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Abstract Rapid prototyping (RP) is an emerging technology
that has been implemented in many spheres of industry – partic-
ularly in the area of new product development. Growth of this
field has been rapid in recent years. Stereolithography (SL) is
one of the most popular RP process used for rapid tooling ap-
plications. There are several process parameters contributing to
the strength of an SL product. The contribution of three param-
eters; namely, layer thickness, post curing time and orientation
are most significant. In light of this concern, an attempt has
been made to study and optimize these process parameters for
maximum part strength, and develop an empirical relationship
between process parameters and part strength through design of
experiments (DOE). The proposed DOE is verified with the data
of experiments conducted under standard conditions.

Keywords Design of experiments · Process optimization ·
Rapid prototyping · Rapid tooling · Stereolithography ·
Taguchi method

Notation and nomenclature

A1, A2, A3 Regression coefficients of layer thickness
ANOVA Analysis of variance
B1, B2, B3 Regression coefficients of post-curing time
C Sum of constants
C1, C2, C3 Regression coefficients of orientation
CF Correction factor
CS Cross-sectional area
D1, D2 Regression coefficients of Lt.Pc
DOE Design of experiments
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f Degrees of freedom
F Variance ratio
i Level identifier of Lt
j Level identifier of Pc
k Level identifier of O
Lt Layer thickness
Lti Effect of the ith level of Lt on tensile strength
(Lt.Pc)ij Interaction effect of Lt and Pc on tensile strength
(Lt.O)ik Interaction effect of Lt and O on tensile strength
(Lt.Pc.O)ijk Interaction effect of Lt, Pc and O on tensile

strength
n Number of experiments at level i
N Total number of experiments
O Orientation
Ok Effect of the kth level of O on tensile strength
OA Orthogonal array
P Percentage of contribution
Pc Post-curing time
Pcj Effect of jth level of Pc on tensile strength
(PcO)jk Interaction effect of Pc and O on tensile strength
RP Rapid prototyping
SL Stereolithography
SLA Stereolithography apparatus
S/N Signal-to-noise ratio
SS Sum of squares
SSf Factor sum of squares
SST Total sum of squares
t Thickness
T Sum of TSijk of 18 experiments
TS Regression value of response variable (tensile

strength)
TSijk Tensile strength at the ith level of Lt, jth level of Pc

and kth level of O
UV Ultraviolet
UL Ultimate load
V Variance
Ve Error variance
Vf Variance of factor
w Width
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y Response variable
εijk Random error
η Average S/N ratio
µ Average value of the response variable
ιI Average value of tensile strength at the ith level of

Lt
(ιβ)ij Average value of tensile strength at the ith level of

Lt and jth level of Pc
(ιγ)ik Average value of tensile strength at the ith level of

Lt and kth level of O
βj Average value of tensile strength at the jth level of

Pc
(βγ)jk Average value of tensile strength at the jth level of

Pc and kth level of O
γk Average value of tensile strength at the kth level of O

1 Introduction

In a customer-driven market, each and every manufacturer has to
produce its products in a very short span of time. This is a pre-
requisite to survive in the global market. A decrease in product
development cycle time and an increase in product complexity
requires new ways to realize innovative ideas. In response to
these challenges, a spectrum of new technologies has evolved
that helps develop new products and broaden the number of
product alternatives. One such technology is layered manufac-
turing, which produces parts by deposition of material, layer
by layer. Today, the key benefits of layered manufacturing are
mostly derived from its ability to create physical models – re-
gardless of their shapes and complexities – directly from CAD
models. In addition, models built with the help of layered manu-
facturing processes are used as tools for casting and moulding,
i.e. dies for an injection moulding process and patterns for a cast-
ing process. This is a member of the set of time compression
technologies and is popularly known as rapid prototyping (RP).
It shortens the product development cycle time to a great ex-
tent. It is also known as a solid freeform fabrication technique,
which allows the transformation of digital design into a 3D solid
object for production of models, prototypes and tooling [1]. RP
is essentially an additive fabrication technique, which builds the
products by adding/depositing raw material, layer by layer, re-
placing a conventional metal removal process [2]. The represen-
tatives of RP processes are selective laser sintering (SLS), lam-
inated object manufacturing (LOM), three-dimensional printing
(3DP), fused deposition modeling (FDM) and stereolithography
(SL) [1, 3]. This paper considers the SL process and addresses its
part strength characteristics. Though SL is being recognized as
an innovative technology, it still cannot be fully utilized in prac-
tical applications since lacks in SL Part quality characteristics
compared to conventional processes. These characteristics can be
divided into physical characteristics and mechanical characteris-
tics. The physical characteristics are surface finish, dimensional
accuracy, curl and distortion, whereas the mechanical character-
istics are flexural, tensile, compressive and impact strength. Part
strength is crucial in the case of rapid tooling since the models

have to withstand pressures during test of fitment and also dur-
ing use as dies for injection moulding. The dies made through
the SL process are subjected to high tension due to high injec-
tion pressure. Various attempts made to increase the strength of
dies in the tooling application of SL technology include using a
minimum ejection force [4] and different compositions of epoxy
resins [1, 5, 6]. This work aims to further increase the tensile
strength of the SL component by identifying and optimizing the
process parameters that influence the part strength apart from
other considerations attempted earlier. In this paper, an attempt
has been made to identify the process parameters that influence
the strength of parts made by the SL process – one of the pro-
cesses used for rapid tooling, optimize the parameter levels and
evolve an empirical regression equation between tensile strength
and their influencing parameters. A statistical tool DOE is used
for the above purposes of identification of process parameters,
optimization of selected levels and establishment of regression
equation. The proposed methodology is verified with the data of
experiments conducted under standard conditions. The rest of the
paper is organized as follows: Sect. 2 gives overview of the SL
process; problem definition is dealt in Sect. 3; optimization of SL
part strength is described in Sect. 4; Sect. 5 deals with perform-
ance evaluation; and conclusions and scope for future research
are delineated in Sect. 6.

2 Stereolithography process

When time is critical and competition is fierce, SL provides
a clear decisive edge over other conventional prototype manu-
facturing techniques. SL uses an ultraviolet (UV) laser beam to
cure a photosensitive monomer resin layer by layer to build pro-
totypes having complex shapes. In the SL process, a tessellated
CAD model (STL file) is first sliced into very thin cross sections
and then the resulting slice data is for part building in a stere-
olithography apparatus (SLA). SLA uses a computer-controlled
laser to cure a photosensitive resin (epoxy or acrylate) layer by
layer to create a 3D part. The schematic diagram of the SL pro-
cess is shown in Fig. 1.

Here, the prototype is built on a platform positioned just be-
low the surface of liquid epoxy or acrylate resin contained in
a vat. A low-power highly focused UV laser beam traces out
the first layer, selectively solidifying the resin while leaving the
excess area liquid. Next, an elevator incrementally lowers the
platform into the vat by a distance equal to the layer thickness
value chosen. Since the photo-curable resin is relatively viscous,
simply lowering the elevator by the small distance (equal to layer
thickness) down into the vat does not permit the liquid to in-
stantly cover the whole of the upper surface of the cured part in
a uniform manner. A recoating mechanism is therefore required
to facilitate this process. For that purpose, the elevator is raised
to the desired height and a wiper arm traverses over its surface
to quickly level the excess viscous material. After a short wait (z
wait) for the resin to get stabilized, the laser traces the next layer
above the first layer. The process is continued till the final layer
is built. Then, the solid part is removed from the vat and rinsed to
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Fig. 1. Stereolithography process
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Fig. 2. Stereolithography process sequence

remove excess liquid. Supports are broken off and the part is sub-
jected to a post-curing operation. In the post-curing process, the
part is placed in a UV oven to complete the curing after nearly
97% of liquid polymer gets solidified during the build process.
The flow diagram given in Fig. 2 explains the sequence of steps
involved in 3D-model-generation through SL.

3 Problem definition

Part strength is crucial in the case of rapid tooling, since the
models have to withstand pressures during test of fitment and
also during use as dies for injection moulding. The dies made
through the SL process are subjected to high tension due to high
injection pressure. Harris et al. [4] conducted finite element an-
alysis (FEA) on the ejection forces in injection mould tooling
(insert) made with an SL process and concluded that smaller
layer thickness and greater draft angle of the insert resulted in
lower ejection forces. Besides this, it is pointed out that the ad-
justment of built layer thickness has a greater effect on ejection
force than the adjustment of draft angle. However, the focus of
the work of Harris et al. [4] is on minimization of the ejection
force involved in the injection moulding process to avoid pre-
mature failure of tooling. Increasing the strength (tensile) of the

die in addition to minimization of the ejection force would fur-
ther increase the tool life. In this context, this paper addresses the
strength aspects of the SL parts, which will increase the tooling
application potential of the SL process. The strength of SL parts
has improved significantly in recent years with the advent of new
resins [1]. Geiger and Ozel [7] discussed that the main problem
associated with injection moulding inserts made with an SL pro-
cess is low thermal conductivity and low physical strength. They
proposed a methodology to overcome the problem by adding
a low melting-point metal alloy to the SL resin and supple-
menting with copper cooling lines. Rahmathi and Dickens [5]
compared the life of inserts made of epoxy resin (SL 5170) and
Zeneca-filled resin and concluded that tool inserts made with
epoxy resins yielded a higher strength and achieved more than
500 successful injections without tool failure. Pang et al. [6] dis-
cussed that the introduction of new SL epoxy resins significantly
improved the overall part accuracy, dimensional stability and
mechanical properties relative to the earlier acrylate SL resins.
They compared the mechanical properties of SL 5170 resin and
SL 5180 resin and concluded that parts made through SL 5180
resin possess better tensile, flexural and impact strength. The
above literature review reveals that the strength of the SL com-
ponent is highly important in its applications and better strength
could be achieved by selecting the proper resin, by adding metals
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in epoxy resins and by introducing cooling lines in the SL part.
This work aims to further increase the tensile strength of the SL
component by identifying and optimizing the process parameters
that influence the part strength apart from other considerations
attempted earlier.

4 Optimization of SL part strength

Optimization, in general, is defined as the selection of the best
course of action (decision) for (a) specific objective(s) among the
many possible choices that depend on resource availability spec-
ified as constraints. This paper considers maximization of part
strength of the SL process given a set of operating environments.
The objective function for the optimization problem is the rela-
tionship between the part strength and process parameters that
could be used for the selection of optimal settings, which dif-
fer with environments, applications and specific requirements.
This section describes the procedure for establishing the rela-
tionship between part tensile strength and process parameters,
which could be used as objective function in process optimiza-
tion studies. In this paper, Design of Experiments (DOE) is used
as the optimizing tool to optimize the influencing parameters.
DOE is a series of ordered tests in which purposeful changes are
made to the input variables of a process or system to identify the
corresponding changes in the output response variable. DOE is
a powerful statistical technique used to study the effect on the
outcome of multi variables simultaneously [8, 9]. The process
or system is usually influenced by two sets of process variables
namely controllable variables and uncontrollable variables (noise
factor). The objectives of the experiment include the determin-
ation of:

• the most influencing (controllable) variable on the output
response,

• the significant setting of these influential variables so as to
minimize the variability in the output,

• the percentage of contribution of variables and
• the relationship between performance parameters and re-

sponse variables.

The Taguchi method, which is outlined in Fig. 3, is adopted for
SL part strength optimization. The Taguchi technique is a more
refined and advanced version of the fractional factorial experi-
ment in DOE [8]. This Taguchi technique is the most efficient
problem-solving tool, which can improve the performance of the
product, process, design and system with a significant slash in
experimental time and cost [10]. This technique increases the
power of analysis of experimental data by complex ANOVAs.
This technique is also an efficient way to determine the opti-
mum factor level combination to keep the variation at a minimum
while keeping the mean on target.

4.1 Identification of process parameters

Process parameters of the SL process number more than
fifty [11]. However, not all of the parameters influence the
strength characteristics. This section discusses the various pa-

Fig. 3. SL process parameter optimization using the Taguchi method

rameters that are considered in recent research for part strength
analysis and optimization. Schuab et al. [11] identified layer
thickness, part orientation and over-cure depth as the import-
ant SL process parameters that affect accuracy and strength.
Jacobs [1] proposed that layer thickness, laser power, scanning
velocity and orientation are the important process parameters
affecting part strength and the mechanical properties of SL pro-
totypes. Banerjee et al. [12] conducted a study on the mechanical
strength of the prototypes made by an SL process. They found
that layer thickness, orientation and post-curing time are the
most important SL process parameters expected to impart max-
imum influence upon the ultimate tensile strength (UTS) of the
prototype. Chockalingam et al. [13] made an attempt to iden-
tify and study the various process parameters governing the SL
system related to part characteristics (mechanical characteris-
tics) and identified layer thickness as one of the most influencing
parameters. Cheng et al. [14] proposed a multi-objective ap-
proach for determining optimal part build orientation in order
to have higher accuracy and shorter build time. They found that
the orientation of the part during fabrication in the SL process is
a critical parameter and the strength of the prototype depends on
the orientation in which the part is built. Table 1 summarizes the
parameters that influence the strength of the SL parts.

The summary reveals that two parameters – namely, layer
thickness and orientation – are considered important SL process
parameters that influence the part strength. The complete solidi-
fication of the part built through an SL process takes place after
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Year Author Layer Orientation Post-curing Laser Over cure Scanning
thickness time power depth velocity

1992 Jacobs [1] � � × � × �
1995 Cheng et al. [14] × � × × × ×
1997 Schuab et al. [11] � � × × � ×
1997 Rahmati et al. [5] � × × × × ×
2002 Banerjee et al. [12] � � � × × ×
2002 Harris et al. [4] � × × × × ×
2003 Chockalingam et al. [13] � × × × × ×
�= Considered × = Not Considered

Table 1. Parameters considered for
SL part strength analysis

the post-curing process. The strength of the part is improved
after post-curing. Thus, post-curing time is an important param-
eter that affects the strength of the part. Considering the above
factors, the following parameters are identified as the most sig-
nificant with respect to strength and they are described below:

Layer thickness (Lt): This is the specified thickness that the
model is sliced in the z direction.

Orientation (O): This is the position in which the part is
built.

Post curing time (Pc): This is the time for which the proto-
type is placed in a UV oven for complete
solidification.

4.2 Selection of levels for each process parameter

The levels for each process parameter are selected after conduct-
ing a screening experiment. They are usually fixed by analyzing
the ranges of each process parameter in the SL machine. In DOE,
it is crucial to select the proper level values for the chosen con-
trollable factors; namely, layer thickness (Lt), post-curing time
(Pc) and orientation (O). Normally, the number of levels of each
factor depends on the behaviour of response variable (say tensile
strength) to the factor under consideration. Two levels, usually
minimum and maximum limits of the factor, are set for linear
pattern. To find non-linear effects, a minimum of three levels of
each factor should be considered. The lower value, middle value
and higher value of each factor are considered to be level 1, 2 and
3 respectively. These levels depend on the machine and material
specifications. The levels set for the above three parameters to
produce an SL part on an SLA 250/50 machine with CIBATOOL
SL 5210 resin are shown in Table 2.

4.3 Selection of orthogonal array (OA)

Any process gives the best possible output when all of the influ-
encing parameters operate at the optimum level. If m parameters

Table 2. Levels of process parameters

Parameter Range Level 1 Level 2 Level 3

Lt 0.1–0.15 mm 0.1 0.125 0.15
Pc 60–120 min 60 90 120
O HX, VX, HY, VY HX VX HY

are selected with n levels, the total number of experiments to be
conducted is nm . If the total number of parameters and levels
involved is greater, the number of experiments to be conducted
becomes very large. Taguchi suggested the use of an orthogonal
array (OA), which is the basis for conducting fractional factorial
experiments [8, 9]. The orthogonal array is selected based on the
number of factors, interactions between them and the number of
levels of each factor. Table 3 shows L18 standard OA used for the
three factors, each set at three levels.

4.4 Experimentation (main experiment)

After completing the screening experiment to select the level
values of the controllable factors, 18 experiments were con-
ducted with the process parameters set at appropriate levels using
OA L18 shown in Table 3. Tensile specimens have been built as
per American Society for Testing and Materials (ASTM) stan-
dards for resin ASTM D638 as shown in Fig. 4 [15].

Table 4 shows the tensile strength (TSijk) of all OA settings
found through the exact dimensions measured with a coordinate
measuring machine (CMM) and the ultimate load obtained with
universal testing machine (UTM).

Table 3. Orthogonal array (L18)

Level

Experiment Layer Post-curing Orientation
number thickness (Lt) time (Pc) (O)

1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 1
5 2 2 2
6 2 3 3
7 3 1 2
8 3 2 3
9 3 3 1

10 1 1 3
11 1 2 1
12 1 3 2
13 2 1 2
14 2 2 3
15 2 3 1
16 3 1 3
17 3 2 1
18 3 3 2
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Table 4. Ultimate tensile strength for OA settings

Experiment Width Thickness Cross-sec- Ultimate Tensile
number tional area load strength

(w) (t) (CS) (UL) (TSijk)
(mm) (mm) (mm2) (kg) (kg/mm2)

1 12.937 3.311 42.8344 314.5 7.34223
2 13.162 2.94 38.69628 266.5 6.88697
3 13.059 3.748 48.94513 324.0 6.61966
4 13.007 3.321 43.19625 296.0 6.85245
5 13.141 3.008 39.52813 287.5 7.27330
6 13.08 3.434 44.91672 276.0 6.14470
7 13.174 3.0 39.52200 276.0 6.98345
8 13.078 3.598 47.05464 289.0 6.14179
9 13.048 3.37 43.97176 273.5 6.21990

10 13.013 3.499 45.52899 315.0 6.91867
11 13.041 3.446 44.93928 280.5 6.24175
12 13.174 2.957 38.95552 294.0 7.54707
13 13.249 3.006 39.82649 293.5 7.36947
14 13.046 3.097 40.40346 249.0 6.16284
15 12.992 3.369 43.77005 247.5 5.65455
16 13.105 3.335 43.70517 309.0 7.07010
17 13.027 3.396 44.23969 284.0 6.41957
18 13.156 2.964 38.99438 259.0 6.64198

4.5 Signal to noise (S/N) ratio calculation

As an evaluation tool for determining the robustness of the de-
sign, signal-to-noise (S/N) ratio is the most important com-
ponent of the parameter design [8, 9]. In the Taguchi method,
the term “signal” represents the desirable target (higher tensile
strength) and “noise” represents the undesirable value. The S/N

Fig. 4. ASTM D638 tensile specimen

Fig. 5. S/N ratio graph

Table 5. S/N ratio values at each level

Levels Lt Pc O

1 16.76 17.00 16.11
2 16.24 16.24 17.02
3 16.33 16.16 16.23

ratio for each parameter level is calculated using Eq. 1 [8].

η = −10 log10

(
1/n

n∑
i=1

1/y2
i

)
(1)

where η is the average S/N ratio, n is the number of experiments
conducted at level i and yi is the measured value (here, tensile
strength (TSijk)).

A robust system will have a high S/N ratio. As the objec-
tive is to maximize the tensile strength of the parts produced by
the SL process, a “larger-the-better” quality characteristic is to
be considered. Thus, the S/N ratio should be as large as pos-
sible for higher values of tensile strength. Table 5 shows the S/N
ratio for each level in each factor and the graph shown in Fig. 5
shows the variation of the S/N ratio for all of the controllable
factors.

The level having the higher S/N ratio is selected as the opti-
mum level contributing higher strength to the part. They are:

layer thickness: 0.1 mm (level 1, S/N: 16.76),
post-curing time: 60 min (level 1, S/N: 17.00) and
orientation: VX (level 2, S/N: 17.02).
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4.6 Analysis of results (ANOVA analysis)

Analysis of variance (ANOVA) is an analytical method to square
the dispersion of specific numbers. This uses the sum of squares
of each experiment-related factor to the factor’s contribution
to evaluate response variable (say tensile strength). The fol-
lowing are ANOVA terms used for analyzing the experimental
results [8, 9, 16]:

Sum of squares (SS): It is the sum of squares of all the trial run
results.

Total sum of squares (SST ): It is the difference between the sums
of squares of all the trial run results and Correction
Factor (CF).

Correction factor (CF): the term that reduces the variation of the
process.

CF = T 2/N

Degrees of freedom ( f ): the number of degrees of freedom for
a factor is equal to one less than the number of
levels of that factor.

Variance (V ): the variance of each factor is determined by the
sum of the squares of each trial sum of results
involving the factor divided by the degrees of free-
dom of the factor.

V = SSf / f

Variance ratio (F): it is the ratio of variance of each factor to the
error variance.

F = Vf /Ve

Percentage of contribution (P): the percentage of the contribu-
tion of each factor is the ratio of the factor sum of
squares to the total sum of squares.

P = [SSf − ( fxVe)]/SST

Table 6 shows the percentage of the contribution of each fac-
tor for tensile strength (TSijk) along with the estimated ANOVA
parameters before pooling.

Table 6. Percentage contribution of factors for tensile strength (before
pooling)

Source Sum of Degrees of Variance Variance Percentage of
squares freedom ratio contribution

(SS) ( f ) (V ) (F) (P)

Lt 0.481 2 0.2405 1.647 3.97
Pc 1.411 2 0.7055 4.832 23.51
O 1.616 2 0.808 5.534 27.82
Lt.Pc 1.134 4 0.2835 1.94 11.56
Lt.O 0.55 4 0.1375 0.94 −0.714
Error −0.438 3 0.146 33.14
Total 4.759 17 100

When the contribution of a factor is small, the sum of squares
for that factor is combined with the error. This process of dis-
regarding the contribution of a selected factor and subsequently
adjusting the contribution of the other factor is known as pool-
ing [8, 9]. Here, the percentage of contribution of Lt.O is very
small and hence its sum of squares and degrees of freedom is
combined with the error term. Then, the ANOVA calculations
are performed again to find the new percentage of contribution.
Table 7 shows the percentage of contribution of each factor on
tensile strength after pooling.

From the ANOVA table, the significance of each parameter
after pooling is identified and given as a pie chart in Fig. 6.

The observations of the parameters on tensile strength are:

• orientation has maximum influence of 33.28%;
• post-curing time contributes 28.97%;
• layer thickness contributes 9.43%; and
• interaction between layer thickness and post-curing time

contributes 22.48%.

4.7 Establishment of the empirical regression equation

The relationship between response variable(s) and influencing
parameters provide a platform to predict, optimize and control
the process. The regression equation for the response variable
with three parameters (Lt, Pc and O) and three levels (1, 2 and
3) is modelled and is given in Eq. 2 [8].

TS =µ+ Lti + Pcj + Ok + (Lt.Pc)ij + (Lt.O)ik

+ (Pc.O)jk + (Lt.Pc.O)ijk + εijk (2)

Table 7. Percentage contribution of factors for tensile strength (after
pooling)

Source Sum of Degrees of Variance Variance Percentage of
squares freedom ratio contribution

(SS) ( f ) (V ) (F) (P)

Lt 0.481 2 0.2405 15.03 9.43
Pc 1.411 2 0.7055 44.09 28.97
O 1.616 2 0.808 50.5 33.28
Lt.Pc 1.134 4 0.2835 17.72 22.48
Error 0.117 7 0.016 5.84
Total 4.759 17 100

Fig. 6. Pie chart showing percentage of contribution
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where TS is the regression value of the response variable (tensile
strength) and µ is the average value of the response variable:

µ = 1/18
3∑

i=1

3∑
j=1

3∑
k=1

TSijk.

Lti is the effect of the ith level of Lt on the tensile strength:

Lti = [ιi −µ].
ιi = 1/6(TSijk), ∀ j and ∀k.

ιi is the average value of tensile strength at the ith level of Lt. Pcj

is the effect of the jth level of Pc on tensile strength:

Pcj = [βj −µ].
βj = 1/6(TSijk), ∀i and ∀k.

βj is the average value of tensile strength at the jth level of Pc.
Ok is the effect of the kth level of orientation on tensile strength.

Ok = [γk −µ].
γk = 1/6(TSijk), ∀i and ∀ j.

γk is the average value of tensile strength at the kth level of O.
(Lt.Pc)ij is the interaction effect of Lt and Pc on tensile strength:

(Lt.Pc)ij = [(ιβ)ij −µ].
(ιβ)ij = 1/2(TSijk), ∀k.

(ιβ)ij is the average value of tensile strength at the ith level of
Lt and the jth level of Pc. (Lt.O)ik is the interaction effect of Lt
and O on tensile strength:

(Lt.O)ik = [(ιγ)ik −µ].
(ιγ)ik = 1/2(TSijk), ∀ j

(ιγ)ik is the average value of tensile strength at the ith level of Lt
and the kth level of O. (Pc.O)jk is the interaction effect of Pc and
O on tensile strength:

(Pc.O)jk = [(βγ)jk −µ].
(βγ)jk = 1/2(TSijk), ∀i.

(βγ)jk is the average value of tensile strength at the jth level of
Pc and the kth level of O. (Lt.Pc.O)ijk is the interaction effect of
Lt, Pc and O on tensile strength. Finally, εijk is the random error,
and i, j , k are the level identifiers of Lt, Pc and O.

Since the interaction effect between Lt and O, Pc and O and
Lt, Pc and O is negligible, the regression Eq. 2 thus becomes:

TS = µ+ Lti + Pcj + Ok + (Lt.Pc)ij + εijk (3)

The values of ιi , βj , γk and (ιβ)ij are modelled with second-order
polynomial equations and is given by Eq. 4.

TS =µ+ (A1Lt2 + A2Lt + A3 −µ)

+ (B1 Pc2 + B2 Pc+ B3 −µ)

+ (C1 O2 +C2 O +C3 −µ)

+ (D1Lt.Pc+ D2 −µ)+ εijk (4)

Table 8. Average response of parameter levels

Parameter Levels Average response (mm)

Lt 0.1 6.926
0.125 6.576
.15 6.580

Pc 60 7.089
90 6.521

120 6.471
O HX 6.455

VX 7.117
HY 6.510

Eq. 4 is rewritten as

TS =A1Lt2 + A2Lt + B1 Pc2 + B2 Pc

+C1 O2 +C2 O + D1Lt.Pc+C (5)

Where A1, A2, A3, B1, B2, B3, C1, C2, C3, D1 and D2 are the
regression coefficients.

C = A3 + B3 +C3 + D2 −3µ+ εijk

The regression coefficients are determined with regression analy-
sis, which uses the average response of all parameter levels of
L18 OA shown in Table 8, employing the least mean square error
as a criterion [8].

By substituting the regression coefficients obtained, the re-
gression Eq. 5 becomes:

TS =(−89.878)Lt2 + (16.8)Lt + (2.88×10−4)Pc2 − (0.062)Pc

− (0.6345)O2 + (2.5655)O −0.068(Lt.Pc)+7.667 (6)

5 Performance evaluation

The final step in the process parameter design is to validate
the regression equation with selected optimum process param-
eters. Table 9 shows the comparison between the experiment
value and regression value of the tensile strength at various levels
of process parameters (18 OA settings and 9 non-OA settings).
Also, the percentage of deviation of the regression value from
the experimental value for various combinations is shown in
Table 9.

The graph shown in Fig. 7 illustrates the percentage deviation
of tensile strength (regression equation value) from the experi-
mental value.

6 Conclusions and scope for future research

Part strength is an important characteristic in rapid tooling and
it is necessary to determine and optimize the process parame-
ters for maximum strength. This paper attempted to identify the
process parameters that influence the strength of parts made by
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Table 9. Comparison between experimental value and regression value

Experiment Lt Pc O Experiment Regression Percentage
Number value value of deviation

(mm) (min) (TSijk) (TS) |(TSijk − TS)/(TSijk)|×100

OA 1 0.1 60 HX 7.34223 7.28802 0.74
settings 2 0.1 90 VX 6.88697 7.18202 4.28

3 0.1 120 HY 6.61966 6.32542 4.44
4 0.125 60 HX 6.85245 7.10046 3.62
5 0.125 90 VX 7.27330 6.94346 4.53
6 0.125 120 HY 6.14470 6.03586 1.77
7 0.15 60 VX 6.98345 7.46255 6.86
8 0.15 90 HY 6.14179 5.98554 2.54
9 0.15 120 HX 6.21990 5.57895 10.30

10 0.1 60 HY 6.91867 7.34302 6.13
11 0.1 90 HX 6.24175 6.52002 4.45
12 0.1 120 VX 7.54707 6.93242 8.14
13 0.125 60 VX 7.36947 7.76245 5.33
14 0.125 90 HY 6.16284 6.33645 2.82
15 0.125 120 HX 5.65455 5.98086 5.77
16 0.15 60 HY 7.07010 6.85554 3.03
17 0.15 90 HX 6.41987 5.93055 7.62
18 0.15 120 VX 6.64198 6.24095 6.04

non- 19 0.1 60 VX 7.54120 7.95002 5.42
OA 20 0.1 90 HY 5.91968 6.57502 11.07
settings 21 0.1 120 HX 6.68517 6.27042 6.20

22 0.125 60 HY 5.88318 7.15546 21.62
23 0.125 90 HX 6.87263 6.28146 8.60
24 0.125 120 VX 5.84079 6.64286 13.73
25 0.15 60 HX 7.00279 6.80055 2.89
26 0.15 90 VX 6.69297 6.59255 1.50
27 0.15 120 HY 6.05789 5.63395 6.99

Fig. 7. Performance graph for percentage of deviation

an SL process – one of the processes used for rapid tooling, op-
timize the parameter levels and evolve an empirical regression
equation between tensile strength and their influencing param-
eters. A statistical tool DOE is used for the above purposes
of identification of process parameters, optimization of selected
levels and establishment of the regression equation. Conclusions
of the DOE study are as follows:

• Lt, Pc and O have a large influence on part strength.
• Among the process parameters, orientation has the maximum

influence on part strength.
• The optimal combination of process parameters is 0.1 mm

layer thickness, 60 min post-curing time and vertical orienta-
tion (VX).

• The average percentage deviation of tensile strength (ob-
tained from regression equation) from the experimental value
is reasonable (6.16%).

This procedure could be employed for impact, compression and
flexural strength analysis. This work could be extended with dif-
ferent OA settings for more accuracy in optimal level settings
and regression equation.
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