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This study evaluates the influence of independent parameters such as sliding velocity (A), normal load (B), filler content (C), and
sliding distance (D) on wear performance of potassium-titanate-whiskers (PTW) reinforced epoxy composites using a statistical
approach. The PTW were reinforced in epoxy resin to prepare whisker reinforced composites of different compositions using
vacuum-assisted casting technique. Dry sliding wear tests were conducted using a standard pin on disc test setup following a well
planned experimental schedule based on Taguchi’s orthogonal arrays. With the signal-to-noise (S/N) ratio and analysis of variance
(ANOVA) optimal combination of parameters to minimize the wear rate was determined. It was found that inclusion of PTW has
greatly improved the wear resistance property of the composites. Normal load was found to be the most significant factor affecting
the wear rate followed by (C), (D), and (A). Interaction effects of various control parameters were less significant on wear rate of
composites.

1. Introduction

Polymer matrix composites are an important class of com-
posite that are finding increased use in aerospace, auto-
motive, marine, and civil infrastructure applications. In
recent years, polymer composites are extensively utilized in
tribological components such as cams, brakes, bearings, and
gears because of their self-lubrication properties, lower
friction, and better wear resistance. More and more polymer
composites are now being used as sliding components, which
were formerly composed of only metallic materials [1, 2].
Still, developments are underway to explore other fields of
application for these materials and to tailor their properties
for extreme load-bearing and environmental temperature
conditions. Currently, usage of ceramic whisker-reinforced
polymer composites is rapidly increasing.

Whiskers are short fiber-shaped single crystals with high
perfection and very large length-to-diameter ratios. Gener-
ally whiskers possess high strength and stiffness due to their
nearly perfect crystal structure [3]. Therefore whiskers are
reckoned as more effective reinforcements than traditional
fibers such as carbon fiber and glass fiber. Recently various
inorganic whiskers such as Calcium Carbonate (CaCO3),

Alumina (Al2O3), Silicon Carbide (SiC), Potassium Titanate
(PTW, K2Ti6O13), Barium Titanate (BaTiO3), and so forth
were prepared and employed in the manufacturing of
composites with different polymer matrices.

Several researchers have observed the significant changes
in the mechanical and tribological properties of polymers
reinforced with different kinds of whiskers. Feng et al. [4]
noticed that wear rate of PTW/PTFE composite decreased
dramatically when PTW content increased from 1% to 20%.
Lin et al. [5] reported that optimal content of CaCO3 whisker
in PEEK composites is 15% to 20% combining both mechan-
ical and tribological properties. Zhang et al. [6] investigated
the mechanical and wear properties of silicon carbide and
alumina whisker-reinforced epoxy composites and observed
that both whiskers significantly improved the flexural mod-
ulus and wear resistance of epoxy. However, Avella and
coworkers [7] mentioned that addition of untreated SiC
whisker into polypropylene lead to an enhancement of the
modulus, but a decrease in the tensile strength. Wang et
al. [8] revealed that ZnO whiskers have better reinforcing
effect with the nylon than the ZnO particles. Jang et al.
[9] proposed modifications with ceramic whiskers as an
alternative to rubber toughening for improving the impact
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Table 1: Properties of PTW.

Diameter (μm) Length (μm) Density (g/cc) Tensile strength (GPa) Tensile modulus (GPa) Hardness (Mohs)

0.5–2.5 10–100 3.185 7 280 4

(a) (b)

Figure 1: SEM picture of (a) PTW whiskers and (b) 15% PTW filled epoxy.

resistance of epoxy resins. Among the numerous inorganic
fillers, potassium titanate whisker (PTW, K2O·6TiO2) has
been found to be a promising reinforcer for the wear resistant
composites due to its unique properties, such as outstanding
mechanical performance, low hardness (Mohs hardness 4),
and excellent chemical stability. PTW is a kind of very fine
microreinforcing material and it is suitable to reinforce the
very narrow space in composites that conventional fillers are
unable to do. In practice, it is an excellent fit for making
products that have a complex shape, great precision, and high
polished surface. The price of the PTW ranges from one-
tenth to one-twentieth of the cost of SiC whiskers [10]. In
this regard, PTW have been used to reinforce most of the
polymers [11–18].

Design of experiment is a technique to obtain the
maximum amount of conclusive information from the
minimum amount of work, time, energy, money, or other
limited resources. The information generally comprises
the relationship between product and process parameters
and the desired performance characteristic [19]. Taguchi’s
techniques are one of the powerful tools used in the
design of experiments. Taguchi’s parameter design can
optimize the performance characteristics through the setting
of design parameters and reduce the sensitivity of system
performance to the sources of variation [20, 21]. Taguchi’s
experimental procedure has been successfully applied for
parametric appraisal in dry sliding wear study of polymer
composites [22–25]. Among the published literatures, few
papers focused on tribological behavior of thermoset com-
posites modified by ceramic whiskers. This paper discusses
dry sliding wear characteristic of PTW-reinforced epoxy
composites on the basis of Taguchi approach.

2. Materials and Methods

2.1. Materials. Room temperature curing epoxy resin system
(LY556+HY951) supplied by Huntsman Advanced Materials
India Pvt. Ltd., Bengaluru was used as the matrix system.
PTW is a ceramic microfiller used as reinforcement was
supplied by Hangzhou Dayangchem Co. Ltd., Hong Kong.
These ceramic whiskers are of splinter shape (Figure 1(a))
and with high length/diameter ratio 20–40, and properties
are listed in Table 1.

2.2. Fabrication of Composites. An open mold with cavity
dimensions 225×225×6 mm was fabricated to cast polymer
composites. The fillers were preheated to 80◦C for 2 hours
to remove any moisture present and cooled to ambient
temperature. The required quantities of filler were stirred
gently into liquid epoxy resin, taking care to avoid the
introduction of air bubbles. Resin filler mixture was then
placed under the vacuum (760 Hg mm) for about 2 hours to
remove any entrapped air. Hardener was then added to the
resin in the ratio of 1 : 10 and then stirred to ensure complete
mixing. The mixture was then poured into an open metallic
mold coated with release agent and the mold was placed in
a toughened glass chamber maintaining a low-vacuum level
400–450 Hg mm for about 1 hour. Specimens were allowed to
cure under room temperature and released from mold after
24 hours. Cast composites plates obtained were of dimension
225 × 225 × 3 mm. The plates were then postcured at 50◦C
for 2 hours in a hot air oven.

Composition of the test specimens was varied up to
15% of filler loading at intervals of 5%. Extreme care has
been taken to avoid any undesirable filler settling effect by
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Figure 2: Pin on disc test setup.

casting the slurry just prior to its gelling stage, all time
keeping it in a stirred condition. This was done to ensure the
uniform composition of cast specimens across its volume.
Higher PTW content means higher viscosity. Due to the
processing difficulty, the composites with more than 15 wt%
PTW were not fabricated. Wear test samples of size 10 ×
10× 3 mm were prepared from the cast composites using the
diamond-tipped cutter. Figure 1(b) displays the SEM picture
of 15% PTW-filled epoxy. It can be seen that the filler is
uniformly distributed and has good compatibility with the
epoxy matrix.

2.3. Wear Testing. The dry sliding wear tests were performed
on pin on disc test setup (Ducom TR201C, Bangalore) as
per ASTM G99-05 (reapproved 2010) standard [26]. This
test setup is illustrated in Figure 2. Wear test samples of size
10× 10× 3 mm are glued to steel pins of 10 mm square cross
section and 30 mm length and come in contact with (EN31
grade, 62 HRC, 1.6 μ Ra) carbon steel disc. Prior to testing,
the samples were polished against fine grade sand paper
(1200 grit SiC) to ensure proper contact with counterface.
Test parameters are normal load: 10 N, 20 N, 30 N; sliding
velocity: 0.5 m/s, 0.75 m/s, 1 m/s; and sliding distance: 500 m,
1000 m, 1500 m. The pin along with the specimen was then
weighed in an electronic balance (Shimadzu Japan, AY220,
0.1 mg Accuracy). Before and after wear testing, samples were
cleaned with acetone to remove wear debris. Weight loss
of the test samples gives the measure of sliding wear loss.
Volume loss was calculated from measured weight loss using
density data of the test specimen. The specific wear rate (Ws)
was calculated as per

Ws = V

L× d
, (1)

where V is the volume loss in mm3, L is the load in Newton,
and d is the sliding distance in m.

2.4. Experimental Design. Design of experiment is the pow-
erful analysis tool for modeling and analyzing the influence
of the control factors on the performance output. The most
important stage in the design of experiment lies in the selec-
tion of the control factors [19]. Four parameters, namely,
sliding velocity (A), normal load (B), filler content (C),
and sliding distance (D) each at three levels, are considered
in this study in accordance with L27(313) orthogonal array
design. Control parameters and their levels are indicated in
Table 2. Four parameters each at three levels would require
34 = 81 runs in a full-factorial experiment, whereas Taguchi’s
factorial experiment approach reduces it to only 27 runs
offering a great advantage. The plan of the experiment [23,
25] is as follows: the first column of the Taguchi orthogonal
array is assigned to the sliding velocity (A), the second
column to the normal load (B), the fifth column to the fiber
content (C), the ninth column to sliding distance (D) and
remaining columns are assigned to their interactions and
experimental errors.

The experimental observations are transformed into
signal-to-noise (S/N) ratio. There are several S/N ratios
available depending on the type of characteristic, which
can be calculated as logarithmic transformation of the loss
function. For lower is the better performance characteristic
S/N ratio is calculated as per

S

N
= −10 log

1
n

(∑
y2
)

, (2)

where “n” is the number of observations and “y” is the
observed data. “Lower is the better” (LB) characteristic,
with the above S/N ratio transformation, is suitable for
minimization of wear rate. A statistical analysis of variance
(ANOVA) is performed to identify the control parameters
that are statistically significant. With the S/N ratio and
ANOVA analyses, the optimal combination of wear param-
eters is predicted to acceptable level of accuracy. Finally
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Table 2: Control factors and levels used in the experiment.

Control factor
Level

I II III Units

A: Sliding velocity 0.50 0.75 1.00 m/s

B: Normal load 10 20 30 N

C: Filler content 5 10 15 %

D: Sliding distance 500 1000 1500 m

Table 3: Test conditions with output results using L27 orthogonal array.

SI. no Sliding velocity
A (m/s)

Normal load
B (N)

Filler content
C (%)

Sliding distance
D (m)

Specific wear rate
Ws (mm3/N-km)

S/N ratio
(db)

1 0.50 10 5 500 0.132890 17.5301

2 0.50 10 10 1000 0.113821 18.8755

3 0.50 10 15 1500 0.074015 22.6136

4 0.50 20 5 1000 0.161960 15.8118

5 0.50 20 10 1500 0.132791 17.5366

6 0.50 20 15 500 0.150674 16.4392

7 0.50 30 5 1500 0.118125 18.5532

8 0.50 30 10 500 0.130081 17.7157

9 0.50 30 15 1000 0.100449 19.9611

10 0.75 10 5 1000 0.132890 17.5301

11 0.75 10 10 1500 0.113821 18.8755

12 0.75 10 15 500 0.095163 20.4307

13 0.75 20 5 1500 0.157807 16.0375

14 0.75 20 10 500 0.170732 15.3537

15 0.75 20 15 1000 0.138779 17.1535

16 0.75 30 5 500 0.149502 16.5071

17 0.75 30 10 1000 0.121951 18.2763

18 0.75 30 15 1500 0.102212 19.8100

19 1.00 10 5 1500 0.132890 17.5301

20 1.00 10 10 500 0.130081 17.7157

21 1.00 10 15 1000 0.111023 19.0917

22 1.00 20 5 500 0.224252 12.9853

23 1.00 20 10 1000 0.150407 16.4547

24 1.00 20 15 1500 0.132170 17.5773

25 1.00 30 5 1000 0.171650 15.3071

26 1.00 30 10 1500 0.130081 17.7157

27 1.00 30 15 500 0.126883 17.9319

a confirmation experiment is conducted to verify the optimal
process parameters obtained from the parameter design [21].

3. Results and Discussion

3.1. Statistical Analysis of Wear Rate. The analysis was made
using the software MINITAB 14 [27] specifically used for
the design of experiment applications. Test conditions with
output results using L27 orthogonal array are presented in
Table 3. From Table 3, the overall mean for the S/N ratio
of the wear rate was found to be 17.68 dB. Figures 3(a)
and 3(b) show graphically the effect of the control factors

on specific wear rate. Process parameter settings with the
highest S/N ratio always give in the optimum quality with
minimum variance. The graphs show the change of the S/N
ratio when the setting of the control factor was changed from
one level to the other. The best wear rate was at the higher
S/N values in the response graphs. From the plots it is clear
that factor combination of A1, B1, C3, and D3 gives minimum
specific wear rate. Thus minimum specific wear rate for the
developed composites is obtained when the sliding velocity
(A) and normal load (B) are at the lowest level, and filler
content (C) and sliding distance (D) are at the highest level.

The effect of increasing the control variables on the
specific wear rate can be observed from Figure 3(b). It is
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Figure 3: (a) Effect of control factors on wear rate (S/N ratio). (b) Effect of control factors on wear rate (mean).

obvious that change in the sliding conditions has a direct
influence on the wear behavior of the composites. Increase
in sliding velocity results in increased rubbing action at
the composite and steel disc interface and consequently
the wear rate increases. It is evident that wear rate has
exhibited increasing and decreasing trend with the normal
load. Increase in the normal load usually results in the
thermal softening of the composite material and loosening of
the matrix material which increases the wear rate. However,
dislodging of the matrix material exposes the ceramic
whiskers at the interface and these whiskers are able to take
up the load applied there by reducing the wear rate at higher
loads. This kind of variations in specific wear rate of polymer
composites with the normal load is also reported by other
researchers [17, 23]. It is observed that increase in the level

of both filler content and sliding distance causes wear rate
to decrease with the effect of filler content dominating the
effect of sliding distance on wear rate. Inclusion of the harder
ceramic phase such as PTW results in lowering the wear rate
of the composite. This is because the PTW being harder
phase than the epoxy matrix improves the wear resistance
property of the composite. It is understandable that increase
in sliding distance (time of operation) causes the transfer
film formation [28] on the wear disc and this contributes
to reduce the wear rate under longer duration of sliding. In
an effort to identify the role of ceramic particles in the wear
behavior of polymer composites, Durand et al. [29] proposed
several wear mechanisms such as surface cracking, particle
detachment, thin and thick transfer layer at the interface,
and so forth in case of polymer composites that provide
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the effective wear protection to the matrix material. Ray
and Gnanamoorthy [30] explained that three mechanisms,
namely: (i) matrix material loss; (ii) filler wear; and (iii)
debonding at the interface are operative in filled polymer
composites and dominance of one factor one over the other
control the wear behavior of composites. In the present
investigation, it was noticed that PTW particles, which are
brittle in nature and also have sharp edges as obvious from
SEM images, easily tear the matrix and progressively get
aligned in the sliding direction. These particles by virtue of
their shape, size, brittleness, and hardness modify the wear
performance of the composites.

The S/N ratio response is given in Table 4, from which
it can be concluded that among all the factors, normal
load is the most significant factor followed by filler content,
sliding distance, and sliding velocity. Analysis of the results
leads to the conclusion that as far as minimization of wear
rate is concerned, factors A, B, C, and D have significant
effect. Figure 4 illustrates the interaction effects of control
parameters. It is well known that interactions do not occur
when the lines on the interaction plots are parallel and
strong interactions occur between parameters when the
lines cross [31]. An examination of Figure 4 yields a small
interaction between control parameters. In order to justify
the insignificant factor and insignificant interaction a further
statistical analysis (ANOVA) was carried out.

3.2. ANOVA and the Effects of Factors. ANOVA is a statistical
design method used to break up the individual effects from

Table 4: Response table for signal to noise ratios.

Level A B C D

1 18.34 18.91 16.42 16.96

2 17.77 16.15 17.61 17.61

3 16.92 17.98 19.00 18.47

Delta 1.41 2.76 2.58 1.52

Rank 4 1 2 3

all control factors. The percentage contribution of each
control factor is employed to measure the corresponding
effect on the quality characteristic. Table 5 shows the results
of the ANOVA with the specific wear rate. This analysis was
undertaken for a level of significance of 5% that is, for level
of confidence 95%. The 7th column of Table 5 indicates the
order of significance among factors and interactions. From
Table 5, one can observe that the normal load (P = 0.000) has
greater static influence of 38.67%, filler content (P = 0.000)
has an influence of 32.70%, sliding distance (P = 0.002) has
an influence of 11.34%, and sliding velocity (P = 0.003)
has an influence of 9.95% on specific wear rate. However,
the interaction between normal load and filler content (P =
0.200), normal load and sliding distance (P = 0.195), and
lastly filler content and sliding distance (P = 0.432) show
less significance of contribution on specific wear rate.

The present analysis indicates that dry sliding wear test
parameters and their interactions have both statistical and
physical significance (percentage contribution > error) in
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Table 5: ANOVA table for specific wear rate.

Source DOF Seq SS Adj SS Adj MS F test P value P (%)

Sliding velocity (A) 2 9.1245 9.1245 4.5623 18.52 0.003 9.95

Normal load (B) 2 35.4780 35.4780 17.7390 71.99 0.000 38.67

Filler content (C) 2 30.0028 30.0028 15.0014 60.88 0.000 32.70

Sliding distance (D) 2 10.4056 10.4056 5.2028 21.11 0.002 11.34

B × C 4 2.0655 2.0655 0.5164 2.10 0.200 2.25

B ×D 4 2.0972 2.0972 0.5243 2.13 0.195 2.29

C ×D 4 1.0942 1.0942 0.2736 1.11 0.432 1.19

Error 6 1.4784 1.4784 0.2464 1.61

Total 26 114.3166 100

S = 0.496392 R-Sq = 98.39% R-Sq (adj) = 93.02%.
DOF: degrees of freedom; Seq SS: sequential sum of squares; Adj SS: adjusted sum of squares; Adj MS: adjusted mean squares; P: percentage of contribution.

Table 6: Confirmation test for specific wear rate.

Initial process parameters Optimal process parameters
Improvement in the result

Level A1B1C2D2
Prediction Experimental

A1B1C3D3 A1B1C3D3

S/N ratio (dB) 18.8755 22.3393 22.6135 3.74 dB

Specific wear rate (mm3/N-km) 0.113821 0.075656 0.074015 34.97%

the wear behavior of the Epoxy/PTW composites. How-
ever, interaction between filler content and sliding distance
has statistical significance but do not have any physical
significance [32–34], since error associated is more than
percentage contribution of these interactions as evident from
the ANOVA results.

3.3. Confirmation Experiment. The confirmation experiment
is the final step in the design of experiment process. The
purpose of the confirmation experiment is to validate the
conclusions drawn during the analysis phase [20, 21]. The
estimated S/N ratio for specific wear rate using the optimum
level of parameters can be calculated with the help of the
following predictive equation [21, 24, 35]:

ηopt = T +
k∑

j=1

(
ηj − T

)
; j = 1, 2, . . . , k, (3)

where T = overall experimental average of S/N ratio. ηj =
mean of the S/N ratio at the optimum parameter level. k =
number of main design parameters that significantly affect
the wear rate of Epoxy/PTW composites. The predictive
equation for the optimum wear parameters A1, B1, C3, D3

can be written as per

ηopt = T +
(
A1 − T

)
+
(
B1 − T

)
+
(
C3 − T

)
+
(
D3 − T

)

+
[(
B1 C3 − T

)
−
(
B1 − T

)
−
(
C3 − T

)]

+
[(
B1 D3 − T

)
−
(
B1 − T

)
−
(
D3 − T

)]

+
[(
C3 D3 − T

)
−
(
C3 − T

)
−
(
D3 − T

)]
,

(4)

where A1, B1, C3, and D3 = mean response for factors and
interactions at designated levels. By combining the similar
terms, (4) reduces to

ηopt = A1 − B1 − C3 −D3 + B1 C3 + B1 D3 + C3 D3. (5)

The results of experimental confirmation using optimal
wear parameters and comparison of the predicted wear
rate with the actual wear rate using the optimal wear
parameters are shown in Table 6. Good agreement seems to
take place between the estimated and actual wear rate. The
improvement in S/N ratio from the starting level to optimum
level is 3.74 dB. The specific wear rate is reduced by 34.97%.
Therefore the wear performance is greatly improved by using
Taguchi method.

4. Conclusions

Taguchi’s robust design method can be used to analyze the
dry sliding wear behavior of the polymer matrix composites
as described in this paper. The following are general conclu-
sions that can be drawn from the work.

(i) Design of experiment approach by Taguchi method
enable us to analyze successfully the wear behavior of
the composite with the sliding velocity, normal load,
filler content, and sliding distance as test variables.
From the S/N ratio analysis, the optimal combination
of wear parameters is obtained as A1B1C3D3 to
minimize wear rate.

(ii) ANOVA results indicated that normal load is the fac-
tor which is having highest physical as well as statisti-
cal influence (38.67%) on the wear of the composites
followed by filler content (32.70%), sliding distance
(11.34%), and sliding velocity (9.95%). However,
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interactions of these factors have less significant effect
on wear rate.

(iii) The confirmation tests indicated that it is possible
to decrease wear rate significantly (34.97%) by using
the proposed statistical technique. The experimental
results confirmed the validity of Taguchi method for
enhancing the wear performance and optimizing the
wear parameters under dry sliding conditions.

In future, this study can be extended to learn the wear
behavior of similar multiphase polymer composites.
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[31] P. Déprez, P. Hivart, J. F. Coutouly, and E. Debarre, “Friction
and wear studies using taguchi method: application to the
characterization of carbon-silicon carbide tribological couples
of automotive water pump seals,” Advances in Materials Science
and Engineering, vol. 2009, Article ID 830476, 2009.

[32] S. Basavarajappa, G. Chandramohan, and J. Paulo Davim,
“Application of Taguchi techniques to study dry sliding wear
behaviour of metal matrix composites,” Materials and Design,
vol. 28, no. 4, pp. 1393–1398, 2007.

[33] P. Ravindran, K. Manisekar, P. Narayanasamy, N. Selvakumar,
and R. Narayanasamy, “Application of factorial techniques
to study the wear of Al hybrid composites with graphite
addition,” Materials and Design, vol. 39, pp. 42–54, 2012.

[34] S. R. Chauhan, A. Kumar, I. Singh, and P. Kumar, “Effect of fly
ash content on friction and dry sliding wear behavior of glass
fiber reinforced polymer composites—a Taguchi approach,”
Journal of Minerals & Materials Characterization & Engineer-
ing, vol. 9, no. 4, pp. 365–387, 2010.

[35] A. Patnaik, A. Satapathy, M. Dwivedy, and S. Biswas, “Wear
behavior of plant fiber (pine-bark) and cement kiln dust-
reinforced polyester composites using Taguchi experimental
model,” Journal of Composite Materials, vol. 44, no. 5, pp. 559–
574, 2010.



International Journal of

Aerospace
Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2010

Robotics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Active and Passive  
Electronic Components

Control Science
and Engineering

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 International Journal of

 Rotating
Machinery

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 Journal ofEngineering
Volume 2014

Submit your manuscripts at
http://www.hindawi.com

VLSI Design

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Shock and Vibration

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi Publishing Corporation 
http://www.hindawi.com

Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Sensors
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Modelling & 
Simulation 
in Engineering
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Navigation and 
 Observation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Distributed
Sensor Networks

International Journal of


