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Abstract 

Leaking pipes are a primary concern for water utilities around the globe as they 

compose a major portion of revenue loss. An acoustic method is preferred by the water 

industry to detect and localise leaks in water pipelines. However, the acoustic leak 

detection method is only feasible for metal pipes and has several limitations when applied 

to soft materials, like plastic pipes. Therefore, this study aims to investigate a vibration 

technique to detect leakage on plastic water pipeline using wireless accelerometer sensor, 

namely 6DOF accelerometer sensor called MPU6050 across x-, y- and z-axis. A 25-mm 

diameter of Acrylonitrile Butadiene Styrene (ABS) pipe with a length of approximately 10 

meters was developed as a water pipeline testbed. The MPU6050 measured the vibration 

on the water pipeline across x-, y- and z-axis, over ZigBee networks. The vibration signals 

were then compared between the three sensors and analysed by extracting the signal 

features in time and frequency domains. The sensors were examined based on three 

different cases, which are no pipe leakage, a 1-mm leak, and a 3-mm leak. The 

accelerometer sensor demonstrated a significant difference between no leak and leak 

conditions when the water pressure is in the range of 0.6 to 1.2 kgf/cm2 for time domain. 

For different leak size cases, MPU6050 can identify leak size cases just not from the x- , 

but also from z-axis data. Based on new experimental findings, this paper also proposes 

an MPU6050 procedure in detecting the conditions of the plastic water pipeline including 

the sizes of the leaks.  

 

Keywords: Wireless sensor node; MPU6050; Time domain analysis; Water pipeline 

leakage; procedure analysis; x-axis; y-axis; z-axis 

 

1. Introduction 

Since last decade, the population growth and the cost of access to water resources are 

increased with the changes of the climatic conditions. Water industries in many countries 

have identified the problem of limited water resources, and counter measures are taken to 

foster better water management system [2]. Water treatment processes that produce clean 

water for human consumption are expensive, and it is in the government’s interest to 

maintain a pipeline system that prevents the generation of non-revenue water (NRW). 

NRW is observed when the amount of water produced by the water treatment centre is 

higher than the amount of water recorded in metered bills [3], [4]. A low NRW indicates 

that a pipeline system is highly efficient whereby the government takes immediate action 

to repair the pipeline system. 
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The problem statement of this study is divided into three main parts: leakage detection 

methods, single axis analysis, and localisation of the leak point. Most researchers  used 

the vibration data [5]–[8] to determine the location of the leak point on the water pipeline 

system. Two vibration sensors are positioned on the water pipeline and a cross correlation 

method is used to identify the location of the leaks. Nevertheless, previous studies [5]–[8] 

have not applied the vibration technique to detect the conditions of the water pipeline and 

the sizes of the leaks. They only used the internal water pressure data to determine the 

conditions of the water pipeline whether leakage or no leakage. Until recently, there have 

been no reliable evidence that the vibration sensor can be used to identify the conditions 

of the water pipeline and the sizes of the leaks.  

The aim of this paper is to propose a procedure for plastic water pipeline leakage 

detection including the sizes of leaks using three-axis accelerometer sensors. The key 

objectives of this paper are stated as (i) to evaluate and analyse the performance of three-

axis MPU6050 accelerometer sensors and the vibration signals generated from the 

abovementioned sensors by extracting the features from time and frequency domain, and 

(ii) to propose a procedure in identifying the conditions of the plastic water pipeline 

including the size of leaks for each sensor based on experiments. 

The previous study and system development is explained in Section 2 and 3. The water 

pipeline experiment setting is described in Section 4. The results and analysis are 

explained in Section 5. The propose procedure analysis is discussed in Section 6. Section 

7 concludes this paper. 

 

2. State-of-the-art  

Current methods are divided into three large groups: software-based methods, 

biological methods and hardware-based methods, as depicted in Figure 1. Software-based 

methods use various types of computer software to analyse and detect leaks in pipeline 

systems. This method is used to measure internal pipeline parameters, including pressure, 

flow rate and temperature. Conventional methods require experienced personnel who 

walk along a pipeline and look for unusual patterns near the pipeline based on odours or 

sounds due to a leak. Hardware-based methods detect leaks by visual observation or using 

appropriate measurement equipment. In addition to these three groups of transient-based 

analysis methods, many leak detection techniques are available. However, none of these 

techniques are completely successful or reliable in all leak detection cases because they 

can be imprecise and time-consuming or suitable only for limited pipeline segments [9]. 

Ideally, pipeline operators and owners of the water company aim to employ simple, robust 

and highly accurate methods for detecting and locating leaks in the water pipeline system 

[10]. 

 

 

Figure 1. Groups of Water Pipeline System Methods 

Table 1 shows the key attributes of leak detection hardware-based methods, including 
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leak sensitivity, estimated location, false alarms, maintenance requirements and cost. The 

leak sensitivity is the smallest size of leak in the water pipeline system that can be 

detected, and a false alarm occurs when a water pipeline leak is incorrectly detected. 

Table 1. Key Attribute of Leak Detection Methods 

Method 

Leak 

Sensitivit

y 

Location 

Estimate 

Operatio

nal 

Change 

Availabili

ty 

False 

Alarm 

Maintena

nce 

Require

ment 

Cost 

Convention

al Method 

[11] 

HIGH NO NO YES 
MEDIU

M 
MEDIUM HIGH 

Software-Based Methods 

Hydrostatic

s [12] 
HIGH NO NO YES HIGH HIGH HIGH 

Mass 

Balance 

[13]–[15] 

LOW NO NO YES HIGH LOW LOW 

Pressure 

Point 

Analysis 

(PPA) [16] 

HIGH NO NO YES HIGH HIGH HIGH 

Statistical 

analysis 

model 

method [17], 

[18] 

HIGH NO NO YES 
MEDIU

M 
MEDIUM HIGH 

Transient 

Based 

method [12], 

[18]–[31] 

HIGH NO NO YES 
MEDIU

M 
MEDIUM HIGH 

Hardware-Based Methods 

Visual 

Observation 

[11], [17] 

HIGH YES NO YES 
MEDIU

M 
LOW 

MEDIU

M 

Tracer gas 

injection 

[19], [32] 

HIGH YES NO YES LOW HIGH HIGH 

Infra-red 

thermograp

hy [32] 

HIGH YES NO YES 
MEDIU

M 
HIGH HIGH 

Ground-

Penetrating 

Radar 

(GPR) [16], 

[20], [21], 

[23], [24], 

[33] 

HIGH NO NO YES HIGH MEDIUM HIGH 

Acoustics 

[5], [34]–

[36] 

HIGH YES NO YES HIGH MEDIUM HIGH 

Pipeline HIGH YES NO YES MEDIU MEDIUM HIGH 
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Inspection 

Gauge 

(PIG) 

M 

Vibration 

[5], [7], 

[37]–[53] 

HIGH YES NO YES 
MEDIU

M 
LOW LOW 

 

The acoustics leak detection method can be systematically used in water pipeline 

systems and detects noise that is generated from leaks in the pipeline system. The acoustic 

technique has been widely used in the water industry and produces effective results for 

detecting and localizing leaks in pipeline systems [54]. Although the acoustic leak 

detection method has several limitations, it works well for detecting and locating leaks in 

metal pipes. However, this method does not perform well when applied to pipes made of 

soft materials, such as plastic [29], because soft pipes are more elastic and reduce sound 

waves by 300-600 m/sec. Due to their viscoelastic properties, plastic pipes also absorb 

sound energy (weakening the sound waves). However, the high-frequency noise increases 

when the sound waves travel along the water pipeline system. Analysing these noise 

signals will make this process more complicated [23]. The accuracy of leakage detection 

is also affected by the presence of air in the pipeline system. To improve the limitations of 

the acoustic method for a plastic pipeline system, the vibration method is used to detect 

and locate leaks. When the acoustic and vibration methods are compared for a real plastic 

water pipeline, the vibration sensor is the most accurate sensor for detecting and locating 

leaks. In fact, cross-correlation analysis is used to analyse acoustic and vibration data to 

detect and locate leaks [6].  

 

3. System Development   

A water pipeline test bed system has been designed and developed in a soil laboratory 

at the civil facility at Universiti Teknologi Malaysia (UTM). The test bed was designed 

using an inch diameter of ABS pipe with a length of approximately 10 meters. This test 

bed is an enhancement of the design from the PVC pipe experiment because it uses ABS 

pipe to measure leak vibration noise [37]–[39]. The test bed water pipeline has a water 

pump to provide water flow and pressure in the pipeline, and the end of the pipeline is 

connected to two ball valves. The water is circulated in the test bed system on command 

using a water pump capable of providing pressures of 0.6 to 1.6 kgf/cm2 and water flow 

velocities of 10 to 25 liter/sec. The function of the valve is to control the pressure and 

water flow in the pipeline system. An acceleration sensor (MMA7361, MPU6050 and 

ADXL335) is attached to the ABS water pipeline system to collect vibration data. The 

vibration data are analyzed using the signal analysis method to detect leaks and determine 

the sizes of the leaks.  

 Figure 2 illustrates the system architecture of the water pipeline monitoring system 

used in this work. The prototype of the pipeline system includes the water pump, flow rate 

meter, pressure meter, leak pipes and two manual valves. The function of a water pump is 

to generate the water flow and the water pressure in the pipeline system. The water 

system is designed to recycle the water intake during the experiments conducted.  
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Figure 2. Real Simulation Pipe system for Testing Method [38], [39] 

A block diagram of the wireless sensor system used in this study is illustrated in Figure 

3. Three main components, namely, accelerometer sensors, Arduino UNO controller 

board, ZigBee module are employed in the water pipeline testbed. The sensor nodes are 

developed with accelerometer sensor and Arduino UNO controller board. The wireless 

sensor node is connected to ZigBee wireless transceiver for sending vibration data 

through wireless to a storage and processing unit.  

 
Wireless Sensor Node

Sensor Node

Vibration data storage and processing  

Figure 3. A Block Diagram of the Wireless Sensor System [38], [39] 

3.1. Hardware Design  

The type of sensor installed on the pipeline system is 6DOF SENSOR (MPU6050) 

with a water pressure and a liquid flow rate meter. Figures 4(a) to 4(b) show the wiring 

and block diagram of the MPU6050 sensor to the Arduino controller board, respectively. 

The Arduino board is used as a control board to read the data from the sensors and they 

collect the vibration data in three different dimensions, the x-, y- and z-axis. 
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(a) 

 
(b) 

Figure 4. The Wiring and Block Diagram of the MPU6050 Sensor to the 
Arduino ZigBee Prototype Shield 

The 6DOF sensor – MPU6050 sensor comprises the accelerometer and the gyrometer 

to collect the vibration data. The 6DOF sensor or six-axis sensor includes the three-axis of 

accelerometer and three-axis of gyrometer. The MPU6050 sensor using first-in first-out 

(FIFO) technique to send the data from sensor to processor. The processor using a two-

wire interface comprises of signal serial data (SDA) and serial clock (SCL), which is 

based on inter-integrated circuit (I2C) interface. On the other hand, the accelerometer and 

the gyrometer units are gravity, g (1g = 9.81 ms-2) and degrees per second (°/s), 

respectively. Figure 3 illustrates the position of MPU6050 on the water pipeline system in 

which the x-axis is same direction with the water flow in the pipeline [55], [56]. 

 

3.2. Software Design  

The process flow of acceleration data reading from MPU6050 is shown in Figure 5. 

The vibration data is read by MPU6050 sensor, and the data is sent via serial to data 

collection and processing system. The Arduino UNO controller used I2C coding technique 

to read the data from the accelerometer sensor. Initially, the Arduino UNO set I2C 

function for reading data from MPU6050 sensor using FIFO technique. The Arduino 

requests data from the sensor, and the sensor will then response. The second step is the 

accelerometer sensor offset is declared for the three-axis of the MPU6050 sensor, which 

are x-, y- and z-axis. The accelerometer sensor offset is used for the final results after 

converting acceleration data to g unit (1g = 9.81 ms-2). For the third and fourth steps, the 

accelerometer sensor is initialised using I2C to check the connection between Arduino 

UNO controller board and MPU6050. Next, the Arduino UNO controller board requested 

the acceleration data from the MPU6050 sensor. 
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Start

Define accelerometer 
sensor offset
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Convert data to g 
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data 
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Initialise Devices 

Test Devices Connection 

 

Figure 5. Software Flow for 6DOF SENSOR – MPU6050 

4. Experimental Setup  

The objective of the experiment is to quantify the performance of the MPU in detecting 

the conditions of the water pipeline and differentiate the sizes of the leaks for varying 

water pressure by using time domain analysis. The experiment configuration used in this 

experiment is listed in Table 2. The distance between the leaking point and the sensors is 

constant at 1.5 m (maximum distance) across all the sensors. However, the water pressure 

in the pipe is varied from 0.6 to 1.2kgf/cm2. The vibration data is collected from three 

different axes: x-, y- and z-axis at an interval of 10 ms and is transmitted to a data storage 

over a wireless network called ZigBee. The data is collected for three times over 2 

minutes. 

Table 2. Experiment Parameters 

Parameter Values 

Type of Pipe ABS 

Pipe length (m)  10.0 

Type of vibration Sensor MPU6050 

Distance between pipe 

leaking and sensor (m) 

1.5 

Duration of data collection 

(s) 

120 

Time sampling (ms)  10 

Water pressure (kgf/cm2) i. 0.6 

ii. 0.8 

iii. 1.0 

iv. 1.2 

Size of leak holes  i. No Leak 

ii. 1-mm 

iii. 3-mm 
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5. Results and Analysis  

Figures 6 show the results of the average vibration (g) by varying water pressure from 

0.6 to 1.2 kgf/cm2 for different axes. The average data decreases for 1-mm leak from 0.8 

kgf/cm2 to 1.2 kgf/cm2, as shown in Figure 5(a), which decreases from 0.0631g to 

0.0229g. However, the no leak vibration data decreases from 0.6 kgf/cm2 to 0.8 kgf/cm2 

and 3-mm leak decreases from 0.8 kgf/cm2 to 1.0 kgf/cm2. Figure 5(b) shows the average 

vibration data for MPU6050 across x-axis in an upward trend between 0.8 kgf/cm2 and 

1.2 kgf/cm2 for no leak and 3-mm leak. However, the vibration data shows a fluctuation 

from 0.8 kgf/cm2 to 1.2 kgf/cm2 for 1-mm leak. The average vibration data for MPU6050 

across x-axis demonstrates a downward trend between 0.8 kgf/cm2 and 1.2 kgf/cm2 for no 

leak and 3-mm leak, as illustrated in Figure 5(c). However, the vibration data show a 

fluctuation from 0.8 kgf/cm2 to 1.2 kgf/cm2 for 1-mm leak. In general, the MPU6050 

follows the Bernoulli principle for all conditions and the sizes of the leak.  

 

 

 

 
 

 
 

Figure 6. Average Vibration (g) versus Distance (m) for (a) x-axis, (b) y-axis 
and (c) z-axis 

Table 3 summarises the key findings of the MPU6050 across all pressure for different 

axes at 1.5 m. Based on the Bernoulli principle, the cases of no leak, 1-mm and 3-mm 

leaks are represented as NL, L1 and L3, respectively are compared in the table. The grey 

and white boxes indicate the true and false results. Ideally, the vibration of the leak must 

be higher than that of no leak [57], [58].  

Based on Table 3, the MPU6050 sensor is able to identify the conditions of the water 

pipeline across x- and z-axis; not for y-axis. In addition to that, the data from x-axis can 

identify the sizes of the leaks when the water pressure is varied between 0.6 kgf/cm2 and 

1.2 kgf/cm2 apart from 1.0 kgf/cm2 that can be determined using the data from z-axis. 

Thus, these findings suggest that the abnormal and normal conditions (no leak) 

comprising the sizes of the leaks can be detected just not from x-axis, as considered from 

previous studies [59], but also from z-axis. However, this is not the case for y-axis of 

MPU6050. 
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Table 3. Summary of the Water Pipeline Conditions for VARYING PressurE 
(0.6 to 1.2 kgf/cm2) 

 
 

6. Proposed MPU6050 Procedure Analysis 

The vibration data at x-axis can identify the sizes of the leaks for all pressure except for 

1.0 kgf/cm2. In contrast, the z-axis can identify the water leakage at 1.0 kgf/cm2. On the 

other hand, the y-axis has a difficulty to differentiate the conditions of the water pipeline 

as well as the sizes of the leaks for all water pressure except for 0.6 kgf/cm2. Due to this 

fact, the procedure is designed only for x- and z-axis, as depicted in Figure 7. Initially, the 

vibration data for x- and z-axis of MPU6050 are collected and transmitted. Secondly, time 

domain analysis is used to identify the conditions of the water pipeline from the x-axis 

data. Thirdly, if the conditions of the water pipeline can be detected, the sizes of the leaks 

can be differentiated whether it is a 1-mm or 3-mm leaks. If the size of the leak is 3-mm, 

then the pipeline must be repaired immediately. If the x-axis is unsatisfactory to detect the 

conditions of the water pipeline, the z-axis will be analysed further using the time domain 

analysis, as can be seen in Figure 7. 
 

START

VIBRATION 
DATA FROM 

MPU6050

X-AXIS

PIPELINE 
CONDITION:

LEAK?

TIME DOMAIN 
ANALYSIS

LEAK 1MM = ?

LEAK 3MM = ?

YES

PIPELINE 
SYSTEM MUST 
BE REPAIR BUT 
NOT CRITICAL

PIPELINE 
SYSTEM MUST 
BE REPAIR BUT 
IMMEDIATELY

YES

YES

NO

NO

Z-AXIS

LEAK 1MM = ?

LEAK 3MM = ?

YES

NO

PIPELINE 
CONDITION:

LEAK?

PIPELINE 
SYSTEM MUST 
BE REPAIR BUT 
NOT CRITICAL

PIPELINE 
SYSTEM MUST 
BE REPAIR BUT 
IMMEDIATELY

YES

YES

NO

NO
TIME DOMAIN 

ANALYSIS

 

Figure 7. A Proposed Procedure of Water Pipeline Leakage Detection for 
MPU6050 

7. Conclusion  

This paper determined whether the vibration method using MPU6050 can identify the 

conditions of the water pipelines (both normal or abnormal) across x-, y- and z-axis with 

varying water pressure from 0.6 to 1,2 kgf/cm2. The MPU6050 sensor can only recognise 

the conditions of the water pipeline and the sizes of the leaks across x- and z-axis for the 

water pressure varied between 0.6 and 1.2 kgf/cm2. Nevertheless, the vibration data from 

y-axis is unreliable to detect the conditions of the water pipeline and sizes of leaks. Based 

on the new findings, this paper has also provided an MPU6050 procedure analysis using 

the x- and z-axis for the water pipeline leakage detection. Future work should be 

undertaken to investigate the performance of other types of accelerometer sensors, such as 

ADL335 and MMA7361 in detecting the water pipeline leakage from the three axes. 
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