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Abstract —

The aging of buildings is a global concern, with
potential risks to human safety and property.
Building inspection and maintenance are crucial for
ensuring structural integrity and safety. However,
traditional manual methods are time-consuming and
pose safety risks, especially for exterior inspection at
height. Robotics offer a promising alternative to
enhance building inspection efficiency and cost-
effectiveness, but still in the early development stage.
This paper aims to review and analyze the state-of-
the-art design and development of robotics for
building exterior inspection, referring to the
literature published in the last two decades. Firstly,
the review classifies different types of robots for
building exterior inspection in terms of locomotion
and adhesion modes, and discusses the capability of
robots from navigation, obstacle surmounting, wall-
to-wall/floor transition, curved wall climbing,
grasping, barrier avoidance, and self-protection.
Secondly, the paper examines the applicability of
robots to various building materials for inspections
and summarizes the most typical applications (i.e.
glass curtain walls, tile walls, and concrete walls).
Thirdly, the paper discusses the typical data collection
and analysis methods for building exterior inspection
using robots. The paper also explored potential
enhancements for robotic inspection through the
integration of building information modeling,
augmented reality/virtual reality, and the
involvement of human-in-the-loop. Finally, the paper
summarizes the typical application of robotics in
building exterior inspection regarding robot types,
inspection applications, data collection and analysis
methods, discusses the challenges, and outlines the
future directions.
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1 Introduction

The phenomenon of building aging presents a
significant global concern, as it entails the gradual
deterioration of both interior and exterior walls, leading
to potentially severe consequences for human safety and
property [1]. Compared to interior walls, exterior walls
are more exposed to environmental factors and external
forces with issues such as deterioration or delamination.
Thus, the demand for robotic inspection targeting
exterior walls is relatively stronger than for interior ones.
Compared to interior wall inspection, the demolition and
reconstruction of building exteriors require significant
financial and labor resources. Traditional approaches for
inspecting building walls typically involve manual visual
exams or hammering tests [2]. The inspection tasks are
performed by human operators who ride on gondolas
suspended in mid-air and utilize various handheld
facilities together with telescopes and cameras for the
inspection [3]. However, these methods present safety
concerns, particularly when working at elevated heights.
In recent decades, there has been a growing trend towards
the adoption of robots for building inspection. In
particular, robotic inspection offers several advantages,
including enhanced efficiency and consistency in
inspection results and presenting a cost-effective
alternative to manual inspection methods [4]. Human
operators can remotely operate robots from a secure
location and obtain the data and images from the facilities
mounted on the robots [5]. However, robotics for
building exterior inspection is still an emerging area with
limited real-world applications. How different types of
robots could be effectively developed and applied to
inspect building exterior walls to ensure building safety
and functionality remains unexplored.

This paper aims to review and analyze the state-of-
the-art design and development of robotics for building
exterior inspection, referring to the literature published in
the last two decades. The objectives were to i) explore the
different types of robots that are used in exterior wall
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inspection of buildings and the specific inspection
applications conducted by robots, ii) examine the
methods for robots to inspect and detect building exterior
defects, and iii) identify challenges and future directions
of robotics for exterior wall inspection of buildings.

2  Methodology

The study was conducted in three major stages.
Firstly, a comprehensive literature review was conducted
to collect information on the utilization of robotics in
inspecting exterior walls in buildings, focusing on their
specific applications. Web of Science (WoS) and Scopus

databases were utilized to search for relevant papers. The
keywords (robot* OR aerial OR drone OR uav OR
"unmanned aerial vehicle") AND (wall OR building)
AND (inspection OR maintenance) were used. Secondly,
data screening and supplementation were conducted on
the identified papers. Only relevant publications
regarding robots for building exterior wall inspection
were kept. Additional articles identified by cross-
referencing were supplemented. Thirdly, content analysis
was performed to extract relevant information from the
included papers regarding the types of robots and their
capability, inspection applications, inspection methods,
and challenges regarding robots for building exterior
inspection.

Notations:
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o Aerial robot for contact inspection tasks
) Three-module wheeled robot

W N

) Hybrid system with a crawler robot and a microdrone

iN]
o N oy o

Double-chamber wheeled robot

) Wall-climbing robot with adhere mechanism inspired by Cicada and Gecko
) Multi-legged robot with twist-based crouching

' Double-propellers wall inspection robot

) Multi-legged robot with suckers

Figure 1. Exemplars of robots utilized in exterior wall inspection.

3 Robots for Building Exterior Inspection
This section focuses on the classification of robots
and their capability in practical scenarios.

3.1 Classification of Robots

The classification of robots for building exterior
inspection considers two key aspects: locomotion and
adhesion mechanisms. Locomotion refers to the
capability of the robot to move, while adhesion refers to
its adaptability to building surfaces and materials. Figure
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1 shows some examples of inspection robots developed
in various types.

3.1.1 Modes of Locomotion

The locomotion systems allow the efficient and
autonomous mobility of robots during the inspection of
exterior walls. The selection of suitable locomotion
depends on the structural and built environment. The
primary types of locomotion for robots applied for
building exterior inspection can be classified into
wheeled, tracked, legged, cable-driven parallel, aerial,
and hybrid.



41st International Symposium on Automation and Robotics in Construction (ISARC 2024)

Wheeled robots, inspired by automobiles, offer fast
speed and efficient movement. However, the presence of
large gaps and inconsistencies on wall surfaces often
prevents proper contact between the wheels and the
building surface [6].

Tracked robots, inspired by tanks, utilize continuous
treads to achieve basic movement and improve climbing
stability by ensuring contact with the wall surface.
However, this locomotion method may lead to increased
frictional resistance and higher energy consumption [7].

Legged robots, including bipedal (two-feet),
quadrupedal  (four-feet), and hexapod (six-feet)
locomotion systems, offer superior adaptability for wall
surface inspection [8]. However, the utilization of
multiple legs increases the complexity of locomotion and
adhesion force control.

Cable-driven parallel robots, utilizing cables as
actuators, offer a mechanism for vertical and inclined
movement control in high-rise building wall inspection
[9]. However, their reliance on secure anchoring points
and complex setup processes distinguishes them from
other wall inspection robots.

Aerial robots, such as drones and unmanned aerial
vehicles (UAVs), offer straightforward control
mechanisms. However, aerial systems encounter
complexity in maintaining a consistent distance from
walls during inspection, as challenges from external
factors like wind and rain arise [10].

Hybrid robots, integrating multiple locomotion
mechanisms, offer enhanced capabilities and increased
mobility for rapid motion on wall surfaces, obstacle-
spanning, and seamless mode switching [11]. Ogusu et al.
[12] designed a robot system where a tracked robot
moves to the front of a concrete wall, while a drone takes
off and flies vertically against the wall, utilizing a camera
to capture images. However, the integration of diverse
locomotion modes and functionalities in hybrid robots
often poses challenges to control mechanisms [13].

3.1.2 Adhesion Methods

Another distinguished feature of robots for building
exterior inspection lies in the technologies for adhering
to building surfaces, mostly applied for climbing-type
inspection robots [6]. The adhesion methods can be
classified as active or passive, depending on whether an
external energy supply is needed to support the robot. A
more general classification is based on the nature of
adhesion forces required: pneumatic or air pressure,
magnetic, biomimetic, and electrostatic [ 14].

Pneumatic adhesion methods, including vacuum or
suction cups and negative pressure, are commonly used
for climbing flat surfaces [14]. Vacuum adhesion,
employing suction cups and vacuum pumps, offers
simplicity and effective wall steps but can be problematic
on rough or grooved surfaces [2]. Negative pressure
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adhesion, utilizing impellers or eddy currents, provides
secure attachment but may face potential suction
chamber leakage on vertical walls [15].

Magnetic adhesion is commonly used for inspection
robots on ferrous surfaces, employing either permanent
magnets or electromagnets. It allows for rapid
locomotion and eliminates the need for power application
but faces challenges in maintaining stable magnetic
power on non-smooth surfaces and is limited in
suitability for non-steel structures [16].

Biomimetic adhesion methods, inspired by climbing
animals like cockroaches and cicadas, utilize robust dry
adhesives based on Van der Waals forces [4]. These
methods allow robots to attach to various surface
materials and maintain attachment without power
consumption. However, they have limitations in terms of
payload capacity.

Electrostatic adhesion utilizes compliant electrode
patterns to generate strong electrostatic forces between
the robot and the wall surface, allowing for exceptional
adhesion pressure on uncharged surfaces [17]. While this
method offers minimal power consumption, and noise-
free operation, it may face challenges of unstable
adhesion and reduced reliability in the presence of
external disturbances like wind and heavy rain.

3.2 Capability of Robots

The capability of robots for building exterior
inspection considers seven aspects: navigation, obstacle
surmounting, wall-to-wall/floor transition, curved wall
climbing, grasping, barrier avoidance, and self-
protection. Most of these abilities are particularly related
to climbing-type robots.

3.2.1 Navigation Ability

Navigation ability is critical for robots to perform
building exterior inspection, which includes localization
and mapping, and path planning.

Localization refers to the estimation of robot position
and orientation, while mapping denotes the creation of a
digital representation of the robot environment, both are
fundamental processes for robot navigation [18]. Robots
utilize sensors such as RGB-D cameras, stereo cameras
and Light Detection and Ranging (LiDAR) to gather the
environment data for localization and mapping [7].
Simultaneous localization and mapping (SLAM) is
widely used to enable the robot to create a map of its
environment while simultaneously determining its
position within the map [19].

Path planning determines the optimal path or
trajectory for the robot to navigate from its current
location to a desired goal location while avoiding
obstacles [20]. Path planning for robots to conduct
building exterior inspection often considers factors such
as finding local optimal paths for defect detection to
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minimize the energy consumption of the robot and
navigating the robot safely from building exterior and
mid-air obstacles [20].

3.2.2  Obstacle Surmounting Ability

The obstacles on the exterior wall mainly include
grooves and strips. For climbing robots, having a high
ability to overcome obstacles is essential during the
design stage of robotic gait planning. For example, Bian
et al. [4] developed a robot with a gear transmission
system inspired by cicadas and geckos, incorporating a
stable gait design for obstacle surmounting.

3.2.3  Wall-to-Wall/Floor Transition Ability

The ability of wall-to-wall/floor transition involves
smoothly navigating and changing position between
vertical and horizontal surfaces, which is a key feature
for mobility in inspection robots. Guan et al. [2] designed
a modular biped robot that can smoothly transit between
walls by adapting climbing gaits and utilizing suction
modules for reliable attachment to different surfaces.

3.24  Curved Wall Climbing Ability

The ability of robots to climb curved walls can
enhance the efficiency of inspections by enabling them to
detect complex geometries and reach areas with limited
human accessibility. Saito et al. [8] developed a flexible-
legged robot with a sucker mechanism that allowed it to
climb unknown curved walls.

3.2.5 Barrier Avoidance Ability

Autonomous barrier avoidance for robots in complex
outdoor scenes should be considered, especially for
unknown environments to prevent crashes or falls. For
example, Chang et al. [19] developed a robust fuzzy
logic controller for building inspection robots, enabling
autonomous navigation and barrier avoidance to achieve
precise wall-following behavior.

3.2.6  Grasping Ability

The setup of grippers is essential as the interacting
grasping media between the robot and the object. The
design of grippers should overcome the challenge of
grasping exterior walls, considering their shapes,
materials, and roughness [7]. Previous researchers have
explored various grasping methods. For example, Xu et
al. [21] designed a cross-structured gripper for climbing
robot consisting of multiple claws and hooks that can
slide along the wall surface to locate attachable uplifts.

3.2.7  Self-Protection Ability

Protective devices for robots are crucial to ensure
their safety and stability during operation on the building
exterior by protecting against overturning during
climbing, falls, and external objects. For example, Altaf
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et al. [14] designed an inspection robot with protective
devices, including a support frame, EVA shell, airbag,
and established a mechanical model to analyze the forces
involved during a fall.

4 Inspection Applications

The applications of robots for building exterior
inspection are mostly considered for maintaining glass
curtain walls, tile walls, and concrete walls.

4.1 Glass Curtain Wall Inspection

The inspection of glass curtain walls has gained
increasing attention, driven by concerns surrounding the
safety risks associated with accidental glass breakage and
the subsequent hazards of falling glass. Scholars
proposed a specific design of end-effectors for glass
curtain wall inspections. Liang et al. [6] introduced a
robotic system that utilizes vibration response signals
obtained by knocking the glass with a mechanical arm.

4.2 Tile Wall Inspection

Robotic techniques also play a crucial role in the
inspection of tile wall delamination, which occurs
between the tiles and substrates due to aging and
improper installation. Pan et al. [23] proposed an efficient
method for inspecting the status of tile walls using
forward-looking infrared technology and camera on
UAVs. The combination of hammering tests and cameras
is also commonly employed to identify tile delamination
caused by bonding degradation and thin tile layers [9].

4.3 Concrete Wall Inspection

Concrete used for wall surfaces can deteriorate over
time, resulting in issues such as peeling, lifting, and
cracking. Traditional visual inspection methods for
concrete surfaces primarily rely on human workers.
Crack detection and inspection in walls benefit from
advanced robotic techniques. For example, Wang et al.
[24] developed an automatic detection of building
surface cracks using UAV, demonstrating high accuracy
and potential for practical application.

S Inspection Methods

This section focuses on the inspection methods in
terms of data collection and data analysis for robots to
conduct building exterior inspection and defect detection.

5.1 Data Collection
Data collection methods primarily utilize non-
destructive testing (NDT) techniques to gather
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information without causing damage to the building.
Essentially, robots offer the platform to equip different
NDT techniques for data collection, which could reduce
the impact of human factors and achieve more efficient,
accurate, cost-effective, and damage-avoided inspection
of buildings. Typical NDT methods for building exteriors
are as follows: 1) visual inspection utilizes cameras to
examine defects that are widely employed in concrete
wall crack detection [25]; 2) infrared thermography uses
infrared thermal imagers to detect temperature variations
for defect identification, which is commonly employed
for wall moisture and air leakage detection [26]; 3) laser
scanning emits laser beams to capture three-dimensional
(3D) point cloud for defect detection, which suits for 3D
crack dimension detection and localization [27]; 4)
impact acoustic inspection analyzes sound waves
generated by impacting the object for defect evaluation,
and is mostly employed for tile wall debonding and
integrity detection [9].

5.2 Data Analysis

Based on the collected data, a number of studies focus
on the development of new algorithms to process and
analyze different types of inspection data, like RGB and
thermal images [26, 28, 29], point cloud data [27], and
acoustic signals [30].

Image-based analysis has received the most attention.
Early research works focus on simple image processing,
such as greyscale for removing image color information
and histogram equalization for adjusting image pixel
value distribution [20]. Recently, deep learning
techniques, especially convolutional neural networks
(CNNs) have been successfully developed in the field of
computer vision, and are widely applied for object
detection and image segmentation for building exterior
inspection [7]. For example, Hu et al. [7] proposed deep
convolutional neural network (DCNN) with reduced
parameters and low latency for feature extraction in the
crack detection for an inspection robot; Woo et al. [28]
utilized the fast and accurate YOLOVS model for UAV-
based crack detection system for concrete wall inspection;
Wang et al. [24] proposed a UAV-based approach
integrating ResNet50 and YOLOv8 for accurate
detection of concrete cracks on building exteriors. Some
studies combine traditional machine learning and deep
learning to achieve more accurate inspection results. For
example, Chaiyasarn et al. [31] proposed a crack
detection system that combined support vector machines
with CNN, achieving a detection accuracy of
approximately 86% in validation images.

Point cloud-based analysis extracts relevant
inspection information from 3D data in depicting object
geometry for defect detection, which heavily relies on the
quality of the point cloud data. Some relevant studies
combined 3D point clouds with 2D images and employed
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image processing techniques for defect detection [7]. For
example, Yuan et al. [27] developed a novel inspection
robot with deep stereo vision for 3D concrete damage
detection and quantification, which employed Mask R-
CNN for the captured RGB imaging data for crack
segmentation and localization and conducted spatial
mapping from 2D plane to 3D space coordinates for
damage quantification.

Acoustic signal-based analysis utilizes the acoustic
signals generated by tapping the wall surface. Since the
collected signals are generally not perfect with
background noise and missing signals, different data
processing techniques have been used to address the
noisy environment and data quality issues. For example,
Nishimura et al. [30] proposed a novel method to clarify
the features of hammering sound and propeller noise and
conducted acoustic analysis of recorded hammering
sounds collected by a multi-copter type mobile robot for
defect detection.

6 Integration with Other Advanced

Technologies

This section discusses the integration of inspection
robots with other advanced technologies such as building
information modeling (BIM), augmented reality/virtual
reality (AR/VR), and human-in-the-loop (HILP).

6.1 BIM

For managing inspection data and planning
inspection paths, BIM can be integrated with robots to
provide rich geometric and semantic information. Tan et
al. [20] proposed BIM-based inspection area extraction,
optimized UAV flight path using A star and genetic
algorithms, and real-time crack identification through
edge computing and a zoom camera.

6.2 AR/VR

AR serves as a valuable tool for visualizing the
inspection process, enabling efficient remote inspections
by overlaying models onto captured images [32]. The use
of AR technology in wall inspection robots allows for
virtual walkthroughs and real-time visualization.
Nishimura et al. [30] developed a robot that utilizes an
AR marker for localization, allowing for precise
identification of the hammering position on a structure.

VR can simulate the real environment of buildings,
enabling operators to identify issues and take appropriate
actions in a virtual setting. It reduces the need for robotics,
lowers risks and costs, and provides more practice
opportunities. Albeaino et al. [33] developed a VR-based
flight simulator for training drone operators in inspecting
building exteriors, focusing on flying near targets,
maintaining stable hovering, and collecting data.
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6.3 HITL

HITL generally refers to interactive simulation
systems that enable direct human intervention during the
operation of robots or artificial intelligence models [3]. It
combines human intelligence with machine or robot

performance, which is preferable for hazardous building
exterior inspection tasks. For example, Saleem et al. [34]
investigated human eye gaze patterns during a fagade
damage inspection using eye tracking which should
facilitate information-sharing and decision-making for

capabilities  for

risk-free

and

improved

system

collaborative human-robot teams for building inspection.

Table 2. Summary of typical robots for building exterior inspection.

Example Robot type Inspection application _ Data collection Data analysis
A multi-chamber adhesive =~ Wheeled with Glass curtain wall Impact acoustic -
climbing robot [6] pneumatic defects
Alicia® [35] Wheeled with Concrete wall defects - -
pneumatic
CROMSCI [15] Wheeled with Concrete wall defects Visual, cover meter, -
pneumatic impulse radar
A four-wheel drive robot [27] Wheeled Concrete wall crack Visual, laser scanning Mask R-CNN, statistical
assessment outlier removal filter, KNNs
An autonomous mobile ground  Tracked Concrete wall crack Visual, laser scanning DCNN, random sample
robot [7] defects consensus
A wall-climbing robot inspired  Legged with Stone and glass curtain - -
by cicadas and geckos [4] biomimetic wall defects
adhesion
A semi-autonomous multi- Legged with Wooden and tile wall - -
legged robot [8] pneumatic defects
An  electro-adhesive  wall-  Legged with Glass curtain wall - -
climbing robot [17] electrostatic defects
WICBOT [9] Cable-driven Tile wall bonding Impact acoustic ANN
integrity
A UAV-based system [24] UAV Concrete crack defects Visual ResNet50, YOLOVS
Quasar™ [26] UAV General moisture, air Infrared thermography ~ Gaussian low-pass filter
leakage
A UAV-based system [25] UAV General crack defects Visual CNN
DIJI MJ200 [22] UAV Concrete wall crack Visual CNN, CycleGAN
defects
DJI Phantom4 RTK [28] UAV Concrete wall crack Visual YOLOVS
defects
ABECIS [36] UAV General crack defects Visual Xception
DIJI Phantom4 [31] UAV Masonry wall crack Visual CNN, support vector machine
defects
Microdrone-equipped ~ mobile ~ UAV+tracked Concrete wall crack Visual AWS crack detection Al
crawler robot [12] defects system
A multi-copter mobile robot [30]  UAV+wheeled Concrete wall defects Impact acoustic Short-time Fourier transform

7 Discussions

Based on the review and analysis, a summary of
typical robots for building exterior inspection is provided
in Table 1, covering robot types, inspection applications,
and methods for data collection and data analysis. The
findings provide useful insights for research and
development in robotics for building exterior inspection,
and are elaborated as below.

Firstly, prior studies have demonstrated two major
streams of research regarding robotics for building
exterior inspection. The first stream focused on
developing inspection robot prototypes and emphasized
the mechanical mechanisms of the robots, but many did
not cover specific data collection and analysis methods
for inspection [4]. The second stream mainly employed
UAV as the robotic platform and focused on specific data
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collection and analysis methods for inspection [24]. The
future direction for improvement could be the integration
of the two streams to develop comprehensive robotic
solutions for building exterior inspection. These
solutions could combine the high flexibility and
adaptability of robot mechanics with advanced data
collection and analysis methods for building exterior
inspection.

Secondly, most of the research focused on the
inspection application of concrete crack detection as
concrete cracks are typically visible and possess distinct
features that can be effectively captured using imaging
techniques and analyzed with computer vision algorithms.
However, many buildings, especially high-rise buildings,
feature a variety of wall materials rather than being
limited to a single wall type and still lack comprehensive
and robust data collection and analysis methods. Besides,
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glass curtain walls and tile walls are more challenging to
achieve timely and accurate defect detection [6, 9]. More
efforts are required to develop adaptable and generic
solutions for inspection robots integrating different data
collection methods that are not limited to specific types
of wall materials or defects.

Thirdly, only limited studies focused on the
development of end effectors of the inspection robot to
enable the multi-functional capability of the robot for
multiple inspection tasks [7]. In this regard, the
integration of repair or renovation functions with the
inspection robots should be considered to guide the
selection of robot body type and the design of different
inspection and repair end-effectors as well as control
mechanisms.

8 Conclusions

This paper reviews and analyzes the state-of-the-art
design and development of robots for building exterior
inspection. Specifically, these inspection robots are
classified based on locomotion and adhesion modes, and
their capabilities are discussed from navigation, obstacle
surmount, wall-to-wall/floor transition, curved wall
climbing, grasping, reflective and transparent barrier
avoidance, and self-protection. The review further
summarizes the most typical building exterior inspection
applications for robotics considering the wall materials,
namely glass curtain, tile, and concrete, and discusses the
detailed data collection and data analysis methods for
inspection. Furthermore, the paper explored the potential
integration of BIM, AR/VR, and HITL for improving
robotic building exterior inspection. Blending the review
findings, useful insights are provided regarding robot
types, inspection applications, data collection and
analysis methods for building exterior inspection. Future
research is needed toward comprehensive and tailored
solutions for robotic building exterior inspection,
adaptable and generic inspection robots that suit different
wall materials and defect types, and multi-functional end
effectors for inspection robots and integration with
building repair capability.
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