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Abstract
Fabrication of functional prototypes from computer-aided design data through joining polymer powders particles is accom-
plished using selective inhibition sintering (SIS) process. The dimensional accuracy of sintered specimens in SIS process is
significantly affected for the materials such as polymer and inhibitor, complex geometry and process parameters. Increasing
dimensional accuracy in SIS process improves the quality and functional ability of end-use components. The present work
investigates the shrinkage characteristics of SIS parts with reference to various process parameters such as thickness of layer,
heater energy and its feedrate, and inhibitor nozzle feedrate. The test specimens are fabricated using the developed SIS system.
Experimental study and mathematical modelling is accomplished based on statistical box-behnken response surface methodol-
ogy. The result of analysis of variance (ANOVA) revealed that the layer thickness followed by printer feedrate and heater feedrate
are the dominating variables on shrinkage. The optimal operating conditions of selected process variables to reduce shrinkage is
presumed using desirability approach. The results revealed that the settings of low layer thickness and high heater energy with
medium heater feedrate and medium printer feedrate is beneficial for improving dimensional stability of sintered specimen.
Furthermore, the effect of these parameters on shrinkage are evaluated by conducting sensitivity analysis.
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Introduction

Rapid Prototyping (RP) is a disruptive technology to realise
computer aided design (CAD) parts in short span of time. The
traditional subtractive manufacturing processes may increase
the cost burden and huge human effort is required to manu-
facture the part [1]. However, the RP processes have the ca-
pability to generate intricate 3D parts without usage of tooling
and lead time of the product can be reduced up to 50% [2, 3].
Owing to the peculiar characteristics of RP processes such as
cost-effective, time efficient, and can handle diversity of ma-
terials such as metals, ceramics and thermoplastics [4], they
have gained an extensive attention in the fields of automotive,

aeronautical, medical and custom consumer products [5]. In
the pas t decades , severa l RP processes such as
stereolithography (SL), fused deposition modelling (FDM),
direct metal deposition (DMD), selective laser sintering
(SLS) and three-dimensional printing (3DP) have been devel-
oped. Each RP process is varied with reference to layer depo-
sition, principle of operation, and usage of materials [6].
However, they have few common processing steps including
building of CAD models, slicing, machine tool-path genera-
tion, and post-processing.

Out of available rapid prototyping processes, Selective
Inhibition Sintering (SIS) [7] is considered to be an innovative
and economical RP technique that fabricates parts on a layer-
upon-layer basis. In this process, polymer powder particles are
sintered with desired part profiles which are defined through
precise delivery of inhibitors. Adaptability to various mate-
rials such as polymers, ceramics and metals is one of the key
advantages of SIS process. It can also utilize indigenous poly-
mers and metal powders that makes the system cost effective
[8]. The step-by-step procedure to fabricate the parts are:
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1. First layer is formed through spreading the powder on the
build platform with an aid of rollers

2. Delivery of inhibitor at the part boundaries using a nozzle
which moves along the formed layer. The numerical con-
trol (NC) tool path is generated from the software based
upon the solid model.

3. Sintering of powder layer is achieved using a low cost
heater.

4. The above three steps are reiterated until the final part is
made. The prototyped part is removed from the build
chamber and surplus powder is deposited into the recycle
tank.

The commercialization of SIS system is still cumbersome
due to compatibility issues with reference to NC tool path
generation, powder compaction, reducing powder wastage
and optimization of SIS process variables. Hence, it is vital
to realize the inadequacies of a process to meet the demands of
numerous applications. It has been suggested that enrichment
of dimensional accuracy, specimen strength, surface quality
and built time are the crucial disputes to be addressed for
effective implementation of rapid prototyping technology [9].

Several studies have been made to enhance the quality and
performance characteristics of RP parts through appropriate
selection of process variables. Mahapatra et al. [10] have iden-
tified that raster width followed by thickness of each layer and
part orientation are the most influencing variables on surface
quality of FDM parts. Sachdeva et al. [11] explored the con-
sequence of process variables on surface quality of SLS parts
utilizing response surface methodology (RSM). They have
found that input energy for laser and scan spacing are critical
variables in affecting the surface finish. Sood et al. [12] have
considered FDM part to investigate the compressive strength
using particle swarm optimization and artificial neural net-
work approach. They found that the compressive strength of
fabricated parts are abridged due to anisotropy properties of
polymers and weak interlayer bonding due to the formation of
pores. Rayegani et al. [13] have performed experiments on
improving the tensile strength of FDM parts. They proposed
a differential evolutionary approach to examine the tensile
strength which is significantly influenced by combination of
negative air gap, smaller raster width, and increased raster
angle. Rajamani et al. [14] fabricated high density polyethyl-
ene parts using SIS system and evaluated mechanical strength
of sintered parts using response surface approach. Their re-
sults revealed that, mechanical strength of specimens is im-
proved through increasing heater energy and reducing thick-
ness of powder layer. Balasubramanian et al. [15] evaluated
wear properties of high density polyethylene parts produced
using SIS process and investigation on the influences of SIS
variable is performed.

One of the major challenges in parts produced by RP pro-
cess is to achieve the dimensional accuracy as it is a function

of many factors such as process parameters, powder proper-
ties, tessellation from the computer aided 3D model, slicing
algorithm, part geometry and shrinkage [16]. Several re-
searchers have attempted to enhance the dimensional preci-
sion of RP parts by adjusting the consequence of shrinkage.
Singh et al. [17] proposed RSM based central composite de-
sign to optimize the process parameters on selective laser
sintering process. They have reported that the scan spacing
and the laser power are the most influencing parameters which
affected the shrinkage of SLS parts. Further, increase in scan
spacing has reduced the shrinkage, whereas increase in laser
power escalate the shrinkage comparatively. Sood et al. [18]
utilized a hybrid grey-taguchi technique to investigate the
shrinkage of FDM parts. They have proposed that the thick-
ness of FDMparts increased due to the growth of predominant
shrinkage in length and width. Negi et al. [19] used artificial
neural network (ANN) and RSM on accounting shrinkage
behaviour of PA 3200GF specimens. They found that ANN
technique predicts better optimum solution in comparison to
RSM and great influence on shrinkage is observed through
varying scan speed, scan spacing and part bed temperature.
Senthilkumaran et al. [20] stated that directional impact due to
specimen orientation and scan length has more influence on
shrinkage of SLS parts. Also, shrinkage is less and highly non-
uniform in the direction of scanning in comparison to its or-
thogonal scanning direction. Wang et al. [21] used neural net-
work to examine the influence of SLS variables on shrinkage
characteristics of sintered parts. They have proposed that
growth in scan speed and scan spacing escalates the percent-
age of shrinkage, whereas increase in thickness of layer, laser
energy and built chamber temperature lead to decrease in
shrinkage. Ragunath et al. [22] have deliberated the effect of
SLS process parameters on shrinkage values of sintered parts
using Taguchi technique. They identified that the scaling fac-
tors have linear affinity with scan length and it influences
more on the shrinkage of sintered part in X direction.
Hopkinson et al. [23] studied the influence of specimen height
and its position, and also built direction on the dimensional
accuracy of sintered aluminium particles using SLS. They
observed that the sintered specimen has predominant shrink-
age on Z direction compared to other directions due to the
sensation termed ‘Z-growth’ whereby the unwanted powder
particles are sintered beyond the down facing surface by the
laser energy. Ning et al. [24] investigated the influence of
various direct metal laser sintering (DMLS) process parame-
ters on dimensional shrinkage. They observed more shrinkage
and non-homogeneity due to short hatch lines. Shi et al. [25]
considered the influence of polymer properties, including par-
ticle size, molecular weight, crystallization rate and the molten
viscosity on the shrinkage of SLS parts. They found that the
dimensional accuracy of SLS parts are mostly dependable on
crystallization rate. Asiabanpour et al. [26] studied the effect
of several SIS process parameters on dimensional accuracy
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and surface quality of sintered polymer parts using RSM and
desirability hybrid approach. They have identified that the
layer thickness, sintering temperature, part bed temperature,
printer feedrate and heater feedrate are the most influencing
parameters on part accuracy and surface quality. The afore-
mentioned discussions exposed that quality and performance
characteristics of RP parts are reliant on numerous variables
that related to process rather than material characteristics.
Appropriate selection of these process variables produce su-
perior dimensional accuracy of end-use components. The lit-
erature also reveals that, none of the researchers have
attempted their investigation on the optimization of shrinkage
behaviour of SIS processed high density polyethylene parts.

Therefore, in this work, an exhaustive study has been made
to envisage the influence of four SIS variables such as, heater
energy, printer feedrate, heater feedrate, layer thickness on the
shrinkage behaviour of SIS processed HDPE parts. The ex-
periments are designed and performed based on RSM based
box-behnken design. Percentage variance in the dimensions of
sintered specimens and CAD model along length, width and
thickness directions are considered as responses. Desirability
approach is employed in optimizing the process parameters
with suitable predication models. A validation experiment is
conducted to imitate the effectiveness proposed models at op-
timal level of process variables. The quantitative effect of
these parameters on shrinkage is obtained using sensitivity
analysis.

Experimental Details

Development of SIS System

SIS machine is custom built to fabricate the parts as shown in
Fig. 1 and the detail description of mechanical assembly, elec-
tronic systems, controller and software modules are elaborated
below.

Feed and build tanks

The feed tank is used to store and deliver the polymer powder
materials to build tank through a roller mechanism. It is made
of aluminium sheets with a size of 250 × 200 × 8 mm. The
build tank also called as part bed constructed using aluminium
sheet with size of 200 × 200 × 2 mmwhere in desired parts are
fabricated. The upward and downward movement of both the
tanks are achieved through a simple power screw mechanism
which is driven using a Nema 23 stepper motor. Four round
steel bars are used to guide the bed plate of both the tanks.
Possible swaying of top plate as it moves vertically is elimi-
nated with the help of linear bearing fitted at the bottom of the
tanks. The movement of both feed and build tanks are devised
to push the required quantity of powder in a precise way for
the designated layer thickness.

Heater assembly

Ceramic heater with temperature control unit is integrated to
the system to perform sintering and maximum temperature of
350 °C can be achieved. The heater unit is moved along the
horizontal direction using a linear actuator and its feed rate is
also controlled. A proportional, integral, derivative (PID) con-
trol algorithm is implemented to maintain the desired temper-
ature for sintering of polymer powders. The heating element
comprising of two lamps of 240 V/1000watts of each, fixed in
aluminum sheet casing in the parallel direction with the spac-
ing of 10 mm. The heater assembly is coupled with a belt and
pulley drive and they are actuated through a double shaft
stepper motor.

Part bed heater

After sintering process, the part bed is immediately exposed to
ambient temperature which causes curling and twisting of
sintered part layers. In order to avoid this issue, part bed is
maintained with a specific temperature using a surface plate

Fig. 1 Developed SIS system
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heater which is attached at the bottom of build tank. The part
bed is maintained to approximately 90°–100 °C to achieve
uniform adhesion between first layer and powder bed.

Preparation of inhibitor and delivery mechanism

Preliminary experiments are conducted to evaluate the perfor-
mance of each inhibitor through applying heat energy on the
polymer powder with inhibitor at the periphery. It is observed
that, barium chloride and potassium iodide (KI) are obtained
uniform penetration on the powder surface than other inhibi-
tors. However, KI has high solubility which is essential during
post processing for cleaning of inhibitor without much effort.
Hence, KI (133 g /100 ml of water) is mixed with water to
form aqueous saturated KI solution. In addition, small amount
of isopropyl alcohol (IPA) is added to avoid the formation of
droplets. After many iterations, the proportion of KI, H2O and
IPA is found to be 50 g: 42.5 ml: 8 ml to perform inhibition at
the part boundary. Delivery mechanism consists of a syringe
which is driven using a stepper motor in turn connected to a
linear screw. A nozzle of 0.5 mm diameter is attached at the tip
of syringe which can store 60 ml of inhibitor solution. The
complete setup is coupled with roller mechanism so that both
the motions are synchronized appropriately.

Sensors, actuators and controller

The SIS system consists of five independent movements such
as translation along X, Y, Z, deposition of inhibitor and travel
of heater. The XYplanar motion is achieved through a timing
belt and pinion setup actuated using a stepper motor. The up
and down motion of feed and build tanks along Z direction is
actuated through a stepper motor in such a way that, desired
layer thickness is maintained for sintering of polymer pow-
ders. When the feed tank is moved upward direction of
0.1 mm then simultaneously build tank is moved downwards
of same thickness. These two motions are coupled in a routine
way so as to make the parts with desired layer thickness is
obtained. As per the desired part profile, numerical control
(NC) tool path is generated which enables to deliver the in-
hibitors at the part boundaries. After deposition of inhibitors,
heater assembly is moved along the XY plane and desired
temperature is accomplished using a PID controller.
ATMEGA 2560 arduino based controller with Ramps 1.4
board is used to control all five motions of SIS system.
SMPS (switched mode power supply) is connected with the
controller which will supply the power of 5 V. The limit
switches are placed in X, Y, and Z directions and hence mo-
tions are restricted to 230 mm, 470 mm and 200 mm respec-
tively. Two thermistors are used to measure the temperature of
heater and bed heater which forms a closed loop control sys-
tem and temperature is monitored in LCD. The two solid state

relays are used to switch heater and control the temperature
appropriately.

Materials and Measurements

The desired three dimensional (3D) CATIA models are
exported as a stereolithograpic (.stl) file. The STL file is
imported into Slic3r software which slices the STL file with
specific layer thickness and then it is transformed into G-
codes. These G-Codes, then, are imported into Pronterface
software to create machine tool paths of SIS machine for
smearing the inhibitor at the part boundary. As per the ma-
chine path generation, HDPE powder is deposited with a de-
sired layer thickness from the storage chamber using a roller
mechanism. Inhibition is carried out with reference to required
part profile which act as support material for the part.
Sintering phenomenon is achieved through controlling the
temperature of ceramic heater with appropriate feed rate.
The layer-by-layer deposition of powder, inhibition, and
sintering is performed until the required part is fabricated.
Post processing of cleaning of inhibitor from the built part
completes the SIS process.

Investigation of diverse SIS parameters such as thickness
of powder layer, feed rate of heater, inhibition printer rate and
heater energy are considered for the experimental studies.
Their ranges are selected (Table 1) based on exhaustive pilot
experimentation and literature studies. During experimenta-
tion, build tank temperature, printer nozzle diameter and noz-
zle stand-off distance are assigned constant values as 90 °C,
0.5 mm and 5 mm respectively.

High density polyethylene (HDPE) material with an average
grain size ranging of 35–80 μm supplied by JP Polymers, India
is utilized for part fabrication. During the course of experiments,
100% virgin powder is used to avoid irregularities in sintered
parts. Figure 2 shows the shape and size (135 × 35 × 8 mm) of
the SIS test specimen used to investigate the shrinkage. The
shrinkage measurement is made in the specimen along the
length (L), width (W) and thickness (T) and their mean value
is accounted. The dimensions are measured using Checkmaster
(Model: 216–242, Helmel.Inc., USA) bench top co-ordinate
measuring machine equipped with Geomet® 7.00.035

Table 1 SIS process parameters and their levels

Parameters Unit Symbol Levels

Low Medium High

Layer thickness mm A 0.1 0.2 0.3

Heater energy J/mm2 B 22.16 25.32 28.48

Heater feedrate mm/s C 3 3.5 4

Printer feedrate mm/min D 80 100 120
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universal CMM software, having measuring range of 400 ×
500 × 350 mm as shown in Fig. 3. The experimental design
matrix and measured shrinkage values are presented in
Table 2. It is observed from table that the measured values at
the length and width are comparatively higher than the dimen-
sion of CADmodel at all the circumstances. These variations in
dimension can induce stresses in the specimens and hence it has
to be minimized. Based on measured dimensions, shrinkage of
a specimen is calculated by following,

%dX ¼ jX−XCADj
XCAD

� 100 ð1Þ

whereXCAD represent the dimension fromCADmodel, X is the
actual size measured using Vernier calliper and %dX stands for
percentage change in dimension along specified direction.

Experimental Design

Execution of experiments with appropriate planning to
achieve desired efficiency is essential. The present study
incorporates RSM, a collection of mathematical methods,
experimental strategies and statistical inferences to ana-
lyse and optimize the response values obtained through
experimentation [27]. In this work, dimensional accuracy
is considered to be a response variable, because it influ-
ences the particle size, shape, packing direction and den-
sity. However, evaluation of shrinkage with respect to
various SIS process variables such as thickness of built
layer (A), heat energy (B), feed rate of heater (C), and
printer feed rate (D) is of great importance to obtain
dimensional stability of sintered parts.

The range of SIS parameters is decided on the basis of
polymer properties and conducting several pilot experi-
ments. From the pilot studies, it is observed that the
sintering does not ascend if the heater input energy is be-
low 22.16 J/mm2 and polymer powder particles confisca-
tions to degradation further than 28.48 J/mm2. The built
chamber is preheated to 85 °C to overcome thermal distor-
tion and avoid sticking of sintered polymer particles with
recoater. Increasing built chamber temperature above
85 °C increases the curing time of the polymer particles
that resulted in more crystallinity of polymer structure.
Levels of heater feedrate and printer feedrate are suitably
selected by changing one variable at a time. All other pa-
rameters associated to SIS process are kept constant
throughout the experimentation. This present study, Box-
behnken design (BBD) based on RSM [28] is employed to
outline the experiments. Generally, BBD is used for
performing non-sequential experiments and no axial points
are considered which confirms that all design points

Fig. 2 Specimen with dimensions; sample fabricated specimen

Fig. 3 Measurement of test specimen dimensions using co-ordinate mea-
suring machine with Geomet software
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plunge within the safe range of operational parameters
[29]. A total of twenty-nine experiments including five
central points per block are conducted based on the design
matrix of three-level four-factors shown in Table 1, using
Design Expert 7 statistical software. The following second-
order polynomial equation gives the relation between pre-
dictor and dependent variables,

Y ¼ C0 þ ∑
n

i¼1
CiX n þ ∑

n

i¼1
diX i

2 � ε ð2Þ

The empirical models are developed by accumulating the
necessary data from design of experiments, followed by the
statistical multiple regression technique. Further, ANOVA is
adopted to rationalize the significance of the developed re-
gression models.

Analysis and Discussions

Development Shrinkage Models Using Statistical
Analysis

Based upon BBD, experiments are planned and conducted, as
shown in Table 2. They are conducted rigorously and corre-
sponding test specimens are fabricated. The degree of sensitivity
of the analysis with respect to various factors that influence the
responses and interactions between the existing factors are ex-
amined. ANOVA is employed to evaluate these aspects where in
robustness of the developed models are tested. Table 2 shows
the inference on dimensional shrinkage of proposed mathemat-
ical model using ANOVA. The models are developed at 95%
confidence interval and the results of linear, interaction and qua-
dratic models are given in Table 3. The multiple regression co-

Table 2 Experimental design matrix and collected data

S.No Layer thickness
(mm)

Heater energy
(J/mm2)

Heater feedrate
(mm/s)

Printer feedrate
(mm/min)

Shrinkage of the specimen

Length
(mm)

Width
(mm)

Thickness
(mm)

Avg. Shrinkage
(S) (mm)

1 0.3 25.32 4.0 100 9.3423 4.2529 2.1179 5.2377

2 0.2 28.48 3.0 100 10.2303 4.5581 1.6762 5.4883

3 0.1 25.32 4.0 100 17.0400 3.6354 2.4169 7.6974

4 0.2 25.32 3.5 100 12.5661 3.8905 −1.8663 4.8634

5 0.3 25.32 3.5 80 11.1515 3.5519 2.3185 5.674

6 0.1 25.32 3.5 120 10.5594 4.0534 −2.4621 4.0502

7 0.2 25.32 4.0 120 15.6583 3.9839 2.3252 7.3224

8 0.2 25.32 3.0 120 10.4607 3.8086 −1.7165 4.1842

9 0.2 28.48 4.0 100 10.7240 3.5946 1.9197 5.4127

10 0.2 25.32 3.5 100 12.5332 4.3263 −1.8715 4.9960

11 0.2 28.48 3.5 80 11.6775 4.4485 −1.7492 4.7922

12 0.2 22.16 3.5 80 12.3357 3.5171 −1.9155 4.6457

13 0.3 25.32 3.0 100 15.9083 4.0103 2.1407 7.6864

14 0.2 22.16 3.5 120 10.0990 5.3879 −1.8748 4.5373

15 0.2 22.16 4.0 100 13.1253 4.1959 1.9084 6.4098

16 0.3 22.16 3.5 100 7.9935 5.2615 1.6102 4.9551

17 0.2 25.32 3.5 100 11.2174 4.2203 −1.8469 4.5302

18 0.1 25.32 3.0 100 8.5856 5.1642 −2.1084 3.8804

19 0.2 25.32 4.0 80 14.7044 2.7470 −1.8574 5.1980

20 0.2 25.32 3.5 100 11.1186 3.9451 −1.8413 4.4074

21 0.2 25.32 3.5 100 11.0202 3.9024 −1.8590 4.3545

22 0.2 25.32 3.0 80 14.8032 4.5840 2.1377 7.1749

23 0.2 28.48 3.5 120 10.1319 3.4132 −1.8365 3.9028

24 0.1 25.32 3.5 80 13.3557 4.3630 −2.0546 5.2213

25 0.1 28.48 3.5 100 7.9277 5.0008 −1.6300 3.7661

26 0.1 22.16 3.5 100 12.0398 5.3533 −2.5373 4.9519

27 0.3 28.48 3.5 100 9.6714 4.2712 2.3341 5.4256

28 0.2 22.16 3.0 100 9.4081 5.1495 1.8693 5.4756

29 0.3 25.32 3.5 120 10.9082 4.0031 −2.5834 4.9536
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efficient (R2) for developed models are obtained close to unity,
which indicates better coherence of response model and actual
data [30]. The developed models provided higher values of de-
termination co-efficient and adequate precision which are ob-
tained as: R2 = 0.9827 and AP = 27.514 for shrinkage. Hence,
the models have high integrity of fit and they can provide satis-
factory prediction of experimental results.

In addition to ANOVA, normal probability plot and pre-
dicted vs actual plots for dimensional shrinkage is also pre-
sented in Fig. 4(a-b) to verify normality assumptions. It is
observed that, the residuals fall on a straight line which spec-
ifies that error is normally dispersed and they have no notice-
able pattern and unfamiliar structure supporting that the terms
mentioned in the developed models are significant.

From the developed models, few terms may be regarded as
insignificant terms due to their BProb. > F″ value being more
than 0.050. These insignificant terms might be discarded
through backward eliminate selection method and significant
terms are retained for further analysis. The established qua-
dratic shrinkage model is given as,

Avg:Shrinkage Sð Þ ¼ 65:614þ 62:988Aþ 1:461B−36:791C−0:425D
þ1:31AB−31:329AC−0:159BC þ 0:128CDþ 28:716A2−0:018B2

þ4:983C2 þ 0:0001D2

ð3Þ

Individual Effect of Process Variables on Shrinkage

In this contemporary study, the influence of different
SIS process variables such as heater energy and
feedrate, layer thickness, and printer feedrate on shrink-
age of various specimens are experimentally investigat-
ed. From Fig. 5(a-d), it is evident that the selected pro-
cess parameters have a substantial influence on
shrinkage.

Influence of layer thickness

Increase in the thickness of layer from 0.1 mm to 0.3 mm
resulted in increase of shrinkage, as observed in Fig. 5(a).
It is because of the smaller layer thickness results in more
overlapping zone of melting and repetition of heating and
cooling cycles to the previous sintered layers diminishes
the heat exposed surface and hence shrinkage is abridged.
Further increase in layer thickness leads to poor storing of
polymer particles in the part built chamber and the tenden-
cy of curl in the powder layers which adhered with roller
restricts subsequent layer from appropriate sintering
resulting poor shrinkage beside the part built direction
[17].

Table 3 ANOVA and adequacy
of the quadratic model for average
shrinkage

Source Sum of squares DOF Mean square F-Value Prob > F

Model 33.05 14 2.361 56.828 0.0001 Significant

A 1.58 1 1.587 38.214 0.0001 Significant

B 0.39 1 0.398 9.598 0.0079 Significant

C 0.95 1 0.956 23.023 0.0003 Significant

D 1.17 1 1.175 28.287 0.0001 Significant

AB 0.68 1 0.685 16.505 0.0012 Significant

AC 9.81 1 9.814 236.207 0.0001 Significant

AD 0.05 1 0.050 1.222 0.2876 Not significant

BC 0.25 1 0.254 6.135 0.0266 Significant

BD 0.15 1 0.152 3.669 0.0761 Not significant

CD 6.54 1 6.541 157.421 0.0001 Significant

A2 0.53 1 0.534 12.873 0.003 Significant

B2 0.2 1 0.209 5.052 0.0412 Significant

C2 10.06 1 10.065 242.233 0.0001 Significant

D2 0.02 1 0.020 0.503 0.4897 Not significant

Residual 0.58 14 0.041

Lack of fit 0.25 10 0.025 0.318 0.9352 Not significant

Pure error 0.32 4 0.080

Cor. Total 33.63 28

Std. Dev. 0.2 R2 0.9827

Mean 5.21 Adj.R2 0.9654

C.V. 3.91 Pred. R2 0.9408

PRESS 1.99 Adeq. Precision 27.514
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Influence of heater energy

The heat energy applied on the polymer powder is increased
from 22.16 J/mm2 to 28.48 J/mm2 and its effect on shrinkage
is evaluated. The range of heater energy have been chosen on
basis of melting point of HDPE. From the Fig. 5(b), it has
been perceived that there is decrease in shrinkage as the heater

energy is amplified from 22.16 J/mm2 to 28.48 J/mm2.
Increase in heater energy origins growth in width and depth
of heater energy penetration. Consequently, the dimensions of
sintered specimen slightly increased and achieved desired di-
mensions after curing. The growth of heater energy also up-
surge the curing area temperature which leads to decline in
amount of crystallinity [22, 31, 32] of the structure and

Fig. 5 Effect on Average shrinkage for different parameters: (a) layer thickness, (b) heater energy, (c) heater feedrate, and (d) printer feedrate

Fig. 4 Normal probability plot of residuals for average shrinkage, (b) Plot of predicted vs actual response for average shrinkage
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diminishes the formation of voids and pores. Reduction in
crystallinity causes reduction in shrinkage. The same trend
has also been found for selective laser sintering process [19]
when glass filled polyamide is used. Further, the microstruc-
ture of sintered specimen with different input heater energy is
depicted in Fig. 6(a-b). Better coalescence of polymer parti-
cles are observed at heater energy of 28.16 J/mm2 in compar-
ison to 22.16 J/mm2 and thereby dimensional accuracy im-
proved at higher heater energy.

Influence of heater feedrate

The shrinkage is decreased with an escalation of feedrate of
heater from 3 mm/s to 3.5 mm/s and further rise of heater feed
rate increases shrinkage as shown in Fig. 5(c). At greater
feedrate of heater, the energy absorption of polymer particles
regimes has shorter exposure resulted in non-uniform
sintering and weak bonding of particles. Hence, each layer
tends to curl and cling with rollers causes improper sintering
of subsequent layers. On the contrary, lower heater feedrate
increases the contact time between heater and powder bed.
Thus, sufficient heat energy is supplied over the powder sur-
face and the temperature fields tends to be uniform, resulting
in formation of compact structure with less shrinkage. The
same trend can be seen in the SLS process [19]. However,
very low heater feedrate may cause over melting of powder
particles which reduces the forming efficiency and hence
shrinkage increases.

Influence of printer feedrate

Effect of printer feedrate on shrinkage can be seen in Fig. 5(d).
The increase in printer feedrate from an inferior level (80 mm/
min) to a higher level (120 mm/min) causes decrease in
shrinkage. It may be because of the fact that at lower printer
feedrate, inhibition spell increases and the inhibitor penetrates
apart from the actually targeted regions. This excess inhibitor

penetration leads to prevent powder from effective sintering.
Hence, shrinkage increases due to inappropriate sintering of
polymer powders. However, increasing of printer feedrate of-
fers precise inhibition on selected area, resulting inferior
shrinkage.Moreover, deposition of inhibition depends on geo-
metrical complexity and thickness of each layer.

Interaction Influence of Process Variables
on Shrinkage

The interaction between the process variables on shrinkage
characteristics of sintered parts are described by three-
dimensional surface plots as shown in Fig. 7(a-c). It is ob-
served that shrinkage decreases from 4.1 mm to 3.7 mm with
increase in heater energy and layer thickness. However, the
specimens fabricated at a high level of heater energy (28.48 J/
mm2) and low level of layer thickness (0.1 mm) have less part
shrinkage. It is due to the fact that at high heater energy and
minimal layer thickness, the transfer of heat energy to part bed
is appropriate for better fusion of particles to produce dense
structure, resulting in lesser shrinkage.

Figure 7(b) shows the interaction effect of thickness and
feedrate of heater on dimensional shrinkage. It is seen that
specimens fabricated at low heater feedrate (3 mm/s) and
low layer thickness (0.1 mm) yield less shrinkage of
3.68 mm. However, increase in feedrate of heater from low
to high level drastically increases the shrinkage. It may be
attributed due to the fact that higher heater feedrate provides
deficient heat energy to the polymer particles at unit time for a
unit area that causes improper sintering, resulting increase in
crystallinity which leads to higher shrinkage.

Figure 7(c) demonstrates the interaction effect on thickness
of layer and feed rate of printer on shrinkage. It is observed
that, shrinkage reduces with the increase in feedrate of printer
from low to high level. Specimen fabricated with high printer
feedrate (120 mm/min) and low layer thickness (0.1 mm) has
attained less shrinkage. It is due to the fact that low printer

Fig. 6 Microstructure of sintered specimen at heater energy of 22.16 J/mm2 and 28.48 J/mm2
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Fig. 7 Three dimensional response surface plots on average shrinkage for different parameters: (a) layer thickness and heater energy, (b) layer thickness
and heater feedrate, and (c) layer thickness and printer feedrate

640 Exp Tech (2018) 42:631–644



feedrate increases the extent of printing time on part boundary.
The excess printing of inhibitor will penetrate away from the
actually targeted region that causes irregular layer sintering
and thereby increase in shrinkage of part body and its
boundary.

Optimization

Optimization was carried out to identify the optimal SIS pa-
rameters to obtain minimal shrinkage in sintered specimen.
RSM based desirability optimization approach [33] is used.
In this strategy, the goal used for the average shrinkage is
‘minimize’ and for the factors is ‘within range’. In addition,
weights are assigned for each response ranging from 0.1 to 10
to fine-tune the contour of its desirability function. The signif-
icance of process variables is varied from the least to most
desirable (i.e., 1 and 5). From the desirability-based approach,
varied best solutions are obtained and highest desirability so-
lution is preferred. The best optimized conditions are obtained
at desirability of 1.00 for average shrinkage of 3.677 mm, are
heater energy of 27.80 J/mm2, layer thickness of 0.12 mm,
feedrate of heater 3.39 mm/s, and feedrate of printer
102.63 mm/min respectively as shown in desirability ramp
function (Fig. 8) In the desirability ramp function, the dot of
each ramp denotes the reflection of parameter setting and the
height of the dot indicates the amount of desirability [34]. A
validation experiment is conducted to confirm the effective-
ness of developed models. The optimal level of process pa-
rameters attained through desirability optimization technique
is used to conduct the validation experiment. Table 4 shows
the comparison of shrinkage values obtained through confir-
mation experiment and desirability approach. The confirma-
tion experiment results shows better closeness between the
predicted and actual values with an average error of 3.081%
and hence the established model is suitable for estimating the
shrinkage characteristics of parts made using SIS process.

Sensitivity Analysis

Sensitivity analysis is performed to ascertain the qualitative
and quantitative effectiveness of process variables and rank
them by their order of prominence. It has remarkable impor-
tance in validating of model where in efforts are attempted to
associate the deliberated output to the distinguished data [35].
Hence, it plays a vital role in identifying the input process
variables by applying the greatest impact on the model out-
puts. Sensitivity with reference to a design parameter is de-
rived from the partial derivative of the function under consid-
eration to the corresponding process parameters [36].

The insistence of the present study is to predict the tenden-
cy of dimensional shrinkage with reference to diverse SIS
process variables such as feedrate of heater, thickness of each
layer, heater energy, and feedrate of printer. The shrinkage
sensitivity equations are obtained by partially differentiating
the (equation (1)) with respect to A, B, C and D. The follow-
ing equations (equations (4–7)) represents the shrinkage sen-
sitivity for the SIS variables which is given by,

∂S
∂A

¼ 62:988þ 1:31B−31:329C þ 57:432A ð4Þ
∂S
∂B

¼ 1:461þ 1:31A−0:159C−0:036B ð5Þ
∂S
∂C

¼ −36:791−31:329Aþ 0:128Dþ 9:966C ð6Þ
∂S
∂D

¼ −0:425þ 0:128C þ 0:0002D ð7Þ

If the shrinkage sensitivity of certain process variable is
positive implies that, an augmentation in the shrinkage due
to a growth in design variables [37].

The sensitivities of these SIS process variables on shrinkage
are presented in Fig. 9(a-d) by solid bars with respect to various
processing conditions as premeditated using BBD in Table 2.
These results revealed that, the layer thickness and heater

Fig. 8 Desirability ramp function
for numerical optimization
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feedrate are more sensitive on shrinkage than heater energy and
printer feedrate. It means that a small variation of layer thick-
ness and heater feedrate causes large changes in shrinkage.
Therefore, the results presented in Fig. 9(a-d) discloses that
layer thickness has a great influence on shrinkage, followed
by heater feedrate, heater energy and printer feedrate.

Conclusions

Parametric and optimization studies are conducted on eval-
uation of shrinkage characteristics of SIS part specimens
made through HDPE. Experimental investigations and
ANOVA analysis on selected SIS process variables revealed

Fig. 9 Shrinkage sensitivity of layer thickness, heater energy, heater feedrate and printer feedrate

Table 4 Comparison of
shrinkage predicted by
conformation experiment and
desirability

Layer thickness
(mm)

Heater energy
(J/mm2)

Heater feedrate
(mm/s)

Printer feedrate
(mm/min)

Average shrinkage (mm) Error %

Predicted Actual

0.12 27.8 3.39 102.63 3.677 3.792 3.021

642 Exp Tech (2018) 42:631–644



the effect on shrinkage. It is observed that, the thickness of
polymer powder layer has predominantly influence the
shrinkage of specimens in comparison with other SIS pro-
cess variables. The dimensional accuracy of sintered part
increases directly proportional to the heater energy and
feedrate of printer, whereas increase in layer thickness and
feedrate of heater increases the shrinkage of SIS built part.
Improved dimensional accuracy of SIS built are found to be
with lower thickness of built layer (0.12 mm), higher heater
energy (27.80 J/mm2), average feedrate of heater (3.39 mm/
s) and medium feedrate of printer (102.63 mm/min). The
results of confirmation experiment agree well with the pre-
dicted optimal values with an acceptable error of 3.02%.
Sensitivity analysis revealed that the variation in layer
thickness, heater feedrate and heater energy are more sen-
sitive to shrinkage, whereas printer feedrate has insignifi-
cant effect.
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