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Abstract—The condition of bridges is critical for the safety of
the traveling public. Bridges deteriorate with time as a result of
material aging, excessive loading, environmental effects, and inad-
equate maintenance. The current practice of nondestructive eval-
uation (NDE) of bridge decks cannot meet the increasing demands
for highly efficient, cost-effective, and safety-guaranteed inspec-
tion and evaluation. In this paper, a mechatronic systems design
for an autonomous robotic system for highly efficient bridge deck
inspection and evaluation is presented. An autonomous holonomic
mobile robot is used as a platform to carry various NDE sens-
ing systems for simultaneous and fast data collection. The robot’s
NDE sensor suite includes ground penetrating radar arrays, acous-
tic/seismic arrays, electrical resistivity sensors, and video cameras.
Besides the NDE sensors, the robot is also equipped with vari-
ous onboard navigation sensors such as global positioning system
(GPS), inertial measurement units (IMU), laser scanner, etc. An
integration scheme is presented to fuse the measurements from
the GPS, the IMU and the wheel encoders for high-accuracy robot
localization. The performance of the robotic NDE system develop-
ment is demonstrated through extensive testing experiments and
field deployments.

Index Terms—Bridge deck evaluation, civil infrastructure, mo-
bile robot, nondestructive evaluation (NDE), sensor fusion.

I. INTRODUCTION

BRIDGES are one of the infrastructure components critical

for the safety of the traveling public and the sustainability
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Fig. 1. State-of-the-art of the NDE technology for bridge deck inspection and
evaluation.

of the economic activity. In the United States, there are cur-

rently more than 600 000 bridges. They deteriorate with time as

a result of material aging, excessive use, and overloading, envi-

ronmental conditions, inadequate maintenance, and deficiencies

in inspection and evaluation. According to the American Associ-

ation of State Highway and Transportation Officials (AASHTO)

and the U.S. Federal Highway Administration (FHWA), the cost

of repairing and replacing deteriorating highway bridges in U.S.

only is estimated at more than $140 billions in 2008 [1], [2].

The potential social impact of these deteriorating infrastructure

to the general public is enormous.

Effective health monitoring, maintenance, repair, rehabilita-

tion, and the replacement of the deteriorating bridge components

are necessary to ensure the transportation safety [3]. Nonde-

structive evaluation (NDE) is one of the effective ways to reli-

ably identify and predict early-stage bridge deterioration to en-

able proactive interventions for repair and rehabilitation. There

are a number of NDE technologies that are currently being used

in bridge evaluation, including impact echo, ground penetrat-

ing radar (GPR), electrical resistivity, visual inspection, etc. [4],

[5]. Fig. 1 illustrates the application of NDE technologies in

bridge deck inspection. As shown in the figure, when NDE is

conducted on bridge decks, a section of the bridge is closed for

traffic causing inconvenient traffic interruptions. The delivery

of the current NDE technologies cannot meet the increasing de-

mands for highly efficient, cost-effective, and safety-guaranteed

inspection and evaluation in several aspects. First, since each

NDE technique is conducted manually, the data collection

1083-4435 © 2013 IEEE
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Fig. 2. Rutgers robotic bridge deck diagnosis system. (a) Front view of the system while the NDE sensors are at working position. (b) Rear view of the robotic
system. (c) Side view of the robotic system when the NDE sensors are at idle position.

is prone to human error. Moreover, there are safety risks for

inspectors as vehicles run in the adjacent lanes. Second, the

capacity of the manual NDE inspection is highly limited due

to the speed of data collection. Third, the cost of the manual

inspection is high because it is labor intensive work and has

negative impacts on the traffic flow. Finally, in most cases only

individual NDE technologies are deployed instead of the use

of multiple complementary NDE technologies that can provide

comprehensive evaluation.

The goal of this paper is to present the development and

demonstration of a mechatronic systems design for a new au-

tonomous robotic system for high-efficiency bridge deck in-

spection and evaluation. Robotics and automation technologies

have gained increasingly applications in civil infrastructure in

the past two decades. For example, mobile robot- or vehicle-

based inspection systems were developed for cracks detection

and maintenance for highways [6]–[9], and tunnels [10], [11].

The mobile manipulator systems were used to extend the capa-

bility of human inspectors for bridge crack inspection [12] and

rehabilitation [13], [14]. Similar systems were developed for

vision-based automatic crack detection and mapping [15]–[17]

and paint removal [18] for bridges. A set of mobile robots with

magnetic wall-climbing capability were developed to enable

a wireless sensor network for steel bridge condition monitor-

ing [19]. Despite all of the aforementioned developments, to the

best of the author’s knowledge, no autonomous robotic system

is developed to deploy and integrate multiple NDE technolo-

gies for high-efficiency and high-accuracy bridge deck condition

assessment.

One of the main challenging tasks in the development of an

autonomous robot for bridge deck inspection is a robust, reliable

robotic localization and navigation system. Since the robotic

system needs to cover the narrow deck surface, it is required

that the localization and navigation accuracy be within a range

of a few centimeters. Although high-accuracy global position-

ing system (GPS) with a real-time kinematic (RTK) correction

can reach the requirement, it is well known that GPS signals

are not always reliable and robust, especially on bridges with

partial coverage, steel cables, truss elements, or other support

structures. Similar to the approaches in [20]–[22], dual RTK

GPS antennas are used on the developed mobile robot platform.

The GPS measurements are integrated with attitude information

from the onboard inertial measurement unit (IMU) to enhance

the localization accuracy. Moreover, the developed navigation

system also fuses the GPS/IMU measurements with the wheel

odometry information through an extended Kalman filter (EKF)

design [23]–[25]. The accuracy of the wheel odometry of the

all-wheel steering platform is much higher than those of other

types of mobile robots (e.g., car-like or skid-steered mobile

robots) due to the small wheel slippages in operation [24], [26].

With the odometry-enhanced GPS/IMU navigation, the robotic

system has demonstrated high-accuracy localization that meets

the inspection requirements even in GPS-denied environments.

The main contributions of this study are twofold. First, a

new autonomous robotic system is presented for highly effi-

cient NDE for bridge decks. The robotic system is the first of

this kind of autonomous systems that integrates the state-of-the-

art robotics and NDE technologies. Second, the performance of

the robotic system enables fast data collection and highly accu-

rate bridge deck inspection and evaluation. In this process, the

robotic system utilizes data fusion of multiple NDE technologies

for the overall condition assessment. Compared to the state-of-

the-art NDE technologies, the use of the developed autonomous

robotic bridge deck inspection system will significantly reduce

the cost and time of inspection. This work is a significant exten-

sion of the previously presented conference publication [27].

The rest of this paper is organized as follows. In Sections II

and III, an overview of the robotic system design is presented,

including a description of the NDE sensors and the robotic

integration. In Section IV, the robot localization and navigation

systems are presented. The samples of the robotic navigation

experiments and results are presented in Section V. Finally,

the conclusions and discussion of future work are presented in

Section VI.

II. OVERVIEW OF THE ROBOTIC SYSTEM

The robotic system with integrated NDE technologies is

shown in Fig. 2. The mobile platform is a Seekur robot from

Adept Mobile Robot Inc. The Seekur robot is an electrical all-

wheel driving and steering platform. Such a holonomic mobile

robot was chosen primarily because of the required high-agility

motions on narrow bridge decks, such as zero-turning-radius

maneuver and parallel movement, etc. The Seekur robot is also

an all-weather outdoor platform that is desirable for the bridge

inspection applications. The control hierarchy for the mobile
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Fig. 3. Architecture of the mobile robot system for bridge deck evaluation and
inspection.

robot consists of two layers: the lower-level real-time robot con-

trollers are provided by the vendor and the upper level control

is supplied by the users. The upper-level controller provides the

desired linear velocity and the yaw angle values for the robot,

while the lower-level controller takes these commanded values

and drives the motors for desired robot motion.

The mobile robot has been modified and equipped with var-

ious sensors, actuators, and computing devices. The robot is

equipped with two sets of sensor suites: navigation and motion

planning sensors and NDE sensors. The navigation and motion

planning sensors include two RTK GPS units (from Novatel,

Inc.), one front- and two side-mounted laser scanners (from

Sick AG and Hokuyo Automation Co., respectively), and one

IMU sensor (from Microstrain, Inc.) The onboard NDE sensors

include two GPR units, two seismic/acoustic array sensors, four

electrical resistivity probes, two high-resolution digital cameras

and a 360◦ panoramic camera. A description of these NDE sen-

sors and their integration is presented in Section III.

The control and computing architecture of the robotic sys-

tem is shown in Fig. 3. Three industrial standard embedded

computers (from Versalogic, Inc.) are installed inside the robot.

These computers can operate functionally in high temperature

environment (up to 80 ◦C) for all-season field testing. One com-

puter runs Robotic Operating System (ROS) [28] for the robot

navigation and motion planning tasks. The other two computers

use Windows operating system for integrating the NDE sensors

and data collection. High-speed Ethernet connections are used

among these computers and each computer can also be reached

individually through high-speed wireless communication by the

remote computers. The NDE data and images are also transmit-

ted in real time to the remote computers for visualization and

data analysis purposes. The remote visualization and data anal-

ysis computers are located inside a full-size cargo van that is

also used to transport the robotic system.

Some NDE sensors including seismic/acoustic sensors and

electrical resistivity probes need to be in contact with the deck

surface for the measurement. Therefore, a set of pneumatic ac-

tuators were built to move these NDE sensors up from and down

to the deck surface. Typically, the robot moves and stops at a

certain distance (e.g., 0.6 m) for NDE data collection. When

the robot stops, the NDE sensor probes are coupled to the deck

surface. When the data collection is finished, the NDE probes

are lifted up and the robot is ready to move to the next planned

inspection point. The motion coordination between the NDE

sensors and the robot navigation is accomplished through the

control algorithms.

A remote graphic user interface (GUI) is developed for the

robotic system to allow end users to easily operate the robot

and the NDE sensors as well as the data visualization. The GUI

is developed in the ROS environment and through the GUI,

robot operators and field engineers can remotely control the

robot in several modes: manual, semiautonomous, and fully

autonomous. Additionally, the GUI also displays the robot data

for monitoring purpose, such as position, heading, laser scan,

image video stream, bumper state, and battery life. All of the

robot navigation information and the collected NDE data can be

saved in the remote computers for data processing and analysis.

The design of the robotic system faced two main challenging

tasks: one was to seamlessly integrate various NDE sensors with

the robotic platform and the other to design a reliable, robust

robot localization and navigation system to safely maneuver

on narrow bridge decks. The following sections describe the

development activities related to these two tasks.

III. ROBOTIC NDE SYSTEMS

This section briefly discusses NDE technologies used in

the robotic system. This is followed by the presentation of

the mechatronic design to integrate the NDE sensors with the

robotic platform.

A. NDE Technologies for Bridge Deck Inspection

1) Ground Penetrating Radar (GPR): GPR is a geophysical

method that uses radar pulses to image the subsurface and de-

scribe the condition. During the survey, electromagnetic waves

are transmitted into the deck. When they encounter objects or

materials of different dielectric properties, such as rebars or

ducts, the waves are reflected and detected by a receiving an-

tenna. GPR can provide a qualitative condition assessment of

bridge decks, in terms of detection of apparent or suspected

deterioration (e.g., delamination) description of corrosive envi-

ronment. The GPR usually assesses the condition of concrete

bridge decks based on the attenuation of electromagnetic waves

on the top rebar level. The GPR is also used as a quality as-

surance tool for new construction or rehabilitation. The GPR

systems for bridge deck applications use antennas in a frequency
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range from 1 to 2.5 GHz. A detailed description of the GPR

technology can be found in [29]. The developed robotic system

utilizes Hi-Bright ground-coupled GPR arrays manufactured by

IDS Italy.

2) Impact Echo: The impact echo method is used in the de-

tection of discontinuities and element thickness measurements.

It is a seismic resonant method that is primarily used to detect

and characterize delamination (horizontal cracking) in bridge

decks with respect to the delamination depth, spread, and sever-

ity. It can be also used to detect debonding of overlays on bridge

decks. The developed robotic system integrates more than a

dozen of the impact echo sensors.

3) Ultrasonic Surface Waves (USW): The USW method is

used to assess the concrete quality by measuring its elastic mod-

ulus. Low modulus is often related to concrete degradation or

delamination. However, lower modulus values are also observed

in new decks as a result of material variability and concrete

placement procedures. Therefore, only periodical assessment of

concrete modulus can be used to detect a deterioration process.

4) Electrical Resistivity: Electrical resistivity sensor mea-

sures concrete’s electrical resistivity, which is a reflection of

the corrosive environment of the bridge deck. The presence of

water, chlorides, salts, or other contaminants reduces concrete’s

resistivity, and facilitates corrosive processes in bridge decks.

By measuring the electrical resistivity, the corrosion rate of

reinforcing rebars can be estimated. To ensure good coupling

between the electrodes of the resistivity probe and concrete,

water is lightly sprayed on the electrodes.

5) Visual Detection of Surface Cracks: The computer vision

is an efficient and effective method to detect and map the surface

cracks. However, developing a reliable and robust vision-based

crack detection and mapping system is a challenging task due to

the variations in the outdoor environment, such as illumination

conditions, and ill-structured deck surface images. The devel-

oped robotic system uses two front cameras to capture the deck

surface images for crack detection/mapping and one panoramic

camera with a 360◦ field of view to capture the surveyed area.

The panoramic camera is mounted on a computer-controlled,

extendable mast.

The previously discussed NDE sensing technologies are used

in a complementary matter to provide comprehensive informa-

tion about the bridge deck condition [4], [30].

B. Mechatronic Design for Robotic NDE Sensor Integration

A set of mechatronic components were designed to integrate

the NDE sensors with the mobile robot. The design goal was to

deploy the NDE sensors with the mobile movements for high-

efficiency, fast NDE data collections. With the robotic NDE

sensor design, it is desirable to enable a large-area scanning and

coverage of a bridge deck during a single robot pass. Meanwhile,

installationn and distribution of the NDE sensors on the robot

need to be carefully considered due to the limited onboard bat-

tery capacity and payload (less than 150 kg). The footprint of the

robotic system also needs to be kept compact for transportation

and storage.

(a)

(b)

Fig. 4. (a) Folding mechanism to extend and retreat the GPS antennas, im-
pact echo/acoustic arrays and electrical resistivity probes. (b) Schematic of the
pneumatic control circuit for lifting up and laying down NDE sensors and the
regulating the cameras positions.

To meet the previous design requirements, an innovative me-

chanical folding mechanism and a pneumatic actuation design

were developed for the robotic NDE sensor integration. Fig. 4(a)

illustrates the folding mechanism to extend and retreat the GPR

arrays, seismic/acoustic arrays, and electrical resistivity sensor

suite to keep a compact design. Fig. 4(b) shows the schematic of

the pneumatic actuation design for lifting up and laying down

the GPR, acoustic arrays, and electrical resistivity NDE probes

to and from the deck surface.

The folding mechanisms are installed on the front (for the

seismic/acoustic arrays and electrical resistivity sensors) and

the rear (for the GPR antenna arrays) of the robot; see Fig. 2(a)

and (b), respectively. Two swing arms lift the sensor units into a

folded position through a screw-driven angled spiral gear box,

as shown in Fig. 4(a). The floating gearbox is driven by a

vertical screwed shaft powered by a high torque geared mo-

tor. Folding and unfolding of the sensor units are achieved by

simply reversing the motor moving direction, while the arms

swing angle is controlled by the end-of-stroke limit switches.

Fig. 5(a) and (b) shows the examples of folding and unfolding the
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Fig. 5. Snapshots of mechatronic design for the NDE sensor/robot integration.
(a) Folding position for the NDE sensors. (b) Unfolding and working position
for the NDE sensors. (c) Extended position for the crack detection and mapping
cameras. (d) Extended position of telescopic mast for the survey panoramic
camera.

seismic/acoustic arrays and the electrical resistivity sensors.

This innovative mechanism design provides a stable and highly

reliable sensor-support system with minimum energy consump-

tion during the NDE data collection and zero power consump-

tion at the folded end position. For the electrical resistivity

probes, an additional water spraying circuit and a pressured wa-

ter container [see Fig. 5(a)] for wetting of the sensor electrodes

are designed and integrated.

A pneumatically expanded telescopic mast is used to lift the

panoramic camera up to a height of 4.5 m above the ground;

see Fig. 5(d). The mast’s five telescopic segments can collapse

the mast to the height matching the top of the robot platform,

as shown in Fig. 2. The deployment system for the surface

cracks inspection cameras consists of two nonrotating piston rod

pneumatic cylinders that are placed 0.8 m apart; see Fig. 5(c).

The pneumatic cylinder has a 0.45 m stroke which expands to

the position where the two cameras lie in the center positions

for taking images of a surface area of 2 × 0.6 m2 , including

an extra 30 % overlap between the two images that is needed

for image stitching. The pneumatic control circuit as shown in

Fig. 4(b) includes two light weight compressed air tanks and

a portable compressor [see Fig. 5(d)], operating the actuators

through pressure regulators and solenoid valves and control

unit.

The entire deployment systems are controlled by the robot

main computer, or manually through an override switch. The use

of the pneumatic circuit provides an additional energy storage

capability through external charging of 150 psi compressed air

(a) (b)

Fig. 6. (a) Robot attitude coordinates. (b) Schematic of virtual robot tracking
design.

for tanks refill. The pneumatic circuit also includes a small low

voltage compressor for onboard refill. The manual override unit

enables control of the entire deployment system manually in an

emergency case of power failure or software crash.

IV. ROBOT NAVIGATION AND MOTION CONTROL

A reliable, robust, and highly accurate robot navigation and

motion control system was another challenging task in the devel-

opment of the robotic system. In this section, the development

of the robot localization system is discussed. It is followed by

the presentation of the motion planning and control scheme to

safely maneuver the robot on bridge decks.

A. EKF-Based Robot Localization

The robotic system is equipped with two RTK GPS units, one

IMU unit, and four wheel encoders. Although the RTK GPS

unit may possibly provide 2 cm positioning accuracy under an

ideal and clear weather condition, the navigation system can-

not rely only on the GPS positioning information for several

reasons. First, the GPS measurements are not reliable under all-

weather conditions. It was observed that under cloudy weather

conditions, the accuracy of the RTK GPS data deteriorates sig-

nificantly. Second, some bridges have been partially covered by

steel structures, supporting cables, etc., and under these con-

ditions, the GPS signals are not reliable and robust. To design

a reliable, robust localization scheme, the GPS data are fused

with the IMU and the wheel encoder measurements through an

EKF design.

An inertial frame I: XY Z is defined on the bridge deck with

the X-axis along the traffic flow direction and the Z-axis verti-

cally upward, as shown in Fig. 6. The IMU is mounted around

the center of the robot and the Euler angles Φ = [φr ϕr θr ]
T are

used to define the robot’s attitude, where φr is the roll angle, ϕr

the pitch angle and θr the yaw angle, as shown in Fig. 6(a). The

robot is assumed to be running on a flat bridge deck. The 2-D po-

sition vector of the robot center in I is denoted as qr = [xr yr ]
T .

Also, the yaw rate of the robot is denoted as ωθ .

To simplify the localization and motion planning design, the

robot’s velocity direction is assumed to be aligned with the

heading direction and therefore, a unicycle kinematic model is
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used to approximate the robot motion,
{

ẋr = vr cos θr = vr cθr

ẏr = vr sin θr = vr sθr

(1)

where vr is the magnitude of the robot linear velocity vr and

notations cθr
:= cos θr and sθr

:= sin θr are used for angle θr

and other angles in the rest of the paper. To estimate the robot’s

attitude, the IMU measurements are used. The angular rate mea-

surements of the IMU are denoted as Ω = [ωx ωy ωz ]
T in the

IMU frame. The kinematic equations for the IMU motion are

written as follows [24]:

φ̇r = ωx + ωy sφr
tan ϕr + ωz cφr

tan ϕr (2a)

ϕ̇r = ωy cφr
+ωz sφr

(2b)

θ̇r =
sφr

cϕ r

ωy +
cφr

cϕ r

ωz . (2c)

The discrete-time representation for the system model is used

for presentation clarity. The state variable is defined as

X(k) = [xr (k) yr (k) vr (k) ωθ (k) φr (k) ϕr (k) θr (k)]T

at the kth step. The kinematic motions given in (1) and (2) are

linearized and the dynamic model is obtained as

X(k + 1) = AX(k) + Bu(k) + w(k) (3)

where matrices A and B are given in (4), shown at the bottom of

the page, T is the sampling time, u(k) = [ax(k) ay (k)]T is the

acceleration of the robot motion along the X− and Y − direc-

tions, w(k) ∼ N (0,Q(k)) is the Gaussian process noise with

covariance Q(k) = diag{σ2
x(k) σ2

y (k) σ2
vr

(k) σ2
ωθ

(k) σ2
φr

(k)

σ2
ϕ r

(k) σ2
θr

(k)}. Compared with (1), the linear time varying

model (3) includes the robot acceleration u(k) to enhance the

localization accuracy.

The measurement model of the system is

Y (k) = H(k)X(k) + υ(k) (5)

where H(k) = [I4 04×3 ], In is an n × n identify matrix, υ(k)
are the observation noises, which are assumed to be zero mean

Gaussian white signals with covariance matrix R(k), namely,

v(k) ∼ N (0,R(k)). The measurements are obtained as fol-

lows: positioning information (xr , yr ) are obtained from the

RTK GPS, the robot’s linear velocity vr , and the yaw angular

velocity ωθ are obtained by the lower level robot controller.

C

S

B

A

Fig. 7. Schematic of motion planning of the inspection robot on a bridge (the
picture shown here is the top view of the Pohatcong Creek Bridge near the
township of Bloomsbury, Warren county, NJ, USA.)

The covariance matrix for the measurements are given as

R(k) = diag{σ2
xg p s

(k) σ2
yg p s

(k) σ2
vo d o

(k) σ2
ωo d o

(k)}, which are

tuned in the EKF design by using the specification data for the

GPS, the IMU, and the robot.

Using the state dynamic model (3) and output relationship

(5), an EKF was designed to estimate the robot positioning

information (xr , yr ) and attitude heading θr . Due to the page

limit, the detailed description of the EKF design is omitted here

and the readers can refer to any similar design such as the one

in [24].

B. Path Planning and Robot Motion Control

The goal of the motion planning and control is to generate

the desired trajectory for the robot and then to control the robot

to follow the trajectory precisely. The inspected bridge is as-

sumed to be straight and the bridge deck area is assumed to be

of a rectangular shape. These assumptions are valid for most

bridges. The robot motion planning is indeed a coverage plan-

ning problem [31]. A boustrophedon decomposition, also the

so-called “ox plowing motion” or trapezoidal decomposition in

robotics research, is used [31]. Fig. 7 illustrates the robot motion

on a bridge and a brief discussion is presented here to illustrate

how to generate the robot motion trajectory. To cover the de-

sired deck area, say the half of the bridge deck surface shown in

Fig. 7, three GPS waypoints are first obtained at the rectangle

corners such as points A,B, and C. Using the GPS waypoints of

these three corners, the zigzag-shape robot motion trajectories

(with interpolated waypoints) are computed by the trapezoidal

decomposition algorithm, as the arrows indicate in the figure.

Once the desired trajectory for the robot is determined, a mo-

tion control algorithm is then designed for the robot to follow

A =
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the trajectory using an artificial potential field approach. It is

considered that a virtual robot is moving along the desired tra-

jectory and generates an attractive force to the inspection mobile

robot to follow. Fig. 6(b) illustrates the concept of the virtual

robot following design.

The robot velocity vector vr = q̇r ∈ R
2 , and the position

vector, the velocity vector, and the yaw angle of the virtual

robot in frame I are denoted as qv = [xv yv ]T ∈ R
2 ,vv = q̇v ,

and θv , respectively. The relative position vector and the relative

angle from the mobile robot to the virtual robot in frame I are

defined as qrv = [xrv yrv ]T and ϕrv , respectively; see Fig. 6(b).

The value of qrv is calculated as

xrv = xv − xr , and yrv = yv − yr . (6)

Similarly, the relative velocity vrv = [ẋrv ẏrv ]T between the

actual and virtual robots are computed as

ẋrv = vv cθv
−vr cθr

, ẏrv = vv sθv
−vr sθr

(7)

where vv is the magnitude of vv .

The goal of the tracking controller is then to regulate ‖qrv‖
to zero as fast as possible, that is, qr → qv . To design such

a controller, the potential field approach [32] is used and an

attractive potential function is defined as follows:

Ua =
1

2
α‖qrv‖

2 =
1

2
αqT

rvqrv

where α > 0 is a constant. To track the virtual robot, the velocity

controller of the robot is designed as

vd
r = ∇qr v

Ua = αqrv (8)

where operator ∇xU represents the gradient of scalar U along

the direction of vector x. For tracking a moving target (i.e., the

virtual robot), (8) is modified and the desired velocity vd
r of the

mobile robot is computed as

vd
r = vv + αqrv . (9)

From (9), the desired velocity magnitude for the robot is calcu-

lated as

‖vd
r ‖ =

√

v2
v + 2αvv‖qrv‖ cθv −ϕ r v

+α2‖qrv‖
2 . (10)

Note that for tracking the virtual robot, |θv − ϕrv | ≤
π
2 , namely,

the virtual robot’s velocity must be within the forward direction

relative to the robot; see Fig. 6(b). Thus, cθv −ϕ r v
≥ 0 and from

(10)

‖vd
r ‖ ≥ vv (11)

is obtained.

It is also desirable to have the equal projected velocities of

the virtual and actual robots along the direction perpendicular

to the line l1 l2 connecting their centers, as shown in Fig. 6(b).

Therefore, the following relationship is obtained:

vr sθr −ϕ r v
= vv sθv −ϕ r v

.

From the previous equation, the yaw angle controller for the

mobile robot is obtained as

θd
r = ϕrv + sin−1

(

vv sθv −ϕ r v

vr

)

. (12)

Since the lower level robot control is implemented through fast

real-time systems and each wheel is driven by a powerful mo-

tor, we assume that the robot velocity vr quickly reaches to

its desired value vd
r . Then from (11), ratio vv/vr ≤ 1 is ob-

tained. Moreover, when the value of vr is near zero, a threshold

value vrmin is used for the calculation given in (12) in practice.

Therefore, the calculation of θd
r in (12) is always obtained.

Although the previously discussed motion planning algorithm

generates the desired trajectory, it is still needed to generate the

virtual robot’s velocity profile vv in order to use (10). The virtual

robot’s velocity profile is determined and generated by the NDE

inspection need. For example, in the field deployment, the robot

stops at each 0.6 m to take one NDE sensor measurement,

especially for the impact echo and electrical resistivity sensors.

The value of vv is then designed to ramp up at a fast speed, then

slow down once the robot reaches around the targeted traveling

distance. Therefore, using the velocity and yaw angle controllers

in (10) and (12), the robot follows the motion of the virtual robot

along the predefined path.

At the each end of the planned zigzag trajectories, the robotic

system has to turn around about 180◦ to start the next scan (see

Fig. 7). Since the footprint of the robotic system is large (2 m ×
2 m), a special safe turn at these end locations is designed to

avoid interference with curbs and bridge structures. The omni-

directional motion algorithm is used to allow the robot to move

to the predefined safe locations (i.e., point S in Fig. 7), while

still keeping its current heading orientation. The motion control

of the robot is similar to the above discussed approach and the

detailed design is omitted here.

V. EXPERIMENTS AND FIELD DEPLOYMENT

In this section, the navigation testing experiments of the

robotic system on one of the Rutgers campuses are presented.

This is followed by the field deployment results.

A. Navigation Experiments

The robot navigation system was extensively tested on

Rutgers’ Busch campus before it was deployed on bridge decks.

Fig. 8 illustrates one example of the comparison of the results

of the navigation systems based on the EKF design discussed in

Section IV-A. It is clearly shown that the EKF-based navigation

system overperforms the localization results based on the wheel

odometry. It can be noted that when the robot is running near

buildings and trees, the GPS data are unstable and not reliable.

The top two subfigures in Fig. 8 illustrate the comparison re-

sults of the EKF-based localization with those given by GPS

signal only when there are trees and buildings nearby along the

trajectory. It can be clearly observed that the trajectories based

on the GPS data are noisy and distorted. With the EKF-based

sensor fusion, much more accurate localization information is

achieved.
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Fig. 8. Comparison of the navigation results by the EKF-based GPS/IMU/
odometry fusion and the odometry-based localization on Rutgers Busch campus.

To further demonstrate the localization and navigation per-

formance, Fig. 9 shows the comparison results among the EKF-

based sensor fusion design, the wheel odometry, and the GPS

measurements when the GPS signals are not reliable due to the

nearby trees along the trajectory. From Fig. 9(a), it is clearly

seen that the GPS/IMU/wheel odometry fusion scheme pro-

vides similar results to the RTK GPS localization, except at the

locations where some trees are nearby. At these locations, the

RTK GPS signals are not stable and the errors produced by the

GPS data are more than 2 m although its accuracy specifica-

tion is within 2–5 cm. The fused GPS/IMU/wheel odometry

certainly provides the best localization among all the three lo-

calization approaches. It can be also noted that although the

wheel odometry cannot produce accurate and reliable localiza-

tion information over a long period, it does help recover the

localization information when the GPS signals are unreliable or

even unavailable for a short period of time.

B. Field Deployment

The NDE sensor arrays and probes were tested and their per-

formance were validated on an actual bridge during the summer

and fall of 2012. The Pohatcong Creek Bridge near the town-

ship of Bloomsbury, Warren County, NJ, USA, was chosen as

the field deployment site. The bridge was built in 1970, and it

has a bare concrete deck in a fair condition. The size of the Po-

hatcong Creek Bridge is about 160 feet (49 m) long and about 40

feet (12 m) wide. The top view of the bridge deck from Google

Earth and the path during a robot maneuvering test are shown in

Fig. 7. Three robotic scans were planned, as shown in the figure.

The testing results for the robot localization and navigation

control are shown in Fig. 10. The virtual robot-based motion

control design generated satisfactory trajectory-following re-

sults. For most of the time of the test run, the tracking errors

were within 5–15 cm among the three scans of the bridge deck.

(a)

(b)

Fig. 9. Localization comparisons among the GPS/IMU/wheel odometry fu-
sion, the GPS/odometry fusion, and the GPS/IMU fusion when trees are nearby
the trajectory. (a) XY trajectory. (b) Localization errors.

Fig. 10. Localization and navigation results on the Pohatcong Creek Bridge.

The high-accuracy navigation scheme enabled the robotic sys-

tem to simultaneously deploy the NDE sensors and collect data.

The NDE scanning experiments and condition evaluation were

conducted on the bridge deck surface. The preliminary tests

demonstrated that the throughput performance of the robotic
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NDE systems was around 3–4 times faster than that of the current

manually conducted NDE scanning tests. A comprehensive,

quantitative comparison of the robotic NDE systems with the

current NDE technologies on bridge decks are under develop-

ment and will be reported in future publications.

VI. CONCLUSION AND FUTURE WORK

The development and demonstration of a mechatronic sys-

tems design for an autonomous robotic system were presented

for high-efficiency bridge deck inspection and evaluation. The

main objective of the autonomous robotic NDE system is to in-

crease the inspection efficiency, accuracy, and reduce the risk to

bridge inspectors. The developed autonomous inspection system

was built on a holonomic mobile robot platform and integrated

with multiple NDE technologies such as GPR, impact echo, and

electrical resistivity. In this paper, the mechatronic design to in-

tegrate the NDE sensors with the mobile robot platform and the

development of the robotic navigation system were mainly pre-

sented for enabling high-performance bridge deck inspection.

The high-accuracy robot localization scheme was built on the

EKF-based fusion of the RTK GPS, IMU, and wheel odome-

try measurements, while the robot motion control was designed

through a concept of virtual robot following. The robotic sys-

tem performance was validated through extensive experimental

testing and field deployment.

The performance enhancement for the robotic localization

and navigation control is one ongoing research direction. Ex-

tensive robotic NDE experiments, advanced data processing,

and field deployments are also among the future development

tasks.
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