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Abstract: This paper presents the electrical and mathematical models of the three

phase asynchronous motors along with the introduction of the field-

oriented control model as well as the vector transformations needed for

the introduction of the above mentioned terms. The objective of the

present paper is to introduce the space vectors and how to build the

field-oriented control for a given induction motor drive as well as the

transformations and the modell of field oriented control.
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1. Introduction

The asynchronous motor drives are one of the most popular drive types of the industrial

environment. Concerning its construction it is a simple drive without too many

components, and it is also robust. Beside its positive electrical and mechanical

parameters, it can also be operated easily and cost efficient way. The digital revolution

in the last 30 years opened several new possibilities in the electronics such as the

efficient speed control or the data collecting and analyzing systems. In the Fig. 1 the

position of the asynchronous motors can be seen in the world of the electrical motors

(the offset non related to the topic are not divided into further parts).
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Electric motor

Piezo / Ultrasonic Electromagnetic
field Electric field

Rotational motion Linear motion

DC AC Electronic
controlled

Synchronous Asynchronous Universal

Radial flux Axial flux
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Figure 1. Type of the electrical motors.

Fig. 2 shows the lineage of the field-oriented model from the tree of the variable

frequency drive [1].

2. Model of the Asynchronous Motor

In the following sections, one after the other, the models of the rotating asynchronous

motors are presented.
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Figure 2. Tree of the Variable Frequency Drive.

2.1. Ideal Transformer (ITF) voltage model

The simplest way is when a large air gap transformer is considered - per phase – i.e.

the asynchronous motors are ideal for a 1:1 reduced transfer. In this case during the

reduction – in contrast with the normal transformer model – the so called efficient

turn number of the transfer should be counted with (it is assumed in this case).

Rs jXs jX'r R'r / s

Rv jXm

Is I'r
Us U'r / sUm

Ig

Figure 3. ITF model of asynchronous motor (one phase) [2].
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The equations of the model are the following (the trivial correlations are concerned

known) [3, 8]:

s =
n1 − n

n
, (1)

Um = 4.44frNrεrΦ, (2)

Us = IsRs + IsjXs + Um, (3)

Umr = sUm = I ′rR
′
r + I ′r jsX ′

r + U ′
r , (4)

then (4) can be divided by the slip (as it is an ideal transformer), and the result is the

stator voltage equation coincides with the voltage equation from the rotating side with

the slip so the two substituting sides can be joined together, i.e.

Um = I ′r
R′

r

s
+ I ′r jX ′

r +
U ′

r

s
. (5)

Here s is the slip, n1 is the speed of the stator field, n is the rotor speed of the rotating

machine, Us is the primer voltage, Um is the inside voltage of the stator side, fr is the

frequency of the rotor field, Nr is the turn number of the rotor coil, εr is the efficiency

factor of the rotor side, Φ is the flux, Ls is the leakage inductance of the stator, Lr

is the inductance of the rotor (reduced), Rs is the coil resistance of the stator, Rr is

the reduced coil resistance of the coil, Xs is the coil leakage reactance of the stator,

Xr is the reduced coil target reactance of the rotor and the Umr is the slip-fold inside

voltage of the stator side, respectively.
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2.2. Park-vector model

The model represented in the prior section can give answer for only a few basic

questions, so we need to generate the Park-vector form heading from the voltage

equation. Look at first the voltage equations of the stator – they can be used for the

rotor – with the condition that the coil resistance is concerned to be equal,

usa = Usa cos (ωt), (6)

usb = Usb cos (ωt− 120◦), (7)

usc = Usc cos (ωt− 240◦). (8)

Equations (6) – (8) are time functions and they do not describe the spatial arrange-

ment but they describe the phase difference between the sine signals. Here Usa =

Usb = Usc are the amplitude of the time functions, ω = 2πf describe the angular

frequency, and t is the time. These time functions describe all phase voltages in stator

winding and can be rewritten as the sum of the voltage drop in stator winding and the

induced voltage of the flux change which are described by equations (9) – (14) (later

the notation of the time t is left, consequently).

To show this expressively Fig. 4 can be used, which shows conceptual circuit

diagram of a squirrel cage induction motor. Of course, a similar schematic diagram

can be drawn in case of a slip-ring induction motor, in which phase-circuits are equal

on stator-side of the squirrel cage induction motor, but other equations would come

about because of elements used for different phases of the rotor.
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Figure 4. Simple scheme of the Squirrel Cage Induction Motor.

From the Fig. 4, it can be seen the how the stator voltage equations (9) – (11) along

with the rotor voltage equations (12) - (14) are generated [3, 6, 9], i.e.

usa = isaRs +
dΨsa

dt
, (9)

usb = isbRs +
dΨsb

dt
, (10)
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usc = iscRs +
dΨsc

dt
, (11)

ura = iraRr +
dΨra

dt
, (12)

urb = irbRr +
dΨrb

dt
, (13)

urc = ircRr +
dΨca

dt
, (14)

here Rs is the stator resistance of any phase coil (Rs = Rsa = Rsb = Rsc), Rr is the

rotor resistance of any phase coil (Rr = Rra = Rrb = Rrc), isa, isb and isc are the

currents of the stator coils, ira, irb and irc are the currents of the rotor coils, Ψsa, Ψsb

and Ψsc are the flux of the stator phases and Ψra, Ψrb and Ψrc are the flux of the rotor

phases.

Heading from the phase difference of the stator voltage equations (9) – (11) and

introducing the following, complex unit vectors in the phase axis directions:

ā
0 = ej0◦ , (15)

ā
1 = ej120◦ , (16)

ā
2 = ej240◦ , (17)

equations (9) – (11) can be brought to a mutual, the so called Park-vector form

[9-11]:

ūs =
2

3
(ā0usa + ā

1usb + ā
2usc). (18)
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As far as (9) – (11) are substituted into (18), the voltage equation (19) of the stator

Park vector fixed to the coordinate system of the stator, can be written, i.e.

ūs = īsRs +
dΨ̄s

dt
, (19)

here ūs is the common voltage vector of stator, īs is the common current vector of

stator and Ψ̄s is the flux linkage of stator.

Using the analogy of (18) for the rotor, the Park vector form of the rotor fixed to

the coordinate system of the rotating part can be obtained as

ūr = īrRr +
dΨ̄r

dt
, (20)

here ūr is the common voltage vector of rotor, īr is the common current vector of

rotor and Ψ̄s is the flux linkage of rotor.

For the graphic representation of the Park vector can be applied the analogy of

equations (19) and (20) and generate a common formula [11]. This equation (21) can

be used for the stator and for the rotor too [11].

ū = īRr +
dΨ̄

dt
, (21)

The interpretation of the equation (21) is represented by the Fig. 5. In this

interpretation the ī current vector can be used better instead of ū voltage vector

because further calculations are simpler.

As an example in Fig. 5, three phase (a,b,c) with identical frequency and amplitude

are used, where the sine signals are shifted by 120◦ and at ωt = 110◦,
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Figure 5. Park-vector scheme.

ia = 0.94, ib = −0.17 and ic = −0.77 can be interpreted as the momentary result of

the adequated phase power (compared to 1, the whole, ia + ib + ic = 0) as well as

the ī which is the resultive Park-vector current.

The voltage equation (21) is valid for the stator as well as for the rotor, but in

both cases, it stands for a coordinate system which is fixed to itself. For the general

examination the so called mutual coordinate system is needed. By its help, the voltage

and flux equations of the asynchronous machine can be used for the rotor and also for

the stator, separately.
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Figure 6. Common coordinates system of the stator.
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Figure 7. Common coordinates system of the rotor.
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According to Fig. 6 [11] the current vector of the stator in the mutual coordinate

system is

ī
∗
s = īse

−jxc , (22)

which is transformed by the additional substitution

īs = ī
∗
s e

jxc , (23)

where ∗ is the sign of the transformation to the common coordinate system.

With this analogy, according to Fig. 7 [11] the current vectors in the mutual

coordinate system of the rotor are the following:

ī
∗
r = īre

−j(xc−x), (24)

īr = ī
∗
r e

j(xc−x). (25)

Being back replaced into the equation of (21), and after some mathematical conver-

sions, the asynchronous machine’s basic equations with Park-vector can be brought

to the following form in the mutual coordinate system (without an asterisk):

ūs = īsRs +
dΨ̄s

dt
+ jωcΨ̄s, (26)

ūr = īrRr +
dΨ̄r

dt
+ j(ωc − ω)Ψ̄r, (27)

where ω is the electric angular velocity of the rotor and ωc is the electrical angular

velocity of the mutual coordinate-system.
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2.3. Flux equivalent circuit

The next step of the system analysis is – looking ahead the future phases of the research

– the exploration of the flux relationships in the machine model. The transformed

power vectors into the mutual coordinate system, also foreshowed in section 2.2. are

being used in the flux equations which have their explanation in Fig. 8.

Ψs

Ls Lrs

Lm ΨrΨm

is ir

im

Figure 8. The flux equivalent circuit.

Here Ψ̄s,Ψ̄m,Ψ̄r are the flux vectors, and īs ,̄im ,̄ir are the current vectors. All of them

are transformed vectors to the mutual coordinate system of the stator, rotor and the

mutual magnetization flux and the current (without ∗).

By the help of Fig. 8 [3], it can be seen that the total (F index: “full”) inductivity of

the stator is

LsF = Ls + Lm, (28)

and the total inductivity of the rotor is

LrF = Lrs + Lm, (29)
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where Lrs is the leakage inductivity of the rotor, Lm is the inductivity of the mutual

magnetization, Ls is the leakage inductivity of the stator.

Using the equations (23), (25) and (28), (29), see in [3], the flux equations belonging

to the mutual coordinate system can be generated, which are needed for the extension

of the Park-vector model:

Ψ̄s = LsF̄is + Lm īr, (30)

Ψ̄r = Lm īs + LrF̄ir. (31)

The electrical and mathematical models – described until this section – can be used

after some condition for the rotating part of the squirrel cage motor. By its help and

using the mechanical models of the asynchronous machine – the detailed explanation

is not part of this paper, see in [6] - as well as the help of some further transformations,

modern and vector field-oriented regulations can be generated.

3. Vector control for Induction Motor

The basic idea of the vector control, or its other name, field-oriented control (FOC) is

that it the stator’s three-phase input is splitted up into 2 orthogonal components that 2

components can appoint one vector. These 2 vectors are the torque and the magnetic

flux.

This basic idea goes back to the conception of the former DC motors where the

machine’s construction lets control the torque (and/or the speed control) as well as

the magnetic field independently from each other. This induces the wide dynamic

range of the DC machine and also its stability.

On the other hand, the AC machine is non-linear and multi variable system in

which the variable parts depend strongly on the outer parameters and on each other

parameters as well (such as temperature, magnetic hysteresis, current frequency etc.).

Its mathematical model is complicated by retroaction and by cross-effects. It follows
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from these that the power components which generate the torques cannot be separated

with trivial methods.

The regulation of the induction machine with 2 independent components can be

attached into a simple loop circle, which can be seen in Fig. 9. From the connections

in Fig. 9 and the section 2 the basic scheme of the field-oriented regulations can be

composed.

Reference  Control  Transform 

Transform 

Drive 

Feedback 

Figure 9. Diagram of the Induction Motor control.

3.1. Transformation

The purpose is the application of such a transformation model which makes possible

the regulation of time variant parameters as time invariant variables which modifies

the Fig. 9 as follows [1, 7].

Torque, 
Flux  Control  Drive 

Feedback 

q 
d 

α 
β 

a 
b 
c 

a 
b 
c 

α 
β 

q 
d 

DC AC 
2­ph 

AC 
3­ph 

AC 
3­ph 

AC 
2­ph 

DC

qr 
dr 

q 
d 

qf 
df 

a 
b 
c 

af 
bf 
cf 

Figure 10. Transformations in the FOC model.
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The reference parameters on Fig. 10 are the input Torque (qr) and Flux (dr)

through a control function the Torque (qf ) and Flux (df ) which are coming back

from the feedback line, from these are the input parameters of the transformation

model [4, 6, 9]. It can be seen from mathematical and electric point of view that the

well-manageable and in time non-changing values are the regulatory parameters in

the regulation move.

3.1.1. Clarke and inverse Clarke transformation

As it is experienced in the section 2 the sine signals can get onto the three phase asyn-

chronous motor coils. These sine signals are in frequency and amplitude consistent

but they are shifted in phase to each other with 120◦.

With the Clarke transformation it is possible to transform vectors āaa,b̄bb,c̄cc (three-phase)

vectors to orthogonal ᾱαα and β̄ββ (two-phase) vectors. These vectors appoint an īii vector

in the two dimensional space – this is the Park-vector, itself.

The transformation can be conducted with the following steps in form of a vector

from the Fig. 5 (furthermore the Park-vector) :

• the axis of phase α of Park-vector is being turned with the vectors āaa and īii into a

x axis of an orthogonal 2 dimensional coordinate system;

• the transformation vector āaa is itself the vector āaa of the turned phase axis α;

• the transformation vector β̄ββ is cut by the vectors āaa and īii from the y axis of the

coordinate system.

In practice the vector ᾱαα and the Park vector īii appoint the Clarke-transform β̄ββ vector,

which is presented in the Fig. 11.

The transformation in matrix form is as follow [5, 12]:

[

īααα

īβββ

]

=
2

3

[

1 −
1
2 −

1
2

0
√
3
2 −

√
3
2

]





īa

īb

īc



 , (32)
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α = a

b

c

iα

i

β

iβ

Figure 11. The Clarke transformation.

which is in the feedback line of the Fig. 10 [12], so an inverse transformation is

needed in the control line that is the inverse Clarke transformation.

In case of a two phases system conversion to a three phase system, the following

matrix is needed [11,12]:





īa

īb

īc



 =







1 0

−
1
2

√
3
2

−
1
2 −

√
3
2







[

īααα

īβββ

]

. (33)

3.1.2. Park and Park−1 transformation

After the Clarke transformation the two phase component can be still hardly regulated

and it is still alternating. Due to this, after the phase transformation the coordinate-

system’s transformation should also be performed which will rotate synchronous

with the stator’s three-phase rotating field. From these we can receive the needed q
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Torque and the d Flux in time variant components. These can be easily managed from

electrical point of view.

α = a

b

c

id

i

β

θ

q

d

iq

Figure 12. Park transformation [12].

After the presented Park transformation, a synchronous rotating coordinate system

will be generated where θ is the electrical angle [12]:

[

īd

īq

]

=
2

3

[

cos (θ) sin (θ)
− sin (θ) cos (θ)

] [

īααα

īβββ

]

. (34)

In the inverse form of the transformation to the stator coordinate system is returned

where again the two phase components appear that are time variant [12]:

[

īααα

īβββ

]

=
2

3

[

cos (θ) − sin (θ)
− sin (θ) cos (θ)

] [

īd

īq

]

. (35)
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3.2. Field-Oriented Control

In Fig. 10 the basic model is presented. It can be brought to the following form by

the help of the Clarke and the Park transformations:

Control  Clark­1 Drive 
qr 
dr 

q 

Park­1

ClarkPark

d 

α 

β 

IM

qf 

df 

αf 

βf 

a 

af 

b 
c 

bf cf 

Figure 13. Simple FOC model [3, 5, 9-12].

Fig. 13 represents a simple field-oriented regulation model where the transforma-

tions are being built according to the section 3.1., and they can be brought to a mutual

matrix shape according to the equation (36) [12]

[

īd

īq

]

=
2

3

[

cos (θ) cos (θ − λ) cos (θ + λ)
− sin (θ) − sin (θ − λ) − sin (θ + λ)

]





īa

īb

īc



 , (36)

as well as the matrix shape of the inverse transformation is seen as [12]





īa

īb

īc



 =
2

3





cos (θ) − sin (θ)
cos (θ − λ) − sin (θ − λ)
cos (θ + λ) − sin (θ + λ)





[

īd

īq

]

, (37)

in which λ = 2π
3 .
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The presented basic model has several enlargement possibilities for the regulation

and also for the feedback line, but these refer to specific models.

4. Conclusion

The paper concludes that the vector control for induction motor can be introduced

using the scheme of the induction motor and can be prepared transformation matrices

for quick calculations of the current vectors. The modells and the calculations will be

explained and simulated in the following papers.
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Polymer Nanocomposites 
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Engineering, Műegyetem rkp. 3., 1111 Budapest, Hungary 
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Abstract: The aim of my proposed study is to develop an alternative production 
technique of graphene via in-situ exfoliation of graphite in the hosting 
polymer matrix. The production process is carried out by an alternative 
top-down production technique for graphene-based polymer 
nanocomposites called ‘pressing and folding’ (P&F), via in situ 
exfoliation of expanded graphite (EG) inside the hosting linear low-
density polyethylene (LLDPE) matrix. In this way, the properties of the 
samples containing different wt % of EG is studied as a function of P&F 
cycles, corresponding to EG exfoliation and distribution throughout the 
matrix volume. The results confirm that the EG particles were 
exfoliated completely and increasingly distributed in LLDPE with the 
number of cycles, and mainly oriented on the plane of the samples. This 
find was confirmed by a low in-plane resistivity was found for samples 
prepared between 50 and 150 cycles.  

Keywords: In-situ exfoliation, Graphene, Polyethylene, Polymer Nanocomposites, 
Mechanical Properties  

1. Introduction 

Graphene is a single atom thick sheet of sp2 -hybridized carbon atoms [1]. 
There has been a rapid rise of interest in the study of the structure and properties of 
graphene following the first report in 2004 of the preparation and isolation of single 
graphene layers in Manchester [2]. A single-layer graphene had previously 
considered as an academic material which would not be possible to remove from the 
graphite since such 2D crystals would be unstable thermodynamically and/or might 
roll up into scrolls if prepared as single atomic layers [3]. Research upon the material 
has now broadened considerably as it was soon realized that graphene might have 
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other interesting and exciting physical properties such as high levels of stiffness and 
strength, and thermal conductivity, combined with an impermeability to gases. One 
obvious application of graphene is in the field of nanocomposites [4] [5] [6] and it 
has been noticed that the modification of graphene with polymers and the fabrication 
of graphene-based nanocomposites attracted more and more interests recently. 

Polymer based graphene nanocomposites show superior mechanical, thermal, 
electrical and gas barrier properties when compared to the neat polymer [7] [8] [9] 
[10]. The most important aspect of these nanocomposites is that all these 
improvements are obtained at very low filler loadings in the polymer matrix [11] 
[12]. However, the improvement of these properties depends on the distribution and 
dispersion of graphene layers in the polymer matrix and as well as interfacial 
bonding between them. For the efficient utilization of graphite as filler in a polymer 
composite, its layers must be separated and dispersed throughout the polymeric 
matrix. Graphite nanoplatelet (GNP), the basic unit obtained by exfoliation of the 
natural graphite and having a platelet thickness varying from less than 0.34 to 100 
nm, is a promising low cost and lightweight alternative to other carbon-based 
electrically conductive reinforcements for polymer composites [13]. Mainly, two 
different types of GNPs, such as expanded graphite (EG) and graphite oxide (GO) 
have been widely used to produce conducting nanocomposites along with improved 
mechanical properties [14]. There are many studies on these GNP composites based 
on a range of polymers, including epoxy [15], PMMA [16], polypropylene [17], 
polyethylene [18] [19], polystyrene [20], nylon [21] and silicone rubber [22]. 

However, several studies indicated that the dispersion of graphene particles in 
polymer matrices become challenging due to the interfacial incompatibility [23] of 
the constituents and for this reason, selection of an appropriate manufacturing 
technique is essential. There have been various studies discussing the methods of 
fabricating graphene-based polymer nanocomposites and their corresponding 
influence on materials properties. For example, Istrate et al [24] prepared a polymer 
nanocomposite with polyethylene terephthalate (PET) as a matrix and it was 
reinforced with EG layers solely via melt blending. They have found that with a very 
little nanofiller loading of 0.07 wt%, the material showed an increase in the elastic 
modulus higher than 10% and an enhancement in the tensile strength of more than 
40% when compared to pure PET. 

Another important fabrication method was investigated by Tang et al [25], 
where they fabricated GO/epoxy composites via solution blending. They prepared 
different dispersions of GO sheets with and without ball mill mixing and proved that 
a better GO dispersion in epoxy matrix was obtained after using the ball mill mixing 
process. Other commonly used fabrication technique includes in-situ  
polymerization [26] [27], Latex mixing [28] and electropolymerization [29]. Among 
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the discussed fabrication methods, the solution blending is much better for producing 
quite homogeneous graphene-based polymer composites because the polymer and 
the graphene are dissolved in the same or miscible solvent. Also, in-situ 
polymerization and latex mixing can be a good alternative method for generating 
homogeneous composites but agglomeration of graphene layers inside the polymer 
matrix can be a common problem. So, to understand and obtain better graphene 
dispersion and less agglomeration, there is a need to develop an alternative and 
simple fabrication technique. 

In this present work, a significant effort has been directed to the alternative 
fabrication of LLDPE/EG nanocomposites and investigate their mechanical and 
electrical properties. For that purpose, LLDPE are mixed with expanded graphite in 
a hot press and subjected to ‘pressing and folding’ (P&F). This work had started with 
the testing of 10, 20, 50, 100, 150, 200 and 500 cycles of 0.5 wt% of EG content. 
Later, the experiments are conducted with much higher EG content of 5, 10, 16 and 
56 wt%. The main goal is to assess the influence of number of cycles and the filler 
content on the tensile properties of the prepared polymer nanocomposites. The 
second part of the manuscript involves in finding the percolation threshold, where 
the polymer nanocomposites starts to conduct electricity. For this study, four 
samples with each cycle are made from hot press are tested with the help of two-
point probe method: two for in-plane conductivity and two for out-of-plane 
conductivity. The third part was to examine the micro-structures of the prepared 
samples. The samples are analysed in SEM separately with two different broken 
samples: in tensile machine and cryogenically broken. The final section offers future 
prospects and conclusions. 

2. Materials and Methods 

2.1. Materials Used 

The polymer matrix used in this process is linear low-density polyethylene 
called Flexirene ® MS20A (LLDPE). LLDPE is a commodity polymer, cheap, 
versatile, with widely uses in a variety of forms. The Graphene Intercalation 
compound (GICs), commonly called Expanded Graphite is used as a reinforcement 
of the LLDPE. The Timerex® C-THERM 002 is the particular specification of EG 
which is being used. EG will improve the properties of the polymer matrix, which is 
directly related to the degree of dispersion of the nanofillers in the polymer matrix. 
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2.2. Fabrication of polymer nanocomposites 

This work takes advantage of an alternative top-down production technique for 
graphene-based polymer nanocomposites, called “pressing and folding” (P&F), via 
in situ exfoliation of graphite inside the hosting polymer matrix. In particular, linear 
low-density polyethylene Flexirene® MS20A (LLDPE) and expanded graphite 
Timerex® C-THERM™ 002 (EG) were joined at first, and then gradually mixed by 
pressing & folding the samples inside a hot-press many times as shown in Fig. 1.  

 

Figure 1. Preparation of samples by pressing and folding 

Initially, 1.4 g (0.72g for each discs) of LLDPE discs are prepared using the hot 
press with the elevated temperature of 120 °C with the pressure of 40 bar and for the 
duration of 30 seconds. Before incorporating EG into the LLDPE, the pristine 
LLDPE sample is saved for the benchmark. At first, the minimum filler content of 
0.5 wt% to be added between the two PE discs and hot pressed again. After the first 
cycle the PE plated are folded two times as shown in Fig. 1 and again the sample is 
hot pressed. Throughout the process, the temperature, Pressure and the press time 
duration should be kept constant for uniform dispersion of EG. This pressing and 
folding cycle is continued for different desired cycles. This work had started with 
the testing of 10, 20, 50, 100, 150, 200, 500 cycles of 0.5 wt% of EG content. Later, 
the experiments are conducted with higher EG content of 5 wt%, 10 wt%, 16 wt% 
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and 56 wt% (Fig. 2). The hot press configuration pressure of 40bar is applied at a 
same value for every cycle so that the final sample will have an equal thickness. 
After the pressing and folding cycles are finished for all the filler content, five 
dumbbell specimens are made corresponding to ASTM D 638 – 02a. 

 

Figure 2. Prepared LLDPE / 0.5 wt% EG samples after a) 1 cycle b) 10 cycles 

c) 20 cycles d) 50 cycles e)100 cycles f) 150 cycles g) 200 cycles h) 500 cycles 

2.3. Characterization Techniques 

The ‘dumbbell’ shaped specimen is loaded in the 1 kN load cell of the Instron. 
As the specimen has a very low thickness (~0.230mm), the tensile grips should be 
used to ensure that the specimen is tightly held to the load cell. The rate of speed for 
the specimen is maintained always at 1 mm/min. With this test, the following 
parameters can be obtained, such as: tensile strength, elongation at yield, elongation 
at break, Modulus of elasticity, nominal strain. 

The electrical conductivity of the specimen can be obtained with the help of the 
two-point probe method. From the sample made from the hot press, a strip of 
approximately 12 X 8 mm of the specimen is trimmed to carry out the electrical 
testing. For each cycle, four strips are trimmed: two for the in - plane conductivity 
and two for the out–of–plane conductivity. The strips are individually placed 
between an aluminium coil prepared, which acts as the extremity. The silver paste 
can be used between the specimen and the aluminium coil, to keep the aluminium in 
place and to have an unaffected electric flow between the extremities. 
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The micro-structures of the prepared nanocomposites were studied analysing 
the cross-sections of cryogenically broken samples by SEM.  The samples were 
analysed separately with two different broken samples: tensile and cryogenically 
broken. First, the samples broken using the Instron are analysed through the SEM. 
The other type of sample can be broken cryogenically with the help of liquid 
nitrogen. The samples should be sputter coated with conducting material like gold 
or palladium alloy before introducing in the SEM. This coating is needed to prevent 
charging of a specimen with an electron beam introduction in conventional SEM. 

3. Results and Discussion 

This section analyses the effect of EG filler content on the LLDPE samples and 
number of pressing and folding cycles. The section was divided into three parts. The 
first part and second part are devoted to the mechanical and electrical 
characterization of the prepared samples, respectively. The last part investigates the 
dispersion and distribution of EG and exfoliation of graphene in polymer matrix with 
the help of SEM. 

3.1. Mechanical Characterization 

For the minimum filler content of 0.5 wt%, there are no significant changes were 
noted to the elastic modulus of pure LLDPE up to 200 cycles, thus the value at 1 
cycle (135±5 MPa) was taken as reference. The reinforcement due to the EG as a 
function of cycles can be evaluated by dividing the elastic modulus of each 
composite by the reference modulus of LLDPE as shown in Fig.3. It was found that 
the reinforcement (Ec/Em) does not show any proper pattern with the number of 
increasing cycles. 

 

Figure 3. Reinforcement found for sample of LLDPE/ 0.5 wt% EG as a 

function of P&F cycle 
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This non-uniformity in the reinforcement is due to the very small amount 
of filler that has been added to the LLDPE polymer. So that maintaining an exact 0.5 
wt% is a big challenge. The sudden drop in the reinforcement for the 500 cycle is 
the actual filler content found to be only 0.3 wt% rather than 0.5 wt%. It was 
expected that the 500-cycle composite will have the highest reinforcement but 
because of the long process of 500 cycles in the hot press and also because of the 
small EG content filled in the LLDPE, it does not show a proper pattern (Fig 4). But 
it’s not the case for the LLDPE/ 10.7 wt% EG and LLDPE/16 wt% EG. 

Figure 4. Tensile stress Vs strain for the LLDPE / 0.5 wt % EG at 500 P&F cycles. 

Although all nanocomposites exhibit higher modulus than pure LLDPE, 
they show final failure at much lower stress and strain than the pure LLDPE. In 
general, the improvement of elastic modulus is attributed to the good dispersion of 
nanosized particles and good interfacial adhesion between the EG filler and the 
LLDPE matrix. So that the mobility of polymer chains is restricted under loading. 
The lower tensile strength of nanocomposites could be due to number of reasons 
such as weak interfacial bonding between the EG and matrix interfaces, aggregates 
of graphite nanosheets and nano to micro size process related defects. Fig. 5 shows 
the stress at break and strain at break as a function of P&F cycles and also the yield 
stress and strain as a function of P&F cycles. Therefore, the mechanical property of 
LLDPE / 0.5 wt% EG does not show a good improvement in the P & F technique. It 
also showed that solution intercalation method shows better results than the melt 
mixing. As the matrix used here is a thermoplastic polymer (LLDPE), therefore melt 
mixing along with the new technique called P&F technique was carried out. 



P. K. Rajamani and R. Boros – Acta Technica Jaurinensis, Vol. 11, No. 4, pp. 185-205, 2018 

192 

 

Figure 5. As a function of P&F cycles for the LLDPE / 0.5 wt% EG 

Nanocomposites a) Stress and strain at break b) Yield stress and Yield strain 

The young’s modulus is improved than the 0.5 wt% for the 200 cycles. As 
there were no change in the lower P & F cycles (10,20,100,150), only 200 cycles 
technique is performed for the 5 wt%. The tensile stress vs the tensile strain is shown 
in the Fig. 6. 

 

Figure 6. Tensile stress Vs strain for the LLDPE / 5 wt % EG at 200 P&F cycles. 

The young’s modulus for the LLDPE / 10.7 wt% EG filled nanocomposites 
showed a good result when comparing with the young’s modulus of the pristine 
LLDPE. But the lower filler concentration (up to 50 cycles) showed approximately 
equivalent young’s modulus to the pristine LLDPE (Fig. 7). It started to gradually 
increase in the following cycles and reached the maximum of 320 MPa at the 500 
cycles. 
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Figure 7. Young’s Modulus and tensile strength of the LLDPE / 10.7 wt% EG as 
a function of P&F cycle 

Clearly the presence of EG fillers reduces the ductility of the pristine 
LLDPE, which shows in the necking without break in the tensile test. Tensile failure 
depends critically on any localized deformation or agglomeration of EG fillers on 
any particular area of the specimen. The Young’s modulus is measured from the 
initial region of tensile deformation and indicative of the composite value of the 
constituent stiffness [30]. Comparing the EG filled composites of higher cycles show 
a higher modulus than that of the unreinforced LLDPE. Fig. 8 shows the variation 
of reinforcement (Ec/Em) with EG content for nanocomposites produced by P&F 
technique.  

 

Figure 8. Variation of Reinforcement with EG content 
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There is a decrease in the reinforcement (Ec/Em) from 0.5 wt% to 5 wt% 
and that is because of the poor dispersion of the filler content or the presence of 
defect in tensile tested area. The higher reinforcement is due to the good dispersion 
of the fillers but it has a more threshold value by adding 56 wt% of EG. The strong 
interaction between the EG and LLDPE polymer matrix could result from, the 
wrinkled surface of extremely thin graphite sheets that is capable of mechanically 
interlocking with polymer chains. 

3.2. Electrical Characterization 

The conductivity of EG reinforced LLDPE was measured using a two-point 
resistivity probe system with the minimum limit of 10-8 S/cm.  The hot-pressed 
sample was cut into specimens for testing of 12 x 8 x 0.25 mm3. The first two set of 
samples (0.5 and 5 wt% of EG) does not conduct in all the cycles. The specimen 
started to conduct when 10.7 wt% of EG is added to the LLDPE.  Therefore, only 
three sets of samples (10.7, 16, 56 wt% EG) are analysed for the electrical testing. 

 Conduction in graphene-based composites is usually described in terms of 
conventional static percolation theory, which is adequate in describing the dynamic 
process of conductive network formation. When preparing polymer/graphene 
composites, a high sheer is often applied during mixing in order to disperse EG in 
polymer matrix, leaving them separated from each other, resulting in low composite 
conductivity. These well dispersed and separated EGs are however reported to 
aggregate in the melt given sufficient temperature and time leading to high orders of 
magnitude improvement in composite conductivity. This means that for the same 
concentration of EG, a composite can show very different levels of conductivity. For 
this reason, one should be careful in comparing data reporting conductivity and 
percolation threshold values. This phenomenon is been termed as Dynamic 

Percolation. For filler content greater than the percolation threshold, the percolation 
curve can be fitted by an exponential function (1), 

 𝜎 = 𝜎𝑜 (𝑝 − 𝑝𝑐)𝑡, (1) 

where σo is the scaling factor, pc is the percolation threshold, t is the characteristic 
exponent which depends on the dimensionality of the system (t ~ 2 for 3D system; 
t ~ 1.3 for 2D system). pc is inversely proportional to the particle aspect ratio [31]. 
This is the reason why conductive nanoparticles like GNPs, CNTs are interesting as 
fillers. 

 Fig. 9 shows the variation of the electrical conductivity of LLDPE / 10.7 
wt% EG nanocomposites as a function of the P&F cycles. Like most polymers, 
LLDPE is not electrically conductive and its room temperature electrical resistivity 
is 3.3e24 – 3e25 µΩ.cm. The addition of EG greatly improved its conductivity with 
a sharp transition from an electrical insulator to an electrical conductor. The 
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percolation threshold value of the conducting composite is about 10.7 wt% of 
expanded graphite, which is much higher than the other polymer composites. The 
percolation threshold for the electrical conductivity depends very much on the 
geometry of the conductive filler. Filler with a higher aspect ratio such as sheet-like 
or fibre-like filler, has an advantage in forming a conductive network in polymer 
matrix than that of filler in either round or ellipse shape [32].  

Even though the composite has a high percolation threshold, it was found 
that the EG particles were increasingly distributed and dispersed in LLDPE with the 
number of cycles and mainly oriented on the plane of the samples. This find was 
confirmed by electrical resistivity measurements. A low in -plane resistivity (about 
300 Ω cm, corresponding to a conductivity of 0.003 S/cm, from Fig. 9) was found 
for nanocomposites prepared between 150 to 500 cycles. For each sample, the 
resistivity out- of plane was about 10.000 times higher than the in–plane resistivity 
(Fig. 9). 

 

 

Figure 9.  Electrical conductivity and resistivity of LLDPE / 10.7 wt% EG as a 

function of P&F cycles. 

The conductivity data collected from the three different wt % of EG (10.7, 
16 and 56 wt% at 200 cycles) are presented in Fig. 10 and it revealed that at lower 
filler concentration (below percolation threshold value of 10.7 %), the small EG 
particles that tend to aggregate into larger low aspect ratio clusters. It tends to 
disperse more evenly into the polymer matrix, thereby resulting in fewer particle- 
particle interactions at a given loading level and consequently leading to lower or no 
conductivity polymer composite. As the filler concentration is increased beyond the 
threshold concentration, the conductivity of all LLDPE composites is observed to 
increase rapidly. 
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Figure 10.  Electrical conductivity of LLDPE / EG composites at 200 cycles for 

different EG concentration. 

Once the electrical percolation has been achieved, the increase in 
conductivity as a function of filler loading can be also modelled by a simple power-
law expression (2), 

 𝜎𝑐 =  𝜎𝑓(𝜙 − 𝜙𝑐)𝑡, (2) 

where ϕ is the filler volume fraction, ϕc is the percolation threshold, σf is the filler 
conductivity, σc is the composite conductivity and t is a scaling exponent [33]. The 
filler need not be in the direct contact for current flow; rather, conduction can take 
place via tunnelling between thin polymer layers surrounding the filler particles and 
this tunnelling resistance is the limiting factor in the composite conductivity [33]. 
Chen et al [34] reported that CNT /epoxy nanocomposites have an electrical 
percolation threshold as low as approximately 0.0025 wt%, which is by far the 
lowest, reported for any graphene-based nanocomposites. These exceptional results 
attribute to the kinetic percolation that most notably arises in composites with a low 
viscosity during processing. Eventually, it forms a three-dimensional network of 
filler content that electrically percolates at a much lower loading than possible with 
well dispersed and randomly oriented fillers. It has been said that a high degree of 
dispersion may not necessarily yield the lowest electrical percolation [33]. Indeed, 
the lowest percolation threshold achieved thus far for a graphene-based polymer 
nanocomposite (~ 0.15 wt% [32]) was observed when the filler was not 
homogeneously dispersed in the polymer matrix, but rather segregated from the 
matrix to form a conductive network.  

 Alignment of the filler also plays a major role in the onset of the electrical 
percolation. When the EG particles are aligned in the matrix, there are, at least at 
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relatively low concentrations (0.5 and 5 wt %), fewer contacts between them and 
thus the percolation threshold would increase till the composite starts to conduct at 
higher filler concentrations.  

 A series of SEM micrographs obtained from the samples of different filler 
concentration and different cycles are presented in the next section. The SEM images 
of the LLDPE/EG samples near the threshold concentration (10.7 wt%) reveal the 
existence of EG particles exhibiting short and long-range connectivity in the plane 
and through the thickness of the composite film. The SEM images from the 
LLDPE/10.7 wt% EG samples, show that the fibres are primarily, but not 
exclusively, aligned in the specimen plane throughout the thickness of the sample. 
Because of this difference in morphological behaviour of the sample, the electrical 
conductivity also changes its behaviour according to the orientation of the filler 
content. The in plane and the out of plane current for the LLDPE/10.7 wt% at 
different cycles as a function of applied voltage are shown in the Fig. 11. 

 

Figure 11.  Variation of current vs voltage for in –plane and out-of-plane filler 

orientation 

Dispersion of graphite is also important to the variation of percolation 
threshold for conductivity transition in the composites. In my experiment, I used 
long time, intensive pressing and folding (500 cycles) to promote fine dispersion for 
the composites. The sufficient adsorption of the LLDPE molecular chains onto 
various pores of the expanded graphite was also the likely factor contributing to good 
dispersion. If the solution concentration is too high, the higher viscosity may hinder 
the polymer chains from entering the minor pores of the graphite and thus lead to 
poor dispersion of graphite flakes in the polymer. Also, the variation of current vs 
voltage for in –plane and out-of-plane orientation for the filler content above the 
percolation threshold (i.e., 10.7, 16, 56 wt % EG) has been shown in the Fig. 12. 
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Figure 12.  Variation of current vs voltage for in –plane and out-of-plane filler 

orientation for different filler concentration at 200cycles 

3.3. Morphological Characterization 

As the mechanical and the electrical property enhancements correlate 
strongly with nanocomposite microstructure, effective characterization of 
morphology is also important in establishing the structure–property relationships for 
these composites. SEM studies are perhaps the most common means by which the 
state of dispersion can be assessed. The expanded graphite used here is a particle-
based filler (rather fibre-based filler), as it has the high aspect ratio. The higher aspect 
ratio platelets are generally found to be beneficial to the mechanical, electrical and 
thermal properties of the composite material [33]. An exfoliated morphology of EG 
is thus usually desired as it provides higher aspect ratio platelets relative to stacked 
or intercalated platelets. The cross-sectional analysis of the composite is also 
performed using SEM which has been used to evaluate the dispersion of EG as well 
as to examine the surface for pull –out, possibly giving insight into the strength of 
interfacial adhesion. Exfoliated graphene-based materials are often compliant and 
when dispersed in a polymer matrix are typically not observed as a rigid disk, but 
rather as bent or crumpled platelets as shown in Fig. 13. The cross section of the 
cryogenically broken sample for different filler content at 200 cycles is shown in the 
Fig. 14 a, b, c. The images show that the graphene is very well dispersed at the higher 
concentration and the three-dimensional network of the conductive fillers increase 
as the filler concentration increase. This leads to the higher percolation content at 
10.7 wt%. The analogous images acquired from the LLDPE / EG samples (Fig. 14d) 
show that the fibres are primarily, but not exclusively, aligned in the specimen plane 
throughout the thickness of the sample. 
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Figure 13.  Identified graphite sheets in cryogenically broken sample of LLDPE / 

0.5 wt% EG after A) 30 P&F cycles B) 200 P&F cycles 

 

Figure 14. SEM images of cryogenically broken samples of 0.5 wt% EG content 

a)10 cycles b) 200 cycles c) 500 cycles and d) 56 EG wt% at 200 cycles 
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4. Conclusions 

In this study, we focused on studying the mechanical and the electrical properties of 
LLDPE/EG nanocomposites with different filler content and different P&F cycles. 
Apparently, the EG system demonstrated better properties from a higher aspect ratio, 
as the filler content increases as well the pressing cycles increases. Some specific 
conclusions could be drawn as follows, 

 The materials studied were fabricated in an alternative top-down production 
technique called Pressing & Folding technique and demonstrated the useful 
mechanical and thermal properties along with the morphological study of 
different filler content which was processed for different P&F cycles. Future 
development of graphite or graphene-based nanocomposites awaits better 
dispersion of the nano fillers in the polymer matrix and the control of 
percolation transition in applications. 

 Viscosity increased with the addition of graphite fillers. The introduction of EG 
increased the stiffness of the composites. At 56 wt%, which is considered as the 
maximum filler loading content in the polymer showed high viscosity than the 
lower EG content. The difference was attributed to EG’s higher area to volume 
and aspect ratios which promoted a more viscous flow in LLDPE matrix. 

 Electrical conductivity for the composites showed a transition from an insulator 
to a conductor. But it requires a minimum of 10.7 wt% of EG content to reach 
the percolation threshold. It was also found that the EG particles were 
increasingly distributed and dispersed in LLDPE with the number of cycles and 
mainly oriented on the plane of the samples. Although LLDPE is a good 
insulator, a low in-plane resistivity was found for nanocomposites prepared with 
more P & F cycles (200 cycles). For each sample, the out – of -plane resistivity 
was about 10.000 times higher than the in-plane resistivity. 

 The results from the micro-structures of the prepared samples were studied by 
analysing the cross sections of the cryogenically broken and mechanically 
broken (tensile) samples by SEM. It was found that most of the EG particles are 
mainly oriented on the plane of the samples. 

 Both tensile and electrical measurements indicated EG were better filler in the 
LLDPE. Although overall improvement in mechanical properties was not 
impressive, but our results clearly confirmed the advantages of using EG by 
P&F method to enhance both the electrical conductivity and mechanical 
strength and stiffness of LLDPE. Therefore, the role of EG as a reinforcement 
phase was unambiguously established. 
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Abstract: We have made a new mounting unit for Dynamic Mechanical Analysis 
(DMA) equipment, suitable for measuring microhardness and 
indentation, and examined its usability on thermoplastic poly(lactic 
acid) (PLA) material.  We used a Vickers-type microhardness indenter, 
and examined the dimensions of the indented area and the loading force. 
This novel unit is suitable for measuring the short and long-term 
behavior of the material using pinpoint load not only at room 
temperature (20-23 °C) – like common hardness tests – but at a wide 
range of temperatures.  

Keywords: poly(lactic  acid); biopolymer; pinpoint load; Vickers indentation; 

Dynamic Mechanical Analysis 

1. Introduction 

As technology develops, polymers are more and more widely used. In some cases, 
they can replace metals, due to their adequate strength, low density, good corrosion 
resistance and vibration damping ability, but they can behave very differently 
compared to metals. In the case of polymers it is not enough to examine quasi-static 
mechanical characteristics (tensile and flexural tests) because they react to long-term 
loading with continuously increasing deformation; this is called creeping. Therefore, 
it is an important rule for designers that they should design parts not for lifetime but 
for maximal possible deformation. Creep is most widely determined with tensile and 
flexural tests, but torsion and compression loading is also used. Compression loading 
can be area or pinpoint loading. In this paper we studied the latter one [1]. 
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Nowadays, with the advancement of the environment-conscious approach, more 
and more research is directed at the recycling of plastics and the development of 
biopolymers. Biopolymers can replace petroleum-based polymers in many cases. 
Perhaps the most well-known of these is Poly(lactic acid) (PLA). It is used in many 
areas, such as packaging, foams, textiles (geotextiles, towels) and even medical 
applications. PLA is mechanically excellent with an elastic modulus of 3000–4000 
MPa and a tensile strength of 50–70 MPa, but it’s brittle; its tensile elongation is 
around 3-5% and its impact strength is low. It can be processed with conventional 
technologies. PLA composites and nanocomposites are used more and more. Fiber 
or nanoscale fillers can modify the different properties of PLA [2-6]. 

 Pinpoint compression loading can be examined very well with a hardness test. 
The hardness of materials is an important characteristic that helps designers select 
the right material. It is defined as the resistance of a solid material to penetration by 
a body. Depth-sensitive hardness testing (depth-sensing indentation – DSI) was 
developed while the advantages of hardness testing were retained. During this 
process, the measuring body is pushed into the surface at constant speed or with a 
constant force, and then removed. The geometry of the impression depends on the 
depth of indentation, which in turn depends on the loading force, and the time of 
loading, and of course, environmental parameters, such as humidity and temperature. 
Various characteristics can be determined from it, such as dynamic hardness, 
conventional hardness, modulus of elasticity, and elastoplastic mechanical 
properties [7-8]. 

The advantage of depth-sensing indentation is that measurements can be made in 
the millimeter, micrometer and nanometer range as well. This facilitates the testing 
of various thin films, or new materials produced by nanotechnology (e.g. 
nanocomposites), even with very little loading forces (in the case of nanohardness 
testing, it can be 0.01 mN). This procedure may be suitable for the testing of products 
made of PLA [4-5].  A disadvantage is that the measurement results are always local, 
and can be very different. Also, there are two important phenomena to be mentioned. 
Next to the indenter, at the side of the indented area, the surface can sink (sinking-
in), or can be raised because material is pushed out (pilling-up), and these can cause 
inaccuracies (Fig. 1). For this reason, several tests have to be performed for accurate 
results [7]. 
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Figure 1. Sinking-in and pilling-up [2] 

According to the literature we analyzed, [9-11] this procedure, combined with 
creep tests, is used successfully on polymer materials. The indenters were mostly 
Vickers- or Berkovich-type indenters. Usually, finite element analysis is performed 
as well, to support the measurement results.  

The literature [9-11] shows that although this method is spreading, tests are 
performed almost exclusively at room temperature. However, polymer objects can 
behave differently at other temperatures and humidity; therefore we decided that 
tests should be performed in a wide range of temperatures. In order to provide the 
small loading forces and constant temperature required for the test, we designed a 
mounting unit suitable for pinpoint loading. In a dynamic mechanical analyzer 
(DMA), short, long and also cyclical tests can be performed with the unit. 

2. Methods and Materials 

2.1. The mounting unit designed 

We designed the mounting unit for a TA Instruments (USA) Q800 device. The 
analyzer can perform various tests (tensile, compression, flexural and shear tests) in 
a wide temperature range (-145 °C to +600 °C), and it has a frequency range of 0.01 
Hz to 200 Hz. Both constant and periodic loading can be applied up to 18 N. The 
device can determine the mechanical and viscoelastic properties of various materials 
[12].  
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We designed the mounting unit based on an existing fixture used for compression 
tests. We had two concepts, one where the indenter is fastened in the middle of the 
fixture, and another called the “horse race track” design (this allows the positioning 
of the indenter). Fig. 2 shows the two designs.  

 

Figure 2. Designs of the fixture, fixed (a) and “horse race track” (b) design 

We tested the two concepts with finite element analysis at room temperature to see 
what deformations occur. Fig. 3 shows that in the case of the horse race track design, 
in an extreme position, at a load of 18 N, the frame deforms as well, which can 
damage the air bearing system of the DMA and the mounting unit itself, especially 
if deformation resulting from temperature change is also taken into account, because 
at higher temperatures the deformations can be bigger. The asymmetric load caused 
by the indenter in the extreme position can occasion buckling of the 150-200 mm 
long and ¼ inch diameter spindle supported by the air bearing. The spindle is fixed 
at its lower end and extends beyond the air bearing about 80-100 mm, therefore the 
deformation of the whole system is more than what is shown. Therefore, we selected 
as the final design, the centrally positioned, gripped indenter design to avoid 
asymmetric loading.  
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Figure 3. The finite element simulation results of the horse race track in an 

extreme position 

We made the sample holder so that the sample can be positioned. This makes it 
possible to perform several measurements on a single sample. Thanks to the vice 
design, the specimen can be tightly gripped and so it does not move during the test. 
The final design manufactured from ST32 stainless steel can be seen in Fig. 4. 

 

Figure 4. The designed fixture and the gripped PLA specimen 

2.2. The test program and the investigated material 

We tested 3100 HP from NatureWorks (Minnetonka, MN, USA) PLA, whose D-
lactide content (0.5%) was provided by the manufacturer. The granules were dried 
at 80 °C for 6 hours prior to processing to remove residual moisture and thus to avoid 
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hydrolitical degradation during processing. ISO 527-2 type 1A standard dumbbell-
shaped specimens were injection molded with an Arburg Allrounder 370S 700-290 
injection molding machine (Lossburg, Germany) equipped with a 30 mm diameter, 
L/D = 25 screw. Injection rate was 50 cm3/s, holding pressure was 600 bars, holding 
time was 20 sec, residual cooling time was 40 sec, and melt and mold temperature 
were 190 °C and 25 °C, respectively. 

The specimens were cut out from the injection molded dumbbells and their 
dimensions were 10 mm x 20 mm x 4 mm. We performed the test on the 10 mm x 
20 mm surface, which was the polished surface of the mold. We increased loading 
force (F [N]) from 3 N to 15 N, by 3 N in each step. The loading time was 30 s, 60 
s and 90 s. The temperature was 35 °C in every case. In the tests, we used a Vickers 
microhardness indenter, which is pyramid-shaped and is made of diamond. This 
geometry reduces dependence on loading force. The parameters measured on the 
negative mark of the indenter can be seen in Fig. 5, where a and b are the side length, 
d1 and d2 are the diagonals and h is the cone height of the Vickers intender. 

 

Figure 5. The impression of a Vickers indenter and its geometrical parameters [7] 

The testing program consisted of the following steps: we heated the heat chamber 
to 35 °C, and held this temperature for 3 minutes. Then we applied the loading force. 
After loading ceased, we analysed the indented area with an optical microscope 
(Olympus BX51M, Japan), and measured the diagonals of the indented areas (d1 , d2 
[µm]). 

3. Results and discussion 

As mentioned above, evaluation started with the microscopy examination of the 
indented areas. We experienced pilling-up and sinking in several cases during the 
tests; an example is shown in Fig 6. 
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Figure 6. Pilling-up (a) and sinking-in (b) phenomena on the PLA material 

We measured the diagonals of the impressions. The diagonal length–force curve 
for the 30-second loading time test is displayed in Fig. 7. 

 

Figure 7. The diagonals as a function of loading force, in the case of 30 s loading 

time 

It is visible that the points are on one line with little deviation. This proves that the 
impressions are symmetrical; therefore, the fixture can be used in indentation tests 
in a DMA. Because of the symmetry, the diagonals can be averaged. In Fig. 8. we 
displayed the averaged diagonals as a function of loading, in the case of different 
loading times. 

a) b) 
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Figure 8. Averaged diagonal length as function of loading force 

If the diagonals are known, the projected area (A [µm2]) of the pyramid created by 
the indenter can be calculated with equation (1), and its change can be plotted as a 
function of the force (Fig. 9). 

 𝐴 = 𝑑1∙𝑑22 [𝜇𝑚2] (1) 

 

Figure 9. Projected area as a function of loading force 

From the measured diagonals, the depth of the impression can be calculated with 
equation (2): 
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 ℎ = d2∙√2∙tan(𝜃2), (2) 

where h [µm] is the depth of the indent, d [µm] is the average length of the diagonal 
and θ [rad] is the angle of the indenter (136°). Its change can also be displayed as a 
function of the force (Fig. 10.). 

 

Figure 10. Depth of the impression as a function of loading force (enlarged) 

With the method of least squares, we can align linear trend lines for the points in 
each case. The lines all have a determination coefficient above 99%. All of the 
diagrams demonstrate that longer loading times result in deeper and bigger 
impressions.  

The diagrams show that larger force resulted in larger impressions. Also, if loading 
time was longer, it also resulted in larger impressions. There is no significant 
difference between 60 s and 90 s results at this temperature. Therefore, in the future, 
it is enough to do one of the measurements, or study that at another temperature. 

The diagonal sizes were measured as soon as possible (within 30 seconds), but it 
should be noted that the time and temperature dependence of diagonal and depth 
recovery requires additional tests, because there is instantaneous recovery due to the 
momentary elastic deformation component, which is typical for polymers, along 
with delayed elastic and irreversible components [13]. 

From the calculated results, in the future, we can determine the hardness of the 
material, and also other mechanical properties, such as elastic modulus. 
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4. Conclusions 

The tests showed that the fixture we designed is suitable for pinpoint loading tests 
with DMA equipment. This method can be used for the mechanical testing of the 
surface of polymer products. We can calculate the projected area and the depth of 
the impressions, which we can use to determine the hardness of the measured 
material. Also, in the future, we can compare the data calculated from the optical 
microscopy images with the indentation depths measured with the DMA device. 
Therefore, we will be able to examine the phenomenon of creep, and the impressions 
need not be measured with an optical microscope.  

Thanks to the DMA equipment, the procedure can be used not only for static tests 
but also dynamic and cyclic tests. In addition, tests can be performed in a wide range 
of temperatures. In the case of longer tests, creep has to be expected, which is 
characteristic to polymers. In smaller sizes, creep can be more pronounced; therefore 
more detailed tests need to be done regarding this. 
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Abstract: Recently, Halal food has drawn remarkable attention of many 
consumers around the world. Besides to being unsafe, Halal food such 
as meat can encounter several issues throughout its supply chain and 
logistics. At any time, Halal integrity is not guaranteed and risks of 
becoming non-Halal is the major concern of all parties along the supply 
chain. To respond to Muslim consumers’ trust concerns in Halal food, 
many traceability systems were proposed in previous studies based on 
emerging technologies and  recommended to be incorporated into Halal 
food supply chains. Nevertheless, all of these systems are centralized, 
opaque and not enough transparent. To mitigate these problems, 
blockchain technology is introduced as a ground-breaking innovation 
with greater decentralization, visibility and transparency. This paper 
makes a major contribution in suggesting Halal meat supply chain 
traceability system for real-time food tracing based on embedding 

Islamic dietary law into HACCP, blockchain and Internet of Things. 

Keywords: Halal Meat Supply Chain; HACCP; Blockchain; Internet of Things; 

Traceability 

1. Introduction 

Generally, food supply chains are highly characterized by their complexity. In fact, 
products associated with food supply chains are scattered at each stage of production 
and between vast networks of different concealed actors for both supplier and 
consumer. This raises the question of managing effectively food supply chains as 
there are a huge concern and upsurge for not only food safety but for ensuring food 
compliance to certain religious restrictions as well. In fact, different religious groups 
are restrained to their own food restrictions and pay influential roles to prevent their 
followers from certain foods [1] such as Jews for Kosher, the prohibition of beef-
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eating under Hinduism, and the Islamic Dietary Laws [2]. Besides, the consumers’ 
decision to purchase food is not only guided by the perception of healthiness, safety 
and sensory traits (i.e., color, tenderness, flavor, and aroma) but by the strict 
compliance to religion [3]. In this respect, the Muslims’ viewpoint to purchase some 
kind of food depends exclusively on its Halal status. Similarly, food turns from being 
sustenance to an integral dimension of culture and identity which impacts greatly 
supply chains and logistics.  

Consumers’ awareness and education of Halal foods grow together with a 
noticeable increase in the demand for Halal products on a global scale. Today, Halal 
foods are no longer considered as religious requirements for Muslims but non-
Muslims are also involved in demanding and supplying this particular food group 
due to many reasons [4]. Moreover, aside from the response to the increasing pace 
of Muslim population, Halal products, especially food products account for a 
staggering US$600 billion to US$2.1 trillion [5]. This is consistent with [6] [7] [8] 
who claimed that non-Muslim consumer segment perceives Halal foods beyond the 
limit of religion. According to [6] [9] Halal status is a global symbol for food safety, 
quality insurance, and lifestyle choice. Furthermore, the Halal food industry has been 
globalized due to tourism and migration [10]. Plus, previous studies have 
demonstrated that Muslims are resistant to acculturation and attached to their ethos 
and religious dietary laws. Simply stated, they still eat Halal even after having 
immigrated to Non-Muslim countries. A study carried out by Hussaini showed that 
75% of Muslims in the US still maintain their Islamic eating rules [11]. 

The increasing popularity of Halal food industry is not only attributable to the 
additional and value-added features of being safe, wholesome, hygienic and 
contamination-free principles during food production [12]. It is due to the market 
attractiveness and involvement of non-Muslim countries in supplying food products 
to Muslims. Argentina, Australia, Brazil, Canada, New Zealand, the United 
Kingdom and the United States are the major food producers and suppliers of many 
Muslim countries [13]. Hence, the globalized nature of Halal supply chains opens 
up windows of chances for many actors to join the lucrative industry. Billions of 
customers are targeted by Halal food companies and governments across the world 
are recognizing the potential of the Halal industry through the continuous support 
and promotion. This is manifested also by the establishment of Halal certification 
authorities, the material incentives for funding research on Halal related studies 
through universities and research centers as well as the offer of Halal training for 
industry practitioners [14]. Besides, Halal food industry leads to positive 
externalities in the development of Halal traceability and tracking systems to 
strengthen food industry and to alleviate all the probable risks and concerns.  
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There are many ethical and social questionable activities that transcend the layers 
of the food supply chain. In this vein, retailers in the food industry are facing 
challenges of foodborne diseases and are struggling to figure out the source of 
defective ingredients and to which stores they were delivered [15]. Also, consumers’ 
confidence in the food industry was heavily decoyed after consecutive food safety 
scandals and frauds, namely mad cow disease, genetically modified foods and the 
European horse meat scandal in 2013. Not only that, Halal food industry may 
encounter several issues related to Halal integrity which could be questionable and 
even breached throughout the phases of supply chain and thus the product will be no 
longer fit for consumption by Muslim consumers. Several problems may put Halal 
products into the integrity question. From raw material until it reaches consumers, 
Halal food may encounter the risk of cross-contamination with Haram products, the 
non-compliance to Halal slaughtering and ill-intentions. Therefore, there is a 
problem of distrust to Halal supply chain actors. In response to confidence in Halal 
food products, Halal logo or certification on the product packaging is presented as 
the best way to inform the consumers about the compliance of food products to the 
Halal guidelines and Sharia law principles. Halal logos become very popular to allow 
customers to crosscheck Halal integrity of the product and support the purchasing 
decision for both Muslims and Non-Muslims [14]. However, possibilities of 
misleading consumers through fake logo or certificates are still present. This is 
because there are various Halal authorities or agencies in some Muslim and non-
Muslim countries which resulted in multiple Halal standards and doubtful Halal 
certifications [16]. 

To mitigate the risks of Halal meat supply chain, a level of collaboration between 
the different partners of the chain should be maintained to ensure the trustworthiness 
of Halal food integrity. This implies to say that a trustful platform based on 
exchanging information, mutuality, and transparency entails mutual benefits across 
the whole Halal chain. In a similar way, many technologies are applied to Halal 
supply chain traceability and visibility in tandem with responding to these concerns. 
In their studies, Tan et al., Bahrudin et al., and Anir et al. emphasized strongly the 
adoption of information and communication technology (ICT) for Halal 
transportation such as Global Positioning System (GPS), Radio Frequency 
Identification (RFID), and Internet of Things (IoT) to monitor Halal logistics 
activities. Since the adoption of technology into Halal logistics and supply chain has 
gained recognition [14], the scope of this study is to propose a supply chain 
traceability system for Halal meat based on embedding Islamic dietary law into 
Hazard Analysis and Critical Control Points (HACCP) approach for application to 
Halal production and processing, Blockchain (BC) and Internet of Things (IoT). 

Notwithstanding the potential of the novel BC technology to leverage the use of 
tracking systems such as RFID technology, this research topic remains overlooked 



A. Rejeb – Acta Technica Jaurinensis, Vol. 11, No. 4, pp. 218-247, 2018 

221 

and unaddressed by academic researchers. BC is an emerging technology presented 
to ensure the storage of all information related to the food products in a shared, 
visible and transparent system for all the members along the supply chain [15]. 
Several BC projects have been implemented to track and trace the movements of 
food products throughout the stages of the supply chain and consequently to ensure 
the integrity of food products. 

This paper will discuss Halal meat supply chain. Hence, it begins with a review of 
the concept of Halal and the relevant issues pertaining to the supply chain and 
logistics of Halal meat. The next section will present the typical design of Halal meat 
supply chain along with a process flow and  relevant Halal critical points are 
identified with an example of HACCP management. The following section will 
introduce the details of the BC-based system with a discussion about the critical role 
of this technology to enforce customers’ trust in Halal meat supply chain. The last 
section covers a brief conclusion for the paper. 

2. Literature Review 

Halal is an Arabic word and it refers to the Islamic belief. Halal means all things 
and actions permitted by the Sharia (i.e., Islamic law). Similarly, Halal is an object 
or an action which is allowed or lawful to be used or taken according to the Islamic 
law [17]. The antonym of Halal is Haram which means prohibited or forbidden or 
unlawful. The ideas of Halal and Haram are clearly defined within the Islamic 
teachings and it is very important to understand that the scope of Halal is so wide 
since it is a way of life and embraces good conduct and righteous deeds [18]. 
Besides, Halal status extends also to lifestyle (such as clothing) and services (Islamic 
finance, hospitality, and logistics, etc) [19]. In the context of food, the Islamic law 
demonstrates that it is mandatory and crucial for Muslims to consume only Halal 
(permitted) food and to abstain from any activities that are or will lead to Haram. It 
is extensively mentioned in the Quran (The holy book) and the Sunnah the guidelines 
for Halal food:  

“Forbidden to you is that which dies of itself, and blood, and the flesh of swine, 
and that on which any other name than that of Allah has been invoked, and the 
strangled (animal) and that beaten to death, and that killed by a fall and that killed 
by being smitten with the horn, and that which wild beasts have eaten, except what 
you slaughter, and what is sacrificed on stones set up (for idols) and that you divide 
by the arrows; that is a transgression.” (The Quran: Al-Maedah 5:3) 

Simply stated, Halal food should be acceptable (i.e., Sharia-compliant) and of 
good quality, wholesome and safe. Alcohol, pork, blood, dead meat, and meat which 
has not been slaughtered according to Islamic rulings are all considered Haram [20].  
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With respect to meat, Halal status is not just limited to the application of the ritual 
Islamic slaughter method, but additional conditions should be taken into account for 
meat to become Halal [20]. According to Tieman, Halal products or services do not 
only matter during the point of consumption or purchase but they transcend all the 
activities of the supply chain from farm-to-fork [21]. In other words, Halal status 
should be preserved through all the supply chain and Halal product should be 
protected throughout a series of movement from one supply chain channel to another 
channel until it reaches the ultimate customer [6]. This implies to say that Halal meat 
consumers have become increasingly aware and concerned about the integrity of 
Halal-meat related products with regard to their production, their distribution and 
their storage along the whole supply chain network. This could be also explained by 
the selective purchasing decision of Halal consumers, especially Muslims, for 
checking the components of the foods or drinks to ensure its non-containing of 
prohibited and Haram items. These latters can be split into many categories and they 
include any products derived from or contaminated with proscribed materials, such 
as, carrion, blood, pig, permitted animals slaughtered incorrectly, and intoxicants 
[18]. 

The slightest presence of non-Halal elements will breach the Halal status, thus this 
indicates the sensitivity and the criticality of Halal meat supply chain [14]. Kadir et 
al. divided Halal poultry meat supply chain into three main processes: the pre-
slaughtering, the slaughtering and the post-slaughtering process [22]. The same 
rationale could be used in describing the different issues in Halal meat supply chain.  

The pre-slaughtering stage involves any activities related to the rearing and 
fattening of livestock. The production of Halal meat is distinguished from any other 
type of foods by the inclusion of Halal feeding of livestock and the monitor of 
livestock health at farms [23]. Any ill or contaminated livestock should be isolated 
from the cattle and farmers have to keep a medical record of livestock relating to 
illness, medical treatments, and treatment results during the growing period [23]. 
Besides, any medical treatments and vaccination which contain pork enzymes make 
livestock non-Halal and unfit for consumption. Livestock farms should be safe and 
not within the vicinity of pig farms or run-off from pig farms [18]. It is also worth 
mentioning that Halal animals may become Haram during breeding in case the 
animals are supplied with any product derived from Haram sources or obtained 
biotechnologically through genetic engineering using ingredient and components 
from Haram species [24] [25]. In doing so, Halal will be humane to animals (i.e., 
free from epidemics, illnesses, and injuries) and environmentally friendly in addition 
to the healthiness, wholesomeness, and cleanness of meat. As a result, how the 
animals are housed, reared and fattened is the primary concern to ensure that the 
animal welfare is respected and the first steps of supply chain foundation are 
compliant to Halal guidelines. 
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Slaughtering is a very critical stage in Halal meat supply chain. The animals must 
be slaughtered according to the Sharia principles. They consist of reciting a special 
prayer “In the name of Allah, Allah is the Greatest" by a practicing Muslim, cutting 
all four tubes or vessels [18] by a sharp and clean knife which must be invisible to 
each slaughtered livestock, and a full bleeding of blood after slaughtering [4]. 
However, the use of stunning methods are very common in most non-Muslim 
countries (e.g., Western European countries) where there is a non-ritual slaughter 
that might kill the animal before slaughter and consequently render this meat 
prohibited or Haram [26]. Although mechanical or machine slaughter of birds is 
gaining acceptance among Muslims, it is undeniable that some Muslims prefer to 
purchase their Halal meat directly from the slaughterhouse or buy the animals from 
the farmer to slaughter themselves at home (which is an illegal practice in most 
European countries) or at the farm. This is evident in the Netherlands where 10 to 
13 % of the Halal meat is bought directly from the farmer and slaughtered on the 
farm or at home [20]. The same practice is common in France and Belgium [20]. 
Many opinions in regard with stunning are still controversial. Many opponents of 
pre-slaughter stunning have often cited the possible death of the animal following 
stunning and before exsanguination which makes the pre-slaughter stunning 
transgress the Islamic dietary law [27]. Others attribute the retention of more blood 
in the carcass of animals to pre-slaughtering stunning. Nevertheless, several studies 
have demonstrated that there is no difference in terms of the total blood lost at 
exsanguination between animals slaughtered either with or without pre-slaughter 
stunning [28] [29]. These misconceptions yield to a lack of consensus within the 
Muslim community and pave the way to fraudulent activities in the Halal meat 
supply chain. Overall, there are different interpretations with regard to the 
slaughtering process in terms of the acceptance of machine slaughtering and 
stunning [30] but it is beyond the scope of this paper to discuss in details the Sharia 
requirements for stunning. 

The post-slaughtering stages include the process of packaging, labeling and 
transporting the livestock [22]. All aforementioned activities need to comply with 
the Islamic Sharia [31]. Given that logistics is defined as all activities which facilitate 
the movement of the right product at the right time, at the right quantity, with the 
right descriptions and in good conditions [32], Halal status should be ensured during 
any activities and must adhere to the several Sharia principles. 

The transportation process is a very important step to ensure the integrity of Halal 
logistics. It must be guaranteed that there is no cross-contamination of Halal meat 
and meat products with non-Halal substances such as pork carcasses. The risk of 
cross-contamination may happen if there is no proper segregation between Halal and 
non-Halal products and when the same container is jointly used for both [33]. 
Research has repeatedly underpinned the need for physical segregation of Halal 
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products to prevent any intentionally or unintentionally direct contact with elements 
that can taint Halal status [34] [35]. Thus, this could lead customers to doubt if the 
product is really Halal, which will result in rejection of the Halal product. This could 
be also accentuated by the perception of Muslim consumers to the high risk of 
contamination especially for refrigerated and bulk products (e.g., meat) [34]. In a 
similar vein, since the avoidance of doubt is an important concern for Muslims in 
both Muslim and non-Muslim countries [11], Manufacturers and suppliers can 
mitigate this risk by the dedication of an entire transportation system for this type of 
logistics activity [33]. In doing so, they will reduce the risk of cross-contamination 
and ease the delivery process to their customers [33]. 

However, the preferred level of Halal food segregation is different between 
Muslim and non-Muslim countries. According to Tieman et al., the Halal flaws are 
less frequent in Muslim countries than the non-Muslim countries, where an extensive 
segregation to the last mile is needed [34]. Plus, Halal logistics is more complex and 
costly in these countries due to the smaller volumes of Halal products destined to 
Muslim minorities. In view of that, [34] shows that to satisfy 80 percent of the 
Muslims in the Netherlands, the non-mixing of Halal and non-Halal meat in the same 
fridge and on the same load carrier or pallet are required for the supermarket, 
transport, and storage. With regard to export and import operations via sea or airport, 
the segregation of Halal and non-Halal meat in the same carton box is required to 
satisfy the already mentioned percentage. 

Knowing that almost all food producers outsource their transportation activities to 
the third party logistics (3PL) service providers due to the low-cost operations it 
brings and the need to satisfy customers of Halal food products in every part of the 
world, it is extremely difficult and challenging to assure no breakage of Halal 
procedures during the transportation of the products [22]. Most logistics service 
providers are reluctant to provide a dedicated transport fleet for Halal meat because 
the volume of Halal meat for the domestic market is small [16]. As a result, they do 
combine the shipment of Halal meat with non-Halal meat to achieve economies of 
scale. Although a combined shipment of Halal and non-Halal meat can be acceptable 
when there is some effective separation (e.g., the use of a curtain or special cage), 
the cross-contamination can be minimized but not completely avoided. 

Furthermore, Halal logistics is still in infant stage even in Malaysia which aspires 
to become the Halal hub in the future [32] and there is no a successful model of a 
logistics company practicing total Halal logistics [5]. This refers to the lack of the 
knowledge and experts in conducting conveniently Halal logistics. Plus, the efforts 
of educating and training logistics service providers about Halal logistics are still 
limited and insufficient [5]. Similarly, some logistics companies consider the 
training provided by Halal authorities insufficient, not progressive or irrelevant to 
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their business [5]. As interestingly aside from this, there is a lack of collaborative 
efforts among the logistics service providers. The integration between conventional 
logistics and Halal logistics service providers is weak and there is a possible 
inclusion of Haram or doubtful substances in the products in the supply chain and 
thus the information will not be disclosed or shared [5]. This could be also explained 
by the inconsistent practice of Halal logistics by the partners of the supply chain and 
hence any party which is not practicing Halal approach will temper the Halal 
integrity [5]. 

Food packaging (ranging from primary, secondary and tertiary packaging) plays a 
vital role in ensuring the protection, storage and hygienic of a product and it plays a 
key role in reducing the potential contamination [18]. In addition to the functional 
benefits of packaging, Halal meat and meat products must be appropriately packaged 
with packaging materials that are in accordance with Sharia law [36]. Likewise, the 
origin of the packaging materials still matters. The production of plastic packaging 
which uses animal-origin gelatins and the use of oil as a lubricant to assist the 
production of metal cans could void Halal status if they are derived from not properly 
slaughtered animals or from animals whose Halal status is questionable [32]. 

Food supply chains are highly exposed to the risk of economically motivated 
adulteration (EMA). It is defined as the fraudulent, intentional substitution or 
addition of a substance in a product for the purpose of increasing the apparent value 
of the product or reducing the cost of its production, i.e., for economic gains [37]. In 
view of this, tampering, misrepresentation of food ingredients or packaging, and the 
false or misleading statements made about the product are not a new phenomenon 
for meat. Indeed, the intentional mislabeling of non-Halal products as Halal in order 
to mislead consumers into buying such products is considered as an offense [27]. 
This is consistent with Mueller who compared the profits from food supply chain 
fraud to cocaine trafficking, with fewer risks [38].  Besides, the adulteration of pork 
is not uncommon in Halal meat and meat products and porcine derivatives are the 
most frequent non-Halal materials fraudulently used by meat processors [3]. This is 
because they are cheap and readily available [39]. Also, the adulteration and 
mislabeling of Halal meat is not restricted to non-Muslim countries (e.g., the 
European Union countries). Nowadays, there are some Muslim countries that are 
concerned with meat adulteration and Halal certification since meat is imported from 
various non-Muslim countries such as USA, Europe, and China, even so, 
certifications are not necessary when meat is sold fresh at easily recognizable joints 
[3]. In this context, [40] conducted a test of 143 processed Halal meat (beef and 
poultry) products in Malaysia for the presence of non-Halal proteins from pigs, rats, 
cats, donkeys, dogs and other undeclared permitted species. They found 78% of 
mislabeled products and buffalo DNA was detected in 40 out of 58 products labeled 
as beef, while 33 out of the 58 products contained undeclared chicken. 
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Even though Halal logo or certificates contribute to reassure Muslims about the 
compliance of food products they consume to Islamic dietary guidelines, consumers 
are still skeptical about the authenticity of Halal logo or certificates [4]. Several cases 
decoy the trust of Halal consumers in many countries and among them Malaysia. 
Many food traders have been caught displaying fake certificates or self-made Halal 
logo which tarnished the reputation of Halal industry [4]. Besides, the fake and 
unauthorized certifications are explained by the inefficient, time consuming and 
costly certification processes [41] [42] and the corruption among certification 
authorities [43]. As such, [44] mentioned that procedures for Halal certification must 
be smooth and not too strict. [45] suggested that Halal logo or certificates must be 
authorized and issued by a credible Islamic organization in order to prevent 
fraudulent, fake and misleading logo or certificates. 

It is acknowledged in the literature that among the most important issues in 
relation with Halal logistics are the lack of Halal certification authority and synergy 
by Halal authority agency in implementing the enforcement to logistics players [33]. 
In fact, there are scarce standardized Halal guidelines and an absence of a worldwide 
Halal certification such as a universal Halal logo. This yield to many challenges in 
maintaining Halal integrity throughout the supply chain [5]. Besides, there are 
prevalent issues regarding Halal regulation and enforcement in non- Muslim 
countries. Halal governance is under the supervision and control of several private 
entities [35] [46]. This has resulted in the existence of multiple bodies offering Halal 
certification services [22]. That is to say, any organization is able to provide or claim 
to provide Halal certification and inspection services for the manufacturers that want 
to tap the Halal market. That’s why there is a growing skepticism among Halal 
consumers and manufacturers about the trustworthiness and credibility of these 
certification bodies [22]. 

3. Halal Meat Supply Chain and Halal Critical Control Points 

(HCPs) 

3.1. Halal Meat Supply Chain and Process Flow 

Generally, Halal food supply chain refers to the process of supplying Halal food 
from farm-to-fork while preserving its Halalness. According to [47], it is defined as 
the process of managing the procurement, movement, storage and handling of 
materials, parts, livestock, semi-finished inventory food and non-food and related 
information as well as documentation flows across the supply chain in accordance 
with the general principles of Sharia law. With regard to this context, the typical 
Halal meat supply chain consists mainly of the following various actors as shown in 
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figure 1: farmers or breeders, abattoir, meat processors, wholesalers, distributors, 
retailers, and final consumers. 

 

Figure 1. The Typical Halal Meat Supply Chain  

The farmers or breeders start the upstream flow in the chain. In the pre-
slaughtering stage, they play the role of livestock custodian (from young livestock 
to ready for slaughter). The background environment of farming should be assessed, 
including the distance from the vicinity of pig farms in case of a diverse livestock 
rearing, the welfare of the animals and the prescribed vaccinations. The livestock 
will be transported to the abattoir by the carriers and reasonable measures regarding 
the safety of animals should be ensured. In the abattoir, all slaughtering processes 
should be carried according to the Islamic law. As stated in figure 2, it is obvious 
that the real threat concerning the Halal critical control points within operations of 
the meat supply chain occurs at the slaughterhouse. 

 Five out of the ten critical control points identified in this study are found in the 
slaughtering stage. Besides, it is the responsibility of a Halal supervisor in the 
abattoir to crosscheck the health of the animals and separate the sick and injured 
ones. After a judgmental selection made by the Halal supervisor, the animals will be 
delivered for the slaughtering process. This is a key stage as differentiation between 
Halal and non-Halal meat occurs at this point [49]. The animal will be slaughtered 
one at a time. Stunning methods must be clearly administered and the time gap 
between stunning and slaughtering should be sufficient enough to let the animal die 
with bleeding in order to avoid the cross-contamination between Halal and non-Halal 
slaughtering. In case of a manual slaughter, which is the preferred method for cattle, 
the knife should be very sharp, clean and the slaughter should be performed by a 
Muslim and by a single swipe in order to reduce pain as much possible. Otherwise, 
the machines and equipment used for slaughter have to be cleaned and dry to avoid 
any contact with non-Halal products [50]. For the birds, mechanical slaughter is 
gaining acceptance among Muslims in Western European countries [20]. 
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The invocation is a recitation of special prayer pronounced by a Muslim 
slaughterman while cutting the throat of an animal or while switching on the 
slaughtering machine. In addition, one Muslim slaughter person is positioned behind 
the machine to perform the slaughter if the machine misses a bird or if the cut is 
inadequate for proper bleeding [20].  

After the complete bleeding, the animal will be skinned and its internal organs will 
be then removed. In this step, the meat inspector will perform the necessary 
inspection of the internal organs to check for any abnormalities in the cattle. The 
same applies to the scalding of poultry but without the need for an internal 
inspection. A trained slaughter person is preferred for efficiency and minimization 
of skin and carcass damage [47]. Immediately after that, the Halal logo will be 
stamped on the carcass using a special ink before it is sent to the chiller room to be 
cooled overnight [48]. 

A Halal dedicated transport logistics operator is preferred to carry out the shipment 
of carcasses from the abattoir to the meat processors.. This practice helps to reduce 
the risk of cross-contamination. At the meat processors, great care should be taken 
during cleaning, deboning, mincing, cutting, packaging and labeling. Packaging 
materials should be in accordance with the Halal guidelines. Plus, the final meat 
products are packed and Halal logos will be displayed on the different levels of 
packaging and the Halal meat will be stored in good working practices while waiting 
for shipment to wholesalers, distributors and retailers. Eventually, retailers must 
preserve the Halal integrity while meat is displayed for sale and not mixing Halal 
with non-Halal meat products. Any inquiry from the customer to verify the origin of 
the Halal meat should be welcomed by the seller by granting him the right to look at 
the Halal meat certificate. 
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Figure 2. The Process Flow of Halal Meat and Halal Critical Control Points 

(HCPs) (Adapted from Riaz and Chaudry [47])  

3.2. The application of HACCP in Halal Meat Supply Chain 

The HACCP is a systematic approach which focuses on risk management and 
prevention to ensure food safety [15]. This implies to say that it aims to identify, 
assess and control hazards during production, processing, manufacturing, 
preparation, and use of food to ensure its safety when consumed [48]. Apart from 
management tools used to assure food safety, the focus of quality assurance schemes 
has become more comprehensive approaches allowing the assurance and 
safeguarding of process standards, relating for instance to animal welfare and 
certified production methods such as organic or Halal [20] [49] [50] [51] [52]. In 
this respect, Halal Assurance System (HAS) is presented as an internal mechanism 
to monitor, control, improve and prevent any non-compliance in Halal production 
[53]. HAS is based on the concept of Total Quality Management (TQM) [54] with 
the inclusion of three main elements; zero limit (Halal material used in the 
production), zero defect (Halal product is produced) and zero risk ( risks of Halal 
integrity breach). The principles of HAS are similar to HACCP approaches but with 
the added value of monitoring and control Halal status throughout the supply chain. 
Therefore, Halal control activities and assurance are essential to establishing a robust 
Halal food supply chain less vulnerable to Halal contamination [55]. Several critical 
points have been introduced by [56] at the slaughterhouse level to ensure the Halal 
status of meat. Nevertheless, an embedded Islamic dietary law into HACCP 
integrated system would require that the entire Halal meat chain is controlled 
according to HACCP principles with zero tolerance level at the implementation of 
corrective actions since any deviation (i.e., contamination with Haram materials) is 
deemed unacceptable from religious standpoint [57]. Figure 2 presents an integrated 
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quality assurance system with Halal critical control points. These points pertain to 
the whole Halal supply chain and if they are identified, controlled and monitored, 
they will prevent the possibility of Halal non-compliance. The Halal critical control 
points are identified with their control measures then followed by a table which will 
summarize the monitoring procedures for each hazard and the required corrective 
and preventive actions.  

 Risks of the inclusion of non-Halal animals and unpermitted foods or materials 

(HCP1): The animal must be within the category of Halal species allowed to be 
consumed in Islam. Non-Halal-animals are not permitted even if they are slaughtered 
in a Halal manner [45]. No genetic cross-contamination from Haram species is 
allowed or the use of Genetically Modified technology to derive genes from non-
Halal animals. Halal animal feed is important in the Halal chain. Muslims are 
prohibited from consuming animals that have eaten filth [20]. Besides, carnivores 
and animals fed with animal protein are strictly forbidden. Ingredient in the feed mill 
must not contain any genetically modified organism from unpermitted animals [20]. 

Risks associated with animal welfare (HCP2): Islam stresses out the humane 
treatment of animals before, during and after slaughter. Animals must be in good 
health, not stressed or excited before slaughter. Plus, they have to be well-nourished. 
The knife must be invisible to station [31]. No animal should be able to witness the 
slaughter of another animal [20]. 

Risks related to Stunning (HCP3): Since stunning is commonly used in many non-
Muslim countries to make the animal insensible and thus to inflict less pain for it. 
However, stunning should not render the animal dead and if the animal is not 
slaughtered after a certain time it will regain consciousness. 

Safety risks associated with a knife and related equipment (HCP4): The knife must 
be clean before slaughter, flaying, and dressing. Ensure all equipment properly 
maintained (knife sharpness, proportionate size, cleanness of rotary knife 
slaughter…). Utensils, equipment, and machinery (including all food contact 
surfaces) must be cleaned, sanitized and untainted by contact with Haram materials 
[58] [57]. Chemicals used for cleaning should be screened to avoid animal fat origin 
[56] and brushes should be Halal certified since it can be made of pig’s hair [59] 

The inclusion of non-Muslim slaughter (HCP5): Slaughter should be performed 
by an adult Muslim with a sound mind [56] and without gender distinction. Jews and 
Christians can be involved in Slaughter since the prophet Muhammed used to eat 
meat prepared by Jews and Christians [11]. The meat of an animal slaughtered by an 
idolater, a nonbeliever, or someone who has apostatized from Islam is not acceptable 
[56]. 
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Safety risks associated with slaughter method (HCP6): It is necessary that 
slaughter method should be done humanely and avoids the unnecessary pain of the 
animal. The throat must be cut with a swift blow severing the carotids, jugulars, 
trachea, and esophagus and without reaching the bone. The animal skinning and 
removal of internals before deboning should be carried properly to maintain the 
safety of meat and preserve its quality. Halal carcasses should be cooled in a 
convenient and cold storage environment. 

Risk of Invocation inaccuracy (HCP7): A supplication must be invoked while 
slaughtering the animal. In doing so, the slaughterman recalls his responsibility in 
respecting the prescribed method of ritual slaughter and in removing any doubt as to 
whom the animal is dedicated [60]. Besides, it reinforces the notion of sacrificing 
the animal to the Almighty God. Any invocation of another name than God renders 
the meat Haram [20].   

Risks associated with segregation (HCP8): In the usual case, meat processors 
outsource the shipping of the carcasses from the slaughterhouse to their facilities or 
they rely on their own transport vehicles. The refrigerated containers of the vehicles 
used to transport carcasses must be cleansed thoroughly. The storage conditions of 
the meat should be inspected by the related inspector to ensure the appropriateness 
of storage condition (temperature, sound segregation in case of non-Halal logistics 
service providers). During transportation, Halal meat must be handled properly to 
avoid the risk of cross-contamination. 

Safety risks associated with packaging and labeling (HCP9): Site assessment as 
part of assured scheme (e.g., temperature controlling, disinfecting, and equipment). 
All processing practices should be according to good working practices, and process 
activities should be aligned with Halal guidelines [15]. The packages and cartons 
should be labeled with appropriate statements (e.g., ‘keep refrigerated’) to inform 
distributors and retailers about the necessity of keeping the product cold [61]. For 
meat to be packaged and labeled properly as Halal, previous Halal control points 
should be evaluated by a reputable supervisory organization, which acts as a trusted 
third party and independent certification body [20]. 

Safety risks associated with Retail Management (Halal meat outlets) (HCP10): 
Retail management and distribution are a critical issue to prevent the risk of cross-
contamination. Retailers have to ensure the Halal status of meat at their retail outlets. 
Besides, all retail management practices should be according to working practices 
and should preserve Halal integrity (e.g., proper refrigeration, checking the lifetime, 
separation of the expired meat products, and prevention of meat intermixing, etc.). 
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Table 1. Generic HCCP management applied to the Halal Meat Supply Chain 
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4. The traceability System Based on Blockchain and Internet of 

Things  

Since food products are scattered between the different actors of the supply chain, 
there are growing concerns to ensure food safety by the adoption of many internet 
of things technologies. Besides to being unsafe, the possibility for Halal food to be 
non-Halal is greater due to the travel distance whereby a lot of handling points will 
be included and the persistent risk of cross-contamination with non-Halal materials. 
To address the issues related to the stringent compliance of Halal products with 
Sharia law, there are a few preliminary publications in studies on the traceability of 
Halal meat products [31]. As a solution to that, [64] suggested a method to determine 
if the poultry is slaughtered according to Islamic way using an investigation of meat 
color. Junaini and Abdullah described a mobile-based support application for 
Muslims to identify Halal status [65]. Kassim et al. introduced a system to verify 
and recognize the information of products and thus to confirm their Halal status in 
real time from a real-time access to its database [66]. Bahrudin et al. proposed a 
comprehensive and suitable tracking and tracing technology using RFID to sustain 
the integrity of the Halal product and support the entire supply chain of Halal product 
process [47]. Iskandar et al. found that technologies such as TMS (Transportation 
Management System), WMS (Wharehouse Management System), EDI (Electronic 
Data Interchange) and GPS (Global Positioning System) are widely used among 
Halal logistics service providers [67]. Besides, [67] accentuated the compatibility of 
RFID’s tracking and tracing characteristic with the Halal transportation guideline. 
Mohammed et al. present a framework in the development of an RFID-enabled 
HMSC network for enhancing traceability of Halal meat integrity throughout its 
entire supply chain [31]. All the previous research mentioned are the idea of using a 
centralized system which was latterly the only conceivable way to attain information 
transparency along supply chains [15]. However, there is not enough evidence about 
the accuracy and trustworthiness of the shared information in the traceability system 
and between Halal meat supply chain actors. As a result, this yields to an opaque 
system, information asymmetry, and many other issues. RFID- enabled traceability 
system is insufficient to guarantee the Halal integrity of meat. The manual retrieval 
and storage of information in the central database entail to many possibilities of 
misleading and falsification. In a similar way, it is problematic to ensure that what 
is termed Halal meat products are correctly compliant to Islamic dietary law and free 
from any misleading provenance histories. Hence, to mitigate the deficiencies of 
previous Halal traceability systems, we develop a conceptual framework of Halal 
meat BC system as illustrated in figure 3.  
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Figure 3.  Conceptual framework of the Halal meat BC system (adapted from [15]) 

 

BC is a distributed ledger that becomes the foundation of a very robust system of 
trust, decentralization, and collaboration. The information through the system is 
publicly shared, replicated and permissioned. Besides, all the data in the BC is 
public, and any user has the access to add data in term of transaction which is 
identifiable data package in the system, to check and to copy this data at any time, 
but without the ability to change it [15]. Additionally, the BC validates the 
transaction without requiring intermediary assistance or the necessity of previously 
trusted entities [68]. Alternatively, the technology uses cryptographic or digital 
signature which is the trusted method to confirm the validity and finality of the 
transaction between the different parties [68]. Consequently, BC is a decentralized 
consensus system where all peers or partners come to an agreement regarding a 
business transaction and securely reach a state of harmony without the presence of 
the third party. Aside from being best-known for powering cryptocurrencies, BC 
technology revolutionizes and transforms the regulatory oversight of business 
transactions and thus it expands its seamless success to be incorporated into other 
industries. Similarly, this provides unprecedented opportunities for Halal industry to 
overcome the inherited problems (e.g., trust concerns, cross-contamination, frauds, 
tampering and falsifying, and fake Halal logos…) in the supply chain and logistics 
by the adoption of this ground-breaking and disruptive innovation. 

Halal meat supply chain can be the best application scenario to show how actions 
in HACCP and previous RFID-enabled systems can be leveraged by the proposed 
BC-based traceability system.  So, all Halal meat supply chain participants should 
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register themselves in the peer to peer network and match their identities and digital 
profiles in back-end database which maintains an openly distributed ledger that can 
be accessed and inspected at any time and from any location [68]. After registration, 
each actor of the chain (i.e., node) will be provided with two different keys for 
encryption and decryption, also respectively known as a public key and a private key 
[69] to digitally sign each operation on the distributed ledger. The public key serves 
to identify the user within the system and the private key can be used for 
authentication when interacting in the network [70]. The different links involved in 
Halal meat supply chains are: Farming, Slaughtering, Meat processing, Distributing, 
Retailing, Certification 

4.1. Farming  

Farmers store in the BC information about each livestock. Each animal will be 
attached with wearable RFID tags or sensors and will be assigned to a digital profile. 
Besides, the use of RFID sensor tag can automatize the data entry process related to 
each livestock’s physical condition (e.g., heartbeats, body temperatures, breath, 
sweat). Plus, these devices, if build precisely and used correctly, can provide a timely 
diagnosis of potential animal diseases, eventually decreasing economic losses [71]. 
The gathered information by RFID readers is sent to a host computer management 
system and there is a constant flow of up-to-date and real-time information in the 
digital profile of each livestock in the server. In doing so, the farm monitoring will 
be conducted easier than using writing notes, keeping farm diary, or using simple 
equipment without data-sharing function [71]. Animals’ food intake and nutritional 
requirements will be monitored in such a way that the ingredients and the blend of 
feeds and fodder make it very safe and free from any Haram substance. The watering 
points or basin can be installed with water sensors, while smart contracts can 
autonomously fire, hence alerting the farmers about the record of water 
contamination (i.e., when sensors’ values are outside certain threshold) and the 
necessity of separating contaminated livestock from others. In addition, the farmer 
maintains a medical record of each livestock relating to vaccination, illnesses, and 
medical treatments during the fattening period. All the information of given medical 
treatments and vaccination should not contain any non-Halal material (e.g., pork 
enzymes) [31]. The Halal meat supply chain starts at the farm and the farmer 
generates the genesis block and adds the required information about the livestock as 
described in the figure 1. The block is verified by the registers in the BC system 
before the next block being added to the chain. Each farmer has its own identifier 
(ID) in the distributed ledger since there might be many farmers who are supplying 
meat processors. In the generic block, the farmer puts all the aforementioned 
information to be shared with other supply chain actors and to be verified and added 
to the chain. 
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Figure 4. Typical generic block generated by the farmer (Adapted from [31]) 

4.2. Slaughtering  

After transporting livestock to the abattoir, information data of each livestock will 
be gathered and stored automatically into its profile by scanning their tags through 
an abattoir’s RFID-reader mounted gate. Violations related to the employment of 
unaccredited slaughtermen should be addressed by abattoir supervisors. In order to 
comply with the Halal slaughtering process, slaughtering stations have to be 
monitored by abattoir operators through installed cameras [31] to enable continuous 
control of the activities that pose a high risk to animal welfare and Halal integrity 
such as the stunning area. If the animal is not slaughtered according to Sharia law, it 
should be separated and marked as non-Halal. At the end of slaughtering, each 
segmented carcass is tagged with a new RFID sensor to keep a continuous record of 
pH values. The information can be collected by an RFID handheld reader and 
subsequently entered into a new block which is visible, transparent, and verified by 
all the participants in the BC system. This approach will enable Halal meat supply 
chains to attain chain-wide transparency. Many answers to questions regarding the 
slaughter stage will be provided and accessible to all actors through the BC such as 
the stunning method, the abattoir location, the responsible staff for slaughtering and 
meat inspectors, and the compliance to Halal requirements. Thus, the shared ledger 
can be viewed by meat processors, retailers, supermarkets, carriers and Halal 
certification authorities. 

ID: CC01 
Block 1 

Info category  Info details  

Category  
Feeding methods  
Types of diseases/symptoms 
Treatment duration  
treatment results  
Growing history/Kg  
Enzyme history  
Last update of info 

Beef  
Halal 
Bovine ephemeral fever  
4 days  
Healed  
10 Kg/8 mth 
None  
June 19, 2017 

Breeding date  
Harvest date  

01/01/2017 
01/09/2017 
 

Prev. Hash:  abcdef0000a0b0bbcdcdfddfa56781ab 
New Hash:  8bc9ef5080b0affbadadfedea56481cb 
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4.3. Meat processing  

After receiving carcasses, meat processors start by cleaning, deboning, and cutting 
the meat into slices to be repacked in smaller sizes and attached with new 2D 
barcodes. The handheld computer’s barcode scanner will record the relevant 
information of the packed meat product. This information includes the processing 
environment, processing equipment, temperature control, basic information for 
processing enterprise and the involved personals [15]. The use of 2D barcode is 
explained by their ability to store a large amount of information as machine-readable 
and their operability as portable databases which can be scanned and decoded by 
camera-equipped mobile devices [72]. Besides, the transfer of RFID data to 2D 
labels resulted in very high accuracy in tracing the meat through the supply chain 
[75] . Meat processors may input the production data about their Halal meat products 
in the BC allowing potential consumers to access Halal meat’s data by entering 
barcodes into the BC or using a mobile scanner. Not only that, Halal BC will faster 
the flow of information and thus of materials between the meat processors and their 
customers (e.g., retailers, supermarkets). This is attained by triggering automatic 
immediate actions based on the smart contract’s terms such as meat products’ order, 
release of funds, communication, informing of Halal certification authorities and 
authority organizations. As such, business transactions will be automatized in a 
secure and decentralized manner, reduce lead-times and solve Halal issues related to 
reputation damage. For instance, to counter the risks attributable to the shipment of 
Halal meat to customers, a smart contract can be the solution to ensure that the 
payment by the customers will be only released if the logistics service provider 
confirms the delivery of Halal meat in appropriate conditions, with proper 
segregation and without any cross-contamination with other non-Halal meat inside 
the refrigerated vehicle container [70]. 

4.4. Cold chain distribution  

In the distribution process of Halal meat products, meat processors transfer the 
ownership of the processed meat products to distributors and retailers through the 
BC. Third-party logistics service providers are responsible for ensuring that Halal 
meat is delivered in a dedicated transportation unit that preserves Halal integrity. 
This is can be done by the use of vehicles equipped with a safety system (e.g., RFID 
reader, temperature sensor, GPS) which controls the temperature and the humidity 
in the different areas in the refrigerated containers. Besides to the 3T principle (i.e., 
Time, Temperature and Tolerance), a zero tolerance practice is adopted to ensure 
that the religious requirements are stringently respected [57]. Relying on these 
technologies, real-time environmental data of Halal meat (e.g., temperature and 
humidity) can be added to their digital profiles and tags at a regular time intervals 
[15]. Not only that, sensors (e.g., GPS and temperature sensors) and smart contracts 
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can automatize the process, update the meat products’ digital profiles whenever 
anomalies are detected during the distribution phase, and send notification alert to 
the driver about the security threshold. In addition, the GPS system helps to position 
refrigerated trucks from remote distribution centers and help to optimize short 
delivery time in a way to guarantee the freshness of Halal meat products. The 
delivery and storage condition in the refrigerated container should be inspected and 
verified by the related staff in the BC to ensure that there is not improper physical 
segregation (i.e., in case there is not a Halal dedicated logistics service provider) 
which could, therefore, increase the trust in the Halalness of meat and avoid cross-
contamination with Haram products. Eventually, BC can enhance the long-term 
relationship between logistics service providers and their customers in term of 
collaboration, goal congruence, information sharing, digitalization of paper flows, 
consolidation of Halal cargo, new value-added logistics and services, and more 
efficient settlement. Likewise, BC can also leverage the use of innovative logistics 
concept such as Halal cargo boxes. 

4.5. Retailing 

Retailers and supermarkets receive Halal meat products and store them in the BC. 
Customers can use their phone cameras or the available RFID reader to obtain the 
basic information about Halal meat products when they are shopping by scanning 
their barcodes. Thus, consumers will be able to transparently verify the whole history 
and provenance of Halal meat products and support their purchase decision-making. 
Besides, thanks to BC technology, retailers can have the access to a unique digital 
product memory for not only the Halal meat products but also for the animal from 
which meat is derived, the status of the used equipment, and all Halal inspections 
used throughout the entire supply chain. Similarly, BC provides a robust traceability 
system resistant to falsification and immutable. It ensures the Halal integrity of the 
meat and meets consumers’ expectations and trust concerns by enabling each supply 
chain actors to retrieve easily the whole history of Halal meat products. Therefore, 
all Halal meat supply chain actors will be involved in a decentralized system which 
eradicates trust problems (e.g., fake Halal logos, Halal integrity breach, tampering, 
and misleading product’s information) and promotes more openness, transparency, 
reliability and security [70].  

4.6. Halal Certification Bodies  

Throughout the different phases of the Halal meat supply chain, Halal certification 
bodies will benefit from BC through the easy editing of Halal meat supply chain and 
faster service to involved participants. Problems with regard to long Halal 
certification procedures, claims of Halal integrity breach and food safety hazards 
will be easily and instantly verified in the BC in a transparent way and with a rapid 
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trace-back capability. Overall, BC can address the scarcity of a globally recognized 
Halal certification bodies by consolidating their efforts with other supply chain 
actors to respond to Halal issues and crisis. 

5. Conclusion  

In this paper, we addressed the different issues and problems pertaining to Halal 
meat supply chain management and logistics. To respond to the increased interest 
for Halal products and the growing concerns of Muslim consumers toward the 
integrity of Halal food in general and meat in particular, we proposed a new 
decentralized traceability system based on BC and internet of things (i.e., RFID). 
Besides, an application scenario was presented to integrate food safety and Halal 
under HACCP. To promote the efficiency and the success of the HACCP-based 
Halal quality-assurance system for application to slaughtering, meat processing and 
distribution, an environment that reduces the risk of contamination and Halal 
integrity breach is necessary to protect Halal meat from various hazards that render 
food not only unsafe but non-Halal and unfit for consumption by Muslims. 
Therefore, IoT technologies (e.g., RFID and sensors) are considered as key enablers 
for the traceability and the monitoring of Halal meat through all its intermediate 
phases and from farm-to-table till it reaches the final consumers. To address the 
problems of centralized systems in previous studies about Halal meat traceability, 
we propose a BC based-system which will provide more visibility over real-time 
information to all Halal meat supply chain partners on both the safety and the Halal 
integrity of meat products. This new traceability system overcomes the risks posed 
by the centralized information systems and brings more openness, transparency, 
reliability, and security. BC may have the potential to revolutionize Halal industry 
and promote the success of Halal meat supply chain by leveraging the collaboration 
between all parties of the value chain (i.e., farmers, meat processors, distributors and 
retailers, logistics service providers, and Halal certification bodies). Plus, it helps to 
ensure the higher compliance to Halal guidelines in farming, slaughtering, 
processing, distribution and the downstream requirements for more Halal products’ 
authenticity and food safety. Future research may consider the development and 
discussion of BC-based traceability systems for other Halal markets, namely 
cosmetics, Halal tourism, and pharmaceuticals. 
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