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Abstract The present research work is aimed at experi-
mental investigations for surface roughness and dimensional
accuracy of fused deposition modeling (FDM) parts through
barrel finishing (BF) by using Taguchi L18 OA (as a case
study). Six controllable parameters of FDM and BF namely;
geometry of FDM parts, parts layer density, part orientation,
shape of BF media, weight of media and finishing cycle time
were studied, by considering one parameter of two levels and
five parameters of three levels, to find out their affect on
surface roughness and dimensional accuracy of FDM part.
The combined optimization performed by considering both
output parameters of equal importance resulted into high
composite desirability (=x0.98). Additionally, scanning
electron microscopic graphs and surface roughness profiles
have been studied for better understanding the mechanism
involved in finishing of FDM parts.
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1 Introduction

Nowadays, manufacturing industries are changing their
requirements, frequently, such as: short product life cycle,
fickle consumer demands, complex shaped design, high
quality, reducing the cost and time to market for new
product and shorter product development times. The
industries are looking for solutions in order to meet the
current customer requirements. As an available solution,
rapid prototyping (RP) technologies are gaining ever
greater importance and industrial demand is driving man-
ufacturers to improve the specifications of RP machines
[1]. The great spread of RP technologies such as rapid
tooling (RT) or rapid manufacturing (RM) has fuelled a
strong research effort to improve their characteristics [2].
Commercially, fused deposition modeling (FDM) based
RP technique is economical and widely used technology
under its category after stereo-lithography.

The main benefits of FDM technology are in-terms of:
availability of variety of materials, ease of use, low
maintenance costs, quick production of thin parts, negli-
gible waste, tight geometrical tolerance (up to 0.1 mm)
[3], minimum human interference, non-toxic materials,
compact size, lower operating temperature, etc. Particu-
larly, due to low process waste and recyclability of the
waste, this process can be considered as a green manu-
facturing process. Apart from the various advantageous,
this technique badly suffers from poor surface finish of the
resultant prototypes due to stair-casing effect which
resulted into formation of stepping surface. During the
fabrication of parts with RP system, the layers are depos-
ited in 2-D coordinate as a result of which the layers in
third coordinate stacked up, discontinuously, on the top of
each other. This resulted into the formation of stair-case
steps on the part surface and is mainly responsible for the
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poor surface finish of the FDM parts [4]. The FDM tech-
nology has some disadvantages like: seam line between
layers, material tends to bump-up, axial weakness, larger
area of build requires longer production times and tem-
perature fluctuations during production could lead to
delaminating [5]. These aspects lead to aesthetic and
functional requirements misfit and to assembly problems.
Due to the rough geometrical textures, FDM patterns
demands for post processing treatments prior to their use in
various manufacturing processes such as: investment
casting, vacuum moulding, silicon moulding, etc. [6-8].
These rough surface parts need secondary finishing
operations.

In this current scenario, number of methods is available
for the treatment of FDM part surface like: machining,
chemical methods and mass finishing. Hot cutter machin-
ing is used for those parts which are having simple geo-
metrical sections as some of the geometrical features are
inaccessible [9]. Abrasive flow machining and abrasive jet
de-burring techniques are used for metallic parts produced
with processes like: stereo-lithography, selective laser
sintering, etc. [10, 11]. Chemical finishing method is
promising and the solution used (di-methyl-ketone) attacks
only peaks without affecting object shape [5, 12]. Mass
finishing operation such as barrel finishing (BF) is currently
employed in industry for FDM surface improvements. BF
is also considered as green process because it uses cheaper
and non hazardous media for finishing (wooden media) and
less wastage of media. It is widely used in industry to
perform several operations such as: de-burring, lustering,
polishing, radiusing, roughing, finishing, etc. [13, 14].
Notwithstanding the industrial challenges and the devel-
opment of newer and more specialized technologies, BF
continues to find useful applications. This is because
almost every material can be processed, part has no geo-
metric limitation (holes, concavities and non-symmetric
components can be easily machined), part does not need to
be fixed, the equipment is not expensive and no specialized
operators are required. BF is time saving and cost saving
process and no need of special tools for finishing of FDM
parts. These aspects make the BF suitable for finishing of
FDM parts which have complex geometry.

BF process is widely used to improve the surface finish
and dimensional features of metallic/non metallic/rein-
forced metal—plastics parts using different types of media.
As a matter of fact with change in surface roughness (R,)
features of master pattern, also the dimensional changes in
pattern is important consideration from investment casting,
vacuum casting, silicon molding point of view. The main
objective of present research work is to investigate the
effect of BF process on R, and dimensional accuracy (4d)
of acrylonitrile—butadiene—styrene (ABS) replicas prepared
with FDM system for casting applications. Six controllable
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parameters of FDM and BF namely: geometry of proto-
type, layer density, part orientation, types of BF media,
weight of media and finish cycle time were studied using
Taguchi’s L18 orthogonal array (OA) to find out their
effect on R, and Ad of the master pattern. Experimental
details including details about BF station, selection of the
benchmarks, input process variable/their levels and design
of experiment (DOE) technique is given as below.

2 Experimental Procedure

In the present research work, BF station (make: Tasta,
India) used for finishing of FDM patterns is shown in
Fig. 1. This machine consists of a rotary drive mechanism
and an open-topped bowl. Mass finishing is initiated by
loading the work pieces and media (commonly called the
workload) from the top into the bowl. The disk rotates and
drives the workload in a helical path around the centerline
of the bowl.

The technical specification of BF station is given in
Table 1.

Figure 2 shows rhomboid and cubic shaped BF wooden
media, which were used in this research. Sodium bi-car-
bonate powder and aliphatic hydrocarbons paste are com-
mercially recommended for burnishing of plastic/polymers.
Presently, sodium bi-carbonate powder (10 g/kg of BF
media) was used with thomboid shaped media and ali-
phatic hydrocarbons paste (10 g/kg of BF media) was used
with cubic shaped media. The wooden abrasive media is
used in mass finishing process modified the workpiece
surfaces by removing small amounts of material from the
surfaces through rubbing phenomenon.

Standard geometrical shapes (such as: cube, sphere and
cone) were selected as the benchmarks and prepared with
uPrint-SE FDM system (make: Stratasys Inc.) by keeping
their volume constant to 5452 mm?®. The reason behind the

Stationary hub

Fig. 1 Pictorial view of BF station
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Table 1 Technical specifications of BF station

Model Power Outer diameter Finisher chamber width Finishing chamber depth Overall height Processing volume
(HP) (mm) (mm) (mm) (mm) ®
TVBF- 1 1030 260 325 900 120
120

Fig. 2 2D and pictorial view of
burnishing media a rhomboid l
shaped and b cubical shaped
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selection of three different shapes is due to the variations in
their surface area exposure to burnishing media. So by
considering different shapes as input process parameter
most susceptible geometry can be investigated for its
suitability to the BF process. Figure 3 shows the pictorial
view of the benchmarks.

Taguchi technique has been used to optimize process
and product design, based on comprehensive experimental

(a) (b) (c)

Fig. 3 Pictorial view of benchmark components a cube (a = 17.6),
b cone (h = 23; @ = 30) and ¢ sphere (@ = 21.8)

—>

T

(b) Cube shape

investigation [15]. The primary advantages of the design of
experiments using Taguchi‘s technique include simplifi-
cation of experimental plan, feasibility of study of inter-
action effects among the different parameters. The process
variable in FDM are build layer thickness, speed of depo-
sition, though there are other factors like temperature,
humidity and wire diameter which are however, kept
constant in this study. Figure 4 shows the graphical illus-
tration of different orientations used in the fabrication of
benchmarks.

Table 2 shows the variables and levels selection for the
study. The levels of input process parameter have been
selected after preliminary examination of each parametric
level in pilot experimentation. The design matrix based
upon L18 orthogonal array (see Table 3), was chosen to
account for factors and levels.

Each experiment has been repeated three times
(18 x 3 = 54) for reducing the errors due to human and
environmental intervention.
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Fig. 4 Graphical illustration of
benchmarks at selected
orientations

(Cube at 30°)

(Sphere at 30°)

(Cone at 30°)

Table 2 List of process variables and their levels

(Cube at 15°)

(Cube at 0°)

(Sphere at 0°)

(Sphere at 15°)

(Cone at 15°) (Cone at 0°)

Parameters Level 1 Level 2 Level 3
Shape of BF media (A) Rhomboid Cube -

Geometry of FDM parts (B) Cube Sphere Cone

Parts layer density in g/mm?> (C) 486 x 1074 8.00 x 107 942 x 107*
Part orientation (D) 30° 15° 0°

BF cycle time in h (E) 2 3 4

Media weight in kg (F) 10 15 20

3 Result and Discussion

R, and Ad of the benchmarks were measured using
portable diamond stylus SJ-210 surface roughness tester
(make: Mitutoyo) and Vernier Caliper/micrometer (make:
Mitutoyo) respectively. R, tester was calibrated, before
testing, on a standard specimen. Normally, Ad is the dif-
ference between the CAD dimensions and barrel finished
FDM parts which need to be less for the betterment of the
process. Accordingly, for the calculation of Ad, the
dimensional size of the benchmarks measured after BF
operation was subtracted from the standard CAD dimen-
sions. For cubical, spherical and conical geometries side,
diameter and height was considered for the calculation of
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Ad. The measurements of R, and Ad were taken three times
at different counters (average of which is given in Table 4)
in order to reduce error.

Signal to noise (S/N) response of R, and Ad results has
been analyzed using Minitab-17 statistical software at
‘smaller the better’ option. Table 4 shows the results of R,,
Ad and their respective S/N ratio.

The S/N plots for the results of R, and Ad are shown in
Fig. 5a, b.

Tables 5 and 6 show the analysis of variance for R, and
Ad at 95% confidence level.

From Table 5, it has been found that only shape of BF
media and parts layer density are having significant effect
on R, of the FDM benchmarks. Similarly from Table 6 it
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Table 3 Control log of experimentation (as per Taguchi L18 OA)

S. no. A B C D E F

1 Rhomboid Cube Low 30° 2 10

2 Rhomboid Cube High 15° 3 15

3 Rhomboid Cube Solid 0° 4 20

4 Rhomboid Sphere Low 30° 3 15

5 Rhomboid Sphere High 15° 4 20

6 Rhomboid Sphere Solid 0° 2 10

7 Rhomboid Cone Low 15° 2 20

8 Rhomboid Cone High 0° 3 10

9 Rhomboid Cone Solid 30° 4 15

10 Cube Cube Low 0° 4 15

11 Cube Cube High 30° 2 20

12 Cube Cube Solid 15° 3 10

13 Cube Sphere Low 15° 4 10

14 Cube Sphere High 0° 2 15

15 Cube Sphere Solid 30° 3 20

16 Cube Cone Low 0° 3 20

17 Cube Cone High 30° 4 10

18 Cube Cone Solid 15° 2 15

Table 4 Observation for R,, Ad and their respective S/N ratio

Exp. no. Average R, (um) S/N ratio for R, Average Ad (mm) S/N ratio for Ad
RI R2 R3 DI D2 D3

1 3.755 3.543 3.884 —11.4341 0.06 0.05 0.07 24.3573

2 3.849 3.658 4.011 —11.6912 0.06 0.04 0.08 24.1266

3 4.376 4.158 4.457 —12.7341 0.08 0.11 0.09 20.5224

4 3.252 3.109 3.356 —10.2125 0.12 0.14 0.1 18.3367

5 3.838 3.689 3.985 —11.6849 0.17 0.15 0.19 15.3511

6 4.169 4.022 4.321 —12.4078 0.15 0.17 0.13 16.4270

7 3.129 3.256 3.112 —10.0111 0.13 0.11 0.15 17.6531

8 3.542 3.741 3.621 —11.2115 0.15 0.16 0.14 16.4653

9 4.908 5.101 4.789 —13.8646 0.11 0.1 0.12 19.1483

10 6.33 6.452 6.198 —16.0247 0.08 0.09 0.08 21.5697

11 6.135 6.235 6.029 —15.7543 0.07 0.05 0.09 22.8679

12 6.176 6.321 6.131 —15.8616 0.06 0.08 0.04 24.1266

13 5.314 5.502 5.114 —14.5058 0.13 0.12 0.11 18.3963

14 6.729 6.854 6.658 —16.5828 0.15 0.17 0.13 16.4270

15 5.609 5.781 5.489 —15.0065 0.13 0.11 0.15 17.6531

16 5.333 5.453 5.215 —14.5420 0.2 0.18 0.22 13.9505

17 5.841 5.987 5.683 —15.3258 0.2 0.17 0.23 13.9147

18 6.355 6.574 6.201 —16.0944 0.09 0.1 0.07 21.1539

R1, R2 and R3 are results of R, for three repetitive experiments

D1, D2 and D3 are results of Ad for three repetitive experiments

has been observed that geometry of FDM parts and part In Fig. 5a, it has been observed that S/N ratio for

orientation density are having significant effect on the Ad  parameter A is higher at level 1 i.e. with rhomboid shaped

of the FDM benchmarks. burnishing media. This may be because of the fact that with
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Fig. 5 S/N plots for a R, and
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rhomboid shaped burnishing media the contact surface area
was higher which results in high rubbing effect. The over
processing of the FDM parts may result into distortion of
the FDM parts in-terms of brittle fracture, radiusing, etc.
Further the contribution of this parameter is 80.66% for
surface roughness of FDM. Further parameter part layer
density has been found to contribute around 8.81% for the
surface roughness of the FDM parts. At low density the
part produced have sparse packaging trend. However after

BF operation, these loosely packed layers were easily
processed and removed to give better R,.
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As observed from Fig. 5b, 4d is less in case of cubical
geometry as compared to spherical and conical geometries.
This may be due to fact that in case of cubical patterns, the
material removal is less and in conical patterns, Ad is high
due to radiusing of the corners by BF.

The optimized process parametric settings for R, and Ad
as per the Taguchi L18 OA are given in Table 7. The
percentage improvement after conducting confirmatory
experimentation at the optimized settings for R, and Ad
resulted into 45.62 and 60% improvements respectively.

These results are valid for 95% confidence limit and are in
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Table 5 Analysis of variance for R,

Source DOF Sum of square Variance Fisher’s value P value Contribution (%)
Shape of BF media 1 65.9947 65.9947 220.71 0.000* 80.66

Geometry of FDM parts 2 0.8898 0.4449 1.49 0.299 1.08

Parts layer density 2 7.2084 3.6042 12.05 0.008* 8.81

Part orientation 2 1.1173 0.5586 1.87 0.234 1.36

BF cycle time 2 2.7268 1.3634 4.56 0.062 3.33

Media weight 2 2.0722 1.0361 3.47 0.100 2.53

Residual error 6 1.7940 0.2990 2.19

Total 17 81.8032 100

* Indicates the significant parameters

Table 6 Analysis of variance for Ad

Source DOF Sum of square Variance Fisher’s value P value Contribution (%)
Shape of BF media 1 0.267 0.2675 0.17 0.696 0.13

Geometry of FDM parts 2 142.848 71.4241 44.99 0.000%* 69.34

Parts layer density 2 7.990 3.9949 2.52 0.161 3.87

Part orientation 2 22.603 11.3015 7.12 0.026* 10.97

BF cycle time 2 9.016 4.5082 2.84 0.136 4.37

Media weight 2 13.750 6.8751 4.33 0.069 6.67

Residual error 6 9.526 1.5876 4.62

Total 17 206.001 100

* Indicates the significant parameters

Table 7 Optimized process parametric settings for R, and Ad

Parameters Shape of BF media ~ Geometry of FDM parts Parts layer density Part orientation BF cycle time Media weight
R, 1 2 1 2 2 3

Ad 1 3 2

1, 2 and 3 represents the parametric level

Table 8 Response optimization for R, and Ad

Response Goal Lower limit Target limit Weight assigned Importance
S/N ratio for R, Maximization 13.92 24.36 0.5 1

S/N ratio for Ad Maximization —16.58 —10.02 0.5 1

line with the observations made by other investigators
[9, 13, 14, 16].

Since for both R, and Ad the optimized process para-
metric settings are different so combined optimization has
been performed using Minitab-17 statistical software
package. Both R, and Ad were assigned with equal weight
(0.5) as of their equal importance from industrial aspects.
Table 8 shows the response optimization for R, and Ad,

whereas the solutions of combined optimization are given
in Table 9.

From Table 9, it has been found that composite desir-
ability of the combined optimization is 0.98 which means
that there are high chances to achieve the optimized results
of R, and 4d, simultaneously.

Further, the SEM analysis has been carried out for both
un-finished and finished FDM based benchmark
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Table 9 Solutions for combined optimization

Shape of BF Geometry of FDM  Parts layer Part
media parts density orientation

BF cycle

Media
weight

S/N ratio for S/N ratio for Composite
R, Ad desirability

1 1 1 2

1 24.19 —10.22 0.98

Peak Width of
80um (max.)

15.0
100 |
50 |

g 0.0

= 5.0
100 |
150
20.0 |
250 |
300 |
-35.0

0.0 0.5 1.0

(a)

10.0

WAL NANN

-5.0
-10.0 r
-15.0 r
-20.0 r
-25.0

[pm]

0.0 0.5 1.0

(b)

Fig. 6 SEM micrographs and surface roughness profiles of FDM benchmark component a prior to BF and b after BF

component. Figure 6 shows SEM micrographs and surface
roughness plots for both un-finished and finished FDM
based benchmark component. It has been found that prior
to BF operation the surface of FDM benchmark contains
high peaks as indicated in Fig. 6a by mark A and B.
Generally, the FDM peaks results due to stair-case effect in
manufacturing. Prior to BF, peak with 80 um (max.) has
been observed on FDM surface. However, with BF oper-
ation the height of peaks was significantly reduced (see
Fig. 6b).

It has been recorded that surface roughness has been
reduced from 7.79 to 3.16 pm with BF processing of FDM
based benchmarks.
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4 Conclusion

The present research work has been carried out to inves-
tigate the effect of FDM-BF process parameters on R, and
Ad of the FDM benchmark components. Following are the
major conclusions of the present study:

R, of the FDM benchmarks has been significantly
affected by the shape of BF media and parts layer density,
whereas geometry of FDM parts and part orientation den-
sity affected Ad of the benchmarks. The individual opti-
mization performed on both R, and A4d highlighted
variations among the levels on input parameters. The
combined optimization performed by assigning equal
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weight (0.5) to the both parameters highlighted a composite
desirability of 0.98.

From SEM micrographs along with surface roughness
profiles, BF process has been found a promising treatment
of FDM parts for improving the surface finishing of the
FDM parts with negligible dimensional deviations. It has
been observed that with BF operation the stair-case step-
ping has been removed due to the rubbing of burnishing
media.
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