
Chapter 59
Influential Effects of Process Parameters
of Fused Deposition Modelling on Wear
of a PLA Specimen: A Comprehensive
Review
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Abstract Additive manufacturing (AM) was commonly used for rapid prototyping,
to visualize, test and authenticate designs, and then the production begins. The
ability to build complex parts layer by layer, minimizing cycle time of production is
only possible with the help of Additive Manufacturing’s fused deposition modelling
(FDM). Thickness of material-layers, orientation, width, angle of raster and the air
gap have significant effect on mechanical properties and thus surface quality of
parts. Optimization and selection of process parameters for FDM are very important
in having enhanced mechanical properties for printed parts under wear. Taguchi’s
signal to noise (S/N) ratio and Artificial Neural Network (ANN) are utilized in order
to find a set of parameters having great results for their respective response charac-
teristics. Impact of each parameter is found using analysis of variance (ANOVA).
Material under consideration is Poly lactic acid (PLA). This study intends to analyze
the wear characteristics of the PLA specimen by finding optimal process parame-
ters of 3-dimensional (3D) printing with FDM process. Thickness of layer, angle
orientation, printing speeds are the process variables considered for this study.

59.1 Introduction

AM construct parts layer by layer directly from data available from CAD soft-
ware. In conventional manufacturing techniques, the material need to be removed
to obtain required objects. AM creates 3D parts by applying material in layer-by-
layer manner. This enables AM very flexible to print all kind of geometry with any
level of complexity with lower time and cost of production [1]. Almost all AM tech-
niques have similar working principle, i.e., layering a material in predefined track for
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creating a desired part. The process binds together the 2-dimensional layers of mate-
rial to create a 3D object. AM is currently compatible for a wide range of materials
from precious metals to low grade polymers [2, 3]. One of the widely used consumer
focused 3D printing technologies is FDM which offers ease to set up and print in
comparison to other AM technologies [4]. The most researched and used biodegrad-
able as well as renewable polyester (aliphatic) is poly lactic acid or polylactide. It
has proven potential in order to replace traditional petrochemical based polymers for
application in industries or Biomaterial for medical purposes [5, 6].

59.1.1 Fused Deposition Modelling (FDM)

Stratasys Inc. was the developer of FDM process in USA in the 1990s. It was intro-
duced as a rapid prototyping technique. FDM uses thermoplastics like acrylonitrile–
butadiene–styrene (ABS) and PLA as its materials [7]. Material spools are installed
in the machine from where material is then extracted using drive wheels into the
liquefier section of machine in which the material melts and gets spread upon the
bed with the help of a nozzle moving on a predefine track. The nozzle temperature
has been found affecting the mechanical properties of the material significantly and
therefore design of nozzle for FDM require serious considerations [8]. Depending
on the requirement and geometry of parts to be printed more than one material can
be used in FDM (see Fig. 59.1) [9].

FDM has the ability to produce parts made of thermoplastics having a complex
geometry with high dimensional accuracy. FDM allows the manufacturer to freely
control the characteristics of printed parts with the help of a wide range of changeable
parameters called process parameters. Many research have been conducted on FDM
printed parts to study their physical properties on changing the process parameters.
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Fig. 59.1 Schematic diagram of FDM printer
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Fig. 59.2 Experimental process layout

Figure 59.2 can be referred to achieve better response characteristics on printed parts
by controlling the significant process parameters.

59.1.2 Process Parameters

Process parameters are the variables which can be altered during any process so
that to obtain significant change in the result. The FDM machine offers control over
various machining process parameters which have significant impact on efficiency of
production and characteristics of parts. Common process parameters are orientation
of build, density infill, thickness of layer, printing speed, width and orientation of
raster, air gap, temperature of extruder, pattern infill, shells number and heat treatment
temperature. The details of some important process parameters are [10–17]:

1. Layer Thickness is the height of layer poured by the tip of nozzle as seen in
the Fig. 59.3. The nozzle diameter and material have significant effect on the
amount of layer thickness.

2. Raster Angle is the angle subtended between raster model with respect to X-
axis on underside part layer. The usual raster angle varies from 0° to 90o (see
Fig. 59.3).

3. Raster Width is breadth of material bead used for raster. The higher value of
raster width, the component will be built more vigorous interior. The nozzle tip
diameter has the effect on amount of raster width.

4. Orientation Build is the angle subtended by the part with the build platform
with respect to x, y and z-axis.

Fig. 59.3 Layer thickness
and orientation
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5. Air Gap is defined as gap between two contiguous raster tool conduits on the
same layer.

6. Contour Width is the width of contour tool part that encloses coils of the
component.

7. Contour to Contour air gap is the gap between contours when the packing
style of components is set to various contours.

59.1.3 Various Responses Characteristics of Interest

1. Surface Roughness [18–20]

This property is used to define the texture of the outer surface of the part. Surface
roughness plays a very important role in processes like moistening and wetting.
Rougher surface means it retains moisture on itself and in case of metals it means
faster corrosion.

2. Dimensional Accuracy [21, 22]

Whenever the thermoplastics settle on the bed and cools down, they show shrinkage
in size. Also, since the FDM printed parts are printed layer wise so they don’t exactly
have a curved surface instead they have a stair like structure. These factors lead to
inaccuracies in dimensions of the part after printing.

3. Tensile Strength [23]

The maximum load a material can support without yielding while being stretched.
An important property which determines if the printed part can withstand the forces,
it is being designed to handle.

4. Build Time [19, 24]

Time required by the printer to print a single part is called the “Build time” of the
part. Various researches have been made to decrease the time for build to increase
amount of part production.

59.2 Research Findings on the Effects of FDM Process
Parameters

In AM, values of parameters are always given higher interest by the researchers
in the field in comparison to material properties of the part and this is in contrary
to almost all of the processes of manufacturing. Identical parts from same material
when printed under different sets of parameters have been seen to offer entirely
different property. Every set of process parameters like thickness of layer, pattern
infill and temperature of bed would generate a unique part structure and leads to
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varying values of mechanical properties [25]. Sood et al. conducted experiments
with five parameters, namely thickness of layer, width of raster, angle of raster, air
gap and orientation to analyze the changes in tensile, impact and flexural strengths
of the specimen under test [21]. They observed shrinkage along the length of the part
whereas increase in the thickness of the printed parts. Lanzotti et al. have performed
tests to measure variations in ultimate tensile strength (UTS) and nominal strain on
parts printed out of 3D printing process [26]. Gorski et al. performed flexural, impact
and tensile tests on the specimens made of ABS having unique orientations [27].

Chacon et al. performed the analysis on bending strength and tensile strength of
PLA part under different sets of orientation build, thickness of layer and rate of feed
[28]. They observe increase in ductility with rise in thickness of layer and rate of
feed. Apart from changing the process parameters the physical properties of printed
part can be enhanced by improving the interface bonding of the adjacent layers by
reheating the last layer so that it can bond well with next layer. Seth Collins P. used
hot air flow to heat the layer [29], Ravi et al. employed lasers to heat layers [30] and
Kishore et al. used infrared radiations to reheat the deposited layer [31].

In the year 2001, Anitha et al. analyzed effects of FDM parameters on surface
roughness with ABS printed parts using Taguchi and ANOVA [18]. In the year
2004, Thrimurthulu et al. utilized a technique called genetic algorithm (GA) for the
prediction of optimal orientation [19]. In year 2007, Wang et al. used statistics to
study effect of process parameters like thickness of layer, deposition style, structures
for support and orientation [20]. They concluded that orientation and thickness of
layers play a crucial role for dimensional accuracy of printed parts.

In this research optimum parameters were different for different conditions so
no optimum parameters were concluded in the research. So, in later work all the
different responses were combined into one response to obtain optimum parameters.
Nancharaiah et al. in their research resulted in thickness of layer and air density of
infill were two process variables which affect the accuracy for dimensions the most
[22]. Ahn et al. focused on tensile and compressive strengths of the printed parts in
their research where it was concluded that optimum values of thickness of layer and
orientation can lead to higher tensile and compressive strengths [23].

Thrimurthulu et al. in the year 2004 used a mathematical model for predicting
and optimizing time for the build [19]. This model was also found successful in
predicting the build time of the parts printed by other publishers in their respective
researches. In the year 2011 in another research Nancharaiah et al. used Taguchi L9
technique to determine the relation between air gap, thickness of layer and time for
build of parts. Thickness of layer affected time for build by around 66.57% and air
gap around 30.77%. A thickness of layer of 0.330 mm and an air gap of 0.020 mm
were found optimum in their research [24].
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59.3 Wear Property

Surface property of the material to get worn out due to continuous exposure to other
surfaces is called wear. Wear in a part gives the time for the part to get used in
a particular environment. Wear can be caused through surroundings and touching
parts. Long duration of exposure to wind and flowing water can also cause a part to
wear off.

59.3.1 Recent Research Findings on Effect of FDM Process
Parameters on Wear Property

In the year 2010 Srinivasan et al. conducted their research on effect of FDM process
variables onwear strength of carbon-fibre infused PLAmaterial. Parameters included
thickness of layers, percentage infill and pattern in infill [32]. It is found that thickness
of layer and infill percentages were the parameters which affected wear the most.
Increased density of infill and minimal thickness of layers provided the best results.
For similar values of thickness of layer and percentage of infill, parts printed with
grid pattern as pattern of infill showed lesser wear in them.

In the year 2020, Mohamad Nordin et al. used response surface modelling (RSM)
to optimize the parameters for ABS material. They conducted tests on three param-
eters; thickness of layer, pattern infill and temperature of nozzle. They found in their
research that thinner layers result in less wear rate. Using ANOVA and RSM the
optimum value for layer thickness was 0.10 mm with triangle pattern and 234 °C
nozzle temperature. This research did not include the grid pattern [33]. Researchers in
2021 use Box Behnken-based design of experiment to conduct tests to achieve opti-
mize input parameters for wear. RSM is used to set up amathematical model between
combinations of input parameters and obtained output. As a result of ANOVA, it was
concluded that thickness of layer and the infill density were more significant in
comparison to print speed [34].

Kumar et al. in 2021 studied the effect of sliding wear on the specimen made of
PLA and ABS material. They found that wear rate reaches to a maximum for 90°
build orientation [35].

There are certain tools and techniques, like Taguchi and ANN, known to optimize
the constraints and provide the results which can help in saving time, money, material
and can lead to better optimized results.
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Table 59.1 Steps followed in
Taguchi methodology

S. No. Steps followed

1 Defining the problem and the objective

2 Identify all factors and their levels

3 Designing the required orthogonal array

4 Conduction the set of experiments

5 Data analysis (S/N ratio, ANOVA, response plot)

6 Determination of optimum levels for factors

7 Conducting the confirmation experiment

59.4 Taguchi Method

Taguchi method can be easily applied with the software MINITAB; this helps in
generating plots and can obtain results under given optimized conditions. Table 59.1
shows the sequence of steps followed in Taguchi methodology:

59.4.1 Orthogonal Array

There are a lot of possible combination of factors and their levels. Taguchi helps in
selecting the special arrangement of combinations of levels of key factors known as
orthogonal array [36].

59.5 S/N ratio and ANOVA

S/N ratio is utilized to calculate robustness, signal indicates the controllable factors
while the noise depicts the uncontrollable factors [37, 38]. There are various options
available to select for plotting data points as per the need. For example, in wear
testing “smaller is better” is used while for tensile strength “larger is better” can be
used.

The analysis of variance (ANOVA) technique is utilized to find linear plot between
input and output factors [37]. It also helps in determination of p-values and F-values
that determine which factors are actually affecting the output, and which factor(s)
have no effect on the output result. It also predicts the r-square values (0–100) which
determine the closeness of the derived curve’s fitness with the obtained data. The
response table also gives delta values and rank of dominance of factor.

There are certain limitations with Taguchi design [37] like

• Difficulty in accounting interactions between various parameters.
• Method is not appropriate for dynamically changing process.
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Thus, ANN is used to obtain better validations.

ANN (Artificial-Neural-Network)
ANN is human simulation of neurological system. The diverse connection between
these elements helps in better approximation of any non-linear functions and thus
called universal function approximators [39]. The ANN model is trained between
input and output parameters [40]. The neurons from one layer can interact with
neurons from another layer; there interconnections are assigned with weights and
biases [41]. InANN70%of data is used for trainingwhile rest of the data is being used
for the purpose of testing [42]. The flow chart, given in Fig. 59.4 below, depicts the
proposed working of the ANN system [37] using MATLAB tool. Different methods
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Fig. 59.4 The flow chart
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such as feed forward backdrop, feed forward delay, Hopfield, generalized regression,
learning vector quantization (LVQ), etc. are available. The most commonly used is
feed forward backdrop method [37], there are options in transfer functions as well
namely PURELIN, TANSIG, LOGSIS.

59.6 Conclusions

It is observed that in certain conditions where dynamically changes take place,
Taguchi method fails to give better predictions. For same data set ANN gives more
appropriate results in comparison to Taguchi. In ANN more data is required for the
purpose of training and validation and testing while in Taguchi predictions can be
made with relatively lesser data. ANN is capable of predicting results for larger data
set easily as compared to Taguchi. Taguchi method provides a variety of options
as compared to ANN, like information regarding rank of factors, their effectiveness
and ineffectiveness, tells which factor is more significant thus Taguchi method is
informative, while for working on larger data set and better accuracy in result, ANN
dominates Taguchi.

59.6.1 Future Aspects in the Research

• Using more process parameters can give a more accurate answer for the optimum
values for least wear rate.

• Since the use of different infill patterns showed different results in above
researches it can be inferred that using a wide range of levels within the parameter
can also help to narrow down the optimum parameters.

• Applying more than single optimizing techniques can help to determine which
techniques have a better prediction rate for the wear rate. Results from different
techniques and models can be compared to each other.

• For same data results can be predicted and compared using different transfer
functions to know at which transfer function the error is least.

• Regression equation in Taguchi method can be obtained from ANOVA analysis
and prediction, these equations are different and analysis can be done so as to
compare which equation gives more accurate results.
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