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Abstract— More and more steel bridge collapse accidents 
occur worldwide due to broken steel structures, causing 

signicant l oss o f l ife a nd p roperty t o m ankind. T his has 
spurred much research into robots that can climb steel surfaces 
and carry smart sensors with the desire to assist inspectors 
in inspecting steel defects. However, current non-destructive 

evaluation (NDE) sensors such as eddy-current and giant 
magnetoresistance (GMR) are not able to be integrated with 

the robotic platforms due to their large size, mass, and limited 

ability to interface. More importantly, these NDE sensors may 

fail to detect hidden and underlying cracks. Therefore, in this 
paper, we present a novel and compact analog magnetic sensor 

system to detect different types of cracks in steel. Validations 
are carried out on a steel test plate 600mm long, 140mm wide, 
and 6mm thick, and precision machined by CNCs to produce 

various man-made cracks including penetrating cracks, surface 

cracks, internal/hidden cracks, and underlying cracks. These 

cracks have a width varying from 0.6mm to 1.2mm with 

different depth levels. Combined with applying the Kalman 

lter t o t he n oise r eduction s ystem, t he r esults o btained are 

accurate, and the response speed is fast. The sensor is small 
enough and has firmware/software with an interface to make 

it possible to be integrated with a small drone or a  

climbing robot to perform an in-depth inspection of the 

steel bridge. A demonstration of the system can be seen 

in this video: https://youtu.be/OrdpLdnF1Yk

I. INTRODUCTION

In recent years, there have been many serious bridge

collapses, causing great loss of life and material to humanity

[1]–[3]. Using bridges for a long time without regular

and proper inspection and maintenance is one of the main

causes of bridge collapse accidents [4], [5]. The structural

destruction of steel structures usually does not take place

immediately, but it will take place gradually from small

cracks and then grow larger before being destroyed [6], [7].

Therefore, the use of modern technologies, especially robots

with smart sensors [8]–[11], helps to check the quality of

the bridge more often and helps to detect potential risks of

breaking steel structures on the steel bridge as small cracks

so that there are timely repair plans to avoid unfortunate

accidents that may occur.

Fig.1 shows two typical robotic studies in recent research

and development efforts to provide robotic systems that can
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climb and move on steel surfaces to perform data collection

and inspection of steel defects. Some signicant studies

include Balaguer et al. [12], [13], Huang et al. [14], and

others [15]–[23].

Fig. 1: Notable robot developments for visual-based steel

structure inspection, e.g., a) ROMA robot [13], and b) ARA’s

robot [16]

Nondestructive evaluation (NDE) methods have been used

to inspect steel bridges or steel structures [24], [25]. A

method of fatigue crack testing determined using uores-

cence magnetic particle inspection, uorescent penetrant

inspection, and metallographic analysis, was proposed by

Jeon et al. in [26]. The focused eld Eddy current sensing

technique was used by Xu et al. [27] to detect defects

in carbon steel, and other similar works followed [28]–

[33]. In other recent studies [34], [35], researchers used the

Eddy current method to detect cracks in the steel. Other

researchers used the Eddy current technique to measure

metal thickness [36]. Notably, recent work by Otsuki et al.

[37], [38] developed an ultrasonic sensor integrated with the

climbing robot to measure the thickness of steel structures.

In summary, existing NDE sensors [34]–[37], [39] work

well in detecting steel surface cracks and steel thickness,

but often fail to detect hidden and underlying cracks due to

difculty in penetrating through.

In this paper, we present a new development of the analog

magnetic sensor to detect different types of cracks in steel

structures, especially detect hidden and underlying cracks

where the existing sensors may not be able to [34]–[37],

[39]. The central processor used is the Atmega2560 micro-

controller with many supporting communication standards

such as I2C and UART, which will make it easy to connect

with other hardware to provide data for the process. The

Kalman lter is designed and integrated to fuse raw data

to improve the accuracy of the proposed sensor system.

The steel sample plate measuring 600mm long, 140mm

wide, and 6mm thick is precisely machined using the CNC

machine to create articial cracks ranging from 0.6mm to

1.2mm wide (typical crack sizes in steel structures [6]) at

different depth levels. Transducer movement is programmed
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Fig. 2: Diagram of the proposed analog magnetic sensor

fully automatically to minimize possible interference factors.

Difference to existing steel defect detection sensors, our

developed sensor can detect cracks underneath and inside the

steel plate. Comprehensive tests were performed to validate

the hidden crack detection capability. The proposed sensor

is then integrated into the ying-climbing robot (drone) to

validate its working capability further.

II. OVERALL DESIGN

The connection block diagram of the analog magnetic

sensor signal processing part is shown in Fig. 2. We designed

the sensor with 8 data collection channels, and each channel

uses a GMR AA002-02E sensor. The data channel is selected

through the channel selector using the IC 74HC4051 [40].

The signal of the selected channel then goes through the

amplier block with IC AD620 combined with IC LM358

before entering the analog-digital converter (ADC)’s reading

pin of the MCU Atmega 2560. Noise is processed and ltered

by the Kalman algorithm before sending the information out

through the protocol UART or I2C. The Kalman lter was

carefully designed and implemented in a Robotic Operating

System (ROS) with optimal tuning parameters to make sure

the noise was ltered out.

To ensure accurate and stable test results, we designed

the mechatronic system to fully automate the test running

process. The connection diagram of the whole system is

shown in Fig. 3. It is similar to Fig. 2, but more functions

(motor drive, buttons, and switch) are added to control the

sensor to move along the steel plate to collect data.

The system’s mechanical design for sensor testing is

depicted in Fig. 4. Four typical types of cracks are made

using the CNC machine to have the accuracy of crack size

(depth and width). Type 1: Penetrating crack means that the

crack goes through the steel plate from one side to the other.

Type 2: Hidden crack means that the crack is inside the steel

plate and can be seen from both sides of the plate. Type 3:

Supercial crack means that the crack is on the surface of

the steel plate but does not go through from one side to the

other. Type 4: Underlying crack means that the crack is

under one side of the steel plate but cannot be seen from the

other side.

Fig. 5 shows the mechanical system after being fabri-

cated/manufactured. The system consists of a NEMA17-1.8o

Fig. 3: Diagram of the sensor and its evaluation system to

control the sensor to move along the steel plate to collect

data

Fig. 4: Sensor evaluation system with different types of

cracks: penetration, supercial, underlying, and internal

Fig. 5: Sensor evaluation system after fabrication

stepper motor, a 4mm threaded stepper screw, and a 20mm

wide straight slide rail. The rail helps limit vibrations and

allows the sensor probe to move precisely from position to

speed. The travel distance of the sensor probe is calculated

according to the number of steps of the lead screw head by

the following formula:

B =
360o

α ∗ λ ∗m
, (1)

where B is the number of steps of the motor rotating per

1mm, α is the parameter of the step angle of the motor, λ is

the thread pitch of the screw shaft, and m is the maximum

micro-step of the stepper motor driver circuit. Each position
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B obtained corresponds to the values of the analog magnetic

sensor signal AA002-02 used to compare with reality on the

test piece.

III. CIRCUIT DESIGN AND SOFTWARE

A. Circuit Design

Fig. 6: a) The back of the sensor after fabrication. b) The

front of the sensor with multiple buttons, ports, and LCD of

4x3 inch

We used the magnetic eld sensor, AA002-02 [41] to

design the probe to collect data on the steel surface. The

AA002-02 has a compact size of 5.00 × 6.20 × 1.83 mm

[41], which ts well with the small size of the probe and

makes it suitable for integrating with small climbing robots

or drones [42], [43].

The whole sensor after manufacturing is presented in Fig.

6, including the LCD of 4x3 inch to display the received

sensor values directly; the buttons used for operating mode

selection. A knob is used to adjust system parameters during

operation, and a USB port to download the collected data.

There are a sensor port and an expansion port to connect

with the probe, which contacts the steel surface to collect

data.

B. Kalman lter algorithm for the sensor system

The occurrence of noise that distorts the results during

the measurement and data collection of the AA002-02 GMR

sensor probe is difcult to avoid. In Fig.7 (blue line), the

signal received from the sensor shows instability, making it

difcult to identify cracks. Kalman algorithm is known as

a noise ltering method, efcient prediction by observing

measurements over a specied time period, which has been

demonstrated in [44], [45]. The Kalman algorithm is used

as a dynamical system model to predict state values, and a

measurement model to correct the prediction. Due to space

constraints, the detail of the Kalman lter is omitted.

The results in Fig. 7 show that the received signal is more

apparent when the Kalman lter is used to remove noise.

Fig. 7: Signal reading from the sensor after using Kalman

lter (yellow line) vs. the raw data (blue line)

C. Software

We have developed software and rmware to allow the

sensor to collect and process the data. The whole software

with sudo-code integrated with Kalman lter is presented in

Algorithm 1.

IV. EXPERIMENTAL RESULT

We used the sample steel plate with various types of cracks

shown in Fig. 4 to conduct data measurement. We repeat the

measurement 10 times and compute the average value to

evaluate the crack detection ability as well as the stability of

the sensor.

A. Areas with penetrating cracks

The data in Fig. 8 is the result obtained in the area of

penetration cracks. It can be seen that the ADC value in the

locations of cracks is about 100 higher than in the normal

locations.

Fig. 8: Sensor data on the steel plate with penetration cracks

B. Areas with internal cracks

For internal/hidden cracks, the difference between the

normal locations and the internal crack locations is about

10 to 40 ADC values. The results are shown in Fig. 9.
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Algorithm 1: SENSOR DATA COLLECTION ALGO-

RITHM.

Input: (Buttonstart, Buttonreset, Buttonstop, Buttonup,

Buttondown), (Sensor), (Switchstart, Switchend)
1 while Working mode do

2 Read Button value.

3 if (Buttonstart is pressed) then

4 Active reset mode.

5 Motor go to start point.

6 Read travel switch value.

7 while (reset mode) do

8 Read travel switch value.

9 if (Switchstart is pressed) then

10 STOP.

11 Break to reset mode.

12 Active inspection mode.

13 Motor go to end point.

14 while (inspection mode) do

15 Read travel switch value.

16 Read Button value.

17 Calculate current position.

18 Read Sensor value.

19 Apply Kalman lter for Sensor.

20 Send Sensor value after applying

Kalman lter and current position out

via UART port.

21 if (Switchend is pressed)——(Buttonstop

is pressed) then

22 STOP.

23 Break to inspection mode.

24 if (Buttonup is pressed) then

25 Increase speed by 10 unit.

26 else

27 if (Buttondown is pressed) then

28 Decrease speed by 10 unit.

Fig. 9: Sensor data on the steel plate with hidden cracks

C. Areas with cracks on the surface

The results obtained in Fig. 10 are the data collected in

the area of surface cracks. For these supercial cracks, the

difference between the normal locations and the locations

with supercial cracks is about 10 to 15 ADC values.

Fig. 10: Sensor data on the steel plate with supercial cracks

Fig. 11: Sensor data on the steel surface with underlying

cracks

D. Areas with cracks below the surface

For the cracks underneath the steel surface, the results

in Fig. 11 show that there is a difference of about 5 ADC

values between the normal locations and the underlying crack

locations, which are 1mm wide and 5mm deep. The crack

locations with a width of 1mm and a depth of 3mm, and the

crack locations with a width of 0.6mm and a depth of 3mm

did not have notable changes in ADC values.

Through these tests (Fig. 8-11), we can see that the

sensor can detect four types of cracks: penetrating crack,

internal/hidden crack, surface crack, and underlying crack.

For the most difcult case (the underlying crack), the sensor

is still able to detect this type of crack with a minimum width

of 1mm and a depth of 5mm. This is an important nding

when compared to the existing work, which mostly is able

to detect the penetrating crack and the surface crack.

E. Statistical Results

Table I shows the statistical results of the sensor. The data

is collected over 20 runs on the given steel plate in Figures 4

and 5. The collected data is averaged for non-crack and crack

areas. It can be seen that the sensor detects cracks well for

the rst three types (penetration, supercial, and internal)

with different depth levels. The sensor fails to detect the

underlying crack hidden deeper than 3 mm and the crack’s

width smaller than 1mm.
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Type Width

(mm)

Depth

(mm)

V nc V
max

c
Detectable

Penetrated

cracks

0.6 6.0 390.1 500.3 Yes

1.0 6.0 390.3 504.1 Yes
1.2 6.0 389.5 508.3 Yes

Hidden

cracks

2.0 3.0 390 430.2 Yes

3.0 3.0 391 419.1 Yes
2.0 4.0 390.5 405.6 Yes

Supercial

cracks

0.6 4.0 390.4 412.4 Yes

0.6 2.0 390.6 415.7 Yes
1.0 2.0 389.9 409.9 Yes

Underlying

cracks

1.0 3.0 390.8 393.5 No

0.6 3.0 391.1 395.1 No
1.0 5.0 390.5 407.8 Yes

TABLE I: Statistical results of the sensor performing an

inspection on the steel plate with different types of cracks

as shown in Figures 4 and 5. The average of all the values

across 20 runs. V nc is the average value of the sensor in

the non-crack area. V
max

c is the highest average value of the

sensor in the crack area.

3s 8s

15s 16s

Fig. 12: Snapshots at different time stamps of a drone with

a manipulator approaching the steel surface

Fig. 13: Sensor integrated drone for steel structure inspection

F. Sensor-robot integration

We rst designed a magnetic-based manipulator (or a

landing mechanism) and integrated it with a drone. We then

used our previously developed landing algorithm [17], [43]

to detect available surfaces for the drone to approach. We test

the drone-manipulator integration with the landing algorithm

Fig. 14: Deployment of the robot on different locations for

steel structure’s data collection

as shown in Fig.12. We can see that when the drone is close

to the surface, its manipulator is gradually extended and then

approaches the surface. The drone successfully adheres to

the steel surface via its manipulator. When the drone rmly

adheres to the steel surface, it can activate the data collection

mode. When the data collection is done, the ying mode

is activated, and the manipulator is released from the steel

surface.

After performing many tests to conrm the robot work-

ing/landing stably on a steel surface, we then designed

and integrated a 3-DoF arm to carry the proposed analog

magnetic sensor as shown in Fig. 13. This 3-DOF arm

allows the drone to reach some difcult access areas like

corners and joints to perform data collection and inspection.

Fig. 14 shows some typical deployments of the drone with

the developed sensor at multiple locations for performing

inspection of steel structures.

V. CONCLUSION AND FUTURE WORK

This work describes the new design, implementation, and

testing of an analog magnetic sensor for steel structure

inspection and evaluation. The results show that the sen-

sor design works well in detecting multiple crack types

(penetrating crack, internal/hidden crack, surface crack, and

underlying crack). For the difcult-to-detect crack types like

underlying cracks and internal cracks, the proposed sensor

still shows its detection capability down to a small size of

1mm and a depth of up to 5mm. In addition to noise ltering

and hardware amplication, the onboard integration of the

Kalman lter was shown to be effective in ltering out the

noise to obtain an accurate and smooth signal. With the

results achieved, we integrated this sensor into the drone

and tested it on several steel structures. In the near future,

we will further modularize this sensor to have the smallest

and lightest size to facilitate installation on any climbing

robots [42] and drones [43], [46].
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