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Abstract: In present study, some investigations have been made to discover the applicability and effect of a
surface finishing technique named as vapor smoothing on FDM fabricated replicas in aim to make it useful,
as IC patterns of biomedical implants and thus, expected to produce casted implants at high finish levels at
low cost and time. So, two important process parameters of FDM and VS are selected to study their combined
effect on the Ra of ABS replicas. Experiments were designed with Taguchi’s orthogonal array and ANOVA
analysis was performed to study effect of input parameters. Observed results suggested that the No. of
repeated cycles of VS has maximum effect on Ra of ABS replicas i.e. 74.46%.
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1. INTRODUCTION
Additive manufacturing (AM) is a layer based
technology gained so much importance due to its
versatile applications such as in the area of
research and development, for production of
customized parts with complex details and specific
functionality [1]. Fused deposition modelling
(FDM) is an AM technique, which has been
established as a prime technique in the field of
Rapid prototyping (RP) as a result of its simplicity
and fetches the attention of research oriented
professionals in industries or institutions [2].
Among the various fields of application,
Biomedical is one noble area which is being
catered by the AM technique affiliation with other
manufacturing processes in a bid to serve the
society. But, due to the change in lifestyle of
modern population, aged society and unfortunate
increase in accidents leads to increase in demand
of biomedical implants [3-5]. It is well known fact
that each individual has specific anatomy, so that
the need of customized implants erupts in case of
replacement and implants needs to be produced
within certain tolerances and with demanding
surface finishing characteristics [1]. Investment

casting (IC) is a manufacturing process which
has the ability to make complex featured parts
with high levels of accuracy and finish. While,
Conventional approach for obtaining the IC wax
pattern of implant with hard tooling is very
tedious, time consuming and costly affair. On the
other hand, FDM can greatly reduce time, labour
and cost associated in fabrication of pattern [6-
8]. In FDM process, CAD data with respect to
required implants shape and size is gathered
from CT/MRI Scan and it is transferred to FDM
machine. Further, built material (ABS, wax or
polycarbonate) is extruded from heated nozzle
head of FDM machine in a semi-molten and
deposited on table in a layered fashion according
to the shape of 3-D model [2]. Besides, various
salient features of FDM process, parts suffer
from surface quality characteristics. The key
issue that needs to be resolved is inherent
staircase effect on inclined or spherical surfaces
due to layer-by-layer deposition [9-11]. So, the
patterns must have smooth surfaces in order to
be used in IC process, as the surface quality of
final implant would depend upon the quality of
pattern.
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Efforts have been made by numerous
researchers to control the surface finish of
patterns during fabrication stage by optimizing
the process parameters of FDM and/or by
performing post-finishing operations. In FDM
process, it was investigated in a study that layer
thickness and part orientation have considerable
effect on surface finish FDM patterns, among
various process parameters such as build
orientation, air gap, model temperature, layer
thickness and road width [12]. Adaptive slicing
is one more approach in which various zones are
sliced into different thicknesses during building
the part [13-15]. In another study, the layers for
producing parts are deposited in curved fashion
instead of following horizontal path and it is
known as curved layer fused deposition modelling
(CLFDM). This result in a reduced staircase effect
and build time [16].

Post- finishing processes have vital role to
remove the surface asperities and smoothened the
surface of FDM fabricated parts. In a chemical
finishing approach, FDM fabricated patterns were
dipped in a solution dimethyl-ketone (90%) and
water (10%), which ultimately improved the
surface finish of prototypes with some detrimental
effects on dimensions [17]. In a similar study,
FDM parts were exposed to vapors of acetone
instead of immersion of part inside chemical. This
also shows superior surface quality of parts along
with nominal dimensional variation and better
compressive, flexural strength while reduction in
tensile strength [18-19]. While, mechanical
approach include CNC machining, hot cutter
machining, barrel finishing and vibratory
grinding processes which needs high tolerances/
allowances to be given to the parts to get high
surface finish which consequently add up the time
and cost associated [20-21].

In present study, a recent chemical finishing
technique known as vapor smoothing/chemical
vapor smoothing (VS/CVS) has been employed on
FDM fabricated parts. The combined effect of
FDM and VS process parameters are studied and
optimized with respect to surface quality of
patterns. In this study, a biomedical implant (hip
prostheses) has been identified to also confirm the
viability of vapor smoothing process on such
complex designed parts. Vapor smoothing is a
chemical finishing technique for ABS replicas
which works on the principle that when hot vapors
come in contact with patterns outer layer which

having surface asperities, it penetrates into
surface and made to reflow the peaks on the
surface into the valleys and thus reduces the
surface roughness of the parts [22].

2. EXPERIMENTATION

In this work, a hip joint implant was used as
benchmark for research purpose shown in Fig. 1.
The hip joint is basically a ball-and-socket joint.
The socket is made of bone and cartilage, and the
ball is the head of the thigh bone (femoral head).
During the hip replacement surgery, the damaged
hip joint is replaced with metal, plastic or ceramic
components. Generally, the ball (femoral head)
is removed and replaced with new and durable
artificial synthetic part. 3-D CAD model of the
implant has been made with the help of
SolidWorks software and then converted into .STL
format, which is then transferred to FDM
machine. Layer by layer deposition according to
the shape 3-D model results in fabrication of ABS
replica, followed by a VS process to increase its
surface disparities. Surface roughness variations
have been measured at surface ‘A’ on implant. The
ABS-P400 material has been used to build
replicas employing Stratasys “u-Print SE” FDM
equipment.

In vapor smoothing process, first of all the
parts are hanged in cooling chamber for pre-
cooling of parts for 10 minutes as recommended

Figure 1: CAD model of hip joint
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by manufacturer [23]. Then, the parts are shifted
and hanged in smoothing chamber for time which
is selected for experiments (10,15, 20 secs),
followed by postcooling in cooling chamber for 10
minutes. The cooling coils are designed and
located at the top to maintain 0°C temperature
in order to get hardened the soft surface of vapor
exposed parts and to condense upward flowing
vapors, so that it falls down backward into
smoothing chamber and recirculated. The
smoothing fluid (supplied by Microcare) is a highly
volatile chemical (boiling point 43°C) with
composition of Decafluoropentane (30%) and
Trans-Dichloroethylene (70%).The heaters are
maintained at 65°C in smoothing chamber to
evolve chemical vapors which penetrates the
surface of ABS parts [24].

2.1. Selection of process parameters

The various input parameters used in this study
is a combination of FDM process parameters
(orientation angle and part density) and VS
parameters (No. of repeated cycles and Vapor
exposure time) that may have significant effect
on the final roughness of ABS replicas.
Orientation angles are selected as 0º and 90º by
referring the literature [25]. According to the
ability of the FDM machine parts are fabricated
with three different densities such as low, high
and solid. According to literature [17,26-27]
significant parameters in VS such as vapor
exposure time (10, 15 and 20 seconds) and No. of
repeated cycles (1,2 and 3), while their levels are
finalized on the basis of pilot study. The list of
various input factors along their levels is given
in Table.1

2.2. Experimental Design

Taguchi’s orthogonal array has been used to
reduce the number of experiments. In this study

four factors have been selected, among them one
factor has two levels and three factors have three
levels. So, the appropriate orthogonal array for
these conditions is L18 (2137). Degrees of freedom
for each factor are given by (n-1), where ‘n’ is the
number of levels of the factor. So, the sum of the
number of degrees of freedom for the selected six
parameters is 7.

3. RESULTS AND DISCUSSION

The L18 orthogonal array along with independent
variables and their selected levels used for the
experiments is shown with their respective
observations are shown in Table 2. The surface
roughness of all the 54 pieces was measured on
surface ‘A’ as shown in Fig. 1. An ISO 1997
standardized Mitutoyo Surf Test SJ201 was used
to compute the surface roughness results. The
main objective of this work is to achieve minimum
Ra. For each observation, its S/N ratio was
calculated to check the influence and variation of
each factor on results. So, signal to noise (S/N)
ratio based on ‘lower is better’ approach has been
calculated for the observed Ra values using
equation (1) and shown in Table 2.
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Where, MSD is the mean square deviation, yi
is observed value of response characteristic and r
is the number of repetitions.

MINITAB17 software has been used to
analyze the results [28]. The mean S/N ratios for
all the factors and all the levels of surface
roughness have been calculated in Table 3. On
the basis of delta value, higher ranks are given
to the parameters having higher delta value. It
has been noticed from Table 3 that factor ‘C’
ranked 1 and it is most influential factor followed
by factor ‘A’ and ‘B’ which are ranked 2 and 3
respectively. The effect of different input factors
on mean S/N ratios is shown in Fig.2. The higher
value of S/N ratio represents the high surface
finish or low surface roughness.

Fig. 2 shows that S/N ratio for factor ‘C’ sharply
increases when 2 cycles were used for smoothing
the FDM patterns in VS as compared to cycle levels
1 and 3. This may result due to fact that at such
level when vapor gets in contact with the surface
of pattern are successfully able to penetrate melts

Table I
Different Input Factors and their Levels

S. Input Designation Levels DOF
No. factor L1 L2 L3

1 Orientation A 0º 90 º - 1

2 Density B L H S 2

3 No. of C 1 2 3 2
repeatedcycles

4 Vapor exposure D 10 15 20 2
Time (sec)
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and flows down the peaks between the gaps and
result in smooth surface. While at cycle 3,
deterioration of surface texture was observed that
may be due to the over exposure.

The S/N ratio for factor ‘A’ declined when the
orientation of pattern changes from 0º to 90º. This
shows that the value of surface roughness is
minimum at 0º orientation angle and takes the
maximum position when pattern is made at 90º.
Further, low density patterns displays low S/N
ratio as compared to high density and solid
pattern in case of factor ‘B’ probably due to the
density-difference, vapors may have high
influence on low density patterns. And, here it is
observed that vapor exposure time has not
significant effect on the Ra with slight variation
in the S/N ratio. It can be understood from such
situation that there is no need to excessively
expose the ABS replicas in terms of time while,
cycles play major role in smoothing.

Analysis of Variance (ANOVA) has been
performed on S/N ratio of both the responses for
testing and analyzing the results. It helps in
predicting the significance of each input factor and

the percentage contribution of each factor to the
desired response. Higher the percentage
contribution, the more will be the effect of the
input factor on the output. By controlling the
factors with high contribution, the total variation
can be reduced leading to improvement of process
performance.

The ANOVA result for the S/N ratios of Ra
has been shown in Table 4. The P-value (P < 0.05
or 95% confidence level) in Table 4 indicates that
the A, B and C are significant model terms. Larger
F-value for any factor indicates that variation in
this factor causes large variation in performance

Table 2
L18 Experimental Table Design for Selected Input

Factors and their Levels

Exp. A B C D Ra S/N
No. (µm)  ratio

(db)

1 0 L 1 10 0.159 15.9721

2 0 L 2 15 0.040 27.9588

3 0 L 3 20 0.100 20.0000

4 0 H 1 10 0.205 13.7649

5 0 H 2 15 0.046 26.7448

6 0 H 3 20 0.196 14.1549

7 0 S 1 15 0.224 12.9950

8 0 S 2 20 0.065 23.7417

9 0 S 3 10 0.210 13.5556

10 90 L 1 20 0.320 9.8970

11 90 L 2 10 0.067 23.4785

12 90 L 3 15 0.229 12.8033

13 90 H 1 15 0.459 6.7637

14 90 H 2 20 0.072 22.8534

15 90 H 3 10 0.349 9.1435

16 90 S 1 20 0.566 4.9437

17 90 S 2 10 0.086 21.3100

18 90 S 3 15 0.434 7.2502

Figure 2: Main effect plots for mean S/N ratios

Table 3
Mean S/N Ratios of Surface Roughness

Level  A  B  C  D

1 18.77* 18.35* 10.72 16.20*

2 13.16 15.57 24.35* 15.75

3 – 13.97 12.82 15.93

Delta 5.60 4.39 13.63 0.45

Rank 2 3 1 4

*Represents higher S/N ratio

Table 4
Results of Anova for S/N Ratios

Source DF SS Vari- F P %
ance  contri-

bution

A 1 141.370 141.370 69.17 0.000 6.30

B 2 59.082 29.541 14.45 0.001 6.81

C 2 645.948 322.974 158.02 0.000 74.46

D 2 0.620 0.310 0.15 0.861 0.07

Residual
Error 10 20.439 2.044 2.36

Total 17 867.460
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characteristics. Contribution of factor ‘C’ is
maximum i.e. 74.46% followed by factor ‘A’ and
‘B’ such as 16.30% and 6.81% respectively with
error up to 2.5%.

3.1. Optimum parameters
The more the S/N ratio, the higher is the effect of
input factor on the output. From Table 3, the
optimum levels (factor levels with highest S/N
ratio) have been identified for the significant
factors in order to achieve minimum surface
roughness. So, the optimum set of parameters is
shown in Table 5. Table 5 shows that the best
values of surface roughness can be achieved if the
FDM pattern is built at 0º orientation angle
having low density and smoothened with 2 cycles
of VS process. The confirmatory test was
performed to verify the results drawn based on
Taguchi design approach. Confirmatory test is
comprised of previously evaluated specific
combinations of factors and their levels.

Table 5
Optimum Set of Parameters for
Minimum Surface Roughness

Input factor Highest mean Optimum Optimum
S/N ratio Level value

Orientation 18.77 A1 0º

Density 18.35 B1 L

No. of repeated cycles 24.35 C2 2

By using optimal levels of optimal input
parameters two confirmatory experiments had
been performed. The predicted optimum response
for surface roughness in terms of S/N ratio (pre)
is given by using Eq. (2) [29-30]. In this equation
is the average of S/N ratio for all the observations

(Table 3), whereas
1A , 

1B , and 
2C  are average

response (S/N ratio) for factor A, B and C at
respective level of 1, 1, 2, respectively.

hpre = + (
2C 2 - ) + (

1A 1 - ) + (
1B 1 - )

hpre = ( (
2C ) + (

1A )+ (
1B 1)- 2 ) (2)

      = (24.35) + (18.77) + (18.35) – 2(15.96)

      = 61.47 - 31.92

      = 29.55 dB
By using Eq. (1), predicted surface roughness

= 0.033 µm. Confirmatory experiments were

performed by using the obtained set of optimum
factor values. The confirmation test values of the
surface roughness are 0.035µm and 0.037 µm µm,
close to the predicted value.

4. CONCLUSIONS
In this study, following conclusions has been
drawn:-

1) The combination of FDM and VS outlays
very appreciating surface finish results
which can support biomedical field
drastically to make implant patterns to
be used in IC process at less cost and
time.

2) The most significant factors which are
determined as No. of repeated cycles with
contribution (74.46 %), then Orientation
angle (16.30%) and Density of pattern
(6.81%).

3) The optimum levels of significant factors
are discovered as low density FDM
patterns fabricated at 0º orientation angle
and smoothened with 2 cycles in VS to
achieve best finishing results.

4) Observations regarding VS process have
been made, it reflected that vapor
exposure time has limited effect on Ra.
So, it is recommended to avoid
unnecessary vapor exposure in terms of
time as over exposure leads to blisters on
the surface of the ABS replicas.

5) This combination can further be
hybridized and optimized with
Investment casting process to check its
usefulness on real casted implants that
have to be installed inside living
organisms.
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