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ABSTRACT

Construction is one of the most dangerous occupations with high prevalence of work-
related fatalities and injuries among the high-risk industrial sectors. Concurrently, the
construction industry is experiencing workforce demographic changes and shortages
of skilled trade/construction workers. This paper provides an overview of the shifting
construction workforce and the benefits & exposures from the evolving automated and
autonomous machines & equipment (AAM&E) under development for the constru-
ction industry. Specifically, this paper describes a synopsis of design methodology
and principles of AAM&E associated with human-related factors (e.g., self-efficacy,
mental/cognitive workload, situation awareness). Also, this paper discusses poten-
tial practical applications and insights on the human-machine interaction/collaboration
and key factors for building trust in human-robot teamwork (e.g., rule-based framew-
ork, transparency/feedback, observation, predictability). This paper can assist human
factors & ergonomics (HFE) practitioners and safety professionals who may not be
current with this evolving AAM&E technology to pre-plan and design control methods
into industrial and construction projects.
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INTRODUCTION

The U.S. Bureau of Labor Statistics [BLS] reported the U.S. construction
sector employed approximately 7.6 million workers and unfortunately, expe-
rienced 4,764 fatalities and 174,100 non-fatal injuries (BLS, 2021). More-
over, the U.S. population and its workforce have experienced significant
physical, psychophysical and demographic changes (e.g., age, gender, disa-
bility) during past decades which contributed to the current and projected
nationwide skilled labor shortages in the construction industry (Graf, 2021).
Robotic or automated systems can reduce occupational injuries and free
workers from performing dangerous job tasks. According to Construction
Industry Institute™ (2022), non-construction industries have been applying
digital technologies for decades but these technologies have only recently
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been applied to construction machines and equipment to improve the cost,
schedule, quality, safety, and production.

Shifting Characteristics – U.S. Population and Workforce

In the past 60+ years, the U.S. population and its workforce have under-
gone significant changes in many areas which have resulted in the need and
opportunity for all industrial sectors to adapt to the changing characteristics.
Cutler et al. (2003) reported in the 40 years from early 1960 to 2000, the
average U.S. American male and female weight shifted from 168 lbs and 142
lbs to 180 lbs and 152 lbs respectively. The Centers for Disease Control and
Prevention [CDC] (2021) reported the average weight of males and females
has continued to increase i.e. 200 lbs and 171 lbs respectively. In the 1960’s,
researchers began to use the psychophysics of weights, forces and freque-
ncies with the objective to develop guidelines for manual handling tasks. This
became known as the psychophysical approach to analyzing and designing
manual handling tasks. Between 1970s – 1990, the Snook Tables were deve-
loped and published by Liberty Mutual Research Institute for Safety (Snook
et al., 1970, 1978, Snook & Ciriello, 1991). In 1994, NIOSH Revised Lifting
Equation (NRLE) emerged as one of several ergonomic assessment tools of
lifting/lowering tasks with a Load Constant of 51 lbs (Waters et al. 1994).
NRLE was further refined by the Variable Lifting Equation (Waters et al.
2009). In 2001 when studying lowering tasks of various size boxes, Ciriello
“observed” a potential shift in the workers’ “willingness” to handle heavier
boxes so Ciriello et al. 2008 “repeated” the Snook Tables studies and found
a significant shift to 69% of Maximum Acceptable Weight (MAW) for male
workers performing lifting/lower/carrying tasks and 82% of Maximum Ave-
rage Force (MAF) in pushing/pulling tasks. If additional studies verify that
the various changes to the U.S. population and its workforce during the past
60+ years have lowered workers’ capacity to perform manual tasks such as
lifting/lower, pushing/pulling and carrying, then the Load Constant (LC) of
the NRLE and other assessment tools will need to be lowered accordingly
i.e. about 35 lbs. Another significantly change which has occurred in the
past 60+ years is the participation rate of the labor force by gender. Szafran
(2002) reported the 1960 U.S. workforce participation rate was 83.3% of
males and 37.7% of females. By 2000, the U.S. workforce participation rate
shifted to 75% of males and 61.9% of females. As the “baby boomers”who
were born in the 1940’s, entered the workforce in the 1960’s and began to
retire in 2000, BLS (2021) reported the “total” workforce participation of
adults began to decline i.e. 67.1% in 2000, 64.7% in 2010 and 61.7% in
2020 and the participation rate “by gender” also declined i.e. 74.8% of male
& 59.9% of females in 2000; 71.2%& 58.6% in 2010 and 67.7%& 56.2%
in 2020.

AUTONOMOUS AND AUTOMATED MACHINES AND EQUIPMENT
(AAM&E) BENEFITS

International Organization for Standardization (ISO) 17757 (2019) defines
that autonomous operation as “the mode of operation in which a mobile
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machine performs all machine safety-critical and earth-moving or mining
functions related to its defined operations without operator interaction. The
operator could provide destination or navigation input, but is not needed to
assert control during the defined operation.” ISO 17757 (2019) also defines
autonomous machine as “a mobile machine that is intended to operate in
autonomous mode during its normal operating cycle” (ISO 17757, 2019;
Tiusanen et al., 2020). Automated/autonomous machines and equipment
can provide substantial improvement in safety, cost savings, and efficiency.
Robots, automated/autonomous equipment, and other workplace technolo-
gies are inevitable since younger workers have grown up using smart-phones,
tablets and expect technology to be provided to help them perform their
jobs (Jones, 2020). AAM&E solutions and technology may also help ease
the shortages of skilled construction operators, and provide valued-added
employment opportunities for workers with physical disabilities such as
wounded veterans (Jurgens, 2021). AAM&E use less fuel, move more effi-
ciently reducing their maintenance, preventing unnecessary wear/tear thus
prolonging their operating life and increasing productivity and cost effecti-
veness. Automating some tasks provides skilled workers the opportunity to
perform more complex tasks requiring human skills. AAM&E also can per-
form parallel tasks more quickly and allow jobsites to run beyond normal
operating hours or in adverse conditions (e.g. at night or inclement weather).
Automated or autonomous machines can be smaller which improves the eco-
nomics of machine design. Eliminating the overhead of drivers or operators is
the basis of the “swarm” concept. There is a large productivity gap between
large/high-power vehicles and small robots. For example, an average increase
in construction/mine productivity of 30% with autonomous vehicles results
from longer production hours, reduced load and unit cost of 15%, impro-
ved tire life of 40% from optimized controls reducing sudden acceleration
and abrupt steering (Jurgens, 2021). Most large autonomous machines are
operated in restricted facilities where proximity to the automated equipment
is controlled and extremely limited. Sensor technology and processing capa-
bilities need to advance further to be able to identify many of the potential
obstacles that must be avoided. Safety of autonomous systems is of utmost
importance, and robotic/autonomous systems can reduce occupational inju-
ries by conducting dangerous tasks that conventional construction methods
have reached their limits. Automation and robotics technologies have also the
potential to address the productivity challenges of the construction industry
(Delgado et al. 2019).

BARRIERS AND CHALLENGES OF AAM&E

The construction industry is amajor economic driver of the U.S. economy, but
has numerous inefficiencies and low productivity. While robotics and auto-
mated systems have the potential to address these shortcomings, the adoption
of these technologies in the construction industry is low. The construction
factors which limit the adoption of automation in construction included
contractor-side economics, client-side economics, technical/work-culture,
and weak business case (Delgado et al. 2019). Contractor-side economic
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factors encompass all the factors related to the costs construction compa-
nies need to incur to adopt robotics or automation in construction including
high initial capital investments and weak business case to improve produ-
ctivity. Client-side economic factors categorize the cost the client should
incur for adopting robotics or automation with decreased public/government
infra-structure spending. Technical and work cultural category includes the
practical factors that limit the implementation of robotics or automation
concerned with the unproven effectiveness and immature technology. In a
weak business environment, it is unclear what value construction companies
obtain from return on investment by adapting to robotics/automated systems
in construction so a thorough cost-benefit analysis is needed (Delgado et al.
2019). Examples of unique challenges in construction include safety/damage,
dynamic worksites, dust/dirt, challenging environments, struck-by incidents,
costs vs profits, and conservative industry (Morrison, 2020).

PROSPECTIVE DESIGN METHODOLOGY AND PRINCIPLES OF
AAM&E

ISO 18497 (2018) provides documentation to assist in communicating the
safety requirements, means of verification and usage information to ensure
an appropriate level of safety for self-propelled machines and equipment with
highly automated operations. Design of autonomous machines in constru-
ction focuses on the sensing, processing and actuation capabilities of the
machine platform using existing machines as a basis for automation or robo-
tization (Schmidt, 2016). Designing autonomous systems for deployment in
dynamic and ever-changing work environments on construction sites can
be considered a new direction in engineering design. The main interactions
between humans and machines are about to change with the introduction
of fully autonomous machines. Not only are the needs of the users, opera-
tors and bystanders to be considered, but the emerging needs of autonomous
machines need to be documented and further analyzed to define require-
ments. The definition of these very specific and new requirements demands a
novel approach in finding an effective engineering design. Useful design and
development of autonomous machines can be generated by early experie-
nce prototyping via virtual reality (VR) combined with scaled-down versions
of existing machinery (Ruvald et al. 2018). Ensuring a safe, productive and
efficient cooperation between humans and automated systems should also be
incorporated in the AAM&E design and development (Frank et al. 2019). To
make appropriate decisions during early design and development phases of
an autonomousmachine, the vast majority of requirements can be taken from
traditional machine developments to define the mechanical properties of the
machine. Construction automated/autonomous machines require an effective
and intuitive interface to their environment and workers in a simple or sophi-
sticated system to facilitate interaction and collaboration (Frank et al. 2019).
The notion of “trust” and “trust development” needs to be considered in
the early design of autonomous or automated machines. Trust as a design
requirement is a new item in the requirement list and needs to be described
more thoroughly. Human-robot interaction in construction needs to create



112 Choi and Borchardt

an intuitive interface development found in other fields like computer sci-
ence and engineering design. In addition to traditional engineering tasks,
psychology (e.g., self-efficacy) has to be included in the research and design
work (McAlister et al. 2008) for the aspects of interaction/trust can be con-
sidered as a fundamental basis for the design of automated or autonomous
machines (Lynas and Horberry, 2011). Observations and interviews at con-
struction sites support the understanding and development of trust among
human teams. Non-verbal communication, experience, the stable formation
of the team and a comprehensive understanding of the work task support
the inter-team trust development and its maintenance (Frank et al., 2019). In
addition, a rule-based framework, applied at all sites, serves as an entry point
into the trust development because new team members can rely on the “dos
and don’ts” and that everyone follows the same company-wide rules. Similar
to the development of trust between humans, the trust development between
a human and an autonomous machine or robot can be facilitated. Transpare-
ncy, constant feedback, reliability, and durability exposed by the autonomous
system support the development of trust on the human side (Frank et al.,
2019). For instance, “communication” is a key aspect of workers’ situational
awareness and safety performance on the job (Sorensen and Stanton, 2016).

Table 1 below provides a summary of the benefits, barriers/challenges,
and design related principles of automated and autonomous machines &
equipment in construction.

Example Insights of Human-Machine Interaction/Collaboration

Most of the research focused on automated equipment or systems require
a human operator to function as intended (Lynas and Horberry, 2011).
Associated issues such as implementation are acceptability of automation
to operators, loss of situation awareness, deskilling, and operator beha-
vioral changes based on different levels of automation. It is suggested a
user-centered design approach (Haas, 2018) could overcome the issues with
a parallel focus on system automation rather than component automa-
tion (Frank, 2019). Robots require human assistance to perform various
tasks, especially those involving high dexterity and nuanced human judgment
(Liu et el. 2021). Vaussard et al. (2014) conducted a study to investigate the
human-robot interface of domestic robotic vacuum cleaners. During their
study, they were able to split the direct and indirect interaction between
humans and robots into three main parts, which are similar to the inten-
ded construction applications of the research: (1) how users operate and give
commands to robots; (2) how the systems give feedback to users, and (3) indi-
rect interaction with users and robots shared environment. It has been stated
users wish to understand how the robot is working, which could be described
as transparency. The study also revealed inadequate information sharing is
decreasing the long-term acceptance of robotic systems, whichwas also stated
in Lynas and Horberry (2011). Breazeal et al. (2013) and Jung et al. (2013)
highlighted the importance of the human-robot interface, and its design, as a
key success factor for the human-robot teamwork. Trust between teammates
is a crucial success factor of collaboration and ultimately of the successful task
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Table 1. Summary of AAME perspectives in the construction industry.

Benefits Barriers/challenges Design Methodology and/or
Principles

Improve cost savings,
efficiency and safety
(e.g. reduce
occupational injuries)

Low adoption of
technologies

Focuses on sensing, processing and
actuation capabilities of the
machine platform

Ease the shortage of
skilled construction
workers

High initial capital
investments

Provides a new direction in
engineering design in a dynamic and
ever-changing work environment

Provide valued-added
employment
opportunities for
worker with physical
disability (e.g.,
wounded veterans)

Limitation of
implementation of
robotics or
automation
concerns with the
unproven
effectiveness and
immature
technology

Early design and development pha-
ses provide:
• early experience prototyping via

virtual reality (VR) combined
with scaled-down versions of exi-
sting machinery

• “Trust and Trust Development”
needs to be considered in the
early design

Use less fuel, reduce
maintenance, prevent
unnecessary
wear/tear, prolong
operating life, run
beyond normal
operating hour and in
adverse conditions

Unclear on return
on investment
(ROI) or
cost-benefit
analysis (CBA)

Human-robot interaction in con-
struction needs to create an intuitive
interface found in multi-disciplinary
fields:
• computer science and enginee-

ring design
• psychology (e.g., self-efficacy)
• observations and interviews at

construction sites
• non-verbal communication,

experience, the stable formation
of the team and a comprehensive
understanding of the work, task
support of the inter-team trust
development and its maintenance

Improve the
economics of machine
design (e.g., smaller
sized robots)

Safety/damage,
dynamic worksites,
dust/dirt,
challenging
environments,
struck-by
incidents, costs vs
profits, and
conservative
industry

Rule-based framework:
• “dos and don’ts” and that ever-

yone follows the same company-
wide rules

• transparency, constant feedback,
reliability, and durability

• “communication” is a key aspect
of workers’ situational awareness
and safety performance on the
job
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execution (You et al. 2018). Jung et al. (2013) found when robots used back-
channeling, the team functioning improved and robots were seen as more
engaged. On the other hand, the research also revealed robots using back-
channeling were perceived to be less competent than those that did not use it.
Breazeal et al. (2013) and Jung et al. (2013) performed their study by means
of a collaborative game (in this case, Urban Search and Rescue), including
participants, confederates and robots. In their study about resilient auto-
nomous systems, Matthews et al. (2016) highlighted the challenges for the
teaming between human operators and autonomous systems associated with
the cognitive demands, trust, and operator self-regulation (Frank, 2019).

CONCLUSION

Automated and Autonomous Machines & Equipment (AAM&E) can help
address safety/health issues, skilled labor shortages, and low productivity in
the construction sector. The applications of robotics, automated and auto-
nomous machines would result in human-machine interaction/collaboration
due to the complexity of the task and due to the necessity of a human observer
involved in the process. The collaboration between humans andmachines has
high relevance for the design of themachine and, even further, the design of an
effective interface. While making conclusions from only human teams, trust
between teammates is a crucial success factor of collaboration and ultimately
of the successful task execution. Autonomous technology and robotics are
rapidly becoming much more sophisticated, and this trend is only expected
to accelerate, even though there remain significant challenges for companies
that want to adopt automated/autonomous technology in the construction
industry.
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