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

State of the Art Review of Technological Advancements for
Safe Tower Crane Operation

Avi Raj and Jochen Teizer

Department of Civil and Mechanical Engineering, Technical University of Denmark
avira@dtu.dk, teizerj@dtu.dk

Abstract —

This paper focuses on construction accidents,
particularly those involving tower cranes. An initial
analysis of the modern literature highlights tower
cranes as a significant safety concern, with human
error identified as a major factor. The paper in the
further explores modern technological innovations
addressing these human-related risks. Recognizing
the potential of technology to improve safety, the
review establishes a crucial link between
understanding accident root causes, particularly
human error, and ongoing efforts to enhance safety
through technological interventions. Utilizing a
systematic Web of Science keyword searches
approach, including a quantitative and qualitative
analysis of the respective publications, the review
divides tower crane safety into two predominant
fields, namely the pre-construction phase that plans,
among other objectives, safe worksite layouts, and the
construction phase that executes safe operations. The
findings provide a comprehensive overview of the
most recent technological innovations that involve
tower cranes in both project phases. A synthesis
informs about future research and industry initiatives
for advancing tower crane safety.
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1 Introduction

The construction industry, crucial for global
progress, struggles with an enduring challenge that is
workplace accidents, particularly involving tower cranes.
Between 2011 and 2017, there were 297 reported deaths
due to crane accidents in the US alone, averaging 42
fatalities per year [1]. A more detailed analysis of the data
from Spain from 1990 to 2000 shows that of the
1.630.452 accidents reviewed, 22.349 or 1,4% of the
accidents are related to cranes and lifting equipment of
which 165 were fatal while 1.201 are severe and fatal [2].

The construction industry relies on a diverse array
of cranes, including tower cranes, mobile cranes,

364

overhead cranes, and crawler cranes, each playing a
unique role in shaping industry dynamics. Tower cranes,
particularly, have emerged as a predominant type,
garnering widespread use in Europe and gaining
popularity in the US [3]. These statistics clearly
demonstrate the safety related issues for tower crane
operations. This forms the motivation to study what is
being done in this field to improve the safety conditions.
Therefore, this review paper tries to investigate the
following major research questions:

e What is the current state of construction site safety
with respect to tower cranes?

e What are the significant factors that cause accidents?

e How can technological solutions improve the safety
of tower crane operations?

e What technological solutions are being explored for
improving safety of tower crane operations?

This review studies the proportion of accidents related
to tower crane operations. It investigates the problem of
safety issues. Following that is the methodology of how
the publications are found, selected and reviewed are
discussed. Then, a quantitative analysis and a qualitative
is performed to give the reader an objective idea about
the trends being explored in this field, this allows for a
better understanding of the trends and their advantages or
shortcomings. At last, a conclusion section summarizes
the key insights from the review.

2 Background

The construction sites where fixed site lifting
mechanisms and lifting structures are used, are hazardous
production facilities. The year 2020 saw 35 recorded
accidents in Russia [4]. These resulted in 28 fatalities,
attributed to the operation of lifting structures at
monitored facilities. The majority of accidents related to
lifting machinery between 2015 and 2020 were
associated with the operation of tower cranes. For
instance, out of 25 crane-related incidents, 12 (47%)
occurred during the operation of tower cranes, 4 (20%)
during the operation of crawler and mobile cranes, 2
(10%) during the use of manipulator cranes, and 2 (7%)
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during the use of overhead gantry, and 1while using the
portal cranes as shown in Figure 1. Despite the varied
crane types, the focus on tower cranes intensifies when
considering occupational accidents.
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Figure 1: Involved equipment type in fatal crane
accident, as an example, Russia in 2020 [4].

In addition to the human cost, crane accidents also
lead to fiduciary losses as well. A study among 313
Malaysian registered contractors revealed three key areas
that increase the cost of a project when an accident occurs.
These being project delays, medical expenses, and
damage repairs to completed work and collateral damage.
Although the study does not point out an exact number
value for the increase in the costs, it demonstrates that out
of the contractors who undertook the survey, 97.4% agree
that project delays due to accidents increase the project
cost, 94.8% agree that the additional cost of repairing
completed construction or adjacent structures is
significant. 89.4% of the surveys agree that the medical
costs for compensating injured workers also increase the
cost of the overall project [5]. Moreover, human error
accounts for approximately 70% of crane accidents [6].

A preliminary statistical analysis of accidents
involving tower cranes, identified contributing factors.
Furthermore, a Degree of Influence (DOI) was computed
for each factor, providing a more nuanced understanding
of their individual levels of significance [7]. According
to the findings of this study “Operator Proficiency” has
the highest DOI. Whereas the seven factors that can be
categorized into human-factor and safety management
categories also have high DOIs associated to them.

An further examination of human factor classification
revealed key aspects that further refine the understanding
of these incidents [8]. These aspects include:

inattention,

failure in communication,
operator error, and

error of signal person.

Another study arrives at similar conclusions however
they do point out that although human error-based
accidents have a very high frequency, they rank low in
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severity of the accidents [9]. They point out that the most
prevalent failures in the dataset are:

Inattention, a typical human factor that appeared in
about 19% of incidents.

e The second most prevalent type (between 10 and 15%)
contains three human factors, namely— improper
rigging, — signalperson error, and— operator error.

e Environmental factors such as limited visibility and
strong wind appear to reside within the least prevalent.

A point-cloud and display based safety feature was
tested with five crane operators with work experiences
ranging from 8 to 16 years [10]. Although they point out
that their solution was still in the preliminary stage and
some of the issues would be sorted out in later iterations,
the key insights obtained from their tests were:

e The operators generally agreed that the new safety
solution was easy to use.

e The operators agreed that a real-time vision-based
safety feature would help improve safety. However,
the operators were also quick to point out that this
does not eliminate the need for a signal person. The
main reason was a general insecurity about solely
relying on technology as it also put all the
responsibility on the operators too.

e The operators could not form a consensus on whether
such system necessarily improves efficiency. They
pointed out that being able to view the scene in 3D
helped them choose an optimum path faster. However,
in situations where direct line of sight application was
still feasible the system acted as a hindrance.

These cases demonstrate that technological assistance
plays a significant role in enhancing the overall safety of
workers on a construction site, particularly in the context
of crane-related accidents.

3 Methodology

This review utilizes systematic Web of Science
keyword searches, similar to [11]. The review is divided
in two primary phases (Figures 2 and 3, respectively):

e Pre-construction planning phase, and
e Construction operation phase.

Advanced search options were used that allow for
Boolean keyword search operations. Boolean operators
like “And” and “OR” were used to identify records that
talk about construction safety and technology. For this
purpose, following keyword searches were used:

e "ALL=((crane’) AND (safety) AND
construction' OR 'planning"))"

o “ALL=((" tower crane"™) AND ("safety") and
("improving" or "monitoring" ) )”

('pre-
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Figure 2: Flowchart for the literature review part of the
pre-construction phase.
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Figure 3: Flowchart for the literature review part of the
construction operation phase.

A lot of technological developments exist to make
construction sites safer. However, for this review, a strict
criterion was chosen to only consider literature that
strictly deals with tower cranes and technology that
pertains to improving safety on a construction site.
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Since the majority of the publications were from or
before 2011, 2011 was chosen to be the cut-off date for
all records to be included in the review.

The first set of keywords were chosen to target tower
crane safety in pre-construction or planning, while the
second set focused on tower crane safety during
construction. The systematic use of these keywords
allowed for a structured exploration of relevant literature,
providing insights into technological innovations in both
project planning and construction phases. The first
planning stage part of the review required only a
straightforward approach as shown in Figure 2.

The construction operations part of the review
required a more nuanced approach. To address potential
human bias and facilitate an unbiased search, technology-
specific terms were deliberately omitted for the primary
keyword selection. The goal was to prevent assumptions
that particular technologies, such as RFID or cameras,
exclusively dominated the field. The objective for using
this approach was to identify literature that might not be
widely known, or avoiding potential gaps in the
knowledge base. Subsequently, targeted keyword
searches were conducted to comprehensively examine
the identified technology fields as shown in Figure 3.
Some of the targeted search keywords are mentioned
below:

e ALL=(("crane") AND ("safety") and ("loT" or
"Internet of Things" or "internet of things "))

o ALL=(("crane") AND ("safety") and (“sensor" or
"sensing™ ))

e ALL=(( "crane") AND ("safety") and (“camera" or
"image" or "vision "))

4  Findings of quantitative analysis

The number of publications reviewed are shown in
Table 1. Many of them that contained one relevant
keyword were clubbed into a single category of ‘others’.

Table 1. Distribution based on journal publications.

Journal and conference name Publications
[No]

Automation in Construction 18
Computing in Civil Engineering 5
Advanced Engineering Informatics 4
Construction Engineering and Management 4
Advances in Civil Engineering 2
Buildings 2
Sensors 2
ICMSE 2
Construction Research Congress 2
Others 34
Total 75

As seen in Figure 4, between the years 2013 until
2019 fewer publications were found. Of the 75
publications reviewed, 41 focused on the pre-
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construction phase while 34 focused on building
solutions for real-time applications. Among those 41
papers, 21 looked at crane layout planning, while
about one third (14) looked at crane trajectory
planning. The remaining 6 papers focused on unique
aspects of the planning phase as shown in Table 2. As
for the remaining 34 papers, their focus was divided
amongst several domains (Table 3).
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Figure 4: Total publications per year

Table 2. Distribution of publications focusing on the
pre-construction planning phase

Focus Area Number
Single crane layout 6
Multi crane layout 15
Trajectory planning 14
Unique focus areas 6

Table 3. Distribution of publications focusing on the
construction operation phase

Technology used Number
Sensor based 18
Camera based 6

Virtual reality based 4
Digital twin based 1
Model based 2
Simulation based 1
Combined areas 2

5 Discussion

Tables 4 and 5 preview techniques used to implement
solutions for each focus area. Traditionally, the task of
planning the stages and arrangement of equipment and
heavy machinery was solely dependent on the experience
and expertise of trained professionals. However, these
tasks are also being relegated to automated solutions.

This can help save time, money and most importantly,
human lives. The task of planning a construction site w.r.t
a tower crane is mainly about identifying two key issues,
the optimal position of tower crane and the optimal
trajectory for the lift path. Interestingly, trajectory
planning is a vital and matured aspect of the robotics field.
Several of those algorithms that have been tried and
tested. For example, search-based algorithms like L*
algorithm [12] and A* algorithms [13] which are were
tested in simulations and they show fast execution times
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and can successfully generate collision free lift paths.
While interpolation-based algorithms like spline curve
[14] or waypoint [15] calculations have also shown
success, especially in time efficiency as interpolation-
based algorithms lead to smoother curves that do not lead
to sudden acceleration or jerk.

Moving away from the technologies being laterally
transferred from robotics. Some solutions based on
fundamental mathematics have also been explored.

Techniques like time-based polynomial functions [16]
for accommodating complexities that arise from the
double-pendulum created between the jib, hook and the
weight attached via cables has shown state of the art
performance. Similarly, Lagrange’s kinematic equations
[17] have been used for swing suppression of the payload
when the trolley moves it along the jib. Alternatively,
control-theory based state variable models for both
double pendulum [21] and anti-swing [22] have also been
experimented with. The anti-swing model is tested on an
experimental setup while state variable model for double
pendulum dynamics only simulated. Both show good
results and are successful in meeting their objectives.

Some research has been done into creating process
management systems. Prevention through Design (PtD)
[18] integrated with a BIM and dependency structure
matrix [19] are examples of two techniques used by these
type of management system. These typically include a
scheduling system, a visualization system, and some
form of anti-collision safety. However, they still remain
error prone and require further development. A 4D BIM
[20] also acting as an overall process management, tries
to look at global optimum based on resource optimization
over multiple factors, it looks at not only crane movement
optimization but also the cost, number of cranes etc.

Simulations and virtual environments have also been
used in lift path planning recently. Reinforcement
learning based models [23] are being trained in virtual
environments, the models can be used to generate a
collision free motion for the tower crane and also
estimate the lifting time. Simulation models are also
being used for near real time planning [24], the model can
perform optimization tasks via simulations and provide a
day-to-day planning support effectively.

One important factor to understand about most of
these type of research related to tower cranes is that, due
to the nature of the project real-life experimental
validations is often times expensive, infeasible and risky
for the construction workers. Hence a lot of research is
validated on experimental setups or simulations.

The other main concern of research in the pre-
construction phase is the location of the tower crane
within the construction site. Mixed integer linear
programming [25-28] is shown to be a very effective and
popular strategy for the development of tower crane
layout algorithms. This approach has shown great results
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in terms of collision avoidance, time and resource
efficiency and safety. By also paying extra attention to
planning the location of source points and destination
point along with the tower crane, the amount to be carried
per trip can be reduced which means the site requires a
smaller crane and saves costs [30].

Table 4. Data analysis techniques for crane safety (pre-
construction)

Application Technical Details Examples
Machine Learning-based [23]
Mathematical modelling-
Crane based tel- il
: Simulation-based [24]
trajectory [12][13]
planning Algorithm-based [14]’ [15]’
Management system based [18], [19], [20]
State variable modelling
based (21]. [22]
Crane lavout Al based N/A
© lay Mixed-integer linear
planning for a . [29]
single crane programming based
Optimization based [371, [38]
Crane layout
planning for Mixed-integer linear [25], [26],
multiple programming based [27], [28]
cranes
Crane
lifecycle Backpropagated neural [39]
T network
estimation

Table 5. Data analysis for crane safety (construction
operation phase)

Technical details
Internet of things

Technology Examples

[41], [42], [53],

platform [54], [56], [69]

[43], [48], [49],

Sensor based Embedded systems [50], [44], [45],
platform [46]
CDMA communication [40]

platform
[57], [58], [66],

Camera 59, [60], [61]
Virtual
reality [62], [63], [64]
Digital twin [47]
Mathematical model [51]
Modelling Artificial neural
network [55], [52]
Combined [68], [67]
Artificial Intelligence also provides several

alternative solutions to tackle the problem. Firefly
algorithm [31] is an optimization algorithm based on the
field of Al called swarm intelligence, it is a highly
effective method for trying out several alternatives and
then ranking them. In this approach a BIM model is
integrated with firefly algorithm, and it predicts the best
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layout. Generative adversarial network [36] based
solutions use image-based solutions where conditions
based on all the details of construction site are fed in. The
model tries to create an optimized solution in terms of
time optimization and the safety of the site by
considering the building boundary and load bearing
capacity among others.

Genetic Algorithms [35] and agent-based systems
[33-34] are also deployed in several solutions. A decision
support system utilizing a combination of analytical
hierarchy process, a 4D BIM and genetic algorithm [32]
was to be capable of dynamic assistance and its capable.

Depending on the scale of the construction project the
site may require a single or multiple tower cranes. Mixed
integer linear programming can be applied for optimizing
the location of a single crane on a small to medium size
construction project [29]. Non-linear optimization
techniques on models of a tower crane with realistic
kinematic dynamics are also used for single crane
operations, a solution like this improves safety at the site
as it optimizes the location of the crane and supply points
such that the trajectory of the lift is smooth with a finite
jerk [37]. The firefly algorithm discussed above is also
used to create the optimal layout for single cranes with
considerations to safety, time and cost efficiency [38]. It
uses GIS for accurate localization of the crane and a CAD
model of the crane to apply the firefly algorithm to.

While looking at the publications that focus on unique
areas, some interesting ideas are seen. The condition of
the structure of a tower crane is dependent on not just the
load being hoisted but, for instance, the repeated use,
corrosion, designed lifecycle. A back-propagated neural
network demonstrates that it can predict the lifetime of a
tower crane with an error rate as small as 0,001% albeit
it has a large training time for every crane [39]. The
model can potentially enable better site safety and
security as it allows planners to know how dangerous any
particular tower crane’s chances of collapsing are.

Sensor-based solutions [40] offer users contextual
data of the TC, including swing, amplitude, weight, etc.it
uses CDMA for communication. Contextual data such as
these greatly assist the crane operator to perform their
task safely for both the construction worker and crane
itself, which indirectly impacts the construction worker,
crane operator and everyone around the crane. They can
also raise alarms if any safety parameter is being violated
during a lifting operation.

Similarly designed systems exist that use 10T (Zigbee)
[41, 42]. However, CDMA can be more suited for this
type of application as it has extended range, higher data
transfer rates, enhanced interference resistance and
reliability, as well as capacity and scalability. It can
support a large number of users simultaneously, suitable
for applications with high device density or scalability
requirements.
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10T has also been used for creating anti-collision
systems. When operating multiple tower cranes in close
proximity with each other, it is potentially a hazardous
situation. To mitigate the risks RFID sensors with
wireless sensor networks are used to detect incoming
collisions and avoid them [53, 54], [56].

Some solutions on the other hand prefer to go for
wired embedded system design architectures [43], [48]
these allow for extremely high data transfer rates,
security and reliability. This can also be easily scaled up
with minimal losses to data rates. However, these
systems can be more costly as they require more
hardware equipment for the setup. Adding a fuzzy logic
based PID controller into the system with a human-
computer interface allows the operators to adjust the
crane movements based on the data being provided to
them. Using a PID controller rather than a manual control
further assists them to perform safer executions [49].
Similarly, linear interpolation method is used to compute
complex torque related calculations for a tower crane
which get their input values via sensors and use a PLC
based controller to protect the crane from overloading,
excessive stress or potential damage to other crane
components that can create hazardous situations for
workers below or the crane operator [50].

Sensors, when placed in outdoor environments with
varying temperature, humidity and other elements, cause
the readings to drift. Prolonged load and continued use
also cause sensor creep. Both these can introduce
significant inaccuracies into the system which can
endanger workers’ safety. Research to create embedded
systems can make such systems’ operation safer [44, 45].

Another interesting approach to assist crane operators
with situational awareness and contextual data of the
crane is to integrate virtual models, kinematic models,
and real time data from the site and the crane data. This
allows for the visualization and monitoring of the crane
and raises an alarm when any safety parameters are
violated [46]. This system was shown to have wide
acceptance within the workers and operators.

To ensure safe crane operations it is crucial to realize
the impact of the environment on the crane as well as the
state of the crane. Therefore, mathematical [51] and
neural network models [55] can predict the effect of wind
loads on tower crane operations. Aurtificial neural
network based models with sensor data are used to
monitor the state of the crane and fault diagnosis [52].

Taking that idea a step further, and allowing
simulations into the visualization system too allows crane
operators to test their hoisting operation plans beforehand.
A digital-twin based solution [47] has been designed to
perform these testing operations. This idea provides
much better insights than a pre-construction trajectory
planning as it utilizes a digital twin which is integrated
with sensor derived real time data describing the state of
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the crane as well as the weather conditions around the site.

Several solutions have been investigated using
cameras as well. Some of them focus on the position and
displacement of the crane. This information, as
mentioned before, provides the operators with crucial
information on the real-time situation of the crane and
helps him react accordingly. In [57] the crane focuses on
detecting the displacement of the jib and the cart,
experimental results show good results. While [58], [66]
and [59] focus on the hook and provide the operator
assistance for precision hoisting.

Apart from using cameras for tracking the crane, it
has also been used for other applications. A camera
situated in the operator’s room is used to analyse their
facial images and uses a neural network model to assess
the fatigue of the crane operator [60]. This information is
very crucial from a safety perspective as a fatigued
operator is more likely to make mistakes.

A camera mounted on the tower crane’s boom has
been used to detect and track construction workers. It
assesses the potential danger to the workers around the
crane and warns them of it [61]. Ultra-wideband (UWB)
sensor-based 10T solutions [67, 69] have also been used
to detect and track workers and prevent collision.
However, a UWB based solution is a costlier alternative
when compared to a camera-vision based detection and
tracking system. Both technologies carry high chance of
missing a worker because of signal loss or unavailability.

The role of virtual reality has primarily been for
training new operators. This is important because it
allows the operators to train in a safe environment for
longer hours, which otherwise is financially infeasible.
Virtual reality based simulations have been used to train
operators on how to use the tower crane [62, 63].

Context aware training for a specific construction site
is also done by integrating the virtual reality model with
the BIM [64]. It has also been used to train operators and
workers on how to dismantle a tower crane, which is one
of the more challenging aspects of operating a tower
crane on a construction site [65].

There are some solutions that have tried to tackle the
safety issue by using a combination of multiple
technologies, a neural network combined with a
simulation model with inputs from the sensor is used to
predict the foundation’s stability on which a tower crane
sits [65]. This creates a reliable solution to predict the
safe operations of a tower crane and can warn workers
when a crane is too risky to operate. Another such mixed
technology solution uses sensors, camera and laser to
create accurate navigation paths for a tower crane and
assists in blind lifts [68].

Conclusion

This state of the art review, covering mostly academic
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publications over the past decade, showed a growing
interest in the construction domain to develop specific
technologies that can assist in planning and operating
tower cranes more safely. While eventually the
construction site, its staff and workers, will benefit the
most from such availability and use of emerging safety
technologies, this review found that it is often leadership
in organizations that lacks knowledge on the basic
working principles, the benefits, and the shortcomings of
applying advanced technology in the field. Furthermore,
this study found that scientific work yet has to find
effective measures that solve the proclaimed disconnect
between technology in the pre-construction tower crane
planning and operations phases. This state of the art
review found multiple examples that explain some of the
reasons for slower than needed technology adaption in
the field of safe tower crane planning and operation.
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