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Abstract— Injection moulding process of shape memory
thermoplastic polymers is important for manufacturing of
stimuli-responsive plastic parts in mass production. Moulding
conditions have remarkable role on the controlling of permanent
shape of moulded parts. Warpage is the one of the main factors,
which define the part shape quality. A limited number of
experimental studies have been conducted to determine the
relationship between warpage and moulding parameters.
According to the experimental study, injection pressure and
cooling time are the most effective parameters on warpage. But, it
is very difficult to define an accurate mathematical model that
gives the warpage value with respect to injection pressure and
cooling time. In this study, the relationship between moulding
parameters and warpage was defined as a constitutive model by
using fuzzy logic. Fuzzy model consists of two input variables and
one output variable. Cooling time and injection pressure were
selected as input variables and warpage was selected as output
variable for the fuzzy model. The results showed that the model
represented experimental results with high confidence.

Keywords— Permanent Shape

polymers, Fuzzy logic

shape, Warpage, memory

I. INTRODUCTION

Shape memory effect (SME) makes materials usable in
various part shapes and doing a work while shape changing
when materials facing stimuli such as temperature, pH, light,
electric current, magnetic field etc. [1-3]. As having SME
property, shape memory polymers (SMPs) provide two or more
working shapes in one part as different from general-purpose
polymer materials.

Although SMPs, which are, but not limited to, shape
memory polyurethane (SMPU), polystyrene shape memory
polymer (PSMP), biodegradable SMPs based on PVA
poly(vinyl alcohol), PLA polylactide and PEG poly(ethylene
glycol), have only been discovered recently [4]. SMPs have
greatly enhanced and raised their industrial applications and
capabilities such as; wires ([4], [5], [6], [7]) stents ([8], [9],
[10]), bio degradable stent [11], coil [12], Braille paper, self-
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assembly/disassembly screws [13], self-open hole, fasteners
and snap-fit design for self-disassembly ([13], [14], [15], [16],
[17]), winglet, hinges, booms, antennas, optical mirrors for
space cars ( [6], [18], [19]).

SMPU has advantages for example; the different switching
temperature (Tg) could be set by controlling synthesis process
or remoulding because of its thermoplastic property. Designing
and production of new SMP parts are new focusing points for
researchers and engineers. For instance, in Figure 1, a
temperature sensitive thermoplastic shape memory part, which
has one-way shape memory effect, has two stages for
processing before become a real part. First stage is moulding
and second is called programming. In the moulding stage, the
part is moulded as a normal thermoplastic part and after that in
the second stage the part is heated to material's Tg (glass
transition temperature) and having form of its new shape. While
keeping its in new shape, the part cooled down under the Tg.
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Fig. 1 One-way shape memory effect of a temperature responsive shape
memory polymer

Although they are new generation features or systems, their
manufacturing or forming process as a part starts by traditional
methods such as injection moulding, extrusion, compression
moulding and so on. At present, the injection moulding is the
most common method for producing plastic parts. It is well
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known that the moulding methods have significant influence on
moulded parts. Many studies show that injection moulding
process has effects on mechanical and physical properties of
moulded plastic parts for instance; dimensional accuracy,
shrinkage, warpage, tensile strength, impact strength or residual
stress ([20], [21], [22], [23], [24], [25])

According to previous studies, the effects of moulding
parameters could be summarised shortly as (i) at longer cooling
time, warpage ([26], [27]) and tensile residual stresses [28]
reduces, (ii)cooling time is the most influential factor on
generation of residual stress in plastics ([29], [30], [31], [32],
[33], [34]), (iii)while increasing injection pressure, residual
stresses rise up [35].

Warpage on injection moulded high-density polyethylene
(HDPE) box shaped specimen is in proportional relation to melt
temperature and in inverse relation to cooling time [thesis 106].
In injection moulded polycarbonate/acrylonitrile butadiene
styrene (PC/ABS) specimen, warpage reduces by rising melt
temperature ([23], [22], [36]). Gao and Wang reported that
during moulding at low melt temperature, flow based residual
stresses generate during filling and then caused warpage
because at low melt temperature the molten plastics has not
good flow ability [22]. Another study reported by Chiang says
that mould temperature is the most influential parameter on the
properties of a cell phone cover moulded with PC/ABS
especially for reducing shrinkage and warpage [36]. Warpage
decreased by increasing mould temperature in PP rectangular
flat shape parts [28]. About packing pressure, warpage is lower
at low packing pressures in HDPE flat parts [28]. Gao and
Wang mentioned that high packing pressure persuades high
stresses thus high warpage on PC/ABS parts. In addition, high
packing pressure makes changes on the stress distribution of the
parts especially the gate region, and around of the gate region
and makes warpage rise up [22]. In another study, Huang and
Tai found that warpage rises when packing pressure increases
[23]. On the other hand, when high packing pressure was
applied on polystyrene (PS) parts, warpage decreased [35]. At
the packing stage of the injection moulding, another important
parameter is packing time. The effect of packing pressure could
be considered together with packing pressure and cooling time
because the cooling of molten plastics also already starts when
injection stage starts in the mould with standard sprue, and
runner system.

There are some examples of fuzzy logic application in
injection moulding process. Tsoi and Gao (1999) estimated a
model based on Fuzzy Logic to control the injection velocity
for thermoplastics injection moulding using a rule-based
controller. They reported that Fuzzy based model has better
performance than the conventional proportional-integral-
derivative (PID) controller [37]. Salimi et al. (2013) predicted
injection moulding flow length of engineering plastics for melt
temperature and injection pressure by a fuzzy logic model [38].

The short summary of literature shows that the injection
moulding parameters have effects on warpage of plastics. In
addition, the effects and its way could be changing for different
plastics because of the molecular differences. In this study, a
fuzzy logic model was constituted to predict warpage on
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injection moulded SMPU parts. The model has two inputs and
one output called warpage. Two inputs as injection moulding
parameters namely cooling time and injection pressure were
chosen depending on experimental study, which is previously
carried out [39].

II. METHODS

In the experimental section of the study, six moulding
parameters were examined by Taguchi’s L27 orthogonal design
table [39]. According to the experimental study, injection
pressure and cooling time are the most effective parameters on
warpage of SMPU samples. In Table 1, the input parameters
and their levels of the model were given. But, it is very difficult
to define an accurate mathematical model that gives the
warpage value with respect to injection pressure and cooling
time.

In this study, the relationship between moulding parameters
and warpage was defined as a constitutive model by using fuzzy
logic. Fuzzy model consists of two input variables and one
output variable. Cooling time and injection pressure were
selected as input variables and warpage was selected as output
variable for the fuzzy model. Block diagram of the fuzzy model
is shown in Figure 2.

TABLEI
INPUT PARAMETERS AND LEVELS
Factors Levels
Cooling time (s) 15 22,5 30
Injection pressure (Bar) 500 600 700
b A A A
Injection Pressure
e Inference Warpage
p E h D p pag!
*Coo\ing% uzzifier Engine - efuzzifier m
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T

Fig. 2 Block diagram of proposed fuzzy model

To estimate the warpage ( W ) in the proposed model by
using fuzzy set theory, the cooling time ( tc ) and the injection
pressure ( P ) are employed. The fuzzy warpage estimator is
designed to process fuzzy quantities only. Therefore the crisp
input values of cooling time ( tc ) and injection pressure ( P )
must be converted to fuzzy sets before being used. This process
is called fuzzification operation. Fuzzy input variables are tc
(cooling time) and P (injection pressure). Fuzzy output variable
is W (warpage). It has chosen three linguistic levels for cooling
time, three linguistic levels for injection pressure and 9
linguistic levels for warpage. The membership functions of the
fuzzy variables (cooling time, injection pressure and warpage)
are shown in Figure 3.

The warpage is determined by using fired if-then rules of the
fuzzy logic estimator. The rules take the form ° If tc is T1 and
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P is P1 then W is W1’. The rule table is shown in Table 2. The
fuzzy output is computed by using MAX-MIN composition
method. Then crisp output of the estimator, which is the actual
warpage, is determined by centroid defuzzification method.
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Fig. 3 Membership functions of the input variables including injection pressure
and cooling time

The steps for warpage estimation in the proposed model are
summarized as follows:

1. Sample the values of cooling time ( tc ) and the injection
pressure ( P).

2. Determine the fuzzy sets and membership functions for
cooling time and injection pressure.

3. Determine the warpage ( W ) according to the each fired
individual fuzzy rule.

4. Calculate the crisp warpage by using centroid
defuzzification operation.

5.Goto step 1

III. RESULTS

To explore the effectiveness of the proposed modelling,
comparison of the results obtained from fuzzy based modelling
and experimental data has been made. Figure 4 shows a sum of
experimental results that descripting the effects of injection
pressure and cooling time on warpage. Predicted amounts of
warpage in SMPU samples by the fuzzy logic model depending
on injection pressure and cooling time are given in Figure 5. In
the figure, minimum warpage values were generated at low-
level injection pressure (500 Bar) and high level (30 s) cooling
time as parallel with the experimental results. In addition, at
high-level (700 Bar) injection pressure and low-level (15 s)
cooling time, the warpage has maximum values.
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Fig. 4 Experimental main effect plots of warpage [39]
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Fig. 5 Predicted amounts of warpage by the fuzzy logic model in relation to
injection pressure and cooling time

Figure 6 shows that warpage and cooling time changes
according to different injection pressure. In similar, the graph
of warpage, and injection pressure were given in Figure 7.
Those graphs make clear the relationship among warpage,
cooling time and injection pressure.
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Fig. 6 Warpage versus cooling time by injection pressure
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Fig. 7 Warpage versus injection pressure by cooling time

During moulding of the SMPU materials, 500 Bar injection
pressure seems better injection pressure to get lower warpage.
Middle-level or high-level cooling times have similar effect at
lower injection pressure. If high-level injection pressure must
be choosing, high level or longer cooling time should be
picking up to make warpage decreases.

IV.CONCLUSIONS

In this study, a fuzzy logic model was constituted for
prediction of warpage on injection moulded SMPU parts. The
results showed that the model represented experimental results
with high confidence and the model could be using to choose
correct injection pressure and cooling time combination for
moulding SMPU parts with lower warpage.
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