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Abstract. With the advancements in information, communication, and sensing 
technologies, structural health monitoring (SHM) has matured into a substantial 
pillar of infrastructure maintenance. In particular, wireless sensor networks have 
gradually been incorporated into SHM, leveraging new opportunities towards re-
duced installation efforts and enhanced flexibility and scalability, as compared to 
cable-based SHM systems. However, wireless sensor nodes are installed at fixed 
locations and need to be employed at high density to reliably monitor large infra-
structure, which may cause high installation costs. Furthermore, the limited 
power autonomy of wireless sensor networks, installed at fixed locations for un-
attended long-term operation, still represents a significant constraint when de-
ploying stationary wireless sensor nodes for SHM. To resolve the critical con-
straints stemming from costly high-density deployment and limited power auton-
omy, a mobile structural health monitoring concept based on legged robots is 
proposed in the feasibility study reported in this paper. The study explores the 
feasibility of deploying legged robots for wireless SHM of civil infrastructure, 
aiming to achieve insights into realizing the advantages of mobile wireless sensor 
nodes in general and of legged robots in particular. As will be shown in this paper, 
the legged robots, as compared to stationary wireless sensor nodes, require a 
smaller number of nodes to be deployed in civil infrastructure to achieve the same 
sensor information, entailing more cost-efficient – yet accurate – SHM. In con-
clusion, this feasibility study represents a first step towards autonomous robotic 
fleets advancing structural health monitoring. 

Keywords: Structural health monitoring (SHM), quadruped robots, legged ro-
bots, wireless sensor networks, infrastructure maintenance. 

1 Introduction 

The US Federal Highway Administration estimates a US$ 125 billion bridge repair 
backlog in the United States [1]. The situation in other industrial countries is similar. 
In Germany, almost 700 bridges are more than 100 years old, and more than 10% of 
highway bridges are deficient [2]. The vulnerability of civil infrastructure due to aging 
is being further exacerbated by climate change, thus highlighting the need for timely 
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structural maintenance, which has been increasingly relying on structural health moni-
toring (SHM) [3]. 

Over the years, the SHM community has witnessed gradual transitions in strategies 
and equipment adopted, following the advances in sensor technologies. Early SHM 
case studies have been limited to civil infrastructure of high importance or of strong 
academic interest, due to the dependence of SHM instrumentation on relatively expen-
sive cable-based sensors and data acquisition units. In recent years, however, develop-
ments in sensor technologies have been offering cost-effective alternatives for SHM, 
usually consisting of wireless sensor nodes [4]. Since the merits of wireless technolo-
gies have been apparent from the very first “wireless” strategies in SHM, practitioners 
have sought, on the one hand, to exploit the scalability of wireless sensor networks 
towards deploying SHM systems of increasing density, in an attempt to obtain spatially 
rich information on structural conditions [5]. On the other hand, misuse of scalability 
of wireless SHM systems may result in particularly dense sensor networks. Dense sen-
sor networks, in turn, may raise questions regarding the eventual cost-effectiveness of 
dense SHM deployment, the robustness of the SHM system, and the conformity of the 
SHM strategy with aesthetic and operational requirements. 

In recent years, representing the middle ground between obtaining spatially dense 
information and utilizing the convenience of wireless technologies with minimal de-
ployment of equipment, the SHM practice has been drawing from the field of robotics. 
At first, the notion of mobility in SHM systems had materialized in mobile robots fa-
cilitating powering embedded remote sensors and retrieving data with close-proximity 
telemetry, as reported by Huston et al. [6]. Furthermore, solutions based on non-sta-
tionary wireless sensor nodes have sporadically been proposed in the form of mobile 
SHM systems employing wheeled robots [7]. Examples include the “robomote” intro-
duced by Dantu et al. for augmenting static sensor networks [8], and the prototype mo-
bile SHM system, capable of navigating structures using ferromagnetic materials, de-
signed and validated by Zhu et al. [9]. The efficiency of mobile robots for SHM lies in 
the capabilities of a minimum deployment of robots (i) to scan relatively extensive areas 
on structures and (ii) to form ad-hoc wireless networks for exchanging information to 
collaboratively analyze the structural conditions [10]. However, state-of-the-art ap-
proaches on mobile SHM systems largely rely on wheeled robots, which, in complex 
structures, may be unable to access areas with impediments. In this regard, legged ro-
bots may offer an attractive alternative for SHM, in terms of maneuverability and trans-
versability, following up on recent research advances in bionics [11]. 

This paper reports on a feasibility study, proposing a mobile structural health moni-
toring concept based on legged robots, extending preliminary work published in [10] 
and in [12]. Legged robots exhibit enhanced mobility, compared to wheeled robots, and 
are able to access extensive locations on structures by traversing impediments, such as 
stiffening plates, pipelines and electrical installations [13]. The feasibility study essen-
tially seeks to validate the mobile SHM system presented in the studies mentioned 
above in real-world conditions, i.e. implemented in robust legged robots and applied on 
a real-life pedestrian bridge. The mobile SHM system consists of legged robots, featur-
ing (i) a locomotion component, (ii) a processing component, and (iii) a sensing com-
ponent. The goal of the feasibility study is to showcase that the mobile SHM system is 
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capable of yielding the same level of information on structural conditions as a stationary 
wireless SHM system when applied on a real-life pedestrian bridge. In the rest of the 
paper, Section 2 describes the mobile SHM system, and Section 3 covers the validation 
tests conducted on a pedestrian bridge in Hamburg, Germany. The paper concludes 
with a summary and an outlook on potential future research efforts that may be under-
taken to advance the concepts presented herein. 

2 A mobile structural health monitoring system based on legged 
robots 

Considering the refinement characterizing modern structural analysis methods, e.g. us-
ing finite element models with fine meshes, it is reasonable to pursue SHM-derived 
information that would at least spatially envelope structural analysis results. In this con-
text, the motivation behind the mobile SHM system, presented in this section, is to 
maximize the information on structural conditions, while employing a SHM strategy 
that is efficient, cost-effective, and least invasive. The capabilities of legged robots to 
navigate extensive areas on structures and to reach locations that may be hardly acces-
sible to humans allow collecting elaborate fields of structural response data that can 
help stakeholders make educated judgments on structural conditions. In addition, elab-
orate fields of structural response data enable comparisons with structural analysis re-
sults, which can be used for system identification and (finite element) model updating. 

From a budgetary perspective, for a mobile SHM system to be viable, only a small 
number of legged robots should be used. Particularly considering the unit price differ-
ence between legged robots and wireless sensor nodes, it follows that the cost-effec-
tiveness of a mobile SHM system can be ensured only if the number of legged robots 
is kept to the minimum necessary for fulfilling the SHM objectives. Drawing from 
common SHM practice, which largely involves analyzing acceleration response data 
and computing experimental mode shapes, SHM objectives frequently require simulta-
neous data acquisition from at least two locations. As a result, for the mobile SHM 
system proposed in this feasibility study, two legged robots will be deployed. Apart 
from collecting acceleration response data, the legged robots are capable of communi-
cating with each other and of collaboratively analyzing the data to extract information 
on the structure, e.g. in the form of experimental eigenfrequencies. In what follows, the 
hardware and software specifications of the mobile SHM systems are described. 

 
2.1 Hardware design and implementation 

The type of legged robots used for the mobile SHM system in this feasibility study are 
“intelligent documentation gadgets” (IDOGs), built around Unitree’s A1 robot model 
[14]. In accordance with the mobile SHM system requirements previously described, 
the IDOGs are capable of multi-direction locomotion, of data acquisition, and of on-
board data processing. The hardware design implementation follows the same reason-
ing as in [10] and is shown in Figure 1. 
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The “locomotion component” of the IDOG, shown in Figure 1, consists of four legs 
driven by motors at three points (“hip”, “knee”, “thigh”), thus providing twelve degrees 
of freedom for locomotion and ensuring advanced maneuverability. The locomotion 
component enables the IDOG to assume the “measuring posture”, essentially lying 
down for conducting measurements, and the “walking posture”, i.e. standing up and 
moving from one location to the other. The locomotion control is computed and pro-
vided by the “locomotion board”, which resides in the “processing component”. Apart 
from the locomotion board, an on-board computer, designated as “computing board”, 
is included in the processing component for reading and analyzing data from the sensors 
attached to the IDOG (included in the “sensing component”). 

In this feasibility study, the sensing component encompasses a “light detection and 
ranging” (Lidar) sensor that enables the IDOG to perceive its environment. In future 
work, the Lidar sensor will enable the IDOG to autonomously navigate to measurement 
locations. Moreover, a Bosch BMI055 inertial measuring unit (IMU) with an integrated 
accelerometer is included in the sensing component for collecting acceleration response 
data. The IMU measures at a range of ±4 g, at a sampling frequency of 250 Hz, and 
with a minimum detectable acceleration of 0.98 mg [15]. As will be shown in the vali-
dation tests, the measuring posture that the IDOG assumes ensures that the measure-
ments of the IMU correspond to the acceleration response data of the structure being 
monitored. As a result, the acceleration response data collected by the IDOGs are suit-
able for vibration-based SHM tasks, such as operational modal analysis, using embed-
ded software, which is described in the following subsection. 
 

 

Fig. 1. Hardware components of the IDOG. 

2.2 Software design and implementation 

The IDOG leverages embedded software, flowcharted in Figure 2 by means of the pro-
cess conducted by the mobile SHM system, designed around the “robot operating sys-
tem” (ROS) framework. The embedded software enables collecting, processing, and 
analyzing acceleration response data. When beginning operation, a ROS process is 
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started that starts the accelerometer. Next, the IDOG assumes the measuring posture at 
a measurement location, the acceleration response data is collected and stored in a local 
file. Subsequently, the acceleration response data is analyzed by performing fast Fou-
rier transform (FFT) and peak picking, i.e. detecting “modal peaks” in the frequency-
domain representation of the acceleration response data that essentially are frequency 
components exhibiting maximum amplitude in the FFT. 

For perceiving the environment, two ROS processes are started. The first process 
collects Lidar scan data in the form of a point cloud. The second process subscribes to 
the scan data and executes a “simultaneous localization and mapping” (SLAM) algo-
rithm. In this study, the Google cartographer is used for creating a 2D grid map [16]. 
The grid map is devised for visualization purposes, highlighting the positions of the 
acceleration measurements. As discussed previously, in future work, the grid map will 
be integrated into the mobile SHM system to provide perception for autonomous loco-
motion of the IDOG. 
 

 

Fig. 2. SHM process conducted by the embedded software designed for the IDOGs. 
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3 Field validation tests at a pedestrian bridge 

Validation tests within the framework of the feasibility study are conducted on a pedes-
trian bridge. The purpose of the validation tests is to showcase that the mobile SHM 
system is applicable in real-life conditions. Serving as a benchmark system for com-
parison, a wireless SHM system comprising stationary wireless sensor nodes is installed 
on the bridge. In the remainder of this section, the pedestrian bridge and the experi-
mental setups are described, and the test results are presented and discussed. 
 
3.1 Description of the pedestrian bridge and the benchmark SHM system 

The pedestrian bridge used for the validation tests is the “Citadel Bridge” (German: 
“Zitadellen-Brücke”), which spans the Lotse Canal at Hamburg, Germany. The pedes-
trian bridge, shown in Figure 3, is a relatively new structure, opened to traffic in 2016. 
The main deck of the bridge comprises a welded steel trapezoidal hollow “box” section 
of variable dimensions. The deck has a length of 45.5 m and a width that varies from 
3.25 m to 5.65 m. In the vertical direction, the main deck rests on two reinforced con-
crete piers, and, at its ends, abuts the quay walls on each side of the canal, essentially 
forming one middle span, between the two piers, and two side spans, each between one 
pier and one abutment. The main part of the main deck is capable of revolving around 
one of the piers, functioning as a swing bridge, to facilitate traffic of canal vessels. 
 

              

Fig. 3. Views of Citadel Bridge, Hamburg, Germany. 

The benchmark system includes eight wireless sensor nodes of type Oracle “Sunspots” 
[17]. The microcontroller of each sensor node features an ARM processor running at 
400 MHz, volatile memory of 1 MB, and flash memory of 8 MB. The sensing compo-
nent of each sensor node integrates a 3-axial accelerometer, of type MMA7455L, meas-
uring at a selectable range between 2 g and 16 g with a selectable sampling rate up to 
250 Hz. The analog-to-digital conversion supported by the accelerometer is of 8-bit 
resolution. For the purposes of this study, the accelerometers are placed along the lon-
gitudinal edges of the main deck, as shown in Figure 4. In particular, four sensor nodes 
are placed on the middle span, and two sensor nodes are placed on each side span. The 
purpose of placing the sensor nodes along the edges of the deck is to capture both trans-
lational and torsional vibrations. Due to the swing function of the bridge, the left-hand 
side of the main deck, as shown in Figure 4, is separated by a full-depth gap from the 
rest of the deck, and, thus, exhibits independent dynamic behavior from the rest of the 
bridge. Therefore, the measurements are restricted to the middle part and the right-hand 
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side of the deck. The wireless sensor nodes are tasked to collect acceleration response 
data in the vertical (z) direction with a measurement range of 2 g and a sampling fre-
quency of fs = 125 Hz for a duration of 120 s. 
 

 

Fig. 4. Plan view of the measurement locations on the pedestrian bridge. 

3.2 Validation tests 

The benchmark system and the mobile SHM system are compared on the basis of in-
formation extracted from acceleration response data. As mentioned previously, the in-
formation translates into “modal peaks” in the FFT amplitude spectra of the accelera-
tion response data. For the benchmark system, the wireless sensor nodes autonomously 
estimate modal peaks and communicate the respective frequencies to a centralized 
server. For the mobile SHM system, a minimum deployment of two IDOGs is adopted 
to progressively access all measurement locations of the benchmark system in pairs and 
to collect acceleration response data. The reasoning behind using at least two IDOGs is 
to ensure that the modal peaks detected in the FFT amplitude spectrum are confirmed 
by two independent IDOGs from two separate locations, thus avoiding false positive 
detections of modal peaks, given the output-only nature of the SHM approach. Alt-
hough the measurement locations are accessed manually in this study, since autono-
mous navigation is part of future work, the visualization of the pedestrian bridge by the 
SLAM algorithm showcases that the IDOGs are capable of perceiving the surroundings 
of the structure through the Lidar sensors. The measurement locations (L1…L6) are 
illustrated in Figure 5. In each pair of measurement locations, the IDOGs collect and 
analyze the acceleration response data in the frequency domain to obtain modal peaks, 
which are wirelessly communicated to a centralized station. 
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Fig. 5. Visualization of the pedestrian bridge using Lidar data. 

The IDOGs are positioned at the abutment on the right-hand side of the main deck. 
Since the analysis of one of the IDOGs serves as confirmation of the modal peaks, one 
of the measurement locations is selected as a “reference point”, against which the anal-
yses from the rest of the measurement locations are compared. Location L4 is selected 
as reference point based on engineering judgment, because most vibration modes are 
expected to exhibit discernible amplitudes. One of the IDOGs (“IDOG 1”) is placed at 
the reference point, and the other IDOG (“IDOG 2”) progressively accesses the rest of 
the measurement locations by assuming the walking posture, shown in Figure 6 (bottom 
left). Upon reaching a measurement location, the IDOG switches to measuring posture, 
as shown in Figure 6 (bottom right). Simultaneously, the IDOG at the reference point 
switches to measuring posture, as shown in Figure 6 (top), and both IDOGs collect 
acceleration response data for a duration of 120 s at a sampling frequency of 
fso = 250 Hz. Next, each IDOG transforms its acceleration response data into the fre-
quency domain and detects modal peaks, using the embedded FFT and peak-picking 
algorithm. Finally, the IDOGs exchange the modal peaks to confirm that the eigenfre-
quencies of the modal peaks detected by each individual IDOG match. 
 
3.3 Results and discussion 

The results of the embedded peak-picking algorithm, executed autonomously by each 
IDOG, are summarized in Tables 1-3. First, the results of IDOG 1 are presented, next, 
the results of IDOG 2 are provided, and, finally, the results from applying peak picking 
at the acceleration response data of the benchmark system are tabulated for comparison 
purposes.  
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Fig. 6. Simultaneous collection of acceleration response data at measurement locations L3 and L4 
(top), walking posture of the IDOG (bottom left), measuring posture of the IDOG (bottom right). 

Table 1. Peak picking results from IDOG 1. 

Setup Location 
Modal peaks (Hz) 

1 2 3 
1 L4 3.082 4.333 10.544 
2 L4 3.067 4.318 10.590 
3 L4 3.052 4.303 10.544 
4 L4 3.082 4.288 10.437 
5 L4 3.082 4.257 10.483 

Table 2. Peak picking results from IDOG 2. 

Setup Location 
Modal peaks (Hz) 

1 2 3 
1 L1 3.113 4.303 - 
2 L2 3.082 4.349 - 
3 L3 3.113 4.303 10.620 
4 L5 3.098 4.318 10.590 
5 L6 3.113 4.303 10.590 
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Table 3. Peak picking results from the benchmark system. 

Location 
Modal peaks (Hz) 

1 2 3 
L1 3.036 4.356 - 
L2 3.029 4.333 - 
L3 3.044 4.356 10.544 
L4 3.036 4.341 10.597 
L5 3.044 4.349 10.437 
L6 3.036 4.326 10.597 

 
As can be seen from Tables 1-3, the embedded peak-picking algorithm of the IDOGs 
is capable of yielding 2-3 modal peaks at the same frequency components as the bench-
mark system. Minor discrepancies between the modal peaks detected by IDOG 1 and 
IDOG 2, as well as between the IDOGs and the benchmark system, are attributed to 
interference of noise and to the approximative character of the FFT. Exemplarily, the 
FFT amplitude spectra computed by both IDOGs for setup 3 are plotted in Figure 7a. 
Furthermore, Figure 7b illustrates the FFT amplitude spectra between IDOG 1 and the 
corresponding sensor node of the benchmark system at location L3. In both plots, the 
proximity between the FFT amplitude spectra is evident. 
 

 

Fig. 7. Comparison between FFT amplitude spectra of IDOG 1 and IDOG 2 for setup 3 (a), and 
comparison between FFT amplitude spectra of IDOG 2 and the benchmark system at location 

L3 (b). 

4 Summary and conclusions 

The advantages of wireless sensor networks for structural health monitoring, in terms 
of cost-efficiency and flexibility, may be easily nullified by designing particularly 
dense wireless SHM systems consisting of stationary wireless sensor nodes. As alter-
natives, approaches proposing mobile wireless SHM system have been sporadically 
proposed. Nevertheless, since the concept of mobile SHM is still in its infancy, this 
feasibility study has focused on highlighting the applicability of mobile SHM in real-
world conditions. Specifically, building upon previous work of the authors, a mobile 
SHM system, comprising legged robots, which can advantageously navigate areas with 
impediments that are hard to reach by wheeled robots, has been tested on a pedestrian 
bridge. The purpose of the feasibility study has been to investigate the capability of the 
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mobile SHM system to (i) perceive its surroundings and (ii) yield information on the 
structural condition similar to the information obtained by a benchmark system, con-
sisting of stationary wireless sensor nodes. On the one hand, the juxtaposition of the 
visualization of the pedestrian bridge with the actual geometry of the bridge has show-
cased the capability of the legged robots to perceive the surroundings. On the other 
hand, the comparison between the outcomes of the mobile SHM system, in the form of 
eigenfrequencies obtained through peak picking, and the corresponding outcomes of 
the benchmark system have proven the capability of the mobile SHM system to provide 
rich information on the structural condition. Future work will focus on using the mobile 
SHM system to obtain elaborate information on the structural dynamic behavior, such 
as mode shapes, and on implementing autonomous navigation of measurement loca-
tions. 
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