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Abstract— A novel control strategy for improving the transients 
in the output voltage of a DC–DC positive buck–boost converter 
is presented in this paper. The proposed control technique can 
regulate the output voltage for variable input voltage, which is 
higher, lower, or equal to the output voltage. There are several 
existing solutions to these problems, and selecting the best 
approach involves a trade off among cost, efficiency, and output 
noise or ripple. The proposed method is unique of its kind from 
the point of view of improving the efficiency and ripple content in 
the output voltage.  

 

 
Keywords— Control, efficiency, positive buck–boost converter, 
transients. 

 

               I. INTRODUCTION 
A very common power-handling problem, especially   for 

portable applications, powered by batteries such as cellular 
phones, personal digital assistants (PDAs), wireless and digital 
subscriber line (DSL) modems, and digital cameras, is the 
need to provide a regulated non inverting output voltage from 
a variable input battery voltage. The battery voltage, when 
charged or discharged, can be greater than, equal to, or less 
than the output voltage. But for such small-scale applications, 
it is very important to regulate the output voltage of the 
converter with high precision and performance.  

 
Thus, a tradeoff among cost, efficiency, and output 

transients should be considered.  With an input voltage range 
that is above and below the output voltage, the use of a buck 
or a boost converter can be ruled out unless cascaded. 
Cascaded combination of converters results in cascaded losses 
and costs; therefore, this approach is seldom used. In such a 
range of power demand, the transition of DC voltage from one 
level to another is generally accomplished by means of Dc-Dc 
power converter circuits, such as step-down (buck) or step-up 
(boost) converter circuits. 

 
In this paper, a novel theory is presented in order to fulfill 

the requirements of energy-efficient power supplies for 
battery- powered portable applications. The proposed method 
improves the transition problem and tries to reduce the 

transients happening during the transition from the buck mode 
to the boost mode.  

II.TRANSITION PROBLEM 
An example for a battery-powered application is shown 

in Fig.1.The input voltage of the battery when fully charged 
is  6 V and when discharged is 3.6 V. This supply needs to 
continuously provide a steady output of 5 V. Thus, the converter 
needs to operate in the buck mode for the period “TA ,” followed 
by the buck–boost mode for “TB ,” and finally in the boost mode 
for “TC .” 
 

The change in the duty ratio for different modes of 
operation based on different ranges of the input voltage is 
shown in Fig. 2. Referring to Fig. 1, for the period “TA ,” the 
converter works in the buck mode, where the duty changes 
from the minimum value when the input is 6 V to the 
maximum when the input is approximately between 5.1 and 4.9 
V, as shown in Fig. 2; for the time “TB ,” the converter is in 
buck–boost mode; and, finally, for the period “TC ,” it is 
working in the boost mode. The points “A” and “B” in Fig. 2 
are in reference to those in Fig. 1. 

Fig. 1 Input–output curve for the power supply. 
 

III. EXISTING SOLUTIONS 
There are various topologies such as inverting buck–boost 

converters, single-ended primary inductance converters 
(SEPICs), Cuk converters, isolated buck–boost converters, 
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 Fig.9 Output voltages for all four different transition methods 
 

VI. EXPERIMENTAL SETUP 
The hardware of a positive buck–boost converter is 

designed based on the parameters listed in Table I. The 
converter operates at 100 kHz switching frequency. Two n-type 
MOSFET switches and two Schottky barrier diodes are used 
for positive buck–boost converter configuration. The 
MOSFET switches and diodes are IRF540 and 1N5817, 
respectively. Controller has been implemented using a Texas 
Instrument digital signal processor (DSP) (320F2812). The 
output voltage reference is set to 5.0 V, and input voltage varies 
from 6.0 to 3.6 V. 
 

Two high-side gate drivers are designed for IRF540. The 
dedicated gating logic is applied to the converter for proper 
operation as buck, buck–boost, and boost converters. The 
operating modes are dependent on mode selection signals, 
applied from DSP. The overall configuration of converter and 
controller is shown in Fig.10. G1 and G2 are buck pulse and 
boost pulse, sequentially. MD_SEL0, MD_SEL1, and 
MD_SEL2 determine operation modes: buck, combination 
mode A; buck–boost, combination mode B; and boost, in each 
control period. 
 

 
Fig.10 Experimental circuit configuration. 

 
VII. CONCLUSIONS 

A highly efficient control strategy to control a pulse width 
modulation (PWM) dc/dc positive buck–boost switching con- 
verter has been illustrated in this paper. The proposed control 
scheme can regulate the output voltage for an input voltage, 
which changes based on the charge status of the battery supply. 
In this method, the capability of skipping over higher loss 
interface stages such as buck–boost mode in the case of a 
positive buck–boost converter significantly improves the 
efficiency of the circuit topology. 
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Abstract— Bond is the interaction mechanism which enables the 
force transfer between surrounding concrete and steel. To 
evaluate the effect of corrosion on bond strength behavior 
National Bureau of Standard (NBS) beam specimen is 
considered for the study. Different corrosion levels such as 0%, 
2.5%, 5% and 7.5% are considered. Impressed current 
technique is used to accelerate the corrosion process. Corrosion 
effects on load v/s strain and bond strength relations are studied. 
From the results it is observed that strain value of corroded 
beams is more compared to the controlled beam specimen for 
the applied load level. Increase in corrosion level causes 
degradation of the bond behavior. 
 
Keywords— Corrosion, bond strength, load, strain, concrete 
 

I. INTRODUCTION 
Chloride ingress in to the concrete is one of the primary 

causes of reinforcement corrosion. Once chloride comes in 
contact with the rebar level, passive layer present over the 
steel surface disappears and corrosion process initiates  
 

The rust produced as a result of corrosion has a volume 2 
to 6 times than that of original steel; it causes volume 
expansion developing tensile stresses in concrete [1]. Its 
effects on RC structures include cracking and spalling of the 
concrete cover, reduction, and eventually loss of bond 
between concrete and corroding reinforcement, and reduction 
of cross-sectional area of reinforcing steel. Corrosion affects 
both strength and serviceability of RC structures.

 
Composte action between concrete and reinforcing steel 

cannot occur without bond. One of the most important 
prerequisites of reinforced concrete construction is an 
adequate bond between the reinforcement and the concrete.  

 
In the present study effect of corrosion on bond strength 

of PPC RC members is investigated. 
            

II. EXPERIMENTAL INVESTIGATION 
Preparation of Test Specimen 

For the present study National Bureau of Standard (NBS) 
beam specimens of size 2.44mx0.457mx0.203m (Fig.1) are 
used. Beam specimen considered for the study is a under 
reinforced section. Concrete mix of M30 Grade is prepared 
using Portland Pozzolona cement concrete (PPC), fine sand 

and aggregate (20mm & 12.5mm size) as per IS 
10262:2009[2]. Mix proportion of   1: 1.77: 2.87 is used for 
the present study. Water cement ratio of 0.45, with an 
addition of 2ml/kg of a commercially available chemical 
admixture is used to get desired slump. The slump obtained is 
52mm. Compressive strength of 32.57N/mm2 is achieved at 
the end of 2days. 

 
After curing, beam specimens are subjected to desired 

corrosion levels. Electrochemical corrosion technique is used 
to accelerate the corrosion of steel bars embedded in beam 
specimens. Specimens are partially immersed in a 5% NaCl 
solution for a duration of   8 days. Eq (1) gives the amount of 
current to be applied to get desired levels of corrosion [3]. 
 

TWLD
FWi i

app 






100
)(  (1) 

where;  Degree of corrosion in percentage, T= Time in 
seconds, Wi= Initial weight of steel 20,000 in grams; 
F=96487 Amp-sec; W= Equivalent weight of steel 
(27.925grams), appi Applied current, D= diameter of bar, 
L=Length of ba. 

Based on Eq.1, the amount of applied current was varied 
from 2.5A to 7.5A current at 2.5A increments, to achieve 
corrosion levels varying from 2.5%, to 7.5% at 2.5% 
increments. Detailed representation of accelerated corrosion 
process is shown in Fig. 2. 

 
Corrosion Rate Measurement 

 
Corrosion levels are measured with applied corrosion 

monitoring instrument (Fig. 3) based on linear polarization 
resistance (LPR) method to assure the desired degree of 
corrosion levels in beam specimens after inducing corrosion 
for a particular duration. Corrosion current densities are 
calculated for each specimen for different grids and average 
value is considered to calculate the weight loss (%) from Eq. 
1.  Corrosion current density is calculated by using the Stern-
Geary formula 
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p

corr R
Bi                (2) 

where, corri  = corrosion current density ( A/cm2);               

pR  = polarization resistance (k  cm2); B  = 26 mV (for 
steel in active condition this value is normally used [4]). 
 

Test Setup used for Flexural Bond tudy 
Beam specimens are tested under two point loading 

condition. The load is applied at 15kN increments. Proving 
ring of 500kN capacity is used to note the applied load. 

Strain value recordings have been done by using demec 
gauges at every load interval. Test setup with positions of 
Demec targets have been shown in Fig. 4.  

 

Determination of Bond Stress 

Average bond stress values are obtained from Eq. (3).  

 

 
d

s
bd l

f




4
1    (3) 

where, 
bd Average bond stress (N/mm2) 

dl Embedment length of the bar (747mm) from the test 
setup 

sf Steel stress values 

1  Reduced Diameter (mm) values  
 
Reduced diameter can be obtained [5] from Eq. (4),  

 )
100

1(1
p

     (4) 

where,  
1  Reduced Diameter (mm)  
 Initial Diameter (25mm) 
p Weight loss in percentage 

 
The steel stress values have been obtained for initiation 

and end strain value at slip region for different corrosion 
levels from stress corresponding to strains at that load level 
(Fig. 5).          

III. RESULTS AND DISCUSSION 

Fig. 6 shows result of variation of corrosion levels with 
the icrease in the applied current. It is seen that corrosion 
levels increases linearly with the increase in the applied 
current. 
 

From Fig. 7 it is seen that as the load level increases strain 
value increases linearly in the initial stage.  Then at higher 
corrosion levels, rate of increase of strain is higher for the 
same increment of load level compared to lower level of 
corrosion. Control beam specimen performs better at 
increased corrosion levels. It is also observed that there is a 
sudden increase in strain values observed for the applied load 
interval, in all beam specimens. This indicates there is a slip 
between reinforcement and surrounding concrete; since the 
corresponding strain value for yield strength of 25mm 
diameter bar is much higher than the value of sudden increase 
in strain value. Slip at initiation indicates the point where flat 
portion begins and slip at end point where flat portion ends 
and strain values start continuing again.  

Bar stress and Bond Stress performance of NBS beam 

Bond stress results for different levels of corrosions ar 
obtained from Eq. (3). Percentage reduction in bond stress for 
different levels of corrosion i.e. 2.5%, 5%, and 7.5% with 
respect to control beam specimen are 4.32%, 10.65%, and 
18.93% respectively. 

 
From Fig. 8 it is observed that bond stress drops by about 

2.1% (at initiation of slip) and 2.2% (at end of slip point) or 
every percentage increase in corrosion leve.  

. 
Bond stress values for different degree of corrosion can be 

calculated from following equations obtained from Fig.8, 
where x=corrosion level (%) and   y= bond stress(N/mm2). 
 
At initiation of slip point: 

976.0708.1043.0 2  Rxy   (5) 
 
At end of slip point 

983.0262.3018.0 2  Rxy  
 (6)  
 

  
Fig. 1 Reinforcement details of NBS beam specimens 
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Fig. 2 Schematic representation of accelerated corrosion process 

 
 

 
Fig. 3 Corrosion monitoring test setup 

 

 
            Fig. 4 Test set up used for the determination of Bond-strength 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 

Fig. 5 Stress-strain curve for Fe-415 bar  
 
 
 
 

Fig.6 Variation of applied current with corrosion level 

 
 

 
Fig. 7 Effect of corrosion on load strain behavior 
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Fig. 8 Effect of corrosion on bond strength 

 
 

IV. CONCLUSIONS 
1. Reinforcement corrosion causes degradation of the bond 

behavior. The strain value becomes large due to 
corrosion and the larger the corrosion lesser the bond 
stress value. 

2. Percentage reduction in bond stress for different levels 
of corrosion i.e. 2.5%, 5%, and 7.5% with respect to 
control beam specimen are 4.32%, 10.65%, and 18.93% 
respectively. 

3. Bond stress drops for about 2 % (at initiation of slip) 
and 2.1% (at end of slip point) respectively for every 
percentage increase in corrosion level.  

 
4. Proposed regression equation is very much useful for 

quick assessment to predict the bond strength values for 
different corrosion levels in structure within the range of 
experimental data. 
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Abstract- Wireless sensor network are rapidly emerging field in 
communication with vast arena of applications. Many researches 
has been carried out in the various sensor network constraints 
such as routing, power management and data distribution etc., 
which mainly focus on energy awareness as an essential issue. In 
this paper we present a review on energy based routing protocols 
and manifest on a new scheme which portrays on enhancing the 
efficient utilization of energy and increase network lifetime. 
 
Keywords- Wireless sensor network, Energy Efficiency, Power 
management, Lifetime, Latency, Data accuracy. 
 

I. INTRODUCTION 
A wireless sensor network consists of spatially distributed 

autonomous sensors to monitor physical or environmental 
conditions, such as temperature, sound, pressure, etc., to 
cooperatively pass their data through the network to a main 
location. The popular network considered in this is to 
communicate in a multihop manner to control and coordinate 
network constraints.  

The development of wireless sensor networks was 
motivated by military applications such as battlefield 
surveillance. A lot of applications of mobile wireless sensor 
network can be found in different field such as habitat 
monitoring, wild life tracing, healthcare monitoring, and 
search and rescue call for mobile sensor networks. Presently 
these types of networks are foreseen as a horde of 
applications [1-3]. 

A  Networks main operation is data transfer, so to 
facilitate communication between the network nodes, a 
proper establishment of path between source and destination 
nodes is necessary. This is achieved by the help of routing 
protocol. Routing in wireless sensor networks is very 
challenging task due to their distinct characteristics, dynamic 
in nature, architecture and design issues and resource 
constraints. A routing protocol is responsible to efficiently 
perform data transfer function, it mainly concentrated on 
finding the shortest path between a source and destination 
node. Figure 1.1 describes the wireless sensor network and its 
applications. 

A. CHARACTERISTICS OF WSN 

Fig 1.1 Wireless Senor Networks and its applications. 
 

The Main characteristics of Wireless Sensor Networks 
are listed below. 

• Power consumption constrains for nodes using 
batteries or energy harvesting: Sensor nodes are 
battery operated they consume power, based on the 
amount of data transfer being done with the routing 
distance & security applications.  

• Ability to cope with node failures: Sensor Networks 
are highly Robust in Nature. Since the nodes are 
deployed in the real world environment there are 
possibilities of node failure and destructed due to the 
environmental changes and effects. 

• Mobility of nodes: The presence of Nodes in the 
actual environment provides an easy pathway for its 
mobility (E.g.; underwater sensors nodes are mobile 
due to the effect of water currents). 

• Dynamic network topology: Sensor Nodes deploy 
themselves in random topology based on the group 
of nearby nodes & the distance from the Base 
station. 

• Scalability to large scale of deployment: The Sensor 
nodes are characterized efficiently scalable to be 
deployed in the large scale in the real world 
environment, in order to support the relevant 
applications. 
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• Ability to withstand harsh environmental conditions: 
Sensor Nodes with its characteristic feature of 
Random deployment and Self-Organizing nature 
they can tolerate the highly fluctuating 
environmental conditions on the demand of 
applications. 

• Ease of use: This type of Network provides an ease 
to use and portability and compatibility to any 
adverse environmental effects. 

• Unattended operation: These types of Networks are 
self-monitored hence these nodes can be left 
unattended by the network manger.  

B. CONSTRAINTS IN WSN 
Individual sensor nodes in a WSN are inherently resource 

constrained. They have limited processing capability, storage 
capacity, and communication bandwidth. Each of these 
limitations is due in part to the two greatest constraints — 
limited energy and physical size.  
• Energy: energy consumption in sensor nodes can be 
categorized into three parts: 
–Energy for the sensor transducer 
–Energy for communication among sensor nodes 
–Energy for microprocessor computation 

The study found that each bit transmitted in WSNs 
consumes about as much power as executing 800–1000 
instructions. Thus, communication is more costly than 
computation in WSNs. Any message expansion caused by 
security mechanisms comes at a significant cost. Further, 
higher security levels in WSNs usually require to more 
energy consumption for cryptographic functions.  
• Computation: the embedded processors in sensor nodes are 
generally not as powerful as those in nodes of a wired or ad 
hoc network.  
• Memory: memory in a sensor node usually includes flash 
memory and RAM. Flash memory is used for storing 
downloaded application code and RAM is used for storing 
application programs, sensor data, and intermediate 
computations. There is usually not enough space to run 
complicated algorithms after loading OS and application 
code.  
• Transmission range: the communication range of sensor 
nodes is limited both technically and by the need to conserve 
energy. The actual range achieved from a given transmission 
signal strength is dependent on various environmental factors 
such as weather and terrain. 
 
C. ROUTING IN WSN 

In general, routing in WSNs can be classified into flat 
based, hierarchical-based and location-based routing 
depending on the network structure. In flat-based routing, all 
nodes are typically assigned equal roles or functionality. In 
hierarchical-based routing, nodes will play different roles in 
the network. In location-based routing, sensor nodes position 
is exploited to route data in the network. A routing protocol is 
considered adaptive if certain system parameters can be 

controlled in order to adapt to the current network conditions 
and available energy levels. Routing protocols can also be 
classified into multipath-based, query-based, negotiation-
based, QoS-based, or coherent-based routing techniques 
depending on the protocol operation.  

 
Fig 1.2 Sensor Network Routing Mechanism. 
 

Routing protocols for any wireless networks are broadly 
classified into three categories, proactive, reactive, and hybrid 
protocols depending on how the source finds a route to the 
destination. In proactive protocols, all routes are computed 
before the actual network communication takes place. In case 
of reactive protocols, routes are computed on demand. Hybrid 
protocols use a combination of these two ideas. If sensor 
nodes are static, then it is preferable to have proactive routing 
protocols rather than using reactive protocols. A significant 
amount of energy is used in route discovery and setting up of 
network. Another class of routing protocols is called the 
cooperative routing protocols in which nodes send data to a 
central node where data can be aggregated and may be 
subject to further processing, hence reducing route cost in 
terms of energy use. Very few routing protocols rely on 
timing and position information. Figure 1.2 describes the 
general routing mechanism prevailing in Wireless sensor 
networks.    

II. RELATED WORKS 
Routing in wireless sensor networks is a very challenging 

errand due to their distinct characteristics, dynamic nature, 
architecture & design problem and resource constraints. 
Many researches has been carried out in efficient design of 
routing protocols, but for Wireless Sensor network design of 
routing protocol is a major challenge, as it should satisfy 
many obdurate network constraints.  

A routing protocol generally requires updates from path 
search processes and stores information in the routing table. 
So, the routing algorithms can affect the processing, memory 
and energy consumption. Due to limited energy supply, less 
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processing power and memory, the routing algorithms should 
avoid overheads of storing routing table, re establishment of 
path search processes during link failure to reduce energy 
usage. 

A cluster-based routing protocol can avoid intensive 
message exchanges of path search, update processes and 
overhead of storing routing table or other information that 
could be expensive. To update typical clustering algorithms, 
divide WSN nodes into two types: member nodes and cluster 
heads. The member nodes send data to their cluster-head, then 
a cluster-head aggregates the data and relays to the base 
station. Several clustering algorithms have been proposed in 
this section. 

There are various routing protocols proposed and they are 
summarized in [4, 5].  LEACH [6, 7, and 8] is one of the most 
popular and promising cluster based protocol and has been 
widely proposed in WSNs. In [9], a basis to select the optimal 
probability with which a node should become a cluster head 
in order to minimize network energy consumption is 
proposed. They also proposed a sleep-wake up based MAC 
protocol instead of TDMA for LEACH architecture.  

L. Ying et al [10] proposed an energy adaptive cluster 
head selection algorithm based on node residual energy and 
energy required for transmission. In [11], energy efficient 
cluster ID based routing scheme is proposed, and uneven load 
in network is minimized by cluster size adaptation. The 
current Cluster head keeps the information of node with 
maximum remaining energy in its cluster. It ensures the 
location of Cluster head approximately at center of cluster. In 
case of uneven deployment it is not necessary that most of the 
nodes are in center of cluster. So the distance between Cluster 
head and sensor nodes will be increased. Another protocol 
presented in [12], consider distance and remaining energy of 
a node. Base station determines and select appropriate cluster 
head based on above two parameters. Y. Yin et al [13] 
proposed a centralized CH selection mechanism based on 
energy, mobility and distance to cluster centroid and the 
assumption made is sensor nodes are location perceptive and 
there is a single-hop communication in a cluster.  

The majority of the protocols proposed so far, only 
consider residual energy for cluster head selection but there 
are other metrics like distance to aggregation point, node 
reliability, mobility [20] etc that are also very important in 
order to maximize network life time. Suitable energy 
balancing protocols are required to increase scalability, 
reduce energy consumption and increase the lifetime of the 
network.  

Jia et al., 2007 proposed Hole Avoiding In advance 
Routing protocol (HAIR). In this approach the hurdles are 
identified and informed to neighbor nodes before the 
transaction by a node. In this they can select the path which 
doesn't have neighbor problems, however to find out the 
problems and sharing this information among the neighbors 
needs some energy. More over this method is not suitable for 
the dynamic environment which consists of mobile nodes. 

Hu et al., 2007 proposed to avoid selecting the forwarding 
node with lower residual battery power than the threshold 
value. This method could equally balance the total energy 
consumption between all nodes in the network, but it fails to 
impart solution where all the nodes receiving the energy less 
than threshold, makes individual nodes and  entire network 
losses the threshold value in its total running time. 

Wang et al., 2007 presented a Local Update-based 
Routing Protocol (LURP) that allows the sink node to move 
and update its location information. Since the sensor nodes 
close to the sink deplete their energy quickly by forwarding 
messages originating from many other nodes, the nodes 
which are placed very long to sink node have to communicate 
with sink through the nodes which are placed near to sink 
node only. If sensor nodes near to sink node loose its energy 
quickly it means other nodes are not able to communicate 
with sink. It results in packet drop and reduces the lifetime of 
network.   

Qiu et al., 2009 presented a tree routing to avoid flooding 
network with path search and update message in order to 
conserve energy by using only link information between 
cluster head and members for packet forwarding. In this 
technique, only link statuses are verified to avoid the 
complexity of the message. But  this technique  does not give 
the  idea about the efficient head selection and load balancing 
mechanism 

Gong et al. 2008 presented an unequal clustering and 
multi-hop routing scheme to extend the network lifetime of 
WSNs. In this cluster head selection is based on a cost 
function which considers the distance and energy usage. 
Energy usage is not the same in all ranges of transaction and 
it is depending on distance. But in a dynamic environment 
distance between the nodes varies based on the mobility of 
the nodes. So this approach is not suitable for dynamic 
environment. 

Dali & Chan, 2007 proposed a technique to balance and 
reduce the energy consumption of clustered sensor networks. 
As the energy consumption of sensor nodes depend on 
transmission range, the cluster-heads are normally at the 
center of the cluster. In each cluster, with the highest residual 
battery level and the node located in the center area is 
selected as the cluster-head. In real time the possibility of 
high energy in center node is very less. In case of dynamic 
environment any node can be placed at any location. But in 
this method also there is no possibility for center node in all 
clusters. So this technique proves to be unsuitable for 
dynamic environment. 

Every methods mentioned above are delt in consideration 
with static network nodes. Do-Seong Kim and Yeong-Jee 
Chung propose LEACH-Mobile mechanism. The key idea in 
LEACH-Mobile is to confirm whether a mobile sensor node 
is able to communicate with a specific cluster head. In this 
algorithm the protocol transmits a message which requests for 
data transmission from cluster head and back to mobile 
sensor node within a time slot allocated in TDMA schedule of 
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a sensor cluster. If the mobile sensor node does not receive 
the data transmission from cluster head within an allocated 
time slot according to TDMA schedule, it sends a join-request 
message at next TDMA time slot allocated for it. Then on 
reception of join-ack decides the cluster to which it will 
belong for this moment by receiving cluster join-ack 
messages back from specific cluster heads. 

LEACH-Mobile is focused to confirm the inclusion of 
sensor  nodes in a specific cluster at the steady-state phase as 
the cluster head and non-cluster head node receives particular  
message at a given time slot according to TDMA time 
schedule that each sensor cluster has, and then to reorganize 
the cluster with minimum energy consumption. LEACH-
MOBILE is only focused on cluster formation. It means 
majority of the work in LEACH-MOBILE is aimed to place 
the nodes in any one of the cluster.  

III. PROPOSED WORK 

In this section we provide a brief overview of EDM based 
cluster head selection, intra and inter cluster communication. 
Here we provide mobility characteristics to all the 
participating nodes, except sink node and gateway node. We 
enable communication among network nodes by a setup 
phase and steady state phase. Setup phase is responsible for 
cluster formation and head selection. Steady state phase is 
responsible for data transaction and routing. NS2 simulator is 
being used to for simulating the network operations. 

 
Methodology of Proposed work 
 
Our strategy is defined by the following steps. 
 

1. At the initial stage Base station decides the number 
of network clusters and randomly selects cluster 
head for all clusters.  As all nodes are assumed to 
have same energy level. 

2. Base station broadcasts the request message to get 
the information of all nodes. 

3. Every participating node on reception of request 
message sends the current details such as node id, 
residual energy, distance and density to base station. 

4. With the received details base station selects an 
efficient node which has high amount of energy as 
cluster head. After the selection of head nodes 
TDMA schedule are created and transmitted to the 
nodes in the cluster by head node. 

5. All the nodes participate in data gathering process. 
6. When a sensor node finished data gathering it will 

send the sensed data to head node of its own cluster. 
7. After collecting the data from all sensor nodes head 

node performing the aggregation process. 
8. At the end of aggregation head node transmits the 

aggregated data to base station through the gate way 
and other cluster head nodes. 

9. At each stage of communication, energy level of 
nodes will be updated in its memory. Based on this 

energy and density value efficient cluster head node 
is selected. 

 
IV. COMPARISION OF EXISTING AND PROPOSED 

Head node selection is the main part of increasing the life 
time of the network. Which means sharing the head role with 
different nodes and the work load between number of nodes. 
Energy of all the nodes will deplete in an equal manner, So it 
will avoid earlier death of individual nodes.  

Existing system LEACH-MOBILE is only focused on 
cluster formation. It means majority of the work in LEACH-
MOBILE is aimed to place the nodes in any one of the 
cluster. It doesn't speak about selection of cluster head.  

In our proposed system we mainly focus on efficient head 
selection. The head node will be selected based on higher 
residual energy and density. Hence, the higher energy 
constraint, work load of the node which has the minimum 
energy will be reduced. And because of the density constraint 
head node will become easily reachable to all other nodes in 
cluster. Hence data loss will be minimized. Finally 
performance of the entire network will be improved by this 
mechanism.  

V. CONCLUSIONS 
In this paper we present an overview of different routing  

protocols used in Wireless Sensor Networks, and portray 
most of the protocols proposed so far only considering 
residual energy for cluster head selection but there are other 
metrics like distance to aggregation point, node reliability, 
mobility etc that are also very crucial in order to maximize 
network life time. Appropriate energy balancing protocols are 
required to increase scalability, reduce energy consumption 
and enhance the network lifetime of the network on LEACH-
Mobile protocol with a new enhancement on classification of  
cluster head and focus on energy preserving mechanism and 
hence achieve energy management. Many of these routing 
techniques look promising; there are still many challenges 
that need to be solved in the sensor networks.  
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Abstract - In this paper a simple watermarking method for 
color images is proposed. The proposed method is based on 
watermark embedding in HSV planes using Discrete Cosine 
Transform (DCT) transformation. First, the Digital Color 
Image is transformed into HSV from RGB color space and then 
the DCT middle band of the each (Hue, Saturation and Value) 
component is used for watermarking processes. Voting is used to 
extract the best candidate pixel value. The results demonstrate 
the robustness of the technique against various types of attacks.  
 
Keywords- Digital Watermarking, DCT, RGB Color Space, HSV 
Color Space 

I. INTRODUCTION 
The rapid expansion of networked multimedia systems 

has added on the need for image copyright protection. Digital 
watermarking is a potential method to address problem of 
copyright protection, content usage and illegal replication.   
Digital Watermarking can be defined as a technology of 
embedding data called a watermark or digital signature or tag 
or label into a multimedia object such that watermark can be 
detected or extracted later to make an assertion  about the 
object[1-6].  
 

Digital watermarking can be categorized into different 
types based on different basis [1]. Watermarking techniques 
can be divided into image, audio, text, video according to the 
type of document to be watermarked. According to the 
human perception, the digital watermarks can be divided into 
visible, invisible and dual watermark. The watermark appears 
visible to a viewer on inspection where has invisible 
watermark is not visible to the viewer. Dual watermark is the 
combination of visible and invisible. According to working 
domain watermarks can be applied in spatial domain and 
frequency domain. In spatial domain watermarking is applied 
directly by altering the pixel values. In frequency domain 
transformation like DCT, FFT, DWT are applied to image 
and values of selected frequencies are altered. 

 
Watermarking system consists of three parts: watermark, 

encoder (insertion algorithm) and decoder (verification or 
extraction or detection algorithm). . Watermark may be text, 
logo, image or binary digits. 

A. Overview of DCT 
The DCT allows an image to be broken up into different 

frequency bands, making it much easier to embed 
watermarking information into the selected frequency bands 
of an image. The middle frequency bands are chosen such that 
they avoid the most visual important parts of the image (low 
frequencies) without over-exposing themselves to removal 
through compression and noise attacks (high frequencies) [2]. 
Two dimensional discrete cosine transform (2D-DCT) is 
defined as [3] 

Where F (u, v) is the resulting DCT coefficient at the 
coordinates (u, v), f is the two dimensional square array of size 
N × N and (u, v) is defined by 

The corresponding inverse transformation (2D- IDCT) is 
defined as  

 
 

B. HSV Color Space 
HSV is the most common cylindrical-coordinate 

representations of points in an RGB color model. HSV stands 
for hue, saturation, and value. While working on coloured 
images when using the mathematical and biological models 
of Human Visual System, the preferred colour model must be 
HSV color model rather than RGB color model because it 
most closely defines how the image is interpreted by Human 
Visual System [4]. 

II. PROPOSED METHOD 
The Digital Color Image is transformed into HSV from 

RGB color space and then the DCT middle band of the each 
(Hue, Saturation and Value) component was used for 
watermarking processes. 
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A. Embedding Process 
In the proposed method first image is transformed from 

RGB color space to HSV color space. Then each component 
is divided into 8x8 DCT blocks located at different positions. 
For example if we start with the top left corner block in the 
Hue component, we will use the bottom right corner block in 
the Saturation component and other different location for the 
Value component. The next step is to perform the DCT on 
each three corresponding blocks.  

 
Two locations Bi (u1, v1) and Bi (u2, v2) are chosen from 

the middle frequency region for comparison. The DCT block 
will encode a “1” if Bi (u1, v1) > Bi (u2, v2); otherwise it will 
encode a “0”. The coefficients are then swapped if the 
relative size of each coefficient does not agree with the bit 
that is to be encoded [2].  

 
For example let the two location chosen be (5, 2) and (4, 

3) then if the watermark bit equals to 1 then the DCT 
coefficient location for (5, 2) is expected larger than the DCT 
coefficient for (4, 3). If the bit is 0 then the DCT coefficient 
for (4, 3) is expected larger than the DCT coefficient for (5, 
2). 

Finally IDCT is applied and image is reformed. Figure 1 
shows the outline of the embedding algorithm. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Embedding flow Chart 

B. Extraction Process 
First image is transformed from RGB color space to HSV 

color space. Then HSV color components are separated. Then 
each component is divided into 8x8 DCT blocks located at 
different positions. Then watermark bits are extracted by 
applying DCT on each three corresponding blocks and 
comparing two selected location coefficients   (same like 
embedding process). Extracted bits of each component (Hue, 
Saturation and Value) are passed through the voter get final 
bit. Voter   is designed such that it outputs one if there is two 
or more ones and outputs zero if there is two or more zeroes. 
Figure 2 shows the outline of the extracting algorithm. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2 Extracting flow Chart 

III. EXPERIMENTAL RESULTS 
In the experiments, standard “Lena” color image [7] with 

the size of 512×512 pixels were used as the original image. 
The binary image of size 16x256  is used as watermark. In all 
experiments, The quality of watermarked image by 
measuring its PSNR (Peak Signal-to- Noise Ratio) and the 
quality of extracted watermark was evaluated by measuring 
its NCC (Normalized Cross-Correlation). For both measuring 
methods, the higher value indicates a better quality of the 
results obtained. 

 
In this experiment, the performance of proposed method 

has been evaluated for being compared with the previous 
method in [2]. The experimental results in Table 1 show that 
the proposed scheme has higher robustness,   especially for 
against noise and higher ratios of JPEG compression. 
 

TABLE I 
RESULTING PSNR AND NCC VALUES FOR VARIOUS ATTACKS 

 
Attack 

 
Proposed Method Previous Method 
PSNR NCC PSNR NCC 

Without any 
Attack 42.88 1 41.22 1 

Cropping borders 
of size 20 pixels 31.56 0.9267 31.23 0.9098 

Normal  
distributed noise 

(0-10) 
30.14 0.8654 30.17 0.8583 

JPEG compress 
with quality  

50 
28.97 0.8796 28.74 0.8770 

JPEG compress 
with quality 

75 
30.01 0.8858 29.59 0.8830 
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IV. CONCLUSIONS 
An image watermarking algorithm for copyright protection 

based on the discrete cosine transform in HSV color space is 
presented in this paper. The process of the proposed 
algorithm, including watermark embedding, and watermark 
detection, is described in detail. We summarize the features of 
the proposed method as follows: 

 Watermark is embedded in HSV color space. 
 During extraction voter is used to get accurate 

watermark. 
 The method has been proved to be robust against, 

cropping, noise addition and jpeg compression with 
good NCC values. 
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Abstract— About half of the Earth’s landmass is currently 
inaccessible by wheeled or tracked vehicles, whereas legged 
animals can move easily. To achieve the stable biped walking 
through steady interaction with any rough terrain, robot’s foot 
should have the structural flexibility that mimic’s the human’s 
foot. The paper presents mechanical design of a new biped foot 
system integrated with a ground contact sensor to overcome the 
issues of biped walking on rough terrain. The ground contact 
sensor and its working is explained briefly, while the foot 
mechanism design which complements the sensor is presented 
with full details. The design limitations and specifications are 
reported and the design criteria cum selection of mechanical 
components are closely examined. Important functions like shock 
absorption are included in the design with low cost approach. 
The 3D drawing of final assembly and simulation results are 
incorporated.  

 
Keywords— Humanoid robot, Anthropomorphic foot design, 
Ground contact detection, Impact absorption. 

I. INTRODUCTION 
Humanoid robots nowadays are capable of performing 

various human like movements such as walking, running, 
turning and stairs climbing. However, most of the movements 
are achieved in laboratory environment, with flat and smooth 
floor. In order to utilize humanoid robots in assisting our daily 
jobs, they must be able to move smoothly in human’s living 
environment, which include inclined slope and rough terrain 
like tarred road. Human foot has a great ability of adapting to 
the contours on the ground [1] absorbing shock and impact 
force [1] and storing and releasing energy to increase 
locomotion efficiency [2]. With an anthropomorphic approach 
of mimicking the design of human foot, this ability can be 
impregnated in to biped foot.  

 
There are fewdesign approaches on anthropomorphic 

humanoid robotic feet for greater efficiency and encountering 
uneven surface. Basically, they can be divided into four 
categories: Tactile sensing [3], multi degree of freedom [4, 5] 
and multi-sensory feedback and shock absorbing [7].  

 
The tactile sensing method is useful in collecting the 

ground information, for example slope and irregularity by 

using a few pressure sensors [3] or constant scanning of a 
pressure sensor grid. The peak pressure values obtained from 
the readings indicate the contact point of foot with ground 
which can be used in the gait control. 

For foot design with multi degree of freedom, it aims to 
provide to provide better grip and stability for the robot on the 
irregular shape of uneven terrain. Design from Yang utilized 
flexible cable to change the shape of the foot by manipulating 
the orientation of four metal plates that formed the foot of 
robot [4].While Hashimoto designed an interesting robotic 
feet that have cam-type locking mechanism which guarantees 
the robot to maintain four-point contact on the ground while 
walking [5]. Besides that, an arc-shape foot is a relatively 
simpler mechanism from Minakata to give compliance to the 
shape of uneven terrain [6]. 

 
In order to achieve more accuracy in decision making for 

uneven terrain walking, multiple sensors like MEMS 
accelerometer and angular rate gyroscopes can be installed to 
foot of biped robot. Other than that, multiple layers of shock 
absorbing rubber pads are sandwiched between top and 
bottom plates of WAF-2 to permit a small angle of inclination 
between the foot structures itself [7]. Besides that, another 
approach to uneven ground walking is by using tools. HOAP-
3 from Tokyo Denki University was demonstrated to walk 
across uneven terrain with the help of a stick [8]. 

 
This paper presents a new foot system for biped walking on 

rough terrain and its design flow. To achieve the stable biped 
walking on rough terrain, the foot is integrated with 
differential air pressure sensors to detect ground contact, 
which is crucial to initiate an appropriate response. Our aim 
was to design a robot foot with an anthropomorphic approach 
and integrate it with a ground contact sensor that is very 
sensitive and tough so that it can sustain uneven terrain easily. 
The proposed foot is able to not only adapt to rough terrain 
but also absorb the impact force and the influence of 
disturbance. The performance of the foot and sensor will be 
tested on H1 humanoid robot shown in Fig 1, which has 
fourteen DOF (Degrees Of Freedom) in total, 2 DOF in trunk 
portion and each leg has 6 actuated (DOF). It is about 140 cm 
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B. Impact Analysis 
 
 
 
 
 
 
 
                    (a)                                                    (b) 

Fig.18 Impact analysis (a) without sensor tubes (b) with sensor tubes 
  

Figure 18 impact analysis results shows that, by the 
integration of the sensor tubes upon foot, the large amount of 
stress (41.2MPa) induced can be reduced up to 50%. These 
results were obtained exactly after 500milliseconds of impact. 

C. Static Analysis 
 
 
 
 
 
 
                    (a)                                                    (b) 

Fig.19 Static analysis (a) assembly (b) parallel foot plate 
 
Static analysis was performed by applying fixed supports to 

the toe and heel sensor. This will help us to understand how a 
force of 2000N will generate stress and deformation in various 
parts. Figure 19(a) shows that maximum stress of 156.6MPa 
was generated at toe sensor support. To understand the stress 
distribution on parallel foot plates a static analysis on single 
foot plate was carried out with similar boundary condition. 
The results obtained are as shown in Fig 19(b).Analysing 
these results we can conclude that the design of foot had a 
FOS of 3 for a max load of 2000N. 
D. Nonlinear Analysis 
 
 

 
 
 
 
 
                    (a)                                                    (b) 

Fig.20(a) 2D assemblyanalysis  (b) Strain VS Time 
Nonlinear analysis will helps us understand the deformation 

of viscoelastic soft polyurethane tubes under constant load 
condition .The results obtained from this analysis are shown in 
Fig 20(a). A measurement sensor was defined upon the cross 
section of tube, which will allow us to get the time response. 
Figure 20(b) shows that the deformation of tubes is nonlinear 

and have a max deformation of 1.62mm at the end of one 
second loading. This deformation is for single turn, but when 
the number of turns increases the deformation also increases. 
For 3 turns,5.2mm of total deformation was obtained by the 
end of this analysis. 

V.  CONCLUSIONS 
To achieve the biped walking on rough terrain, it is 

necessary to stabilize the contact state between the foot and 
the ground. However, the contact state changes easily and the 
foot is separated from the ground in case of the conventional 
rigid and flat foot. We have presented a new footsystem that 
has the following advantages: 1) Ground contact detection and 
2) Absorption of the landing impact.  

The foot was designed with an anthropomorphic approach. 
The foot has 2DOF (pitch and roll) with potentiometers 
attached to determine the joint angle movements. The sensor 
tube deformation results obtained from the theoretical 
calculation fairly match with the FEM Impact simulation 
results. Further to optimize the foot design static analysis and 
dynamic analysis were also carried out. 

In the future, the proposed foot will be integrated with an 
active toe for more stable walking and also the arch will be 
made from a new mechanism that will enhance the flexibility 
of foot.  
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Abstract—The sliding friction behaviour of 5%, 10% and 
15% Potassium Titanate Whiskers (PTW) filled epoxy 
composites under dry sliding conditions is studied on pin-on-
disc configuration. The tests are conducted as per L27 
orthogonal array of Taguchi design of experiments.  Analysis 
of signal-to-noise (S/N) ratio is carried out to determine 
optimal combination of test parameters such as sliding 
velocity (A), normal load (B), filler content (C) and sliding 
distance (D) for minimizing the frictional performance of 
developed composites. Analysis of variance (ANOVA) is 
carried out to identify the contribution of control parameters 
on the output performance. A multiple regression model is 
developed to correlate the friction coefficient with control 
parameters.The present study demonstrated the suitability of 
Taguchi method for minimizing the frictional performance 
and optimizing test parameters under dry sliding conditions. 
 

Keywords— ANOVA, Ceramic whiskers, Epoxy, Friction 
coefficient, Taguchi method 
 

I. INTRODUCTION 
Now a days polymer composites reinforced with 

ceramic fillers are finding extensive applications as non-
metallic friction materials [1-4]. A friction coefficient, 
defined as the ratio of force that resists sliding to the 
normal force is the primary metric of performance in any 
tribological system. Friction coefficient can dictate 
required motor torques and loads, hence is quantified in 
good number of tribological studies. Many times, friction 
preferred is to be as low as possible; however, it needs to 
be moderate some times, as in braking and clamping 
applications [5]. The primary aim in such applications is to 
have considerable friction with less wear.  

Whiskers are reckoned as more effective 
reinforcements for polymers and they fall between fibers 
and particulates.  Nearly perfect crystal structure and 
excellent mechanical properties of these whiskers make 
them viable alternative for reinforcement with polymers 
[6]. Potassium titanate whisker (PTW, K26TiO13) has been 
found to be a promising reinforcer due to its unique 
properties, such as outstanding mechanical performance, 
low hardness (Mohs hardness 4) and excellent chemical 
stability [7]. Different studies have been reported on 
frictional behavior of PTW filled polymer composites [8-
12].  

To date, investigations on the effects of test parameters 
and material combinations on friction coefficient of 

ceramic whisker filled thermoset polymers are limited. 
Therefore, this study attempts to evaluate the sliding 
friction performance of PTW reinforced epoxy composites 
under dry sliding conditions. An inexpensive and easy-to-
operate Taguchi’s technique has been adopted to study 
effect of various parameters and their interactions on the 
frictional performance. 

II. MATERIALS AND METHODS 

A. Materials 

Epoxy resin (LY556) with hardener (HY951) was used 
as the matrix material. Potassium titanate whiskers used as 
filler material. These whiskers are having high aspect ratio 
and of splinter (irregular) shape. The morphology of these 
whiskers is illustrated elsewhere [13].  

B. Sample Preparation 

Epoxy based composites with different percentages (0-
15 wt%) of Potassium Titanate Whiskers (PTW) are 
prepared using vacuum assisted casting technique.The 
detailed casting procedure can be referred elsewhere [14].  

C. Sliding Friction Testing 

The dry sliding friction tests were performed on pin on 
disc test set up (DUCOM TR 201C) as per ASTM G99-05 
standard.The parametersselected are presented in Table 1. 
Frictional force (N) was directly measured from the 
friction monitor. The Friction Coefficient (FC) was 
calculated as per Equation (1). 

 

loadNormal
forcefrictionalTangential

)FC(coeffiientFrictional  (1) 

D. Taguchi Experimental Design 
The experimental design proposed by Taguchi involves 

using orthogonal arrays to organize the parameters 
affecting the process and the levels at which they should 
be varied; it allows for the collection of the necessary data 
to determine which factors most affect product quality 
with a minimum amount of experimentation, thus saving 
time and resources. Analysis of variance (ANOVA) on the 
collected data from the Taguchi design of experiments can 
be used to select new parameter values to optimize the 
performance characteristic [15].It is well known that the 
frictional and/or wear performance of polymer composites 
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depends on not only on the material parameters, but also 
on stress conditions such as normal load, sliding velocity 
and sliding distance [5]. In the present analysis, filler 
content as material parameter and test parameters such as 
applied load, sliding distance and normal load are 
considered  for measuring its influence on the friction. The 
plan of the experiment [16, 17] 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. 

 
Fig. 1 Dry sliding pin on disc set up. 

The S/N ratio is the most important component of 
parameter design in Taguchi method. The term ‘signal’ 
represents the desirable target and the term ‘noise’ 
represents the undesirable value. 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 Equation (2). = −10 log (∑ 𝑦 )                     (2) 

Where ‘n’ is the number of observations, and ‘y’ the 
observed data. “Lower is the better” (LB) characteristic, 
with the above S/N ratio transformation, is suitable for 
minimization of friction coefficient. It is proposed that the 
quality characteristics are optimized when the S/N 
response is large as possible. 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 
friction parameters is predicted to acceptable level of 
accuracy. Finally a confirmation experiment is conducted 
to verify the optimal process parameters obtained from the 
parameter design [15]. 

TABLE I 
PROCESS VARIABLES AND THEIR LEVELS 

Process variables  Levels  
I II III 

A: Sliding velocity (m/s) 0.50 0.75 1.00 
B: Normal load (N) 10 20 30 
C: Filler content (wt%) 5 10 15 
D: Sliding distance (m) 500 1000 1500 

 

E. Regression Analysis 

As an attempt to correlate the friction coefficient of 
composites with the control parameters, a linear regression 
equation is developed from least squares analysis [18]. The 
generalized linear regression equation for the experiment 
can be written as, 
Y = a0 + a1 x1 + a2 x2 + a3 x3 + a4 x1 x2 + a5 x2 x3 + a6 x3 x1 
      (3) 

The factorial design of experiments and the values of 
the response variables corresponding to each set of trials 
are represented in Equation (3). Here, Y is friction 
coefficient. The variables x1, x2, and x3 are the control 
variables used in the experiment. The intercept a0 refers to 
the average value of response. The a1, a2 and a3 are the 
coefficients of the independent variables x1, x2 and x3 
respectively. The a4, a5, and a6 are the interaction 
coefficients between x1x2, x2x3 and x1x3 respectively for 
the friction coefficient model, with on the selected levels 
of each variable. Regression model results are compared 
with the experimental observations.The statistical analysis 
is made using the software MINITAB 14 specifically used 
for design of experiment applications. 

III. RESULTS AND DISCUSSION 

A. Statistical Analysis of Friction Coefficient (FC) 
Experimental conditions with friction coefficient 

results using L27 orthogonal array are presented in Table 2. 
From Table 2, the overall mean for the S/N ratio of friction 
coefficient is found to be 5.067db. Process parameter 
settings with the highest S/N ratio always give the 
optimum quality with minimum variance. The control 
parameter with the strongest influence is determined by the 
difference between the maximum and minimum value of 
the mean of S/N ratios. Higher the difference between the 
mean of S/N ratios, the more influential is the control 
parameter [15]. Figure 2 shows graphically the mean of 
S/N ratios for friction coefficient. The graphs show the 
change of the S/N ratio when the setting of the control 
factor is changed from one level to the other. The best 
friction coefficient is at the higher S/N values in the 
response graphs. From the plot it is clear that factor 
combination of A2, B3, C1 and D1 gives minimum friction 
coefficient. Thus minimum FC for the developed 
composites is obtained when sliding velocity (A=0.75m/s) 
is at intermediate level, normal load (B=30N) is at highest 
level and filler content (C=5%) and sliding distance 
(D=500m) are at lowest level. 

The S/N ratio responses are given in Table 3, from 
which it can be concluded that among all the factors, 
normal load is the most significant factor followed by 
sliding distance, filler content and sliding velocity. This 
observation is in line with Equation (1) where it can be 
noted that friction coefficient is major function of normal 
load. However, present experimental observations and also 
the statistical analysis indicated that friction is also the 
function of whisker content and other test parameters. The 
less contribution from the filler content and siding velocity 
on the friction can be attributed to the lower range of 
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values considered for these parameters in the analysis.The 
factorial design techniques also incorporate the simple 
means of testing the interaction effects between the control 

factors. Estimating the interaction between two parameters 
means checking the non-parallelism of factor effects.  

 
TABLE II 

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) 

Friction 
Coefficient 

(FC) 

S/N 
Ratio 
(dB) 

1 0.50 10 5 500 0.600 4.43697 
2 0.50 10 10 1000 0.690 3.22302 
3 0.50 10 15 1500 0.780 2.15811 
4 0.50 20 5 1000 0.530 5.51448 
5 0.50 20 10 1500 0.610 4.29340 
6 0.50 20 15 500 0.480 6.37518 
7 0.50 30 5 1500 0.570 4.88250 
8 0.50 30 10 500 0.430 7.33063 
9 0.50 30 15 1000 0.493 6.14306 
10 0.75 10 5 1000 0.620 4.15217 
11 0.75 10 10 1500 0.730 2.73354 
12 0.75 10 15 500 0.630 4.01319 
13 0.75 20 5 1500 0.560 5.03624 
14 0.75 20 10 500 0.460 6.74484 
15 0.75 20 15 1000 0.545 5.27207 
16 0.75 30 5 500 0.380 8.40433 
17 0.75 30 10 1000 0.453 6.87804 
18 0.75 30 15 1500 0.510 5.84860 
19 1.00 10 5 1500 0.600 4.43697 
20 1.00 10 10 500 0.670 3.47850 
21 1.00 10 15 1000 0.785 2.10261 
22 1.00 20 5 500 0.535 5.43292 
23 1.00 20 10 1000 0.540 5.35212 
24 1.00 20 15 1500 0.660 3.60912 
25 1.00 30 5 1000 0.493 6.14306 
26 1.00 30 10 1500 0.486 6.26727 
27 1.00 30 15 500 0.472 6.52116 

 

 
 

Fig. 2 Effect of control factors on friction coefficient (S/N Ratio). 
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TABLE III 
RESPONSE TABLE FOR SIGNAL TO NOISE RATIOS 

Level A B C D 
1 4.929 3.415 5.382 5.860 
2 5.454 5.292 5.145 4.976 
3 4.816 6.491 4.671 4.363 

Delta 0.638 3.076 0.711 1.497 
Rank 4 1 3 2 

 

 
 

Fig. 3 Interaction graph between B, C and D for friction coefficient (S/N Ratio). 
 

TABLE IV 

ANOVA TABLE FOR FRICTION COEFFICIENT 

Source DOF SS MS F-test p-value P (%) 
Sliding velocity (A) 2 2.0851 1.0426 1.95 0.223 3.20 

Normal Load (B) 2 43.2673 21.6337 40.39 0.000 66.42 
Filler Content (C) 2 2.3563 1.1782 2.20 0.192 3.61 

Sliding distance (D) 2 10.1934 5.0967 9.52 0.014 15.65 
(B×C) 4 2.5989 0.6497 1.21 0.396 3.99 
(B×D) 4 1.1700 0.2925 0.55 0.709 1.79 
(C×D) 4 0.2407 0.0602 0.11 0.974 0.36 
Error 6 3.2138 0.5356 4.98 
Total 26 65.1256 100 

R-Sq = 95.07%   R-Sq (adj) = 78.62% 
DOF=Degrees of freedom; SS=Sum of squares; MS=Mean Squares; P=Percentage of contribution. 

 
It is well known that interactions do not occur when 

lines on the interaction plot are parallel. In other words, if 
the lines on the interaction graphs are non-parallel, 
interaction occurs and if the lines cross, strong interaction 
occurs between factors [15]. Figure 3 illustrates the 
interaction effects of control parameters. An examination 
of the Figure 3 yields some interaction between parameter 
B and C and also between parameter B and D. However, 
interaction occurring between C×D is little significant. The 
factor A individually has less contribution on output 

performance, and their combination of interaction with 
factor B, C and D (i.e. A×B, A×C and A×D) can be 
neglected for further study. In order to validate the 
insignificant factor and insignificant interaction a further 
statistical analysis (ANOVA) is carried out. 
B. ANOVA and Effect of Factors 

ANOVA is a statistical design method used to break up 
the individual effects from all control factors. The 
percentage contribution of each control factor is employed 
to measure the corresponding effect on the quality 
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characteristic. Table 4 shows the results of the ANOVA 
with the friction coefficient. This analysis is undertaken for 
a level of significance (α) of 5% i.e. for level of confidence 
95%. The 7th column of the Table 4 indicates the order of 
significance among factors and interactions. From Table 4, 
one can observe that the normal load has greater static 
influence of 66.42%, sliding distance has an influence of 
15.65%, filler content has an influence of 3.61% and 
sliding velocity has an influence of 3.20% on friction 
coefficient. Among the interactions, normal load and filler 
content (p=0.396), normal load and sliding distance 
(p=0.709) show little effect on friction coefficient and 
lastly filler content and sliding distance (p=0.974) show 
neglecting effect on coefficient of friction. The higher R2 
value (95.07%) in the ANOVA results confirms the fit of 
the model to explain the variability in friction coefficient. 
 
C.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. The estimated S/N ratio 
for friction coefficient using the optimum level of 
parameters can be calculated with the help of following 
predictive equation [15]: 

 �̅� =  𝑇 +  ∑ 𝜂 −  𝑇 ; j = 1,2,…,k. (4) 
. 

Where,  𝑇= Overall experimental average of S/N ratio. 𝜂 = mean of the S/N ratio at the optimum parameter level. 
 k = number of main design parameters that significantly 
affect the friction coefficient of Epoxy/PTW composites.  

The predictive equation for the optimum friction 
parameters A2B3C1D1 can be written as per Equation (5). 
 �̅� = 𝑇 + (𝐴 − 𝑇) + (𝐵 − 𝑇) + (𝐶 − 𝑇) + (𝐷 − 𝑇)+ [(𝐵 𝐶 − 𝑇) − (𝐵 − 𝑇) − (𝐶 − 𝑇)]+ [(𝐵 𝐷 − 𝑇) − (𝐵 − 𝑇) − (𝐷 − 𝑇)]+ [(𝐶 𝐷 − 𝑇) − (𝐶 − 𝑇) − (𝐷 − 𝑇)] 
 (5) 𝐴 , 𝐵  , 𝐶   and  𝐷 = Mean response for factors and 
interactions at designated levels. By combining the similar 
terms, Equation (5) reduces to 

�̅� = 𝐴 − 𝐵 − 𝐶 − 𝐷 + 𝐵 𝐶 + 𝐵 𝐷 + 𝐶 𝐷    (6) 
 

The results of experimental confirmation using optimal 
friction parameters and comparison of the predicted 
friction coefficient with the actual friction coefficient using 
the optimal friction parameters are shown in Table 5. Good 
agreement seems to take place between the estimated and 
actual friction coefficient. The improvement in S/N ratio 
from the starting level to optimum level is 4.11 dB. The 
friction coefficient is reduced by 37.70%. Therefore the 
frictional performance is considerably improved by using 
Taguchi method. 
 
D.  Linear Regression Model  

A multiple linear regression analysis attempts to model 
the relationship between two or more predictor variables 
and a response variable by fitting a linear equation to the 
observed data [18]. In order to establish the correlation 
between the test parameters (i) sliding speed (ii) normal 
load (iii) filler content (iv) sliding distance and the friction 
coefficient, a multiple linear regression model is generated 
using the MINITAB computer program and is presented in  
Equation (7). The large value of R2 indicates that 87.4% of 
variation in friction coefficient is explained by developed 
regression model which can be considered as good 
estimate. 
 
Friction Coefficient (FC) = 0.575+0.000129×A 

- 0.00562×B + 0.0115×C + 0.000019×D 
- 0.000572× B×C + 0.000001×B×D + 0.000005×C×D   (7) 

 
Coefficient of determination R2 = 87.4% 

The coefficient associated with load (B) in the 
regression Equation (7) is negative and it indicates that as 
the load increases, friction coefficient of the composite 
decreases. Whereas friction coefficient increases with 
sliding velocity (A), filler content (C) and sliding distance 
(D). These effects are also confirmed by Taguchi method. 
 

TABLE V 
CONFIRMATION TEST FOR FRICTION COEFFICIENT 

Initial process parameters Optimal process  
parameters 

Improvement in the result 

 Prediction Experimental  

Level A1B2C3D3 A2B3C1D1 A2B3C1D1  

S/N ratio (dB) 4.2934 7.7075 8.4043  4.11 dB 

Friction coefficient 0.610 0.419 0.380 37.70 % 

When the measured values of the variables are 
substituted in Equation (7), friction coefficient of the 
composites could be calculated within the range of the 
factors investigated. Table 6 shows the results obtained 
where comparison is carried out between the foreseen 
values from the regression model developed in the present 
work (Equation 7), with the values obtained 

experimentally. From the analysis of the referred table one 
can observe that the calculated error varies from 3.78% to 
7.47% for friction coefficient. Therefore the multiple 
regression equation derived above correlate the evaluation 
of the friction coefficient of the composites with the 
reasonable degree of approximation. 
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TABLE VI 
CORRELATION BETWEEN EXPERIMENTAL VALUES AND 

REGRESSION MODEL RESULTS 

Test Parameters Experimental 
Value 

Regression 
model 

(Eq.(7)) 

Percentage  
Error 

1 A1B2C3D3 0.610 0.64095 4.83 
2 A2B1C2D2 0.640 0.66520 3.78 
3 A3B3C1D1 0.460 0.42800 7.47 

IV. CONCLUSIONS 
Taguchi’s robust design method is used to analyse the 

dry sliding frictional behaviour of the ceramic whisker 
filled polymer matrix composites as described in the paper. 
The following are broad conclusions that can be drawn 
from the work. 

1. Design of experiment approach by Taguchi method 
enable us to analyse successfully the frictional behaviour 
of composites with the sliding velocity, normal load, 
filler content and sliding distance as test variables. From 
the S/N ratio analysis, the optimal combination of 
friction parameters is obtained as A2B3C1D1 to minimize 
friction coefficient. 

2. ANOVA results indicated that normal load is the factor 
which is having highest statistical influence on the 
friction coefficient of the composites (66.42%) followed 
by sliding distance (15.65%), filler content (3.61%) and 
sliding velocity (3.20%). However interaction of these 
factors shows less significant effect on friction 
coefficient.  

3. The confirmation tests indicated that it is possible to 
decrease friction coefficient significantly (37.70%) by 
using the proposed statistical technique. The 
experimental results confirmed the validity of Taguchi 
method for enhancing the frictional performance and 
optimizing the control parameters under dry friction 
conditions. 

4. A comparison between the experimental values and 
multiple regression model results for friction coefficient 
of the composites indicated an error of 3.78% to 7.47%. 
Thus regression model results effectively correlate with 
the experimental values. 

In future, this study can be extended to learn the 
frictional behaviour of similar multiphase polymer 
composites. 

ACKNOWLEDGMENT 
Author remains grateful to Director, Principal, and 

Vice-Principal and Head of Mechanical Engineering of St. 
Joseph Engineering College, Mangaluru, Karnataka, India 
fortheir support to carry out this work. 

REFERENCES 
[1] D. Chan and G. W. Stachowiak, “Review of automotive brake 

frictional material”, Proceedings of   Institution of Mechanical 
Engineers, Part D: Journal of Automobile Engineering 218, pp. 
953-966, 2004. 

[2]  Y.C. Kim, M.H. Cho, S.J. Kim and H. Jang, “The effect of 
phenolic resin, potassium titanate, and CNSL on the tribological 
properties of brake friction materials”, Wear 264, pp. 204–210, 
2008.  

[3]  N.Dadkar, B.S. Tomar and B.K. Satapathy, “Evaluation of flyash-
filled and aramid fibre reinforced hybrid polymer matrix 
composites (PMC) for friction braking applications”, Materials 
and Design 30,pp. 4369-4376, 2009. 

[4]  Y. Ma, G.S.Martynkova, M. Valaskova, V.Matejka and  Y. Lu 
“Effects of ZrSiO4 in non-metallic brake friction materials on 
friction performance”, Tribology International  41(3), pp. 166-174, 
2008. 

[5]  G.W. Stachowiak and A.W. Batchelor, Engineering tribology, 
2ndEditon, Butterworth-Heinemann:Oxford, 2001.  

[6]  V.M. Johnand S.K. Harry, Whiskers, In: Handbook of 
Reinforcements for Plastics, Van Nostrand Reinhold, New York, 
pp. 205-229, 1987. 

[7]  T. Zaremba and D. Witkowska, “Methods of manufacturing of 
potassium titanatefibres and whiskers. A review,” Materials 
Science- Poland 28(1), pp. 25–41, 2010. 

[8] S.J. Kim, M.H. Cho, R.H. Basch, J.W. Fash and H. Jang, 
“Tribological properties of polymer composites containing barite 
(BaSO4) or potassium titanate (K2O.6(TiO2))”, Tribology Letters 
17(3), pp. 655-661, 2004. 

[9]  G.Y. Xie, G.S. Zhuang, G.X. Sui and R. Yang, “Tribological 
behavior of PEEK/PTFE composites reinforced with potassium 
titanate whiskers”, Wear 268, pp. 424–430, 2010. 

[10]  G. Zhao, T. Wang and Q. Wang, “Friction and wear behavior of 
the polyurethane composites reinforced with potassium titanate 
whiskers under dry sliding and water lubrication”, Journal of 
Materials Science 46,  pp. 6673–6681, 2011. 

[11] Y.J. Shi, X. Feng, H.Y. Wang, C. Liu and X.H. Lu, “Effects of 
filler crystal structure and shape on the tribological properties of 
PTFE composites”, Tribology International 40,  pp. 1195–1203, 
2007. 

[12]  Z. Zhu, L. Xu and G. Chen, Effect of different whiskers on the 
physical and tribological properties of non-metallic friction 
materials, Materials and Design 32, 2011, pp. 54–61. 

[13] M. Sudheer, K. Sandesh, K. Raju and ThirumaleshwaraBhat, 
“Abrasive wear performance of epoxy/glass/PTW composites”, 
Annual Research Journal, NMAM Institute of Technology, Volume 
3, pp. 36-42, 2013. 

[14] M. Sudheer, RavikanthaPrabhu, K. Raju, ThirumaleshwaraBhat, 
“Optimization of dry sliding wear performance of ceramic whisker 
filled epoxy composites using Taguchi approach”, Advances in 
Tribology, Volume 2012, Article ID 431903,  pp. 1-9, 2012. 

[15]  K.R. Ranjit, A Primer on the Taguchi Method, Van Nostrand 
Reinhold,  New York, 1990. 

[16]  Siddhartha, A. Patnaik and A.D. Bhatt, “Mechanical and dry 
sliding wear characterization of epoxy-TiO2 particulate filled 
functionally graded composite materials using Taguchi design of 
experiment”, Materials and Design 32, pp. 615-627, 2011. 

[17]  Rashmi, N.M. Renukappa, B. Suresha, R.M. Devarajaiah and K.N. 
Shivakumar, “Dry sliding wear behaviour of organo-modified 
montmorillonite filled epoxy nanocomposites using Taguchi’s 
techniques”, Materials and Design 32, pp. 4528-4536, 2011. 

[18]  D.C. Montgomery, G.C. Runger. Applied Statistics and Probability 
for Engineers, 2nd Edition, John Wiley & Sons Inc, New York, 
1999. 

 



Anti-aliasing Lifting Scheme for Gear Fault Diagnosis 
 

NMAMIT ANNUAL RESEARCH JOURNAL Vol 4. 2014 

Anti-aliasing Lifting Scheme for Gear Fault 
Diagnosis 

B Vishwash#1, Srinivasa Pai P#2, Vijay G S*3 

 #Department of Mechanical Engineering, NMAMIT, Nitte, Udupi-574 110, India 
*Department of Mechanical and Manufacturing  Engineering, MIT, Manipal University, Manipal-576 104, India 

 
*srinivasapai@rediffmail.com 

 
Abstract— In this paper fault diagnosis of gear has been done 
using three Lifting Schemes namely the conventional Lifting 
Scheme, Redundant Lifting Scheme and Anti-aliasing Lifting 
Scheme. In the Anti-aliasing Lifting Scheme the frequency 
aliasing occurring in other two schemes is avoided. The vibration 
signals acquired from gears have been used for fault feature 
extraction using these lifting schemes to differentiate between 
two conditions of gear. The extracted features have been 
evaluated using Multilayer Perceptron Neural Network 
(MLPNN) to compare the effectiveness of the three Lifting 
Schemes. The prediction accuracies obtained on test data using 
MLPNN has shown that the Anti-aliasing Lifting Scheme is 
effective for fault diagnosis of gear when compared to the 
conventional Lifting Scheme and Redundant Lifting Scheme. 
 
Keywords— Vibration based Condition Monitoring, Fault 
Diagnosis, Lifting Scheme, Redundant Lifting Scheme, Anti-
aliasing Lifting Scheme and Multilayer Perceptron Neural 
Network.  

I. INTRODUCTION 
Gears are critical mechanical components in many 

mechanical systems, the failure of which may lead to small 
damages to mechanical system or a serious accident leading to 
the destruction of entire system and sometimes may even 
harm surrounding machineries and machine operators. The 
failure may also lead to severe economic losses [1]. 

Fault diagnosis is necessary not only for guaranteeing the 
safe run of machines but is also necessary for achieving 
economical maintenance [1, 2]. Vibration signals have played 
a significant role for fault diagnosis in many industrial 
applications as they are accurate in many cases thus proving 
their effectiveness in preventing any downtime of machineries 
and guaranteeing the normal running of machines [2, 3]. And 
it is found that the vibrational signals can capture dominant 
information about the machine elements which is very much 
desirable for the fault diagnosis of mechanical systems [1-3]. 
In many cases the noise present in the measured vibration 
signals will bury the important information about the 
condition of machine [3].  

Denoising the signals will help in removing the noise from 
the signals. The denoised vibration signals can be used for 
fault feature extraction. It is evident from literature that 
Wavelet Transform has been used widely for feature 
extraction from vibration signals. But it has a drawback in 
choosing the appropriate mother wavelet or also to design 

wavelets for desired application. [1-4]. To avoid such 
difficulties for fault feature extraction from denoised vibration 
signals for fault diagnosis of gears, many researchers have 
adopted Lifting Scheme [4, 5] and Redundant Lifting Scheme 
[6, 7]. But there exists frequency aliasing in these two Lifting 
Schemes. To overcome this frequency aliasing, an improved 
Lifting Scheme known as Anti-aliasing Lifting Scheme has 
been  proposed by Bao et. al as described in [8].  

In this study all the three Lifting Schemes have been 
investigated for fault diagnosis of gear. The Lifting Scheme of 
the Daubechies Wavelet of order 8 (db8) that forms the 
second generation wavelet [8] has also been used for fault 
diagnosis of gear. 

The extracted features using these Lifting Schemes from 
denoised vibration signals have been evaluated using 
Artificial Neural Network (ANN). MLPNN, one of the most 
widely used ANN model has been used for evaluation [9]. 
Further to evaluate the effectiveness of Anti-aliasing Lifting 
Scheme envelope spectrum computed using Low Pass Filter 
(LPF) and Hilbert Transform (HT) has been used [8]. 

The paper is organized as follows. Section 1 presents the 
introduction, section 2 presents the overview of the Lifting 
Schemes, section 3 gives introduction to ANN, section 4 
describes the experimental data, section 5 presents the feature 
extraction based on Lifting Schemes and evaluation using 
ANN, section 6 presents the Lifting Scheme applied to 
Daubechies Wavelet, section 7 presents the comparison of 
Lifting Scheme and Anti-aliasing Lifting Scheme and finally 
section 8 gives the conclusion. 

II. OVERVIEW OF LIFTING SCHEMES 
The Lifting Scheme was first introduced by Wim 

Sweldens in 1998 which is the conventional Lifting Scheme. 
The improved version of the Lifting Scheme is Redundant 
Lifting Scheme and Anti-aliasing Lifting Scheme which is the 
latest improved model of the Lifting Scheme [8]. The 
following sections describe these schemes. 

A. Lifting Scheme 
The lifting scheme was introduced to adjust the wavelet 

transform to irregular sampling and complex geometries 
which gave rise to second-generation wavelet transform [4]. 
The main features of the Lifting Scheme include easy to 
understand and implement, to replace the original signal with 
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should be defined to stop the learning process, which is called 
Stopping Criterion which is based on one of the three rules or 
all three rules simultaneously namely, the root mean square 
error in an epoch becomes less than a predefined value, the 
error gradient becomes less than a predefined value and the 
number of epochs reaches a predefined number [9]. The error 
vector for an MLP is defined as the difference between the 
network output vector and the desired output vector. 
Modelling of MLPNN involves selecting an appropriate 
structure, initial weights, training algorithm for an MLPNN 
and supplying it with enough training datasets which enables 
the MLPNN to operate as a powerful classifier [9, 10]. 

IV. EXPERIMENTAL DATA 
The vibration signal data of gears obtained from the 

experiments conducted by the PHM society [11] using the 
gear test rig shown in Fig. 6 has been used in this study.  

A. Gear Data 
The experiments were conducted on the gearbox under 2 

different loads, 4 different speeds and using two gear 
conditions namely spur 1 and spur 5 which are good and 
defective gears respectively. The vibration signals were 
acquired using Endevco 6259M31 accelerometers mounted on 
input and output shafts with input shaft speeds being 30 Hz, 
35 Hz, 40 Hz and 45 Hz under low and high loading.  

The sampling frequency is 66.6667 kHz. Data has been 
provided in .mat and .csv files, with three columns – the first 
column being input voltage, second being output voltage and 
the third being tachometer readings. The second column 
which consisted of 266665 data samples and which was 
reshaped to 260000 data samples have been selected for 
vibration signal analysis for monitoring the condition of gear 
for all speeds and loads. The 260000 data samples were 
divided into 52 bins with each bin containing 5000 data 
samples [12]. 

 

 
Fig. 6 Photograph of the Gear test rig 

V. DENOISING 
Raw gear vibration signals acquired at different speeds and 

loads were denoised before being used for feature extraction 
using different Lifting Schemes.  

For denoising raw vibration signals from gear Daubechies 
wavelet of order 8 has been used as the mother wavelet which 
has been decomposed to 4 levels. Hard thresholding with 
universal threshold as threshold selection rule and 
multiplicative threshold rescaling has been done using level-
dependent estimation of noise level which gave best denoised 
signal. The denoised vibration signals at different speeds and 
loads for both spur 1 and spur 5 have been used for extracting 
features using different Lifting Schemes [12]. 

VI. FEATURE EXTRACTION AND EVALUATION USING 
ANN 

The statistical features namely peak value, mean, standard 
deviation, root mean square, shape factor, skewness, kurtosis 
and crest factor [8] have been extracted from denoised gear 
vibration signals using all the three Lifting Schemes. The 
extracted features have been evaluated using MLPNN 
classifier. 

A. Lifting Scheme 
The denoised vibration signals have been subjected to split 

operation. Then the split signals are subjected to prediction 
and update operations with prediction and update operators 
being [-0.0625, 0.5625, 0.5625, -0.0625] and [-0.0313, 0.2813, 
0.2813, -0.0313] respectively. The signals obtained after 
update operation have been decomposed to three levels. Then 
the above mentioned eight statistical features have been 
extracted from detail coefficients at all three levels and from 
approximate coefficients at third level. Thus 32 features have 
been obtained from each bin.  

There are 52 bins for one condition of gear at one speed 
and load. Therefore, in case of four speeds, two loads and two 
conditions a feature set having 832 patterns is obtained each 
having 32 features i.e. (32 X 832). The feature set obtained 
from gear vibration signals were used to train MLPNN with 
80% of data being used for training the model and remaining 
20 % for testing the model. The prediction accuracy on test 
data for Lifting Scheme is shown in Table 1.  

B. Redundant Lifting Scheme 
In Redundant Lifting Scheme the denoised vibration 

signals have not been subjected to split operation. Instead the 
denoised signals are directly subjected to prediction and 
update operations with prediction and update operators being 
[-0.0625, 0.5625, 0.5625, -0.0625] and [-0.0313, 0.2813, 
0.2813, -0.0313] respectively at level zero. The signals 
obtained after update operation of Redundant Lifting scheme 
have been decomposed to three levels to extract eight 
statistical features from detail coefficients at all three levels 
and from approximate coefficients at the third level. Again 32 
features have been obtained from each bin. Therefore, as 
explained in Lifting Scheme for gear vibration signals a 
feature set of (32 X 832) have been obtained which were fed 
to MLPNN. The prediction accuracy on test data for 
Redundant Lifting Scheme is shown in Table 2.  
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C. Anti-aliasing Lifting Scheme 
Here to remove the frequency aliasing completely the split 

operation has been removed and the denoised vibration signals 
were  directly subjected to prediction and update operations 
with prediction and update operators being [-0.0625, 0.5625, 
0.5625, -0.0625] and [-0.0313, 0.2813, 0.2813, -0.0313] 
respectively at level zero. On the processed signals obtained 
from the update operator the Fast Fourier Transform (FFT) is 
applied and then the inverse FFT is applied after which the 
signals have been decomposed into three levels.  A feature set 
of (32 X 832) have been obtained using the Anti-aliasing 
Lifting Scheme which were fed to MLPNN for training and 
testing the model. The prediction accuracy on test data for 
Anti-aliasing Lifting Scheme is shown in Table 3. Table 4 
gives the sample output results of test data for Anti-aliasing 
Lifting Scheme. 

VII. LIFTING SCHEME APPLIED TO DAUBECHIES WAVELET 
In the conventional Lifting Scheme, the split operation is 

performed using a wavelet known as Lazy wavelet. But in the 
current work Daubechies wavelet of order 8 (db8) has been 
used and the prediction and operators remain the same. The 
features extracted from this were fed to MLPNN which gave a 
classification accuracy of 100% both on training and test data 
for 20 neurons with an error of 0.0002 and the number of 
epochs being 1000. 

TABLE I 
PREDICTION ACCURACY ON TEST DATA FOR LIFTING SCHEME 

Number 
of 

Neurons 

Learning 
Rate 
(LR) 

Momentum 
Rate 
(MR) 

Accuracy 
on 

Training 
data 
(%) 

Accuracy 
on Test 

data 
(%) 

5, 10 0.2 0.0001 93.54 93.97 
5, 10, 
15, 20, 
25, 30 

0.3 0.0001 49.69 51.20 

5, 10, 
15, 20, 
25, 30 

0.4 0.0001 49.69 51.20 

5 0.5 0.0001 0 0 
10 0.1 0.0001 90.69 90.36 
20 0.1 0.0002 90.54 90.36 
5 0.1 0.0003 89.78 89.75 

10 0.1 0.0004 91.14 90.96 
 

TABLE II 
PREDICTION ACCURACY ON TEST DATA FOR REDUNDANT LIFTING SCHEME 

Number 
of 

Neurons 

Learning 
Rate 
(LR) 

Momentum 
Rate 
(MR) 

Accuracy 
on 

Training 
data  
(%) 

Accuracy 
on Test 

data  
(%) 

5 0.2 0.0001 95.49 94.57 
5, 10, 
15, 20, 
25, 30 

0.3 0.0001 49.69 51.20 

5, 10, 
15, 20, 
25, 30 

0.4 0.0001 49.69 51.20 

5 0.5 0.0001 0 0 
15 0.1 0.0001 92.94 96.38 
15 0.1 0.0002 92.79 95.78 
20 0.1 0.0003 92.94 92.77 
20 0.1 0.0004 93.84 95.78 

TABLE III 
PREDICTION ACCURACY ON TEST DATA FOR ANTI-ALIASING LIFTING SCHEME 

Number 
of 

Neurons 

Learning 
Rate 
(LR) 

Momentum 
Rate 
(MR) 

Accuracy 
on 

Training 
data 
(%) 

Accuracy 
on Test 

data 
(%) 

5 0.04 0.001 95.94 95.78 
10 0.05 0.001 95.34 96.38 
20 0.05 0.001 95.94 95.78 
30 0.03 0.001 50.30 48.79 
15 0.03 0.002 0 0 
15 0.03 0.003 5030 48.79 

VIII. COMPARISON 
It can be seen from the results of the MLPNN that all the 

three schemes namely Lifting Scheme, Redundant Lifting 
Scheme and Anti-aliasing Lifting Scheme gave a maximum 
classification accuracy of 90.96 %, 92.77 % and 95.78 % 
respectively on test data. The frequency aliasing occurring in 
Lifting Scheme and Redundant Lifting Scheme has been 
completely removed in Anti-aliasing Lifting Scheme which 
improves the performance of the features extracted from the 
vibration signals. The MLPNN performance on the test data 
has established this with a highest prediction accuracy of 
95.78% on features extracted using Anti-aliasing Lifting 
Scheme. Further the envelope spectrum of the processed 
vibration signals obtained from conventional Lifting Scheme 
and Anti-aliasing Lifting Scheme have been compared. The 
gear mesh frequency (GMF) of a gear (48Teeth) in the 
gearbox is 480 Hz.  

TABLE IV 
SAMPLE OUTPUT RESULTS OF TEST DATA FOR ANTI-ALIASING LIFTING 

SCHEME 

Target Output Network Output 
1 0 0.967067 0.032933 
0 1 0.007806 1.017637 
1 0 1.008783 -0.00682 
1 0 1.009537 -0.00219 
0 1 0.001354 1.001422 
0 1 -0.00289 1.023136 
1 0 1.006742 -0.00155 
0 1 -0.00203 1.012061 

 
The envelope spectrum is shown in Fig. 7 and 8 obtained 

using Low Pass Filter (LPF) and Hilbert Transform (HT) for 
Lifting Scheme and Fig. 9 and 10 shows the same using Anti-
aliasing Lifting Scheme. It is clear that in the beginning the 
GMFs can be identified easily, but its multiples have almost 
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died out. And the reason for diminishing of the multiples of 
GMFs is the frequency aliasing. Since frequency aliasing is 
completely removed in Anti-aliasing Lifting Scheme the 
multiples of GMFs can be easily identified in the envelope 
spectrum as shown in Fig. 9 and 10. 
 

 
Fig. 7 Envelope spectrum using LPF for Lifting Scheme 

 

 
Fig. 8 Envelope spectrum using HT for Lifting Scheme 

 
Fig. 9 Envelope spectrum using LPF for Anti-aliasing Lifting Scheme 

 

 
Fig. 10 Envelope spectrum using HT for Anti-aliasing Lifting Scheme 

 

IX. CONCLUSIONS 
The features extracted from Lifting Scheme, Redundant 

Lifting Scheme and Anti-aliasing Scheme have been able to 
classify different conditions of gear with classification 
accuracies of 90.96 %, 92.77 % and 95.78 % respectively on 
test data. From the classification accuracies and the envelope 
spectrum it can be concluded that the frequency aliasing 
occurring in Lifting Schemes have been removed completely 
in Anti-aliasing Lifting Scheme. Therefore the Anti-aliasing 
Lifting Scheme is effective for the fault diagnosis of gear.  
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