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Chapter 44
The Influence of Depth of Cut, Feed Rate
and Step-Over on Surface Roughness
of Polycarbonate Material in Subtractive
Rapid Prototyping

The Jaya Suteja

Abstract Rapid prototyping is fast and automatic three dimensions physical
modeling that uses computer aided design model as the input. One of the important
requirements in various products is the surface quality. Therefore, the aim of this
research is to study and then develop a model that shows the influence of depth of
cut, feed rate, and step-over on the vertical and horizontal surface roughness of
polycarbonate material in subtractive rapid prototyping. The subtractive rapid
prototyping process is performed by using Roland MDX 40 machine assisted by
CAM Modela Player 4.0 software. This research implements response surface
methodology to develop the model and then followed by the residual tests. The
result shows that the increase of the depth of cut and the interaction between the
step-over and the depth of cut will increase the horizontal surface roughness.
Meanwhile, the vertical surface roughness will be affected mostly by the step-over.
This research provides an insight on how to rapid prototype the polycarbonate
material in order to achieve the surface requirement. The result of this research is
the basis for achieving the main purpose of subtractive rapid prototyping which are
maximum material rate removal and the minimum surface roughness.

Keywords Polycarbonate � Subtractive rapid prototyping � Surface roughness �
Process parameters

44.1 Introduction

Polycarbonate is a strong, tough, and transparent thermoplastic material that is most
commonly used and most widely tested in the medical device. As most of the
prosthetic products are customized for each patient, the feasible process to fabricate
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it is by using rapid prototyping. Rapid prototyping is fast and automatic three
dimensions physical modeling that uses computer aided design model as the input.
Two methods in rapid prototyping are additive and subtractive rapid prototyping.
Subtractive Rapid Prototyping implements milling process to cut material with tool
that rotates in very high speed (high speed milling). According to Toh, C.K., high
speed milling refers to milling process with 10 mm tool diameter that is rotated in
10.000 rpm [1].

Nieminem, I., et al., have investigated the possibility to use high speed milling to
fabricate a thin fin of polycarbonate material by changing the depth of cut and
step-over [2]. However, Nieminem, I., et al. did not investigate the influence of the
depth of cut and the step-over on the important factors such as surface roughness of
the polycarbonate material.

As no other research investigate the influence of high speed milling process
parameters on the polymer materials, this research conduct a literature review on its
influence on metal materials. In this research, studies by Albertí et al. [3], Vivancos
[4], and Urbanski [5], are reviewed. In addition, the influence of non-high speed
milling process parameters is also reviewed. The studies conducted by Oktem et al.
[6], Ardiansyah [7], Suteja [8] are studied. Based on the reviews, it is shown that
material removal rate, surface roughness, and dimension accuracy of a material are
affected by interpolation type, tool holder type, controller of the machine, computer
aided manufacturing software, physical and mechanical characteristics of the
material, physical and mechanical characteristics of the tool, vibration, depth of cut,
step-over, feed rate, cutting speed, and cut type.

One of the important requirements in various products especially medical device
is the surface quality. Therefore, the aim of this research is to study and then
develop a model that shows the influence of depth of cut, feed rate, and step-over on
the vertical and horizontal surface roughness of polycarbonate material in sub-
tractive rapid prototyping. These three process parameters are selected because
these parameters are the dominant factors that influence the main purpose of sub-
tractive rapid prototyping, which are to achieve the maximum material rate removal
and the minimum surface roughness.

44.2 Research Design

This research implements response surface methodology to develop a surface
roughness model. Then it is followed by conducting three residual tests, which are
independence test, constant variance test, and normality test. By applying sub-
tractive rapid prototyping process on the polycarbonate material, this research
expects to achieve the final shape shown in Fig. 44.1. The subtractive rapid pro-
totyping process is performed by using Roland MDX 40 machine assisted by CAM
Modela Player 4.0 software. The software is used to generate the tool path of
Roland MDX 40 machine. The input in order to generate the tool path is a three
dimension model in STL format. The cutting tool used in this research is carbide
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solid square end mill with 5 mm diameter. The tool is moved by the software based
on the zigzag cut type.

In order to fabricate the shape, roughing and finishing processes are required.
Each of the processes requires different parameter values. Roughing process is
performed by implementing the parameters value shown in Table 44.1. This
parameter value is determined based on the machine specification, literature study,
and the preliminary experiment. The range of subtractive rapid prototyping
parameters value for finishing process used in this research is shown in Table 44.2.
The spindle and the entry speed for finishing process are 10,000 rpm and 4 mm/s
consecutively. In this research, no coolant is used in performing the subtractive
rapid prototyping.

This research takes some assumptions, which are: the polycarbonate material is
always homogeneous, the cutting temperature is always constant, and the tool wears
after performing three roughing and finishing processes.

Fig. 44.1 The final shape

Table 44.1 Parameters value
for proses roughing

Parameters Value

Feed rate 12 mm/s

Entry speed 4 mm/s

Spindle speed 8500 rpm

Depth of cut 0.37 mm

Step-over 1 mm

Table 44.2 Range
parameters value for finishing
process

Parameters Low value Middle value High value

Depth of cut (mm) 0.1 0.235 0.37

Feed rate (mm/s) 12 14.5 17

Step-over (mm) 0.3 0.65 1
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In this research, the surface roughness measurement is conducted at Industrial
Metrology Laboratory of University of Surabaya. The surface roughness mea-
surement device used in this research is Mitutoyo SJ 210 with 0.01 µm of accuracy.
After the measurement process, the measured data is analyzed by using MINITAB
release 14 software.

44.3 Results and Discussion

The first order experiment is conducted in implementing response surface
methodology. The experiment design and the result of the first order experiment are
shown in Table 44.3. By using the experiment result, the first order models of
horizontal and vertical surface roughness are developed. However, based on the
data analysis, the first order model of horizontal surface roughness is not fit to the
horizontal surface roughness values. As a result, the second order experiment must
be conducted to develop a better horizontal surface roughness model. Meanwhile,
the first order model of vertical surface roughness is fit and can be used to predict
the vertical surface roughness values. For that reason, the mathematical model to
predict the vertical surface roughness values is shown in Eq. 44.1.

Raver ¼ 0:250056þ 0:022:F þ 11:1214:S þ 1:42593:D ð44:1Þ

where Raver is vertical surface roughness (μm), F is feed rate (mm/s), S is step-over
(mm), and D is depth of cut (mm).

Table 44.3 Results of first order experiment

Std
order

Run order Feed rate
(mm/s)

Step-over (mm) Depth of cut
(mm)

Ra Hor (µm) Ra Ver (µm)

11 1 14.50 0.65 0.235 3.13 7.25

13 2 14.50 0.65 0.235 3.22 7.83

2 3 17.00 0.30 0.100 2.53 4.46

12 4 14.50 0.65 0.235 3.18 8.65

7 5 12.00 1.00 0.370 4.88 12.39

9 6 14.50 0.65 0.235 2.89 7.83

3 7 12.00 1.00 0.100 3.64 12.01

5 8 12.00 0.30 0.370 3.00 4.70

10 9 14.50 0.65 0.235 3.55 8.33

6 10 17.00 0.30 0.370 4.18 4.59

1 11 12.00 0.30 0.100 2.81 3.60

4 12 17.00 1.00 0.100 4.30 12.08

8 13 17.00 1.00 0.370 4.49 12.01
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The first order model of vertical surface roughness can be used as the best
prediction model for vertical surface roughness because analysis of the model
shows that its lack-of-fit is not significant. This model shows that the increase of the
feed rate, the step-over, and the depth of cut will increase the vertical surface
roughness. However, the parameter that has the most influence to the vertical
surface roughness is the step-over.

As the first order model of horizontal surface roughness is not fit to the hori-
zontal surface roughness values, the second order experiment must be conducted to
develop the prediction horizontal surface roughness model. The experiment design
and the result of the second order experiment are shown in Table 44.4. By using the
experiment result, the second order models of horizontal surface roughness are
developed. The mathematical model to predict the horizontal surface roughness
values is shown in Eq. 44.2.

Rahor ¼ 2:44029þ 0:0736795:F � 1:36142:S þ 1:36761:Dþ 1:43091:S2

þ 12:3338:D2 � 0:485185:F:D þ 3:73016:S:D
ð44:2Þ

where Rahor is horizontal surface roughness (μm), F is feed rate (mm/s), S is
step-over (mm), and D is depth of cut (mm).

Table 44.4 Results of second order experiment

Std order Run order Feed rate (mm/s) Step-over (mm) Depth of cut (mm) Ra Hor (µm)

18 1 14.5000 0.65000 0.235000 3.64

19 2 14.5000 0.65000 0.235000 3.36

10 3 18.7045 0.65000 0.235000 2.80

15 4 14.5000 0.65000 0.235000 2.74

20 5 14.5000 0.65000 0.235000 2.72

13 6 14.5000 0.65000 0.007958 3.33

14 7 14.5000 0.65000 0.462042 3.90

5 8 12.0000 0.30000 0.370000 3.71

11 9 14.5000 0.06137 0.235000 2.35

8 10 17.0000 1.00000 0.370000 4.29

6 11 17.0000 0.30000 0.370000 3.51

2 12 17.0000 0.30000 0.100000 3.10

9 13 10.2955 0.65000 0.235000 3.28

7 14 12.0000 1.00000 0.370000 5.03

12 15 14.5000 1.23863 0.235000 4.60

4 16 17.0000 1.00000 0.100000 3.48

3 17 12.0000 1.00000 0.100000 3.26

16 18 14.5000 0.65000 0.235000 2.94

1 19 12.0000 0.30000 0.100000 2.95

17 20 14.5000 0.65000 0.235000 3.42
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The analysis and the residual plots of the second order model of horizontal
surface roughness show that the model is fit and satisfy all the assumptions. As a
result, it can be used as the best prediction horizontal surface roughness model. This
model shows that the horizontal surface roughness is mostly affected by the depth
of cut and the interaction between the step-over and the depth of cut. The increase
of the depth of cut and the interaction between the step-over and the depth of cut
will increase the horizontal surface roughness.

44.4 Conclusion

This result of this research shows that the increase of the feed rate, the step-over,
and the depth of cut will increase the vertical surface roughness with the step-over
as the most influenced parameter. In addition, the increase of the depth of cut and
the interaction between the step-over and the depth of cut will increase the hori-
zontal surface roughness. The models developed in this research give an insight on
how the important parameters of rapid prototyping will influence the surface
requirement of a polycarbonate material. The result of this research is the basis for
achieving the main purpose of subtractive rapid prototyping which are maximum
material rate removal and the minimum surface roughness.
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