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P P especially in medical science applications, as proper fit and function with human body

can prevent patient’s discomfort, complication or even harm.

Objective: In this research work, the optimisation of print parameters: layer height,
nozzle temperature, printing speed, infill pattern and infill density for improving

the dimensional accuracy of distal femur bone, an irregular and complex shaped
geometry is carried out using Taguchi's method and to study its influence using
ANOVA (analysis of variance).

Methodology: 3D CAD (computer-aided design) model of the distal femur bone

is generated from a CT (computerized tomography) scan using 3D slicer and its associ-
ated errors are corrected using Ansys SpaceClaim. The model is prepared for print-

ing using Ultimaker Cura as per L,4 orthogonal array experimental layout where TEA
(trans epicondylar axis), which is the distance between the most prominent point

of the lateral and medial epicondyle, is set at 45° from X-axis in XY plane, i.e. diagonally
on the plane of printing bed. It is then printed with PLA (polylactic acid) filament.
Length along TEA is compared accordingly with 3D CAD model. Taguchi’s method

of 'smaller the better'is applied for reducing deviation. Further, ANOVA analysis is done
on the data set and a linear regression model is also developed.

Result: Through Taguchi's method, the optimum parameters were found to be trian-
gle for infill pattern, 200 °C for nozzle temperature, 30 mm/s for nozzle speed, 0.1 mm
for layer height and 40% for infill density. ANOVA analysis shows that all parameters
contribute significantly with layer height being the most influential parameter, fol-
lowed by infill pattern, nozzle speed, nozzle temperature and infill density. Mathemati-
cal model through multiple linear regression method was developed with determina-
tion of coefficient value of 96.91% and standard residual value is within the acceptable
range of + 2 indicating that there is no outliner in the data.
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Introduction

FDM (fused deposition modelling) is a widely used additive manufacturing technique
that has the capability of producing complex and integrated shapes [1]. Its applicabil-
ity can be found in various fields such as medicine, industry, agriculture, etc. [2—4].
It works by melting thermoplastic filament and extruding it layer by layer through
the nozzle to create the model as per 3D CAD (computer-aided drawing) model data
[5, 6]. One of the critical aspects of FDM is the dimensional accuracy of the printed
model especially in medical science applications [7, 8]. The dimensional accurate-
ness of a model in general is to ensure proper fit and assembly, to maintain quality
functional prototypes or products, especially in the field of medical science as FDM
is used to create custom implants, prosthetics and anatomical models for surgi-
cal guides. A 3D print of custom anatomical model for implants or a surgical guide
with accurate dimensions will ensure the safety of patient as a proper fit and function
with the human body will avoid the patient’s discomfort, complication or even harm
[9-11]. Our proposed research focuses on the dimensional accuracy of custom 3D
printed distal femur as knee replacement surgery is a frequently performed proce-
dure worldwide, with hundreds of thousands of surgeries conducted annually [12].
With the help of the printed model of distal femur bone, customised femoral com-
ponent of the knee implant can be manufactured which will be beneficial compared
to the standard implants currently available in the markets by reducing the reduction
of healthy bone. The printed model can also act as a surgical guide for complicated
surgery [11]. With the increase in the research of bioactive composite that can be 3D
printed such as PLA—hydroxyapatite composite, PLA—chitosan composite, etc. [13]
for the printing of customised implants, our research work might be used as a basis
for printing with greater dimensional accuracy.

The dimensional deviation of the 3D printed model is affected by various factors such
as shrinkage or wrapping, stepping effect, overhanging structure without support at a
higher angle, build direction, etc. which are influenced by various 3D printing param-
eters [14—18]. These parameters have been studied by various researchers to reduce the
dimensional deviation of the 3D printed model.

Agarwal et al. [19] examined the print parameters’ effect including print speed, wall
thickness, infill density, layer thickness, build plate temperature and extrusion tempera-
ture on the dimensional accuracy of central composite design 3D printed model using
ABS. Robles et al. [20] analysed the effect of layer thickness and infill density of FDM on
dimensional accuracy of ABS parts by printing cubic shapes. Bolat et al. [21] analysed
the layer height’s effect on the dimensional accuracy of PLA, PET-G and ABS on 3D
printed model of standard ASTM D638-14 type IV. Suaidi et al. [22] optimized the FDM
printing parameters viz. layer thickness, infill density and build orientation for improv-
ing the surface roughness, dimensional accuracy and tensile strength using 3D printed
ASTM D638-14 type IV model. Mohanty et al. [23] examined the effect of raster angle,
part orientation, air gap, layer thickness and raster width on the dimensional accurate-
ness of a 3D-printed geometrical model using ABS material. Akbas et al. [24] examined
the influence of nozzle temperature and feed rates on the dimensional accuracy of PLA
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and ABS using strip as printed models. Zharylkassyn et al. [25] reviewed over 31 articles
that examined the effect of layer thickness, part orientation and extrusion temperature
in terms of the material used viz. ABS, PLA, etc. on the dimensional accurateness of
printed model.

Various parameters and their significances concerning the dimensional accurate-
ness of the printed model have been extensively examined through the use of stand-
ard geometrical 3D models such as cylinder, cuboid, ASTM D638-14 type IV model,
etc., yet, no researchers have attempted to study an irregular and complex shape
geometry such as human anatomy. Hence, our research focuses on improving the
dimensional accuracy of 3D printed model of distal femur bone through the opti-
misation of five significant FDM printing parameters viz. layer height, nozzle tem-
perature, infill density, printing speed and infill pattern with four levels each using
Taguchi’s method. Furthermore, the significance and its effect on dimensional accu-
racy are analysed using ANOVA. A linear regression model, using the experimental
data, is developed to understand the correlation between the dimensional devia-
tion and printing parameters. The linear regression model is validated by comparing
it with the experimental data. Overall, this research will help in the fabrication of
dimensionally accurate customised implants, implant mould and other complex and
irregularly shaped geometry.

Methods

This research aims to optimize the FDM print parameters for dimensional accuracy of
an irregular and complex shape using distal femur bone through Taguchi’s method. A
flowchart of the process employed for the research is shown in Fig. 1. The CT scan of
a patient is imported into the 3D slicer software where 3D CAD model is exported in
STL file format from DICOM file format. The errors associated with the STL file 3D
model are corrected with the help of Ansys SpaceClaim. Once the correction is done
to the STL file model, the model is then imported into the Ultimaker Cura, the model
across which the length is to be measured i.e., trans epicondylar axis (TEA), which is the
distance between the most prominent point of the lateral and medial epicondyle, is set
at 45° from X-axis in XY plane i.e. diagonally on the plane of printing bed as shown in
Fig. 2.

Polylactic acid (PLA) filament is considered as the printing material. PLA is one of the
most commonly used materials because of its low cost, easily available, comparatively
low toxicity and low print temperature [26, 27]. PLA is also a biocompatible material
which researchers have been using PLA as base material for making bioactive composite
material [13]. The low thermal coefficient of PLA highly influences dimensional accuracy
as it influences the expansion and shrinkage [28]. Similarly, good intra-bonding of layers
of PLA helps in maintaining the dimension of the model. The colour of the PLA filament
and the fabrication process of PLA was also observed to be influencing the dimensional
accuracy which is due to colour dependent on process crystallinity or difference in ther-
mal properties due to the presence of colour additives [29-31].
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Fig. 2 TEA of distal femur bone set at 45° angle from X-axis in Ultimaker Cura

A pilot test was conducted to determine the range of FDM printing parameters that

affect the dimensional accuracy of the 3D-printed models. Accordingly, the printing

parameters and their range that have been considered are infill pattern which is made to

vary between lines, cubic, triangle and octet, infill density is varied between 20 to 80%

with a step size of 20%, layer height is varied from 0.1 mm to 0.4 mm with a step size of

Table 1 Control FDM printing parameters with 4 levels each

Parameter Level 1 Level 2 Level 3 Level 4
Infill pattern Lines Triangles Cubic Octet
Nozzle temperature (°C) 200 205 210 215
Printing speed (mm/s) 30 70 110 150
Layer height (mm) 0.1 0.2 0.3 04

Infill density (%) 20 40 60 80
Table 2 Fixed FDM printing parameters

Parameters Value
Bed temperature 50°C
Build plate adhesive type Brim
Line width 04 mm
Wall thickness 0.8 mm
Wall line count 2

Fan speed 100%
Infill layer thickness 0.1 mm
Infill overlap percentage 30%

Page 5 of 18
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0.1 mm, nozzle temperature is varied from 200 °C to 215 °C with a step size of 5 °C and
print speed is varied from 30 mm/s to 150 mm/s with a step size of 40 mm/s shown in
Table 1. The parameters shown in Table 2 are fixed while the remaining parameters are
set as per the default setting of the Ultimaker Cura. The experimental layout if used in
full factorial design, the total experiment to be conducted will be 1024, i.e. 45 for 5 fac-
tors and 4 levels; however, through the use of Taguchi’s method of orthogonal array, the
total number of experiments can be reduced while giving statically same valid result. As
the degree of freedom (DOF) in Taguchi’s design is given by subtracting 1 from number
of levels, the DOF for each factor with 4 level will be 3. Therefore, the total DOF for
5 factors with 4 level will be 15. The appropriate orthogonal array will be L,.. Hence,
an experimental layout of the print parameters as per L,; orthogonal array is listed
in Table 3. Additionally, to observe the improvement in accurateness of dimension, a
model is prepared for printing as a baseline model with the default setting of ultimaker
cura where infill pattern is cubic shaped, layer height is 0.2 mm, infill density of 20%,
nozzle temperature of 200 °C and with a print speed of 50 mm/s. All these parameters
are then set accordingly and slicing is done. The G code is then transferred to the FDM
printer (Creality Ender 3 Pro) and models are then printed accordingly using PLA fila-
ment of 1.75 mm diameter as printing material. A digital vernier calliper with a least
count of 0.01 mm is used for measuring the 3D printed distal femur bone across the
trans epicondylar axis (TEA). The measurement is taken thrice to reduce human errors
in the measurement. The measurement is then compared with the TEA length meas-
ured in 3D CAD model using Ansys SpaceClaim and absolute deviation is calculated

using Eq. 1.
Absolute Deviation = |TEA length of 3D printed model—TEA length of 3D CAD model|
(1)
Table 3 Experimental layout of the print parameters using L4 orthogonal array
Experiment no Infill pattern Nozzle Print speed Layer height Infill
temperature (°C) (mm/sec) (mm) density
(%)
1 Lines 200 30 0.1 20
2 Lines 205 70 0.2 40
3 Lines 210 110 0.3 60
4 Lines 215 150 04 80
5 Triangles 200 70 0.3 80
6 Triangles 205 30 04 60
7 Triangles 210 150 0.1 40
8 Triangles 215 110 0.2 20
9 Cubic 200 110 04 40
10 Cubic 205 150 0.3 20
1 Cubic 210 30 0.2 80
12 Cubic 215 70 0.1 60
13 Octet 200 150 0.2 60
14 Octet 205 110 0.1 80
15 Octet 210 70 04 20

(o))

Octet 215 30 0.3 40
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Fig. 3 3D CAD model of distal femur bone in STL file format generated from CT scan using 3D slicer software

Check Facets

Faceted Body Errors Message

Facets (974096 Faces, 487050 Vertices) No geometry problems were found

™ Zoomtofit Close

Fig. 4 Ensuring error-free STL 3D model using Ansys SpaceClaim software

Results and discussion

Modelling and printing of distal femur bone

3D model of the distal femur bone as shown in Fig. 3 is generated from CT scan to
STL file format using 3D slicer. The final model generated from Ansys SpaceClaim
after the correction of STL file format has about 974,096 faces and 487,050 vertices as
shown in Fig. 4. The model is then sliced into individual layers and converted the STL
file into G code using Ultimaker Cura. The G code makes the tools in the 3D printer
move as per the generated layer information during the slicing process. A total of 16
models are printed accordingly as shown in Fig. 5.



Singh et al. Journal of Engineering and Applied Science

(2024) 71:10

Fig. 5 3D printed distal femur bone as per the experimental layout of L, orthogonal array

Table 4 Absolute dimensional deviation of TEA of 3D printed distal femur bone with S/N ratio and

mean

Experiment no Deviation 1 Deviation 2 Deviation 3 Mean SN ratio
1 0.25 0.26 0.26 0.256667 11.8111
2 0.28 0.27 0.27 0.273333 11.2649
3 0.30 0.31 0.30 0303333 10.3605
4 032 033 033 0.326667 09.7170
5 0.29 0.28 0.28 0.283333 10.9528
6 0.30 0.29 0.30 0.296667 10.5535
7 0.27 0.27 0.28 0273333 11.2649
8 0.29 0.30 0.30 0.296667 10.5535
9 033 031 032 0.320000 09.8942
10 031 032 031 0313333 10.0789
11 0.29 0.30 029 0293333 10.6517
12 0.28 0.28 0.27 0.276667 11.1596
13 031 031 0.30 0.306667 10.2656
14 0.29 0.30 030 0.296667 11.5535
15 0.34 0.34 0.35 0.343333 09.2849
16 031 032 032 0316667 09.9870

Optimisation of the printing parameters for dimensional accuracy

The length of TEA in 3D CAD model, when measured using Ansys SpaceClaim, is
79.72 mm. The absolute deviation of the printed model from that of the 3D CAD
model is calculated using Eq. 1 and is listed in Table 4. The model printed as baseline

was found to deviate with an absolute mean value of 0.2933 mm. As lower deviation

of the model is required to increase the dimensional accuracy of the model, Taguchi’s

Page 8 of 18
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Table 5 Signal-to-noise ratio for each level of each parameter along with delta value

Level Infill pattern Nozzle Printing speed Layer height Infill density
temperature

1 10.788 10.731 10.751 11.197 10432

2 10.831 10613 10.666 10.684 10.603

3 10.446 10.390 10.340 10.345 10.585

4 10.023 10354 10332 9.862 10469

Delta 0.808 0377 0419 1335 0.171

Rank 2 4 3 1 5

Main Effects Plot for SN ratios
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Signal-to-noise: Smaller is betrer
Fig. 6 Signal-to-noise ratios graph for each parameter using smaller is better characteristic

‘smaller the better’ characteristic is taken into consideration whose value is given by
the formula:

. N TY?
Signal to Noise | — | = —10 ( log| — (2)
N n

where ‘Y’ is the result value, i.e. absolute deviation and ‘n’ is the number of experiments.

The absolute deviation along with the value for signal-to-noise ratio (S/N) calculated
using Eq. 2 is listed in Table 4. The S/N ratio for each level base on the smaller is better
characteristic is shown in Table 5 which identifies the optimum parameter, i.e. param-
eter with the highest S/N ratio for lowering of absolute deviation and the influence of
each factor has been ranked accordingly as per the Delta value. Therefore, as per the
mentioned values in Table 5 and the graph shown in Fig. 6, the optimal parameter for
higher dimensional accuracy is when the infill pattern is triangular, nozzle temperature
is 200 °C, printing speed is 30 mm/s, layer height is 0.1 mm and infill density is 40%.
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Table 6 ANOVA analysis of the result

Source DF  SeqSS Contribution AdjSS Adj MS F-value P-value

Infill pattern 3 0.005990  24.75% 0.005990  0.001997 5324 0.000000
Nozzle temperature 3 0.001373 5.67% 0.001373 0.000458 12.20 0.000017
Printing speed 3 0.001823  7.53% 0.001823  0.000608 16.20 0.000001
Layer height 3 0.013423 55.47% 0.013423 0.004474 119.31 0.000000
Infill density 3 0.000390 1.61% 0.000390  0.000130 346 0.027583
Error 32 0.001200  4.96% 0.001200  0.000038

Total 47 0.024198 100.00%

—#— Mean Deviation
—e— Fits

0.36

0.34

Deviation (mm)
o o
w w
o N
| 1

o

)

©
1

0.26

(U200 e L L L L L L A A R
0 1 23 4 5 6 7 8 9 1011 12193 14 1516

Oberservation
Fig. 7 Comparative graph between the measured absolute deviation and fits

The data is further analysed using ANOVA whose result is shown in Table 6. It can be
seen that all values of p are very close to 0; hence, the null hypothesis can be rejected.
This indicates that all the printing parameters are of very significant in relation to the
dimension accuracy of the 3D printed model. The layer height has the highest contribu-
tion of 55.47% in regards to improvement in the dimensional accuracy, followed by an
infill pattern of 24.75%, then by printing speed, nozzle temperature and infill density.
The infill density has the least contribution in regards to dimensional accuracy. Further,
the linear regression analysis is performed on the data set which generates an empirical
equation for a predictive mathematical model as shown below in Eq. 3 with determi-
nation of coefficient, R2 value of 96.91%. The empirical equation, i.e. linear regression
model helps in establishing a relation between the dependent variable, i.e. absolute devi-
ation and independent variables which are the 3D printing parameters.

Page 10 of 18
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Table 7 A comparative table between mean absolute deviation and fits calculated using linear
regression model

Observation Mean Fits Residual Standardized
residual
1 0.256667 0.254 0.002667 0.895127
2 0.273333 0278 -0.00467 -1.0255
3 0303333 0.302 0.001333 0.292999
4 0.326667 0.326 0.000667 0.223782
5 0.283333 0.284333 -0.001 -0.26001
6 0.296667 0.299333 -0.00267 -0.69336
7 0.273333 0.275667 -0.00233 -0.60669
8 0.296667 0.290667 0.006 1.560065
9 0.320000 0319333 0.000667 0.173341
10 0.313333 0315 -0.00167 -043335
1M 0.293333 0.286667 0.006667 1.733406
12 0.276667 0.282333 -0.00567 -147339
13 0.306667 0.309 -0.00233 -0.60669
14 0.296667 0.292667 0.004 1.040043
15 0.343333 0339 0.004333 1.126714
16 0.316667 0.322667 -0.006 -1.56007

Normal Probability Plot
(response is MEAN)

Percent
h
>

n

3 2 -1 0 1
Standardized Residual
Fig. 8 Normal probability graph plot for standardized residual

L
w

To validate the empirical equation, a comparison is made between the absolute mean
deviation and calculated deviation (fits) as shown in a graph in Fig. 7 and Table 7 which
shows that both are in agreement with a little difference between them. The normal
probability graph shown in Fig. 8 shows that the standard residual value is within the
acceptable range of £ 2 indicating that there is no outliner in the data.

Page 11 0f 18
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Infill pattern

Cubic MEAN Deviation = .0634 + 0.000917 Nozzle Temperature -+ 0.000131 Printing Speed
+ 0.1492 Layer Height — 0.000038 Infill Density
Lines MEAN Deviation = 0.0526 + 0.000917 Nozzle Temperature + 0.000131 Printing Speed
+ 0.1492 Layer Height — 0.000038 Infill Density
Octet MEAN Deviation = 0.0784 + 0.000917 Nozzle Temperature
+ 0.000131 Printing Speed + 0.1492 Layer Height — 0.000038 Infill Density
Triangles MEAN Deviation = 0.0501 + 0.000917 Nozzle Temperature + 0.000131 Printing Speed
+ 0.1492 Layer Height — 0.000038 Infill Density

Validation of the result

Layer height highly influences the dimension accuracy of the 3D printed distal femur
bone as seen from ANOVA analysis in Table 6. The optimal dimension is achieved when
the layer height is 0.1 mm. With an increase in the layer height, it is observed that the
dimensional deviation increased as seen in the S/N graph shown in Fig. 6 as PLA is
deposited from the nozzle in the molten state; due to its fluidity, it bulges out which
results in dimensional deviation. The increase in layer height increases the volume of the
material which in turn increases the bulging of material resulting in greater dimensional
deviation. The dimensional deviation is further amplified by the staircase effect [32].
This makes the layer height the most significant parameter among the other parameters
in controlling dimensional accuracy. The result observed in this research is similar to the
finding of Nidagundi et al. [33] and Polak et al. [26].

Among the four infill pattern types, the optimal infill pattern is observed with triangle
infill pattern which is similar to the finding of Alafaghani et al. [34] where the dimen-
sional accuracy is observed with diamond infill pattern. The diamond infill pattern is
similar to the triangular infill as combining the base of two triangles forms the diamond
infill. The dimensional accuracy decreases with linear infill pattern followed by cubic
infill pattern. The highest dimensional deviation is observed with octet infill pattern.

The dimensional deviation of the distal femur bone increases as the printing speed
increases from 30 mm/s to 150 mm/s as the time available for proper deposition of
the material decreases. Hence, the optimal printing speed for dimensional accuracy is
observed at 30 mm/s. It is in sync with the findings of Polak et al. [26] and Alafaghani
et al. [34].

Optimal nozzle temperature for dimensional accuracy of the printed distal femur bone
is observed at 200 °C. The dimensional deviation increases as the nozzle temperature
increases from 200 °C to 215 °C. This is due to an increase in the fluidity of PLA with
increasing temperature thereby making the dimensional control difficult as PLA expands
freely [34—36]. The observation made in this research is in line with the findings of
Akbas et al. [24], Kaveh et al. [37] and Frunzaverde et al. [27].

Even though infill density is significant concerning dimensional accuracy, its contri-
bution among the other control print parameters is less. The optimal infill density for
dimensional accuracy of the printed distal femur bone is observed at 40%. The accuracy
increases as the infill density increases from 20 to 40% but the dimensional deviation
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increases as the density increases from 40 to 80% with a slight variation of dimensional
difference between the printed distal femur bone with 40% and 60%. This observa-
tion is similar to the finding of Alafaghani et al. [34] and Suaidi et al. [22]. The increase
in accuracy with an increase in infill density is due to the presence of high volume of
molten material and lesser space within the printed model part causing it to flow out-
wards which counteract the dimensional error due to the shrinkage [18]. However, with
further increase in the infill density, dimensional error increases as internal stress is
created within the part due to uneven heat distribution during cooling and solidifica-
tion with increases in density as the shrinkage cycle of the molten material increases
resulting in wrapping and distortion making it difficult to maintain or control dimen-
sional accuracy [19].

The observations made in this research are validated as it is in line with the finding of
various researchers.

Optimal 3D printing parameter

The obtained optimum 3D printing parameter using Taguchi’s method of smaller the
better characteristic as shown in Table 8 is used for printing the model. The TEA of
3D printed distal femur bone is measured using a digital vernier calliper. Its absolute
mean deviation is also compared with that of the deviation calculated (fits) using the
empirical equation in the Eq. 3 as shown in Table 9. The value obtained is within the 95%
confidence interval of between 0.241035 and 0.260465. Overall, it can be seen that the
obtained absolute mean deviation with the optimum printing parameters is less than the
other deviation. The printed model using the optimum parameter is shown in Fig. 9.

Overall evaluation of process parameters

Figure 10 shows a graph that compares the dimensional accuracy of 16 sets of printed
models with that of model printed with optimum parameters and baseline model. When
compared to the baseline model that is printed with the default setting of Ultimaker Cura
with that of the optimum parameters, dimensional accuracy is improved by 17.24%, i.e.
by 0.05 mm. The difference between them is less as the layer height of baseline model is
0.1 mm more than that of the optimum, the difference in speed is 20 mm/s and the den-
sity of the baseline model is less by 20% while the temperature is same in both cases. As
layer height and infill pattern contribute significantly more than others, the dimensional
difference in between the baseline and optimum model did not differ significantly. This
can be seen from Table 10 that in model 1, when the infill pattern and layer height are
maintained same with that of the optimum parameters, the mean dimensional deviation
is of 0.25667 which is closer to the dimension deviation of the optimum model whereas
in model 2, when the infill pattern and layer height is maintained same with that of the
baseline parameters, the mean dimensional deviation is of 0.27333 which is closer to the
dimension deviation of the baseline model. The difference in the dimensional deviation
of model 1 and 2 also iterates the significant contribution of layer height and infill pat-
tern. The 3D printed distal femur bone of baseline, model 1 and model 2 is shown in
Fig. 11.
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Table 8 Optimum 3D printing parameter with respect to dimensional accuracy

Infill pattern Nozzle temperature Printing speed Layer height Infill density

Triangle 200°C 30 mm/s 0.1 mm 40%

Table 9 Dimensional deviation of the 3D printed model using optimal value

Deviation 1 Deviation 2 Deviation 3 Mean Fits Residual

0.24 0.25 0.24 0.24333 0.25075 -0.00742

Fig. 9 3D printed model of the distal femur bone using optimum parameter

The limitation of our research is the unable to control the environmental factors such
as ambient temperature, humidity, etc. which can affect the material, printing process
and, consequently, dimensional accurateness of the model [35].

Conclusions

This research paper focuses on the optimisation of the important printing parameters
viz. infill pattern, nozzle temperature, printing speed, layer height and infill density for
improvement in dimensional accuracy of the irregular and complex shape of human
anatomy (distal femur bone) when measured along the TEA which was aligned at a 45°
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angle from X-axis in XY plane. The printing of the distal femur bone was done as per the

L,, orthogonal array experimental layout of the 3D printing parameter. Following are the

results that have been observed:

.

Using the ‘smaller the better’ characteristic of Taguchi’s method, the minimum dimen-
sional deviation was observed when infill pattern is Triangle; nozzle temperature is at
200 °C; nozzle speed is 30 mm/s; layer height is 0.1 mm; and infill density is of 40%.
ANOVA analysis of the data has shown that all the parameters contribute signifi-
cantly as the p-value is very close to 0. The dimensional accuracy of the distal femur
bone was highly influenced by layer height with a contribution of 55.47% followed
infill pattern of 24.75%, then by printing speed, nozzle temperature and infill density.
A close agreement was observed between the fits and the experimental absolute
deviation in the developed linear regression model. This empirical equation can be
used for the prediction of absolute deviation for the given printing parameters.

Table 10 3D printing parameters for models 1 and 2

Model Infill pattern Nozzle Printspeed Layer height Infill Absolute mean
temperature (mm/s) (mm) density deviation (mm)
Q) (%)

1 Triangle 200 50 0.1 20 0.25667

Cubic 200 30 0.2 40 0.27333
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Fig. 11 3D printed distal femur bone of baseline, model 1 and model 2

The present research work emphasised only on the optimization of dimensional accu-
rateness of the model. Further studies could investigate the optimum printing param-
eters of FDM with multiple objectives of improving the strength and shortening the time
required for printing while maintaining the dimensional accuracy of the model. This
proposed research work might help in producing material of good strength and dimen-
sionally accurate models with shorter print time.
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