     
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• ŷi = the predicted value of the ith output response  
• Ti = the target value of the ith output response  
• Li = the lowest acceptable value of the ith output response  
• Ui = the highest acceptable value of the ith output response 

The individual desirability is a simple ratio of the difference between 
the predicted response and the lowest acceptable boundary, over the 
difference between the target response and the highest acceptable 
boundary. The composite desirability is then a combination of these 
ratios. 

As shown in Table 4, there are seven different runs with a composite 
desirability of over 0.85, with run 2 being ideal in terms of the desir-
ability of its geometrical accuracy. This solution has a layer height of 
0.12 mm, a flow rate of 90% and a print speed of 50 mm/s. 

3.2. Printing times and cost analysis 

The energy used was monitored during one of the early test prints. It 
was found the Ender 3 Pro printer heated up for 5 min at 280 W upon the 
start of a print and repeated this for each hour of printing time. During 
the rest of the time, the printer ran at 60 W. As the individual prints take 
several hours, it can be assumed these reheats equalise over time. From 
this it was calculated the printer ran at an average power of 70 W 
(Creality, 2014). 

The Cura slicer outputs the run time and the quantity of the filament 
used for each test print. This was used to calculate the energy con-
sumption, filament cost and therefore total cost for each test run (Ulti-
maker, 2010). 

Fig. 8 highlights the runs of a composite desirability of over 0.85, 

Fig. 6. Main Effects plots for a) the measured outer X-dimension, b) the measured outer Y-dimension, c) the measured outer Z-dimension, and d) the measured 
strut diameter. 

Fig. 7. Interaction plot for the measured a) Outer X-dimension, b) Outer Y-dimension, c) Outer Z-dimension, d) and the Strut diameter.  
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showing a comparison between the printing time and total cost of the 
runs and their respective composite desirability. 

There is a slight positive correlation between an increase in com-
posite desirability with an increase in time to print and total cost. The 
percentage changes from maximum (run 1) to minimum (run 19) is 

65.2% for the time taken to print and 10.5% for the total cost. 
The percentage difference in composite desirability between runs 2 

and 11 is only a 0.2% decrease (from 0.936 for run 2 to 0.934 for run 
11); however, the savings in printing time from run 2 to run 11 is 25% 
and total cost savings are 7.3%. As a result, run 11 conditions were 
selected as ideal and used to print the lattice prototypes. These condi-
tions are a layer height of 0.16 mm, a flow rate of 90% and a print speed 
of 50 mm/s. 

3.3. Optimal manufacturing of unit cell prototypes 

Specimens of the Schoen Gyroid structure, Schwarz Primitive 
structure, and solid control cylinder were 3D printed using the obtained 
optimal process parameters. Table 5 shows the volume fractions, 
weights and costs of the Schoen Gyroid structure, Schwarz Primitive 
structure, and solid control cylinder. The Density of PLA is 1.24 g/cm3. 
Volume fraction of porosity (φ) is a ratio of the volume of the pores over 
the apparent total bulk volume that would be taken up (VT = 64000 
mm3), see Eq. (6) (Espinal, 2012). The volume of the pores is calculated 
using the difference between the apparent total bulk volume (VT) and 
the volume of the structure (VS). 

φ=
VT − VS

VT
(6) 

The overall volume fraction of porosity describes the structure as a 
whole. A hollow structure would have a value close to 1 and a solid 
structure would give a value close to 0. 

3.4. Mechanical testing of unit cell prototypes 

Fig. 9 shows the stress-strain curves of the solid control cylinder, 
Schoen Gyroid, and Schwarz Primitive. Both the Schoen and Schwarz 
cellular structures demonstrated elastic-plastic behaviour when loaded 
in compression. However, the solid control cylinder demonstrated an 
elastic behaviour, and a higher loading was required to reach its plastic 
behaviour (outside the limits of the available load cell). Nevertheless, 
the solid control cylinder was still showing elastic behaviour even after 
the compression load was almost twice the load at which both the 
Schoen and Schwarz structures started to demonstrate plastic behaviour, 
see Fig. 9. The solid, Schoen Gyroid and Schwarz Primitive specimens 
demonstrated elastic moduli values of 951 MPa, 264 MPa, and 221 MPa, 
respectively. In addition, the Schoen Gyroid and the Schwarz Primitive 
have reached their stress limits at around 8.68 MPa and 7.06 MPa, 
respectively. It was noticed that the Schoen Gyroid structure exhibited ∼
18% higher compressive strength and ∼ 16% higher elastic modulus 
compared to the Schwarz Primitive structure for the same volume 
fraction of porosity, overall dimensions, and the manufacturing process 
parameters. 

4. Discussion 

4.1. Minitab analysis of test prints 

The two prints that failed during the tests were runs 9 and 18. These 
both had the same error, where one of the layers failed to adhere to the 
previous one. This failure can be seen in Fig. 10 which shows that half of 

Table 4 
Response optimiser for full factorial test using minitab (Minitab, 2021a).  

Solution Run Layer Height 
(mm) 

Flow 
Rate (%) 

Print Speed 
(mm/s) 

Composite 
Desirability 

1 2 0.12 90 50 0.936 
2 11 0.16 90 50 0.934 
3 1 0.12 90 40 0.921 
4 12 0.16 90 60 0.911 
5 10 0.16 90 40 0.893 
6 19 0.20 90 40 0.889 
7 3 0.12 90 60 0.878 
8 20 0.20 90 50 0.813 
9 21 0.20 90 60 0.777 
10 5 0.12 100 50 0.707 
11 4 0.12 100 40 0.692 
12 14 0.16 100 50 0.678 
13 15 0.16 100 60 0.656 
14 6 0.12 100 60 0.641 
15 13 0.16 100 40 0.641 
16 22 0.20 100 40 0.606 
17 23 0.20 100 50 0.516 
18 24 0.20 100 60 0.481 
19 17 0.16 110 50 0.271 
20 18 0.16 110 60 0.262 
21 8 0.12 110 50 0.257 
22 16 0.16 110 40 0.244 
23 7 0.12 110 40 0.238 
24 9 0.12 110 60 0.205 
25 25 0.20 110 40 0.187 
26 26 0.20 110 50 0.083 
27 27 0.20 110 60 0.000  

Fig. 8. a) Time to print against composite desirability for the runs with a 
composite desirability of over 0.85, and b) Total cost against composite desir-
ability for the runs with a composite desirability of over 0.85. 

Table 5 
Breakdown of the unit cell prints for each lattice structure design.  

Structure Overall volume fraction of 
porosity 

Weight 
(g) 

Time to 
Print 

Cost 
(p) 

Schoen Gyroid 0.617 21.51 6h 13m 53.4 
Schwarz 

Primitive 
0.614 21.68 5h 10m 50.5 

Control 
Cylinder 

0.000 56.10 5h 57m 125.8  
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the print is satisfactory up to the layer that failed. 
These runs had both a flow rate of 110% and a print speed of 60 mm/ 

s, suggesting these are factors that caused the prints to fail. A high flow 
rate such as 110% causes the filament to be over extruded. As seen in 
Table 4, the runs with 110% flow rate produced on average 5.9% over 
the target dimensions. This over extrusion often puts additional stress on 
the newly adhered layer. As was explained earlier, an increased print 
speed also causes adhesion problems between the layers. This combi-
nation of reduced layer adhesion and increased force on these layers 
may be the cause of the prints failing at a certain point of the print. 
Overall, it can be assumed that 60 mm/s exceeds the threshold to safely 
print the lattice structures consistently without failing. 

In the analysis of variance, see Table 3, the p-value of a parameter is 
the probability that the parameter provides evidence against the null 
hypothesis (Minitab, 2021a). This is a hypothesis that suggests there is 
no statistical evidence between the relationship of the input parameter 
and the measured output (Haldar, 2018). Therefore, a lower p-value 
suggests there is stronger relationship between the variance of an input 
parameter and the output. 

The flow rate is the most influential parameter that effects the 
geometrical accuracy of the test prints with a p-value of 0.000, see 
Table 3. This is backed up by the main effects plots with steep contin-
uous lines for the flow rate graphs, see Fig. 6. This is a result of the flow 
rate directly changing the extrusion rate, with a lower flow rate causing 
under extrusion (geometrical dimensions are smaller) and higher flow 
rates causing over extrusion (geometrical dimensions are larger). 

Layer height is the next most important parameter with a p-value of 
0.012 (see Table 3), mainly affecting the accuracy of the Z-dimension 
and the strut diameter. The slicer works by dividing the required height 
by the specified layer height, and the resulting number of layers must be 
rounded to an integer. This means the height of the print in the G-code 

that the printer reads may not be the same as the original *.stl model 
entered into the Cura slicer (Ultimaker, 2010). This explains the 
non-continuous relationship between layer height and the outer 
Z-dimension shown in the main effects outer Z-dimension and strut 
plots, see Fig. 6c and d. The continuous relationship between layer 
height and strut diameter is a result of a smaller layer height creating a 
finer resolution on the prints curves. This means the minimum strut 
diameter can be closer to the target minimum diameter of 3 mm with 
lower layer heights. This trend is shown in Fig. 6d. 

Print speed has the smallest effect and is outside the main effects p- 
value confidence threshold of 0.05 with a p-value of 0.617, see Table 3. 
This is because the print speed mainly changes printing times and layer 
adhesion rather than the geometrical accuracy. 

With a 100% flow rate, prints are often over extruded due to the 
compression of layers. Therefore, to offset this and improve the 
geometrical accuracy a lower flow rate is required. It was found that 
90% was ideal in this case. With the flow rate being the most influential 
parameter, the composite desirability of the runs was initially sorted in 
terms of their flow rate, with the top 9 runs having this ideal flow rate, 
see Table 4. The order is then ranked in terms of layer height with this 
being the second most important variable. On average for the prints with 
an ideal flow rate (90%) a layer height of 0.16 mm is the most accurate 
with an average composite desirability of 0.917. This is compared to a 
layer height of 0.12 mm with an average composite desirability of 0.912 
and a layer height of 0.2 mm with an average composite desirability of 
0.827, see Table 4. As the steepest main effects plots for the layer height 
is non-continuous (see Fig. 6), the closest to the target in this graph 
(0.16 mm) on average provides the most accurate layer height. With 
there being a slight interaction between layer height and print speed, the 
0.16 mm layer height is not always the most accurate, requiring a 
combination of layer height and print speed. 

4.2. Printing times and cost analysis 

Fig. 8 shows runs with a composite desirability of over 0.85 where 
there are three key printing time levels. These can be categorised by runs 
with a time of between 20 and 25 min, 25–30 min, and 35–40 min, 
respectively. These correspond to the three levels of layer height, with 
the most time consuming being 0.12 mm requiring more layers to be 
printed. The variations in each layer are down to the variations in print 
speed with higher speeds reducing the time taken. 

The current cost of a unit of domestic electricity in the UK (1 kWh) is 
nominally 20p. Combined with the average energy consumption for the 
test prints of 0.06 kWh means a very low energy cost of 1.2p. A larger 
contribution towards the cost of the print is the amount of filament 
material used. On average 0.62 m of filament was used for the test prints, 
at a cost of 6.3 p/m means the average material cost was 3.9p. The 
percentage of the overall cost due to the filament was 77.4% and energy 
consumed was 22.6%. 

The only process parameter with an impact on the amount of fila-
ment material used is the flow rate. This factor directly changes the 
amount of filament being extruded at a given time, with higher flow 
rates using more filament. The top 9 most desirable combinations had 
the same flow rate; therefore, these all had the same filament cost, see 
Table 5. 

The Energy consumed by the Ender 3 Pro printer is directly related to 
the printing time of each run. Therefore, any reductions in printing time 
because of increasing layer height or print speeds will directly reduce 
the energy consumed. However, as the energy consumed has a lower 
contribution to the cost, the improvement in terms of cost savings is 
much lower using the second most desirable run (run 11) over the first 
(run 2). This results in a cost saving of 7.3% compared to a printing time 
saving of 25%, see Fig. 8. 

When the runs are scaled up to the typical size used in orthopaedics 
scaffolds, the printing run times go from on average 28 min to a few folds 
more. While keeping the same consumption trends the energy 

Fig. 9. Stress-strain behaviour of solid control cylinder, Schoen Gyroid, and 
Schwarz Primitive cellular structures. 

Fig. 10. Failed Test print for run 9.  
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consumed, and filament is dramatically increased. Run 11’s combina-
tion of time savings and cost benefits even with a slight decrease in 
geometrical accuracy of 0.21% compared to run 2, show it is ideal 
combination of input parameters. Therefore, this combination consist-
ing of a layer height of 0.16 mm, a flow rate of 90%, and a print speed of 
50 mm/s, will be used for the full-scale test prints of the lattice 
structures. 

4.3. Optimal manufacturing of unit cell prototypes 

Both lattice structures demonstrated a significant reduction in both 
weight and cost compared to the solid control cylinder. The Schoen 
Gyroid structure had a 61.7% weight reduction and 57.6% cost reduc-
tion, whereas the Schwarz Primitive had a weight reduction of 61.3% 
and a 59.8% reduction in cost. Both these designs have a great potential 
for improving bone scaffolds. They reduce the cost of manufacture while 
saving weight to improve the patients’ quality-of-life. 

While there was a reduction in energy consumed for the Schwarz 
Primitive of 13.2% compared to the control, there was a minor increase 
for the Schoen Gyroid of 4.5%. This could be due to the Schoen Gyroid 
having a much more complicated structure and layer pattern, which 
takes more time to print each layer compared to both the control and the 
Schwarz Primitive structures. 

A similar volume fraction of porosity, created by the 3D printing 
process, was used between the two designs to be able to accurately 
compare manufacturability with the variable porosity chosen. The ideal 
volume fraction would ensure the elastic modulus of the structure 
matches that of human bone. This should mean the implant avoids 
taking load from the surrounding bone. This is a common problem with 
current implants with under loading in human bones causing stress 
shielding problems. 

4.4. Mechanical testing of unit cell prototypes 

For both the Schoen Gyroid and Schwarz Primitive lattice structures, 
the stress-strain behaviours displayed overall gradual development of a 
plateau, which suggest a uniform load-carrying capacity of the unit cells, 
see Fig. 9. For the Schoen Gyroid structure, after reaching the 
compressive strength point, the stress-strain behaviour started to 
slightly concave down demonstrating a ductile failure without cata-
strophic failure of the unit cells. This indicates that the unit cells 
demonstrated a gradual load-carrying capacity or load distribution to 
different connecting struts of the connected unit cells, see Fig. 5 c and d. 
On the other hand, the Schwarz Primitive structure showed a steeper 
concave curve after reaching the maximum compressive strength point 
indicating a brittle failure where some unit cells collapsed or fractured 
suddenly and completely, see Fig. 5 e and f. As the compression test 
continues, other connecting cells started to carry the load, and as a 
result, they were subject to higher compressive stresses, this is evident 
by the increase in the stress level towards the end of the Schwarz 
Primitive stress-strain curve, see Fig. 9. 

Trabecular bone demonstrates variation in their elastic properties as 
functions of apparent density and architecture; elastic modulus and 
strength values can vary by as much as 100-fold and 5-fold, respectively. 
Typically, the elastic modulus of human trabecular bone ranges between 
10 and 3000 MPa and the strength ranges between 0.1 and 30 MPa 
(Morgan et al., 2018). 

Although both structures revealed mechanical properties that fall 
within the range of the human trabecular bone, but Schoen Gyroid 
exhibited better structural integrity performance that is evident by its 
post-yield behaviour. 

5. Conclusion  

• The use of additive manufacturing has enabled the manufacture of 
both the Schoen Gyroid and Schwartz Primitive structures. There are 
further cost savings from utilising these lattice structures over the 
control cylinder. Additive manufacturing will also enable the 
implant to be specifically customised to each patient both in terms of 
size and its inbuilt mechanical properties.  

• A critical factor for current additive manufacturing techniques 
especially the FDM process is the time required to print. Therefore, 
any reduction in the time taken to print implants will improve the 
viability of manufacturing prototype implants at full scale. The ac-
curacy of the print will affect the porosity and therefore the effec-
tiveness of the implant’s ability to interact with surrounding bone 
structure. Run 11’s printing time improvements along with a high 
geometrical accuracy shows it is ideally suited to meet these criteria.  

• For both the Schoen Gyroid and Schwarz Primitive lattice structures, 
the stress-strain behaviours demonstrated overall gradual develop-
ment of a plateau, which suggest a uniform load-carrying capacity of 
the unit cells. For the Schoen Gyroid structure, demonstrates a 
ductile failure without catastrophic failure of the unit cells. On the 
other hand, the Schwarz Primitive structure demonstrated a brittle 
failure where some unit cells collapsed or fractured suddenly and 
completely. 

Funding 

No funding has been received to carry out this work. 

CRediT authorship contribution statement 

David Myers: Writing – original draft, Visualization, Validation, 
Methodology, Investigation, Formal analysis, Data curation, Conceptu-
alization. Adel Abdel-Wahab: Writing – review & editing, Validation, 
Supervision, Project administration, Methodology, Investigation, 
Formal analysis, Conceptualization. Farrukh Hafeez: Writing – review 
& editing, Supervision, Project administration, Methodology, Formal 
analysis, Conceptualization. Nikolina Kovacev: Visualization, Valida-
tion, Resources, Investigation, Data curation. Khamis Essa: Writing – 
review & editing, Validation, Supervision, Resources, Project adminis-
tration, Methodology, Investigation, Formal analysis, 
Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request.  

Nomenclature 

D the composite desirability 
di the individual desirability for the ith output measurement 
n the number of output measurements 
di the individual desirability for the ith output measurement 
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ŷi the predicted value of the ith output response 
Ti the target value of the ith output response 
Li the lowest acceptable value of the ith output response 
Ui the highest acceptable value of the ith output response 
φ Volume fraction of porosity 
VT total volume 
VS the volume of the structure 
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