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Abstract: This study highlights the effect of chemical vapour smoothing (CVS), part density and orientation on 
surface roughness, dimensional accuracy and hardness of dental crowns of acrylonitrile-butadiene-styrene (ABS) 
prepared on fused deposition modelling (FDM). The effect of process parameters of FDM-CVS has been investigated 
by using Taguchi L9 orthogonal array (O.A). Further, ANOVA has been employed to find out the significance of 
process parameter at 95% confidence level from combined optimization point of view. It has been observed that 
the optimized process parameters for are: orientation-45°, part density-low and exposure time-10sec. The results 
obtained have been verified by performing the confirmation experiments.
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where they are heated to semi-liquid state [3]. 
These aspects lead to aesthetic and functional 
requirements misfit and to assembly problems and 
the main problem arises when these patterns are 
used in direct casting applications. Surface parts 
need secondary finishing operations finishing of 
the FDM part with chemical vapor smoothing. In 
Chemical vapor smoothing (CVS) process has been 
established recently in which ABS or similar plastic 
materials are exposed to chemical vapors generally 
of acetone. These vapors improve the surface finish 
of ABS replicas by softening the outer layer as the 
acetone breaks the secondary bonds between the 
ABS polymer chains. A method for the FDM process, 
in which the layers are deposited along curved 
paths instead of horizontal paths and concluded 
that this method has the potential to reduce the 
stair-step effect, number of layers, and ultimately 
build time. Amethodology for the FDM process for 
computing the volumetric error for any orientation 
and also developed and verified a mathematical 
technique for optimum part orientation based on 
minimum volumetric error [4]. In [5], authors tried 
to improve the surface finish of FDM fabricated ABS 
parts by the process of chemical dipping based on 

introDuction1. 

Since the advent of additive manufacturing (AM) or 
3D printing as it is commonly known, customization 
has become a feasible reality. It is possible to create 
customized implants at a fraction of the time and cost 
originally entailed owing to the versatility of the 3D 
printing [1].The most popular and inexpensive form 
of AM is the material extrusion process that deposits 
layers of thermoplastic material by pushing filament 
through a heated nozzle onto a build platform, 
where the material quickly solidifies. As a result 
of its simplicity, ease of use and low cost, material 
extrusion is commonly used by both hobbyists and 
industrial manufacturers. Nevertheless, a key 
weakness of the process is the anisotropic material 
properties of the resulting parts; parts made with 
the material extrusion process are not completely 
solid but composed of many thin layers of filament. 
The filament itself is strong, but the bonds between 
layers are much weaker [2]. Unfortunately, material 
extrusion parts often have a poor surface finish with 
large layers and visible stair-stepping. In the process 
of FDM, the materials like ABS, polycarbonate or 
wax has been fed into the FDM extrusion head, 
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immersion in a dimethylketone and water solution 
and concluded that by this treatment flexural 
strength as well as surface finish of the components 
has improved significantly. From the review of 
literature, it has been observed that part orientation 
and layer thickness are the main factors that affects 
the surface finish of FDM prototypes significantly. 
Lot of research work [6-29] has been done to improve 
the surface finish of FDM prototypes by optimizing 
the input parameters. But hitherto less research has 
been reported to improve the dimensional accuracy, 
hardness and surface finish of FDM parts the above 
technique. In the present work, efforts have been 
made to improve the surface finish of ABS replicas 
by optimizing the input parameters followed by 
the CVS process. The primary aim of this research 
work was to investigate the conditions that prompt 
the creation of FDM based ABS prototypes with 
optimum dimensional accuracy, hardness and 
surface finish in terms of average surface roughness 
(R a) value, but with least cost and time

mEthoDology anD 2. 
ExpErimEntation

In present work, bio-medical implant (dental crown) 
as shown in Figure 1 has been selected as the 
benchmark component. The selected 3D component 
has been modeled in X-Y plane of Solid Works 
software and then converted into STL format. This 
research work has been divided into two stages. In 
the first stage (pre-processing stage), specimens 
of ABS material were fabricated on FDM machine 
(uPrint-SE) by varying the orientation and part 
density as input variables. In the second stage 
(post processing stage), the fabricated prototypes 
were subjected to CVS process. Chemical vapor 
smoothing (CVS) process has been carried out on 
Stratasys Finishing Touch Smoothing Station. The 
chemical used was acetone because of its low toxity 
and high diffusion. One of the parameter selected to 
be varied in second stage was time of the prototypes 
were exposed to chemical vapors.

Based on pilot experimentation, improvement 
in all output parameters has been observed with 
different input parameter. The levels selected for 
various parameters for the two stages have been 
shown in Table 1. All specimens were fabricated 
with different FDM input parameters one is part 
orientation (0°, 30°, 45°) and density (high, low,

figure 1: Benchmark component (Dental crown)

medium). For finishing of fabricated part with CVS 
process has been carried out and it has been observed 
that CVS process is better as compare to other 
finishing process for FDM component. The hardness 
and dimensional accuracy of the specimens’ has 
been measured before and after the CVS process. 
The surface roughness (Ra value) of the specimens 
has been measured at femur before and after the 
CVS process by Mitutoyo SJ-210 roughness tester 
as output.

table 1 
factors and their levels for the two Stages

Stage 1 Stage 2

Factor

S
ym

bo
l Levels

Factor

S
ym

bo
l Levels

1 2 3 1 2 3

Orientation A 0° 30° 45° Exposure C 10 20 30

Density B High Low Solid Time 
in sec. 
(CVS)

Taguchi orthogonal array (L-9) has been selected 
to plan and analyze the experiment. In this study 
number of three input parameter along with output 
(hardness, surface roughness and dimensional 
accuracy) has been observed. We set two different 
tables of L-9 among them in one table two input 
parameter of FDM (part orientation, density) and 
third input parameter is exposure time of CVS have 
been performed and after different observation 
we found the required results. Flowchart of whole 
process is shown in Figure 2.

rESultS anD DiScuSSionS3. 
‘Minitab’ statistical software was used for analyzing 
the results. Taguchi L9 orthogonal array along with 
the results of stages 1 & 2 with CVS has been shown 
in Table 2 for dimensional accuracy. It has been
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figure 2: flow chart of whole process

observed that fabricated at 45° orientations with 
medium density has minimized the deviation as 
compare to other parts. Taguchi L9 orthogonal array 
along with the results of stages 1 & 2 with CVS has 
been shown in Table 3 for Shore hardness. It has 
been observed that fabricated at 0° orientations 
with medium density has maximized the hardness 
as compare to other parts. Taguchi L9 orthogonal 
array along with the results of stages 1 & 2 with CVS 
has been shown in Table 4 for Surface roughness. It 
has been observed that fabricated at 45° orientations 
with medium density has better surface finish as 
compare to other parts.

table 2 
l9 orthogonal array with collected Data from 

Stage 1 & 2 (Dimensional accuracy)
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1 0° Low 20.77 10 sec 0.12 18.41

2 0° Medium 20.83 20 sec 0.16 15.91

3 0° High 20.64 30 sec 0.18 14.89

4 30° Low 20.63 20 sec 0.19 14.42

5 30° Medium 20.63 30 sec 0.21 13.55

6 30° High 20.56 10 sec 0.26 11.7

7 45° Low 20.65 30 sec 0.08 21.93

8 45° Medium 20.54 10 sec 0.11 19.17

9 45° High 20.61 20 sec 0.15 16.47

*Note: For S/N ratio calculation Output at stage 2 has been considered.

table 3 
l9 orthogonal array with collected Data from 

Stage 1 & 2 (Shore hardness)
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1 0° Low 77 10 sec 72 37.14

2 0° Medium 75 20 sec 69 36.77

3 0° High 76 30 sec 67 36.52

4 30° Low 82 20 sec 79 37.95

5 30° Medium 78 30 sec 73 37.26

6 30° High 81 10 sec 77 37.72

7 45° Low 79 30 sec 74 37.38

8 45° Medium 80 10 sec 73 37.26

9 45° High 83 20 sec 75 37.50

table 4 
l9 orthogonal array with collected Data from 

Stage 1 & 2 (Surface roughness)
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1 0° Low 7.997 10 sec 0.508 5.88

2 0° Medium 8.317 20 sec 0.746 2.54

3 0° High 8.86 30 sec 0.329 9.65

4 30° Low 8.963 20 sec 0.722 2.82

5 30° Medium 8.34 30 sec 0.565 4.95

6 30° High 8.478 10 sec 0.383 8.33

7 45° Low 7.78 30 sec 0.236 12.54

8 45° Medium 6.992 10 sec 0.231 12.72

9 45° High 7.192 20 sec 0.213 13.43

Figure 3 shows the main effect plot for mean 
S/N ratio of various factors of CVS process. From 
Figure 3, lower variation in dimensional accuracy 
after CVS process has observed for specimen 
fabricated at 45° orientations with low density, 30 
second exposure time. Here it should be noticed that 
exposure time of CVS large effect on variation in 
dimensional accuracy.

Figure 4 shows the main effect plot for mean 
S/N ratio of various factors of CVS process. From 
Figure 7, lower variation in Shore hardness after 
CVS process has observed for specimen fabricated at 
30° orientations with low density, 20 second exposure 
time. Here it should be noticed that exposure time 
of CVS has very little effect on variation in shore 
hardness.
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figure 3: main effects plot for mean S/n ratio (Dimensional 
accuracy)

figure 4: main effects plot for mean S/n ratio (Shore 
hardness)

Figure 5 shows the main effect plot for mean 
S/N ratio of various factors of CVS process. From 
figure 5, lower variation in surface finish after 
CVS process has observed for specimen fabricated 
at 45°orientation with high density, 30 second 
exposure time. Here it should be noticed that 
exposure time of CVS has good effect on variation 
in surface finish.

figure 5: main effects plot for mean S/n ratio (ra)

optimization anD confirmation 4. 
ExpErimEntS

On collected data, Analysis of variance (ANOVA) 
has been performed for testing and analysing the 
results which helps in predicting the significance of 
each input factor and the percentage contribution of 
each factor on the desired response. It shows that 
as the contribution is made at higher percentage 
than the effect of input will also be more on output 
percentage contribution for the three responses are 
different. Similarly, optimum parameters levels for 
the three responses are also different. Therefore, 
the instead of optimizing the individual response in 
arbitrarily manner. It has been desirable to obtain 
the parameter settings that simultaneously give the 
better results. To achieve of ‘Minitab 17’ software 
has been used. From Table 5, it has been found that 
parameters “A” and “B” is significantly affecting 
the dimensional accuracy of ABS parts as p values 
for these are less than 0.05 and C is not significant 
as compare to others. Further the percentage 
contribution of these parameters is 67.86% and 
28.98% respectively.

table 5 
analysis of Variance of S/n ratio for 

Dimentional accuracy

Parameter DoF SS MS F P %C

A 2 53.52 26.76 204.2 0.005* 67.86

B 2 22.85 11.42 87.21 0.011* 28.98

C 2 2.225 1.112 8.49 0.105 2.82

Error 2 0.262 0.131   0.33

Total 8 78.86    100

Note: DoF, SS, V, P and %C represents degree of freedom, sum of square, 
variance, probability and percentage contribution respectively.  
*Indicates significant parameters.

From Table 6, it has been found that all three 
parameters is significantly affecting the shore 
hardness of ABS parts as p values for these are 
less than 0.05. Further the percentage contribution 
of these parameters is 70.35%, 15.01% and 14.72 
respectively.

From Table 7, it has been found that all three 
parameters significantly affecting the surface 
roughness of ABS parts as p values for these are 
less than 0.05. Further the percentage contribution 
of these parameters is 71.69%, 17.54% and 10.38% 
respectively.
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table 6 
analysis of Variance of S/n ratio for Shore hardeness

Parameter DoF SS MS F P %C

A 2 1.090 0.545 183.4 0.005* 70.35

B 2 0.234 0.117 39.4 0.025* 15.01

C 2 0.229 0.115 38.65 0.025* 14.72

Error 2 0.005 0.002   0.38

Total 8 1.561    100

Note: DoF, SS, V, P and %C represents degree of freedom, sum of square, 
variance, probability and percentage contribution respectively.  
*Indicates significant parameters.

table 7 
analysis of Variance of S/n ratio for 

Surface roughness

Parameter DoF SS MS F P %C

A 2 104.39 52.14 195.1 0.005* 71.69

B 2 25.529 12.76 47.76 0.021* 17.54

C 2 15.113 7.556 28.28 0.034* 10.38

Error 2 0.534 0.267   0.36

Total 8 145.48    100

Note: DoF, SS, V, P and %C represents degree of freedom, sum of square, 
variance, probability and percentage contribution respectively.  
*Indicates significant parameters.

The constraints set and optimum values along 
with the desirability suggested by the software have 
been shown in Table 8.

table 8 
constraints and optimum Values Suggested 

by the Software (cVS)

Name 
(Response) Goal Lower 

limit
Higher 
limit Weight Importance

Orientation Constraint 
to region

0° 45° 1 1

Part 
density

Constraint 
to region

Low High 1 1

Exposure 
time

Constraint 
to region

10 sec. 30 sec. 1 1

S/N Ratio 
(Δd)

Maximum 11 21 1 1

S/N Ratio 
(SH)

Maximum 36 37 1 1

S/N Ratio 
(Ra)

Maximum 2 13 1 1 

Optimum values
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30° High 20 sec. 21.33 37.69 12.76 0.924

concluSionS5. 
In this work Dimensional accuracy, shore hardness 
and Surface roughness of FDM based ABS parts has 
been successfully improve through CVS process. It 
has been found that in all three input parameters: 
FDM orientation, part density and exposure time of 
CVS have significantly affected the all three output 
response at 95% confidence level. The combined 
optimized setting predicted from S/N ratio trend 
is: 45º orientation, low part density and 10 second 
exposure time. Further, the time of process is also 
less in case of CVS method hence could be used for 
production line applications.
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