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Abstract: Rapid Prototyping (RP) occupied a key position in additive manufacturing (AM) processes for fabrication 
of functional and non-functional industrial parts. But, high cost and limited range of materials makes this technique 
not preferable for batch production. This research work aims to check the feasibility of vacuum casting (VC) process 
for fabricating prototypes of polyurethane (PU) material for batch production applications. The effect of selected 
input parameters i.e. PU material, curing temperature and curing time on the dimensional accuracy and surface 
quality of fabricated prototypes has also been investigated. Finally, the parameter setting that gives acceptable 
results while considering all the responses simultaneously have been obtained and the results are verified by 
conducting the confirmation experiments. As the fabricated prototypes possesses surface finish and dimensional 
accuracy at par with traditional moulding patterns, thus VC process becomes a solution for reducing cost of RP in 
batch production applications.
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most economical among various types of rapid 
prototyping (RP) techniques [5]. Further, FDM 
fabricated replicas have been successfully utilized by 
the researchers in applications like silicon moulding, 
vacuum casting and rapid investment casting [6-8]. 
Despite of various advantages, the FDM fabricated 
components suffers from poor surface texture and 
dimensional inaccuracy due to staircase effect and 
chordal error even for basic part geometries [9]. 
Although, it is not possible to eliminate these effects 
completely but many researchers investigated that 
the chemical vapor smoothing (CVS) process seems 
to be a promising technique for enhancing the 
surface finish of FDM parts with respect to time 
consumed and the cost incurred [9-12].

Another challenge with RP technologies is that 
they are not preferred for batch production [13]. 
The limited range of materials and high process 
cost makes this technique not preferable for batch 
production. Cheah et. al., [14] highlighted an indirect 
approach for the production of wax patterns using 
silicone rubber moulding from RP based master 
pattern with an aim to lower the cost incurred with 

introduction1. 

In today’s scenario, requirement of shorter lead 
time and low cost for the production of prototypes, 
customized and tailor made products in various 
industries like bio-medical, automotive, aerospace etc 
comes out to be a major challenge in order to achieve 
the competitive benefits. Also, because of frequent 
changes in the requirements of manufacturing 
industry, fickle consumer demands and complex 
shaped designs, industries are trying to develop 
processes that can meet the customer demands in 
least possible time. Additive Manufacturing (AM) 
being a distinct technique of plastic forming has 
the potential to overcome these challenges [1]. 
Initially AM was primarily used for prototyping, but 
now days these AM processes has been adopted by 
various industries such as bio-medical, automotive, 
aerospace and electronics [2] as the components are 
being fabricated layer by layer without the need 
of traditional clamps, jigs & fixtures along with 
minimum human intervention [3-4].

Due to its simplicity and flexibility, fused 
deposition modelling (FDM) is considered to be 
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small-quantity production during the IC process. 
Rahmati et. al., [15] investigated the accuracy of wax 
patterns (H-shaped) created by room temperature 
vulcanized (RTV) silicone rubber moulding and 
polyurethane (PU) mould. The author investigated 
that good surface finish has been obtained on wax 
patterns produced by silicone mould whereas the 
patterns fabricated by PU mould shows better 
accuracy. Thian et. al., [16] employed vacuum 
casting (VC) method to produce micro-moulds 
and micro-gears by using silicone rubber mould 
and investigated that the deviation between the 
master pattern and fabricated prototypes was very 
small and the proposed method is highly capable to 
produce dimensionally accurate parts.

Singh et. al., [17] fabricated the plastic component 
using SM process and highlighted the process 
capability of SM in-terms of dimensional accuracy. 
Further, many researchers have successfully 
fabricated wax patterns by RTV mould process 

[15, 18-19], but little work has been reported to 
fabricate PU prototypes. So, the present research 
work aims to check the feasibility of VC process 
for fabricating prototypes of PU material for batch 
production applications. Further, the influence of 
input parameters of VC process on the dimensional 
accuracy and surface quality of PU prototypes has 
also been investigated [20-21].

methodology And 2. 
exPerimentAtion

The outer cover of Bluetooth (refer Figure 1) was 
taken as a benchmark component in this research 
work. The selection has been based on the fact 
that this particular component was produced 
commercially and its design changes frequently 
in order to meet the customer demands. Initially, 
CREO 2.0 software was used for preparing the CAD 
model of the replica. After that it was transformed 
into .STL file that acts as an input to the FDM 
equipment in order to prepare 3D replicas of 
acrylonitrile butadiene styrene (ABS) material. The 
surface quality of FDM fabricated ABS replicas has 
been enhanced by vapor smoothing (VS) technique. 
VS process dramatically enhances the surface 
quality of ABS replicas with small variation in part 
dimensions due to reflow of the material. The replica 
obtained after the VS process serves as a master 

pattern for the preparation of silicon mould utilized 
in VC process.

figure 1: benchmark component

For making the mould, gating system such as 
runners, risers, etc. are first attached to the master 
pattern and then the entire system is put in a frame. 
After that silicon rubber (VTV-750) along with CAT 
740 catalyst that acts as a hardener are mixed in a 
ratio of 10:1, degassed by vacuum casting machine 
for 15 minutes to remove any air bubbles and finally 
poured into the frame. Figure 2 & 3 shows cured 
silicon mould and the fabricated PU prototypes 
respectively. Based upon the pilot experimentation, 
three different types of commercially available 
PU resins (Renishaw 8040, Axson PX223 and 
Renishaw 6130), curing temperature (65, 70 and 
75ºC) and curing time (90, 100 and 110 minutes) 
have been selected as input parameters for the 
final experimentation. Renishaw 8040 resin is of 
polypropylene (PP) type, Axson PX223 is of ABS 
type and Renishaw 6130 is of rubber type. The 
experiments were conducted as per Taguchi’s 
orthogonal array. The most suitable orthogonal 
array for this research work was identified as L9.

figure 2: cured Silicon mould
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figure 3: fabricated Pu Prototypes

reSultS And diScuSSion3. 

Table 1 represents the control log of experimentation 
as per L9 orthogonal array along with the results 
of dimensional deviation and surface roughness. 
In this research, dimensional deviation (∆d) was 
measured with an aim to estimate the dimensional 
accuracy of the process. One of the important 
dimension measured on the fabricated prototype 
was subtracted from the corresponding dimension 
of the master pattern to estimate the deviation. 
It has been observed that the selected dimension 
in all the fabricated prototypes shrinks during 
the solidification of the PU resins. However, the 
shrinkage for ABS is less as compared to other two 
materials due to lower value of ‘∆d’ (Refer Table 1). 
Mitutoyo SJ-210 roughness tester has been employed 
to measure the surface roughness (Ra value) of the 
prototypes. All the fabricated replicas have excellent 
surface quality as their Ra value lies in the range of 
0.615 mm to 1.574 mm. The aim of work is to obtain 
parametric conditions that result in minimum ‘Ra’ 
value and ‘∆d’ for the fabricated prototypes. Keeping 
in mind the above objectives, signal to noise (S/N) 
ratio has been calculated on the basis of ‘lower is 
better’ approach (refer Table 2) for the ‘Ra’ value 
and ‘∆d’ using equation (1).
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 r = Number of repetitions

 Yi = Measured value of the response

Analysis of Variance (ANOVA) has been carried 
out on S/N ratio in order to analyze and predict the 
significance of each input factor as well as their 
percentage contribution on the response. The ANOVA

table 1 
observervations of deviation & surface roughness

S. 
No. PU material Curing 

temp (oC)
Curing

time (min)
‘∆d’ 

(mm)
‘Ra’ 

(mm)

1 PP 65 90 0.08 1.574

2 PP 70 100 0.07 1.419

3 PP 75 110 0.04 1.253

4 ABS 65 100 0.07 0.628

5 ABS 70 110 0.05 0.615

6 ABS 75 90 0.04 0.744

7 Rubber 65 110 0.27 1.265

8 Rubber 70 90 0.25 1.371

9 Rubber 75 100 0.22 1.402

result for the S/N ratio of ‘∆d’ and ‘Ra’ have been 
shown in Table 3 & 4 respectively. The parameters 
having P-value less than 0.05 in ANOVA table 
has a large influence on the output. The results of 
ANOVA indicates that ‘A’ and ‘B’ are the terms that 
affect the deviation significantly whereas for surface 
roughness ‘A’ is the only significant term.

table 2 
S/N Ratio for the ‘∆d’ and ‘ra’

S.No. S/N Ratio for ‘∆d’ (dB) S/N Ratio for ‘Ra’ (dB)

1 21.94 -3.94

2 23.10 -3.04

3 27.96 -1.96

4 23.10 4.04

5 26.02 4.22

6 27.96 2.57

7 11.37 -2.04

8 12.04 -2.74

9 13.15 -2.93

table 3 
Anova results for S/N ratio of ∆d

S. 
No. DOF Adj

SS
Adj
MS F-value P-value % Contri-

bution

A 1 331.667 165.833 486.31 0.002 90.7

B 2 27.268 13.634 39.98 0.024 7.46

C 2 6.047 3.023 8.87 0.101 1.65

Error 2 0.682 0.341 0.19

Total 8 365.663 100

Figure 4 & 5 indicates the main effect plot for 
mean S/N ratios of various factors for dimensional 
deviation and surface roughness respectively. From 
Figure 4, it has been observed that curing temperature 
and PU material affects the ‘∆d’ significantly and 
the deviation decreases with increase in curing
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table 4 
Anova results for S/n ratio of ra

S. 
No. DOF Adj

SS
Adj
MS F-value P-value % Contri-

bution

A 2 81.827 40.913 99.10 0.010 95.28

B 2 0.0982 0.049 0.12 0.894 0.12

C 2 3.130 1.565 3.79 0.209 3.64

Error 2 0.825 0.412 0.96

Total 8 85.881 100

temperature. It was primarily due to the reason 
that with increase in curing temperature, the PU 
resins flow properly and fill the entire mould cavity 
before the start of solidification and thus decreases 
the deviation. Curing time affect the deviation 
slightly as observed from its low F-value (refer 
Table 3). Further, it has been investigated that PU 
material and curing time, majorly affects the surface 
roughness and the ‘Ra’ value decreases with increase 
in curing time. It was mainly due to the reason 
that with the increase in curing time, granules 
of the PU material bonded together properly and 
thus decreases the ‘Ra’ value. Both the ‘∆d’ and ‘Ra’ 
value was found to be minimum for ABS material 
as compared to other two. Also, the parameter levels 
that result in minimum deviation is A2, B3 and C3 
(refer Figure 4) whereas A2, B2 and C3 (refer Figure 5) 
for surface roughness.

Figure 4: Main effects plot for mean S/N ratios of ‘∆d’

oPtimizAtion And confirmAtion 4. 
exPerimentS

From the results of ‘∆d’ and ‘Ra’, different significant 
factors as well as their level has been observed for 
the selected responses. So, rather than streamlining 
the individual response in a self-assertively way, it 
has been better to get the parameter settings that

figure 5: main effects plot for mean S/n ratios of ‘ra’

gives satisfactory outcomes when each one of the 
responses are considered at the same time. The 
above objective has been achieved by utilizing 
‘Minitab 17’ software. The constraints set and the 
best parameter settings obtained have been shown in 
Table 5 & 6 respectively. Same weight & importance 
has been given to each parameter and response 
during the optimization process. The calculated 
‘∆d’ and ‘Ra’ corresponding to S/N ratio of 26.38 
& 4.20 were 0.048 mm & 0.616 mm respectively. 
Further, two affirmation tests were conducted at 
best parametric settings (refer Table 7) in order to 
anticipate the legitimacy of results recommended 
by the software in terms of ‘∆d’ and ‘Ra’ value. The 
observed values regarding the deviation (0.050 
mm, 0.052 mm) and surface roughness (0.659 mm, 
0.648 mm) demonstrates good repeatability and 
reproducibility of the trial conclusions.

table 5 
constraint for different responses

Name Target Min. Value Max. Value

PU material Constraint PP Rubber

Curing temp. Constraint 65 75

Curing time Constraint 90 110

S/N ratio ‘∆d’ Maximize 11.37 27.96

S/N ratio ‘Ra’ Maximize -3.94 4.22

table 6 
best parametric values

Name Best Value Actual Value

PU material ABS ABS

Curing temp. 70 70

Curing time 110 110

S/N ratio ‘∆d’ 26.38 0.048 mm

S/N ratio ‘Ra’ 4.20 0.616 mm 

Desirability 0.951 0.951
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concluSionS5. 

Vacuum casting process has been found to be feasible 
for preparing prototypes of different polyurethane 
materials in order to reduce the cost and time for 
batch production. During the solidification of the PU 
resins, the selected dimension in all the prototypes 
shrinks. PU material affects both the deviation and 
surface quality significantly. Dimensional deviation 
decreases with increase in curing temperature 
and better surface quality has been obtained with 
increase in curing time. The parameter settings 
that give best results when both the responses 
considered simultaneously were ABS material, 
curing temperature of 70 degrees with curing time of 
110 minutes. As the fabricated prototypes possesses 
surface finish and dimensional accuracy at par with 
traditional moulding patterns, thus VC process 
becomes a solution for reducing cost of RP in batch 
production applications.
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