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EDITORIAL PREFACE
It is my great pleasure to publish Volume 7, Number 1, December 2013 of the Jordan Journal
of Mechanical and Industrial Engineering (JJMIE). JJMIE is a refereed, peer reviewed international
journal issued by the Jordanian Ministry of Higher Education and Scientific Research in cooperation
with the Hashemite University. JJMIE aims at providing a highly readable and valuable addition to the
literature, which will serve as an indispensable reference tool for the years to come .
The journal covers a wide range of research and development concerning mechanical,
industrial, material, mechatronics, and biomedical engineering. Through this publication, we hope to
establish and provide an international platform for information exchange in the different fields
mentioned above. The journal also encourages the submission of critical review articles, as well as
technical notes, covering advances in the recent research pertaining to such fields.
This issue contains nine interesting research papers covering various aspects of solar energy,
control, nanomaterial, composite material, quality management, and manufacturing: (i) performance
study of on-grid thin-film photovoltaic solar station as a pilot project for architectural use; (ii) hourly
solar radiation prediction based on nonlinear autoregressive exogenous (narx) neural network; (iii)
development of a bond graph control maximum power point tracker for photovoltaic: theoretical and
experimental; (iv) a comparative study of PZT-based & TiNi-shape memory alloy based MEMS
microactuators; (v) crystallization behavior of iPP/LLDPE blend filled with Nano kaolin particles; (vi)
studying the properties of polymer blends sheets for decorative purposes; (vii) investigating the
applicability of EFQM and KAIIAE in Jordanian healthcare organizations: a case study; (viii)
understanding the linkage between soft and hard total quality management: evidence from Malaysian
manufacturing industries; (ix) prediction of surface roughness in electrical discharge machining of
SKD 11 tool steel using recurrent Elman networks. The methodology employed in these research
articles ranges from analytical and empirical models to experimental studies.
It is due to the dedicated efforts of our editors and reviewers that our journal is attracting high
quality research papers from the authority in the field, and is becoming increasingly more popular
amongst our engineer profession colleagues. It gives us immense pleasure to see the journal grow by
leaps and bounds, and become stronger with each day passing by.
The Editorial Board is very committed to build the Journal as one of the leading international
journals in mechanical, industrial, material, mechatronics, and biomedical engineering in the next few
years. With the support of the Ministry of Higher Education and Scientific Research and Jordanian
Universities, it is expected that valuable resources will be channeled into the Journal to establish its
international reputation.
It is my great pleasure to thank the former Editorial Boards and Editors-in-Chief for founding
JJMIE. I would like to thank all members of the recent editorial board, the international advisory board
members, assistant editors, and the editorial board support team (language editor and publishing layout)
for their continued support to JJMIE with their highly valuable advice. Additionally, I would like to
thank the manuscript reviewers for providing valuable comments and suggestions to the authors that
helped greatly in improving the quality of the papers. My sincere appreciation goes to all authors and
readers of JJMIE for their excellent support and timely contribution to this journal. My great
appreciation goes to the dean of Faculty of Engineering (Dr. Shaher Rababeh) and my colleagues at the
Engineering Faculty of Hashemite University.
I would be delighted if the JJMIE could deliver valuable and interesting information to the
worldwide community at the various fields of engineering. Your cooperation and contribution would
be highly appreciated. More information about the JJMIE guidelines for preparing and submitting
papers may be obtained from: www.jjmie.hu.edu.jo
Now, the JJMIE invites contributions from the entire international research community. The
new journal will continue to deliver up-to-date research to a wide range of mechanical, industrial,
material, mechatronics, and biomedical engineering professionals. The JJMIE will assure that rapid
turnaround and publication of manuscripts will occur within three to six months after submission.
Prof. Nabil Anagreh
Editor-in-Chief
Hashemite University
Zarqa, Jordan,2013
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Abstract:
We present a full description of a pilot photovoltaic station with thin-film modules, a newly-introduced technology in the
market of solar systems in Jordan. In order to take the issue of landscaping of outdoor spaces in a hot semi-arid environment,
give the Hashemite University campus a unique identity, and improve its aesthetic image, this pilot station has been installed
as a canopy covering for 4-car parking space. The system is tested for a two-month period to check its behavior in the
Northeastern sector of Jordan environmental conditions and study the effect of local climate. The system is connected to the
local grid via a solar inverter. Measurement and monitoring systems are utilized to acquire data necessary to analyze the
system performance. We investigate the effect of the system location, modules and ambient temperatures, wind, and dust on
the system efficiency. We show instantaneous and daily average data for several performance metrics. The preliminary
results show that the efficiency of the system is within the normal range for this type of technology tested in other countries.
Harsh environment of Jordan semi-arid region has adverse effects, where the efficiency of the system is reduced by about
10% due to accumulation of dust. However, a feasibility study is planned in the near future after obtaining sufficient data to
evaluate the economic value of thin-film systems in Jordan.
© 2013 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved
Keywords: Pilot Study; Thin-film;On-grid; Efficiency; Semi-arid environment; Dust;Landscape;Visual Impact.

1. Introduction
Two factors forced decision-makers in Jordan to think
seriously of changing the reliance on traditional sources of
energy into renewable sources; dependence on oil
imported from outside and surge in its price. Solar energy,
as one of the most important sources of renewable energy,
obtains increasing attention in Jordan. Jordan is considered
one of the sun-belt countries where the average annual
solar radiation per day is 3.8 kWh/m2 in winter and more
than 8 kWh/m2 in summer. In addition, the average
sunshine duration is more than 300 days per year, and the
yearly global solar radiation ranges from 1700 kWh/m2 in
Jordan valley and over 2250 kWh/m2 for hill area [1].
It is important to mention that to the best of the
authors’ knowledge, all these PV systems, installed in
Jordan for residential or commercial use, are of mono- or
polycrystalline modules; there is no published data on the
efficiency and functionality of thin-film PV system in
semi-arid environment in Jordan. Although thin-film
technologies were developed to reduce the cost of solar
cells significantly [2; 3], the relatively low efficiency,
compared to “traditional” PV technologies, makes it
unattractive for consumers.
*

Corresponding author. e-mail: bkhammad@hu.edu.jo.

Razykov et al. [2] reviewed the progress made of
mono- and poly-crystalline and thin-film photovoltaic
manufacturing based on Si, semi-conductor and nanotechnologies. They reported the efficiency of modules
from several manufacturers ranging between 1.7% and
12.0%. However, research results showed that efficiencies
up to 19-20%, for CIGS (Copper Indium Gallium
Selenide), and 40%, for multi-junction III-V materials, can
be achieved. In [4], Muñoz-García et al. analyzed different
thin-film technologies to find the easiest method for
obtaining the current-voltage (I-V) characteristics at
standard conditions.
Thin-film PV technology utilized in a wide range of
application, Yoon et al. [5] integrated transparent thin-film
amorphous modules on the front windows of a building in
Korea. After monitoring the system for
2 years, they
reported that an electrical power of 580.5 kWh/kWp/year
was generated.
Dust, humidity, and air speed are among the
environmental factors that affect efficiency of PV systems.
However, the study of Mekhilef et al. [6] is one of few
studies on the effect of these three factors all together at
the same time on the performance of PV cells.
However, Campus Master Plan for the Hashemite
University (HU), as one contemporary building project

2
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constructed in a semi-arid zone, did not take into
consideration the landscape issue of the outdoor spaces.
Ill-planning for the outdoor spaces is clear where no
efforts have been made to apply any passive design
concepts. Adapting to the hot and arid climate in the HU
campus, users like to stay at outdoor places, such as
courtyards, streets and other open spaces in the summer
time. However, the design of the university master plan
does not include a decrease in solar exposure to maximize
the frequency of acceptable thermal conditions resulting in
exacerbating the urban heat effect. By recognizing how
well HU campus outdoor spaces respond to the needs of
faculty, students, and staff, one can recommend ways of
improving the outdoor environment necessary to facilitate
the work and learning experiences of different users within
the campus and the desired student-faculty interaction.
For this purpose, the decision has been made to
construct 5 MWp PV plants at HU. The proposal is to
divide them into two forms; 4 MWp as a farm station on a
hillside in the university, and 1 MWp PV system as
distributed shelters for pedestrians and canopies for car
parks. The users as local community were involved in the
decision for this project and committed to the future care
of the landscape elements. Project enhancements may
cover sidewalk improvements, furnishings, lighting, and
car parks. New elements should be properly integrated
with and linked to existing streetscape elements and should
contribute to creating a sense of place and university
identity. In order to address the issues mentioned above
and as a first step to give HU campus a unique identity,
and to improve its aesthetic image, a pilot station has been
installed as a canopy covering for 4-car parking space,
(Figure 1). We installed a PV system in a shade-free
location at the south side of the workshops of the Faculty
of Engineering at HU (Figure 2). However, addressing this
novel idea and strategy at HU will identify the PV plants
as one of the technologies that would contribute and create
more comfortable outdoor spaces for the inhabitants and
their belongings. A discussion on how this procedure may
be used and integrated into the administrative requirements
of large and small scale PV plants developments is carried
out.
The issue of visual impact seems to be the greatest. The
visual impact, due to its subjective nature, is one of the
main barriers that the wide adoption of solar panels could
face [7]. The critical elements of the visual and aesthetic
impact from the solar energy systems are the integration of
their characteristics in the design, and the rational sitting of
the solar parks. The studies, concerning the procedures for
assessing the territorial and landscape impacts of this type
of systems, have recently seen a remarkable development
[8; 9]. Landscape planning is setting the scale for a
sustainable utilization. The main characteristics of a
coherent landscape compose a state where all the functions
and the processes are integral parts of the harmonious
route in time and space. This coherence can break when
building materials are used or when new structures are not
related to the typical character of the region. Very often the
integration can be solved by taking into account not only
the visibility of the plant but also other aspects of the
perception that are more difficult to measure, such as the
shape and color of the artefacts. In this sense, the
“clerestory concept” is implemented in the design of car-

parking canopy, (Figure 1) for supplying natural light and
circulation of fresh air.
The thin-film technology is selected in this pilot project
where a large shaded area is required, because it has a
larger surface area per kWp of power generated compared
to poly- and mono-crystalline technologies. Thin-film
modules have a surface area of 16 m2/kWp, whereas it is 7
m2/kWp for monocrystalline modules and 8 m2/kWp for
polycrystalline modules [10].

Figure 1. Solar PV parking installed at HU.

College of
Engineerin

Figure 2. Aerial view of PV system at HU

The remainder of this paper is organized as follows:
Section 2 describes the PV system, while Section 3
explains the measurement and monitoring system
implemented to acquire and analyze data. Section 4
discusses some of the most important results obtained thus
far, before we conclude some final remarks in Section 5.
2. Design and Setup
The system is oriented towards the exact south and is
fixed at 30º from the horizontal (optimal inclination for
maximum annual energy yield in Jordan). The system has
the following features:
• 20 thin-film modules of 150 W (+\-5%) at the standard
test conditions (STC). Technical specifications of each
module are shown in Table 1.
• The system is composed of two strings connected in
parallel. Each string has two parallel arrays and each
array has 5 modules connected in series. By
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implementing this design, a maximum current of 9.28
A and 323.5 V at STC are obtained, which are well
below the maximum inputs to the solar inverter (Table
2).
• A steel/Aluminum frame to support the system.
• A Solar inverter, which a device that inverts DC power
generated from the PV system into AC power
synchronized with electricity available in local grid.
Technical specifications of the inverter supplied with
this system are shown in Table 2.
Table 1. Technical specifications of thin-film PV modules at
Standard Test Conditions (STCs)
Parameter

Value

Open circuit voltage (V)

85.5

Short circuit current (A)

2.54

Maximum power voltage (V)

64.7

Maximum power current (A)

2.32

Power reduction (%/ºC)

-0.28

Dimensions (mm)

1412×1112

3

• Anemometer: it is installed at the top of system. It
measures wind speed between 0.8 m/s to 40 m/s with
0.4 m resolution.
• A data logger is used for remote monitoring, diagnosis,
and configuration of the PV system. It receives and
stores simultaneously measured values and data from
PV inverter and sensors. Data transmission takes place
via the international wireless standard, Bluetooth,
allowing remote inspection of the system at any time,
detection of operational faults at early stages, and
adjusting operating parameters from any location in the
world as long as there is an internet connection. The
data collected can be displayed daily, monthly, and
yearly. It has a maximum communication range up to
100 m, an internal memory of 12.5 MB, and external
memory (SD card) up to 2 GB.
• The shaded area (vertical projection), provided by the
system as a whole, giving the system its architectural
functionality as solar canopy, is about 10 m in length,
and 5 m in depth, providing each car with about 12.5
m2 of functional shade, that was not available for cars
beforehand.

Table 2. Technical specification of solar inverter
Parameter

Value

Maximum efficiency (%)

97.0

Maximum DC input power (W)

3200

Maximum DC input voltage (V)

550

Minimum DC input voltage (V)

125

Start Voltage(V)

150

Maximum input current (A)

17

Maximum AC apparent output power (VA)

3000

Maximum output current (A)

16

Power factor

1

3. Measurement Instruments And Data Logger
In this work, the system is equipped with the following
sensors:
• Senor box: it is used to measure solar radiation and
modules and ambient temperatures. It provides data
logger (described later) with continuous meteorological
data. It is installed next to the PV system at the same
orientation to measure total radiation without any need
for further calculations. The solar radiation sensor
consists of a PV cell type (amorphous silicon - aSi)
with a measurement range between 0 and 1,500 W/m²
and accuracy ± 8 % with a resolution of 1 W/m². The
modules temperature sensor is attached underneath one
of the modules far from the direct sun light. The
module temperature sensor consists of a PT100
resistance and operating range between −20 °C and
+110 °C and accuracy ± 0.5 °C with resolution of 0.1
°C
• Ambient temperature sensor: it consists of a PT 100
resistance and is connected to the sensor box described
above. It is installed in a plastic enclosure and in the
shade underneath system far from the direct sun light.
Its operating range is −30 ºC to +80 ºC with a tolerance
of ± 0.7 ºC.

4. Results and Discussion

Sun path and ambient temperature vary from winter
to summer and from day to day, and, consequently,
affects the efficiency of PV modules. The Energy
Efficiency is calculated simply as the output energy
(electricity generated) divided by input energy (solar
radiation). Mathematically, it is given by
η=

where I and V are AC current and voltage,
respectively, recorded by data logger, and assuming a
power factor (PF) of 1 as an output of the inverter.
We ran the experiment on July 20th, 2012 for 60 days.
Data for Five days (Days 22, 26, 41, 52, and 54) is missing
or corrupt due to main power blackout (system is designed
to shut down when main power is cut for safety purposes).
We set the data logger to acquire measurements every five
minutes. Figures 3 and 4 show the current and voltage,
respectively, recorded during the period of the experiment
supplied to the local grid (AC power). The maximum
current (approximately 11 A) is below the limit of
maximum output current (check Table 2 for inverter
specification). In Figure 3, values for instantaneous current
go from zero at the beginning of the day until they reach a
maximum when the total radiation reaches its maximum
for the day, Figure 5. However, the instantaneous voltage
in Figure 4 jumps suddenly from zero to higher values
when the voltage reaches a certain threshold set by the
inverter. In addition, the value of maximum output voltage
in Figure 4 is expected considering the arrangement of
modules (parallel and series arrays and strings) and
maximum power voltage of each module (check Table 1
for modules’ specification). Figure 5 shows the total
radiation incident on the system where the maximum solar
radiation exceeds 1000 W/m2 for the whole sixty days of
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data collecting. This is expected during the summer season
in Jordan. Comparing the behavior of current, voltage, and
incident radiation, we notice that the output voltage is
almost constant within a certain range and transition from
ON state to OFF state is abrupt (inverter passes no voltage
below a certain threshold), while the current goes from
minimum value (zero or very small value) to a maximum
gradually in a direct relationship with incident solar
radiation. The values in Figures 3, 4, and 5 are used to
calculate instantaneous efficiency for the whole system
considering total surface area of the thin-film modules,
Figures 6. It is clear that instantaneous efficiency rises
abruptly (due to jump in voltage values, Figure 4) at the
beginning of every day, then it decreases slightly before it
increases considerably at the end of each day with a
maximum instantaneous efficiency of 8− 9.7%.
The average daily AC current, voltage, and incident
solar radiation are shown in Figures 7, 8, and 9,
respectively. The daily efficiency, Figure 10, agrees with
reported values in several studies for other parts of the
world, around 7%, [10, 11].
Due to the harsh environment at HU, its location near a
major industrial and free-trade zone, and east of Jordan’s
main refinery, the modules were covered with accumulated
dust, as pictured in Figure 11. After cleaning the system on
Day 51 of the experiment, the daily efficiency increases
from below 7% to above 7.5%, which translates to about

10% increase in the thin-film efficiency in converting solar
radiation into AC power output per unit area. This increase
in efficiency may be contributed to other factors other than
dust such as cooling of modules. Further analysis is
planned in the future.
Solar inverter efficiency (AC output power divided by
DC input power) is calculated and shown in Figure 12.
The inverter becomes switched on when voltage reaches a
certain threshold and the instantaneous conversion
efficiency jump to maximum of approximately 95%,
which is below the maximum efficiency listed in tables of
specifications for the inverter, Table 2. However the daily
conversion efficiency is around 90%, Figure 13.
Increasing temperature has an adverse effect of the
efficiency of the system (both for modules and inverter).
Figure 14 shows variation of ambient and module
temperatures for the 60 days of the experiment, and
Figures 15 and 16 show the average daily ambient and
module temperature, respectively, during the experiment.
The wind speed during the experiment, which was
recorded and daily averaged, is shown in Figure 17. The
values indicate that the wind speed is within the expected
range in Jordan for this time of year.
The correlation between dust, wind, and ambient and
modules temperature with the system efficiency will be the
heart of the next study after acquiring sufficient data over
all
the
seasons
of
the
year.

Figure 3. Instantaneous AC currect supplied to the grid

Figure 4. Instantaneous voltage supplied to the grid
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Figure 5. Instantaneous total solar radiation incident on system

Figure 6. Instantaneous efficieny for the whole system

Figure 7. Average daily AC current supplied to the grid
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Figure 8. Average daily AC voltage supplied to the grid

Figure 9. Average daily total solar radiation incident on system

Figure 10. Daily efficiency for the whole system
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Figure 11. System is covered with dust (picture taken after 45 days from running the system)

Figure 12.Instantaneous efficiency of the solar inverter

Figure 13: Daily efficiency of the solar inverter
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Figure 14. Variation of ambient (blue color) and module (red color) temperatures

Figure 15. Average ambient temperature

Figure 16. Average module temperature
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Figure 17. Average horizontal wind

5. Summary, conclusions, and Future Work

A thin-film PV system is installed and tested at the
Hashemite University, Jordan. The system is fixed at near
optimal orientation for the location selected and is
connected to the local grid. The system constructed to
function in part as a car parking that is utilized to increase
thermal comfort in the harsh environment at the Hashemite
University. We found that the instantaneous and average
efficiencies are within the reported values from the
manufacturer and other studies in different parts of the
world. We plan in the near future to extend testing time to
study the behavior of thin-film PV system over all seasons
of the year. In doing so, we plan to carry out a feasibility
study on the use of thin-film PV in Jordan.
The future installation and operation of PV plants as a
step toward urban technology concept should be promoted
in the Hashemite University by considering new criteria
for the landscape integration of PV plants. The viewpoints
from which the visual simulation of the PV plant should be
taken are very important parameter. Other relevant
parameters such as materials and color, land use, visual
impact on the landscape, and glare should be considered to
solve any future concerns of the users about the
environmental, and landscape impacts of PV plants
technology. At the university level, the future guidelines
for the authorization of renewable energy plants should
contain some new criteria for the landscape integration of
PV plants and the visual simulations techniques.
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Abstract:
In this study, Nonlinear Autoregressive Exogenous (NARX) model was used to predict hourly solar radiation in Amman,
Jordan. This model was constructed and tested using MATLAB software. The performance of NARX model was examined
and compared with different training algorithms. Meteorological data for the years from 2004 to 2007 were used to train the
Artificial Neural Network (ANN) while the data of the year 2008 were used to test it. The Marquardt–Levenberg learning
algorithm with a minimum root mean squared error (RMSE) and maximum coefficient of determination (R) was found as
the best in both training and validation period when applied in NARX model.
© 2013 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved
Keywords: Solar Radiation Prediction; Nonlinear Autoregressive Exogenous; Neural Network.

1. Introduction
Solar radiation data are a fundamental input for solar
energy applications. The data should be reliable and
readily available for design, optimization and performance
evaluation of solar technologies for any particular location.
Unfortunately, for many developing countries, solar
radiation measurements are not easily available. Therefore,
it is necessary to develop methods to estimate the solar
radiation on the basis of the more readily available
meteorological data.
Many models have been developed to estimate the
amount of global solar radiation on horizontal surfaces
using various climatic parameters, such as sunshine
duration, cloud cover, humidity, maximum and minimum
ambient temperatures, wind speed, etc. Chakhchoukh [1]
and Wu [2] used the metrological data of Nanchang
station (China) from 1994 to 2005 to predict the daily
global solar radiation from sunshine hours, air
temperature, total precipitation and dew point. Z. Sen [3]
proposed a nonlinear model for the estimation of global
solar radiation from available sunshine duration data. This
model is an Angstrom type model with a third parameter
which appears as the power of the sunshine duration ratio
that gives the nonlinear effects in solar radiation and
sunshine duration relationship.
A simple model for estimating the monthly average of
the daily global solar radiation data on horizontal surfaces
was recently proposed by R. Perdomo, E. Banguero, and
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G. Gordillo in [4]. The model is based on a trigonometric
function, which has only one independent parameter,
namely the day of the year. It was found that the model
can be used for estimating monthly average of daily global
radiation for 68 provinces of Turkey with a high accuracy.
Janjai [5] proposed a model for calculating the monthly
average hourly global radiation in the tropics with high
aerosol load using satellite data. This model was employed
to generate hourly solar radiation maps in Thailand.
In literature, Artificial Neural Networks (ANN) has
been widely used as time series predictors. Many
techniques have been developed in the general framework
of time series prediction. These methods can be classified
into two main categories: classical statistical methods, and
intelligent based methods. Statistical methods (such as
Fractional difference model, Structure model, Bayesian
method, Threshold AR model, alterable variance model,
Zhang [6] and Ji [7], and the Ratio-of-Medians Estimator
(RME) method) are used for the estimation of the
autoregressive moving-average (ARMA) parameter model
and time series prediction [1] and [8-10]. Most time series
prediction methods based on intelligent used Artificial
Neural Network (ANN) technique, such as multilayer
perceptrons with back propagation, recurrent neural
networks, and a radial basis function (RBF) neural
network [11-13].
Traditional statistical methods are very easy to
understand and implement, but they are not tractable in
complex time series with a fast alteration and complicated
evolvement Zhang [6]. ANNs are good for tasks involving
incomplete data sets, fuzzy or incomplete information, and
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for highly complex and ill-defined problems. They can
learn from examples, and are able to deal with non-linear
problems Kalogirou [14].
As indicated above, several conventional models have
been presented by researchers to predict global solar
radiation (GSR) using different meteorological variables.
However, using ANN has proved its efficiency as a
prediction tool to predict factors through other input
variables which have no specified relationship.
Meteorological and climatological variables are most
comprehensive and important factors for indicating the
amount of solar radiation in a selected reign (Behrang [15],
and Hrayshat [16]).
The main objective of this study is to investigate the
ability of NARX model to predict the hourly solar
radiation data in Amman, Jordan. NARX model, with
different training algorithms, is examined and compared
using MATLAB software.

be used to predict solar radiation. More details about this
model is found in Moghaddamnia [20]. The recorded
hourly solar radiation for four years (from 2004 to 2007)
were used as training data, while the data recorded in the
year 2008 were used as target data. The input hourly solar
data were provided by the National Center for Research
and development, Energy Research Program in Amman,
Jordan. They were obtained using a metrological station
located in Amman. The performance of the model has
been carried out using three global statistics: coefficient of
determination (R2), root mean squared error (RMSE) and
mean bias error (MBE). More details about these
parameters are found in Caner [18]. These three
parameters are given by:
R =1−
2

− oj )

2

j

j

∑ (o )

2

(1)

j

j

2. Artificial Neural Network (ANN)
RMSE =

ANNs, commonly known as biologically inspired,
highly sophisticated analytical techniques, are able to
model extremely complex non-linear functions Chena
[17]. In general, they are composed of three layers, which
are an input layer, some hidden layers, and an output layer
[18]. The advantages of the ANNs are speed, simplicity
and ability to train past data to provide the necessary
predictions. ANNs are used to solve complex functions in
various applications such as control, data compression,
forecasting,
optimization,
pattern
recognition,
classification, speech, vision Sözen [19].
To develop an ANN model, three steps must be
followed. Firstly, the input is introduced with the desired
output to the network together. Secondly, the network is
trained to estimate the output in the training step. Finally,
the testing step, in this step estimating output data are
obtained by using the input data, which are not used in the
training step. More details about these steps are found in
Caner [18].
In this Study, Nonlinear Autoregressive Exogenous
(NARX) neural network, shown in Figure (1), is used to
investigate its ability to predict the hourly solar radiation
data in Amman, Jordan, using different training algorithms
based on the results obtained in Moghaddamnia [20]. It
was found that NARX model is the best network that can
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Where:
t j is the target value,
o j is the output value and
p is the pattern
ANN network with neuron numbers (4, 20, 1) was
constructed and tested by MATLAB software Beale [21].
Previously obtained experimental data of 8670 sample
were used as the input of ANN network. Among this data,
40% were used for training, 30% for validation, and 30%
for testing. The number of the hidden layer was selected as
20 following trail and error technique. Tangent sigmoid
function was applied for the hidden layer, and linear
transfer function is used in the output layer. Training
parameters used in algorithms are shown in Table (1) with
their values. The performance of all models have been
carried out using three global statistics: coefficient of
determination (R2), root mean squared error (RMSE) and
mean bias error (MBE).

Figure 1. A typical neural network auto-regressive with exogenous inputs (Beale, Hagan, & Demuth, 2007).
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Table 1. Training parameters.
Epochs between displays

1

Maximum number of epochs to train

800

Maximum time to train in seconds

inf

Performance goal

0

Maximum validation failures

15

Factor to use for memory/ speed Tradeoff

1

Minimum gradient error

1*10-5

Initial µ

1*10-3

µ decrease factor

0.1

µ increase factor

10

Maximum µ

1*1010

with other training algorithm in hourly solar radiation
modelling.

3. Results and Discussion
The data measured between January 1st 2004 and
December 31st 2007 were used for training, testing, and
validation of ANN. Once the ANN is trained, which means
that all the weights and bias are set, it can be tested.The
proposed network was trained using seven training
algorithms: Levenberg-Marquardt (trainlm), Resilient
Backpropagation (trainrp), Scaled Conjugate Gradient
(trainscg), Conjugate Gradient with Powell/Beale Restarts
(traincgb), Fletcher-Powell Conjugate Gradient (traincgf),
Polak-Ribiére Conjugate Gradient (traincgp), and One
Step Secant (trainoss).
Variation of the gradient error, value of µ, and
validation checks at each epoch results produced by the
seven training algorithms based NARX network are shown
in Figure (2). In Figure (3), the scatter plots of training,
testing, and validation are shown. The mean square error
at each epoch for the training algorithms is shown in
Figure (4). As shown in Figures (2) and (4), the NARX
network trained with Levenberg-Marquardt algorithm
converges faster than other algorithms; where the training
stopped after 32 epochs. The mean square error (MSE) of
training period was found to be 42.8367 MJ/m2/hour, and
RMSE of validation period was found to be 48.3991
MJ/m2/hour. Figure (3) shows quite close results of the
scatter plot during training, validation, and testing of the
experimental data using different training algorithms. For
Levenberg-Marquardt algorithm, it was found that it has
the highest values of R in training, validation, and testing
are 0.99157, 0.98916 and 0.98935 respectively.
Figures (5) and (6) show a comparison of measured and
predicted values using the proposed NARX network. This
comparison was based on seven training algorithms taken
data on summer day (6th of August 2008) and on winter
day (16th of December 2008).
The comparative analysis of different training
algorithms using some basic statistics (coefficient of
determination (R2), root mean squared error (RMSE) and
mean bias error (MBE)) has been carried out and is shown
in Table (2), where trainlm algorithm provided the best
performance, i.e., the lowest RMSE and highest R2, for the
training period and validation period. The results of the
research indicate that the predictive capability of Scaled
Conjugate Gradient (trainscg) algorithm is poor compared
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Figure 2. Comparison of variation of gradient error and validation
checks using (a) trainlm, (b) trainrp, (c) trainscg, (d) traincgb, (e)
traincgf, (f) traincgp, and (g) trainoss.
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Figure 3. Comparison of scatter plots of the models used for solar
radiation. (a) trainlm, (b) trainrp, (c) trainscg, (d) traincgb, (e)
traincgf, (f) traincgp, and (g) trainoss.
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Figure 4. Comparison of Mean Square Error (MSE) training
performance of the ANN for a given training dataset. (a) trainlm,
(b) trainrp, (c) trainscg, (d) traincgb, (e) traincgf, (f) traincgp, and
(g) trainoss.
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Figure 5. Comparison between measured and estimated hourly
solar radiation at 6/8/2008.
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Figure 6. Comparison between measured and estimated hourly solar radiation at 16/12/2008.

Table 2. Comparison of performance of different training algorithms based on statistical criteria.
Algorithm

RMSE
Training

MBE

R

Validation

Training

Validation

Training

Validation

trainlm

42.8367

48.3991

25.5612

28.5317

0.99157

0.98916

trainrp

49.2078

50.2298

28.9444

30.6432

0.98884

0.98832

trainscg

53.2732

52.6080

31.3656

32.5375

0.98692

0.98718

traincgb

47.2268

49.0884

28.0998

29.7275

0.98974

0.98884

traincgf

49.0563

49.8144

29.5055

30.9015

0.98891

0.98852

traincgp

48.1758

49.2361

28.3929

29.9944

0.98931

0.98878

trainoss

49.1726

49.8859

28.7343

30.1949

0.98886

0.98848

4. Conclusion
In this study, an approach to estimating hourly solar
radiation from meteorological data sets, based on NARX
model using different training algorithms, was developed.
The comparative analysis between the estimated data and
measured data showed that NARX model has the ability to
recognize the relationship between the input and output
variables and predict hourly solar radiation accurtly. The
statistical error analysis shows the prediction accuracy
based on NARX model.
Different training algorithms were compared to select
the best suited algorithm. The Marquardt–Levenberg
learning algorithm with a minimum root mean squared
error (RMSE) and maximum coefficient of determination
(R) was found as the best in both training and validation
period when applied in NARX model. Based on our
results, NARX network is recommended for hourly solar
radiation prediction in Jordan and nearby regions.
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Abstract:
Maximum power point tracking is important in solar power systems because it reduces the solar array cost by decreasing the
number of solar panels needed to obtain the desired output power. Several different Maximum power point tracking (MPPT)
methods have been proposed, but there has been no comprehensive experimental comparison between all the different
algorithms and their overall maximum power point (MPP) tracking efficiencies under varying conditions (i.e., illumination,
temperature, and load). In this paper, a new maximum power point tracking controller using bond graph approach (BGMPPT) for a photovoltaic energy conversion system has been developed, consisting of a boost buck DC/DC converter,
which is controlled by a bond graph algorithm. The main difference between the method used in the proposed MPPT system
and the techniques used in the past is that the PV array output power is used to directly control the DC/DC converter, thus
reducing the complexity of the system. The resulting system has high-efficiency, lower-cost, and can be easily modified to
handle more energy sources. The experimental results show that the use of the proposed MPPT control increases the PV
output power by as much as 15% compared to the case where the DC/DC converter duty cycle is set such that the PV array
produces the maximum power at 1 kW/m2 and 25°C.
© 2013 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved
Keywords: Maximum Power Point Tracking; Buck-Boost Converter; Photovoltaic; Bond Graph.

1. Introduction
The use of renewable energy systems as an alternative
way to produce electricity has been increasing over the
past few years [1]. The need of a cleaner, more efficient,
and cheaper method for generating electric power is
helping this growth.
Among all the renewable energy systems, the
photovoltaic (PV) energy is a solution among the
promising energy options with advantages such as
abundance, the absence of any pollution and the
availability in large quantities in anywhere of the globe
worldly [2].
Photovoltaic sources are used today in many
applications such as battery charging, water pumping,
home power supply, swimming-pool heating systems,
satellite power systems, electric vehicles, hybrid systems
military and space applications, refrigeration and vaccine
storage, power plants and some applications where
nonlinear power source is needed. They have the
advantage of being maintenance and pollution-free but
their installation cost is high and they require a dc/dc or
dc/ac converter for load interface.
There are three major approaches for maximizing
power extraction in solar systems. They are sun tracking,
maximum power point tracking or both [3]. These methods
need intelligent controllers (such as fuzzy logic controller)
*
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or conventional controller (such as PID controller). In the
literature, many maximum power point tracking systems
have been proposed and implemented ([4]; [5]). The fuzzy
theory, based on fuzzy sets and fuzzy algorithms, provides
a general method of expressing linguistic rules so that they
may be processed quickly. The advantage of the fuzzy
logic control is that it does not strictly need any
mathematical model of the plant. It is based on plant
operator experience, and it is very easy to apply. Hence,
many complex systems can be controlled without knowing
the exact mathematical model of the plant [6]. In addition,
fuzzy logic simplifies dealing with nonlinearities in
systems [7]. The advantage of using fuzzy logic control is
that the linguistic system definition becomes the control
algorithm.
Many tracking techniques and algorithms have been
developed. The Perturbation and Observation method
(P&O) ([8]; [9]; [10]), the Incremental Conductance
method ([11]; [12]) as well as Fractional Open Circuit
Voltage method ([13]) and Fractional Short Circuit
Current method ([14]) are the most widely used. The P&O
Method has been widely used because of its simple
feedback structure and fewer measured parameters and
easy to implement. The peak power tracker operates by
periodically incrementing or decrementing the solar array
voltage. If a given perturbation leads to an increase (or
decrease) in array power, the subsequent perturbation is
made in the same (or opposite) direction. In this manner,
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the peak power tracker, continuously hunts or seek the
peak power conditions. Most maximum power trackers are
based on the perturb and observe approach, implemented
by a hill-climbing [15] algorithm often on a
microcontroller. However, this approach is quite complex,
can be slow and thus can become ‘confused’ if the MPP
moves abruptly.
In this work, the aim is to control the voltage of the
solar panel in order to obtain the maximum power possible
from a PV generator, whatever the solar insolation
conditions. Since quite a few control schemes had already
been used and had shown some defects, it was necessary to
find and try some other methods to optimize the output,
bond graph controller seemed to be a good idea. The
controllers by bond graph can provide an order more
effective than the traditional controllers for the nonlinear
systems, because there is more flexibility.
This work is motivated by the need to optimize solar
array performance in Setif’s climate, which is
characterized by rapidly varying environmental conditions.
The main objective of this paper is to present an improved
BG-MPPT in order to increase the tracking response and
consequently increase the tracking efficiency.

Figure 1 shows the proposed scheme for the MPPT.
This system use a PV array (s x p) composed of sin series
cells and p in parallel cells. It is then connected to a DCDC converter in order to increase or decrease the desired
voltage. It is then connected directly to the load. The duty
cycle of the converter is controlled by a bond graph
controller.
Measurement of the PV array voltage,
Irradiance and Temperature on the PV array surface are
taken in order to estimate the optimal voltage for the
maximum power, and then a nonlinear MPPT algorithm
takes this value to produce the signal for driving the
switching element of the DC/DC converter.

3. Bond Graph Approach

Figure 2. Equivalent circuit model of PV cell

A PV system directly converts sunlight into electricity.
The basic device of a PV system is the photovoltaic cell;
they may be grouped to form panels or arrays ([26]; [27]).
This is the most classical model to be found in the
literature [28], and it involves a current generator for
modeling the incident luminous flux, two diodes for the
cell polarization phenomena, and two resistors (R s and
R sh ) for the losses (figure 3).
The current provided by the cell is given by the relation
(1)

  q ( V − RsI)  
  q ( V − RsI)  
V − R s I (1)
=I Is1 exp 
 − 1 + Is2 exp 
 − 1 − Iph +
AKT
AKT
R sh
 
 
 
 

Bond graph is an explicit graphical tool for capturing
the structures among the physical systems and representing

Figure 3. PV bond graph model with tow diodes

4. PV Module Modelling
The use of equivalent electric circuits makes it possible
to model characteristics of a PV cell. The typical model of
a solar cell is shown in figure 2.

2. Proposed Method

Figure 1. General scheme for the proposed method

them as an energy network based on the exchange of
power ([16-19]). Others ([20-22]) have extended the bond
graph concept to represent Phenomena such as chemical
kinetics and to extract causal models and control structures
from the bond graph networks. Bond graph, a graphical
modeling language, provides a model formalism that
decomposes the system into subsystems that map to the
physical connections [23]. The resulting subsystems are
essentially physical fields including mechanics,
electronics, hydraulics, and chemistry. The time
granularity for these domains is usually distinct.
A bond graph consists of subsystems linked together by
lines representing power bonds. Each process is described
by a pair of variables, effort e and flow f. Besides the
effort and flow variables, two other types of variables are
very important in describing dynamic systems; these
variables, sometimes called energy variables, are the
generalized momentum p as time integral of effort and the
generalized displacement q as time integral of flow ([24,
25]).

© 2013Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 7, Number 1 (ISSN 1995-6665)

21

For the bond graph representation, the PV generator is
then modeled by a flow source Sf= I ph in parallel with two
resistors R sh1 and R sh2 , the whole followed by a serial
resistance R s ([29]; [30]). The PV diode bond graph
representation is a non-linear resistor R diode .
BP Solar BP SX 150S PV module is chosen for a
Symbols simulation model. The module is made of 72
multi-crystalline silicon solar cells in series and provides
150W of nominal maximum power. Table 1 shows its
electrical specification.
Table 1. Electrical Specification
Electrical Characteristics

Value

Maximum Power (P max )

150W

Voltage at Pmax (V mp )

34.5V

Current at P max (I mp )

4.35A

Open-circuit voltage (V oc )

43.5V

Short-circuit current (I sc )

4.75A

Temperature coefficient of I sc

0.065 ± 0.015%/ oC

Temperature coefficient of V oc

-160 ± 20 mV/ oC

Power temperature coefficient

-0.5 ± 0.05 %/ oC

NOCT

47 ± 2 oC

In order to characterize the solar cell, we used the
model presented to provide the values of the tension V, of
the current I and of the generated power produces P.

Figure 6. (I-V) characteristic for the various temperatures

If the temperature of the cell increases, the photo
current I ph also increases; this is mainly due to the
reduction in the forbidden band dispatcher of material.
This increase is about 0.1% by °C the forward current of
the junction increases also, but much more quickly and
involving a reduction in the open circuit tension of about
2mV by cell. The reduction in the provided power is
estimated at approximately 0.5% by °C for a module.
5. Modeling of Dc-Dc Buck-Boost Converter
A buck-boost converter provides an output voltage that
can be controlled above and below the input voltage level.
The output voltage polarity is opposite to that of the input
voltage.
Figure 7 shows the circuit diagram of a buck-boost
converter. This converter either steps up or steps down the
input DC voltage fed from the diode rectifier. The
converter consists of a DC input voltage source Vs,
inductor L, controlled switch S, filter capacitor C, diode D,
and load resistance R.

Figure 4. (I-V) characteristic for various illuminations.

Figure 7. Circuit of Buck Boost Converter

There are two modes of operation of the converter. In
Mode I, the switch is turned ON, the inductor current
increases and the diode is in the OFF condition. In Mode
II, the switch is turned OFF, the diode is turned ON and
provides a path for the inductor current. The inductor
current now decreases ([31,32]). In both the modes, the
load current is assumed constant i 0 =I 0 .
The bond graph model of the buck-boost is thus given
by the figure (8).
Figure 5. (P-V) characteristic for various illuminations
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Figure 8. Bond graph model buck-boost converter

6. Perturbation And Observation (P&O)
The P&O algorithm is probably the most frequently
used in practice, mainly due to its easy implementation
[33]. Its operation is briefly explained as follows: assume
that the PV array opera test a given point, which is outside
the MPP. The PV array operational voltage is perturbed by
a small DV, and then the change in the power (DP) is
measured. If DP >0, the operation point has approached
the MPP, and therefore, the next perturbation must take
place in the same direction as the previous one (same
algebraic sign).If, on the contrary, DP <0, the system has
moved away from the MPP and, consequently, the next
perturbation must be performed in the opposite direction.
As stated before, the advantages of this algorithm are its

simplicity and easy implementation. However, it has
limitations that reduce its tracking efficiency. When the
light intensity decreases considerably, the P–V curve
becomes very flat. This makes it difficult for the MPPT to
locate the MPP, since the changes that take place in the
power are small as regards perturbations occurred in the
voltage.
Another disadvantage of the “P&O” algorithm is that it
cannot determine when it has exactly reached the MPP.
Thus, it remains oscillating around it, changing the sign of
the perturbation for each DP measured. It has also been
observed that this algorithm can show misbehaviour under
fast changes in the radiation levels [34]. The flowchart of
the P&O method is shown in figure (9).

Figure 9. Flowchart of perturb and observe method
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The P&O MPPT method can be implemented using a
minimal amount of components; however, its speed is
limited by the size and the period of the perturbation. The
P&O method also has the problems of erroneous responses
to quick changing conditions, and in steady state
conditions will oscillate around the MPP causing losses. A
more advanced technique for choosing direction can be
employed by comparing the current power to the two
previous power points which helps reduce errors.
7. Bond Graph Controller
The block diagram of the bond graph MPPT control is
shown in figure (10). The proposed control consists of
two loops, the maximum power point tracking loop is used
to set a corresponding SE1 to the charger input, the
regulating voltage loop is used to regulate the solar array
output voltage according to SE1 which is set in the MPPT
loop.
The controller senses the solar array current and
voltage to calculate the solar array output power, power
slope and SE1 (figure 10) for maximum power control.
The bond graph control requires that variable used in
describing the control rules has to be expressed in
elements of bond graph (elements R, I and C) with bond
graph junction (0, 1 and TF). In this paper, the bond graph
control MPPT method has two input variables, namely
ΔP(k) and ΔU(k), at a sampling instant k.
The output variable is ΔU(k+1), which is voltage's
increase of PV array at next sampling instant k+1. The
variable ΔP(k) and ΔU(k) are expressed as follows:

∆P ( k ) = P ( k ) − P ( k − 1)

(1)

∆U ( k ) = U ( k ) − U ( k − 1)

(2)

Where P(k) and U(k) are the power and voltage of PV
array, respectively. So, ΔP(k) and ΔU(k) are zero at the
maximum power point of a PV array.
In figure (10), e25, SE1 and e6 are respectively the
converter switching duty ratio, the demanded cell voltage
and the actual cell voltage in the jth MPPT controller
cycle, where j = k, k+1.
The MPPT controller calculates the new cell voltage set
point based on the converter switching duty ratios and the
measured cell voltages in the past and at present. The lead
compensator (e27) forces the cell voltage to follow the
demanded cell voltage signal. In the practical design of the
control software, the threshold ε, which is a small positive
number close to zero, is used to determine whether the
MPP has been reached and e26 is used as a positive
increment in the demanded cell voltage.
The variable δ j can
be defined
as:

δ1 =

e 2 + e 4 + e5 -e3

δ2 =

e31 − e 28

δ3 =

e31 + ( e 2 + e 4 + e5 -e3 )

(3)
(4)

δ2
δ1

(5)

When | δ1 | > ε, the MPPT controller can be simplified
as:

SE1 ( k + 1) = SE1 ( k ) + e20, δ3 > ε3               

(6)

SE1 ( k + 1) + SE1 ( k ) ,| δ3 |> ε3                    

(7)

SE=
1 (k+1)

SE1 ( k ) − e20, δ3 < −ε3             (8)

When | δ1 | < ε1, the MPPT controller can be simplified
as:

SE1 (=
k + 1) SE1 ( k ) + e20, δ2 > ε2

(9)

SE=
SE1 ( k ) ,| δ2 |< ε2
1 ( k + 1)

(10)

SE1 (=
k + 1) SE1 ( k ) − e20, δ2 < −ε 2

(11)

Figure 10. Bond graph MPPT control.
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8. Exprimental Results
A prototype MPPT system (figure 11) has been developed using
the described method and tested in the laboratory

Figure 11. PV Global view of the prototype.

Figure 14. PV power of MPPT method under step changing
irradiance.

The response time of the maximum PV power tracking,
due to a step irradiance input, reflects the tracking speed of
the bond graph MPPT method (shown in figure (13) and
figure (14)) and present the PV power of MPPT method
under step changing irradiance.
9. Comparative study

Figure 12. Characteristics of the site.

Figure 13. Variation of power according to the voltage.

The proposed algorithm was validated by means of
simulations performed with the Symbols code in two
different situations, the former assuming the presence of
the proposed control system and the latter its absence.
The simulation results of the PV system using a BGMPPT and P&O algorithm are discussed in this section.
Figure (15) compares the obtained P-V characteristics of
the PV module from using the P&O algorithm and the
proposed BG-MPPT algorithm.
From the figure, it is shown that by using the proposed
algorithm, the location of the maximum power point
(MPP) of the PV module is the nearest to the theoretical
power as compared to the P&O algorithm.

Figure 15. Comparing P-V characteristics.
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To evaluate the performance of the proposed system, a
comparison between the P&O algorithm and the proposed
BG-MPPT algorithm is carried out for a set of solar
radiation and the results are plotted in figure (16). From
this figure, it is noted that the power of the proposed
algorithm is higher than the classical P&O algorithm.

Figure 16. Comparing PV module powers.

In terms of efficiency, the efficiency of classical P&O
algorithm is calculated by dividing the obtained power by
the theoretical maximum power of PV module, while the
efficiency of the proposed algorithm BG-MPPT is
obtained by dividing the predicted power by the theoretical
maximum power of PV module. According to the results,
the tracking efficiency of proposed algorithm is not less
than 92% as compared to using the P&O algorithm as
shown in figure (17).
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10. Conclusions
This paper proposed the maximum power point tracker,
using bond graph control, is developed to increase the
energy generation efficiency of the solar cells. The
proposed method involves implementing a maximum
power point tracker controlled by bond graph controller
and using buck boost converter to keep the PV output
power at the maximum point all the time. This controller is
tested using Symbols program, and the results were
compared with a perturbation and observation controller
applied on the same system. The comparison shows that
the bond graph controller is better in response and does not
depend on knowing any parameter of PV panel. The
information required for bond graph control is only
generating power; therefore, the hardware is simple and
the cost of this system is inexpensive.
A general approach on modelling photovoltaic modules
is presented. The proposed BG-MPPT is based on a
DC/DC converter control with an original algorithm. The
theoretical evaluations of the MPPT advantages, based on
the proposed model, suggest that the power gain, obtained
by MPP tracking, is higher than 27%.
The experimental results were compared with the
simulated ones, for the same conditions and panel
parameters. This comparison reveals that the differences
between experimental data and simulated characteristics
were less than 1%.
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Abstract:
In this paper, we are interested in drawing a comparison between PZT & TiNi shape memory alloy (SMA) thin films using
microelectromechanical systems (MEMS). Also, we present a new hybrid heterogeneous structure. Different characteristics
are investigated in this comparative study. Based on the comparison made, it was shown that TiNi-SMA based
microactuators can serve higher flow rates in fluid systems and at low operating voltages in comparison with that provided
by PZT-Based microactuators. Another concluded result indicates that the fast response and the high operating frequencies
are provided by PZT-based microactuators, but displacement is relatively small, whereas TiNi-SMA has a slow response
frequency and a large force-displacement. By combining TiNi and PZT films, we proposed in our paper a new hybrid
heterogeneous structure that can utilize the unique properties of the individual bulk materials and present large displacement
and multiple responses.
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1. Introduction
Microelectromechanical systems (MEMS) are the core
of the technology of miniature chip device, which
integrates mechanical elements, sensors, actuators and
electronics. MEMS are components between 1 to 100
micrometers in size, and MEMS devices range in size from
20 micrometers to a millimeter. MEMS were used in
1980s in USA, but they were commercially used in the
early 1990s in automotive industry [1].
Over the last decade, this field has been growing daily
with a motivation to make smaller and smaller MEMS.
They are not only smaller, but also cheaper and more
functional with fast response times. A weather station that
measures temperature, humidity and barometric pressure
can be built on a single chip. Conditions inside living
bodies can be monitored, using implanted sensors and tiny
submarines that can travel through the bloodstream.
Different commercially applications of MEMS are found
in automotive, military, telecommunications and aerospace
industries. MEMS devices act as impact sensors in the
accelerometers of automobile airbags. They also act as
micronozzles in commercial inkjet printers [1].
MEMS microstructures are manufactured either
through surface micromachining in which successive
layers of material are deposited on a surface and then
etched to shape or through bulk micromachining where the
*
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substrate itself is etched to produce a final product.
Different challenges are found in designing MEMS
devices, such as finding skilled engineers with an adequate
knowledge of micromechanical systems, materials and
target manufacturing processes. Another challenge is
transferring data between separate electronic and
mechanical design teams who handle system and
component-level development. Efforts are extending to
optimize performance and improve the reliability of
MEMS.
The world has gone through two material ages: the
plastic age and the composite age, and a new area has
developed in between, which is called smart materials.
Smart materials are materials that receive, transmit, or
process a stimulus and respond by producing a useful
effect that may include a signal upon which the materials
act. The action of receiving and responding to stimuli to
produce a useful effect must be reversible [1]. Although a
few materials that possess these capabilities are available
so far, there are some materials that have multi-functions,
such as shape memory alloys and piezoelectric materials
[2].
SMA possesses the unique ability to recover their shape
against strong deformations. They, particularly, exhibit an
extremely interesting mechanical behavior as a function of
temperature; they get deformed at low temperature since
they will stay deformed until heated above some threshold
temperature when they spontaneously return to the original
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shape, with a mechanism involving large mechanical
strengths [3]. SMA has been seen as a plighting and high
performance material in MEMS applications, since
standard lithography techniques can be used to pattern in
batch process. Also, thin film SMA has a very small
amount of thermal mass, thus the response time is reduced
and speed of operation is increased significantly.
Piezoelectric materials are very important functions.
Multiphase piezoelectric composites were developed for
their synergetic effect between the piezoelectric activity of
monolithic ceramics and the low density of
nonpiezoelectric polymeric materials. One of the
developed classes is the smart tagged composites. These
piezoelectric composites are PZT-5A particles that are
embedded into an unsaturated polyester polymer matrix
and are used for structural health monitoring [1].
Section Two deals with literature review and available
applications. Material characteristics of PZT and TiNiSMA thin films are presented in Section Three, followed
by aspects of comparison in Section Four concerning
preparation and fabrication techniques in 4-1, operating
conditions in 4-2, applications of TiNi-SMA and PZT
based MEMS in subsection 4-3, and finally obstacles and
challenges in Section Five. The proposed new hybrid
heterostructure is presented in Section Six. Finally,
conclusions and recommendations are summarized in
Sections Seven.
2. Literature Review and Available Applications
Yongqing Fu. et al. in [4] discussed preparation,
characterization, considerations, residual stress and
adhesion, frequency improvement fatigue and stability,
and modeling of behavior as well as composite thin films.
A comparison of TiNi-SMA microactuation was made
with other microactuation methods (High performance)
TiNi-based films were deposited at a relatively high
temperature (about 400°c). An AFM based in-situ testing
method have been used to characterize phase
transformation behavior of the deposited films. They
concluded that TiNi actuators at micro-scale, out-performs
other actuation mechanisms in work/volume vatio, large
deflection and force but with a relatively low frequency
(less than 100 Hz) and efficiency as well as non-linear
behavior.
Yongoing Fu et al. in [5] designed and fabricated new
types of TiNi thm film based microactuators, such as
microgrippers, microvalues and micromirror using MEMS
techniques. TiNi films were etched at room temperature
using HF:HNO3:H2O (1:1:20). AZ 9620 positive
photoresist with thickness of 10 μm was used as a mask.
They concluded that miniature TiNi actuated devices
based on sputtered TiNi films are ready for huge
manufacturing market and for medical microdevices
implantable into the human body.
A. Camposeo, N. Puccini et al. in [3] combined TiNiSMA with pulsed laser deposition (PLD) to produce films
with shape memory effect onto Si-based substrates. PLD
deposition technique was performed using Si/SiO2
(450nm) wafers and Si3N4 triangular cantilevers at a rate
of the order of 0.3-0.4A per laser shot. Temperature of
substrate was 520-600ºc with a 20-40min in situ highvacuum annealing at the same temperature, followed by

free cooling to room temperature. TiNi pellet (51:49) was
used as a target. Deposited samples were analyzed using
an ad hoc setup, employing a temperature controlled
Peltier stage and a tilt/twist measurement system based on
an optical lever method. The attainment of shape memory
effect was demonstrated to confirm PLD as a new
technique for deposition of SMA films. MEMS prototypes
with a wide range of possible applications can be
fabricated by PLD in a simple, clean and congruent
process.
Shuren Zhang, Jingsong Liu and Chengtao Yang in [6]
investigated the growth mechanism of grains and the size
effect on the coercive field. ULVAC Ferroelectric thin
film deposition system was used to fabricate PZT on
Pt/Ti/SiO2/Si (100) structured substrates, then these films
were annealed using ULVAC-RIKO Rapid Thermal
Annealing (RTA) system, with a heating rate of 50ºc /s. A
two-step-warm-up method was designed to obtain different
grain sizes. Lateral grain size was measured using
scanning force microscopy (SPM), film crystal phase was
identified using Bede DI multi-function X-Ray
diffractometer (XRD), and the electrical properties were
measured using the Radiant Precision LC Materials
Analyzer. It was demonstrated that PZT thin films with
different grain sizes were fabricated by controlling the
nucleation process time and growth process time.
Electrical properties and polarization has a great
dependence on grain size, which was found to be 70nm as
a critical value for the domain structure transition.
D.F.L.Jenkins, W.W.Clegg et al. in [7] optimized d31
coefficient
to
maximize
actuation
efficiency.
d31coefficient was measured for different PZT thin films
and their effectiveness as microactuators was compared
and evaluated. PZT thin films, with a (Zr/Ti) ratio equal to
(54/46) were deposited on Si substrate at room temperature
or the substrate temperature between 500-550ºc by R.F.
magnetron sputtering. Two thermal treatments have been
used: conventional and rapid thermal process. It was
shown that PZT films were extremely effective as microactuators and were able to operate efficiently over a wide
bandwidth. d31 coefficient was found to be -12, -1.3 and 0.05 for the 110, 100 and 111 films, respectively, and was
significantly increased by poling at elevated temperatures
of around 120ºc. Actuation was increased by application of
D.C. bias field, with up to 5.9μm of actuation being
possible for a 110 film being driven with 10V a.c. with 5V
D.C. bias voltage.
P. Delobelle et al. in [8] used nanoindentation
technique to measure the transverse biaxial elastic
modulus and hardness of piezoelectric ceramic films
(PZT), and the true biaxial elastic modulus to describe the
mechanical properties of these films having various grain
size. Morphotropic PZT films Zr/Ti=54/46 were deposited
by RF magnetron sputtering from cold pressed powder
targets. Substrates were platinized silicon. Post-deposition
annealing was applied to samples in a conventional
furnace in air at 625ºc. Thicknesses of synthesized films in
the range 0.3 to 2.0μm with varying grain diameters in the
range 0.1 to 4.0μm. Nanoindenter was used for measuring
the transverse elastic modulus and hardness. They
concluded that there exists a relation between grain size
and elastic behavior; hardness measurement also
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confirmed that these sputtered films possess a hard
mechanical behavior.
Romain Herdier, M.Detalle et al. in [9] compared the
electric, ferroelectric and piezoelectric properties of two
different PMN-PT composition, along with those of PZT
of the same thickness. PMN-PT and PZT thin films have
been grown by R.F. magnetron sputtering on
Pt(111)/TiOX/SiO2/Si substrates. Titanium oxide and
platinium bottom electrode were deposited with
thicknesses of 15 and 120nm, respectively. The thickness
of the PMN-PT and PZT films were 800nm. X-ray
diffraction analysis was performed using a Siemens D5000
diffractometer. Piezoelectric coefficient was determined
using a homemade Laser Doppler vibrometry. They
concluded that 0.7PMN-0.3PT and PZT are good
candidates for MEMS actuators, but PZT is superior and
simpler to grow compared to PMN-PT. An important
advantage for PZT material is the possibility to introduce
dopants and improve the piezoelectric properties of PZT.
Sibei Xiong et al. in [10] evaluated the piezoelectric
coefficient e31 of PZT thin film by measuring the tip
displacement of PZT-coated cantilevers of the dimensions
50mm long, 4mm wide and 0.3mm thick. Micro-machined
ultrasonic sensors, in which PZT-coated membrane
functioned as sensing element, were fabricated and their
properties were characterized. Pb(Zr0.52Ti0.48)O3(PZT)
piezoelectric thin films with thickness of 0.7-2.2μm were
prepared on Pt/Ti-coated SiO2/Si(0.5μm) substrates by the
sol-gel method. Fabrication procedures are reported in
details in the paper, and piezoelectric coefficient was
measured by observing the actual deflection of PZT-coated
cantilevers under applied voltage. It was concluded that
the effective piezoelectric transverse coefficient e31 of
PZT thin film was -12.5+0.3c/m2. The prepared PZT films
demonstrated excellent piezoelectric properties and had
been applied in MEMS ultrasonic sensors. The sensitivity
of the micro-sensors reached 500μv/Pa.
S. Srinivasan, J. Hiller and B. Kabius in [11] integrated
and demonstrated low voltage piezoactuated hybrid of
PZT and UNCD films as a high performance platform for
advanced MEMS/NEMS devices. Material integration
involves growth of 1μm thick Ultra nanocrystalline
diamond (UNCD)layer on si(100)substrate, fabrication of
UNCD cantilevers, growth of an 10nm thick TaAl barrier
layer on the UNCD film, growth of 180nm thick Pt layer
on top of the TaAl barrier, growth of 70 nm thick
PbZn0.47 Ti0.53 O3 piezoelectric layer via sputter
deposition at 600°c in 100 mTorr of oxygen and growth of
the top s o nm thick Pt layer to complete the capacitor like
structure needed for piezo actuation via voltage application
between the top and bottom Pt electrode layers. X-ray
diffraction analysis showed preferential (001) orientation
and this PZT layer yielded capacitors with well-saturated
polarization in the 5-97 range. Another conclusion is that
PZT/UNCD cantilevers can be fabricated using industrial
processes, involving photolithography in conjunction with
reactive ion etching in oxygen plasmas to produce large
arrays of PZT/UNCD structures for high performance
MEMS/NEMS piezoactuated devices.
F. Dauchy.R.A. Dorey in [12] described the fabrication
and structuring of multilayer thick film piezoelectric
structures (PZT) using composite sol-gel techniques and
wet etching. PZT films of 10 and 40μm thick are produced
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by repeated layering and infiltration with embedded thin
(100nm thick) metal electrodes. Signal and multilayer
structures were demonstrated. A crack free surface finish
of a 28-μm- thick film reveals the adaptability of spin
coating technique to fabricate thick films. Wet etching
technology revealed the possibility of great adaptability to
pattern and shape innovative devices such as bars 10μm
wide of 21μm PZT thick film. Byung –Moon Jin, SEHwan Bae and others in 2005[13] tested PZT/PZ multilayered films and measured fatigue effects of PZT/PZ
series and normal PZT films by applying AC 10 volts. Solgel technique was used to fabricate PZ/PZT multi-layered
thin films. Different kinds of films with 250nm thick for
each by using PZ and PZT precursors. Substrates for these
were the same as Pt/Ti/sio2/si.Piezoelectric Loops were
measured by a standardized ferroelectric Tester System
+10 volt saw type pulse and the pulse period of 1.000*103second were used for measurement. It was found that the
best fatigue effect is in the sample that is made by 3PZT
layers after 3PZ layers. The values of switch polarization
and switch remant polarization in this sample are reduced
within the 10% of the initial values up to 108 cycles and
this film is a good candidate for FeRAM application. A.
Kumar, M. R. Alam and others in 1999 [14] synthesized
and characterized TiNi films from crystallographic point
of view by using X-ray diffractometer(XRD) and atomic
force microscope (AFM) techniques. A deposition process
was carried out in the "Materials Research Laboratory" at
the university of south Alabama. A buffer Layer of BaTio3
was deposited at 600ºc in 100m Torr oxygen environment.
After depositing approximately 4000ºA of BaTio3 at 10Hz
repetition rate, TiNi films of nearly 600ºA were deposited
on the top of the buffer layer in the presence of 15m Torr
nitrogen environment at various deposition temperatures
(50,300,500ºc). For TiNi/PZT films on si(100) substrates,
first a PZT buffer layer was deposited at 600ºc in a 200m
Torr oxygen environment with the same previous
deposition conditions. Also TiNi films were deposited on
si(100)substrates without any buffer layer at various
deposition temperatures in presence of 15m Torr nitrogen
atmosphere. X-ray diffractometer was used to characterize
these films, and AFM analysis was done by a digital
Nanoscope. TiNi deposited films at lower temperatures
have amorphous type structure but films at higher
temperatures have crystalline quality thin films. Also
buffer layers of BaTio3and PZT have improved the
crystalline of TiNi films deposited at higher temperatures.
The TiNi/BaTio3 film was less uniform than TiNi/PZT
film due to the differences in grain structure, and
TiNi/PZT film has smaller diameter columns than the
TiNi/BaTio3 film due to differences in deposition
parameters.
All the above studies were concerned with deposition
and analysis of single or double layered thin films for
MEMS applications. Researchers studied PZT thin films
and analyzed their mechanical behavior; others studied
TiNi-SMA films. Others studied the possibility of
integration of PZT an UNCD film to provide high
performance platform for advanced MEMS devices.
Another study described fabrication and structuring of
multi-layer thick film piezoelectric structure using
composite sol-gel techniques and wet etching ones. PZ and
PZT multi-layered thin films were also testified.
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Microactuators based on PbZr1-xTixO3(PZT) and TiNiSMA are compared using MEMS. Operating frequencies
pressures, pumping rates, design and fabrication are all
studied and investigated. Also, a new hybrid
heterostructure of TiNi and PZT films is proposed having
superior static and dynamic properties.
3. Material Characteristics
Piezoelectric and Shape memory materials in thin film
form can provide reasonable displacements that are
suitable for microactuators, and, therefore, they were
developed for MEMS applications [17]. Piezoelectric
materials can be defined by dividing the word into piezo
and electric. Piezo is from the Greek word piezoin, which
means "to press tightly or squeeze," when combined into
piezoelectric it means "squeeze electrically." Piezoelectric
phenomenon was discovered by Jacques Curie and Pierre
Curie in1880 [17].
Lead zirconate titanate (PZT), PbZrx(Ti1-x)O3; 0<x<1
are polar dielectric which exhibits a high degree of
piezoelectric activity. Sol-gel PZT structures were crack
free and had good crystallinity[16], and being widely used
in MEMS actuators. When a piezoelectric material is
subjected to a mechanical stress, an electric charge is
generated across the material. Piezoelectric materials are
also pyroelectric. As they undergo temperature change, an
electric charge is generated. When temperature is
increased, a voltage develops with the same orientation of
polarization voltage, whereas a positive orientation to the
polarization voltage is produced when temperature is
decreased. In Rigaku RINT2000X-ray diffractometer
(XRD), typical peaks were observed associated with
perovskite-type PZT phase, and preferential (100), (110)
and (111) orientations were dominant in the PZT.
Dielectric constant and dielectric loss value were measured
with a HIOKI 3532 LCR hitester. Dielectric constant and
loss were over 300 and 0.03, respectively[16].
Shape memory materials possess different and
desirable properties such as large power-density, scalable
character, hence the ability to recover large transformation
stress and strain upon heating and cooling, because of the
molecular rearrangement of the metal that it constitutes of,
high damping capacity, super elasticity, good chemical
resistance and biocompatibility. Shape memory alloys can
be patterned with standard lithography techniques and
fabricated in batch process. They have a very small
amount of thermal stress to heat or cool, consequently
response time is reduced and the speed of operation is
increased significantly[4].
Nickel-titanium alloys Ni/Ti(49/51) are the most
widely used shape memory material, known as Nitinol
after the laboratory where this material was first observed
(Nickel Titanium Naval Ordinance Laboratory). As this
alloy is cooled below a critical temperature, the crystalline
structure enters into the Martensitic phase. During this
stage, the material can be easily deformed through large
strains with a little change in stress. As the temperature is
increased above the critical temperature, it drives the
molecular rearrangement of the alloy, and Martensite is
now transformed into the cubic Austenite phase,
accordingly the material regains its high strength and
modulus and behaves normally. As a result, the material

shrinks during the change from the Martensitic to the
Austenitic phase. This behavior (shape memory effect) is
considered a unique property of shape memory alloys.
Different kinds of shape memory effect can be reported
but the most common memory effects are the one-way
shape memory and the two-way shape memory. With the
one-way effect, cooling from high temp. does not cause a
macroscopic shape change, but with the two-way shape
memory effect the material remembers two different
shapes: one at low temperatures, and one at the high
temperature shape, even without the application of an
external force. Such behavior is attributed to training, in
which a shape memory can learn to behave on a certain
way. Under normal conditions, a shape memory alloy
remembers its high temperature shape, but upon heating to
recover the high temp. shape, immediately forgets the low
temperature shape. However, it can be trained to remember
to leave some reminders of the deformed low temperature
condition in the high temp. phase. Pseudo-Elastic behavior
is another unique property for shape memory alloys when
the alloy is completely composed of Austenite. Unlike the
shape memory effect, pseudo-elasticity occurs without a
change in temperature. The load on SMA is increased until
the Austenite becomes transformed into Martensite simply
due to the loading. The loading is absorbed by the softer
Martensite, but as soon as the loading is decreased the
Martensite begins to transform back to Austenite and the
material returns back to its original shape.
4. 4. Aspects of Comparison
4.1. Preparation & Fabrication Techniques
TiNi thin films are prepared using Laser ablation,
plasma spray and flash evaporation, but with some
problems such as non-uniformity in composition and film
thickness, low deposition rate, non-batch processing and
incompatibility with MEMS process. To overcome these
difficulties, an alternative method mostly used
is
sputtering. However, transformation temperatures, shape
memory behaviors and super elasticity of sputtered TiNi
films are sensitive to sputtering conditions, metallurgical
factors and the application conditions, this sensitivity
provides flexibility in engineering a combination of
properties for different applications. TiNi films were
deposited either at room or high temperatures. Sputtering
at room temperature necessitate post-sputtering
annealing(higher than 450ºc) to generate films of
crystalline structure with shape memory effect. Films
deposited at high temp.(about 400ºc) were crystallized in
crystalline form, so there was no need for post-annealing.
Localized laser annealing was used for TiNi films [4] due
to its precision in selection of the areas to be annealed as
small as micrometer, non-contact and efficiency, free of
restrictions on design and processing, ease in integration in
MEMS processes and ease in cutting of the final structure
using the laser beam.
PZT thin films can be prepared using different
techniques, but these techniques are not practical because
they need highly specialized equipment and have low
compatibility with conventional IC/MEMS processes. Solgel technique was used as an alternative technique, which
only requires simple and low temp. process. PZT precursor
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solution 0.8M with molar ratio of Pb:Zr:Ti=1.2:0.53:0.47
of high concentration, high boiling point and low carbon
content, based on the acetic acid-based method with
"inverted mixing order(IMO)" of alkoxides, was prepared.
Fabrication processes include the following:
First, wafer was preheated with the wet gel then
Vacuum deposition of Pt(100nm)/Ti(30nm) bottom layers
on a silicon wafer (thickness: 250μm). A layer of SU-8 25
of thickness 50μm was patterned to form circular apertures
with 40μm, 80μm and 180μm diameters, respectively.
Second, PZT solution was dispensed on the SU-8 layer,
filtered with 0.2μm syringe filter. The wafer is dried in a
sealed container at room temp. to gelatinize the sol. Third,
PZT wet gel is prebaked at 140 ºC prior to lapping. Fourth,
the wafer is lapped using a urethane foam pad. Isopropyl
alcohol was used as solvent and lubricant. Fifth the gel is
fired on a hotplate at 350ºc for 10 min. The gel transforms
into amorphous solid of PZT and SU-8 layer Separates
from the PZT structures. Then the wafer was heat treated.
At last, annealing is applied at 600ºc for 20 min [16].
4.2. Operating Conditions
The actuation mechanism of TiNi films is as
straightforward as that for PZT-based microactuation. TiNi
SMA-based microactuation operates at low voltages,
which allows easier integration with electronic devices,
and high output pressures which are required to overcome
flow resistance associated with complicated flow paths.
TiNi SMA-actuated microvalve that is capable of
operating pressures of 200KPa under an operating voltage
of 3.5V has been reported [18]. A large pumping volume
per stroke can be achieved due to the high recoverable
strain of TiNi SMAS that is generated by the ferroelastic
deformation that occur in the low temperature Martensitic
phase. The low operating frequencies reduce the flow rate
of TiNi micropumps and microvalves below the expected
values, and are limited by the necessary cooling of the
microactuation and is in the range of tens of Hz or lower.
Patterned TiNi films have been developed to reduce
thermal mass, however, the power consumption is still in
the range of hundreds of milliwatts [17].
PZT-based actuation operates at high frequencies due
to the large actuation forces; stresses of up to 100MPa and
operating frequencies of up to 10KHz have been reported,
which provided high operating pressures and pumping
rates up to100KPa[19] and 2300μ1/min[20], respectively.
PZT actuators can be operated at their primary natural
frequencies and multi-layered piezoelectric components
can be used to avoid high voltages since some tens of volts
are usually required for actuation. It was demonstrated that
although operating at high voltages, the power
consumption of PZT-based microactuators was not
excessive.
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requirements for microgrippers such as large gripping
force, sufficient opening distance for assembling works, in
which TiNi films are promising. Two types of TiNi film
based microgripper designs are available. The popular
design is out-of -plane bending mode with two integrated
TiNi/Si cantilever with opposite actuation directions as
shown in Figure1 below.

Figure 1. the popular design of TiNi film based microgripper

The other type, shown in Figure2, is the patterned TiNi
electrodes on silicon cantilevers. The cantilever bends up
when the electrodes are electrically heated, due to the
shape memory effects of TiNi films, consequently
generating gripping force.

Figure 2. the patterned TiNi electrodes on silicon cantilevers

Both gripper designs need further bending process to
combine two cantilevers to form gripping movement. A
novel micro-wrapper was fabricated using freestanding
TiNi films with out-of-plane movement as shown in Figure
(3) [4].

4.3. Applications of TiNi-SMA & PZT Based MEMS
Shape memory alloys are used in many fields, in bioengineering as mending bones and opening the clogged
arteries. Other applications such as in antiscalding
protection, coffee pot thermostat, fire security and
protection systems, eyeglass frames and super elastic
glasses. Most applications of TiNi films in MEMS are
focused on micro-actuators, such as microgrippers,
springs,
micropumps
and
microvalves.
Several

Figure 3. A novel micro-wrapper using freestanding TiNi films

It can be used in invasive surgery to remove anomalies
such as tumors. The overall dimension of the microwrapper arms is 100μm. A small current passes through it
to maintain the flat shape, whenever the current is
removed, the small arms close to form a cage.
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Piezoelectric materials were first applied in Sonar
Devices then in piezoelectric filters, piezo buzzers,
transducers and lighters. There are different applications of
TiNi films in MEMS such as being used in Cantilever
fabrication. PZT films were prepared using the sol-gel
method. The precursor solution of PZT (52/48) was
supplied by the Mitsubishi Materials Corporation. PZT
films were then prepared on Pt/Ti-coated SiO 2 /silicon
wafers by multiple spin-coating and annealing. Each layer
was fabricated by spin coating the solution precursor on
the lower electrodes and was pyrolized at 350ºcfor 10min.
After the fabrication of every four single layers, the PZT
thin films were thermally annealed at 650ºc for 10min
using the RTA furnace in flowing oxygen. Heating rate in
RTA was 8ºC/s. As film thickness of single coating is
about 58nm, 12single layers were coated to form 0.7-μmthick PZT films.
The size of the cantilever was 50mm long, 4mm wide
and 0.3mm thick. Fabrication process can be described as
follows:
Pt(100nm)/Ti(10nm) bottom electrode layer was
deposited on SiO2/Si substrates at RT by RF-sputtering.
Pt/Ti bottom electrode layer was patterned by ion milling
technology. PZT thin film was deposited by sol-gel
method. Piezoelectric PZT thin film was patterned using
wet-etching method to form contact holes. The etchant for
PZT was a diluted solution of HF & HNO 3 . Au/Cr films
deposited by evaporation, and patterned to form the top
electrode by lift-off, at last the Si wafers were diced into
3
50*4*0.3mm . Figure 4 shows a photograph of the
prepared PZT cantilever and the measurement setup.

Figure 4. a) The prepared PZT cantilever, b) and the
measurement setup of the microactuator.

One end of the cantilever was clamped by a plastic vise
and the other end was left free. Piezoelectric vibration was
generated by applying a sine wave voltage between the top
and bottom electrode, and the tip displacement was
measured using a laser displacement meters. The laser spot
position was adjusted precisely to coincide with the
alignment mark near the free end of the cantilever. Elastic
contact of the bottom and top electrode was obtained using
a pair of needles through the plastic vise.
Another application is the PZT microactuator. Its
fabrication includes micromachining of the silicon
diaphragm, depositions of PZT thin film with its electrode
layers. Diaphrams were fabricated by wet etching of

silicon. Oxide layer (500nm) was grown followed by
LPCVD deposition of (100nm) silicon nitride.
Nitride layer was patterned by RIE with a positive
photoresist layer as a mask and the oxide layer was
patterned in 6:1 BOE using the same photoresist mask
layer. Etching of silicon was performed in 45% KOH
solution. Three or four stages of etching were carried out
to obtain 10-15μm thickness range. Then the nitride layer
was stripped in hot phosphoric acid. The oxide layer was
etched in 10: 1 BOE to 200nm thickness. At last,
diaphragms of uniform thickness were obtained.
For the bottom electrode layer, Pt and Ta layers (100
and 10nm) were deposited using e-beam evaporation and
patterned using the lift-off method. PZT film(118/52/48) in
10% PZT-E solution was deposited on the bottom
electrode layer using the sol-gel technique. Five layers
were applied, then the film was patterned using a positive
photoresist for masking. The patterned PZT layer was
annealed at 650ºcfor 90minin a RTA furnace. These
procedures were repeated until a 600nm-thickPZT thin
film was obtained. Finally, metal films of Cr and Ag were
deposited using e-beam evaporation and patterned using
the lift-off technique to form the top electrode layer.
5. Obstacles and Challenges
Functional materials such as PbZr1-xTixO3(PZT) and
TiNi shape memory alloy (SMAs) in thin film form can
provide reasonable displacements that are suitable for
microactuators, and have, therefore, been developed for
MEMS applications. The main advantages of these
materials are their high work density and ease of
implementation, due to their relatively straightforward
actuation mechanisms.
One of the major obstacles to commercializing PZTbased microactuation for MEMS is the lack of serviceable
deposition techniques compatible with Si processing.
Physical vapor depositions are not appropriate. Screenprinting and sol-gel deposition techniques have been
reported. In contrast, Si compatible deposition and
microfabrication techniques for TiNi films were developed
in the past decade. However, they have not received much
attention in the MEMS technology as is the case with other
microactuator technologies.
Different challenges are found in designing MEMS
devices, such as finding skilled engineers with an adequate
knowledge of micromechanical systems, materials and
target manufacturing processes and transferring data
between separate electronic and mechanical design teams
who handle system and component-level development. On
the other hand, measuring the mechanical properties of
these films is a difficult task because these films are
clamped by their substrates, thus nanoindentation
technique was chosen to characterize transverse
mechanical properties of the films[21]. Biaxial elastic
modulus and hardness were measured for PZT thin film
using this advanced technique. Also, it does not require
any complex modeling in order to extract the parameter
values. However, few measurements, relating to
mechanical characterization of ferroelectric films such as
PZT, are published.
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One of the main problems of particular concern is to
elaborate novel interfacial technology to connect dissimilar
components. To accomplish a multi-layered interface
which provides durability, mechanical stability, dynamical
coupling, chemical and physical compatibility, will be the
key. The next problem is understanding and modeling the
potential emergent properties of the complex systems with
the non-linear integration effects of the components, and
specifically understanding the phase transformation
characteristics under constraints exerted by coupled
components via the interface. Phase stability, degradation
and transformation hysteresis under certain circumstances
have not been understood very well yet.
6. The New Hybrid Structure
Multi-layer, composite or functionally graded TiNibased, films can be designed in order to improve the
properties of TiNi films. Different designs were modeled
for the functionally graded TiNi thin films. One of them
was through the gradual change in composition (Ti/Ni
ratio), crystalline structures, and residual stress through
film thickness and transformation temperatures. Material
properties could change from pseudo-elastic to shape
memory, and integration of both characteristics reveals a
two-way reversible actuation, since residual stress
variations in thickness will enable biasing force to be built
inside the thin film.
Functionally graded TiNi films can be prepared by
changing the target powers during deposition. Another
way is to change the target temperature during sputtering.
To optimize functionally graded TiNi thin films for
MEMS application, it is necessary to characterize, model
and
control
the
variations
in
composition,
thermomechanical properties and residual stress in these
films. Another design includes materials and functions
other than TiNi films. Functionally graded TiN/TiNi layer
was deposited to achieve this objective (4), in which an
adherent and hard TiN layer(300nm) on TiNi film(3.5μm)
formed a good passivation layer, and improved the overall
hardness, load bearing capacity and tribological properties
without sacrificing the shape memory effect of the TiNi
film. TiN layer is able to restore elastic strain energy
during heating and to reset the martensite phase on
subsequent cooling, forming a two-way SMA effect. As a
result a functionally graded Ti/TiNi/Ti/Si graded layer was
proposed to improve biocompatibility and adhesion of
TiNi films.
A new functionally graded design is proposed in this
paper which includes the combination of TiNi films with
piezoelectric (PZT) thin films. It was found that the
response time of PZT films is fast while the displacement
is relatively small, while TiNi film has a large forcedisplacement, with slow response frequency. Upon
coupling both of these a new hybrid heterostructure is
generated in order to tune the static and dynamic
properties of TiNi films, which produce a larger
displacement than conventional piezoelectric thin films,
and improve dynamic response compared with that of
single layer TiNi films. TiNi films can be prepared by
sputtering and PZT film by sol-gel methods. Either one of
these films can be the bottom layer.
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To integrate and hybridize such materials lead to
composite materials with intrinsic mechanisms for sensing,
control and response. A hybrid structure with embedded
sensors or actuators and controlled by an external
processor is named an adaptive structure rather than an
intelligent material. The sensing, actuating and
information-processing capabilities of an intelligent
material stem from its intrinsic composition and
microstructure. These structures can provide massive
actuation stress, tolerable strain, high speeds and
reasonable efficiency. One of the major problems
encountered is to develop novel interfacial technology to
bind dissimilar components. Also understanding the phase
transformation characteristics for SMA-based composites
exerted by coupled components via the interface. Detailed
informations will be presented and validated in a future
work. Amazing results will overtake the vested interest of
workers and researchers in this field.
7. Conclusions and Recommendations
TiNi-SMA thin films were able to operate at low
frequencies and generate a large force displacement,
whereas PZT thin films were able to operate at high
operating frequencies and generate a relatively small
displacement. Low power consumption was attained using
PZT films compared to that using TiNi-SMA which was in
the range of hundreds of miliwatts although patterned TiNi
films have been developed to reduce thermal mass. Also
TiNi films were capable to operate at low voltage and high
flow rates, while PZT-thin films operated at high operating
voltages and low strains produced.
Different preparation and fabrication methods were
optimized for both microactuation techniques. Sputtering
technique was used to fabricate TiNi thin films to achieve
high uniformity in composition, film thickness, high
deposition rate and batch processing and compatibility
with MEMS process. Sol-gel technique was optimized to
fabricate PZT thin film, which only requires simple and
low temperature process.
Different applications for both films were discussed
and they seem to be promising for more accurate and
complex applications in the future. Different difficulties
were encountered, such as lack of a robust deposition
technique compatible with Si processing for PZT thin
films. In contrast, different Si compatible deposition and
microfabrication techniques have been developed for TiNiSMA thin films.
New hybrid heterostructure is proposed to tune the
static and dynamic properties of TiNi thin films, which
generate a larger displacement than conventional
piezoelectric (PZT) thin films, and have an improved
dynamic response compared with that of single layer TiNi
films. It is promising to fabricate nano-scale SMA thin
film structures, since shape memory effect still occur in
films of nanometer grains. Physical actuation techniques at
nano-scale may be achieved using these structures.
It is also recommended that TiNi and PZT films be
coupled experimentally, to create a new hybrid
heterogeneous structure composite. This new hybrid can
tune the static and dynamic properties of TiNi thin films,
which produce larger displacement than conventional
piezoelectric thin films, and have an improved dynamic
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response compared with that of single layer TiNi films.
Sputtering technique is proposed to prepare TiNi film and
sol-gel method to prepare PZT thin film. Fabrication
processing, adhesion, dynamic coupling of dissimilar
components can all be considered for this new hybrid.
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Abstract:
The crystallization kinetics of isotactic polypropylene (iPP/LLDPE) blends, and iPP composite containing nano kaolin
particles has been investigated. The addition of nano kaolin and LLDPE to iPP affects both its nucleation and spherulitic
growth rate. With the addition of the nano filler particles, significant increase in the nucleation and maximum growth rate
were observed. To improve the dispersion in the matrix, the filler particles were treated with silane. An experimentally
determined value for the Avrami exponent was calculated. The Scanning electron microscopy indicates that the nano
particles cause a finer dispersion of the LLDPE component in the iPP matrix. Due to the presence of nano size filler,
additional heterogeneous nucleation of the iPP nuclei occurs through the enhancement of the interface area.
© 2013 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved
Keywords: Nano Particles; LLDPE; iPP; Compatibilizer; Dispersion; Kaolin; Melt Blending

1. Introduction
The extent of crystallization and the morphology
formed during polymer processing are critical for the
determination of the resulting physical properties of the
polymer products, thus influence their end-use values.
Almost all the crystallized polymers are partly crystalline
and partly amorphous. This specific semi-crystalline
structure allows the adjustment of polymer products
physical properties according to the application
requirements. Formation of ordered solid phase, such as
crystals, typically starts with nucleation, in which a seed,
or a tiny embryo of the new phase, is formed. Nucleation
occurs during a first order phase transition, in which a new
phase is generated from an old phase that has higher free
energy. Crystal growth, the overlapping process
accompanying nucleation, is the successive deposition of
polymer chains on the nucleus of the aligned polymer
chains (Mandelkern 2004).
Understanding the mechanism of nucleation and crystal
growth is critical for manufacturing process and
determination of the final product properties, such as
crystal size distribution, thermal stability and mechanical
properties. Blending two thermodynamically immiscible
polymers to create a material with desirable properties is
an attractive alternative to synthesizing new polymers. A
common example is rubber toughening. A small amount of
rubbery polymer is dispersed into a glassy polymer in the
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melt state and the resulting material is often much tougher
and has a higher impact strength, when compared to the
bulk glassy polymer (J. Yang, B.J. McCoy and G. Madras
2005). The microstructure of the blend often determines its
physical properties. It is well-known that the impact
resistance of ther¬moplastics can be improved by blending
it with filler and elas-tomers (Bucknall, 1977; Galli et al.,
1984; Kolarik et al., 1986a; Al Robaidi, 2001). For
polypropylene, a variety of rubbers are suitable for this
purpose, but it turns out that a second thermoplastic,
polyethylene also in¬creases the impact resistance of
polypropylene at low temperatures (Al Robaidi, 2001;
Kolarik et al., 1986b; Yang et al., 1984; Flaris and
Stachurski, 1992). Unfortunately, this desirable
mechanical behavior is often accompanied by a decrease in
other properties, such as elastic modulus and stiffness. A
way to overcome this dis¬advantage is to melt-blend the
polymers with a compatibilizer and fillers. Compatibilizers
act at the interface between the two components
(Barensten and Heikens, 1973) and it is ex¬pected that the
modification of the interface influence both the nucleation
and the crystallization kinetics. It is the aim of this study to
demonstrate that the interface of a compatibilized
thermoplastic blend alters the nucleation of the matrix and
consequently alters its morphology.
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2. Experimental Procedures

3. Results And Discussion

2.1. Materials and Sample Preparation

For an isothermal experiment, the observed number of
nuclei in a given volume as a function of time is:

The starting materials were isotactic polypropy¬lene
(iPP, ǫ=0,905 g/cm3). Linear Low Density Polyethylene
(LLDPE, ǫ = 0.919 g/cm3) and a kaolin as a nano filler.
All these polymers are standard commercial grade
materials with a typical additives present. The kaolin
particles applied were prepared on a nano mill in the range
averaging 50-80nm in diameter. To improve the dispersion
and the compatibility of the filler in the matrix the particles
were coated with 2.5% weight silane.
The materials were melt-blended in a brabender
plastograph. Six samples were investi¬gated: pure iPP and
five blends as listed in table 1.

N (t) = M[1 -exp(-vt)]
R

(1)

R

Where
v = the probability of nuclei development per unit time
M = the nucleation density (Mandelkern, 2004; Aggarwal et al.,
1966; Icenogle, 1985)
N(t) = a characteristic function for the nucleation behavior of the
sample investigated

Representative data, N(t) for the tested samples, iPP,
iPP+LLDPE and the iPP+ 20% kaolin composite samples
are shown in Figure 1.

Table 1.Polymer characterization data

PP 130 C

Concentration

N(t)/mm^3

Material

40

iPP

100 reference

iPP + LLDPE

80%/20%

iPP + LLDPE + coated Kaolin

70%/20/10

20

iPP + coated kaolin

90%/10%

10

iPP + coated kaolin

80%/20%

0

iPP + coated Kaolin

70%/30%

30

0

The Polypropylene and LLDPE starting materials were
characterized using gel permeation chromatography (GPC)
and differential scanning calorimeter (DSC) to determine
the melting points, molecular number, weights and
distribution respectively. These results are summarized in
Table 2. Samples thereof for Charpy impact tests were
prepared by injection molding. The tests were carried out
on a Ceast Impact Tester at a temperature of 20°C.

50

100

150

200

250
time (s)

300

a
iPP+LLDPE
Compound

N(t)/mm^3

130 C
15
10
5

Table 2. Polymer characterization data
Material

Tm[°c]

Mn

Mn/
M

iPP

161.4

64.300

4.2

LLDPE

123.5

37.300

3.7

2.2. Nucleation Kinetics Measurements
For the observations in the optical microscope (Leitz
Metallux II), the samples were pressed to a thickness of
approximately 100 μm, placed between glass slides, and
put in the hot-stage microscope. Here, they were heated to
200°C for five minutes and then cooled to the isothermal
crystallization temperature. Crossed polarizers were used
and the crystallization was monitored on a video screen
and recorded. From the recording, the growth of the
spherulites as well as the number of nuclei as a function of
time was determined. Isothermal crystallization
temperatures were chosen between 130°C and 139°C.

0
0

100

200

300

400

500

time (s)
b
Figure 1.Development of the number of nuclei as a function of
time for (a) iPP and (b) the blend 80%iPP/20%LLDPE.

Differentiation of equation (1) yields the nucleation
frequency per unit of untransformed volume at time t:
N (t) = νMexp(-vt)]
R

R

(2)

The temperature-dependence of the nucleation density
can be described by a cumulative Gauss-function (erf(T)):

Where M 0 is the total nucleation density and σ is the
is the temperature of the distribution
variance.
maximum. Figure 2 shows M(T) for the two selected
samples PP and iPP+LLDPE. The values for the
nucleation density are listed in
R

R

© 2013Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 7, Number 1 (ISSN 1995-6665)

37

Table 3. Results from nucleation and crystallization kinetics for sample listed in table 1
Avrami
number

Nucleation
density M/mm3

C3

G0

G max

T max

σσ e

105k2

106mm/s

mm/s

°K

102erg2/cm4

iPP

375

4.51

56.4

.33

341

12.7

2.3

iPP + LLDPE

542

3.83

90.3

.49

346

14.9

2.2

iPP+LLDPE+Kaolin

1005

4.01

12

.60

344

12.2

1.6

iPP + kaolin

517

4.39

121

.64

342

12.4

1.5

iPP + 20% Kaolin

657

3.95

118.5

.67

341

12.8

1.43

iPP + 30% Kaolin

1215

4.43

127

.72

343

14.1

1.37

Sample

We see that for the iPP+LLDPE, M is higher than for
neat polypropylene. This is probably due to the interface of
the second component, which causes the nucleation rate to
increase by additional heterogeneous nucleation at the
surfaces of the LLDPE occlusions. The area of this
interface would then govern the amount of the heterogeneous part of the nucleation; a higher dispersion of the
LLDPE and the kaolin should yield more heterogeneous
nucleation. This assumption, however, cannot be verified
by discussing the nucleation density alone.

m

radius as a function of time at 130 °C. In all samples, the
spherulite diameters increased linearly with time at all
crystallization temperatures, indicating that growth rate
was independent of the size of the spherulites. If non
crystallizable species are excluded from growing
spherulites, they will build up on the crystallization growth
front and consequently hinder the transport of
crystallizable species from the melt to the growing edge.
This phenomenon will give rise to a deviation from linear
spherulite growth after the spherulite reaches a certain
diameter. Since no such deviation from linearity in
spherulite growth was observed in the nano composites
(Figure 3), it can be concluded that the kaolin particles are
not excluded during spherulite growth.
Again, we assume that this behavior is connected with
the change in the type of nucleation.

a

Figure 3. Spherulitic radius as a function of time for (a) iPP;
iPP+LLDPE and nano kaolin filled compound.

Within the temperature range investigated, the radius of
growing spherulite is expressed as a linear function of time
as listed in equation (4) below:
r(t) = r 0 + Gt

b
Figure 2. Nucleation density as a function of temperature for (a)
iPP and (b) the blend 80iPP/20LLDPE.

A good indication of the type of nucleation is the
Avrami exponent, which is discussed later. The radial
spherulite growth rates of neat iPP and iPP +nano kaolin
compound were measured over time. Figure 3 shows the
representative data concerning the change in spherulite

(4)

Where r 0 is the radius of the spherulite at the beginning
of the experiment and G is the growing rate. The
temperature dependency of the growth rate is calculated
from12-14.
G(T c ) = G 0 exp (- C 1 C 2 /(C 2 +T c -T g )) exp (- C3/Tc(T m -T c ))
(5)

Where T g is the glass transition temperature, T m is the
melting temperature and G 0 , C 1 , C 2 and C 3 are constants.
G 0 and C 3 are determined by plotting
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In G+ C 1 C 2 /(C 2 +T c -T g ) versus 1/ T c (T m - T c ). The
values obtained from such a plot are listed in Table 3.
From equation (5) the maximum growth rate G max - can be
determined. The calculated values for G max are also listed
in Table 3.
We see that G max increases for the sample containing
20% LLDPE from 0.33 mm/s to 0.49 mm/s. This is obviously the influence of the interface, where the nuclei
generated by a thermal nucleation that find conditions
suitable for undisturbed growth. We expect that G max
increase further for the samples containing kaolin. This is
indeed the case. G max increases to 0.60 mm/s for the
sample containing 10% kaolin up to .72 to samples
containing 30% kaolin. Consequently, a different
spherulitic distribution is built up which affects the
mechanical properties. Figure4 represent the Charpy
impact values for the different formulation investigated. In
fact, the sample containing kaolin nano fillers yields the
highest impact result; which increases from 0.8 kJ/m2 for
iPP to 1.2 kJ/m2 for the iPP/LLDPE blend, increased
further to I.3kJ/m2 for the sample containing 10% kaolin
up to 1.9kJ/m2 for the sample contain 20% kaolin. The
kaolin molecules in the domains are crosslinked to the
matrix by the silanol end groups; thus improving the
toughness and impact energy.

Figure 4. Charpy Impact for sample prepared in table 1

The crystallinty as a function of time in a growing
spherulite can be described by the Avrami equation
(Avrami, 1941; Mandelkern, 2004):
X c (t) = 1 – exp(-ktm)

(6)

Where X c (t) is the volume crystallinty at time t, k is a
characteristic constant, and m is the Avrami exponent
describing the type of crystallization. In our experiment, m
has been obtained by determining the volume of the
spherulites through the calculation of their cross-sectional
areas. Measuring the crystallization half time, t c,1/2 can be
calculated from can be calculated from (Wenig and Fiedel,
1991):

The Avrami exponents are listed in Table 3. We find
that m increases slightly for the samples containing
LLDPE. For the blends, containing kaolin we find a sharp
drop in the value of m. This indicates that the type of
nucleation is indeed changing upon the addition of LLDPE
and kaolin to polypropylene. It is in good agreement with

our concept of increasing heterogeneous nucleation, that
the sample with the highest maximum growth rate and the
highest Charpy impact value exhibits the lowest Avrami
exponent.
It is obvious that the addition of kaolin leads to a finer
dispersion of the LLDPE occlusions (see figure 5),
creating a higher interface area, which in turn increases the
secondary nucleation rate.

Figure 5. Spherulite structure

The lamellar crystallization itself remains un¬changed.
This can be demonstrated by calculating the interfacial free
energy, σσe, which can be de¬rived from the temperature
dependence of the growth rates:
σσe = ΔGΔHmǫcΔT /4b0Tm
(8)
where σ and σe are the specific free interfacial energies
for the surface and end area of the crystal lamella
respectively and b0 is the thickness of the secondary
nucleus (thickness of a monolayer of chains). Values for
σσe are listed in Table 3. Except for the iPP/LLDPE
blend, where σσe is 14.9 erg2/ cm4, we find the value
between 12.1 and 12.7 erg2/ cm4 for the other blends. As a
result of the chang¬ing kinetic conditions, the morphology
of the iPP matrix should be affected, which is one of the
con¬ditions to increase the impact resistance. As
additional investigations17 show, this is indeed the case.
Calculations of interface distribution func¬tions of these
blends demonstrate that among other morphological
parameters, the lamellar thickness is lowered when a
kaolin is added to the iPP blend. It is significant to note
that the blend containing kaolin yields the highest impact
value and has the smallest lamellar thickness.
4. Conclusion
The crystallization behavior of Iso-tactic polypropylene
blended with LLDPE and kaolin particles was
investigated. The result obtained and presented in this
paper has shown that the crystallization kinetics of
miscible polymer blends is influences by filler type and
copolymer, used. Adding a second polymer influences the
crystallization mainly through thermodynamics and
kinetics
(equilibrium
solubility
and
deposition
mechanism). These effects are incorporated by varying the
initial values of ingredients concentration and growth rate
coefficient. Because of the chang¬ing kinetic conditions,
the morphology of the iPP matrix was affected, which is
one of the con¬ditions to increase the impact resistance. It
is significant to note that the impact resistance was
increased for the samples containing coated silane kaolin.
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A finer dispersion of the filler was achieved, which is
responsible for impact increase. The lamellar
crystallization itself did not change. This was
demonstrated by calculating the interfacial free energy
σσe. We find that the avrami exponent m increases slightly
for the sample containing LLDPE, but decreasing
significantly when kaolin is added, which indicates that the
type of nucleation is changing.
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Abstract:
Polymeric sheets with different mixing compositions of bakelite and polystyrene were manufactured using the hot pressing
method. Microstructure examination, water absorption, impact strength, wear resistance and infrared thermography tests
were performed. It was found that there was a homogenous distribution of the bakelite particles in polystyrene and a good
bonding was observed between them. Water absorption test showed that the water absorption percent increases with the
increase of bakelite material in the blend. Impact test results did not show significant changes.
Wear resistance test was carried out at different forces: (5, 10 and 20 N) and different velocities (150, 250 and 350 rpm). It
was found that the wear increases with increasing the applied forces and velocities although, wear resistance shows an
improvement with increasing of bakelite content.
In infrared thermography test was also conducted. It was found that the relative temperature change increases with the
increase of bakelite content.
Wear resistance and water absorption of the manufactured sheets were compared to the same properties of commercial
ceramic tiles (used for decorations) at the same testing conditions. It was found that the water absorption test results for the
manufactured sheets are much better than the results of the ceramic tiles test. Moreover, wear resistance test results for the
ceramic tiles were close to those of the manufactured sheets when the percent of the bakelite in the blend was 20%, but for
higher percentages of bakelite, the wear resistance of the manufactured sheets was better than the tiles.
© 2013 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved
Keywords: Wear; Thermography; Decoration; Absorption; Infrared.

1. Introduction
Polymer blends and composites have become a central
part of polymer science and engineering because people
could make composites that have properties substantially
unattainable with homo-polymers. Such properties include
greater toughness, higher strength, better ductility, better
absorption
properties,
and
more
homogeneous
microstructure. Researchers continue work in this field.
For example investigators in [1,2,3] studied the
mechanical properties of composite materials. They
concluded that characteristics of composite materials
depend mainly on their manufacturing process and the
reinforcement type, percentage, size, and shape. Others
[4,5,6] studied the effect of processing on certain
composite properties such as stiffness and compression
strength. Their studies led to formulate mathematical
models to predict the mentioned properties. While Mousa
and Karger-Kocsisv [7] studied the behavior of styrene /
Butadiene rubber organoclay nanocomposites and found
that the tensile strength was improved by increasing
*

Corresponding author. e-mail: jalham@ju.edu.jo.

nanosilicate . Moreover, Robinson et al. [8] reported that
the mechanical properties of polymer matrix composites
reinforced with silica were superior to their unreinforced
polymer matrix and their strength increased by increasing
the reinforcement content. More information about the
improvement of the strength of polymers and their
composites can be found in the works of Jalham [9], and
Sahnoune , et al. [10].
The wear and friction properties of polyamide 66/high
density polyethylene blends was studied by Chen, et al.
(2004). They produced Polyamide 66 (PA66)/high density
polyethylene (HDPE) blends, having miscible structure by
compatibilization of HDPE grafted with maleic anhydride
(HDPE-g-MAH) and investigated their Mechanical and
tribological properties. It was found that the polymer
blends greatly improved the mechanical properties of
PA66 and HDPE. Blending HDPE with PA66 significantly
decreased the friction coefficient of PA66; the friction
coefficients of blends with different compositions were
almost the same and approximately equal to that of pure
HDPE; the blends with 80 vol % PA66 exhibited the best
wear resistance.
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Chen, et al. [11] continued the investigation of friction
and wear mechanisms of PA66/PPS blend reinforced with
carbon fiber (CF). It was found that CF reinforcement
greatly increases the mechanical properties of PA66/PPS
blend. The friction coefficient of the sample decreases
with the increase of CF content. When CF content is lower
(below 30%), the wear resistance is deteriorated by the
addition of CF. However, the loading of higher than 30%
CF significantly improves the tribological properties of the
blend.
Jalham [12] studied The influence of process and
materials varibles on the surface properties of polystyrene
matrix reinforced with silica sand. He concluded that the
introduction of the SiO2 hard particles significantly
increases the abrasive wear resistance of polystyrene. The
higher each of the process variables (load, velocity, and
time), the higher the dimensionless wear rate and the less
the difference between the highest and the lowest wear rate
when going to a higher volume fraction content and a
higher particle size. While the higher each of the material
variables (reinforcement content and particle size), the less
the wear rate for fixed process conditions. It was also
found that abrasive wear of SiO2 reinforced polymers
occurred by three wear mechanisms: microploughing,
microcutting, and microcracking
Moreover, a number of studies on polymer matrix
composites subjected to sliding and abrasive wear indicate
that wear resistance depends on the detailed properties of
the material as well as the external wear conditions such as
applied pressure and contact velocity [13,14,15].
Furthermore, fiber addition to polymers doesn’t
necessarily improve their wear resistance [16]. It is worth
mentioning that the performance of polymer matrix
composite materials is different when subjecteted to
different modes of wear. For example, the wear behavior
of polyetherimide composites in adhesive and fretting
wear modes is different from their behavior in abrasive
and erosive wear modes [17].
The impact strength of polymers and their composites
was also studied. Wantinee, et al. [18] studied the impact
resistance of selected Immiscible Polymer Blends.
Immiscible polymer blends were prepared by melt
extrusion using a single screw extruder in the systems
PS/HDPE and PS/PP to assess the effect of composition
and morphology on tensile Young’s modulus and impact
resistance. Results of this work showed that the PS/HDPE
system has poor impact resistance although the 20% PS in
PP blend possessed an impact strength that was 127%
greater than the proportional value for this composition.
Thermal and mechanical properties of poly (butylene/
erephthalate) epoxy blends was investigated by Zhang, et
al. [19]. They concluded that the presence of epoxy resin
influenced the mechanical properties of the PBT/epoxy
and the completely misciblity of epoxy resin was
beneficial to the improvement of the impact performance
of the PBT/epoxy blends. In addition, the modification of
the PBT/epoxy blends were achieved at epoxy resin
contents from 1 to 7%. The maximum increase of the
notched Izod impact strength (≈ 20%) of the PBT/epoxy
blends was obtained at 1 wt % epoxy resin content.
The above mentioned studies concentrated on two
fields; the first studied thermoplastic or thermoset polymer
matrix only, which was reinforced with silica sand

particles of different concentrations and different particle
sizes. The main performed test on them was the
compressive strength test and rarely the wear properties;
the second concentrated on studying the properties of the
blends of two thermoplastic materials, thermoplastic and
elastomeric materials and a reinforced matrix of them.
This work differs from the previous studies in using a
combination of polystyrene (thermoplastic material) and
Bakelite (thermoset material) of different mixing
percentages. To use this product for decorative purpose
water absorption, wear, impact, and infrared thermography
tests will be performed.
2. Materials, Equipment and Experimental Procedure
2.1. Materials
The main materials, which were used in this
investigation, are:
1. Bakelite (the trade name of thermosetting phenolformaldehyde), which was supplied by Buehler
Company.
2. General purpose polystyrene (Granular solid and
colorless). This material is a thermoplastic material,
which was supplied by Sabic Company
3. Commercial Ceramic Tiles, which are made primarily
of clay mixed with various minerals and water. These
tiles were brought from the Jordanian market.
2.2. Equipment

2.

3.

4.

5.

6.

7.

The main equipment used in this project are:
1.
Laboratory Balance. It is of shimadzu type and
used to weigh the specimens with accuracy of 0.01
mg.
Plasti Corder BRABENDER (Figures 1a and b). It is
used to make the blend by mixing the polystyrene and
bakelite materials with each other at controlled
temperature and torque.
Hydraulic Press Machine. This machine is of carver
type (CARVER, Model 389.4PR1A07) and was used to
press the mixture which was prepared by the brabender
mixer at controlled temperature and force in order to
manufacture the polymeric sheets. Figure 2 shows the
used hot press machine.
Water Absorption Testing Equipment (Figure 3). This
machine is of GFL type and was used to conduct the
water absorption test for the specimens.
Impact Testing Machine. This machine is of CEAST
type and was used to perform the impact test for the
specimens.
Wear Testing Machine. This machine is of
METASERV type and was used to perform the wear
test for the specimens.
Optical Microscope (MEIJI). This equipment is of
(MEIJI) type and used for testing the microstructure of
the specimens.

Digital Infrared Thermal Imaging Camera (Figure 4). This camera
is of Chauvin Arnoux type and used for conducting the infrared
thermography test for the specimens
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Temperature and
Speed Control

Mixer

Figure 1a. Front View of Mixing Machine

Figure 1b. Side View of Mixing Machine

Figure 1. Plasti Corder BRABENDER used for mixing Bakelite and Polystyrene

2.3 Experimental Procedure

Temperature &
Force control
Heated Platens

To accomplish this study, Bakelite and polystyrene
were mixed in a mixing pan with different proportions.
The mixing compositions were based on weight and the
proportions of mixing are shown in Table 1.
Table 1. Mixing Proportions

Figure 2. Hot Press Machine

Temperature Control
Figure 3. Water absorption machine

Bakelite (Wt %)

Polystyrene (Wt %)

0

100

10

90

20

80

30

70

40

60

50

50

60

40

70

30

The mixture was then fed into the mixer (Brabender) at
a constant speed of 45 m/min to a chamber of a constant
temperature (185°C) for 8 minutes. By the end of the
mixing step, the mixed materials were in the form of puttyLike material. The putty-like material was then put in the
mold. The mold is composed of two metallic sheets with
30 × 30 cm size and hollow square sheet (Cavity) of 13 ×
13 cm. Then putty-like material was placed in the cavity
between these two sheets. Two polyester films were put
above and below the material to prevent it from sticking to
the metallic sheets.
The mold including the mixed materials was then put in
the hot press machine between two preheated hot platens.
The material was pressed between the hot platens to get a
good and uniform compaction at conditions as shown in
Table 2.
Table 2. Hot Pressing Conditions

Figure 4. Thermal Imaging Camera.

Segment
No.

Force
(lb)

1

3000

Dwell
Time
(min.)
2.0

2

15000

2.0

3

30000

3.0

Temperature
(°C)

185

The mold was then removed from the pressing machine
and allowed to cool to room temperature. The pressed
material was then removed from the mold and became a
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sheet of 13 × 13 cm and 2 mm thickness. Figure 5 shows
samples from the manufactured sheets.

Figure 6. Thermal Image of the manufactured sheets The setup
of the experiment for one of the ranges.

3. Results & Discussion
To end up with reliable results, twenty four specimens
were manufactured and tested. Their testing results are
discussed in the following sections.

Figure 5. Samples from the Manufactured Sheets.

The sheets of the mixing proportions of (80% bakelite
and 20 % polystyrene), (90% bakelite and 10 %
polystyrene) and pure bakelite could not be manufactured
under these available conditions of the equipment.
Then the microstructure was revealed to test the
binding conditions of Bakelite and polystyrene. To
accomplish this, the specimens were prepared according to
the known standard procedure of grinding and polishing
using ethanol as a cooling agent. Other tests were also
conducted according to the ASTM standards. For example,
water absorption test was accomplished according to
ASTM D570 standard, Impact Strength Test according to
ASTM D256 standard, Wear Resistance Test according to
ASTM D3702 standard, and infrared thermography test
was carried out on the manufactured sheets using digital
infrared thermal imaging camera. To perform the infrared
thermography test, specimens with 30 × 30 mm sheets
were cut from the manufactured polystyrene of (20%
bakelite and 80% polystyrene sheets), (40 % bakelite and
60% polystyrene sheets) and (60% bakelite and 40%
Polystyrene sheets). Then specimens were placed onto a
calibrated hot plate. The temperature of the hot plate was
set to rise up to 70ºC in an increment of 6 ºC. The setup of
the experiment for one of the ranges is shown in figure 6.
While increasing the temperature of the hot plate, infrared
images were continuously taken for the surface of the
specimens every half second. The taken images for the
tested specimens were processed using the camera
processer to find the average temperature of the specimens
surface versus time. Relative temperature change was
expressed by Θ using the following formula:
Θ = Tavg – To / To ……………….

3.1. Microstructure
The microstructure after polishing is shown in Figures
7 and 8. Figure 7 indicates that the distribution of mixed
materials is homogenous and Figure 8 shows that bonding
has occurred between bakelite and polystyrene. This
bonding has been reflected positively on the performed
tests. The mixing method showed successful results as can
be concluded from the bonding.

Figure 7. Homogenous Distribution of the Mixed Materials.
Magnification 25x

Bakelit

(1)

where
Tavg - is the average temperature of specimen surface.
To -is the ambient temperature.
And finally, Θ was plotted versus the time up to the
steady state

Bonding
Area
Polystyrene

Figure 8. Bonding Between Bakelite and Polystyrene.
Magnification 100x.
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3.2 Water Absorption

3.4 Wear Resistance Test

Figure 9 shows the water absorption test results of the
specimens. It is clear from this figure that the water
absorption percent is increased by increasing the amount
of bakelite material in the blend. On the other hand, the
minimum percent of absorption was found for the pure
polystyrene (0% bakelite). This behavior can be explained
by the nature of the chemical structure of the two
materials. The polystyrene has less tendency to absorb
water than bakelite because its chemical structure contains
only carbon and hydrogen, while the bakelite material
contains carbon, hydrogen and oxygen.
This behavior is in agreement with Campo [20] who
found that the polymers containing only hydrogen and
carbon, such as polystyrene, are extremely water resistant,
whereas polymeric materials that contain the oxygen group
are very susceptible to water absorption.

The wear resistance test for the manufactured sheets
was studied based on the variation of the applied force and
the variation of the velocity. The results shown on Figures
11, 12 and 13 indicate the effect of the variation of
velocity and and the PS % on the wear resistance of the
blends for fixed loads. It is obvious from these results that
the wear rate for all tested specimens increases with the
increase of PS% for the fixed applied force and higher
wear rates were obtained after 80% of PS. So, to get best
were results, the PS% should be less than 80%.
Meanwhile, the effect of the velocity at a fixed PS% and
Fixed load shows that the increase in velocity increases the
wear rate especially when the content of PS exceeds 80%
too.

Figure 9. Water Absorption Test Results (PS indicates
Polystyrene)

Figure 11. Wear rate at fixed 5N applied force and velocities of
150, 250 and 350 rpm.

3.3 Impact Test Results
Referring to the impact test results, shown on Figure
10, it is clear that the variation of impact strength values of
the tested sheets is about 1 J/m (between 13.5 to 14.5 J/m).
This variation is very small and can be considered
approximately the same for all mixing compositions. This
behavior is due to the similarity in the impact strength of
the mixed materials (The theoritical izod impact strength
for polystyrene is 15 J/m and the izod impact strength for
the bakelite is between 15 - 17 J/m). Moreover, it also
indicates that a good bonding between the blended
materials was achieved.
Figure 12. Wear rate at fixed 10 N applied force and velocities of
150, 250 and 350 rpm.

Figure 10. Impact Strength Test Results.
Figure 13. Wear rate at fixed 20 N applied force and velocities of
150, 250 and 350 rpm
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The same trend was observed in Figures 14, 15 and 16
which indicate the effect of the load variation for the fixed
velocities and different PS content. It is clear that the wear
rate for all tested specimens increases with the increase of
PS% for the fixed velocity and higher wear rates were
obtained after 80% of PS. So, to get best were results, the
PS% should be less than 80%. Meanwhile, the effect of the
loas at a fixed PS% and Fixed velocity shows that the
increase in load increases the wear rate especially when the
content of PS exceeds 80% too.

percentages than 10% of bakelite the increase in wear
resistance was not significant. The reason behind this is
that bakelite is a hard material and the cross-linking
involves the formation of covalent bonds between the
polymer chains and the presence of cross-linked material
can have a significant effect on the resulting properties of
the material. This is in agreement with Stuart [21] when
she explained. Uncross linked material like polystyrene
tends to be softer and flexible, while heavily cross-linked
polymers tend to be harder and brittle.
3.5. Infrared Thermography Test

Figure 14. Wear rate at fixed 150 rpm velocity and loads of 5, 10
and 20 N.

Figure 17 shows the relative temperature change (Θ)
test results for all tested specimens. It is shown that the
relative temperature change of the specimens increases
with the increase of the bakelite material in the blend..
Moreover, specimens with higher percentages of bakelite
have a higher value of Θ. This behavior is in agreement
with heat conductivity change due to a change in the
percentages of mixed materials. This may due to the heat
conductivity for Bakelite, which is 0.23W/m-ºC and for
polystyrene, which is 0.13 W/m-ºC. Consequently, the
material which has higher heat conductivity has a higher
value of Θ (specimens which contain higher ratio of high
thermal conductivity material will heat faster than those
which contain lower ratio) as a results there was a
changing in the value of Θ by changing in the composition
of manufactured sheets.
From the above results, it is shown that there is a great
potential for changing the conductivity of the
manufactured sheets and this leads to using them in a
various applications that need a certain level of thermal
conductivity and insulation properties.

Figure 15. Wear rate at fixed 250 rpm velocity and loads of 5, 10
and 20 N.

Figure 17. Relative Temperature change.

3.6. Comparison of the results of testing of the
Manufactured Sheets and the results of testing of the
Commercial Ceramic Tiles

Figure 16. Wear rate at fixed 350 rpm velocity and loads of 5, 10
and 20 N.

It can be also concluded from the figures that the wear
resistance of the tested specimens is increased dramatically
by adding 10% of bakelite to the mixture, while at higher

To verify the results of this investigation, commercial
ceramic tiles were randomly chosen from the commercial
market and subjected to the same tests for comparison
purposes.
Wear and water absorption tests were carried out on the
ceramic tile at the same testing conditions of the
manufactured sheets. Impact test for ceramic tiles was not
performed because the sample preparation and testing
conditions are totally different between the two materials.
Also, according to the Jordanian standards, impact strength
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test for ceramic tiles is not required and the testing
equipments are not available.
3.6.1. Water Absorption Test Result for Commercial
Ceramic Tile
The water absorption percent for the ceramic tile was
10.90% when tested at the same testing conditions of the
sheets.
3.6.2. Wear Rate Test Result for Commercial Ceramic Tile
Table 3 Shows the test result at fixed 5, 10 and 20N
forces and different velocities 150, 250 and 350RPM.

Table 4 shows the test result at fixed velocities 150,250
and 350RPM and different applied forces 5, 10 and 20N.
The results in Tables 4 and 5 above were compared to
the results of the tested ceramic tile. It was found that the
water absorption percent of the manufactured sheets was
better than the ceramic tile result. The percent of
absorption for the tile was 10.9% and the maximum
percent of the manufactured sheets was 0.87%. And wear
resistance test results of the manufactured sheets were
close to the ceramic tile when the percent of bakelite is
20% at higher bakelite percentages the results were better
than those of the tile.

Table 3. Wear rate test results for the ceramic tile at fixed 5, 10 and 20 N forces and different velocities 150 , 250 and 350 rpm.
Wear Rate ( gram/hour)
Material

Ceramic
Tile

Wear Rate ( gram/hour) at

Wear Rate ( gram/hour) at

at5N

10N

20N

150

250

350

150

250

350

150

250

350

RPM

RPM

RPM

RPM

RPM

RPM

RPM

RPM

RPM

0.0024

0.0027

0.005

0.0024

0.0027

0.0068

0.0028

0.0034

0.0133

Table 4. Wear rate test results for the ceramic tile at fixed 150,250 and 350 rpm velocities and different 5, 10 and 20N
forces.
Wear Rate ( gram/hour) at
150RPM

Material

Ceramic
Tile

Wear Rate ( gram/hour) at 250RPM

Wear Rate ( gram/hour) at
350RPM

5N

10N

20N

5N

10N

20N

5N

10N

20N

0.0024

0.0024

0.0028

0.0027

0.0027

0.0034

0.005

0.0068

0.0133

4. Conclusions
The analysis of the results of the conducted tests led to
the following main conclusions:
1. The mixing and manufacturing method helped in
achieving a homogeneous distribution and bonding
between the mixed materials.
2. The water absorption percent was increased directly by
increasing the percent of bakelite material in the blend.
3. The impact strength was almost constant (unsignificant
difference) for all mixing compositions because of the
similar impact values of the two parents materials and
this gave an indication that there was a good bonding
between the mixed materials
4. The wear resistance of the manufactured sheets was
increased dramatically by adding 10% of bakelite to the
mixture, while at higher percentages of bakelite the
increase in wear resistance was not significant for all
applied forces and velocities.
5. The water absorption percent of the blend was less than
the percent of the absorption of the commercial ceramic
tiles.
6. The relative temperature change increases with the
increase of bakelite in the blend.
7. The wear resistance results of manufactured sheets
were close to the results of ceramic tile at (20%) of

bakelite in the mixture and at higher percent of
bakelite the wear resistance became better than that
for the ceramic tile.
8. Wear resistance and water absorption tests results of
the produced sheets compared to the tested ceramic tile
make them of significant interest to the manufacturers
to substitute the decoration materials as the later ones
are heavy materials and have less potential to change
their colors.
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Abstract:
This research is set out to analyze the applicability of KAIIAE and EFQM in the Jordanian healthcare organizations. Until
2011, only four Jordanian hospitals applied for the award and only one hospital won it. We chose an elite private Jordanian
hospital as a candidate for this research and trained some of its employees on the award's requirements. We then translated
the requirements of the award to Arabic and tabulated them into simple Excel sheets. Self-assessment was performed on the
entire hospital and the result was a score of 32 out of 100. The score, while seems to be low, is actually high for an
organization never considered the award before. The research team put together an action plan that raised the score to 45 or
50 within one year, which is a great score, compared with elite healthcare organizations world wide. This research proves
that when simplifying the EFQM requirements and training the hospital personnel, excellence models become very
applicable in Jordanian hospitals.
© 2013 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved

Keywords: Healthcare; European Foundation for Quality Management; EFQM; King Abdullah II Award for Excellence; KAIIAE;
Accreditation.

1. Introduction
Healthcare organizations worldwide utilize many
accreditation systems and excellence models to help
achieve high levels of effectiveness and efficiency in their
operations. The European Foundation for Quality
Management (EFQM) is one example of an excellence
model used primarily in all European countries. Many
other countries use EFQM in its original format or have its
own national version of it. In Jordan, the requirements for
King Abdullah II Award for Excellence (KAIIAE), that is
applied to private sectors, is identical to that of EFQM.
Thus, we will use the terms EFQM and KAIIAE in this
report interchangeably.
Numerous European healthcare organizations utilize
the EFQM excellence model. In some countries, it is
required by law [1]. In Jordan, however, the story is
different; KAIIAE receives only 50-60 applications per
year from private Jordanian organizations, of which only 2
or 3 are hospitals. In total, only four Jordanian hospitals
have applied for the award so far, and one hospital only
received the award.
Excellence models initially targeted the manufacturing
sector, but slowly found their way to service sectors
including healthcare [2]. KAIIAE is not popular for

*
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Jordanian hospitals, as managers find it unimportant since
it is not tailored for healthcare. Moreover, EFQM is very
generic and does not specifically cover clinical aspects of
healthcare institutions [3]. Therefore, Jordanian hospitals
focus more on gaining local accreditation from the
Healthcare
Accreditation
Council
(HCAC),
or
international accreditation such that provided by the Joint
Commission international (JCI).
In this research, we investigate some reasons behind
the lack of applications of EFQM in Jordanian Healthcare
organizations, and then we take all the steps necessary for
applying it to an elite Jordanian hospital.
1.1. Structure of EFQM Excellence Model
EFQM is a non-profit membership based organization
founded in 1988 with the endorsement of the European
Commission. The present membership is in excess of 800
European organizations inclusive of healthcare.
EFQM has developed an evaluation approach, termed
"Excellence Model" that is implemented via selfassessment. This Excellence Model (2010 version) is made
up of 3 parts; The 9 Box Model (Figure 1), The 8
Fundamental Concepts of Excellence, and the RADAR
(Figure 2).
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of continuous learning and improvement and consists of
four elements [5]: Results, Approach, Deployment and
Assessment & Review. The application of RADAR logic
helps organizations identify, prioritize, plan and implement
improvements where needed.
The RADAR logic is considered complex by many
assessors. If we add this to the fact that it has to be applied
to high number of sub criteria, we will realize how tedious
and difficult it is to perform a self-assessment [6].
1.2. King Abdullah II Award for Excellence (KAIIAE)
KAIIAE is the highest level of recognition of quality
in Jordan. It was created to enhance the competitiveness
level of Jordanian businesses by promoting quality
awareness and performance excellence, recognizing
quality and business achievements of Jordanian
organizations, and publicizing these organizations’
successful performance strategies. The award has shown
great success in many organizations that applied for it [7].
For the private sectors, KAIIAE uses the exact criteria
and sub criteria detailed in the EFQM model. The only
difference is the scoring as mentioned in section 1.1.

Figure 1. The 9 Box Model

1.3. Success Drivers and Challenges of Applying for
EFQM

Figure 2. The 8 Fundamental Concepts of Excellence

The 9 Box Model reveals nine criteria classified into
two groups: Enablers and Results. Each criterion is divided
into few sub criteria, and the final score in a selfassessment is calculated based on the scores of all criteria
as shown in Table 1. KAIIAE uses the same scoring
scheme [4] but each criterion score is divided by 10, which
makes the highest possible score in KAIIAE 100 instead of
1000.
Table 1. Maximum scores of the 9 criteria
Criteria

Maximum Score

Leadership

10

Strategy

10

People

10

Partnership & Resources

10

Process, Product & services

10

Customer Results

15

People Results

10

Society Results

10

Key Results

15

The fundamental concepts of excellence are basic
concepts any institution should develop before applying
for the award. They are considered the underlying
principles of the EFQM excellence model. These concepts
are used to make initial self-assessment to judge the
readiness level of the organization to apply for the award.
The RADAR is a measurement tool used to assess and
score during the assessment process. It is based on a cycle

EFQM is successful in certain areas where it empowers
leaders, increases satisfaction and loyalty of customers,
reaches a common sense of purpose throughout the
organization, sustains a constant and well managed
change, allows employees and stakeholders to be engaged
and motivated, establishes an upward flow of ideas and an
efficient and effective use of data and operations and lastly
produces excellent results, including good financial
performance [7].
Most organizations use excellence models as a
continuous improvement tool; Goldstein and Schweikhart
made that conclusion as a result of studying performance
of 220 US hospitals [8]. Other reports also agree with that,
especially those studying hospitals in the Basque area
(Spain) [9] and in the UK using EFQM [10].
Pakistani healthcare organizations, using excellence
models, seem to have higher quality services and enjoy
better quality practices [11]. Similarly, in India, many
healthcare
organizations
illustrate
successful
implementation of various excellence models [12].
EFQM helps Spanish healthcare organizations to create
a continuous improvement culture that benefits patients
[13]. The article also reveals benefits for staff and key
stakeholders. Similar findings are reported in Italy [14].
In Holland, organizations benefit from EFQM by
applying it through training and self-assessment before
running for the Dutch quality award program. Healthcare
organizations, applying this two-step approach, seem to
win the Dutch award for Quality in an average of two
years [1], which is an indication of successful
implementation.

In Germany, healthcare organizations that apply
EFQM see noticeable quality improvements [3]. The
article, however, highlights some weak aspects of
EFQM, such as the general and non-specific nature
of the model that does not cover all areas relevant to
healthcare. Gómez et al. agree with this conclusion
and state that EFQM works better in manufacturing

© 2013 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 7, Number 1 (ISSN 1995-6665)

companies than in service organizations such as
healthcare [15].
Studying the application of various quality
methods including excellence models one may
conclude that regardless of the method used, quality
success is more related to internal factors than the
nature of that method [16]. Similarly, Leggat et al.
declared that prior to using any such models,
healthcare organizations should first focus on
enhancing employee skills [17]. As a result, we
conclude that excellence models are great tools, but
many factors may hinder its application.
In Jordan, The only hospital that won the award is
the Specialty Hospital. According to the hospital
management, what helped the hospital winning the
award is the fact that they were already accredited by
HCAC and JCI and received multiple ISO awards
before applying for the KAIIAE. Most of the
documentation required by the award was already
enlisted in the policies and practices manuals.
Leadership commitment and encouragement of the
Specialty Hospital was also an important factor in
winning the award.
The hospital faced many challenges, including
employees' lack of interest and awareness of the
award, the common resistance against learning a new
system and due to the employees' current culture
which lacked commitment and enthusiasm. The
hospital's management revealed, however, that after
winning the award such culture gradually improved
and employees became more familiar with the terms
quality and excellence.
4.

Figure 3. Example on the leadership criterion.
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2. Methodology
The methodology used in this research tries to achieve
the highest level of success in applying EFQM in a
Jordanian healthcare organization, and since very few
healthcare institutions applied for it, we found that many
preparatory steps had to be performed. The following
describes detailed steps of our methodology:
1. Educating the research team on the state of EFQM
applicability in Jordanian healthcare organizations.
This was achieved by holding many interviews with
representatives from the Ministry of Health, King
Abdullah II center for excellence, and the only hospital
that won the KAIIAE in Jordan: Specialty Hospital.
2. Hospital selection: To ensure the highest level of
success, we selected a hospital that cares for its
performance quality, accredited locally and
internationally, yet never attempted to apply for the
award.
3. Overcoming the complex nature of EFQM
requirements and RADAR scoring scheme: This was a
key step to the success of this project. Two major tasks
were performed:
3.1. A two-week training program was performed for
key employees in the candidate hospital on all
details of the award. These trainees were vital for
achieving next steps.
3.2. The complex details of the model were translated
into an easy-to-use Excel sheet. The sheet was in
Arabic language. Each tab in the sheet represents a
criterion. The complex RADAR scoring scheme
was calculated by Excel without human
interference. Figure 3 represents an example of the
Excel sheet.
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The translated Excel sheet is the main stone of this
project. The translation minimized the complexity level of
the model. The translated sheet was prepared in full
agreement with the original EFQM model. Every detail
was translated and the score was calculated by using the
equations built in Excel.
1. Performing initial assessment of the hospital's
performance: In order to judge the readiness of the
hospital to apply EFQM, an initial assessment is
performed. This assessment is not based on evidence.
Rather, it is based on managerial judgment of the level
of commitment to the 8 principles of excellence. The
hospital needs to score above 25% in this assessment in
order to apply for the award. Otherwise, the hospital
will be requested to do more basic work in order to
bring its score up.
2. Performing a full self-assessment using the Excel sheet
produced earlier: This was performed in an accurate
method following the exact requirement of EFQM. The
score of such assessment represents the level of
excellence of the hospital performance.
3. Revealing areas of needed improvements and
prioritizing them: the previous step revealed the score
in each of the main criteria and sub criteria. Any score,
less than a full mark, represents an area of
improvement. These areas are prioritized based on their
effect on the final score.
4. Designing an action plan to minimize or eliminate
performance gaps.
5. Making final recommendations and conclusions for
management team.
3. Case Study
The research team spent eight months implementing
the prescribed methodology steps. Meeting with
representatives from the Ministry of Health and King
Abdullah II center of excellence revealed a bleak picture
about the applicability of EFQM in Jordanian healthcare
organizations. On the other hand, the case of Specialty
Hospital represented a success story, largely due to the
strong quality inclination of its upper management.
Therefore, the team took cautious steps in preparing and
encouraging top management of the selected hospital.
Preparation of the Excel sheet was done with two goals
in mind: ease of use and automated calculations. This
decreased the fear out of the possible users. The sheet was
filled in based on data and evidence gathered from all the
departments of the hospital. It evaluated strengths and
weaknesses (areas for improvement) for each criterion and
tabulated as shown in Figure 4.

4. Results and Discussion
4.1. Initial Assessment
This assessment was based on the 8 principles of
excellence. The score of the initial assessment was 27/80.
This score is above 25%, which is a sufficient indication
that the hospital is ready to move to the next step; selfassessment.
4.2. Self-Assessment Scoring
The 9 criteria were analyzed as prescribed by EFQM
requirements. For example, the leadership criterion is
divided into 5 sub criteria and each sub criterion is divided
into a number of activities; let’s take the first sub criterion
(leaders develop the mission, vision and values and effect
and act as role models) as an example. From figure 3, we
notice that this sub criterion is divided into 6 activities.
Each activity is scored based on 3 scoring tools (Approach,
Deployment and Assessment & Refinement) according to
the scoring guidelines.
The scoring results of the first activity (set and
communicate clear direction and strategic focus; they unite
their people in sharing and achieving the organization’s
core purpose and objectives) are as follows:
1. For the approach, the score is 50% based on the
scoring guidelines.
2. For deployment, the score is 100% since the hospital
presented comprehensive evidence.
3. For assessment & refinement, the score is 0% since the
hospital presented no evidence.
The overall score for this activity is 50% out of the
activity overall score or 1.667/3.33.
All other criteria were scored in similar fashion. The
overall grade of this self-assessment is 32.4/100. The
detailed scores are shown in Table 2 in an ascending
manner.
A score of 32.4 out of 100 may seem low, but in fact it
is a considerably good score for a hospital in its first selfassessment. To put matters in perspective, most German
hospitals score in the mid 20's and some elite German
hospitals may score the mid 40's [1].
4.3. Radar Analysis
Figure 5 shows a graphical representation of the
criteria’s scores; it shows that society results and
leadership criteria have the lowest scores; therefore, more
attention was paid to these two criteria in order to increase
their score.

Strength areas and areas of improvement related to Leadership criterion
Strength areas

Areas of improvement

Figure 4.Strengths and areas of improvement for each criterion

Figure 5. Radar Analysis
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4.4. Cause and Effect

4.6. Suggested initiatives

A brain-storming activity and a cause-and-effect
diagram were performed to reveal causes of low
performance. Figure 6 shows the resulting cause and effect
diagram. The figure identifies problems with the overall
performance of the hospital. As we can see, the major fish
bones that are causing a severe reduction in the hospital
performance are: Management, Patients, Strategy and
Employees. Finance and Business are two other bones that
were considered.

The compiled RADAR analysis, cause and effect
diagrams and Pareto analysis for all criteria produced a
long list of actions to be performed in order to reach a state
of excellence. After meeting with management the team
prioritized these actions based on effect and speed of
implementation. The team was able to build an action plan
that can be implemented within one year and raise the
score from 32 to a minimum of 45. In other words, this
hospital can join the elite and strongly compete to win the
KAIIAE within a year time. As an example, let's see some
suggested initiatives for the leadership criterion:
1. Managers should create the mission, vision and the
strategic values of the hospital required for the long
term success and implement these values via
appropriate actions and behaviors. They are
recommended to be personally involved in ensuring
that the hospital’s management system is created and
implemented. (sub criterion 1.1)
2. Management should develop an internal culture of
excellence in the hospital and they should personally
get involved in ensuring that the organization’s
management system is created, implemented and
continuously improved. (sub criterion 1.4)

Figure 6.Cause and effect diagram

4.5. Pareto analysis
For all criteria and sub criteria, Pareto chart was
conducted to illustrate the gap of the sub criterion to reach
the maximum score. Figure 7 shows Pareto chart for
leadership. Each column represents the gap of the sub
criterion to reach the maximum score. From the chart we
conclude that the fifth sub criterion (leaders ensure that the
organization is flexible and managers change effectively),
the fourth sub criterion (leaders reinforce a culture of
excellence with the organization's people) and the first sub
criterion (leaders develop the mission, vision, values and
ethics and act as role models) are responsible for 80% of
the gap. In order to enhance the leadership score, more
efforts must be focused on these sub criteria.
Pareto analysis was used for all criteria and was used to
prioritize action on these criteria to get the most benefits.

3. Managers should be more involved through holding
monthly meetings for all employees in order to let them
express their suggestions and choose the best proposals.
(sub criterion 1.5)
4. Managers must use effective communication skills to
interact with their customers and external experts at all
levels. A process should be established to ensure such
activities. (sub criterion 1.5)
5. Managers must act with Integrity and transparency by
insuring equal opportunities to all employees and by
motivating them to express their innovative ideas and
suggestions. A process should be established to ensure
such activities. (sub criterion 1.4)
If the suggested improvement initiatives for the
leadership criterion are executed, and proven with
evidence, the sub criteria score would change as follows:
• The score for sub criterion 1.1 will increase by 2 points.
• The score for sub criterion 1.4 will increase by 4 points.
• The score for sub criterion 1.5 will increase by 6 points.
This will increase the total score by 1.2 points. In
similar fashion initiatives for all other criteria were
created.
4.6.1. Initiative Scheduling
For each initiative, a schedule (time-line) was created.
All schedules were planned to be finished within one year.
These action plans represent the starting point of the
journey for excellence. Figure 8 shows a Gantt chart, an
example for the third leadership suggested initiative. The
number of initiatives was high, but the team felt that the
initiatives are achievable since the work load is distributed
to all departments and personnel of the hospital.

Figure 7. Pareto Analaysis for the leadership criterion
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Figure 8. Gantt chart for the leadership criterion

6. Conclusions and Future Work
5.
This research was set out to study the
applicability of excellence models in the Jordanian
healthcare sector. Working with an elite Jordanian hospital
revealed that the upper management had their heart in the
right place considering the quality of their services;
however, they lacked a rigorous approach to their policies
and standards. Most of the actions tackled by different
departments are not documented or addressed properly.
This affected the hospital’s score badly even though it is a
simple issue to fix.
After applying the self-assessment tool in many
departments, the total score was 32.4/100 which is a good
score considering there is no approach in most of the
policies set in the hospital. Note that very few hospitals in
Europe score up to 750 out of 1000. Therefore, when the
proposed initiatives are implemented and yet more work is
done by the hospital, it will be able within few years to
compete internationally with the finest hospitals in Europe.
The fact that the candidate hospital is already
accredited, both locally and internationally, helped in
preparing the overall strategy plan of the hospital. This
clearly shows that accreditations are in fact the starting
steps in the process to reach excellence in hospitals.
The training activity and the creation of the Excel sheet
were two key reasons for the success seen in this project.
Performing these two tasks took the fear out of quality
employees at the hospital. It also simplified the complex
requirements of EFQM.
After various visits to the hospital, meetings with the
upper management and different department heads and
analysis of the current state of the hospital according to the
KAIIAE standards, we concluded that KAIIAE and EFQM
are very applicable at Jordanian hospitals. There is no
dispute that both excellence models are not in fact tailored
for healthcare services; however, they offer a valuable help
in creating a continuously improved culture, where a work
environment in which employees are able to use their
skills is being built, an increase in awareness of quality
and excellence and effective communications are seen.
This will lead to better processes, resulting in better

service thus higher customer satisfaction and eventually
greater revenues.
The main conclusion that is drawn by this study is that
EFQM and KAIIAE may be applied and won by Jordanian
healthcare organizations with the help of proper training
and simplification of the award's requirements. Another
important conclusion is that EFQM and KAII award are
used as assessment tools but they do not guarantee
excellence. They just reveal performance gaps.
Future work may focus on similar cases to further
discuss the applicability of such models. It can also reveal
challenges not seen in this research. One area that can
extend this research contribution is creating easy-to-use
software based on the Excel sheet created in this research.
People tend to interact better with a software package than
an Excel sheet. User-friendly software, in Arabic, may
make excellence models more popular in Jordan and the
region.
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Abstract:
This paper investigates the linkage between TQM two dimensions, namely Soft (ST) and Hard (HT). Few empirical studies
examined the interrelatedness between these dimensions especially in the developing economy of Malaysia. Thus, the paper
proposed a theoretical multidimensional integrated framework in order to examine the link between TQM dimensions. Seven
variables were used to measure ST and Eight variables used for HT. the hypothesis of the study is that the there is a
significant and positive relationship between the two dimensions. To show the validity of the proposed model, it was tested
in 40 ISO 9000 certified Malaysian manufacturing industries. To test the hypothesis, a structured self-administrated
questionnaire was developed. It is based on the common five point likert scale for quality management for all the items
included in the survey. The multiple regression analysis was used in order to test the corollary hypotheses, utilized from the
statistical package for social science. Data analysis indicated: [1] the instrument was valid and reliable; [2] the results
supported the proposed theoretical framework; [3] there is a significant and positive link between ST and HT such that they
could be linked and integrated together in the same framework if they are implemented and practiced correctly by the quality
and production managers; and [4] Malaysian managers have awareness to ST and HT. Results showed that All seven
variables of ST were significantly associated with some HT variables. This paper contributes to quality management by: [1]
theoretically proposing and empirically investigating the theoretical framework; [2] examining the integration between TQM
two dimensions; [3] using the multidimensionality of ST and HT; and [4] the application of this study in the developing
economy of Malaysia. It is concluded that ST and HT can be integrated together, the relationship was supported and that
Malaysian quality managers can utilize these dimensions if implemented and practiced correctly. This paper provides
essential guidelines for Malaysian managers dealing with quality management inside organizations.
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1. Introduction
According to Islam and Haque [10], the definition of
TQM is a source of confusion, and there is no consensus
on what constitutes TQM. Abdullah and Tari [1] indicated
that there is a disagreement about what constitutes the ST
and HT elements of quality management. Implementing
TQM involves defining and deploying several key
elements or factors [26]. Review of TQM literature
showed that the key elements of TQM could be classified
as “ST” and “HT” quality factors. Both the "hard"
practices (such as measurement and analysis, systematic
planning, fact-based decision making), and the "soft"
practices - or the humanistic factors- (such as visioning
*
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and establishing organization values, recognition of
individual and group behavior, empowering workers,
teamwork and consensual decision-making) have a
mechanism for systematically reexamining and reinforcing
their understanding of type especially when organizations
put a TQM effort in place [11].
According to Hellsten and Klefsjo [8], TQM is much
more than a number of critical factors; it also included
other components such as tools and techniques for quality
improvement, which is consistent with the view of [24].
Bunny and Dale [4] considered TQM tools and techniques
vital to support and develop the quality improvement
process. Different views and opinions showed that there
were many reasons behind that. The first is from the
quality gurus, who often are seen as fathers of TQM do not
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like TQM concept. Another one is that there are several
similar names for roughly the same TQM idea. The third,
which is probably the most severe one, is that there are
many vague descriptions and few definitions of what TQM
really is; hence, these reasons are partly related to each
other [8]. Based on Evans and Lindsay [6], TQM
philosophy consists of two related components: The first
one is the management system; the second is the technical
system. The management system is concerned with
planning, organizing, controlling, and managing human
resource processes as they relate to quality products or
services. In other words, it is an aspect of ST. On the other
hand, the technical system involves the assurance of
quality in product design, the planning and design of
manufacturing processes, and the controlling of incoming
materials, intermediate production and finished goods, in
other words, it is aspects of HT. Although these two
systems, namely ST and HT, deal with different aspects of
quality, they are tightly intertwined and integral to the
TQM philosophy, and, therefore, cannot function
independently. For instance, the application of statistical
methods in improving product quality cannot be successful
without management support, employee involvement and
teamwork, which are all instilled by a proper management
system. As a result, the management system supports the
installation of a technical system; in other words, ST
supports the use and utilization of HT elements. The view
of [28] is that TQM is based on the premise that all
activities in a firm contribute to quality. Categories of
TQM are the so-called HT and ST aspects. Thus, TQM
contributes to both production oriented and employee
relations oriented elements.
In sum, ST aspects are the soft dimensions of total
quality management. According to Zairi and Baidoun [29],
they could be characterized by:
• long-term nature;
• something cannot be switched on and off;
• must be addressed accordingly in the implementation
plan;
• intangible factors;
• difficult to measure quality factors;
• initial inputs to the implementation of TQM;
• humanistic factors (people aspects); and
• tacit and behavioral resources [16]
On the other hand, according to Zairi and Baidoun [30],
the hard aspects of TQM can be characterized by:
• impact the internal efficiency of the organization;
• focus on TQM tools and techniques, systems, processes
• Considered as tactics rather than strategies;
• utilizes quantitative (technical) methods; and
• the emphasis on the hard aspects reflects the production
orientation of the TQM gurus [27].
With reference to the above matters, there is no clear
consensus concerning ST and HT content, and this is due
to some factors being regarded as ST by some authors and
HT by others [31]. Due to these reasons, the purpose of
this paper is to introduce the relationship between the two
dimensions of TQM, namely, ST and HT, and thus, it will
investigate the linkage between them in the developing
economy of Malaysia. The ultimate goal of this paper is to
answer the following main question:

Is there is any link between ST and HT?
The following sections start with reviewing the
literature of ST and HT, proposing the theoretical
framework, and empirically testing the hypothesis. The
last sections are concerned with data analysis, results,
implications and conclusions.
2. Literature Review
2.1. Theoretical Framework and Study Proposition
To fill the gap concerning the nature of relationship
between ST and HT, an empirical study was designed to
unravel the gap by testing the relationship between the two
main TQM dimensions (ST, HT). To guide the direction of
the analysis and test the study hypothesis, a
multidimensional theoretical framework was proposed. It
was derived from a recent study in quality management
area [18], aimed at contrasting the different factors of ST
and elements of HT. This study was built based on the
suggestion of Rahman and Bullock [18] that:
• ST elements has a direct role on the utilization of HT
elements inside organizations; and
• successful organizations are those that apply a
combination of ST and HT policies to respond to
changing customer requirements.
Hence, the proposed theoretical framework for this
study is illustrated in Figure1
Figure1. The Theoretical Proposed Framework.

Source: Rahman and Bullock [18]

Based on the proposed theoretical framework, the main
hypothesis of this study reads as follows:
H1: There is a significant and positive relationship
between ST aspects and HT Variables
Main variables of the study

Figure2. Schematic Presentation of the Theoretical Framework

Tata et al. [25] recommended using pre-tested
constructs from past empirical studies to ensure their
validity and reliability. The variables of ST and HT in this
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study were mainly adopted from [32], [4], and [14]. Most
of the variables included in the questionnaire were based
on Zhang et al. [32] instrument; this can be justified as: (1)
According to [32], the instrument has unique
characteristics in that it covers a broader scope of TQM in
comparison with other instruments developed by other
researchers (Ahire et al. [2]); (2) the instrument is
integrated to a certain extent in the constructs of many
researchers (Saraph et al. [19]; Flynn et al. [7]; Ahire et al.
[2]), and this is what researchers recommended to use in
future research, a blending of instruments which should
yield highly stable, reliable and valid constructs of quality
management; (3) it included constructs which were not
found in other instruments (i.e., vision and plan statement);
(4) it clearly separated the aspects of soft and HT, where
most of the variables included are consistent with the
literature; (5) researchers can use it because it is
empirically tested and validated and can generally be used
in different countries since it is developed on the basis of
an extensive review of TQM literature [32]; (6) industrial
practitioners and managers will also be able to use this
instrument to evaluate their TQM implementation so as to
target improvement areas and to identify problem areas
that should be improved; (7) it described the primary
quality management methods, which may be used to assess
an organization’s present strength and weaknesses with
regard to its use of quality management methods [32]; (8)
it covered the basic essential elements of all definitions of
TQM, which are: the continuous process improvement,
people orientation, quantitative methods, and customer
focus, which cover both the soft and hard aspects of TQM
in a clear picture;. (9) it is valid and reliable and has the
highest external validity when it is compared to other
instruments such as [19] and the instrument used for
testing of its validity and reliability in nine industrial
sectors for large sample size; and (10) it included
dimensions from the most important models of MBNQA
and EFQM.

software (SPSS) to find any unanticipated difficulties, and
no significant problems were found. Cronbach’s alpha was
used to determine the internal consistency of the
instrument. All scales were highly reliable and consistent.
Then, the proposed theoretical framework was tested in
250 ISO 9000 certified Malaysian manufacturing
companies, selected randomly from SIRIM directory [21],
which encompassed various industries to generalize the
results. The unit of analysis is the manufacturing company.
To encourage the respondents to complete and return the
questionnaire, several efforts, such as a telephone follow
up campaign, a reminder letter, and pre-paid attached
postage envelope, were made. A total of 87 companies
responded to the postal survey, 8 of them were discarded
since they are not completed. The total number of
questionnaires accepted for analysis was 79. The final
response rate accounted for 32 %, which is considered
acceptable when compared with those experienced by
others, conducting similar surveys. This can be justified as
a considerable success with Malaysian companies and is
higher than the suggested minimum in Malhotra and
Grover [12], which is 20 percent.
4. Results and Analysis
Testing the hypotheses.
Two steps were followed in order to test the main
hypothesis of this study. The first step is the correlation
analysis, while the second is the multiple regression
technique, which utilized from SPSS.
4.1. Correlation Analysis
Correlation between ST elements
Table 1. Correlation between ST elements (values of r, at p less
than.)
0

ST1

ST1

1

ST2 .78**

3. Method
Since the primary objective of this study is to examine
relationship, rather than developing new constructs, it used
pre tested constructs from past empirical studies. A cross
sectional mail survey was developed, consisting of two
parts, which relate to the variables ST and HT. The five
point likert scale was used for all the items of the
questionnaire. The variables, included in the survey, are as
described in (Figure 2). To establish the validity and
reliability of the questionnaire, two steps were followed.
First, a panel of experts evaluated the questionnaire. Based
on their suggestions, some items were changed. Second,
the revised questionnaire was piloted with 40 ISO 9000
certified Malaysian companies; the data collected from the
pilot test were coded and analyzed using the statistical

ST2

ST3

ST4

ST6

ST7

1

ST3 .65** .62**

1

ST4 .34** .34** .55**

1

ST5 .23** .29** .48** .31**
ST6 .25**

ST5

.28*

.47**

.28*

1
.13

1

ST7 .38** .39** .55** .27* .23* .76**
** Correlation is significant at 0.01 level (2-tailed)

1

Results show that all ST elements were positively and
significantly correlated with each other, except for the
correlation between ST5 and ST6. Thus, relationships are
as hypothesized.
Correlation between HT Elements
The correlation between HT elements is depicted in
Table 2
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Table 2. Correlation between HT elements (values of r, at p less
than.)
HT
1

HT
2

HT
3

HT
4

HT
5

HT
6

HT
7

HT
1
1
HT
.62
1
2
**
HT
.56
.84
1
3
**
**
HT
.56
.67
.74
1
4
**
**
**
HT
.55
.67
.64
.60
1
5
**
**
**
**
HT
.57
.57
.56
.59
.81
1
6
**
**
**
**
**
HT
.47
.45
.45
.49
.58
.61
1
7
**
**
**
**
**
**
HT
.77
.62
.60
.59
.49
.46
.64
8
**
**
**
**
**
**
**
** Correlation is significant at 0.01 level (2-tailed)

HT
8

hypotheses. Eight multiple regression analyses were
conducted in order to assess the relationships between the
elements of ST and HT.
The main hypothesis of this study reads as:
H1: There is a significant and positive relationship
between ST aspects and HT variables.
Testing of this hypothesis requires postulating 8
different corollary hypotheses; these are:
• H1A: Soft total quality management is positively
associated with supplier quality management
H1B: Soft total quality management is positively
associated with process control and improvement
• H1C: Soft total quality management is positively
associated with product design.
• H1D: Soft total quality management is positively
associated with quality system improvement

1

Results show that all HT elements were positively and
significantly correlated with each other. Thus,
relationships are as hypothesized.
Inter item correlation between ST and HT elements
The correlation between the dimensions of ST and HT
is depicted in Table 3
Table 3. Correlation between ST and HT elements (Values of r, at
p less than.)
ST

ST

ST

ST

ST

ST

ST

1

2

3

4

5

6

7

HT1

.53**

.55**

.57**

.29**

.17

.48**

.58**

HT2

.49**

.60**

.55**

.16

.14

.47**

.62**

HT3

.54**

.56**

.51**

.22

.19

.47**

.57**

HT4

.50**

.55**

.55**

.33**

.18

.46**

.58**

HT5

.72**

.78**

.62**

.33**

.18

.33**

.47**

HT6

.93**

.91**

.65**

.33**

.24*

.25*

.39**

HT7

.61**

.62**

.89**

.82**

.52**

.45**

.49**

HT8

.45**

.48**

.70**

.39**

.45**

.81**

.82**

** Correlation is significant at 0.01 level (2-tailed).

Table 3 indicated that the dimensions of ST are
significantly and positively correlated with HT variables,
except for the association between ST5 and (HT1, HT2,
HT3, HT4, HT5) and the association between ST4 and
(HT2, HT3).
Multiple Regression Analysis
The proposed theoretical framework in this study was
multidimensional; hence multiple regression analysis is the
best technique for analysis of the multi corollary

• H1E: Soft total quality management is positively
associated with total quality management tools and
techniques usage in purchasing
• H1F: Soft total quality management is positively
associated with total quality management tools and
techniques/ production.
• H1G: Soft total quality management is positively
associated with total quality management tools and
techniques/ sales.
• H1H: Soft total quality management is positively
associated with total quality management tools and
techniques/ customer service
A detailed explanation of all corollary hypotheses in
this study was depicted in appendix A. Eight multiple
regression analyses were conducted in order to assess the
relationships between the elements of ST and HT. The
seven elements of ST were regressed on the eight variables
of HT in order to shed light on the association between ST
elements and every variable in HT. It is a detailed data
analysis that aimed at exploring which elements of ST
associated with HT variables. In other words, to examine
the utilization of ST into HT. The results of the data
analysis summarized in Tables 4 and 5.
Table 4. Effect of ST on HT
R

R2

Adjust
R2

F

Coefficient

.878

.771

.768

(=255.329, p
<0.05)

(β=. 878,
p<0.05)

Table 4 indicated that ST and HT, as general
constructs, were positively and significantly associated.
The detailed data analysis of the elements of ST and HT is
depicted in Table 5.
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Table 5. The Results of Multiple Regression Analysis of ST to HT. (The values indicated are beta coefficients)
Variables

HT1

HT2

HT3

HT4

HT5

HT6

HT7

HT8

ST1

.09

-.115

.16

.029

.182**

.525*

.009

.019

ST2

.256**

.449*

.28*

.298*

.54*

.493*

.099*

.054

ST3

.226

.302*

.043

.145

.19**

.042

.519*

.160*

ST4

-.01

-.181**

-.070

.062

.015

-.012

.468*

.004

ST5

-.089

-.142

-.010

-.086

-.110

-.025

.088*

.23*

ST6

.13

-.011

.125

.037

-.105

-.043

.039

.46*

ST7

.20

.408*

.30*

.348*

.173**

.036

-.013

.30*

R

.691

.760

.699

.695

.853

.983

.988

.935

R

.477

.577

.489

.483

.73

.965

.975

.874

Adjust R2

.425

.536

.438

.432

.70

.962

.973

.861

F

9.253*

13.85*

9.69*

9.48*

26.69*

279.56*

400.8*

70.24*

2

Note: Significant levels: * p< 0.05; **p < 0.10

With refererence to Table 5, it is found that ST1
positively and significantly associated with HT5 (β =. 182,
p<0.10) and HT6 (β =. 525, p<0.05), thus, H4E1, H4F1
were supported. ST2 found significantly and positively
associated with seven variables of HT, except HT8,
namely, HT1 (β =. 256, p<0.10), HT2 (β =. 449,p<0.05),
HT3 (β =. 28, p<0.05), HT4 (β =. 298, p<0.05), HT5 (β =.
54, p<0.05), HT6 (β =. 493, p<0.05), and HT7 (β =. 099,
p<0.05), hence, H4A2, H4B2, H4C2, H4D2, H4E2, H4F2,
H4G2 were supported.
Findings also revealed that ST3, ST7 and ST4 were
significantly associated with HT2. Both ST3 (β=. 302,
p<0.05) and ST7 (β=. 408, p<0.05) were positively
associated, while ST4 (β= -.181, p<0.10) was negatively
associated; thus, H4B3, H4B7 were supported and H4B4
were rejected since it is negatively associated. In addition,
both (ST3 and ST7) are found to be positively and
significantly associated with HT5 and HT8, thus,
hypotheses H4E3, H4E7, H4H3, H4H7 were supported. In
addition to ST2, three dimensions of ST, namely, ST3 (β=.
519, p<0.05), ST4 (β=. 468, p<0.05), and ST5 (β=.
088,p<0.05) were found to be positively and significantly
associated with HT7, thus, H4G3, H4G4, H4G5 were
supported.
ST5 (β=. 23, p<0.05) and ST6 (β=. 46, p<0.05) were
found to be positively and significantly associated with
HT8, thus, H4H5, H4H6 were supported.
Lastly, ST7 is found to be positively and significantly
associated with HT3 (β=. 30, P<0.05), and HT4 (β=. 348,
p<0.05), thus, H4C7, H4D7 were supported. Summary of
the rejected hypotheses were depicted in Appendix1
5. Discussion
TQM is a philosophy for continuous improvement. It
has two dimensions, namely ST, which focuses on the
humanistic aspects, and HT, which focuses on TQM tools
and techniques, processes and systems Al-Khalili et al. [3].

This study revealed that the relationship between ST
and HT was supported. All seven variables of ST were
significantly associated with some HT variables. The
positive and significant relationship between ST1 and two
variables of HT; the positive and significant relationship
between ST2 and seven variables of HT; the positive and
significant relationship between ST3 and three dimensions
of HT; the positive and negative relationship between ST4
and two variables of HT; the positive and significant
relationship between ST5 and two variables of HT; the
positive and significant relationship between ST6 and one
variable of HT; the positive and significant relationship
between ST7 and five variables of HT. These significant
relationships indicated that Malaysian manufacturing
companies have the capability to integrate TQM two sides,
namely, ST and HT and, thus, can be more profitable
through the implementation and practices of two TQM
sides.
Findings in investigation of this relationship (ST – HT)
in this study were in line with [18] in their survey in the
Australian manufacturing companies; [18] found a
significant positive relationship between ST and HT
elements. Thus, findings explained that some ST variables
have an impact on the diffusion and utilization of HT in
Malaysian Manufacturing companies; in other words,
findings supported the proposed framework explained in
this study and provided evidence that successful
organizations are those that apply a combination of ST and
HT practices and policies to respond to changing customer
satisfaction.
The multidimensionality of some variables also
supported, which is consistent with the suggestion by a
number of scholars, especially the multidimensionality of
TQM ([5]; [23]; [22]).
Figure 3: MBNQA Seven Criteria for Excellent
Performance
Source:[On line]
http://www.quality4results.com/enterprise_models_baldrig
e.php.
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Figure 3. MBNQA model [13]

MBNQA model supported the claim that there is an
association between the two sides of TQM; the model
assumed that there is a link between human resources
focus (ST dimension) and process management (HT) from
one side, and between them and the performance (business
results) from the other side. Findings of this study are also
in line with this model, namely MBNQA (Figure 3), where
ST7 (customer focus), ST4 (employee participation),
which are human resources aspects, in other words, people
aspects, have a significant relationship with HT2 (process
control and improvement). This means that ST has a direct
effect on HT. This, hence, supported the MBNQA model,
and also the proposed theoretical framework in this study
that ST has direct effect on HT.
The previous support linked the theory as depicted in
Figure 1 with the empirical findings of this study regarding
the relationship between ST and HT. Furthermore, the
existence of a relationship between ST and HT in this
study supported Sashkin and Kiser's [20] claim that TQM
works when people use basic statistical tools (or HT) and
behavioral techniques to account or to collect data in order
to analyze and solve problems. In summary, this study
found support that there was a positive and significant
relationship between the two sides of TQM, especially in
the important foundations of TQM which are: (1) tools and
techniques that people are trained to use to identify and
solve quality programs; and (2) customer as the focus of
TQM [20]. This study was consistent with Hung [9] that
both ST and HT were the key concepts for successful
implementation of TQM, and consistent with Prajogo and
Sohal [17] where they verified the proposition that both
mechanistic (HT),
and organic (ST) types of practices could coexist under
the umbrella of TQM; hence this study supported the
multidimensionality of TQM similar to research of Prajogo
and Sohal [17].
6. Recommendations for Future Research
Recommendations for future research would address
the issues generated from this study. Based on the findings
of this empirical study, future research may start from a
relatively higher level of knowledge.

Research focusing on the two dimensions of TQM is
relatively new. The perspectives are: (a) the effectiveness
with which ST and HT practices are implemented. This
issue deals with the role of manufacturing companies’ top
managers, and the quality managers in enhancing the
practicing of the two dimensions; and (b) the effectiveness
of these practices in producing desired results and their
contribution to the performance. Few studies focused on
these two issues together to date. The study in the
Australian companies by Rahman and Bullock [18] was
probably the only study to date examining these issues
together. The present study investigated these two
dimensions, namely, ST and HT, in the Malaysian
industries with different variables. Other researchers are
encouraged to do the same in other sectors and firms in
other developing and developed countries.
7. Conclusion
This paper investigates the relationship between ST
and HT. It attempts to clarify the basics and dimensions of
ST and HT found in the literature. The study primary data
were gathered using the postal survey; results of this
proposition were tested using the multiple regression
analysis and supported the proposed framework, hence, ST
and HT aspects could be linked and integrated together in
the same framework if they are implemented and practiced
correctly by the quality and production managers. The
importance and usefulness of this paper comes from
different aspects. First, it focused on TQM two main
dimensions and investigated empirically their linkage in a
multidimensional framework. Second, it dealt with quality
tools and techniques in depth which are considered as an
important element for HT. Moreover, the variables used in
this paper were consistent with MBNQA model such as
leadership and customer focus (ST elements) and Process
management and control which is (HT element). This
paper is consistent with Mustafa and Bon's [15]
conclusions that the majority of studies agreed that top
management leadership and commitment, considered as
ST elements, has a crucial role in TQM implementation.
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Apendix1: Summary of Results of the Corollary Hypotheses
Code: S: supported, R: Rejected
Hypothesis Statement

Result

H1A Soft total quality management is positively associated with supplier quality management.
H1A1 There is a significant and positive relationship between leadership and supplier quality management

R

H1A2 There is a significant and positive relationship between vision and plan statement and supplier quality management

S

H1A3 There is a significant and positive relationship between evaluation and supplier quality management

R

H1A4 There is a significant and positive relationship between employee participation and supplier quality management

R

H1A5 There is a significant and positive relationship between recognition and reward and supplier quality management

R

H1A6 There is a significant and positive relationship between education and training and supplier quality management

R

H1A7 There is a significant and positive relationship between customer focus and supplier quality management

R

H1B Soft total quality management is positively associated with process control and improvement
H1B1 There is a significant and positive relationship between leadership and process control and improvement

R

H1B2 There is a significant and positive relationship between vision and plan statement and process control and
improvement

S

H1B3 There is a significant and positive relationship between evaluation and process control and improvement

S

H1B4 There is a significant and positive relationship between employee participation and process control and improvement

R

H1B5 There is a significant and positive relationship between recognition and reward and process control and improvement

R

H1B6 There is a significant and positive relationship between education and training and process control and improvement

R

H1B7 There is a significant and positive relationship between customer focus and process control and improvement

S

H1C Soft total quality management is positively associated with product design.
H1C1 There is a significant and positive relationship between leadership and product design

R

H1C2 There is a significant and positive relationship between vision and plan statement and product design

S

H1C3 There is a significant and positive relationship between evaluation and product design

R

H1C4 There is a significant and positive relationship between employee participation and product design

R

H1C5 There is a significant and positive relationship between recognition and reward and product design

R

H1C6 There is a significant and positive relationship between education and training and product design

R

H1C7 There is a significant and positive relationship between customer focus and product design

S

H1D Soft total quality management is positively associated with quality system improvement
H1D1 There is a significant and positive relationship between leadership and quality system improvement

R

H1D2 There is a significant and positive relationship between vision and plan statement and quality system improvement

S

H1D3 There is a significant and positive relationship between evaluation and quality system improvement

R

H1D4 There is a significant and positive relationship between employee participation and quality system improvement

R

H1D5 There is a significant and positive relationship between recognition and reward and quality system improvement

R

H1D6 There is a significant and positive relationship between education and training and quality system improvement

R

H1D7 There is a significant and positive relationship between customer focus and quality system improvement

S

H1E Soft total quality management is positively associated with total quality management tools and techniques/ purchasing
H1E1 There is a significant and positive relationship between leadership and TQM tools and techniques/purchasing

S

H1E2 There is a significant and positive relationship between vision and plan statement and TQM tools and
techniques/purchasing

S

H1E3 There is a significant and positive relationship between evaluation and TQM tools and techniques/purchasing

S

H1E4 There is a significant and positive relationship between employee participation and TQM tools and
techniques/purchasing

R

H1E5 There is a significant and positive relationship between recognition and reward and TQM tools and
techniques/purchasing

R
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H1E6 There is a significant and positive relationship between education and training and TQM tools and
techniques/purchasing

R

H1E7 There is a significant and positive relationship between customer focus and TQM tools and techniques/purchasing

S

H1F Soft total quality management is positively associated with total quality management tools and techniques/ production.
H1F1 There is a significant and positive relationship between leadership and TQM tools and techniques/ production

S

H1F2 There is a significant and positive relationship between vision and plan statement and TQM tools and techniques/
production

S

H1F3 There is a significant and positive relationship between evaluation and TQM tools and techniques/ production

R

H1F4 There is a significant and positive relationship between employee participation and TQM tools and techniques/
production

R

H1F5 There is a significant and positive relationship between recognition and reward and TQM tools and techniques/
production

R

H1F6 There is a significant and positive relationship between education and training and TQM tools and techniques/
production

R

H1F7 There is a significant and positive relationship between customer focus and TQM tools and techniques/ production

R

H1G Soft total quality management is positively associated with total quality management tools and techniques/ sales.
H1G1 There is a significant and positive relationship between leadership and TQM tools and techniques/ sales

R

H1G2 There is a significant and positive relationship between vision and plan statement and TQM tools and techniques/ sales

S

H1G3 There is a significant and positive relationship between evaluation and TQM tools and techniques/ sales

S

H1G4 There is a significant and positive relationship between employee participation and TQM tools and techniques/ sales

S

H1G5 There is a significant and positive relationship between recognition and reward and TQM tools and techniques/ sales

S

H1G6 There is a significant and positive relationship between education and training and TQM tools and techniques/ sales

R

H1G7 There is a significant and positive relationship between customer focus and TQM tools and techniques/ sales

R

H1H Soft total quality management is positively associated with total quality management tools and techniques/ customer
service.
H1H1 There is a significant and positive relationship between leadership and TQM tools and techniques/ customer service

R

H1H2 There is a significant and positive relationship between vision and plan statement and TQM tools and techniques/
customer service

R

H1H3 There is a significant and positive relationship between evaluation and TQM tools and techniques/ customer service

S

H1H4 There is a significant and positive relationship between employee participation and TQM tools and techniques/
customer service

R

H1H5 There is a significant and positive relationship between recognition and reward and TQM tools and techniques/
customer service

S

H1H6 There is a significant and positive relationship between education and training and TQM tools and techniques/
customer service

S

H1H7 There is a significant and positive relationship between customer focus and TQM tools and techniques/ customer
service

S
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Abstract:
Elman Networks is a one of the dynamic recurrent neural networks. In this research it is used for the prediction of surface
roughness in Electrical Discharge Machining (EDM). Training of the models was performed with data from series of EDM
experiments on SKD 11 (AISI D2) Tool steel; in the development of predictive models, machining parameters of discharge
current, pulse duration and duty cycle were considered as model variables with a constant voltage 50 volt. For this reason,
extensive experiments were carried out in order to collect surface roughness dataset. The developed model is validated with
a new set of experimental data, and predictive behavior of models is analyzed. The reported results indicate that the proposed
model can satisfactorily predict the surface roughness in EDM. And can be considered as valuable tools for the process
planning for EDMachining.
© 2013 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved
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1. Introduction
Due to capability of manufacturing components of any
hardness and shape on wide range of conductive
engineering materials, electro discharge machining (EDM)
is one of the well-established manufacturing methods in
modern manufacturing field. In this manufacturing
technique, material removal is caused by repetitive minute
electric discharges within the electrode-workpiece-die
electric interface. Each discharge, due to high energy
concentration, removes from the workpiece surface a small
quantity of material in form of molten metal drops and
even vapors, meanwhile the discharge location on the
workpiece surface is in part stochastic and in part
dependent on surface micro relief. The outcome of such a
unit-event is the characteristic crater. The mechanism of
the crater formation is a complex phenomenon involving
several disciplines of science and branches of engineering.
The theories revolving around the formation of plasma
channel between the tool and the workpiece,
thermodynamics of the repetitive spark causing melting
and evaporating the electrodes, micro-structural changes,
and metallurgical transformations of material, are still not
clearly understood. However, it is widely accepted that the
mechanism of material erosion is due to intense local
heating of the workpiece causing melting and evaporation
*
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of workpiece. Therefore, it is hard to establish a model that
can accurately predict the performance by correlating the
process parameter.
Surface roughness (Ra) is a significant upshot in the
manufacturing process and it materializes a major part in
the manufacturing system. Therefore, characterization,
prediction, and modeling of quality of EDMed component
surface roughness play a vital role. The component, having
good surface, improves the fatigue strength, wear
resistance and corrosion résistance of the surface. Ra
depends on different machining parameters and its
prediction and control is a query to the researchers.
Artificial neural networks are simplified models of the
central nervous system. They are networks of highly
interconnected neural computing elements. In the recent
past, neural networks have been shown to be the highly
flexible modeling tools surely due to their well-known
characteristics of adaptability and non-linear universal
mapping approximations. It has the capability to handle
problems such as modeling, estimating, prediction,
optimization, diagnosis and adaptive control in complex
non-linear systems. It is observed that the neural network
applications play a very important role in predicting
surface roughness in EDM. Recurrent neural networks are
useful for storing information about time and particularly
suitable for time series prediction [1]. Tsai and Wang [2]
applied various neural network architectures for the
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prediction of the Ra and MRR in EDM and agreed to the
predictions based upon the models. Indurkhya and
Rajurkar [3] attempted to model a 9-9-2 size back
propagation neural network for the prediction of Ra and
MRR., where the 9 different machining parameters, such
as machining depth, tool radius, orbital radius, radial step,
vertical step, offset depth, pulse on time, pulse off time
and discharge current are selected as input parameters are
used to determine the two outputs Ra and MRR. The
model predictions are compared with estimates obtained
via multiple regression analysis, and found more accurate
and also less sensitive to noise induced in the experimental
data than that of multiple regressions model. Panda and
Bhoi [4] developed an artificial feed forward neural
network to predict MRR of SKD 11 grade steel. This
model performs well under the stochastic environment of
actual machining conditions without understanding the
complex physical phenomena exhibited in EDM, and
provides faster and more accurate results. They found that
the 3-4-3-1 neural architecture has the highest correlation
coefficient and used it for the analysis. Wang et al. [5]
combined the capabilities of Artificial Neural Network
(ANN) and genetic algorithm to find an integrated solution
to the existing problem of modeling and optimization of
EDM processes. Markopoulos et al. [6] proposed ANN
models for the prediction of Ra of EDMed surfaces. The
experiments were conducted on five steel grades, namely a
mild steel, a carbon steel, and three alloyed steels, were
tested while pulse current (Ip) and the pulse duration (Ton)
varied over a wide range. Results reveled that proposed
ANNs models can satisfactorily predict the response.
Pradhan and Biswas [7] presented a neuro-fuzzy model to
predict MRR of AISI D2 tool steel with different process
parameter such as Ip, Ton and duty cycle (τ), and the
model predictions were found to be in good agreement
with the experimental results. Pradhan et al. [8] applied the
neural network models namely back-propagation and
radial basis function for the prediction of Ra. Using Ip,
Ton and τ as input parameters, experiments are conducted
on D2 steel. It is reported that former shows slightly better
performance than the latter, however latter model is faster.
Portillo [9;10] used recurrent neural network approach to
detect in advance the degradation of the cutting process
due to the memorization capability and the dynamic
character of the Elman architecture.
It is observed that the neural network is widely used in
EDM process for the prediction of responses and effect of
the parameters on them. However recurrent neural network
is not used yet for the prediction of Ra in EDM. Though
this net has been efficient identification tool in many areas
as they have dynamic memories. In this study, recurrent
neural network approach, named Elman network [11], is
used for the prediction of the center-line average surface
roughness, Ra of electrical discharge machined surfaces is
discussed. The proposed models use data for the training
procedure from an extensive experimental research
concerning surface integrity of EDMed D2 steels. Ip, Ton,
and τ were considered as the input parameters of the
models. The Ip, Ton, and  varied over a wide range, from
roughing to near-finishing conditions. The proposed neural
networks trained with the feed forward back propagation
algorithm and were proven to be successful, resulting in

reliable predictions, providing a possible way to avoid
time and money-consuming experiments.
2. Experimental Details
Experiments were conducted on Electronica
Electraplus PS 50ZNC die sinking machine. A cylindrical
pure copper was used as a tool electrode (of positive
polarity) with a diameter of 30 mm and workpiece
materials used were AISI D2 tool steel square plates of
dimensions 35 ×35 mm2 and thickness 4 mm. Commercial
grade EDM oil (specific gravity = 0.763, freezing point=
94◦C) was used as dielectric fluid. Lateral flushing with a
pressure of 0.3 kg f /cm2 was used. Keeping the voltage
constant at 50 V, number of experiments was conducted to
investigate the effects of Ip, Ton and τ on Ra, where τ is
defined as:

τ =

Ton
× 100
Ton + Toff

(1)

The experimental conditions and the levels of the input
parameters are shown in Table 1. Each treatment of the
experiment was run for 15 minutes and the Ra was
measured.
Table 1. Experimental conditions
Sparking voltage in V

50

Current (Ip), in A

1 5 10 20 30 50

Pulse on Time (Ton), in
μs

5 10 20 30 50 100 150 200 500
750

Duty Cycle (τ) in %

50 85 92

Dielectric used

Commercial grade EDM oil

Dielectric flushing

Side flushing with pressure

Work material

SKD 11 tool steel

Electrode material

Electrolytic pure Copper

Electrode polarity

Positive

Work material polarity

Negative

3. Surface Roughness Measurement
The Ra is used to portray the technical surface quality
of an engineering component. It has a very significant
influence on the manufacturing outlay of a product. A
good quality surface enhances the fatigue strength,
corrosion, and wear-resistance of the workpiece. There is a
number of ways by which surface roughness of a
component is described, such as roughness average (Ra),
root-mean-square (rms) roughness (Rq) and maximum
peak-to-valley roughness (Ry or Rmax), etc. In this work,
Ra is used, which is measured using Talysurf (Taylor
Hobson, Surtronic 3+). The profilometer was set to a cutoff length of 0.8 mm, filter 2CR, traverse speed 1
mm/second and 4 mm evaluation length. Roughness
measurements, in the transverse direction, on the
workpieces were repeated four times and average of four
measurements of surface roughness parameter values was
recorded. The measured profile was digitized and
processed through the dedicated advanced surface finish
analysis software Talyprofile for assessment of the
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roughness parameters. Ra can be defined as the arithmetic
value of the profile from centerline along the sampling
length. It can be express as

Ra =

1
y ( x) dx
L∫

(2)

Where L is the sampling length, y is the profile curve
and x is the profile direction. The average Ra is measured
within L = 0.8 mm. Centre-line average Ra measurements
of electro-discharge machined surfaces were taken to
provide quantitative evaluation of the effect of EDM
parameters on surface finish.
4. Predictive Models for Surface Roughness
Recurrent networks are a special type of the dynamic
neural nets. The Elman neural network is a simple
recurrent neural network. This network is similar to an
architecture proposed by Jordan [12]. Eleman network
reveals a rich structure that permits them to be highly
context-dependent, and also states generalizations across
classes of items. Yet, to have a real-time (online) learning
ability, standard back propagation (BP) training for
Eleman network, known as Elman BP [13]. This
architecture is standard feedforward architecture with
layers of inputs, hidden units, and output units. It is a
single hidden layer feedforward neural network. All
neurons in one layer are connected with all neurons in the
next layer. The outputs of the hidden layer are allowed to
feed back to the context layer, and to augment additional
units at the input level. Therefore, the input layer is
constituted by the input nodes plus these context nodes.
The context unit is fully connected with all the hidden
units in a forward manner. The neurons in the context
layer hold a copy of the output of the hidden neurons. The
output of each hidden neuron is copied into a specific
neuron in the context layer. The value of the context
neuron is used as an extra input for all the neurons in the
hidden layer one-time step later. Therefore, the Elman
network has an explicit memory of one time lag.
In Elman network, both the input units and context
units activate the hidden units. Since the context units are
in the initial state, only the input units contribute to the
activation of the hidden units at t − 1 . The hidden units
are then fed forward to activate the output units and, at the
same time, fed back to activate the context units on the
second step at the time t . Now, the context units contain
the exact values of those of the hidden units. The
information in the context units and input units receive the
new input vector to activate the hidden units at time t + 1 .
The hidden units then activate the output units, as well as
the context units at time t + 2 . The above process is
repeated at the next time step. Thus, these context units
provide the network with information that is recurrent in
time.

Figure 1. Architecture of the Elman Network.

The structure of an Elman recurrent neural network is
−1
illustrated in Fig. 1. Here, I , H , O and z
are input
layer vector, hidden layer vector, context layer vector,
output layer vector and unit delay element, respectively.
The weight matrix between input layer and hidden layer is
W 1 , the weight matrix between context layer and hidden
layer is W 2 and the weight matrix between hidden layer
and output layer is W 3 .
At tth iteration,

xi (t ) ∈ I ,

zk (t ) ∈ O,

i = 1,, n
k = 1,  , l

y j (t ) ∈ H , c j (t ) ∈ C

j = 1,, m

where i and k are the number of nodes of input layer
and output layer respectively and j is the number of nodes
of hidden layer and context layer. Considering the
activation function f • for jth hidden node, the outputs
of the neurons in the hidden layer and output layer for time
t are can be given by

()

m

 n
y j (t ) = f  ∑ w1ij xi (t ) + ∑ w2ij y j (t − 1)
j =1

 i =1
,

c j (t ) = y j (t − 1)
and


 m
z k (t ) = f  ∑ w3 jk y j (t )

 j =1
where w1 ∈ W 1, w2 ∈ W 2
ij
ij

and

w3 jk ∈ W 3

()

For initial step, y j 0 = 0 . The context layer input at
leads to ci 1 = 0 . The weights are updated
according to

t =1

()

w(t + 1) = w(t ) + η∆w(t )
where η is the learning rate.
That minimizes the approximation error E in the output
layer is given by
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1 p 1 l
2
 ∑ [Tk (t ) − z k (t )] 
∑
p t =1 2  k =1

where Tk (t ) is the target value at t th iteration and p
E (w ) =

is the

length of the training sequence.

Weight coefficient matrix W 1 and W 3 can be
updated using any of the back-propagation algorithms as
done in feedforward neural network. But weight
coefficient matrix W 2 can be adjusted using derivative
chain rule [14].

Figure 2. Comparison between experimental and predicted data
for Ra.

The variations of prediction error (calculated as the
difference between the experimental findings and
predicted values) plotted against run for training and
validation sets for Eleman’s model is shown also in the
figure 5. Except for an outlier, the validation set exhibits
very accurate prediction. The error for the model,
calculated as the difference between the experimental
findings and predicted values and the pattern of the
residual plot, is scattered, which does not shows any
pattern/trend that indicates that the model is certainly
adequate. A good model fitting this plot should show a
random scatter and have no pattern [12]. However, the
absolute percentage prediction error is tabulated in
Table.2.
Figure 1 .Errors_ Epochs_ Nodes at hidden layer.

Figure 3.Residual plot vs. Run.

Figure 3: 489 iteration in the Elman's learning process

RNN is observed separately with results obtained by
experiments and the average error obtained for the
networks. The test result accuracy measured in terms of
mean absolute error (MAE) for 9 test data are found to be
0.31355. The experimental results and predicted results of
‘Ra’ by the RNN were plotted, as shown in Fig 4.

Figure 5 shows the scatter plot of predicted Ra using
Elman’s network and Experimental Ra, respectively. The
correlation coefficients (r) between Experimental and
predicted value of Ra is 0.999, from a statistical judgment,
the closer this number is to 1, the more powerful the
network in correlating the input space to the output space.
The plot of Experimental and predicted output is presented
in Fig. 6. Since all the points on plot come close to form a
straight line, it implies that the data are normal. Therefore,
the Elman’s network can be used to attain a function that
maps input parameters to the desired process outputs in
EDM. The predicted values are quite close for most of the
data points.
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efficiently with an increase of productivity, consistency
and quality.
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ﺗﺼﺪر ﺑﺪﻋﻢ ﻣﻦ ﺻﻨﺪوق اﻟﺒﺤﺚ اﻟﻌﻠﻤﻲ

ﺍﻠﻤﺠﻠﺔ ﺍﻷﺭﺩﻧﻴﺔ ﻟﻠﻬﻨﺪﺳﺔ ﺍﻟﻤﻴﻜﺎﻧﻴﻜﻴﺔ ﻭﺍﻟﺼﻨﺎﻋﻴﺔ
ﻣﺠﻠﺔ ﻋﻠﻤﻴﺔ ﻋﺎﻠﻤﻴﺔ ﻤﺤﻜﻤﺔ
ﺍﻟﻤﺠﻠﺔ ﺍﻷﺭﺩﻧﻴﺔ ﻟﻠﻬﻨﺪﺳﺔ ﺍﻟﻤﻴﻜﺎﻧﻴﻜﻴﺔ ﻭﺍﻟﺼﻨﺎﻋﻴﺔ :ﻣﺠﻠﺔ ﻋﻠﻤﻴﺔ ﻋﺎﻟﻤﻴﺔ ﻣﺤﻜﻤﺔ ﺗﺼﺩﺭ ﻋﻦ
ﻋﻤﺎﺩﺓ ﺍﻟﺒﺤﺚ ﺍﻟﻌﻠﻤﻲ ﻭ ﺍﻟﺪﺭﺍﺳﺎﺕ ﺍﻟﻌﻠﻴﺎ ﻓﻲ ﺍﻟﺠﺎﻣﻌﺔ ﺍﻟﻬﺎﺷﻤﻴﺔ ﺑﺎﻟﺘﻌﺎﻭﻥ ﻣﻊ ﺻﻨﺪﻭﻕ ﺩﻋﻢ
ﺍﻟﺒﺤﺚ ﺍﻟﻌﻠﻤﻲ ﻓﻲ ﺍﻷﺭﺩﻥ.
ﻫﻴﺌﺔ ﺍﻟﺘﺤﺮﻳﺮ
ﺭﺋﻴﺲ ﺍﻟﺘﺤﺮﻳﺮ
ﺍﻷﺳﺘﺎﺫ ﺍﻟﺪﻛﺘﻮﺭ ﻧﺒﻴﻞ ﻋﻨﺎﻗﺮﺓ
ﻗﺴﻢ ﺍﻟﻬﻨﺪﺳﺔ ﺍﻟﻤﻴﻜﺎﻧﻴﻜﻴﺔ ﻭ ﺍﻟﺼﻨﺎﻋﻴﺔ ،ﺍﻟﺠﺎﻣﻌﺔ ﺍﻟﻬﺎﺷﻤﻴﺔ ،ﺍﻟﺰﺭﻗﺎء ،ﺍﻷﺭﺩﻥ.

ﺍﻷﻋﻀﺎء
ﺍﻷﺳﺘﺎﺫ ﺍﻟﺪﻛﺘﻮﺭ ﻣﺤﻤﺪ ﺃﺣﻤﺪ ﺣﻤﺪﺍﻥ

ﺍﻷﺳﺘﺎﺫ ﺍﻟﺪﻛﺘﻮﺭ ﻧﺎﺻﺮ ﺍﻟﺤﻨﻴﻄﻲ

ﺍﻷﺳﺘﺎﺫ ﺍﻟﺪﻛﺘﻮﺭ ﺇﺑﺮﺍﻫﻴﻢ ﺍﻟﺮﻭﺍﺑﺪﺓ

ﺍﻷﺳﺘﺎﺫ ﺍﻟﺪﻛﺘﻮﺭ ﺳﻬﻴﻞ ﻛﻴﻮﺍﻥ

ﺍﻷﺳﺘﺎﺫ ﺍﻟﺪﻛﺘﻮﺭ ﺍﻣﻴﻦ ﺍﻟﺮﺑﻴﺪﻱ

ﺍﻷﺳﺘﺎﺫ ﺍﻟﺪﻛﺘﻮﺭ ﻣﺤﻤﻮﺩ ﺯﻋﻞ ﺍﺑﻮ ﺯﻳﺪ

ﻣﺴﺎﻋﺪ ﺭﺋﻴﺲ ﻫﻴﺌﺔ ﺍﻟﺘﺤﺮﻳﺮ
ﺍﻟﺪﻛﺘﻮﺭ ﺃﺣﻤﺪ ﺍﻟﻐﻨﺪﻭﺭ

ﺍﻟﺪﻛﺘﻮﺭ ﺧﺎﻟﺪ ﺍﻟﻮﺩﻳﺎﻥ
ﺍﻟﺪﻛﺘﻮﺭ ﺍﺳﺎﻣﺔ ﻣﻨﻴﺰﻝ

ﻓﺮﻳـﻖ ﺍﻟﺪﻋــﻢ
ﺍﻟﻤﺤﺮﺭ ﺍﻟﻟﻐﻮﻱ
ﺍﻟﺪﻛﺘﻮﺭ ﻗﺼﻲ ﺍﻟﺬﺑﻴﺎﻥ
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