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Effect of stabilizers on stiffness modulus of soil layers:
A review
Dariush Moazami*, Zainuddin Md. Yusoff, Ratnasamy Muniandy and Hussain Hamid
Department of Civil Engineering, University Putra Malaysia, 43400 UPM Serdang, Selangor, Darul Ehsan, Malaysia.
Accepted 15 August, 2013

Subgrade layer has a significant contribution in the pavement structure, and the quality of this layer has
a great impact on the subsequent pavement design. Pavement design guide as specified in the
AASHTO (2002), incorporates engineering properties of unbound and stabilized subgrade soils, since in
many cases fatigue or rutting failure in pavements are due to insufficient stiffness modulus in soil
layers. Subgrade materials are characterized by common engineering properties including stiffness and
strength. Appropriate treatment using different additives is considered an effective way to achieve a
more durable pavement structure and also to increase the stiffness modulus. In this paper, the
importance of using proper stiffness for underlying layers and the effects of common additives such as
lime, cement and fly ash on improving the strength and stiffness modulus of soil layers are highlighted.
Key words: Stiffness modulus, cementitious stabilization, soil properties.

INTRODUCTION
Subgrade in pavement design and construction is a very
important layer since it must provide a stable platform for
the subsequent top layers. In addition, pavement design
is greatly influenced by the quality of this layer. Subgrade
materials should be characterized by their engineering
properties such as strength and stiffness (stress-strain
relationship under traffic loading) in order to control
pavements damage. Providing sufficient stiffness for
subgrade cannot be easily obtained all the time; hence,
reinforcing the subgrade layer is inevitable and it is
necessary to improve the existing stiffness modulus by
using various stabilizers. Therefore, improving the
engineering properties of subgrade soils using
cementitious stabilizations is widely used.
Resilient modulus (Mr) and Unconfined Compressive
Strength (UCS) are the essential values of stabilized soils
in the new Mechanistic Empirical Pavement Design
Guide (MEPDG, 2004) when designing a new pavement.
However, only limited studies have specified these

parameters (Solanki et al., 2009). This paper presents a
comprehensive review on the importance of using
adequate stiffness for underlying layers and utilizing
common additives with their percentages. Furthermore,
the associated improvement in the engineering properties
of the subgrade is reviewed.
Importance of appropriate subgrade stiffness
Studies conducted on pavement structural design
indicates that pavement layer thickness is governed by
the stiffness of subgrade and granular layers. Thus
information on the stiffness modulus of subgrade and
granular layers are required before performing any
pavement design. In a pavement structure; base,
subbase and subgrade layers with high stiffness values
possess higher stress distribution ability than those with
low stiffness. Thus the required thickness of the
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pavement can be reduced when stiffer layer components
are used in the pavement structure. Accordingly,
considerable reduction in the construction cost can be
achieved beside the optimum design.
On the other hand, pavement layers with low stiffness
values exhibit weak performance and in order to improve
their properties, it may be required to either increase the
asphalt final thickness or to improve the stiffness of the
soil layers using appropriate additives. Increased
stiffness causes the traffic load to spread over a greater
area.
Furthermore, numerous studies have indicated that
many cases of fatigue or rutting failures in pavements are
due to inadequate stiffness of soil layers (Van Zyl and
Maree, 1983; Wright and Paquette, 1987; Barksdale and
Itani, 1989; Zakaria and Leest, 1996; Jegede, 2000;
Giroud and Han, 2004; Mulungye et al., 2007; Xu and
Huang, 2011; Cardone et al., 2011).
Barksdale and Itani, (1989) indicated that uncrushed
gravels have a lower stiffness modulus than crushed
stones making them more susceptible to rutting. In
addition, Zakaria and Leest (1996) stated that aggregate
type, fines percentage, moisture content, compaction and
load applications are influential factors in the induced
strains in a pavement structure. Giroud and Han (2004)
stated that bearing capacity failure, after repeated traffic
loading, in the base or subgrade layer is the main cause
of surface rutting.
Xu and Huang (2011) concluded that most of rutting in
pavement layers is related to the weakness in the middle
and lower layers. Based on studies done by Wright and
Paquette, (1987), roughly 25% of the rutting is related to
subbase, 50% to the base and 25% to the asphalt
concrete surface. Since in the MEPDG, the total rut depth
is equal to sum of the rut depths in each layer, the rutting
of underlying layers should not be overlooked. In terms of
fatigue failure, Mulungye et al. (2007) stated that even in
weak soil layers, fatigue cracking normally occurs before
rutting. According to the studies done by Cardone et al.
(2011), the stiffness of soil and granular layer must be
sufficiently high to avoid fatigue cracking.
In order to overcome the problem of rutting in
pavement layers, Jegede (2000) stated that stabilization
could improve the California Bearing Ratio (CBR) when
facing poor soil properties. His suggestion agrees with
Van Zyl and Maree (1983) who noted that when the
density of soil is increased (increased stiffness), the
plastic deformation of soils is reduced significantly. The
suggestion of Van Zyl and Maree (1983) clearly indicates
that using appropriate stiffness for underlying pavement
layers is very important. In addition, since providing
sufficient stiffness for subgrade cannot be easily obtained
all the time at the site, it is imperative that reinforcing
and/or improving the stiffness modulus of subgrade or
any of pavement layers using different stabilizers is
inevitable.
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STIFFNESS MODULUS OF VARIOUS SOILS
The stiffness of unbound pavement materials is
characterized by the resilient modulus (Mr). AASHTO
(1986) design guide has recommended the resilient
modulus for characterizing subgrade stiffness in both
flexible and rigid pavements.
In resilient modulus test, repeated axial cyclic stress of
a fixed magnitude, loading time and frequency is applied
to the top of the cylindrical soil specimen. From the
surroundings, it is under a static confining pressure
provided by the triaxial pressure chamber. In fact, this
test is the triaxial compression test under cyclic stress.
Resilient modulus can be estimated from soil
classification and soil unit weight as well. For instance,
Table 1 summarizes the resilient modulus of different
soils based on their classification.
Effect of additives on increasing stiffness modulus
Cement stabilization has been widely used to enhance
the performance of subgrade layer in pavement
structures (Khoury et al., 2006). Stabilization process
consists of mixing stabilizing agents such as lime, fly ash,
and cement with raw soil in which cementing compounds
are the key elements for strength and stiffness
improvement. The degree of effectiveness varies from
one stabilizing agent to the other.
Although several studies have been conducted in the
past to evaluate the performance of stabilized soils and
aggregates in pavement construction (McManis and
Arman, 1989; Zaman et al., 1992; Puppala et al., 1996;
Misra, 1998; Little, 2000; Miller and Zaman, 2000; Senol
et al., 2002; Khoury and Zaman, 2007), only a few
studies (Edil et al., 2006;
Chauhan et al., 2008;
Mohammad and Saaheh, 2008; Li et al., 2009; Solanki et
al., 2009; Singh et al., 2010; Solanki and Zaman, 2011;
Tastan et al., 2011; Rout et al., 2012), have determined
the required inputs for stabilized soils in the new MEPDG
(2004). These inputs include the resilient modulus (Mr)
and unconfined compressive strength (UCS), when
designing a new pavement. Common additives and the
associated results of the soil stabilization process are
summarized as follows:
Lime
Since lime chemically changes the plasticity properties of
the soil, it is frequently used to treat clays. Although lime
stabilization is effective to some extent, the strength and
stiffness enhancement is moderate.
In a study by Solanki et al. (2009), specimens were
prepared by adding 3, 6, and 9% of lime (by dry weight of
soil) to the raw soils that were classified as CL-ML with a
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Table 1. Default MR values for unbound granular and subgrade materials at optimum moisture content
and density conditions (NCHRP 1-37A, 2004).

AASHTO soil class
A-1-a
A-1-b

Resilient modulus range (psi)
38,500 - 42,000
35,500 - 40,000

Typical resilient modulus (psi)
40,000
38,000

A-2-4
A-2-5
A-2-6
A-2-7
A-3
A-4
A-5
A-6
A-7-5
A-7-6

28,000 - 37,500
24,000 - 33,000
21,500 - 31,000
21,500 - 28,000
24,500 - 35,500
21,500 - 29,000
17,000 - 25,500
13,500 - 24,000
8,000 - 17,500
5,000 - 13,500

32,000
28,000
26,000
24,000
29,000
24,000
20,000
17,000
12,000
8,000

liquid limit (LL) of 27 and a plasticity index (PI) of 5 and
CL with LL = 37 and PI = 11. The additive and soil were
blended manually to become uniform. After the mixing
process, desired amount of water was added to obtain
the optimum moisture content (OMC). The mixture was
then compacted in a mold with a diameter of 101.6 mm
(4.0 in) and a height of 203.2 mm (8.0 in) to obtain
approximately 95 to 100% of the maximum dry density
(MDD). After compaction, extruded specimens were
cured in a moisture-controlled room with 23.0 ± 1.7°C
temperature and a relative humidity of approximately
96% for a period of 28 days. AASHTO T 307-99 was
used for Mr tests, and the UCS tests were performed in
accordance with the ASTM D1633 test method. Their
study concluded that there is an increase in Mr value with
increase in the percentage of lime content since more
cementing compounds were constituted. For the raw soil,
the Mr value was found to be 153 MPa, while for samples
with 3, 6 and 9% of lime, the Mr values were 5.6, 7.1, 7.3
times more than the control sample, respectively. The
UCS was 227 kPa for the raw soil. Addition of 3, 6, and
9% of lime increased the UCS values by a factor of 1.7,
1.7 and 2, compared to the control sample, respectively.
Rout et al. (2012) investigated the resilient modulus
(according to AASHTO T-307) behavior of three
subgrade soils. Based on unified classification, the tested
soils were CH with various plastic properties. The soils
were stabilized using lime-cement to evaluate the
efficiency in enhancing the resilient characteristics.
Furthermore, effects of confining and deviator stresses
were investigated. In their study, laboratory specimens
were compacted in such a way that the sample’s height is
two times greater than its diameter (for instance 142 mm
in height and 71 mm in diameter). The soil was air dried
and mixed with 6% of lime and 3% of cement. The soil
specimens were prepared at the moisture content of 3%

more than the OMC. After initial blending of soil with lime
and cement, the mixture was maintained in the room
temperature for at least 72 h before compaction. Both
control and treated samples were cured in a humidity
room for duration of two and seven days, respectively.
Resilient Modulus values for untreated soils ranged
between 30 to 50 MPa, whereas for the same treated
soil, it was up to three times more especially for the soil
with highest plastic property. It was observed that in
untreated subgrade soil, increasing the deviator stress
resulted in resilient modulus reduction for all the three
tested confining pressures (13.8, 27.6, 41.4 KPa). This
phenomenon is due to the strain softening behavior in
clayey soils. On the other hand, in treaded soils,
increasing the deviator stress resulted in an increase in
resilient modulus; this could be because of strain
hardening behavior of granular materials. This is due to
the fact that the treated soils exhibit non-plastic behavior
and their modulus depends on confining stresses as
expected by granular materials.
Mohammad and Saadeh (2008) investigated stabilization
of A-4 clay soil with 10% of lime. Cylindrical soil specimens
(D = 71.1 mm and H = 142.2 mm) were compacted with
an impact compactor in five layers on which the repeated
load triaxial resilient modulus (AASHTO T 307, 2003) and
material property tests were conducted. The untreated
specimens were immediately tested after the compaction,
while the compacted lime-treated samples were covered
with polythene bags and kept in the humidity room for a
duration of 7, 14, and 28 days for curing. The lowest
resilient modulus in untreated subgrade soil was 35 MPa,
while for the lime-treated soils it was 2.25 to 3.25 times
more based on different cyclic stresses rages from12 to
62 KPa with 41 KPa of confining pressure.
Singh et al. (2010) evaluated the effectiveness of lime
in a sulfate containing soil, that was characterized as CL
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Table 2. Effect of lime stabilizer on improving Mr and UCS in soils.

Authors’ name

Soil type

Additive type

Solanki et al. (2009)

CL-ML, CL

Lime

Rout et al. (20120
Mohammad and Saadeh (2008)
Singh et al. 2010
Solanki and Zaman 2011

CH
A-4
CL
CL-ML
CL

Lime-cement
Lime
Lime
Lime
Lime

type (Unified-based classification) or A – 7 - 6
(AASHTO-based classification). In their study, the
optimum lime content was selected based on the
strength and pH tests. Harvard miniature
compacted specimens with 3, 6, and 9% of lime
were cured for 28 days in a moisture-controlled
room at 23.0 ± 1.7°C temperature and 96%
humidity. Samples were then subjected to UCS
test with 0.6 mm/min increment based on the
ASTM D 1632-96. The UCS results showed an
increase for up to 4% of lime, after which only a
minor change was observed in UCS value.
Among various tested percentages of lime (0, 1,
3, 5, 7, 9 and 100%); the pH value increased
significantly until 5% in the pH test (ASTM D
6276-99). Finally, 5% of lime was chosen as the
optimum content. The resilient modulus test
(AASHTO T 307-99) was performed on the
compacted samples with a diameter of 101.6 mm
and a height of 203.2 mm at OMC. The Mr result

Stabilizer
percentage (%)
3
3
6
6
9
9
6-3
10
5
6
6

Moisture
(%)
OMC

Curing time
(days)
28

OMC+3
OMC
OMC
OMC

7
28
28
28
28

for the lime stabilized soil improved up to 284
MPa compared to the raw soil with a modulus of
58 MPa when tested at a deviator stress of 42
kPa and confining pressure of 13 kPa; meaning
that adding lime had increased the Mr value by a
factor of 4.9 compared to the control samples. In
their study, the Mr values were based on
unsaturated condition, and suction or degree of
saturation were not incorporated.
Solanki et al. (2011) evaluated the indirect tensile
characteristics of lime stabilized mixtures.
According to the USCS, two types of soils
including CL - ML (silty clay with sand; LL = 27
and PI = 5) and CL (lean clay; LL = 37 and PI =
11) were selected with 6% of lime. For the
resilient modulus in tension mode (Mrt), 101.6 mm
(4 in) cylindrical specimens were compacted by
the use of Superpave gyratory to a height of 63.5
mm (2.5 in). Specimens were cured in a controlled
environment (23.0 ± 1.7°C temperature and 96%

Measuring
parameter
Mr
UCS
Mr
UCS
Mr
UCS
Mr
Mr
Mr
Mrt
Mrt

Initial
Value (Mpa)
153
227
153
227
153
227
30-50
35
58
65
29

Rate of
increase
5.6
1.7
7.1
1.7
7.3
2.0
3.0
2.25-3.25
4.9
12
22

humidity) for 28 days after compaction, as
recommended by the ASTM D 1632 test method.
Mrt values were improved for the lime stabilized
specimens. In addition, the Mrt decreased as the
stress ratio (Deviator stress/ Maximum Tensile
Stress) increased. For instance at a stress ratio of
0.36, 6% of lime resulted in approximately 12 and
22 times increase for (CL - ML) and CL,
respectively relative to the initial values of 65 MPa
for CL - ML and 29 MPa for CL. Effects of lime
stabilizer on improving the engineering properties
of raw soil are summarized in Table 2.
Cement
In Solanki et al. (2009), while using the same
procedure of stabilization for lime, they added 5,
10, and 15% of Cement kiln Dust (CKD) to CL ML raw soil. CKD is an industrial waste gathered
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Table 3. Effect of cement stabilizer on improving Mr and UCS in soils.

Authors’ name

Soil type

Additive type

Solanki et al. (2009)

CL-ML

CKD

Mohammad and Saadeh (2008)

A-4

Cement

during the production process of Portland cement.
Based on their results, the Mr value was 153 MPa
for the raw soil, while for the specimens stabilized
with 5, 10 and 15% of CKD, the Mr values
increased as much as 4.8, 15.7, 16.7 times,
respectively. In addition, the UCS value was found
to be 227 kPa for the raw soil and increased by a
factor of 1.3, 4.8, and 6 for 5, 10, and 15% of
CKD, respectively.
Mohammad and Saadeh (2008), using the
same procedure of stabilization for lime, added
8% of cement for stabilization of A - 4 clay soil.
They concluded that the resilient modulus of
cement-treated subgrade soil increased 10 to 15
times (based on different cyclic stresses) relative
to the control samples with resilient modulus of 35
MPa. Effects of cement stabilizer on improving the
engineering properties of raw soil are summarized
in Table 3.
Fly ash
Fly ash is a non-crystalline pozzolanic and slightly
cementitious material. It is an environmentally
hazardous solid waste, produced mostly from the

Stabilizer
percentage (%)
3
3
6
6
9
9
8

Moisture
(%)
OMC

Curing time
(days)
28

-

28

burning of coal in thermal power plants. Solanki et
al. (2009), using the same procedure of
stabilization for lime and cement,
prepared
specimens by adding 5, 10, and 15% of a class C
Fly Ash (CFA) to the CL - ML soil. They concluded
that, the Mr values was 153 MPa before
stabilization and increased by a factor of 1.7, 4.2
and 14.1 when 5, 10, and 15% of CFA stabilizing
agent was used. One of the reasons for the higher
Mr values is related to the high percentage of
pozzolans in CFA, which is responsible for the
constitution of cementitious products. The UCS
value was 227 kPa for the control sample.
Addition of 5, 10 and 15% of CFA increased the
UCS by a factor 1.3, 2.4 and 4, respectively as
they noted.
Li et al. (2009) evaluated the ability of Fly Ash to
increase the unconfined compressive strength
and stiffness of the subgrade soils both in the
laboratory and in the field. Twelve percent of class
C Fly Ash, by dry weight, was mixed with the
subgrade soil, which consisted of lean clay (CL),
clayey sand (SC), and silty sand (SM) (using
Unified Soil Classification) or A-7-6 with a group
index (GI) > 10, A - 6 with GI > 2 and A – 2 - 6
with GI < 1 (using AASHTO Soil Classification).

Measuring
parameter
Mr
UCS
Mr
UCS
Mr
UCS
Mr

Initial value
(Mpa)
153
227
153
227
153
227
35

Rate of
increase
4.8
1.3
15.7
4.8
16.7
6.0
10-15

The Mr tests (AASHTO T292, 1991) were
performed immediately after compaction with
optimum water content, or after 14 days of curing
while sealed in plastic wrap and kept in a room
with 100% humidity. Since, there is no UCS
standard method for Fly Ash stabilized materials,
in their study a strain rate of 0.21% per min was
used for the UCS tests based on the ASTM D
5102 for compacted soil - lime mixtures. In the
field, strength and stiffness of the stabilized soils
were evaluated by means of Soil Stiffness Gauge
(SSG), Dynamic Cone Penetrometer (DCP), after
7 days of curing, and Falling Weight
Deflectometer (FWD). Results indicated that initial
Mr of the subgrade varied between 34 and 42
MPa (with a mean = 38 MPa) while, the Mr for
laboratory - mix Fly Ash stabilized soils ranged
from 115 to 167 MPa (with a mean = 139 MPa).
On the other hand, the field-mixed Fly Ash
stabilized soil had Mr of 60 to 129 MPa (with a
mean = 82 MPa). Their results indicated that the
addition of 12% of Fly Ash to the raw soil
increased the Mr value by a factor of 3.7 in the
laboratory and 2.2 in the field, respectively. Their
results also showed that by adding Fly Ash to the
subgrade UCS increased significantly. The UCS
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of the subgrade ranged from 92 to 138 kPa (with a mean
= 112 kPa), the laboratory stabilized samples had UCS
between 360 and 1120 kPa (with a mean = 663 kPa), and
the UCS of field stabilized soils ranged from 110 to 410
kPa (with a mean = 183 kPa). Thus it is clearly shown
that addition of 12% of type C Fly Ash to the subgrade
soil improved the Mr value by a factor of 5.9 in the
laboratory and 1.6 in the field, respectively. Furthermore,
they reported that mixing condition and type of mixing
had caused these differences.
In a study by Edil et al. (2006), seven soft fine-grained
soils (six inorganic soils and one organic soil) were mixed
with four types of Fly Ashes and subjected to California
Bearing Ratio (CBR) and resilient modulus (Mr) tests. The
soils were CL, CH, OH (Unified Soil Classification) or A7-5, A-7-6, A-6 (AASHTO Soil Classification) with the
plasticity indices ranging between 15 and 38. Two of the
Fly Ashes were selected from high quality class, while the
others did not fulfill the requirements of class C or class F
based on the ASTM C 618 specification. Tests were
conducted on soils and soil–Fly Ash mixtures prepared
with optimum water content, 7% more than optimum
content as well as a very wet in situ condition (9 –18%
more than optimum water content). Unsoaked CBR tests
were performed both on the raw soils and soil–Fly Ash
mixtures according to ASTM D 1883 specification. For
the resilient modulus, AASHTO T 292-91 procedure was
followed. For compaction procedure, standard proctor
was selected after 1 to 2 h delay from mixing. Compacted
soil–Fly Ash specimens were cured at 25°C and 100%
relative humidity. The CBR tests were conducted after 7
days of curing. However, for resilient modulus test,
specimens were cured for 14 and 56 days. Adding 10
and 18% of Fly Ash increased CBR by a factor of 4 and
8, respectively. At 7% wet of optimum, Mr of the raw soil
ranged between 3 and 15 MPa. Mixtures with 10 and
18% of Fly Ash had Mr of 12 to 60 MPa and 51 to 106
MPa, respectively. They reported that Fly Ashes with
higher CaO/SiO2 ratio constituted mixtures with higher
CBR and Mr. Furthermore, finer grained or more plastic
soils have smaller CBR or Mr values before stabilization,
while greater CBR ratio and Mr ratio were obtained after
stabilization. The resilient modulus did not increase
significantly after 7 and 14 days of curing, while the
increase was noticeable between 14 and 28 days. After
28 days, little further increase occurred in the resilient
modulus. Among the four tested Fly Ashes, type C
exhibited the maximum improvement. The effect of Fly
Ash on the CBR and Mr was much lower for the organic
soil compared to inorganic soils.
Solanki and Zaman (2011), using the same procedure
of stabilization for lime, evaluated the indirect tensile
properties of soil specimens (CL - ML and CL) stabilized
with class C of Fly Ash. Results indicated improvement in
Mrt values for CFA stabilized specimens. Moreover,
increasing the stress ratio (Deviator stress/Maximum
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Tensile Stress) resulted in Mrt decline. For instance, at a
stress ratio of 0.36, adding 10% of CFA provided
approximately 7.5 and 24.9 times of increase for (CL ML) and CL, respectively.
Singh et al. (2010), using the same procedure of
stabilization for lime, evaluated the effectiveness of CFA
(12, 15 and 18%) for CL or A-7-6 type soil. The UCS
increased up to 16% of CFA, after which minor change
was observed in the UCS strength. Among various
percentages of additive (0, 6, 8, 10, 12, 14, 16, 18 and
100%), the pH value had significant increase until 4%.
Finally, the use of 16% CFA was recommended for
subsequent testing. The Mr results for the CFA stabilized
soil indicated 4.5 times increase compared to those of the
raw soils which had ranged from 26 to 58 MPa.
Tastan et al. (2011) evaluated the efficiency of different
percentages of Fly Ash (up to 30% content) in stabilizing
organic soils. Three soft organic soils with different
organic contents including silty, sandy peat (Pt, A-8(0)),
low plasticity organic sandy clay (OL-OH, A-7-5(32)), and
moderately plastic organic clay (OL, A-4(5)), were used in
this study. Unconfined compression tests were conducted
following ASTM D5102 (ASTM 2009b) with the strain rate
of 0.21% per min. The compaction effort was adjusted in
such a way that the same impact energy per unit volume
as in the standard Proctor effort [ASTM D698 (ASTM
2007)], was experienced. Compacted samples were
cured for seven days to simulate the early curing
conditions during construction at 100% relative humidity
and 25°C. Specimens for the resilient modulus and
unconfined compression tests were prepared in a mold
with a diameter of 102 mm and a height of 203 mm.
Compaction effort was as the same compaction energy
per unit volume in the standard Proctor compaction
method (600 kN/m3). They concluded that, for clayey
soils with an Organic Content (OC) of less than 10%,
UCS value increases noticeably (from 30 kPa without Fly
Ash to more than 400 kPa with Fly Ash). On the other
hand, for a highly organic sandy silty peat with OC =
27%, lower increases in UCS value were observed (from
15 kPa without Fly Ash to more than100 kPa with Fly
Ash). For instabilized organic soils, resilient modulus test
could not be performed at wet conditions since the
specimens were too soft. Addition of Fly Ash (up to 30%)
to OL - OH and OL (OC = 5 and 6%, respectively)
resulted in Mr values between 10 to 100 MPa (this
depends on the type and percentage of the Fly Ash
used). Furthermore, Mr improved up to 120 MPa at
Optimum Water Content (OWC). However, for Pt (OC =
27%), the stabilized mixture never produced Mr greater
than 30 MPa no matter which Fly Ash type and
percentage was used. Finally, they conclude that
increase in the organic content decreases the strength of
the mixture exponentially. They also reported that the
maximum UCS and Mr were obtained when the CaO
content was greater than 10% and the CaO/SiO2 ratio
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Table 4. Effect of Fly Ash stabilizer on improving Mr and UCS in soils.

Authors’ name

Soil type

Additive type

Solanki et al. (2009)

CL-ML

Fly ash

Li et al. (2009)

CL,
SC,
SM

Fly ash

Edil et al. (2006)

CL-CH

CL-ML

Curing time
(days)
28

Measuring
parameter

Rate of
increase

Mr
UCS
Mr
UCS
Mr
UCS

Initial
value
153 Mpa
227 KPa
153 Mpa
227 KPa
153 Mpa
227 KPa

OMC

14

Mr
UCS
Mr
UCS

38 Mpa
112 KPa
38 Mpa
112 KPa

3.7
5.9
2.2
1.6

-

7

10
18
10
18

≥OMC

14

Mr

9 MPa

7

CBR

-

4
8.7
4
8

10

OMC

28

Mrt

65 MPa

7.5

10

OMC

28

Mrt

29 MPa

24.9

16

OMC

28

Mr

26-58 MPa

4.5

Mr

10 Mpa

12

UCS

30

13.4

Mr
UCS

<1
15

<30
6.7

3
3
6
6
9
9
12

Fly ash

Solanki and Zaman
(2011)

Moisture
(%)
OMC

Stabilizer
percentage (%)

Fly ash

CL
Singh et al. (2010)

CL

Fly ash

Tastan et al. (2011)

OL, OLOH,PEAT
(OC<10)

Fly ash

Fly ash

Up to 30%

OWC

7

OC>27

ranges from 0.5 to 0.8.
Chauhan et al. (2008) mixed 30% of Fly Ash
and 70% of silty sand which yielded the maximum

UCS value. They stated that as the number of
load cycles and deviator stress increases, the
resilient modulus decreases. However, increasing

1.7
1.3
4.2
2.4
14.1
4.0

confining pressure resulted in resilient modulus
increase. Table 4 summarizes different studies on
the Fly Ash stabilizer.

Moazami et al.

CONCLUSION
A stable subgrade layer is a key component of a
pavement structure. Engineering properties such as
strength and resilient modulus of subgrade are influential
parameters on the overall performance of the pavement
structure, since in many cases fatigue or rutting failure in
pavements are because of insufficient stiffness modulus
in soil layers. The new Mechanistic-Empirical Pavement
Design Guide (AASHTO, 2004) incorporates engineering
properties of subgrade soils (unbound or stabilized) in the
design procedure because of its importance.
Providing sufficient stiffness for subgrade cannot be
easily obtained all the time; hence, reinforcing the
subgrade layer is inevitable and it is necessary to
improve the existing stiffness modulus by using various
stabilizers. The following conclusions were derived:
1. In treaded soils, increasing the deviator stress resulted
in an increase in resilient modulus since treated soils
exhibit non-plastic behavior and their modulus depends
on confining stresses as expected by granular materials.
2. Mrt values were improved for the lime and Fly Ash
stabilized specimens. In addition, the Mrt decreased as
the stress ratio (Deviator stress/Maximum Tensile Stress)
increased.
3. Mr value increases with increase in the percentage of
lime content. This is especially true for the soil with higher
plastic property.
4. CFA increases the resilient modulus and CBR, the
reasons for the higher Mr values is related to the high
percentage of pozzolans in CFA. Therefore, Fly Ashes
with higher CaO/SiO2 constituted mixtures with higher
CBR and Mr.
Furthermore, the amount of resilient modulus increase
differs for laboratory and in situ conditions because of
differences in mixing conditions and type of mixing.
Moreover, finer grained or more plastic soils have smaller
CBR or Mr values before stabilization, while greater CBR
ratio and Mr ratio were obtained after stabilization as
follows:
1. For CFA stabilized soils, curing time is influential in
improving the resilient modulus. The resilient modulus did
not increase significantly after 7 and 14 days of curing,
while the increase was noticeable between 14 and 28
days. After 28 days, little further increase occurred in the
resilient modulus. Among Class C, Class F, and non
classic Fly Ashes, type C exhibited the maximum
improvement.
2. Fly Ash improves the resilient modulus and UCS, while
the amount of this improvement reduces with increase in
the organic content. The maximum UCS and Mr were
obtained when the CaO content was greater than 10%
and the CaO/SiO2 ratio ranges between 0.5 and 0.8.
3. For treated soils, as the number of load cycles and
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deviator stress increases, the resilient modulus
decreases. However, increasing confining pressure
resulted in resilient modulus increase.
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In this study, a series of azobenzene-functionalized liquid crystalline (LC) polyindole derivatives:
poly{2-[N-ethyl-N-[4-[4'-(nitrophenyl)azo]phenyl]amino]ethyl-3-indolyl
acetate},
poly(In3AA-RedI),
poly{2-[N-ethyl-N-[4-[4'-(nitrophenyl)azo]phenyl]amino]ethyl-3-indolyl acetate-co-indole}, poly(In3AARedI-co-In), poly{2-[N-ethyl-N-[4-[4'-(nitrophenyl)azo]phenyl] amino]ethyl-3-indolyl acetate-co-pyrrole},
and
- - - - - - (nitrophenyl)azo]phenyl] amino]ethanol (RedI). Chemical polymerization of (In3AA-RedI), and its
copolymerization with indole and pyrrole were carried out by using ferric percholorate as oxidizing
agent. The composition, structure and thermal property of these LC polyindole derivatives were fully
characterized by FTIR, 1H,13C-NMR and UV-Visible spectroscopic methods, and its LC behavior and
photoresponsive property were also investigated by polarized optical microscope and differential
scanning calorimetry (DSC). The results show that poly(In3AA-RedI) exhibited the smectic A (SA) and
nematic (N) liquid crystalline behavior. Conclusion shifted phase transition temperatures of the
poly(In3AAg
: C→ SA (161°C), SA→ 18 °C
→
1°C
Electrical conductivity of polymer [poly(In3AA-RedI)] and two of its copolymers [poly(In3AA-RedI-co-In)
and poly(In3AA-RedI-co-Py)], has been studied by four probe methods and produced 8.3×10 -4, 6.4×10-4
and 4.7×10-3 Scm-1 conductivities, respectively.
Key words: Conducting polymers, electrical conductivity, liquid crystalline polymer, optical properties, optical
materials, polyindole.
INTRODUCTION
Conjugated polymers are well-known for their excellent
electrical conductivities in oxidized (doped) state. The
recent development of processable conducting polymers
has opened the way for large-scale industrial
applications. Conjugated polymers have been used
widely in many areas such as rechargeable batteries
(Heinze, 1991; Roth and Graupher, 1993), condensators
(Mohammadi et al., 1986), diodes (Turut and Koleli,
1993; Kolelil et al., 1994), and sensors (Hosseini et al.,
2005, 2006). Among these classes of polymers,

polyaniline, polypyrrole, polythiophene, etc. have been
studied extensively because of their favorable
processability and relative stability (MacDiarmid, 1997;
Hosseini and Entezami, 2001, 2003). Heteroaromatic
molecules containing nitrogen have very interesting
properties. Polyindole is an electro active polymer, which
can be obtained from electrochemical oxidation of indole
or chemical oxidation using FeCl3 or CuCl2 (Xu et al.,
2006). However, only little investigations have been
made on chemically synthesized polyindole (John and
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Figure 1. Side chain polyindole.

Palaniappan, 2005). The polymerization efficiency and
the conductivity of polyindole are lower than the other
known hetero atom containing conducting polymers such
as polycarbazole, polyfuran, polyisothianapthene,
polybithiophene, etc. Therefore, they did not attract much
attention as the other types of conducting materials.
There are two main procedures for the preparation of
soluble conjugated polymers: one is the incorporation of
relatively long and flexible side chains; another is the
introduction of large counterions (Zaho and Wang, 2006).
Synthesis
of
three-substituted
azobenzenefunctionalized polyindoles has attracted much interest
both from synthetic considerations as well as from
materials science. Polyindoles with azobenzene groups
in three-position will not only have better processability
and stability, but also may possess novel electrical,
electrochemical and optical properties. Thus, the
combination of polyindole backbone with photoactive
azobenzene groups can provide a new approach to
develop other novel materials with unique electronic and
optical properties. Azo chromophore has been
demonstrated to be good photoisomerizable units (Matsui
et al., 2001) for optical switching, image strage and other
electrooptic devices. The introduction of photoresponsive
moieties into liquid crystalline polymers is a useful
method to provide the liquid crystal (LC) materials with
photoresponsive properties. Hu and coworkers (Zhao et
al., 2005) synthesized a series of novel LC azobenzenefunctionalized polythiophenes with the aims of preparing
liquid crystalline thiophene derivatives for photonic
applications.
In the previous works, we synthesized a new liquid
single crystal (Yousefi et al., 2008) and reported liquid
crystalline polymer based N-substituted pyrrole (Hosseini
and Mohammadi, 2009). This polymer exhibit liquid
crystalline and electrically conductivity properties, as well.
In this paper, polyindole was selected as a main chain
skeleton. The side chain polyindole contains mesogenic
group which shows liquid crystalline property. The 3substituted of the indole ring was prepared and their
liquid crystallinity and thermal properties investigated.
Figure 1 shows side chain polyindole. So, a series of

novel
LC
azobenzene-functionalized
polyindoles
synthesized with the aims at preparation of liquid
crystalline indole derivatives for photonic applications.
The synthesis, characterization, and photoresponsive
behavior of these chromophore-based LC polyindole
derivatives were fully discussed. Molecular structure of
the LC polyindole is illustrated in Figure 2, where LC
group is introduced into 3-position of the indole unit. The
polymer consists of main chain, flexible methylene
spacer, linking group and tailing group, as shown in
Figure 2.
EXPERIMENTAL PROCEDURE
Physical measurements
1

H, 13C-NMR spectra were recorded on a BRUKER 250 NMR
spectrometer at 400 MHz in deuterated chloroform-d or
dimethylsulfoxide-d6 with TMS as an internal standard. NMR data
are reported in the following order: chemical shift (ppm), spin
multiplicity (s=singlet, d=doublet, t=triplet, q=quartet, m=multiplet),
and integration. Differential Scanning Calorimetry (DSC) analyses
were performed at 5°Cmin-1 on a TA instruments using STA 625
DSC. FT-IR spectra were recorded on a 8101-M-Shimadzu and
BRUKER-IF-66.5 spectrometer. Vibrational transition frequencies
are reported in wave number (cm-1). The UV-Visible spectra were
obtained using a UV-Vis recording spectrophotometer (PerkinElmer Lambda 15).
Materials
Indole-3-acetic acid (Fluka), indole (Merck) and pyrrole (Fluka,
96%) were distilled prior to use. Tetrahydrofuran (Merck), petroleum
ether and ethyl acetate were distilled and dried with molecular
sieves (4A°) prior to use. 4-nitroaniline (Merck, 98%), dicyclohexyl
carbodiimide (DCC) (Merck, 98%), 4-(dimethylamino)pyridine
(DMAP) (Merck, 99%), 2-(N-ethyl aniline)ethanol (Merck, 99%),
sodium nitrite (NaNO2) (Merck, 99%), methanol (Fluka) and the
other materials used in this work were purchased from Merck
chemicals and purified, or prepared according to literature methods.
Preparation
of
2-[N-ethyl-N-[4-[(4'-nitrophenyl)azo]phenyl]amino] ethyl (RedI)
7 g (0.05 mol) of 4-nitroaniline was dissolved in a solution of 25 ml
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Figure 2. Molecular structure of liquid crystalline polyindole derivative.

of concentrated hydrochloric acid and 150 ml of water. The mixture
was cooled to 0°C in an ice-water bath, and then a solution of 3.6 g
(0.05 mol) of sodium nitrite in 15 ml of water was added dropwise.
The resultant solution of diazonium salt was stirred for 30 min at 0–
3°C. Another solution of 5 g (0.03 mol) of N-ethyl-N-hydroxyethyl
aniline dissolved in 10 ml of hydrochloric acid (10%) was stirred for
5 min at 0°C. The above solution of diazonium salt was added into
this solution within 30 min. The mixture was allowed to stand for 20
min. Then was neutralized with added NaOH solution with slowly
and stirring. Reddish crystals were filtered on a Buchner funnel and
recrystallised with 2-propanol. Compound 1 was obtained as
crimson crystals. Yield 9 g-85%, mp: 170-173°C. UV (THF):
max=310 nm (0.3 intensity), 470 nm (1.25 intensity). FT-IR (KBr
pellets, υ in cm-1), υ: 3434 (υOH), 3200 (υC-H, Ar), 2950 (υC-H, Al),
1599 (υN=N), 1515, 1341 (υNO2), 1450 (υC=C), 1141 (υC-O), 800-850
(υC-H, OOP) cm-1. 1H-NMR (CDCl3): δ 1.26 (3H, t), 1.75 (1H, s), 3.56
(2H, q), 3.62 (2H, t), 3.90 (2H, t), 6.81 (2H, d), 7.88 (2H, d), 7.92
(4H, d), 8.32 (2H, d) ppm. 13C-NMR (CDCl3): δ 12.1, 46.4, 52.8,
60.1, 112.3, 122.5, 124.7, 126.6, 143.8, 147.2, 151.6, 157.2 ppm.

Preparation
of
2-[N-ethyl-N-[4-[(4'-nitrophenyl)azo]phenyl]amino]ethyl-3-indolyl acetate, (In3AA-RedI)
A total 2.275 g (0.013 mol) of indole-3-acetic acid and 3.454 g
(0.011 mol) of RedI (crystallized in isopropyl alcohol) were
dissolved in 50 ml of dry THF. Then 2.269 g (0.011 mol) of N, Ndicyclohexyl carbodiimide (DCC) and 0.0916 g (0.75 mmol) of 4(dimethylamino) pyridine (DMAP) were added to the vigorously
stirred solution. The stirring continued for 5 h. The mixture was then
filtered, and the solvent was removed by rotary evaporator under
vacuum. The product was purified by column chromatography
(silica gel, petroleum ether: ethyl acetate=1:4, v/v), followed by
recrystallization from petroleum ether/ethyl acetate to yield red
crystals (compound 2 was obtained). Yield: 50%, mp: 138-140°C.
UV (THF); max = 285 nm (0.70 intensity), 335 nm (0.4 intensity) and
535 nm (0.65 intensity). FT-IR (KBr pellets, υ in cm-1), υ: 3384 (υ N-H,
In), 3100 (υC-H, Ar), 2930 (υC-H, Al), 1726 (υC=O), 1601 (υN=N), 1515,
1334 (υNO2), 1627, 1458 (υC=C), 1139 (υC-O), 828 (υC-H, OOP) cm-1.
1
H-NMR (d 6- DMSO): δ 1.06 (3H, t), 2.50 (2H, d), 3.43 (2H, q), 3.74

(2H, t), 4.28 (2H, t), 6.93 (2H, d), 7.81 (2H, d), 7.94 (2H, d), 8.36
(2H, d), 7-7.5 (5H indole, m) 10.85 (1H, s) ppm. 13C-NMR (d 6DMSO): δ 12.4, 31.5, 45.4, 48.8, 62.2, 106.6, 111.9, 112.1, 118.4,
119, 121.6, 123, 124.6, 125.4, 126.5, 127, 137, 147.6, 149.5, 152.7,
157.5, 172 ppm.

Preparation
of
Poly{2-[N-ethyl-N-[4-[(4'-nitrophenyl)azo]phenyl]amino] ethyl-3-indolyl acetate}, Poly(In3AA-RedI)
Polymerization was carried out as follows: 0.5 g (1.06 mmol) of
monomer (In3AA-RedI) in 25 ml THF was added dropwise to a
suspension 1.126 g, (3.18 mmol) of Fe(ClO4)3 in 20 ml of THF
under nitrogen atmosphere. The mixture was stirred at 50°C
temperature for 24 h. The polymerization mixture was added
dropwise into 100 ml of methanol. The precipitates were filtered,
dissolved in 5 ml of THF, and reprecipitated into 100 ml of
methanol. This procedure was repeated three times until the
unreacted monomer was completely removed. Finally, the polymer
was dried under vacuum at 25°C to constant weight (Compound 3
was obtained). UV (THF): max=280 nm (1 intensity), 330 nm (0.3
intensity), 475 nm (0.2 intensity) and 680 nm (0.4 intensity). FT-IR
(KBr pellets, υ in cm-1), υ: 3383 (υN-H, indole), 3200 (υC-H, aromatic),
2917 (υC-H, aliphatic), 1750 (υC=O), 1627 (υN=N), 1514, 1335 (υNO2),
1100 (υC-O) cm-1. 1H-NMR (d 6- DMSO): δ 1.09 (3H, t), 1.24 (2H, d),
3.63 (2H, q), 3.72 (2H, t), 4.27 (2H, t), 6.88-7.36 (6H, m), 7.82 (2H,
d), 7.95 (2H, d), 8.38 (2H, d), 10.91 (1H, s) ppm. 13C-NMR (d 6DMSO): δ 11.8, 30.6, 44.8, 48.2, 61.6, 106.6, 111.3, 111.6, 118.3,
118.4, 121.0, 122.4, 124.1, 124.8, 126.0, 127.0, 136.0, 142.8,
146.8, 151.5, 155.1, 171.5 ppm.

Preparation
of
Poly{2-[N-ethyl-N-[4-[(4'-nitrophenyl)azo]phenyl]amino] ethyl-3-indolyl acetate-co-indole}, Poly(In3AARedI-co-In)
The typical synthesis procedures utilized can be described as
follows: 0.1 g (0.2123 mmol) of monomer (In3AA-RedI) and 0.0248
g (0.2123 mmol) of monomer indole in 10 ml of THF was added
dropwise to a suspension 0.1503 g (0.4246 mmol) of Fe(ClO4)3 in
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10 ml of THF under nitrogen atmosphere. The mixture was stirred
at 50°C temperature for 24 h. The copolymer in solution was
precipitated by addition of excess methanol. The precipitate was
extracted using boiling absolute ethanol. The precipitate was dried
under vacuum. FT-IR (KBr pellets, υ in cm-1), υ: 3429 (υN-H, In),
3200 (υC-H, Ar), 2927 (υC-H, Al), 1738 (υC=O), 1627 (υN=N), 1515, 1335
(υNO2), 1150 (υC-O) cm-1. 1H-NMR (d 6- DMSO): δ 1.17-1.3 (broad),
1.3-1.9 (broad), 6.5-9 (broad) ppm.

Preparation
of
Poly{2-[N-ethyl-N-[4-[(4'-nitrophenyl)azo]phenyl]amino] ethyl-3-indolyl acetate-co-pyrrole}, Poly(In3AARedI-co-Py)
Poly(In3AA-RedI-co-Py) was synthesized using the same synthetic
procedures as for Poly(In3AA-RedI-co-In). The (In3AA-RedI)
monomer (0.1 g, 0.2123 mmol) and pyrrole (0.0142 g, 0.2123
mmol) in anhydrous tetrahydrofuran (10 mL) was added dropwise to
a suspension of Fe(ClO4)3 (0.1503 g, 0.4246 mmol) in
tetrahydrofuran (10 ml) under nitrogen. The mixture was stirred at
50°C temperature for 24 h. The polymer in solution was precipitated
by addition of excess methanol. The precipitate was extracted using
boiling absolute ethanol. The precipitate was dried under vacuum.
FT-IR (KBr pellets, υ in cm-1), υ: 3250 (υN-H, indole), 3100 (υ C-H,
aromatic), 2989 (υC-H, aliphatic), 1745 (υC=O), 1603 (υN=N), 1516,
1414 (υNO2), 1103 (υC-O), 828 (υC-H, oop) cm-1.

RESULTS AND DISCUSSION
All synthetic routes of RedI, In3AA-RedI and poly(In3AARedI) shown are in Scheme 1. Therefore, schematic
copolymerization of In3AA-RedI with indole and pyrrole
has been shown in Scheme 2.
Structural characterization
In order to obtain polymers with higher molecular
weights, the polymerization and copolymerization were
carried out at 50°C temperature with dropwise addition of
monomers. This polymer was found to be soluble in
chloroform, THF and methylene chloride, but two
copolymers
synthesized
by
chemical
oxidative
copolymerization using Fe(ClO4)3 are not soluble in
common organic solvents. Figure 3 illustrates the FT-IR
spectra of poly(In3AA-RedI). The peaks of about 31003600, 3020 and 2917 cm-1 was related to N-H, C-H
(aromatic) and C-H (aliphatic) stretching vibrations,
respectively. The peaks at around 1750 and 1100 cm -1
are due to the carbonyl (C=O) stretching vibration and CO-C stretching vibration respectively.
Figure 4 shows the 1H-NMR spectrum of poly(In3AARedI). On the basis of comparison with the spectrum of
monomer, we can assign the following peaks for
poly(In3AA-RedI): 1.09 (-CH3), 1.24 (-CH2-COO-), 2.52
(DMSO), 3.31 (H2O),3.63 (-CH2-CH3), 3.72 (-CH2-N),
4.27 (-O-CH2-), 7.37, 7.82, 7.95 and 8.38 ppm (protons of
phenylene groups). The lines refer to the aromatic
protons of the indole ring that are located at 6.88-7.36
and 10.85 (H-N) ppm. The oxidative polymerization of ß-

substituted indole monomer with Fe(ClO4)3 always leads
to two different types of couplings: head-to-tail and headto-head. Thus, the α-methylene protons directly attached
to the indole ring (ß-position) and can be incorporated
into a polymer chain with the above two diads. The two
peaks located at 1.2-1.5 ppm arise from the methylene
protons between the ester group and the indole ring,
showing that poly(In3AA-RedI) has a stereo random
chain structure with almost equal distribution of head-totail and head-to-head linkages along the polymer chain.
The 13C-NMR spectrum of the poly(In3AA-RedI) is
shown in Figure 5. Using INEPT- pulse sequence, we
were able to distinguish the proton bonded carbons from
all other carbons present in the molecule. On the basis of
a comparison with the spectra of poly(In3AA-RedI), the
following assignments are proposed: The line at the
lowest field (171.5 ppm) corresponds to the carbon of the
ester group. The lines at 155.1, 151.5, 146.8, 142.8,
125.0, 124.8, 122.4 and 111.6 ppm are assigned to the
aromatic carbons in the RedI moiety. The remaining eight
lines at 136.0, 127.0, 124.1, 121, 118.4, 118.3, 111.3 and
106.6 ppm originate from the carbons of the indole ring.
In the aliphatic part, the lines of low intensity at 11.2,
30.6, 44.8, 48.2 and 61.6 ppm correspond to the RedI
substituent. The peaks are located at 38-40 ppm arise
from the d6-DMSO solvent.
Figure 6 shows 1H-NMR spectrum of the polymer
poly(In3AA-RedI-co-In) in (d6-DMSO) solvent. In this
spectrum, peaks of aliphatic protons (-CH3), (-CH2-COO-)
and (-CH2-CH3) observed in 1.1 to 2.2 ppm. Peak of
protons (-CH2-N) and (-O-CH2-) are not observed in
spectra, because of overlap with peak of DMSO and
water around 2.49 and 3.3 ppm, respectively. Protons of
aromatic ring and indole are characterized between 6.5 to
8 ppm. Of course peaks of aromatic ring are not clear
precisely because they are blocked copolymer, but they
appeared in the area related to aromatic compounds.
Copolymer has a low solubility, so 1H-NMR is not clear.
The great adherence of peak is a result of the greater
involvement of indole monomers than In3AA-RedI
monomer in polymeric chain. The peaks in aromatic
region confirm performance of copolymerization.
Figure 7(a) shows UV-Visible spectrum of In3AA-RedI
in THF as a solvent. According to Figure 7a, the In3AARedI as a monomer has three peaks in 285, 335 and 535
nm. The first absorption band is related to an nπ*transition and the second one is associated with a π-π*
transition. Upon UV irradiation, a trans-cis isomerization
is induced, leading to two absorption bands centered
near 335 and 535 nm, respectively. The photochemical
properties of the poly(In3AA-RedI) were examined also in
THF as a solvent (Figure 7b). As can be seen in Figure
7b, the poly(In3AA-RedI) exhibits an absorption band
*
centered at 280 nm which is related to the π-π transition
of trans configuration of the azobenzene moieties and a
broad absorption bands around 550-750 nm which can
be related to the π-π*transition of the highly conjugated
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Scheme 1. Schematic reactions for route synthesis of Poly(In3AA-RedI).

polyindole units. Because of low solubility of poly(In3AARedI-co-In) and poly(In3AA-RedI-co-Py), we were not
able to investigate UV-Visible or 13C-NMR spectra of
them.

Liquid crystalline and thermal properties
Liquid crystallinity and thermal analysis of the polymer
were conducted by optical absorption, optical polarizing
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Scheme 2. Schematic reactions for copolymerization of poly(In3AA-RedI) with pyrrole and indole.

Figure 3. FT-IR Spectrum of poly(In3AA-RedI).
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Figure 4. FT1H-NMR Spectra of poly(In3AA-RedI).

Figure 5. FT13C-NMR Spectrum of poly(In3AA-RedI).

microscope, and differential scanning calorimetry (DSC).
Phase transition temperatures were determined by DSC

measurement. All DSC runs in this research were made
under nitrogen atmosphere with a heating rate of
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Figure 6. FT1H-NMR Spectra of poly(In3AA-RedI-co-In).

Figure 7. UV-Visible spectra of a) In3AA-RedI (...) and b) poly(In3AA-RedI) (-).

5°C/min. DSC thermograms of RedI in heating and
cooling process are shown in Figures 8(a, b). Figure 8a
shows thermogram and endothermic peak at 174.71°C

which is related to the melting process of RedI and also a
transformation of crystalline phase to isotropic state.
Crystalline phase of this compound is changed directly to
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(a)

(b)
Figure 8. DSC Thermmogram of RedI a) heating and b) heating and cooling with
rate of 5°C/min.

isotropic liquid as a result of temperature effect.
Therefore, it shows exothermic peak at 272.43°C which is
related to the degrading process of RedI. In cooling
process no peak is observed probably because the
sample decomposition occurs at higher temperature or it
does not have clear LC behaviour. By heating the sample

again no peak is observed, this confirms probable sample
decomposition (Figure 8b).
Transition temperatures for poly(In3AA-RedI) were
obtained using DSC shown as in Figure 9. DSC
Thermogram of poly(In3AA-RedI) showed 5 glass
transition temperature about 59, 91, 151, 181 and 231°C.
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Figure 9 DSC Thermmogram of poly(In3AA-RedI) with rate of 5oC/min.

Therefore, it has three endothermic peaks. The first
endothermic peak at 162°C is an indication of changing
of crystalline phase to smectic A liquid crystalline state
(C→SA). The second peak at 193°C is related to the
changing of smectic A liquid crystalline mesophase to
nematic state (SA→N). The last observed endothermic
peak in this curve is about 225°C that is related to
transition phase of nematic liquid crystalline to isotropic
liquid (N→I). In the first and the second transitions, the
stability of liquid crystalline mesophases are about 31°C
and 32°C, respectively. The images of polarizing optical
microscope of poly(In3AA-RedI) demonstrate the smectic
A, nematic and isotropic liquid crystalline state in the
ranges 150-168°C and 184-201°C and 205-236°C
temperatures
respectively. This indicates that
poly(In3AA-RedI) is a monotropic or isotropic compound.
Typical crystalline, smectic A, nematic textures and
isotropic state of poly(In3AA-RedI) are shown in Figure
10(a-f).

Conclusion
In this paper, we have described the preparation and
investigation of liquid crystalline polyindole with
azobenzene group in side chain. The results indicate that
these azobenzene-functionalized polyindole derivatives
have wide mesophase temperature ranges. DSC
thermogram of poly(In3AA-RedI) showed 5 semi glass
transition and three endothermic peaks. The endothermic
peaks are indicative of changing of C→SA, SA→N and
N→I. Images of polarizing optical microscope of
poly(In3AA-RedI) demonstrated the smectic A, nematic
and isotropic liquid crystalline states. Chemical,
structural, thermal and morphological studies indicated
that high quality polymer film can be obtained. As-formed
polymer film was thoroughly soluble in polar solvent such
as DMSO. According to IR and 1H-NMR spectra, the
existence of N–H bond implies that coupling between the
monomer units occurred at the C2 and C5 positions.
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(b)

(d)

(f)

Figure 10. Cross-polarized optical micrograph of the polymer sample, smectic C phase a) 152°C, b)
160°C, c) 170°C, d) 185 °C, e) 195°C and f) 205°C.
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INTRODUCTION
In literature (Kobayashi and Nomizu, 1963, 1969; Yano
and Ako, 1972; Ishihara, 1974; Özdemir, 2006; Alagöz et
al., 2012), almost complex and almost quaternionic
structures have been investigated widely. These
structures are special structures on the tangent bundle of
a manifold. A detailed review can be found in Kirichenko
and Arseneva (1997). Let us recall some basic facts and
definitions from literature. In this work, by a manifold, we
mean a smooth manifold, that is, a Hausdorff space with
a fixed complete atlas compatible with the pseudo group


An almost complex structure on a manifold M
tensor

field

J:

TM  TM

relation J = I ,

where

transformation of

Tx (M )

2

I

satisfying

denotes

the

is a
the

identity

. An almost hypercomplex

structure on a 4m -dimensional manifold M is a bundle
S = (F, G, H ) of almost complex structures F , G and

H satisfying the conditions

n

of transformations of class C
of R . Also, vector
fields and plane fields are all supposed to be smooth. We

F2 = G2 = H2 = I, H = FG, FGGF= FH HF= GH HG= 0.

denote by
manifold M .

We now consider a 4m -dimensional Riemannian
manifold M admitting a three dimensional subbundle V

 (M )

the algebra of vector fields on a
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of
the bundle of (1,1) tensors such that on a
neighborhood U of each x  M , V has a local base
{F , G, H } . If on each such neighborhood the tensors

F , G and H satisfy the conditions 1, then the bundle
V is called an almost quaternionic structure on M

Theorem 1
The torsion tensor of the bundle V is well defined. That
is, [V ,V ] is independent of the choice of bases.

(Ishihara, 1974). The Nijenhuis bracket or torsion tensor
of tensor fields A and B of type (1,1) is a tensor field

Proof

of type (1,2) and defined by:

Let {F , G, H } and {F , G, H } be local bases for

[ A, B]( X , Y ) = [ AX , BY ]  A[ BX , Y ]  B[ X , AY ]

(2)

 [ BX , AY ]  B[ AX , Y ]  A[ X , BY ]  ( AB  BA)[ X , Y ].

The famous Newlander-Nirenberg Theorem states that
an almost complex structure is a complex structure if and
only if it is integrable; that is, it has no torsion (Yano and
Ako, 1972). Thus, if the tensor fields F , G and H are
integrable, then the Nijhenuis bracket of any two of them
vanish (Yano and Ako, 1972); that is,
[ F , F ] = [G, G] = [ H , H ] = 0

[ F , G] = [ H , F ] = [G, H ] = 0.

defined on neighborhoods U and U  , respectively, and
assume that U U   0 . Since U and U  are not
disjoint, then in U  U  we have

F  = a11F  a12G  a13H ,
G = a21F  a22G  a23H ,

(3)

(5)
(6)

H  = a31F  a32G  a33H ,
where a ij are functions defined on

and

V

point

(7)

U  U  , and at any

x U  U  , aij  SO(3) (Yano and Ako, 1972;

Ishihara, 1974).
If any two of six Nijenhuis tensors are zero, then the
others vanish too. It is shown that if any of Nijhenuis
tensors vanish, then there exits a torsion-free connection
 such that F , G and H are covariantly constant with
respect to the connection, that is, F = G = H = 0 ,
which means that V is a trivial bundle (Yano and Ako, 1972).
In this work, we consider an almost quaternionic
manifold M having an integrable distribution P with an
almost quaternionic structure V , and we prove that the
torsion tensor of an almost quaternionic structure V is

~
well-defined. By defining the shape operator LZ of P ,
we state and prove that the conjugate shape operators of
the tensors F , G , and H are skew-adjoint if and only if
they are quaternionic linear. Furthermore, we prove that if
the integral submanifolds are totally umbilic then
conjugate shape operators are skew-adjoint.

By using the definition of torsion for primed coordinates,
Equation 4 can be written as:

[V ,V ] = [ F , F ]  [G, G]  [ H , H ].

We now compute torsion tensor term by term as follows:
[ F , F ]( X , Y ) = a112 [ F , F ]( X , Y )  a11a12[ F , G ]( X ,Y )  a11a13[ F , H ]( X ,Y )

We quote the definition of the torsion of bundle of
(Özdemir, 2006) as:
[V ,V ] = [ F , F ]  [G, G]  [ H , H ]

(9)

 a11a12[G, F ]( X , Y )  a122 [G, G ]( X ,Y )  a12a13[G, H ]( X , Y )
 a11a13[ H , F ]( X , Y )  a12a13[ H , G ]( X ,Y )  a132 [ H , H ]( X , Y ),

[G, G]( X ,Y ) = a212 [ F , F ]( X ,Y )  a21a22[ F , G]( X ,Y )  a21a23[ F , H ]( X ,Y )
 a21a22[G, F ]( X ,Y )  a222 [G, G]( X ,Y )  a22a23[G, H ]( X ,Y )

(10)

 a21a23[ H , F ]( X ,Y )  a22a23[ H , G]( X ,Y )  a232 [ H , H ]( X ,Y ),

and
[ H , H ]( X ,Y ) = a312 [ F , F ]( X ,Y )  a31a32[ F , G]( X ,Y )  a31a33[ F , H ]( X ,Y )
 a31a32[G, F ]( X ,Y )  a322 [G, G]( X ,Y )  a32a33[G, H ]( X ,Y )

ALMOST QUATERNIONIC SUBSTRUCTURES

(8)

(11)

 a31a33[ H , F ]( X ,Y )  a32a33[ H , G]( X ,Y )  a332 [ H , H ]( X ,Y ).

V from
(4)

where [ , ] denotes the Nijenhuis bracket.
We now state the following theorem about the torsion
tensor of V .

By taking into account coordinate transformations of the
local bases we see that the torsions [ F , G] , [G, F ] ,
[ F , H ] , [ H , F ] , [G, H ] , and [ H , G] are needed to be
calculated. The torsion tensor [ F , G] for any vector fields

( X , Y ) on M is:
[ F , G]( X , Y ) = [ FX , GY ]  [GX , FY ]  FG[ X , Y ]  GF[ X , Y ]
 F[ X , GY ]  F[GX , Y ]  G[ X , FY ]  G[ FX , Y ],

(12)

Özdemir

and similarly, the tensors [G, F ] , [ F , H ] , [ H , F ] , [G, H ]
and [ H , G] are obtained as follows
[G, F ]( X , Y ) = [GX , FY ]  [ FX , GY ]  GF[ X , Y ]  FG[ X , Y ]

(14)

 F[ X , HY ]  F[ HX , Y ]  H [ X , FY ]  H [ FX , Y ],
[ H , F ]( X , Y ) = [ HX , FY ]  [ FX , HY ]  HF[ X , Y ]  FH [ X , Y ]

(15)

 H [ X , FY ]  H [ FX , Y ]  F[ X , HY ]  F[ HX , Y ],
[G, H ]( X , Y ) = [GX , HY ]  [ HX , GY ]  GH[ X , Y ]  HG[ X , Y ]

(16)

 G[ X , HY ]  G[ HX , Y ]  H [ X , GY ]  H [GX , Y ],

[ H , G]( X , Y ) = [ HX , GY ]  [GX , HY ]  HG[ X , Y ]  GH[ X , Y ] (17)
 H [ X , GY ]  H [GX , Y ]  G[ X , HY ]  G[ HX , Y ].

Then, substituting Equations 9-11 in Equation 8, we find
2
2
[ F , F ]  [G, G]  [ H , H ] = (a112  a21
 a31
)[ F , F ]

 (a11a12  a21a22  a31a32 )[ F , G ]  (a11a13  a21a23  a31a33 )[ F , H ]
2
22

(18)

2
32

then

2
2
2
a11
 a21
 a31
= 1,

2
2
2
2
2
2
a12
 a22
 a32
= 1, a13
 a23
 a33
= 1, and the other

components

are

Doğanaksoy, 1993).
Let {F , G, H } be a basis for

V in some neighborhood
U of 4m  n dimensional manifold M . It is proved by
Stong (1977) that each of F, G and H has a constant
rank on U , and from the conditions F = GH ,
G = HF , H = FG , it is observed that their ranks are
all equal (Stong, 1977). Also, the rank of V is defined to
U . By choosing q = 1  F 2 = I  p , where I denotes
p  q = 1,

2
2
 (a22a23  a32a33  a12a13 )[ H , G ]  (a132  a23
 a33
)[ H , H ].

aij  SO(3) ,

, FX m , GX1 ,, GX m , HX1 , , HX m } is a basis of
P(x) regarded as a real vector space. Thus, if m is the
quaternionic dimension of P(x) , then the real dimension
is 4m , hence rank of V is a multiple of 4. This shows
that V defines an almost quaternionic structure on the
plane field P , and it is called an almost quaternionic
substructure on M (Stong, 1977; Doğanaksoy, 1992;

the identity operator, it is obtained that

 (a12a13  a22a23  a32a33 )[G, H ]  (a11a13  a21a23  a31a33 )[ H , F ]

Since

{ X 1 , X 2 ,, X m } is a basis of P(x) as a
quaternionic vector space, then { X 1 ,, X m , FX 1 ,

be the rank of a basis element on some neighborhood

 (a11a12  a21a22  a31a32 )[G, F ]  (a  a  a )[G, G ]
2
12

X  P(x) , defining Xq as Xq = aX  bF ( X )  cG( X )  dH ( X ) , we see

that P(x) can be made into a quaternionic right vector
space. If

(13)

 G[ X , FY ]  G[ FX , Y ]  F[ X , GY ]  F[GX , Y ],

[ F , H ]( X , Y ) = [ FX , HY ]  [ HX , HY ]  FH [ X , Y ]  HF[ X , Y ]
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a11a12  a12a22  a31a32 = 0 ,

p 2 = p, q 2 = q

(20)

and that

p = p =  ,  q = q = 0,

(21)

a12a13  a22a23  a32a33 = 0 .

for any cross-section  of V . This shows that p and q
are complementary projection operators. Then, there
exist two distributions P and Q corresponding to p and

So, we find

q , respectively. If the rank of V is 4m , then P is 4m dimensional and Q is n -dimensional (Doğanaksoy,

a11a13  a21a23  a31a33 = 0 ,

[ F , F ]  [G, G]  [ H , H ] = [ F , F ]  [G, G]  [ H , H ]

(19)

which shows that V is independent of the choice of
bases.
We now consider an almost quaternionic manifold M
having an integrable distribution P with an almost
quaternionic structure V and we let H denote the
division algebra of quaternions by the isomorphism
R 4m  H m :

( x1 ,, x4m )  (q1 ,qm ); qm = xa  xma i  x2ma j  x3ma k; 1  a  m.
At

xM,

for

q = a1  bi  cj  dk  H , and

1992).
Let g' be a Riemannian metric of M . Define g to be
the tensor field of degree 2 on M by
0 ,
g' ( X , Y ) ,

g( X , Y ) = 
g' ( X , Y )  g' ( FX , FY )
 g' (GX , GY )  g' ( HX , HY ) ,

X  P( x), Y  Q( x)
X , Y  Q( x)

(22)

X , Y  P( x)

V and
X , Y  Tx (M ) . Since g' is a Riemannian metric, g

where {F , G, H } is a canonical local basis of

satisfies all the conditions for a Riemannian metric
(Doğanaksoy, 1992).
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We now consider a Riemannian manifold admitting
integrable distribution P and introduce the shape
operator of P . We give a condition for the shape
operator of P to be quaternionic linear.

~
~
~*
~
(C1 LZ )* = ( FLZ )* = LZ F * =  LZ F .
~

Since C1 LZ is assumed to be skew-adjoint, we have

~
~
~
(C1 LZ )* = C1 LZ =  FLZ ,

TOTALLY UMBILIC INTEGRAL SUBMANIFOLDS

~

~

V be an almost quaternionic substructure of rank
4m on a Riemannian manifold M of dimension 4m  n
with the metric defined in Equation 22. Let P and Q
denote the orthogonal plane fields defined by V , and let
p , q be projections Tx (M )  P and Tx (M )  Q ,
respectively.
Furthermore, let V be an almost
quaternionic structure on P and {F , G , H } be a local
~
basis for V . We define the shape operator LZ of P by
~
LZ ( X ) =  p( X Z ) for any vector fields Z  Q and
X  P , where  is the covariant derivative operator of

which implies that LZ F = FLZ . Similarly, we see that

the Riemannian connection determined by the metric
defined in Equation 22. On the other hand, it is shown

That is, C1 LZ , C 2 LZ and

Let

~
~
~
~
LZ G = GLZ and LZ H = HLZ . Conversely, by the
~
~
assumption, if FLZ = LZ F then we have
(C1LZ )* = ( FLZ )* = LZ * ( F )* =  LZ F

(23)

~
~
=  FLZ = C1LZ .

(24)

~

~

~

~

In a similar way, since GLZ = LZ G , and HLZ = LZ H ,

~

~

we get (C2 LZ ) = (C2 LZ ) and
*

~

~

~
~
(C3 LZ ) * = (C3 LZ ) .

~
C3 LZ are skew-adjoint.

~

that LZ ( X ) is self-adjoint in Özdemir et al. (2002). Here,

~

~

we define quaternionic linearity of LZ ( X ) so that: LZ is

Theorem 3

quaternionic linear on P if and only if LZ F = FLZ ,

Let P be an integrable distribution with an almost
quaternionic structure V . If the integral submanifolds are

~

~

~
~
LZ G = GLZ , and

~
~
LZ H = HLZ . Also, we define
~
~
~
conjugate shape operators C1 LZ , C 2 LZ , C3 LZ ,
~
~
~
~
satisfying
,
and
C1 LZ = FLZ
C2 LZ = GLZ
~
~
C3 LZ = HLZ .

~

totally umbilic, then the conjugate shape operators C1 LZ ,

~
~
C 2 LZ and C3 LZ are skew-adjoint.

Proof

~

Theorem 2
Let P be an integrable distribution with an almost
quaternionic structure V . Conjugate shape operators

Let LZ = I where    , that is, the integral
submanifolds are totally umbilic. By Proposition 1, we
have
F (I ) = (I ) F , G(I ) = (I )G,

and

H (I ) = (I ) H .

~
~
~
C1 LZ , C 2 LZ and C3 LZ are skew-adjoint if and only if
~
~
~
~
~
~
FLZ = LZ F , GLZ = LZ G , and HLZ = LZ H . That is,

Then, we obtain

they are quaternionic linear.

(C1LZ )* = ( FLZ )* = ( F ( I ))* = ( I )( F )* = ( I ) F = F ( I ) = F ( LZ ) (25)

~

Proof

~
C3 LZ are skew-adjoint.
Using Equation 1, we see that F , G and H are skew~
adjoint. As LZ is self-adjoint (Özdemir et al., 2002), we
~

~

Assume C1 LZ , C 2 LZ

get:

and

which shows that the conjugate shape operator C1 LZ is
skew-symmetric. Similar results can be obtained for the
tensors G and H .
Theorem 4
Let P be an integrable distribution. Integral submanifolds

Özdemir

~

~

are totally umbilic if and only if LZ is self-adjoint, LZ is
quaternionic linear, and every quaternionic subbundle of

~
P is LZ invariant for every vector field Z  Q , where
Q denote the orthogonal plane fields defined by V .

Proof

() Assume that integral submanifolds are totally
~
umbilic, that is, LZ = I
,    . We have
~
~
 LZ X , Y  = X , Y  =  X , Y  =  X , LZ Y  , implying
~ ~ *
that LZ = LZ .
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~
CLZ of P and prove that the conjugate shape operators
are quaterninonic linear if and only if the conjugate shape
operators are skew-adjoint. Furthermore, we prove that
integral submanifolds are totally umbilical if and only if the
shape operator L~Z is self-adjoint, quaternionic linear, and
every quaternionic subbundle of P is L~Z invariant for
every vector field in the orthogonal plane fields defined by
V under a suitable metric.
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Since integral submanifolds are totally umbilic, that is,

~
LZ = I , then (I ) F = F (I ) , (I )G = G(I ) and
~
(I ) H = H (I ) . This shows that LZ is quaternionic
linear. We now take any quaternionic subbundle R of
~
P , ( R  P ) . For any X  R , we get LZ ( X ) = X
~
which concludes that LZ ( X ) is in R .
() Conversely, we assume that L~Z = L~Z * , L~Z F = FL~Z ,
~
~
LZ G = GLZ ,

and

~
~
LZ H = HLZ

for

any

quaternionic

~
subbundle R of P , X  R implies that LZ ( X )  R .
~
Assume for a moment that LZ is not totally umbilic,
~
~
that is, LZ  I . Since LZ is self-adjoint, it has
eigenvalues. Let  and  be two real distinct
eigenvalues corresponding eigenvectors X and Y such
~
~
as LZ X = X , LZ Y = Y . Let R be the quaternionic
subbundle of P spanned by X  Y . We observe that
~
LZ ( X  Y ) = (X  Y )  R if and only if  =  .
~
Hence, if LZ is self adjoint, quaternionic linear, and R is
~
~
LZ invariant, then LZ has to be totally umbilic.
Conclusion
In this work, by considering Riemannian manifolds
admitting integrable distribution P with an almost
quaternionic structure V , we show that the torsion tensor
of V is independent of choice of the bases. We introduce

~

the shape operator LZ and conjugate shape operators
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Next generation network’s main requirements are compact size and also support to heterogeneous
network. Fractal antennas have useful applications in cellular telephone and microwave
communications. Video conferencing, streaming video are main applications that are included in next
generation networks and requirements for these applications are high data rates require to have high
bandwidth. But as size of antenna reduces, bandwidth support also reduces. So it is required to have
small size with high bandwidth. Fractal antennas are proposed in this paper for different applications as
it is compact and also has good bandwidth. In this paper, we propose a reconfigurable fractal shape
antenna for Ku and Ka band. Its performance analysis shows these antennas are multiband antennas
support Ku and Ka bands and also support mobile terminal applications which are sight to be used in
next generation networks. Different number of iteration is performed for its support to different bands.
Re-configurability in antenna is another important concept and in this work; the reconfigurability is
achieved by using radio frequency microelectromechanical system (RF MEMS) switches.
Key words: Meander, RF MEMS switch, reconfigurable antenna, fractal antenna.

INTRODUCTION
Rapid developments in the wireless communication
industry continue to drive the requirements for small,
compatible, and affordable reconfigurable antennas and
antenna arrays. Reconfigurable multiband antennas are
attractive for many military and commercial applications
where it is desirable to have a single antenna that can be
dynamically reconfigured to transmit and/or receive on
multiple frequency bands (Brown, 1998; Weedon et al.,
1999; Kiriazi et al., 2003). Such antennas find
applications in space-based radar, unmanned aerial
vehicles, satellites, electronic intelligence aircraft and
many other communications and sensing applications.
The technology of design and fabrication of MEMS for RF
circuits had a major positive impact on reconfigurable
antennas (Cetiner et al., 2003; Chiao et al., 1999). Next

generation network aims at high data rates requires wide
bandwidth. Antennas performance in a communication
system requires being highly efficient. But today’s
miniaturization technologies need antennas size to be
less as well. Both requirements at a time first for small
size and wider bandwidth can be fulfilled by using
antenna fractal shape (Song et al., 2004; Wu et al., 2007;
Werner and Ganguly, 2003). Re-configurability antenna
can be further used to improve overall system
performance.
Pattern-reconfigurable antennas can either increase
capacity or extend radio coverage by increasing the
carrier-to-interference ratio. In this paper, we analyze
antennas which explore their potentials for different
emerging frequency bands.

*Corresponding author. E-mail: pc.monti15@gmail.com. Tel: +91-9896180750. Fax: +91-1752393005.
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Puente et al. (1996; 1998) introduces fractal multiband
antenna based on the Sierpinski gasket. Reconfigurability
to these fractal antennas will enhance the performance
and this reconfigurability is achieved by using RF MEMS.
Anagnostou et al. (2006) defines an RF MEMS based
self similar shaped reconfigurable antenna which has
potential of multiband antenna with small size and
reconfigurability. In this paper, proposed antenna with RF
MEMS support shows an improvement in insertion loss
and isolation loss offered by switches. In this paper, we
propose a switch which uses meander shape beam
rather than cantilever beam for improvement in scattering
parameters. It has wide potential with multiband support
for different applications like Ku and Ka band which is to
be sight for different satellite communication (Pacheco et
al., 2001). It is also supposed to support mobile terminal
applications.
ANTENNA AND RF MEMS SWITCH DESIGN
Reconfigurablity in antennas offers us tunability of
frequency, so that we can use single antenna for different
range of frequencies. Electric switching proved useful in
assuring re-configurability for frequency tuning in
antenna. MEMS switches are used in this paper to
achieve frequency tuning of antenna. As size and
bandwidth requirement is achieved by fractal shape, we
propose here fractal shaped reconfigurable antenna
which is reconfigured by RF MEMS switch and it supports
bands including Ku, Ka band and also mobile terminal
applications.
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material used, that is, k. We always require to have less
k, that is, less stiff material because the deflection of
beam depends on spring constant k and we need more
deflection with given force for a given RF MEMS switch.
In this paper, we have used Serpentine flexure type
meander shape to lower the k value.
Calculation for spring constant for meander shaped
beam (Rebeiz, 2003), is given as:
Serpentine flexure
k 

48GJ
3l b
n 

 3
GJ
2
GJ
la 
l a  lb
 EI la  lb 
n
EI x
x


for

(1)

where n is the number of meanders in the serpentine
flexure, G  E / 2(1  v)
is the torsion modulus,
I x  wt 3 / 12 is the moment of inertia, E = elasticity,

v =

poison ratio and the torsion constant is given by

J 


1 3 
192 t
1
 iw  
t w
1

tanh


5
5

3
 w i 1,iodd i
 2t  



(2)

For the case where la  lb , the spring constant of the
serpentine flexure becomes



k  4Ew t / nla 

3



(3)

DESIGN OF A COPLANAR WAVEGUIDE
RF MEMS switch
MEMS are the integration of mechanical elements,
sensors, actuators, and electronics on a common silicon
substrate through micro-fabrication technology. The
micro-fabrication process normally involves a lithographybased micromachining, fabricated on batch basis, which
offers great advantages of low cost when manufacturing
in large volume (Rebeiz, 2003). MEMS are also built on
high-resistivity gallium arsenide (GaAs) wafers, and
quartz substrates using semiconductor micro fabrication
technology. From a mechanical point of view, MEMS
switches can be a thin metal cantilever, air bridge, or
diaphragm; from RF circuit configuration point of view, it
can be series connected or parallel connected with an RF
transmission line. The contact condition can be capacitive
(metal–insulator–metal) or resistive (metal-to-metal),
polar ceramics such as (Ba,Sr)TiO3 - BST and designed
to open the line or shunt it to ground upon actuation of
the MEMS switch. Each type of switch has certain
advantages in performance or manufacturability. Tunable
ferroelectrics have great potential applications in tunable
microwave devices. Main mechanical operations of RF
MEMS switches depends mainly on spring constant of

Coplanar waveguide (CPW) is a one-sided threeconductor transmission line. Coplanar waveguide have
two grounds in the same plane of center conductor,
reducing the coupling effects and allows for easy
inclusion of series and shunt elements. Since microwave
integrated circuits are basically coplanar in structure,
coplanar waveguide lines are used widely as circuit
elements and as interconnecting lines. At millimeter-wave
frequencies, coplanar waveguide offers the potential of
lower conductor and radiation losses as compared to
microstrip lines (Payne and Weedon, 2000). Coplanar
waveguide also allows for varying the dimensions of the
transmission line without changing the characteristic
impedance.
An approximate formula, for the characteristic
impedance of the coplanar waveguide, assuming t is
small, 0<k<1, and h>>w, is
Zo 

30 

2

( r  1) / 2

[ln(2

1

k

1

k

)]1 ohms

(4)

where
and w = center strip width; s = slot width;
Ɛre = relative dielectric constant of the dielectric substrate.
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Figure 1. Serpentine flexure beam based RF MEMS switch.

An empirical equation for effective relative dielectric
constant Ɛre is given as
r e 


0.25k 
h
 kw 
 
tanh1.785log 1.75  0.040.7k 10.1 r 
100 
2 
w
 h


 r 1 

(5)

As shown in Figure 1, the silicon substrate of Ɛr = 11.8
was chosen, and CPW center conductor width w = 2 μm
and ground spacing s = 0.8 μm, nearly thickness is 0.5
mm and nearly infinite compared to width. The outer
CPW ground wave conductor width is 14 μm. The
effective dielectric constant is 4.4.
Microwave
parameters that should be optimized for any RF switch
are the insertion loss, isolation, and switching frequency
and return loss (Reid, 1999; Smith, 1999). The insertion
loss is due to mismatch the characteristic impedance of
the line and switch. The contact resistance and beam
metallization loss will also contribute to the insertion loss.
Switch influence on these microwave parameters will be
discussed subsequently.

(6)
where V is the voltage applied between the beam and
electrode. W is the electrode area.
The electrostatic force is approximated as being
distributed evenly across the beam section above the
electrode. Equating the applied electrostatic force with
the mechanical restoring force due to the stiffness of the
beam (F= kx),
(7)
where g0 is the zero-bias bridge height. At (2/3g0), the
increase in the electrostatic force is greater than the
increase in the restoring force, resulting in the beam
position becoming unstable and collapse of the bam to
the down-state position. The pull-down (also called pullin) voltage is found to be

(8)
ACTIVATION MECHANISM FOR ELECTROSTATIC
ACTUATION
When the voltage is applied between a fixed-fixed or
cantilever beam and the pull down electrode, an
electrostatic force is induced on the beam, the
electrostatic force applied to the beam is found by
considering the power delivered to a time-dependent
capacitance and is given by,

As shown in Equation (8), the pull down voltage depends
on the spring constant of beam structure, and, beam gap
g0 and electrode area A. To reduce the actuation voltage,
the key is beam structure of low spring constant k. The
pull-in voltage was investigated in terms of beam
structure (different k), beam thickness, gap and beam
materials.

Chawla and Khanna
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Table 1. Parameters for capacitive RF MEMS shunt switch.

Parameter
Length (µm)
Width (µm)
Height (µm)
Membrane type
Thickness (µm)
Residual stress (MPa)
Spring constant (Nm)
Holes (µm)
Sacrificial layer
Dielectric (Å)

Value
160
80
2
Aluminium (film)
0.5
0
10-50
No
BPSG (2 µm)
SiN (0.2 µm)

Parameter
2
Actuation area (µm )
Actuation voltage (V)
Cd (pF)
Poision ratio
Young’s modulus
Isolation (dB) > 20 GHz
Isolation (dB) 20-55 GHz
Loss (dB) (0.2-55 GHz)
Cd (pF)

Value
20 * 80
21.5 V (20-30 V)
50
3.0e-001
7.7e+004
20 dB
35 dB
0.2-0.4
50

Figure 2. Pull-in voltage for capacitive MEMS switch.

FRACTAL ANTENNA
From the antenna side, microstrip antennas are well
known for their features such as low profile, light weight,
low cost, conformability to planar and non-planar
surfaces, rigid, and easy installation. They are most
commonly incorporated into mobile communications
devices because of low cost and versatile designs. An
emphasis has been given in microstrip antenna
structures and reconfigurable aperture (recap), in order to
achieve multiple octave tunability. Reconfigurable
multiband slot antennas are receiving a lot of attention
lately due to the emergence of RF-MEMS switches. In
recent years neural networks and genetic algorithms are
being used extensively for new reconfigurable multiband
antenna designs.
The feature of self-similarity of a fractal antenna can
also provide a basis for the design of multiple-frequency
antennas. These antennas have the advantage that they
radiate similar patterns in a variety of frequency bands.
The major predecessor is the widely studied Sierpinski
gasket (Puente et al., 1996, 1998). Benoit Mandelbrot,

the pioneer of classifying this geometry, first coined the
term “fractal” in 1975 from the Latin word fractal, which
means “broken or irregular fragments”. The various
fractals shape that posse self-similarity have been
applied to multi-band or miniaturized antenna design.
Many fractal geometries such as Sierpinski gasket,
Sierpinski carpet, Koch island, Hilbert curve and
Minkwoski etc has been used in fractal antennas.
RESULTS AND DISCUSSION
RF MEMS design and analysis
Table 1 shows the various parameters calculated and
measured for meander based RF MEMS switch. Since
coventorware software could synthesize the multiply
factors, such as electrostatic-forces, pull-down voltages,
Young’s modulus, and other vector values could are
obtained, and the result is intuitionistic. So, we also used
coventore software to know the relationship shape,
material and actuated voltage of switch. Figure 2 shows
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Figure 3. Displacement versus voltage graph for capacitive MEMS switch.

voltage vs capacitance for MEMS switch
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Figure 4. Voltage versus capacitance graph for meander based RF MEMS switch.

the pull-in voltage for RF MEMS switch which ranges
from 21.5 to 21.7 V. Variation of displacement, that is,
from maximum to minimum z-direction with respect to
voltage is shown next in Figure 3, when the switch is
electrostatically actuated. The next graph (in Figure 4)
shows change in capacitance value with different values
of voltages. In off–state, its value is 509.09 µF and at
pull-in voltage, that is, in on-state comes out to be 467.9
µF.

FRACTAL ANTENNA DESIGN AND ANALYSIS
We have design Sierpinski gasket shaped patch on FR4
substrate having dielectric constant is equal to 4.4 and
thickness is 1.6 mm.
The size of substrate has
dimensions of 26 × 30 mm2. Figure 5 shows the
geometry of designed planar antenna in finite element
based electromagnetic solver HFSS software. Figure 6
shows the result of return loss, which show designed
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Figure 5. Fractal Sierpinski gasket shape for antenna.

Figure 6. Return loss (different mark points to measure bandwidth and
resonant frequencies).

antenna are resonating on three bands. Resonant
frequencies are marked as 7, 8, 9 m, that is, 27.9056,
33.4048 and 38.7074 GHz, respectively.
The aforementioned multi-band antenna having
bandwidth (in GHz) are given as:

m2 – m1 = 28.6914-27.0220 = 1.6694
m3 – m4 = 34.1904-32.3228 = 1.8676
m6 – m5 = 39.1984-37.9218 = 1.2766
Further, as expected from geometry (Figure 7) show that
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Figure 7. Radiation pattern and polar plot for proposed antenna.

Figure 8. Simulated total normalized electric field intensities of the
designed antenna.

antenna radiates equally in all directions and defining the
properties of omnidirectional radiation pattern. There is
not much difference in radiation patterns of all cases
namely, with/without switches of designed antennas.
Simulated result of Figure 8 show the total normalized
electric field intensities of the designed antenna for all

possible values of phi and theta. A Table 2 result signifies
that at resonant frequencies, the voltage standing wave
ratio (VSWR) is less than 2.
Figure 9 to 14 show the geometries and results of
return loss for 3rd to 1st iteration. Figure 15 shows the
fabricated structure of all antennas for proof of concept.

Chawla and Khanna

Table 2. VSWR at different selected frequencies shows value less than 2.

S/N
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Frequency in (GHz)
27.218437
27.316633
27.414830
27.513026
27.611222
27.709419
27.807615
27.905812
28.004008
28.102204
28.200401
28.298597
28.396794
28.494990

VSWR (less than 2)
1.544088
1.480224
1.427252
1.386671
1.359630
1.346528
1.346741
1.358768
1.380758
1.411079
1.448609
1.492732
1.543145
1.599635

Figure 9. 3rd iteration Sierpenski fractal antenna.

Figure 10. Different mark points to measure bandwidth and resonant frequencies .
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Figure 11. 2nd iteration Sierpenski fractal antenna.

Figure 12. Different mark points to measure bandwidth and resonant frequencies.

Figure 13. 1st iteration Sierpenski fractal antenna.
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Figure 14. Different mark points to measure bandwidth and resonant frequencies .

Figure 15. Fabricated 1st to 3rd iteration Sierpenski Fractal Antenna.

Conclusion
In this paper, meander based RF MEMS switches has
been designed and simulated for a multiple-frequency
fractal antenna. Further, the frequency tunability is
achieved by the reconfiguring the antenna electronically
or changing the order of iteration. By using MEMS
switches, the losses are kept to a minimum. This is very
important to obtain high reconfigurability and because the

connection/ disconnection of a switch may lead to
mismatched systems. Also, the integration of the
switches to the antenna imposes restrictions on the
system design. The antenna structure should be
compatible with the switch structure and made with
specific materials. The dimensions of the switches often
cannot be altered and thus put a low-bound in the size of
the antenna system and a high-bound in the power the
system can handle. This technology can be applied to
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many other devices, including tunable filters, other
antenna geometries, signal splitters or military
applications.
Further in this paper, fractal shaped microstrip antenna
is proposed with its return loss, radiation pattern and
voltage standing wave ratio (VSWR) as shown in the
result. As can be analyze from the result, it shows good
characteristics to work for many wireless communication
applications. It is offering return loss to be less than -10
dB for many frequencies so supporting multiband
applications. For proof of concept open and short path
are provided instead of switches. Radiation pattern being
omnidirectional and VSWR is also less than 2. As it is
microstrip antenna, its size is small. So requirements for
multiband support and small size are met with the
proposed antenna.
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Hydroxyapatite nanoparticles were synthesized, using a wet chemical technique with diammonium
hydrogen phosphate and calcium nitrate tetrahydrate precursors, respectively. The pH of the system
was maintained at 10.8 throughout the stirring process, by using 0.1 M sodium hydroxide. The mixture
was allowed to remain stirred overnight and a white precipitate was formed. The precipitate was
vacuum dried and cleaned with distilled water and ethanol simultaneously three or four times. The
prepared powder was used for further characterization. The prepared nano-hydroxyapatite powder was
characterized for phase composition, using X-ray diffractometry; elemental dispersive X-ray and Fourier
transform infrared spectroscopy. The elemental compositions of the nano-hydroxyapatite were
analyzed and confirmed by elemental dispersive X-ray (EDX). The particle size and morphology were
studied using the scanning electron microscope (SEM) and transmission electron microscopy (TEM).
The particle size of the nano-hydroxyapatite was also analyzed, using the dynamic light scattering
(DLS) experiment.
Key words: Hydroxyapatite, wet chemical, elemental dispersive X-ray (EDX), Fourier transform infrared
spectroscopy (FTIR), scanning electron microscope (SEM), transmission electron microscopy (TEM).
INTRODUCTION
Tissue engineering is a multidisciplinary science,
encompassing diverse fields like materials engineering
and molecular biology, in the effort to develop biological
substitutes for failing tissues and organs. Tissue
engineering thus seeks to replace diseased and
damaged tissues of the body. An important factor for the
success of tissue engineering is the ability of developing
materials, which can interface with tissues structurally,
mechanically, and bio functionally (Yang et al., 2001).
Many biomaterials lack the desired functional properties
to interface with biological systems, in spite of numerous
uses of materials in tissue engineering. Thus, developing
new materials to reach these issues is necessary.
Composites of hydrophilic polymers and inorganic
minerals like hydroxyapatite can be good materials for
biomedical
applications.
Bone
apposition
and
differentiation of mesenchymal cells to osteoblasts can
*Corresponding author. E-mail-arivuoli@gmail.com.

be promoted by the attachment of hydroxyapatite
nanoparticles to a polymer surface (Sinha and Guha,
2008). Hydroxyapatite is a significant biomaterial in the
health care industry. Its chemical and mineral phases are
analogous to those of natural bone and hence, its usage
in the field of dentistry and orthopedics has been
explored (Zhao and Ma, 2005; Chen et al., 2002; Hornez
et al., 2007). Properties like osteoconductivity and
osteoinductivity enhance bone regeneration and make
hydroxyapatite an important material in tissue
engineering (Burg et al., 2000), and its biocompatibility
leads to its use as bioactive coating over implants (Wang
et al., 2006; Ye et al., 2007). Bone is considered as a
nanocomposite of minerals and proteins, and recently
nano-level hydroxyapatite has been investigated and
demonstrated as having a good impact on cell
biomaterial interaction (Elliot, 1994; Webster et al., 2000).
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Figure 1. Flow chart of hydroxyapatite nanoparticles preparation by wet chemical method.

However, the migration of the nano- hydroxyapatite
particles from the implanted site into the surrounding
tissues might cause damage to healthy tissue (Miyamato
et al., 1998). To find a solution, composites of nanohydroxyapatite and polymers were researched to find a
material that retained the good properties of nanohydroxyapatite and prevented the nano- hydroxyapatite
particles from migrating. In the present investigation, we
report the synthesis and characterization of nanohydroxyapatite by a wet chemical synthesis technique.
The as prepared hydroxyapatite nanoparticles are
characterized by X- ray diffraction, Fourier transform
infrared spectroscopy (FTIR), elemental dispersive X-ray
(EDX) analysis, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and dynamic
light scattering (DLS) analysis.

EXPERIMENTAL PROCEDURES
Synthesis of hydroxyapatite nanoparticle
Hydroxyapatite nanoparticles were synthesized by the wet chemical
method. 500 ml of 0.4 mol of diammonium hydrogen phosphate
with pH-4.0 was vigorously stirred in 2 L beaker at room
temperature and 500 mL of 0.6 mol calcium nitrate tetrahydrate with

pH=7.4 was added drop-wise over 4 h. The pH of the system was
maintained at 10.8 throughout the stirring process, by using 0.1 M
sodium hydroxide. The mixture was allowed to remain stirred
overnight. A white precipitate was formed. The precipitate was
vacuum dried and cleaned with distilled water and ethanol
simultaneously for three or four times. The prepared powder was
used for further characterization. The schematic presentation of the
procedure is given in Figure 1. This precipitation reaction for
synthesis of hydroxyapatite nanoparticles was first proposed by
Yagai and Aoki, as indicated by Bouyer et al. (2000).

RESULTS AND DISCUSSION
XRD analysis
The structural analysis of sample was done by the
powder X-ray diffraction. The XRD patterns of the
synthesized nano hydroxyapatite are shown in Figure 2.
The XRD pattern of nano hydroxyapatite shows sharper
peaks which indicate better crystallinity. The peak
positions are in good agreement with the JCPDS
(896438). As can be seen, hydroxyapatite XRD patterns,
with the diffraction peaks, obtained with d-spacing values
of 2.82Å, 2.79Å and 2.72Å and the other d-spacing
values match exactly with the hexagonal system with
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Figure 2. XRD spectra of hydroxyapatite nanoparticles.

Figure 3. FTIR spectrum of nano- hydroxyapatite.

primitive lattice. The results of XRD analysis obtained in
the present investigation are in good agreement with the
reported results (Bouyer et al., 2000).
FTIR analysis
Functional groups associated with hydroxyapatite were

identified by FTIR spectroscopy. The FTIR spectra of the
prepared samples are given in Figure 3. The ion
-1
stretching vibration around 3568 cm confirms the
presence of a hydroxyl group. Likewise, the other
stretching vibrations for carbonyl and phosphate groups
were also observed as reported earlier (Cengiz et al.,
2008). The observed functional groups and their
corresponding assignments are presented in Table 1.

1642

Int. J. Phys. Sci.

Table 1. Some important functional group assignments of hydroxyapatite nanoparticles.

Wavenumber cm
3568
1461
1041
869
570

-1

Stretching mode
Ion Stretching
Asymmetric stretching
Asymmetric stretching
Out of plane bending mode
Asymmetric bending vibration

Functional group
OH
CO323PO4
CO32PO43-

Figure 4. SEM Image of the hydroxyapatite nanoparticle.

The functional groups of the hydroxyapatite powder
predicted from FTIR spectra analysis are compared with
the results of Choi et al. (2004) for the confirmation.

are shown. The presented spectrum shows the Ca/P
value of the synthesized nano-hydroxyapatite to be 1.68,
which is quite close to the Ca/P ratio of the human bone
(Trommer et al., 2007).

SEM analysis
TEM analysis
The scanning electron microscope (SEM) was used for
the
morphological
study
of
nanoparticles
of
hydroxyapatite. Figure 4 shows the SEM images of the
as-prepared
hydroxyapatite
nanoparticles.
The
hydroxyapatite nanoparticles formed were highly
agglomerated. The agglomeration of the nanoparticles
might be because of Ostwald ripening. The spherical
shaped particles with clumped distributions are visible
from the SEM analysis. The SEM images show the
spherical shaped particles as confirmed by Ferraz et al.
(2004) for reported results of
hydroxyapatite
nanoparticles.

The structure and morphology of the samples were
further confirmed by the TEM and TEM images of the
prepared nano-hydroxyapatite, as shown in Figure 6. The
transmission electron microscopic analysis confirms the
presence of the spherical shape morphology of the
prepared hydroxyapatite nanoparticle with the particle
size of around 60 to 70 nm (Figure 7). The particle size
is also found to be in agreement with the report results of
Ferraz et al. (2004).
DLS studies

EDX analysis
In Figure 5a and b, and Table 2, the standard EDX
spectra recorded on the examined nano-hydroxyapitate

Dynamic light scattering (DLS) is an important tool for
characterizing the size of nanoparticles in a solution. The
DLS measures the light scattered from a laser that
passes through a colloidal solution and by analyzing the
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Weight (%)

Figure 5a. EDX spectrum of nano-hydroxyapitate.

Figure 5b. Chart showing the weight % and
quantitative results of EDX spectrum of nanohydroxyapitate.

modulation of the scattered light intensity as a function of
time, the hydrodynamic size of the particles and particle
agglomerates can be determined. Larger particles will
diffuse slower than smaller particles, and the DLS
instrument measures the time dependence of the

scattered light, to generate a correlation function that can
be mathematically linked to the particle size. The DLS is
a valuable tool for determining and measuring the
agglomeration state of the nanoparticles as a function of
time or suspending solution. When the DLS sizing data is
compared to the transmission electron microscopy
images, the aggregation state of the particles can be
determined. In an unagglomerated suspension, the DLS
measured diameter will be similar or slightly larger than
the TEM size. If the particles are agglomerated, the DLS
measurement is often much larger than the TEM size,
and can have a high polydispersity index (large variability
in the particle size).
The dynamic light scattering
experiment shows that the particle size distribution is in
the range of 50 to 70 nm, which is well supported by the
TEM analysis. Dynamic light scattering is used to
monitor the size of the precipitating particles and to
provide information about their concentration (De Bruyn
et al., 2013).
Conclusion
Nano-hydroxyapatite has been successfully synthesized
using the wet chemical technique. The formation of
hydroxyapatite nano particles was confirmed by X-ray
diffraction (XRD) and Fourier transform infrared
spectroscopy (FT-IR).The elemental compositions were
examined using the EDX analysis. The size and
morphology of the samples were characterized using
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Table 2. Elemental composition of nano-hydroxyapitate.

Element
OK
PK
Ca K
Total

App
Conc.
2.26
0.56
0.82

Intensity
Conc.
0.7087
1.2858
0.9935

Weight (%)
73.52
9.88
16.60
100.00

Figure 6. TEM images of hydroxyapatite nanoparticles.

Figure 7. Particle size of hydroxyapatite nanoparticles.

Weight (%)
Sigma
0.96
0.55
0.70

Atomic (%)
85.09
6.07
8.84

Chandrasekar et al.

scanning and transmission electron microscopy (SEM
and TEM). The spherical shaped particles were
confirmed through the SEM analysis. The transmission
electron microscopic analysis confirms the prepared
hydroxyapatite nanoparticles with the particle size of
around 60 to 70 nm. The particle size of the nanohydroxyapatite range of 50 to 70 nm was determined
using the dynamic light scattering (DLS) experiment
which is good agreement with the TEM analysis.
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