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Abstract: Fused deposition modelling (FDM) is one of the most widely used additive manufacturing (AM) technology 
that can build intricate shapes in minimal time and human intervention. In this study, an attempt has been made 
to fabricate natural fibre embedded poly-lactic-acid (PLA) structures in order to optimize the obtained dimensional 
features under the influence of type of fibre, number of laminates, raster angle and infill density through design 
of experimental technique. The results obtained were statistically analysed and their significance and interaction 
were studied. It has been found that the type of fibre and number of laminates significantly affected the dimensional 
accuracy of the embedded structure.
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material fabrication technology until the 3D physical 
model is built [4][5]. Although advantages in-terms 
of reduction in product build time for complex shape 
parts and production of parts without use of tools 
can be achieved but all AM processes have their own 
relative merits and demerits. Hence, it is absolutely 
necessary to understand the shortcomings of 
a process before recommending for industrial 
application. It has been proposed that improvement 
of surface quality, part strength, build time, accuracy 
and repeatability are key issues to be addressed for 
successful implementation of RP technology [6]
[7]. Today, FDM processed parts are widely used 
in automobiles, household equipments, aerospace 
industries, medical fields, computers, construction 
of machines etc [8]. It is absolutely true that FDM 
reduced the cycle time for fabricating complex shape 
parts can be achieved but full scale application 
of AM technology has not gained much emphasis 
because influence of various process parameters 
on part strength, surface quality, build time and 
dimensional accuracy of built parts have not been 
adequately addressed [7][9]. Several attempts have 
been made to improve the part accuracy, surface 

IntroDuctIon1. 

Reduction of product design and development cycle 
time is one of the major concerns in manufacturing 
industries in order to achieve competitive advantage 
in global market. Owing to this, the focus of 
manufacturing sector has shifted from conventional 
traditional methodologies to more accelerated/
rapid fabrication techniques. Some of the latest 
developments within the automotive industry have 
shown how emerging AM technologies can be used to 
reduce lead time in the prototype development process 
[1]. The term AM, in general, relates to automated 
processes involving stereo-lithography (SLA), 
fused deposition modelling (FDM), selective laser 
sintering (SLS), laminated object manufacturing 
(LOM), etc [2], which fabricate three-dimensional 
(3D) solid models directly from CAD/MRI/CT data 
automatically. AM machines utilize two common 
steps to automatically build a part model: (a) the 
CAD files are sliced into a series of two-dimensional 
(2D) CAD files that represents the cross-section 
and (b) generation of the required vectors to drive 
the 2.5 axis AM machine [3]. Each layer is built on 
the preceding layer by each machine’s particular 
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finish, strength, etc., by proper adjustment of process 
parameters by numerous researchers. Zhou et. al., 
[10] have studied the effect of five control factors such 
as layer thickness, over-cure, hatch spacing, blade 
gap, and part location on build platform and few 
selected interactions on the accuracy of SLS parts. 
It has been observed that the factor settings for 
maximum accuracy depend on geometrical features 
in the part. Venkata et. al., [11] have pointed out that 
orientation is an important process parameter for 
part strength, dimensional accuracy, surface finish, 
part build time and cost in layered manufacturing. 
In literature various researchers have used different 
types of material combinations in order to fortify 
the desired mechanical properties of the resulting 
components under different conditions [12][13][14]. 
However, very less work has been reported the 
study of alternative materials for the dimensional 
stability of parts produced with FDM system. In 
order to achieve higher dimensional accuracy, the 
input process parameters are required to optimize 
under tight scrutiny. Under normal condition, fused 
deposition modelling parameters are determined 
either on the basis of experience or referring 
to machine manual/data-book. The condition 
becomes worse when a new material is added into 
the manufacturing system. In this experimental 
work, we have tried to use a new combination of 
materials with PLA as matrix and natural fibres 
(silk and sheep wool) as reinforcements, especially 
for biomedical applications wherein biocompatibility 
and biodegradability are the essential. Taguchi 
based design of experimentation technique has been 
used to study the effect of input variables.

exPerImentatIon2. 

In this work, bio-compatible grade PLA filament 
(make: Divide by Zero, India) of 1.75mm diameter 
was used. A desktop Accucraft-FDM 250Di system 
(make: Divide by Zero, India) was used for the 
printing of the test specimens. Printing was carried 
by keeping 0.4mm, 230°C 35mm/s, 0.5mm and 
0.3mm respectively. Natural animal fibres (silk 
and sheep wool) were collected from local textile 
industry and were treated chemical as per standard 
procedure. Tensile specimens were fabricated as 
per ASTM-D638 standard, refer Figure 1. It can 
be seen from Figure 2, that the laminates were 

inserted manually between two adjacent layers 
as per the order given in Table 1. We have used 
‘Repetier Insight’ software package for controlling 
the input process variables of FDP system. This 
slicer software was used to generate G-code files 
as per which the extrusion head and the platform 
moved and further other parameters of FDP 
system were controlled time to time. Initially, the 
geometry of the test specimens was modelled with 
Solid Works software and then the CAD file is 
exported to standard triangulation language (.STL) 
file format, which further transferred to G-code. 
During specimen printing, we have changed the 
input process parameters such as: type of fibre, 
number of laminates, Infill density and raster 
angle; and employed Taguchi L18 based design of 
experimentation. Table 1 shows the final control log 
of experimentation.

table 1 
Design of experimentation

S. 
No.

Type of 
fibre, (A)

Number of 
laminates, (B)

Infill (%), 
(C)

Raster angle 
(degree), (D)

1 Silk 2 20 0/90

2 Silk 2 60 30/120

3 Silk 2 100 45/135

4 Silk 3 20 0/90

5 Silk 3 60 30/120

6 Silk 3 100 45/135

7 Silk 4 20 30/120

8 Silk 4 60 45/135

9 Silk 4 100 0/90

10 Wool 2 20 45/135

11 Wool 2 60 0/90

12 Wool 2 100 30/120

13 Wool 3 20 30/120

14 Wool 3 60 45/135

15 Wool 3 100 0/90

16 Wool 4 20 45/135

17 Wool 4 60 0/90

18 Wool 4 100 30/120

figure 1: standard specimens for tensile testing 
Note: all dimensions are in mm
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figure 2: sequence of making embedded structures

results anD DIscussIons3. 

The linear dimensions of the fabricated parts 
were measured by using Mitutoyo-Digital-Vernier 
calliper (as per ISO-3611-1978) having accuracy 
up to 0.01mm. The measured dimensions of FDM 
fabricated parts were compared with the CAD 
dimensions of standard part prepared. The deviation 
as deviation (DD) was taken as the difference 
between the standard dimensional values (CAD 
data) and measured dimensional values. The 
experimental control log and standard dimensions 
and measured dimensions are shown in Table 2. 
Signal/noise (S/N) ratio plot, shown in Figure 3, 
was obtained at smaller the better condition. From 
Figure 3, it has been observed that by increasing 
infill percentage of the resulting parts the DD was 
also improved. Further, in the case of number of 
laminates, the DD decreased with the increase in 
laminates. This may because with increase in layer 
thickness beyond certain point may lead to high 
amplitude of peak and valleys which may further 
contribute to more waviness and hence increased the 
dimensional variations. In case of infill density, with 
an increase in the density the DD was reduced. This 
may be because of swelling of the final geometry due 
to the use the high infill along with the natural fibre 
laminates. So, it is proffered to use porous structure 
while laminates of using natural. Finally in case 
of raster angle, with an increase in the angle the 
DD reduced. All the selected four parameters were 
found to be statistically significant in-terms of DD 
(refer Table 3).

Table 3 shows analysis of variance for S/N ratio 
at smaller is better condition, which highlights 
that suggests that the type of fibre has maximum 
contribution and raster angle has minimum effect 
on accuracy. Table 4 shows the response of S/N ratio 
for individual parameter at individual level. Eqn. 1

figure 3: s/n ratio plots for DD

and 2 were used to find out the optimum predicted 
value of DD:

 hopt = m + (mAmax - m) + (mBmax - m)
  + (mCmax - m) + (mDmax - m) (1)
In eqn. 1, ‘m’ is overall mean of S/N data, ‘mAmax’ 

is the mean of S/N data for parameter A at maximum 
level. Same is true for parameter B, C and D.

 y2
opt = 10-hopt/10 (2)

table 2 
results of Dimensional accuracy

S. 
No.

CAD data 
in mm

Measured 
dimension in mm DD

S/N Value 
(db)

1 3.20 3.41 0.21 13.5556

2 3.20 3.45 0.25 12.0412

3 3.20 3.49 0.29 10.7520

4 3.20 3.43 0.23 12.7654

5 3.20 3.47 0.27 11.3727

6 3.20 3.50 0.30 10.4576

7 3.20 3.51 0.31 10.1728

8 3.20 3.53 0.33 9.6297

9 3.20 3.54 0.34 9.3704

10 3.20 3.52 0.32 9.8970

11 3.20 3.54 0.34 9.3704

12 3.20 3.56 0.36 8.8739

13 3.20 3.54 0.34 9.3704

14 3.20 3.57 0.37 8.6360

15 3.20 3.60 0.40 7.9588

16 3.20 3.62 0.42 7.5350

17 3.20 3.65 0.45 6.9357

18 3.20 3.68 0.48 6.3752

Confirmatory experiment has been performed 
from where it has been found that all the calculated 
response (0.22mm) is very close to experimental 
value (0.21mm). This validated the design of 
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experimentation conducted for the analysis of output 
responses.

table 3 
analysis of variance for s/n ratio for DD

Parameter DoF SS V P Contribution 
(%)

A 1 35.18 35.18 0 55.82
B 2 18.66 9.33 0 29.61
C 2 7.56 3.78 0 12.01
D 2 0.78 0.39 0.037 9.34

Error 10 0.83 0.08 1.33
Total 17 63.03 100

table 4 
response table for s/n ratio

Levels A B C D

1 11.124* 10.748* 10.549* 9.993*

2 8.328 10.093 9.664 9.701
3 8.336 8.965 9.485

Delta 2.796 2.412 1.585 0.508
Rank 1 2 3 4

*Indicates maximum values.

conclusIons4. 
In the present research work, natural fibre embedded 
PLA structures have been successfully prepared by 
using FDM system. Design of experimentation has 
been used to study the effect of selected variables 
on dimensional accuracy and thereby optimized. 
Followings are the major conclusions that can be 
drawn from the present work:

The optimized setting for the dimensional 
accuracy is natural fibre - silk, number of laminates 
- 2, infill density - 20% and raster angle - 0°/90°. It 
has been observed from analysis of variance that the 
percentage contribution of type of fibre is highest 
and dominated the other influences. Confirmatory 
experiment result validated the predicted response 
and verified that the observations are accurate up 
to 95%. Further research work is focused on the 
finite element analysis of the embedded structures 
in order to understand the mechanical behaviours 
of the geometries under different loading conditions. 
In-vitro analysis of the resulting structures is also 
the part of forthcoming studies.
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