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A B S T R A C T

Recent advancements in four-legged robots have prompted their integration into the construction industry, yet the safety implications of their deployment remain 
inadequately explored. As such comprehensive investigations are required to ensure the safety of robot deployment and the well-being of construction professionals 
who work with and alongside these robots. This study addresses this gap by conducting a user-centered experiment employing virtual reality to assess human 
behavior and safety impacts in varying interaction spaces with four-legged robots within a simulated construction environment. By employing objective and sub
jective measures, including physiological and attentional responses, emotional reactions, situational awareness, risk perceptions, and attitudes towards robots, this 
study analyzes the impact of proxemics on construction individuals at two distinct interaction spaces: proximal (1.5 – 4 ft) and distal (12 – 25 ft) from the four-legged 
robots. The study found that while participants’ physiological responses, emotional states, situational awareness, risk perceptions, and attitudes towards robots were 
not significantly influenced by four-legged robot interaction space, those in the distal group allocated significantly more attention to the robot, particularly in terms 
of fixation count, indicating a significant proxemics impact on attentional states. These findings shed light on the safety implications of human-robot collaboration on 
jobsites, contributing to the advancement of safe and efficient practices in construction settings.

1. Introduction

The construction industry has long been recognized as one of the 
most hazardous sectors to work in, characterized by a concerning 
prevalence of mental health issues among its workforce (Brown et al., 
2022). It also accounts for some of the highest rates of injuries and 
deaths compared to other industries. In recent years, there has been a 
persistent and troubling trend of fatalities within the construction in
dustry, with the sector consistently ranking among the highest in terms 
of occupational deaths in the US, accounting for 18 % of the total re
ported workplace fatalities in 2021, and rising to 19 % in 2022 (Bls, 
2022). At the same time, in response to the stagnant productivity rates 
and skilled labor shortages within the sector (Hasan et al., 2018), there 
has been a growing trend towards integrating automation and robotics 
into daily construction operations. This integration was not achievable 
until recent years due to advancements in engineering, robotics, and 
sensor technology, which have enabled the deployment of automation 
and robotics within the dynamic environment of construction sites. 
Mobile collaborative robots, ranging from aerial vehicles such as drones 
to ground-based robots like wheeled vehicles, are currently becoming 
increasingly integrated into the industry. Among these, four-legged ro
bots, also known as quadrupeds, have attracted attention for their 

suitability and versatility in the dynamic conditions characterizing 
construction environments. This type of robot offers several advantages, 
including the ability to navigate complex environments, traverse rough 
terrains, climb stairs, overcome onsite obstacles, and support a wide 
variety of sensors to accomplish various construction tasks (Halder et al., 
2022). Four-legged robot applications range from progress monitoring 
(Halder et al., 2022; Afsari et al., 2022; Halder et al., 2021) and safety 
management (Kim et al., 2022) to material handling (Sustarevas et al., 
2018) and the inspection of structures and infrastructure (Halder et al., 
2023; Jang et al., 2022). Given the wide range of current and potential 
four-legged robot applications, their collaboration with human coun
terparts is anticipated to grow, leading to more frequent and intensive 
interactions on construction sites, where humans and robots are ex
pected to work closely together to accomplish various tasks efficiently 
and safely.

A significant amount of research has explored the potential appli
cations, benefits, and opportunities of deploying four-legged robots in 
construction processes to replace or complement traditional methods 
(Afsari et al., 2021; Sun et al., 2023). However, despite the increasing 
deployment of these robots on jobsites and their numerous advantages, 
the dynamic and unpredictable nature of these environments necessi
tates a thorough examination of safe coexistence and collaboration 
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between robots and humans. Interactions between construction in
dividuals and mobile ground robots introduce new variables into the 
already complex, dynamic, and hazardous construction environment, 
with evidence suggesting that these interactions can lead to physical, 
psychological, and attentional risks that might result in hazardous sit
uations (Sun et al., 2023). For effective integration into human envi
ronments, robots must adhere to societal norms of physical and 
psychological distancing to respect personal space (Takayama and 
Pantofaru, 2009; Mumm and Mutlu, 2011). On construction sites, where 
interactions between humans and robots are becoming more frequent 
and complex, maintaining appropriate proxemic behavior and following 
established human social interaction protocols is crucial for minimizing 
safety risks and ensuring effective collaboration. Since human-robot 
interactions vary on jobsites, understanding human spatial behavior 
around robots and its effects on individuals is vital for ensuring the 
safety of construction personnel. Four-legged robots are anticipated to 
operate in diverse interaction spaces, engaging in tasks that require both 
proximal (e.g., construction and material handling) and distal (e.g., 
progress monitoring) interactions. Consequently, construction in
dividuals may have different proxemic preferences, which can influence 
and be influenced by the physical, psychological, and attentional risks 
associated with robot interactions at various distances. This highlights 
the need to study how human proxemic preferences affect and are 
affected by robots operating at different distances in construction en
vironments, to better understand and mitigate these risks.

Acknowledging the importance of understanding and mitigating the 
safety risks associated with integrating mobile collaborative (i.e., aerial 
and ground) robots in construction, several studies have examined the 
integration of these robots in construction workplaces from a health and 
safety perspective (Sun et al., 2023; Jeelani and Gheisari, 2021; Zhu 
et al., 2023; Albeaino et al., 2023; Nassar et al., 2024; Albeaino et al., 
2023). Very few other studies have also been conducted within the 
construction domain to understand how spatial relationships impact 
HRI safety. For example, Albeaino et al. relied upon VR to assess the 
health and safety challenges of construction professionals along with 
their proxemics preferences while working at different distances from 
drones (Albeaino et al., 2023). While this study revealed that drone 
presence affected physiological responses and task attention, with 
drones at greater distances causing more distraction than those in close 
proximity, it focused solely on aerial robots. The findings may not fully 
translate or be directly applicable to ground-based four-legged robots, as 
it is well-established in the Human-Robot Interaction (HRI) literature 
that differing robot characteristics – such as type (aerial vs. ground), 
appearance, and shape – can result in different interaction dynamics and 
proxemic behaviors (Samarakoon et al., 2022). In addition, Kim et al. 
investigated the perceived appropriate proxemic behaviors of robots by 
examining construction practitioners’ spatial behaviors during in
teractions with ground robots in a screen-based virtual reality (VR) 
construction site environment (Kim et al., 2024a,b). The findings 
showed that subjects maintained larger separation distances in crowded 
work conditions, and when encountering robots as passersby as opposed 
to when encountering humans. However, the study relied only on 
simulation logs for proxemic behavior analysis, without assessing 
human psychophysiological states. The latter is crucial for understand
ing psychological and attentional impacts associated with interacting at 
different distances from four-legged robots on construction sites. A 
recent study analyzed trust dynamics in human–robot collaboration 
within a VR construction environment, considering factors such as 
workspace environment, level of interaction, proximity, speed, and 
angle of approach (Chauhan et al., 2024). While the study highlighted 
the impact of proximity on trust, the results might be influenced by the 
simultaneous examination of other variables, making it difficult to 
isolate the specific effects of proxemics on construction individuals. This 
underscores the need for focused research on ground-based robots’ 
proxemics to better understand and mitigate construction safety risks.

This user-centered experiment relied upon VR to empirically 

evaluate human behavior and safety impact at varying interaction dis
tances (i.e., proxemics) from four-legged robots while performing a 
construction task in a simulated environment. This study focuses spe
cifically on the attentional and psychological risks, two of the potential 
risks associated with four-legged robot deployment on construction 
sites. Specifically, the objective is to examine the safety implications of 
four-legged robots on construction sites by evaluating, through a 
between-subject experiment design, individuals’ physiological, atten
tional, and emotional states, along with their situational awareness, risk 
perception, and attitudes towards robots when working at different 
interaction spaces from these robots. This comprehensive evaluation 
employs a combination of physiological monitoring sensors, eye- 
tracking enabled wearable devices, and validated survey question
naires to provide both objective and subjective measures of participant 
responses. Given that the interaction dynamics between humans and 
robots vary depending on the application context, and considering the 
nature of the four-legged robot’s movement, this study defines two 
interaction spaces based on Hall’s human–human interaction distances 
(i.e., 1.5 ft, 4 ft, 12 ft, and 25 ft) (Hall, 1969). These distances have been 
widely utilized in Human-Robot Interaction (HRI) research when 
studying human proxemics preferences while interacting with robots 
(Samarakoon et al., 2022). The interaction spaces were defined as fol
lows: (1) Proximal space (1.5 ft to 4 ft); and (2) Distal space (12 ft to 25 
ft). The research seeks to answer the following questions:

• Does the four-legged robot interaction space (proximal and distal) 
have an impact on the physiological, attentional, and emotional 
states of construction individuals?

• Does the four-legged robot interaction space (proximal and distal) 
have an impact on construction individuals’ risk perception, atti
tudes towards robots, and situational awareness?

VR was used in this study for several reasons, including the ability to 
simulate somehow futuristic HRI scenarios and conduct experiments in a 
controlled, repeatable, and safe manner (Bretin et al., 2022). First, 
conducting experiments in real-world construction environments pre
sents numerous challenges. These challenges include the futuristic na
ture of human-robot interactions – as not all construction sites are 
adopting robots yet – and the relatively early stage of four-legged robot 
deployment in construction. Additionally, collecting data specific to the 
interaction between humans and robots while controlling for external 
factors typically present on site could be difficult, especially in a 
dynamically changing environment such as the construction jobsite. 
Moreover, conducting such experiments in real-world construction sites 
can pose safety hazards for human subjects, particularly when exploring 
the safety impacts of mobile collaborative robots interacting with them 
in the proximal (1.5 ft to 4 ft) space. This has been highlighted in pre
vious studies exploring HRI proxemics, which have encountered limi
tations due to safety concerns and regulatory constraints, and had to 
employ various techniques, such as adding barriers between human 
subjects and the robots (Henkel et al., 2014), conducting laboratory 
experiments to control for external factors during the experiment 
(Takayama and Pantofaru, 2009), or did not test on specific distances 
due to their closeness to human subjects as mandated by Institutional 
Review Boards (Albeaino et al., 2023). Such constraints can influence 
participant behavior and compromise the validity of findings (Bretin 
et al., 2022). Utilizing VR circumvents these limitations by enabling 
safer and more controlled experiments without the need for artificial 
barriers, thereby ensuring the validity of the results. It should be also 
noted that that previous research showed that people elicit similar 
psychophysiological responses in VR compared to real-world experi
mentation (Simeonov et al., 2005). By studying the impact of four- 
legged robot proxemics in construction, this study helps advance the 
understanding and implementation of safe and efficient human-robot 
collaboration within the construction industry while offering insights 
that could ultimately inform and support future efforts focusing on 
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proposing safety-related regulations for mobile collaborative robot 
deployment, identifying avenues for enhancing robot design, and rec
ommending targeted training interventions for the workforce to ensure 
they are prepared for the rapid integration of mobile robots in con
struction. The rest of the paper is structured as follows. First, a back
ground pertaining to the use of four-legged robots in construction is 
discussed, covering their applications, deployment challenges, and 
associated safety risks. This is followed by the adopted methodology, 
which includes scenario identification, VR development, and assess
ment. Subsequently, the results obtained from the study are presented 
and discussed. Finally, a conclusion is provided with a summary of the 
findings and their implications for the safe deployment of four-legged 
robots in construction.

2. Theoretical Underpinnings

In addition to Edward Hall’s foundational work on proxemics (Hall, 
1969), which has significantly influenced research in HRI proxemics 
(Samarakoon et al., 2022), the impact of four-legged robots on the 
health and safety of construction professionals is primarily examined 
through the lenses of System Safety Theory (Leveson, 2020) and Social 
Construction of Technology theory (Pinch and Bijker, 1984). A con
struction site can be considered an integrated system where various 
components such as individuals, robots, equipment, and management 
interact dynamically. According to System Safety Theory (Leveson, 
2020), safety is an emergent property influenced primarily by the in
teractions and interdependencies among system components rather than 
solely by their individual characteristics (Larsson et al., 2010). This 
emergent safety property is shaped by a set of parameters related to the 
design, operation, and the behavior of different system components. 
This perspective challenges the notion that optimizing individual com
ponents in isolation will necessarily optimize overall system safety, 
underscoring the critical importance of understanding how these com
ponents interact and influence safety outcomes in complex environ
ments like construction sites. Applying System Safety Theory to this 
user-centered experiment involves examining how interactions be
tween humans and four-legged robots at different operational distances 
influence individuals’ safety and well-being, ultimately helping to 
identify potential hazards and safety impacts arising from these in
teractions. The spatial dynamics between the four-legged robots and 
humans can significantly influence safety outcomes and cause accidents 
on construction sites, especially since individuals in close proximity to 
these robots may exhibit different behaviors compared to those farther 
away.

SCOT theory provides a lens through which to evaluate the inte
gration of four-legged robots into the social environment of construction 
sites. The SCOT theory posits that technology is not developed in 
isolation but is deeply embedded in its social context (Pinch and Bijker, 
1984). According to SCOT, the acceptance, use, and ultimate success or 
failure of a technology are shaped by the interactions and negotiations 
among various social groups, each with their own interests and per
spectives. This theory argues that to understand technology acceptance 
(or rejection), it is important to evaluate its integration in the social 
world that includes all technology stakeholders. This theory argues that 
it is human action that shapes technology, rather than technology 
determining human behavior. The benefits of a technology, while often 
highlighted by its developers and promoters, must be examined from the 
standpoint of all affected groups to gain a comprehensive understanding 
of its impact. It is crucial to understand who defines the benefits of a 
technology and which groups participate in this process. For example, 
while construction managers and site owners may highlight the ad
vantages of four-legged robots in terms of increased efficiency and cost 
savings, it is equally important to evaluate how these robots impact the 
workers who are in direct contact with them. Building upon the 
framework of the SCOT theory, this study emphasizes the necessity of 
considering the social context within which four-legged robots are 

integrated into construction environments. Human action and social 
dynamics significantly shape technology usage, thereby impacting its 
efficacy and safety on construction sites. This study aims to address 
potential biases by not only assessing the managerial viewpoint but also 
by investigating the proxemics-related behavioral and safety implica
tions for construction personnel. By incorporating the insights of SCOT, 
the study acknowledges that understanding the real-world impacts of 
four-legged robots necessitates a holistic approach that considers the 
experiences of all stakeholders, particularly those who may not have a 
direct role in the development of these technologies but are significantly 
affected by their deployment.

3. Background

3.1. Applications of four-legged robots in construction

Despite the relatively recent deployment of four-legged robots in the 
construction industry (Fig. 1), their application is rapidly gaining trac
tion, with more and more tasks emerging on jobsites. In the construction 
phase of a project, four-legged robots have been mainly used for prog
ress monitoring, safety management, as well as construction and mate
rial handling. In the post-construction phase, four-legged robots have 
been used for structure and infrastructure inspection.

Construction phase: In the construction phase, four-legged robots are 
becoming widely used in construction progress monitoring tasks (Halder 
et al., 2022; Afsari et al., 2022; Halder et al., 2021). The use of small 
collaborative four-legged robots for construction progress monitoring 
tasks was explored by Afsari et al. (Afsari et al., 2021) who deployed a 
four-legged mobile robot equipped with a 360◦ camera to automate data 
collection process while monitoring construction progress. Despite 
highlighting different robot mobility-related onsite safety concerns, the 
authors indicated that the deployed robot has the advantages of 
providing accurate, consistent, and better-quality construction progress 
images while reducing labor and time. Four-legged robots have also 
been used for automated material tracking on construction jobsites 
(Wetzel et al., 2022). In terms of the use of four-legged robots for con
struction safety, and to eliminate the subjective scaffold inspection 
process that safety managers typically perform on site, Kim et al. (Kim 
et al., 2022) successfully relied upon four-legged robot-generated 3D 
point cloud data and semantic segmentation for the reconstruction of 
scaffolds. In addition, in jobsite locations where hazardous materials 
exist, four-legged robots can be deployed to identify and assess condi
tions and threats from a stand-off distance, ensuring construction in
dividuals’ safety (Boston Dynamics, 2021). Four-legged robots have also 
been assisting in construction type of tasks. Specifically, and although 
limited to trajectory-related performance tests, Sustarevas et al. 
(Sustarevas et al., 2018) relied upon an agile and independent four- 
legged robot that is potentially capable of 3D printing large structures. 
If equipped with robotic arms, four-legged robots could assist in material 
(e.g., bricks, CMUs, tools) pickup and handling (Bellicoso et al., 2019).

Post-construction phase: In the post-construction phase, four-legged 
robots have been relied upon for inspection tasks (Halder et al., 
2023). For example, Bellicoso et al. (Bellicoso et al., 2018) successfully 
deployed and tested the capabilities of their four-legged robot in 
autonomously performing oil and gas site inspection tasks. Recent 
studies have successfully combined a 360◦ camera-equipped four-legged 
robot, Building Information Modeling (BIM), and a Unity® game engine 
to simultaneously visualize a 3D environment, plan missions, and digi
tally control the ground robot using Unity® to accomplish less labor- 
intensive and more efficient construction inspection tasks (Halder 
et al., 2021; Halder and Afsari, 2022). Kolvenbach et al. (2020) relied 
upon a four-legged robot to inspect concrete deterioration in sewer 
systems to improve sewer system inspection efficiency and prevent 
humans from manually walking through them. Results showed that the 
robot could accomplish high levels of concrete deterioration estimation 
accuracy. More recently, Jang et al. (2022) developed a four-legged 
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robot for nuclear power plant underground pipeline inspections and 
crack detection. Stated advantages over traditional and more manual 
inspection methods include overcoming safety limitations such as 
harmful gas emission, air quality deterioration, and preventing humans 
from working in dark and confined environments.

3.2. Deployment challenges of four-legged robots on construction sites

Challenges pertaining to four-legged robots have not been fully 
explored yet in construction, especially since this type of collaborative 
ground robot has just recently been started to be used on jobsites. 
Nevertheless, the deployment challenges of four-legged robots have 
been identified through an extensive literature review and categorized 
into four distinct groups: (1) robot-related, (2) regulations-related, (3) 
environment-related, and (4) human-related (Table 1).

Robot-related challenges: When deploying four-legged robots on job
sites, Afsari et al. (2021) indicated that these types of robots cannot be 
currently operated without human intervention and that they should 
always be accompanied by humans to ensure proper navigation and 
operation. This was even evidenced by the guidelines proposed by the 
manufacturer (Boston Dynamics, 2021), requiring all time human su
pervision during robot operation. This prevents four-legged robots from 
navigating and inspecting in a fully autonomous mode on jobsites. In 
this regard, the onboard and ground technologies need to be optimized 
to ensure proper and fully autonomous navigation without human 
intervention. This is an essential component to avoid robot collision 
with material, equipment, and people that could result in damage, in
juries, or even fatalities. In addition, the onboard and ground sensors, 
hardware components, and technologies need to be optimized to 

overcome current robot-control station communication problems which 
constituted a challenge when deploying four-legged robots for con
struction progress monitoring tasks (Afsari et al., 2021). More simple 
ground control station and autonomous waypoint navigation, which 
currently cannot be modified once the autonomous path has been set 
pre-mission (Afsari et al., 2021), are also needed to reduce the 
complexity of four-legged robot operation.

Regulations-related challenges: Four-legged robots are also limited in 
terms of regulatory agency [i.e., Occupational Safety and Health 
Administration (OSHA)] standards or guidelines when being operated 
on jobsites (Afsari et al., 2021). There are unclear rules and regulations 
as to the use of four-legged robots near or around workers, preventing 
the autonomous operation of robots when workers are present on site. 
For example, the manufacturer’s safety and compliance document of 
Spot® indicates that the four-legged robot should not be operating at 
distances that are closer than 1.98 m (6.5 ft) from humans (Boston 
Dynamics, 2021). If this requirement is to be maintained on jobsites, 
then the physical interaction and collaboration between humans and 
robots on site would be severely limited (Afsari et al., 2021). It is also 
expected that the onsite presence of four-legged robots might be asso
ciated with ethics- and privacy-related concerns, as well as potential 
civil liberty intrusions, caused by the continuous monitoring of jobsite 
individuals (Sun et al., 2023).

Environment-related challenges: Some environmental conditions may 
cause hazards on jobsites. The first environmental challenge is related to 
the four-legged robots’ ability to accurately detect edges and success
fully navigate unguarded environments. The second is related to the 
ability of the four-legged robots to detect objects of different size, height 
(i.e., hanging objects), thickness, material, color, and brightness, 
potentially affecting the jobsite navigation (Afsari et al., 2021; Boston 
Dynamics, 2021). Four-legged robots’ navigation is also affected by the 
presence of onsite obstacles (e.g., cords, tripping hazards), high-riser 
stairs, surface inclinations, floor types (e.g., slippery surfaces, sand, 
dust, and liquids affect the robots’ stability), lighting conditions, and 
limited field of view which could potentially create hazards on jobsites 
(Afsari et al., 2021; Boston Dynamics, 2021).

Human-related challenges: Due to the ground control station 
complexity and the need for continuous human intervention during the 
robot deployment (Afsari et al., 2021), humans should be well trained to 
be able to operate four-legged robots in dynamically changing and 
hazardous environments such as construction jobsites. In addition, the 
presence of four-legged robots on site could expose construction in
dividuals to different human risks (Afsari et al., 2021), potentially 
causing hazardous situations (Sun et al., 2023). It should be noted that 
humans may develop automation anxiety, stemming from increasing 

Fig. 1. Applications of four-legged robots in construction.

Table 1 
Challenges of four-legged robots in construction.

Categories Challenges

Robot • Restricted autonomous navigation.
• Robot-control station signal loss or interference.
• User interface/ground control station complexity.

Regulations • Limited regulatory agency standards or guidelines.
• Ethics and privacy concerns.

Environment • Difficulty navigating environments with complex onsite 
conditions.

• Limited field of view.
• Inaccuracies detecting objects, edges, and navigating unguarded 

jobsite environments.
• Presence of jobsite obstacles and crowded surroundings.

Human • Lack of operator training and skills.
• Negative psychophysiological and attentional effects.
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concerns about job displacement, fear of being replaced by robots, and 
worries about future employment prospects (Navon et al., 1993).

3.3. Safety risks associated with the deployment of four-legged robots on 
construction sites

Currently, the robot-, regulation-, environmental-, and human- 
related challenges remain significant obstacles that could individually 
or collectively lead to negative human behaviors and perceptions to
ward the deployment of and interaction with four-legged robots, 
potentially resulting in adverse outcomes on construction sites. There
fore, there is a need to investigate the safety impacts of such collabo
rative robots in construction settings. Specifically, the deployment of 
four-legged robots on construction sites has been associated with three 
types of risks that were identified through inferential and VR visuali
zation techniques based on the proximity of human-robot interactions, 
and subsequently validated and ranked by experts in construction safety 
and robotics. These risks include: (1) physical or contact risks; (2) 
attentional risks; and (3) psychological risks (Sun et al., 2023).

Physical or contact risks refer to hazards that can cause harm or 
injury to workers due to direct physical contact with objects, equipment, 
machinery, or other individuals. In the case of deploying four-legged 
robots, these risks could arise from various factors, such as software or 
hardware failures in the robots, close interactions with the robots, 
adverse weather and environmental conditions, and inadequate worker 
training leading to inefficient operation. These factors could in turn 
result in struck-by, caught-in, or caught-between injuries or fatalities on 
construction sites.

In addition, attentional risks constitute hazards that arise due to 
lapses in concentration, distractions, or lack of focus on the task at hand. 
For example, the onsite presence of mobile collaborative robots such as 
the four-legged robots may cause individuals to shift their attention from 
the task at hand and focus more on the robot, potentially causing 
distraction. Attentional allocation, the cognitive process by which in
dividuals distribute their cognitive resources or focus their attention on 
particular stimuli or tasks, is integral to workplace safety and signifi
cantly influences occupational health outcomes. In fact, distraction, 
often referred to as attentional diversion, emerges as a significant factor 
contributing to workplace accidents and fatalities, thereby compro
mising safety performance and encouraging unsafe behaviors, particu
larly on construction sites (Cohen et al., 2017; Ke et al., 2021). This 
phenomenon undermines construction individuals’ ability to recognize 
hazards and perceive risks, ultimately impacting safety performance by 
allowing many hazards to go unnoticed and associated risks unrecog
nized (Namian et al., 2018).

Finally, the deployment of four-legged robots could introduce addi
tional psychological risks that impact the mental and emotional well- 
being of onsite individuals. These psychological risks are particularly 
critical within the current landscape of the construction industry, which 
is characterized by increasingly high and alarming rates of suicide and a 
pervasive atmosphere of anxiety, worry, and nervousness among its 
workforce (Brown et al., 2022; Sussell et al., 2021). Emotional states 
have been proven to have an impact on construction individuals’ 
decision-making processes and cognitive abilities, potentially leading to 
a diminishment in their safety risk perception, hazard identification 
capabilities, awareness, and attitudes (Bhandari et al., 2016; Hwang 
et al., 2018; Wong et al., 2009; Xing et al., 2019), thereby increasing the 
potential for hazardous behaviors on the jobsites. In addition, con
struction is inherently stressful and demanding (Bowen et al., 2014). 
Prolonged exposure to high stress levels can induce mental fatigue and 
cognitive impairment, further exacerbating safety concerns (Langdon 
and Sawang, 2018; Leung et al., 2016; Wu et al., 2018). Excessive 
physiological demands on construction individuals have been linked to 
decreased levels of motivation, attentiveness, and overall well-being, 
hindering their ability to perform physically demanding tasks in a pro
ductive and safe manner (Abdelhamid and Everett, 2002; Abdelhamid 

and Everett, 1999). Furthermore, the introduction of four-legged robots 
on construction sites may induce anxiety and resistance, stemming from 
concerns about job displacement, fear of being replaced by robots, and 
uncertainties regarding future employment prospects (Navon et al., 
1993). This anxiety could also be compounded by potential ethics- and 
privacy-related concerns, as well as civil liberty intrusions arising from 
four-legged robots continuously monitoring construction individuals 
(Sun et al., 2023). Collectively, these factors contribute to negative 
emotional states and attitudes towards the integration of robots in 
construction settings and pose a significant threat to onsite safety by 
increasing the likelihood of injuries or even fatalities. Therefore, and 
given the recent increase in automation on construction sites, studying 
the potential physical, attentional, and psychological risks associated 
with four-legged robot deployment on construction sites becomes a 
necessity.

3.4. Human-Robot interaction proxemics

For robots to be seamlessly integrated into dynamic and hazardous 
construction jobsites, they must adhere to societal expectations of 
physical and psychological distance to maintain personal space 
(Takayama and Pantofaru, 2009; Mumm and Mutlu, 2011). The use of 
four-legged robots in construction environments will require them to 
collaborate with construction individuals at varying interaction dis
tances. For example, tasks such as construction and material handling 
will necessitate close interactions with humans, whereas tasks like 
progress monitoring may require more distant interactions. Conse
quently, human-robot collaborations at varying distances may elicit 
different psychophysiological responses from construction individuals. 
These individuals may have different proxemic preferences, influenced 
by the psychophysiological risks associated with robot interactions at 
various distances. This underscores the necessity of studying human 
proxemic preferences near four-legged robots in construction environ
ments. Focusing on how these preferences affect and are affected by 
robots operating at different distances can help better understand and 
mitigate the associated risks.

Studying proxemics is a significant field of research, particularly in 
the areas of HRI. When studying HRI proxemics, researchers often rely 
on Anthropologist Edward Hall’s definition of human–human social 
interaction distances (Samarakoon et al., 2022; Hall, 1969). These 
proxemic distances, along with their social implications and relevant 
application examples, are defined as follows (Samarakoon et al., 2022; 
Hall, 1969; Daza et al., 2021):

• Intimate Distance: Ranging from 0 to 1.5 feet, this space is reserved for 
close relationships, for comforting or protecting someone, and for 
loved ones, where physical contact is possible. This zone allows for 
touching, whispering, and embracing and is typically only entered 
with consent. An invasion of this space without justification can 
cause discomfort or be perceived as an attack. Exceptions occur in 
crowded environments like public transportation.

• Personal Distance: Spanning from 1.5 feet to 4 feet, this zone is used 
for interactions and conversations with friends, acquaintances, and 
family members. It allows for natural interactions where physical 
contact is possible but not as intimate as within the intimate distance. 
This space ensures that individuals can maintain a sense of personal 
control while limiting physical domination.

• Social Distance: Extending from 4 feet to 12 feet, this space is 
appropriate for interactions among strangers, colleagues, and other 
casual acquaintances, like in formal settings such as professional or 
business meetings. It allows for communication without physical 
contact.

• Public Distance: Ranging from 12 feet to 25 feet, this zone describes 
the distribution of people in urban spaces and is used for interactions 
in public spaces such as public speaking events, concert halls, parks, 
and museums. In these spaces, people are often unaware of others’ 
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identities. In some situations (e.g., concerts or public transportation), 
social, personal, and even intimate zones can be temporarily invaded 
due to the circumstances.

Hall’s proxemic distances are not only widely used but also partic
ularly relevant for HRI studies, as they are grounded in fundamental 
principles of human interaction and societal norms. Hall’s proxemic 
theory underscores the importance of respecting personal space 
(Takayama and Pantofaru, 2009; Hall, 1969), which is critical for the 
seamless integration of robots into human environments. By adhering to 
these proxemic norms, robots can navigate social interactions more 
naturally, aligning their behavior with human expectations and societal 
conventions (Takayama and Pantofaru, 2009; Mumm and Mutlu, 2011). 
This adherence mirrors the natural ways people interact with both other 
humans and technological entities, a concept supported by the media 
equation theory, which posits that people treat technology in a manner 
similar to their interactions with other humans (Takayama and Pan
tofaru, 2009). Consequently, incorporating Hall’s proxemic distances 
into HRI studies facilitates a more natural and socially acceptable inte
gration of robots into everyday settings.

4. Methods

The aim of this study is to investigate human-robot proxemics in 
construction by examining the safety impacts associated with the four- 
legged robot interaction spaces on construction individuals. This was 
achieved by analyzing the effects of four-legged robots on construction 
individuals while they performed a task in a VR setting. The study uti
lizes both objective and subjective measures alongside VR to explore the 
impacts of four-legged robots on construction individuals. A three-step 
procedure was employed to accomplish the study’s objectives (Fig. 2). 
In Step 1, an extensive literature search was conducted to identify a real- 
world construction scenario where ground robots are expected to 
collaborate with construction individuals. The identified scenario was 
then utilized in Step 2 to design and develop a VR-based construction 
environment featuring a four-legged robot positioned at various inter
action spaces (i.e., proximal, distal) from users. This VR environment 
incorporated dynamic 3D models to simulate a real-world construction 

site with moving equipment and workers. Subsequently, in Step 3, 
construction individuals were recruited to participate in a between- 
subject experiment involving the designed VR environment, along 
with a series of objective (i.e., physiological monitoring sensors and eye 
tracking) and subjective (i.e., pre- and post-experiment surveys) mea
sures. These were used to evaluate the effects of four-legged robot 
interaction space on participants’ physiological, attentional, and 
emotional states, as well as their perception of risk, attitudes towards 
robots, and situational awareness. The subsections below discuss the 
adopted three-step procedure in more detail.

4.1. Step 1 – Scenario identification

A literature search was conducted to identify a real-world con
struction scenario where ground robots are expected to collaborate with 
construction individuals. Bricklaying task was identified to be a popular 
application of ground robots in construction. The nature of this type of 
task is laborious, repetitive, challenging, and hazardous (Dakhli and 
Lafhaj, 2017; Yu et al., 2009), and the use of ground robots such as the 
four-legged robot for such types of tasks has several advantages from a 
safety perspective. These advantages include: (1) reduced worker 
exposure to hazardous materials by preventing construction individuals 
from being exposed to and working with materials such as mortar and 
concrete which could be hazardous if inhaled or ingested; and (2) 
improved ergonomics by preventing individuals from repeatedly per
forming several movements such as bending, lifting, and twisting, which 
can result in musculoskeletal injuries (Dakhli and Lafhaj, 2017; Yu et al., 
2009). In addition to improved productivity, the use of four-legged ro
bots for this type of task can ensure greater accuracy and precision when 
compared to human workers, factors that reduce the risk of errors. 
Concrete placement and formwork installation activities were also part 
of the bricklaying scenario. These types were specifically selected to be 
part of the VR environment, especially since such activities are very 
common and could result in various accidents and injuries, including 
struck-by accidents, manual handling, slips, and trips (Lipscomb et al., 
2006; Rozenfeld et al., 2010). In the developed VR scenario, users would 
take the role of a supervisor and monitor ongoing construction activities, 
including concrete placement (e.g., rebar tying), scaffold transportation, 

Fig. 2. Adopted Methodology.
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bricklaying, in addition to other operations simulated by different vir
tual construction workers (Fig. 3).

4.2. Step 2 – VR development

The technical development of the VR environment involved multiple 
steps (Fig. 4). First, 3D models representing various construction jobsite 
components, such as cranes, machines, formwork, workers, and build
ings, were imported into Unity©. These models were then arranged and 
animated to replicate slab preparation for concrete placement (e.g., 
rebar tying, hammering, and nailing) and formwork installation (e.g., 
scaffold transport by a virtual worker from one location to another for 
erection) activities. Additionally, a 3D model of the Boston Dynamics® 
Spot, a four-legged robot commonly used in construction tasks (Afsari 
et al., 2021; Halder et al., 2021), was integrated into the VR environ
ment. These VR models were selected and animated to create a realistic 
and immersive construction site environment, ensuring that participants 
could easily identify and interact with the virtual objects. The selection 
was informed by the need to replicate common construction activities (i. 
e., crane operation, slab preparation, concrete placement, formwork 
installation) and the specific task (material handling and bricklaying) of 
the four-legged robot, thereby enhancing the ecological validity of the 
simulation. Storyboarding was also used at the early stage to outline the 
sequence of actions and interactions within the VR environment, 
ensuring a coherent and logical flow of activities similar to what would 
typically occur on construction sites. For the development of the VR 
environment, several assumptions were made. The physics engine in 
Unity© was configured to simulate realistic movement and interactions 
of the robot and other objects, assuming standard gravitational forces 
and material properties. The robot’s movement and task execution were 
based on its actual capabilities and operational parameters as specified 
by the robot’s manufacturer. In addition, it was assumed that the four- 
legged robot could pick up and transport concrete masonry units 
(CMUs) similar to its real-world functionality. This ensured that the 
simulated interactions were consistent with real-world scenarios.

Considering the nature of the four-legged robot’s movement and the 
requirements of the bricklaying task, two scenes were developed to 
simulate different interaction spaces based on Hall’s definition: (1) a 
proximal space ranging from 1.5 to 4 feet, and (2) a distal space ranging 
from 12 to 25 feet (Hall, 1969). In both scenes, the robot was pro
grammed and animated to repetitively simulate bricklaying activity by 
picking up CMUs individually from a pile, transporting them, and pro
gressively laying them layer by layer to construct a CMU wall, all while 
performing this task in a back-and-forth manner. All subjects experi
enced the same VR scenario, differing only in the interaction space 
(proximal – 1.5 – 4 ft; or distal – 12 – 25 ft) between them and the four- 
legged robot. In scene (1), the four-legged robot operated within a 1.5 – 
4 ft space relative to the subjects. It repetitively moved back and forth 
within this range to pick up CMUs and then approached the subjects up 
to 1.5 feet to place the CMUs layer by layer to construct the wall. In 
scene (2), the four-legged robot operated within a 12 – 25 ft space 
relative to the subjects. It repetitively moved back and forth within this 

range to pick up CMUs and then approached the subjects up to 12 feet to 
place the CMUs layer by layer to construct the wall. This movement 
pattern was designed to reflect a realistic four-legged robot bricklaying 
work scenario, where the robot needs to move farther from construction 
individuals to pick up the CMUs and then closer to build the CMU wall as 
it performs its tasks. This approach aimed to eliminate potential biases 
by ensuring that the robot’s animation, movements, and actions were 
identical across both proximal and distal scenes. Specifically, the robot’s 
repetitive actions, such as picking up and placing the CMUs, were 
consistent in both interaction spaces. This design meant that the only 
variable was the interaction space (1.5 – 4 ft vs. 12 – 25 ft) between the 
robot and the human subjects, allowing for a clear analysis of the effects 
of proximity on user perception and responses. Real-world sounds 
associated with the robot’s movements were incorporated for enhanced 
immersion.

4.3. Step 3 – Assessment

To investigate whether the interaction space of a four-legged robot 
impacts individuals’ physiological, attentional, and emotional states, as 
well as their situational awareness, risk perception, and attitudes to
wards robots, a user-centered experiment was conducted. Construction 
workers were recruited to participate in one of two previously developed 
human-four-legged robot VR scene conditions: (1) Proximal Space: 1.5 – 
4 ft; and (2) Distal Space: 12 – 25 ft.

4.3.1. Measures and Metrics used for data collection and Processing
A set of objective and subjective measures were used to assess these 

physiological, attentional, and emotional states, as well as situational 
awareness, risk perception, and attitudes towards robots. This subsec
tion discusses the measures and metrics used in detail.

Physiological Measures: The impact of four-legged robot proxemics on 
participants’ physiological states was assessed by measuring their heart 
rate (HR), heart rate variability (HRV), and electrodermal response 
(EDR) using the Shimmer® GSR+, and their skin temperature (ST) using 
the Shimmer® Bridge Amplifier + throughout the experiment. Both 
monitoring sensors were set to collect physiological data synchronously, 
at a sampling frequency of 128 Hz, and the collected data was recorded, 
processed, and analyzed in the Shimmer® Consensys Pro software. 
Several filters were applied to process the collected physiological data as 
summarized in Table 2.

Attentional Measures: To measure the effect of four-legged robot 
proxemics on attention, individuals’ eye movements were monitored 
throughout the experiment using the Tobii Pro® eye tracker integrated 
into the HTC Pro® head-mounted display (HMD). Two metrics were 
used to measure attentional state: (1) Fixation count on distractor, 
measuring how many times each subject directed their gaze towards the 
four-legged robot (i.e., total number of fixations) (Holmqvist et al., 
2011); and (2) Total fixation duration on distractor, measuring the cu
mulative or total time (in milliseconds) each subject spent looking at the 
four-legged robot (Bednarik and Tukiainen, 2006).

Emotional Measures: Participants’ emotional impact was assessed 

Fig. 3. Four-legged robot bricklaying scenario.
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subjectively using the validated Positive and Negative Affect Schedule 
(PANAS-SF) questionnaire (Watson et al., 1988). The questionnaire was 
used to evaluate the emotional states of participants both before and 
after the experiment (Table 3). Divided into two subscales, the ques
tionnaire, consisting of 20 items, gauges emotional affect in terms of 
Positive Affect and Negative Affect. It has been used in this study to 
measure variations in participants’ emotional responses while interact
ing at various interaction spaces from the four-legged robot.

Attitudes Measures: The validated Negative Attitudes towards Robots 
(NARS) subjective questionnaire was used to evaluate the impact of 
four-legged robot proxemics on individuals’ attitudes (Nomura et al., 
2006). NARS consists of three subscales and assesses negative attitudes 
towards (1) situations of interactions with robots; (2) social influence of 
robots; and (3) emotions in interaction with robots (Nomura et al., 
2006). The questionnaire was administered at the end of the experiment 
to measure whether there were any differences in participants’ attitudes 
while interacting at various interaction spaces from the four-legged 
robot (Table 3).

Situational Awareness Measures: The Situation Awareness Rating 
Technique (SART) was used to measure participants’ situational 
awareness upon experiment completion (Table 3) (Taylor, 2017). SART 
is a validated survey consisting of a total of 10 seven-point rating 
questions (1 = Low; 7 = High) measuring three dimensions: (1) demands 
on attentional resources (D); (2) supply of attentional resources (S); and 
(3) understanding of the situation (U). The composite situational 
awareness score is then obtained using equation (1) below. SART has 
been used in this study to measure participants’ situational awareness at 
both four-legged robot interaction spaces. 

SA = U − (D − S) (1) 

Risk Perception Measures: A safety risk assessment matrix was used to 
measure participants’ perceived risk at the end of the experiment 
(Table 3). The goal was to determine whether participants’ perceived 
risk changes based on the two four-legged robot interaction spaces after 
completing the task in VR. Specifically, participants were asked to rate 
the likelihood of an injury occurring in the scenario they were presented 
with, using a severity scale. The scale was defined as follows (Namian 

et al., 2018; Namian et al., 2016; Tixier et al., 2014):

• Discomfort or pain: Incidents that result in temporary or persistent 
pain, but do not prevent workers from performing work in normal 
capacity.

• First aid: Incidents that require treatment for cases such as minor 
cuts, scratches, and sprains, where the worker is able to return to 
work immediately following treatment.

• Medical case: Work-related injuries or illnesses that require care or 
treatment from medical professionals beyond first aid, where the 
worker is able to return to regular work under normal capacity.

• Lost work time: Work-related injuries or illnesses that restrict 
workers from returning to work the following day.

• Permanent disability or fatality: Work-related injuries or illnesses 
that result in permanent disablement or death of worker.

The response options provided were not possible (0 %), unlikely but 
possible (25 %), likely (50 %), very likely (75 %), and certain (100 %). 
The validated severity scores adopted in this study have been success
fully used in construction safety research (Namian et al., 2016; Tixier 
et al., 2014; Ibrahim et al., 2023). The severity scores are as follows: 
Discomfort/Pain (7.5), First aid (45.25), Medical case (128), Lost work 
time (256), and Permanent disablement or fatality (13,619). These 
severity scores were multiplied by the frequency ratings to calculate 
each individual’s risk score.

4.3.2. Assessment procedure
The assessment procedure is illustrated in Fig. 5. Upon their approval 

to participate in the experiment, recruited construction individuals were 
asked to complete a demographics questionnaire which included ques
tions about their gender, age, education level, construction experience, 
pet ownership, robot ownership, experience operating robots, familiar
ity with robots, familiarity with VR, emotional states, in addition to 
safety-related questions about Occupational Safety and Health Admin
istration (OSHA) training and safety knowledge. They were also asked to 
fill out the PANAS-SF questionnaire. After completing the pre- 
experiment questionnaires, recruited individuals were randomly 

Fig. 4. VR Development Workflow.
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assigned to one of the two developed interaction space conditions: (1) 
Proximal, simulating the four-legged robot operating in the 1.5 – 4 ft 
space; and (2) Distal, simulating the four-legged robot operating in the 
12 – 25 ft. Subjects were equipped with the physiological monitoring 
sensors (i.e., Shimmer® GSR+and Shimmer® Bridge Amplifier +) along 
with the HTC Pro® HMD and eye tracking calibration was performed 
prior to the start of the experiment.

During the experiment, construction individuals were asked to 
remain stationary in the same location to be able to ensure consistent 
measurement across conditions and control for the distance between 
them and the four-legged robot. Participants were assigned the role of a 
jobsite supervisor, responsible for overseeing the activities of both 
construction workers (simulated virtual avatars) and the four-legged 
robot within the VR environment. This supervisory role required par
ticipants to monitor and assess the safety performance and productivity 
of the workers as they completed the slab preparation for concrete 
placement and the scaffold erection activities. They ensured that these 
construction workers adhered to safety protocols and completed their 
tasks effectively. In addition, participants supervised the four-legged 
robot as it performed the simulated bricklaying task and had to ensure 
that the robot operated safely while maintaining efficient task execu
tion. To maintain participant engagement and simulate real-world su
pervisory duties, participants were regularly prompted with questions 
through the HMD headset audio. These prompts were designed to reflect 
the types of inquiries a jobsite supervisor might encounter from col
leagues on a construction site. Participants were required to respond to 
these prompts to actively monitor and uphold safety and productivity 
standards within the VR environment. Collaboration was thus ensured 
by placing participants in a comprehensive supervisory role, necessi
tating interaction with both the virtual workers and the four-legged 
robot. This setup ensured that participants were engaged in a supervi
sory role that mirrored the complexities of modern construction sites, 
where coordination and communication with both human workers and 
robotic systems are essential. By incorporating this supervisory context, 
the study aimed to replicate the complexities and interactive nature of 
real-world construction sites. This approach contrasts with other HRI 
proxemics studies (Samarakoon et al., 2022), which often focus solely on 
human-robot interactions without considering the potential effects of 
the broader dynamic, hazardous, and collaborative work settings.

The total duration of the VR experiment was set at 3 min to mitigate 
subject fatigue and adhere to recommended VR exposure durations (less 
than 10 min) that prevent subjects from exhibiting sickness symptoms 

Table 2 
Physiological and Attentional Objective Metrics.

Measures Metrics Details

Physiological HR • Measurement: Determining the number 
of systolic peaks/min (Askarian et al., 
2019).

• Processing: Determined using the 
Shimmer® Consensys Pro PPGtoHR 
algorithm, which applies a low-pass fil
ter with a corner frequency set at 5 Hz 
and a number of taps at 200.

• Impact: Instances of acute stress 
typically result in a sudden elevation of 
HR (Dobkin and Pihl, 1992; Turner, 
1994).

HRV • Measurement: Assessing the 
fluctuations in the time intervals 
between successive heartbeats (Shaffer 
and Ginsberg, 2017).

• Processing: The inter-beat intervals 
(IBIs) were extracted using the 
Shimmer® Consensys Pro PPGtoHR al
gorithm, which employs a low-pass filter 
with a corner frequency set at 5 Hz and a 
number of taps at 200. The IBIs were 
then utilized in the calculation of HRV 
through the root mean square of suc
cessive differences (RMSSD) time- 
domain method (Shaffer and Ginsberg, 
2017).

• Impact: Individuals experiencing acute 
stress tend to exhibit low HRV (Lischke 
et al., 2018).

ST • Measurement: mounting a probe on 
individual’s skin to monitor skin surface 
temperature.

• Processing: Filters applied were high- 
pass filter (high cutoff frequency of 0.05 
Hz) and Hampel (Jebelli et al., 2019a, 
2019b).

• Impact: Instances of acute stress tend to 
cause rapid and temporary declines in 
skin surface temperature (Herborn et al., 
2015).

EDR • Measurement: The phasic component 
of electrodermal activity (EDA), also 
known as EDR, was used in this study, as 
it has been shown to reflect an 
immediate, short-term reaction to acute 
stressors or external stimuli (Boucsein, 
2012; Greco et al., 2021; Lanatà et al., 
2015).

• Processing: Filters applied were low- 
pass (low-cutoff frequency of 1.5 Hz) 
and Hampel (Jebelli et al., 2019; Jebelli 
et al., 2019; Braithwaite et al., 2013). In 
addition, the convex optimization 
method was used to decompose the 
collected electrodermal activity (EDA) 
response into the phasic (EDR) and tonic 
(EDL) components (Greco et al., 2016).

• Impact: Instances of stress augment 
perspiration levels and consequently 
alters the skin’s electrical characteristics 
(Boucsein, 2012; Greco et al., 2021; 
Lanatà et al., 2015).

​
Attentional Fixation Counts and 

Total Fixation 
Duration

• Measurement: tracking eye movements 
to determine the frequency of instances 
or number of times each subject looked 
at the four-legged robot (Fixation 
Counts), and the cumulative or total 
amount of time each subject spent 
fixating on it (i.e., Total Fixation 
Duration).

• Processing: A fixation was recorded 
only if it lasted longer than 100 ms  

Table 2 (continued )

Measures Metrics Details

(Bednarik and Tukiainen, 2006; Negi 
and Mitra, 2020).

• Impact: Both metrics are indicative of 
attentional diversion, reflecting the 
degree of distraction caused by four- 
legged robots and the level of attention 
they attract on jobsites.

Table 3 
Emotional, Attitudes, Situational Awareness, and Risk Perception Subjective 
Metrics.

Measures Metrics Administration of 
Questionnaires

Emotional PANAS-SF Pre- and post-experiment
Attitudes towards 

Robots
NARS Post-experiment

Situational 
Awareness

SART Post-experiment

Risk Perception Injury × Severity Risk 
Assessment Matrix

Post-experiment
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often caused by lengthy exposure to VR (Chang et al., 2020; Munafo 
et al., 2017). Of these 3 min, 2 min were dedicated to psychophysio
logical and attentional data collection. During this period, the physio
logical sensors operating at a frequency of 128 Hz collected 
approximately 15,360 data points for each measure (HR, HRV, ST, and 
EDR). This timeframe was chosen to balance data collection needs with 
participant comfort and to ensure that sufficient data was captured. The 
3-minute duration was divided as follows:

• Minutes 0–1: No data was collected during the first minute to allow 
participants to adjust to the VR scene and the HMD.

• Minutes 1–3: Physiological and attentional data collection began at 
the start of the second minute and continued until the end of the trial.

After completing the experiment, construction individuals were 
asked to fill out the PANAS-SF questionnaire once again to measure any 
emotional state changes resulting from the experiment itself. They were 
also asked to fill out the NARS, the SART, as well as to rate the likelihood 
of an injury occurring in the VR scenario they were presented with, using 
the injury frequency-severity scale. As previously indicated, these sur
veys measured individuals’ attitudes towards robots, situational 
awareness, and perceived risk after completing the VR-based experi
ment. Individuals were also asked to provide, through an open-ended 
type of question, their feedback about the VR experiment and the 
presence of four-legged robots on jobsites. All questionnaires were 
distributed using Qualtrics, and the assessment protocol 
(IRB202202631) was also approved by the University’s Institutional 
Review Board. No prior training was provided to the recruited con
struction individuals on the topic of four-legged robots and their po
tential impacts in construction. The differences in means across all 
measured physiological (HR, HRV, ST, and EDR), attentional (fixation 
count and total fixation duration), emotional (positive affect and nega
tive affect), situational awareness (SART subscales scores), risk 
perception (risk scores), and attitudes (NARS subscale scores) variables 
between the proximal (1.5 – 4 ft) and distal (12 – 25 ft) interaction space 
groups were analyzed using independent samples t-tests. Assumptions of 
normality and equal variances were assessed, and a significance level of 
α = 0.05 was applied for all statistical tests.

5. Results and Discussion

5.1. Demographics

A total of 72 individuals with an average age of 23.75 ± 4.91 years 
participated in the experiment (Table 4). The studied population was 
equally divided between the 1.5 – 4 ft and the 12 – 25 ft interaction 
space groups. Overall, more than half of the participants were under
graduate construction students (N=43, 60 %), aged between 18 and 24 
years (N=47, 65.3 %), males (N=47, 65.3 %), and had less than 1 year 
(N=52, 72.2 %) of construction experience. Most of the participants 
indicated that they had received the OSHA 10-hour or 30-hour training 
(N=52, 72.2 %), and that they had fair to competent (N=58, 80.6 %) 
knowledge level in construction safety. The majority were pet owners 
(N=51, 70.8 %) and around half of them were robot owners (N=37, 
51.4 %). The majority indicated that they have some experience oper
ating robots (N=55, 76.4 %) as well as some level of familiarity with 
robots (N=64, 88.9 %) and VR (N=64, 88.9 %). None of the participants 
indicated being angry or sad, and most of them were either satisfied 
(N=39, 54.2 %) or happy (N=25, 34.7 %).

5.2. Impact of four-legged robot interaction space on physiological state

Participants’ average HR, HRV, ST, and EDR were calculated for both 
four-legged robot interaction distance groups (Table 5). The proximal 
(1.5 – 4 ft) group had slightly higher HR and ST, and lower HRV and EDR 
when completing their task during the VR experiment when compared 
to the distal (12 – 25 ft) group. However, these differences were not 
found to be statistically significant (p ≥ 0.247). In addition, all of the 
measured HR, HRV, ST, and EDR values fell within the typical normal 
range for a resting and healthy person (Dawson et al., 2016; Jose and 
Collison, 1970; Lenhardt and Sessler, 2006; Nunan et al., 2010; Sund- 
Levander et al., 2002). Therefore, the results do not provide enough 
evidence supporting the fact the four-legged robot interaction distance 
significantly affects participants’ physiological states.

The obtained findings are consistent with some observations in the 
HRI literature across various fields. In construction, Chauhan et al. 
(2024) found that closer proximity to robots in open jobsite environ
ments with low-level of HRI was associated with a significant decrease in 
EDA and a decrease in HRV, though the latter was not statistically sig
nificant (Chauhan et al., 2024). These results align with the current 
study, which also observed that proximity to a four-legged robot, while 

Fig. 5. Assessment Procedure.
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not being statistically significant, was associated with lower EDR and 
HRV. In industrial settings, Gervasi et al. (2022) found that the distance 
of the robot workspace from the operator did not significantly influence 
average skin conductance response or HRV, indicating no significant 
differences based on proximity (Gervasi et al., 2022). Similarly, 
Eimontaite et al. (2020) found that robot distance did not significantly 
impact individuals’ physiological states, as indicated by the non- 

significant differences in EDA and HR responses, aligning with the 
findings of this study (Eimontaite et al., 2020). It is important to note, 
however, that contextual factors such as the specific work environment 
(industrial vs. construction), types of robots (stationary vs. mobile), and 
other variables may influence human proxemic preferences and physi
ological responses across industries. Therefore, while comparisons 
across studies provide valuable insights, they also underscore the need 
for context-specific investigations into HRI to better understand the 
complex interplay between robot proximity and human physiological 
responses.

Nevertheless, it is noteworthy to mention that simply finding no 
statistically significant differences between the group means for HR, 
HRV, ST, and EDR does not necessarily indicate that participants’ 
physiological state is not affected by the presence of four-legged robots 
on jobsites. The feedback provided by the participants suggests that the 
presence of robots on construction sites may need to be approached with 
caution. In fact, around half of the participants from the proximal (1.5 – 
4 ft) group reported feeling uncomfortable or anxious in the presence of 
the four-legged robot, indicating that it was “a bit overwhelming”, that 
they were caught “a little off-guard”, that they felt “a little nervous”, and 
“uneasy”, and that they were “concerned and worried” because of the 
four-legged robot presence on the jobsite. A few other participants in the 
distal (12 – 25 ft) group also indicated feeling “very uncomfortable”, 
“surprised”, and “cautious” by the presence of the four-legged robot. 
These findings suggest that the presence of the four-legged robot on the 
jobsite could be associated with a negative impact on construction in
dividuals, especially since anxiety, nervousness, and discomfort could 
all lead to decreased focus, impaired decision-making, and increased 
risk of injuries and accidents (Hwang et al., 2018; Xing et al., 2019; Fang 
et al., 2018; Haslam et al., 2005; Leung et al., 2017; Wong et al., 2009). 
Indeed, these factors and their consequences warrant additional 
investigations.

5.3. Impact of four-legged robot interaction space on attentional state

As previously indicated, participants’ on-target fixation count (the 
number of times each subject looked at the four-legged robot) and total 
fixation durations (the cumulative or total time each subject spent 
looking at the four-legged robot) were measured. For each group 
(proximal and distal interaction distance), the fixation counts and total 
fixation durations were averaged by calculating the mean of these values 
across all participants within each group. Table 6 shows the statistical 
analysis of the differences between these group averages. Results 
revealed that participants of both interaction distance groups (proximal 
and distal) shifted some of their attention from the task at hand onto the 
four-legged robot. In addition, participants of the distal (12 – 25 ft) 
group allocated more of their attention at the four-legged robot (6.92 ±
3.97) when compared to those in the proximal (1.5 – 4 ft) group (2.94 ±
2.24), as evidenced by a higher average on-target fixation count. This 
difference was statistically significant (p < 0.001). These findings sug
gest that the distance from the four-legged robot significantly affects 
construction individuals’ attentional state, specifically in terms of fixa
tion count. Furthermore, participants of the distal (12 – 25 ft) group 
looked at the four-legged robot for longer period durations compared to 
the participants of the proximal (1.5 – 4 ft) group. However, no statis
tically significant difference in the fixation duration was found between 
the two groups (p = 0.663). Based on these results, it can be concluded 

Table 4 
Participant demographics.

Parameter Proximal (1.5 – 4 ft) Distal (12 – 25 ft)
N=36 N=36

Gender ​ ​
Male 25 (69.4 %) 22 (61.1 %)
Female 11 (30.6 %) 14 (38.9 %)

Age ​ ​
18 to 24 years 25 (69.4 %) 22 (61.1 %)
25 to 31 years 8 (22.2 %) 12 (33.3 %)
More than 31 years 3 (8.3 %) 2 (5.6 %)

Education Level ​
Undergraduate 26 (72.2 %) 17 (47.2 %)
Graduate 10 (27.8 %) 19 (52.8 %)

Construction Experience ​
0 to 1 year 28 (77.8 %) 24 (66.7 %)
1 to 5 years 7 (19.4 %) 9 (25.0 %)
More than 5 years 1 (2.8 %) 3 (8.3 %)

OSHA Training ​
Yes, OSHA 10 or 30 26 (72.2 %) 26 (72.2 %)

No 10 (27.8 %) 10 (27.8 %)
Construction Safety Knowledge
No knowledge 0 (0.0 %) 0 (0.0 %)
Some knowledge 5 (13.9 %) 9 (25.0 %)
Fair knowledge 22 (61.1 %) 19 (52.8 %)
Competent knowledge 9 (25.0 %) 8 (22.2 %)

Pet ownership ​
Yes 27 (75.0 %) 24 (66.7 %)
No 9 (25.0 %) 12 (33.3 %)

Robot Ownership ​
Yes 21 (58.3 %) 16 (44.4 %)
No 15 (41.7 %) 20 (55.6 %)

Experience Operating Robots
Not experienced at all 7 (19.4 %) 10 (27.8 %)
Slightly experienced 10 (27.8 %) 14 (38.9 %)
Moderately experienced 16 (44.4 %) 9 (25.0 %)
Very experienced 1 (2.8 %) 3 (8.3 %)
Extremely experienced 2 (5.6 %) 0 (0.0 %)

Familiarity with Robots ​
Not familiar at all 3 (8.3 %) 5 (13.9 %)
Slightly familiar 9 (25.0 %) 12 (33.3 %)
Moderately familiar 15 (41.7 %) 10 (27.8 %)
Very familiar 6 (16.7 %) 9 (25.0 %)
Extremely familiar 3 (8.3 %) 0 (0.0 %)

Familiarity with VR ​
Not familiar at all 4 (11.1 %) 4 (11.1 %)
Slightly familiar 8 (22.2 %) 14 (38.9 %)
Moderately familiar 10 (27.8 %) 13 (36.1 %)
Very familiar 10 (27.8 %) 4 (11.1 %)
Extremely familiar 4 (11.1 %) 1 (2.8 %)

Emotional State ​
Angry 0 (0.0 %) 0 (0.0 %)
Sad 0 (0.0 %) 0 (0.0 %)
Neutral 3 (8.3 %) 5 (13.9 %)
Satisfied 21 (58.3 %) 18 (50.0 %)
Happy 12 (33.3 %) 13 (36.1 %)

Table 5 
Participants’ physiological measures.

Proximal (1.5 – 4 ft) Distal (12 – 25 ft)
p-value

Mean ± SD Mean ± SD

Mean HR (bpm) 86.05 ± 11.28 83.29 ± 13.71 0.354
Mean HRV (ms) 28.13 ± 14.29 32.69 ± 18.55 0.247
Mean ST (◦C) 35.44 ± 1.00 35.32 ± 1.09 0.623
Mean EDR 0.52 ± 0.26 0.54 ± 0.26 0.755

Table 6 
Participants’ attentional measures.

Proximal (1.5 – 4 ft) Distal (12 – 25 ft)
p-value

Mean ± SD Mean ± SD

Fixation Count 2.94 ± 2.24 6.92 ± 3.97 <0.001*
Total Fixation Duration 

(ms)
454.02 ± 292.23 483.85 ± 286.63 0.663
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that individuals may feel less comfortable interacting with the four- 
legged robot at farther rather than closer distances, as reflected by 
their increased attention towards the robot at greater distances. In fact, 
this finding is consistent with the results of previous studies on human- 
robot proxemics, which suggest that people generally prefer to interact 
with robots in the personal (between 1.5 ft and 4 ft) rather than the 
social (between 4 ft and 12 ft) space (Huettenrauch et al., 2006; Woj
ciechowska et al., 2019). One possible explanation for this preference is 
that individuals may perceive the robot as a closer team member when it 
operates at closer distances (1.5 to 4 ft), potentially leading to increased 
trust and comfort. In fact, a recent study analyzing trust dynamics in 
human-robot collaboration in construction found that closer proximity 
to the robot was positively correlated with higher levels of perceived 
trust, suggesting that as individuals interact more closely with robots, 
their trust in these robots increases (Chauhan et al., 2024). Closer dis
tances allow individuals to observe the robot’s actions more clearly, 
understand its role and intentions, and predict its movements, facili
tating a smoother and more intuitive interaction. Conversely, when the 
robot is at a greater distance, it might be perceived as having a sur
veillance or monitoring role, which can provoke curiosity and distrac
tion. Participants may feel the need to allocate more attention to the 
robot to discern its activities and intentions, driven by a sense of unfa
miliarity and the need to ensure it poses no threat to their task perfor
mance. This effect has been observed in several HRI proxemics studies, 
indicating that familiarity and robot experience result in closer distances 
to robots (Takayama and Pantofaru, 2009). For example, Haring (2014) 
found that participants tended to come closer to the robot over time, 
suggesting increased familiarity that went beyond the initial surprise of 
the first encounter (Haring et al., 2014). Similarly, Walters noted that a 
significant percentage of subjects allowed the robot to approach very 
closely, indicating they did not feel threatened or uncomfortable, unlike 
how they might feel with an unfamiliar human (Walters et al., 2005).

However, it is important to consider the practical significance of the 
obtained findings in terms of the safety performance of construction 
individuals, especially since the average fixation durations for the 
proximal (1.5 – 4 ft) and the distal (12 – 25 ft) groups were 0.45 and 
0.48 s, respectively. While allocating more attention to the four-legged 
robot could possibly distract individuals from the task at hand, it 
could also be indicative of people’s awareness and attentiveness about 
the four-legged robot presence in the environment. The former could 
have negative effects on construction individuals and impair their ability 
to complete a task safely (Cohen et al., 2017; Ke et al., 2021), whereas 
the latter could result in improved awareness and performance on job
sites. Specifically, humans possess constrained cognitive resources for 
processing information, requiring them to selectively attend to specific 
stimuli while disregarding others (Wahn and König, 2017). When a 
distracting stimulus, such as four-legged robots, diverts individuals’ 
focus from their primary tasks, it can deplete their attentional resources, 
potentially compromising their performance and ability to accurately 
assess risks associated with their tasks (Wahn and König, 2017; Weisberg 
and Reeves, 2013). This becomes particularly critical in hazardous 
construction settings, where distractions can lead to unsafe behavior and 
severe accidents (Namian et al., 2018; Ghodrati et al., 2018). The 
presence of a four-legged robot on site may exacerbate these risks by 
negatively affecting the behavior of construction individuals, thereby 
increasing the likelihood of injuries or fatalities. Therefore, future 
research should focus on evaluating the practical significance of the 
obtained findings by understanding the balance between heightened 
awareness and potential distraction, as this is crucial for improving 
safety protocols and mitigating hazards that could be potentially caused 
by four-legged robots on construction sites. This observation was also 
reflected in the responses to the open-ended feedback question, which 
showed that both group participants had mixed opinions about the 
presence of the four-legged robot on jobsites. On one hand, it is clear 
that the presence of the four-legged robot on the jobsite was seen as a 
distraction by some participants. For example, some reported being 

“drawn” to the robot and watching them “cautiously”, factors that 
forced them to divert some of their attention away from the construction 
task they had been assigned to complete. One participant also indicated 
that: “the presence of a four-legged robot working near me remained on my 
mind for the entire duration of the experiment, potentially taking away some 
of my alertness and cognition”. Two other students commented that they 
found themselves “looking at the robot more than the actual construction 
work”, and that they were “focusing on the robot for what felt like the 
majority of the experiment, instead of paying attention to the periphery and 
what else was going on the jobsite”. Some others also indicated that their 
attention was divided between the robot and the workers, and that they 
were initially “more distracted” and “mildly startled” by the presence of 
the robot, but as time passed, they became more “accustomed” to it. Such 
distractions from the task at hand could be dangerous in the workplace, 
potentially resulting in accidents or injuries. On the other hand, several 
other participants reported “not [being] bothered” by the presence of the 
robot, that they “barely noticed” the robot, and that it did not hinder 
their ability to focus and complete their tasks. Examples of participants’ 
comments include that they “did not notice the presence of the four-legged 
robot” as much as they “were focusing on the workers”, that the robot was 
of “no more concern than the other workers”, and that the robot “required 
very little to no supervision” compared to the different workers on site. 
Therefore, future research should focus on evaluating the practical sig
nificance of the obtained findings by understanding the balance between 
heightened awareness and potential distraction, as this is crucial for 
improving safety protocols and mitigating hazards that could be 
potentially caused by four-legged robots on construction sites. Future 
research should investigate how changes in participants’ attentional 
allocation caused by the four-legged robot impact different outcomes, 
such as task performance and safety, to gain a more comprehensive 
understanding of the implications of these findings.

5.4. Impact of four-legged robot interaction space on emotional state

Participants’ emotional states were measured using the PANAS-SF 
before starting and after completing the experiment (see Fig. 5), and 
the changes (Δ) in the positive and negative affect scores were calcu
lated for both groups (Table 7). Results showed that both groups expe
rienced an increase in positive Affect and a decrease in negative Affect 
after the experiment. Additionally, participants in the distal (12 – 25 ft) 
group experienced slightly more positive emotional changes (2.58 ±

3.53) compared to those in the proximal (1.5 – 4 ft) group (1.89 ± 2.19), 
as well as slightly more negative emotional changes (−1.58 ± 2.97 vs. 
−0.53 ± 2.62, respectively). However, the differences in the positive 
and negative Affects between both groups were not statistically signif
icant (p ≥ 0.115). Therefore, the four-legged robot operation distance 
was not found to play a role in significantly impacting construction in
dividuals’ emotional states. These results align with user-centered ex
periments in construction and industrial settings. For instance, in a study 
assessing trust dynamics in human-robot collaborative tasks within the 
construction industry, robot proximity in open workspaces with low- 
level of HRI was not found to be significantly associated with changes 
in valence or arousal, showing only weak correlations (Chauhan et al., 
2024). Similarly, another study in industrial settings found no statistical 
evidence that distance from robots influenced participants’ valence or 
arousal (Gervasi et al., 2022). These findings further support the notion 
that robot distance may not play a significant role in influencing 
emotional states in construction and industrial contexts.

Table 7 
Participants’ PANAS-SF Scores.

Proximal (1.5 – 4 ft) Distal (12 – 25 ft)
p-value

Mean ± SD Mean ± SD

ΔPositive Affect 1.89 ± 2.19 2.58 ± 3.53 0.319
ΔNegative Affect −0.53 ± 2.62 −1.58 ± 2.97 0.115
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The increase in positive Affect and decrease in negative Affect after 
completing the experiment could be attributed to other factors. For 
example, the observed change in participants’ positive and negative 
Affects could be attributed to their exposure to VR, or alternatively, to a 
change in their perception of the presence of the four-legged robot on 
jobsites at the end of the experiment. In fact, many participants indi
cated such a change in their open-ended feedback responses, reporting 
their robot perception to be “odd at first”, but then becoming “normal” 
with time. This evolution of their perceptions from initial discomfort to 
eventual normalization over the course of the experiment is a phe
nomenon well-documented in psychology as the familiarity or mere 
exposure effect (Kim et al., 2013). In addition, one participant reported 
becoming “warier” if the robot had a “human-like face or was forming 
emotions”. This attribution of human-like characteristics or emotions to 
the robot demonstrates the effect of anthropomorphism (Złotowski 
et al., 2015). Further research is needed to study these effects, both 
quantitatively and qualitatively, as they relate to the safety impacts 
associated with four-legged robots on jobsites.

5.5. Impact of four-legged robot interaction space on situational 
awareness

Regardless of the interaction distance [proximal (1.5 – 4 ft) or distal 
(12 – 25 ft)] between construction individuals and the four-legged robot, 
the SART questionnaire scores indicate that participants of both groups 
were almost equally aware of their surroundings and the four-legged 
robot after completing the task in VR (Table 8). This was evidenced by 
the non-significant p-value of 0.897. Therefore, the results do not pro
vide enough evidence supporting the fact that the four-legged robot 
operation distance has a significant impact on individuals’ situational 
awareness. However, it should be noted that both group scores were 
slightly above the midpoint score of the SART scale, a factor that could 
indicate that the general presence of the four-legged robot in the envi
ronment could have a negative impact on participants’ situational 
awareness. This was also reflected in participants’ open-ended feedback 
responses, suggesting that working with robots on the jobsite requires 
“adequate training to enhance individuals’ situational awareness and refrain 
from any hazard or injury”. In addition, another participant indicated 
that construction individuals need to be “alert of the situation” when 
working with robots on jobsites. Reduced situational awareness could 
affect individuals’ ability to understand, anticipate, and proactively 
respond to potential issues or accidents that may arise on jobsites, 
potentially leading to a higher risk for errors or accidents (Ibrahim et al., 
2023). These concerns are particularly important considering that 
studies within industrial settings have found that variations in the level 
of robot assistance can directly impact situational awareness. Specif
ically, increased automation and higher levels of robot assistance are 
often associated with decreased situational awareness (Gombolay et al., 
2017; Kaber and Endsley, 2004; Hopko et al., 2021). These findings 
align with the feedback provided by the participants in this study, sug
gesting that the introduction of robots, regardless of their specific 
operational distance, could negatively influence situational awareness. 
Therefore, future research should focus on objectively and subjectively 
evaluating whether individuals’ situational awareness is negatively 
impacted by the presence of four-legged robots on jobsites. If so, 
appropriate training interventions should be provided for construction 
individuals and more intuitive human-four-legged robot systems need to 
be developed to optimize and ensure safe human-robot interaction in 
construction.

5.6. Impact of four-legged robot interaction space on risk perception

Participants’ risk perception scores (range: 0 – 14,055.75) on the 
scenario and task that they were asked to complete in VR are shown in 
Table 9. When asked about the list of injury types along with their 
associated frequencies that may potentially occur in the VR construction 
scenario, both the proximal (1.5 – 4 ft) group and the distal (12 – 25 ft) 
group reported somewhat similar percentages. Specifically, the prox
imal (1.5 – 4 ft) group indicated a 58.33 % risk of discomfort or pain 
injury, a 48.61 % risk of requiring first aid, a 33.33 % risk of requiring 
medical attention, a 34.72 % risk of losing work time, and a 22.92 % risk 
of experiencing permanent disability or fatality. The distal (12 – 25 ft) 
group reported a 56.25 % risk of discomfort or pain injury, a 50.69 % 
risk of requiring first aid, a 31.94 % risk of requiring medical attention, a 
34.72 % risk of losing work time, and a 19.44 % risk of experiencing 
permanent disability or fatality. The results therefore did not support the 
fact that construction individuals’ risk perception levels were affected 
by the distance between them and the four-legged robot (p = 0.389). 
While the current study’s results align with findings from industrial 
settings where proximity to robots did not significantly affect risk 
perception (Gervasi et al., 2022), they diverge from the intuitive notion 
that distance from robots universally affects perceived risk. This 
concept, rooted in Hall’s proxemics theory (Hall, 1969), has been relied 
upon in previous studies across various fields, including construction 
(You et al., 2018; Rubagotti et al., 2022). This divergence highlights the 
need for a nuanced understanding of risk perception in human-robot 
interactions on construction sites, suggesting that factors beyond prox
imity, such as the nature of the robot’s tasks and the context of its 
operation, may also play crucial roles.

Nevertheless, regardless of the four-legged robot operation distance, 
participants expressed their concern about the potential risks associated 
with the presence of such mobile collaborative robots on jobsites. Some 
participants were concerned that the four-legged robot could “hurt 
workers on site” and reported that the robot could be a “tripping hazard”, 
that they may end up “hitting some robots if there were many on the job
site”, and that the presence of the robot makes the task “seem more 
dangerous”. Thorough risk assessments are needed to objectively and 
subjectively evaluate how people perceive risks with robots on con
struction sites. Such assessments should be followed by proper safety 
protocols to address the concerns raised by the participants about the 
potential of the four-legged robot to cause onsite harm or accidents. This 
ultimately ensures safe human-robot integration in construction.

5.7. Impact of four-legged robot interaction space on attitude

Participants’ scores on NARS and its three subscales measuring their 
attitudes towards robots were similar across both groups, as summarized 
in Table 10. Specifically, both groups had slightly positive attitudes 
toward situations of interaction with the four-legged robot, as evidenced 
by their average scores on Subscale 1 which fell below the subscale’s 
midpoint. Also, participants did not exhibit particularly positive or 
negative attitudes toward the social influence of the four-legged robot 
(Subscale 2) or the emotions in interaction with it (Subscale 3). The 
average ratings for both subscales fell at the midpoints of Subscales 2 
and 3. Therefore, the results did not indicate any significant impact of 
the four-legged robot operation distance on construction individuals’ 
attitudes (p ≥ 0.547). The obtained results are consistent with the 

Table 8 
Participants’ SART Scores.

Proximal (1.5 – 4 ft) Distal (12 – 25 ft)
p-value

Mean ± SD Mean ± SD

SART (range: −14 – 46) 18.92 ± 4.48 18.75 ± 6.30 0.897

Table 9 
Participants’ risk perception scores.

Proximal (1.5 – 4 
ft)

Distal (12 – 25 ft)
p- 

value
Mean ± SD Mean ± SD

Risk Score (range: 0 – 
14,055.75)

3,278.95 ±
2,799.68

2,805.07 ±
1,709.78

0.389
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findings of a systematic review that summarized the responses of more 
than 13,000 participants across 97 studies, indicating that people 
generally have positive attitudes towards robots (Naneva et al., 2020). 
The findings also align with those from an industrial setting, where 
slightly positive attitudes towards situations of interactions were re
ported, and neutral attitudes towards social influence and emotions in 
interactions were observed (Gervasi et al., 2022). This consistency 
across settings supports the idea that attitudes towards robots are 
generally positive and stable. However, some evidence in HRI suggests 
that individuals with negative attitudes towards robots often maintain 
greater distances and feel less comfortable interacting with them 
(Takayama and Pantofaru, 2009). Since neutral to positive attitudes 
were reported in this study regardless of operation distance, it indicates 
that participants did not have strongly negative attitudes towards the 
robot, and the four-legged robot’s operational distance was not a key 
factor in shaping participants’ attitudes. The relatively neutral attitude 
of participants towards robots in the three subscales is also reflected in 
their responses to the open-ended feedback, which were slightly split 
between positive and negative perceptions of the robot presence.

6. Conclusion and recommendations

This study aimed to empirically evaluate the impact of four-legged 
robot proxemics on construction individuals’ physiological, atten
tional, and emotional states, as well as their situational awareness, risk 
perception, and attitudes towards four-legged robots. Employing a VR 
setup simulating a material handling and bricklaying task, recruited 
construction individuals assumed the role of jobsite supervisors and 
interacted with a four-legged robot at two different interaction dis
tances: proximal (1.5 – 4 ft) and distal (12 – 25 ft). The results indicated 
that the four-legged robot interaction space did not significantly influ
ence construction individuals’ physiological states, emotional states, 
situational awareness, risk perception, and attitudes towards four- 
legged robots. However, analysis of attentional impact revealed that 
participants across both interaction space groups diverted some atten
tion from the task to the four-legged robot. Notably, those in the distal 
group allocated significantly more attention to the robot, particularly in 
terms of fixation count, indicating a significant proxemics impact on 
attentional states. Additional research is warranted to study the prac
tical significance of these attentional dynamics on construction workers’ 
task performance and safety outcomes, balancing potential distractions 
with increased awareness of the four-legged robot’s presence for 
improved workplace safety measures.

While this study originally aimed to explore the impact of four- 
legged robot proxemics on construction workers, participants’ re
sponses to the open-ended feedback question brought attention to po
tential risks associated with the mere presence of robots on jobsites. If 
not properly addressed, these risks could have profound implications on 
the well-being and performance of construction individuals. Regardless 
of the four-legged robot space of interaction, participants reported 
feelings of discomfort, anxiety, distraction, and heightened alertness in 
the presence of the robot. This underscores the need for further in
vestigations into how the presence of robots in the workplace affects 
onsite individuals. Additionally, participants’ responses highlighted the 

influence of mere exposure and anthropomorphism on human-robot 
interaction. This calls for deeper exploration into how familiarity with 
robots and the human-like appearance of robots shape construction in
dividuals’ perceptions and safety behaviors. Understanding these factors 
is crucial for enhancing the effectiveness and safety of human-robot 
collaboration in construction settings. These findings emphasize the 
importance of considering human factors in the design and imple
mentation of robotics in construction environments, highlighting the 
necessity for additional research and the development of appropriate 
safety protocols to ensure the safe deployment of robots, especially in 
dynamic and safety–critical settings like construction sites.

The study’s findings highlight several practical implications for 
enhancing safety and collaboration between humans and four-legged 
robots on construction sites. Currently, there are limited regulatory 
standards or guidelines concerning the operation of mobile collabora
tive robots (e.g., four-legged robots) on jobsites. This hinders the 
deployment of these robots in human-occupied areas and significantly 
constrains human-robot collaboration in these settings. To address this, 
training programs should expose construction individuals to the appli
cations, benefits, and risks associated with four-legged robots on con
struction sites. This would help familiarize construction individuals with 
robotic systems, thereby mitigating feelings of unease – which were 
noticeable particularly in the proximal space—and enhancing their 
ability to work alongside robots. Such training programs should also 
include simulated interaction scenarios to help workers build confidence 
and understand the operational capabilities and limitations of the ro
bots. In terms of robot design, enhancing visibility and predictability of 
robot movements can significantly improve safety and reduce discom
fort. Equipping robots with clear visual or auditory signals to indicate 
robot movements and intentions would help minimize surprise and 
anxiety among construction individuals, especially at greater distances 
(>12 ft). Additionally, integrating sensors that enable robots to detect 
human presence and adjust their behavior accordingly can further 
enhance safety and collaboration. Collaboration with regulatory bodies 
is essential to update and expand safety standards to reflect the unique 
challenges posed by four-legged robots. Establishing robust emergency 
response protocols and continuous monitoring and data analysis will be 
crucial for ongoing refinement of these standards and protocols. 
Addressing implementation challenges, such as costs and logistics, will 
also be necessary to ensure effective adoption of these 
recommendations.

Despite its significant contributions, this study has limitations. First, 
although VR provided a controlled environment for experimentation, its 
fidelity in replicating the complex, dynamic nature of actual construc
tion sites and capturing real-world interactions and safety risks may be 
limited. Testing the VR environment to ensure it accurately simulates 
real-world conditions is crucial for maintaining ecological validity and 
generalizability. The decision to use VR in this study was primarily 
driven by safety concerns, as construction sites are dynamic and haz
ardous, posing significant safety risks to participants when exper
imenting with four-legged robots in the real world. Nevertheless, future 
research should address this gap by replicating the study in real-world or 
simulated physical construction environments to validate its outcomes 
and explore the safety impacts of four-legged robots in such settings. In 
addition, the objective and subjective tools used to assess physiological 
states, emotional states, situational awareness, risk perception, and at
titudes towards robots were selected based on their validity and suit
ability for the study objectives. These tools were also widely adopted 
and used in HRI research to study human behavior near or around ro
bots. However, it is important to note that the accuracy of these tools 
may be compromised in a VR setting. In addition, the sensitivity of these 
tools to detect subtle changes in response to proximal versus distal four- 
legged robot interactions may also vary. Future studies should explore 
alternative measurement methods or refine existing tools to enhance 
sensitivity to small but potentially meaningful differences. Furthermore, 
while the 2-minute duration in VR dedicated to physiological and 

Table 10 
Participants’ NARS Subscale Scores.

Proximal (1.5 – 
4 ft)

Distal (12 – 
25 ft)

p- 
value

Mean ± SD Mean ± SD

Subscale 1: Situations of Interaction 
(range: 6 – 30)

13.25 ± 4.03 12.86 ± 3.73 0.672

Subscale 2: Social Influence (range: 
5 – 25)

16.03 ± 3.53 15.53 ± 3.47 0.547

Subscale 3: Emotions in Interaction 
(range: 3 – 15)

9.22 ± 2.51 8.97 ± 2.34 0.663
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attentional data collection provided sufficient data for initial analysis, it 
may be considered brief for capturing extensive physiological changes. 
Shorter durations might limit the depth of interaction and adaptation to 
the VR environment, which could affect the perception of long-term 
collaborative dynamics between humans and robots. To address this 
limitation, extending the duration of future studies is recommended to 
better capture long-term physiological responses and perceptual 
changes. This approach will help evaluate whether prolonged exposure 
affects participants’ interactions with the robot and how these in
teractions might differ from short-term engagements. Considering 
longer data collection periods will also ensure more robust data capture 
and analysis, thereby enhancing the validity of the conclusions 
regarding human-robot interactions in varied time settings. Another 
limitation stems from the controlled environment of the study, wherein 
participants interacted with the four-legged robot at rest, while con
trolling for potential effects caused by external stressors. Individuals on 
real-world construction sites are subject to various stressors (e.g., fa
tigue, heat stress) which could interact with even subtle psychophysio
logical changes and potentially lead to significant safety implications. 
Additional investigations should delve into these real-world stressors to 
comprehensively understand their relationship with the presence of 
four-legged robots and their impact on safety outcomes. Furthermore, 
the study sample consisted only of construction management students, 
which neglects the diverse backgrounds and experiences prevalent 
among construction individuals on jobsites. Future research should 
encompass a broader spectrum of participants, covering a more diverse 
and experienced pool that better represents the construction workforce. 
This approach ensures that the findings are applicable and generalizable 
across various demographics and professional backgrounds within the 
construction industry. In addition, the simplicity of the task conducted 
in the study may limit the applicability of the obtained findings to more 
complex construction activities that four-legged robots are expected to 
assist with. Examining task complexity is crucial, as it can significantly 
affect human workload and, consequently, the dynamics, effectiveness, 
and safety of human-robot interactions on construction sites. Future 
studies should aim to include a diverse range of tasks, encompassing 
various levels of complexity and configurations. Moreover, exploring 
different levels of human-robot collaboration is essential, as tasks 
requiring higher levels of interaction might present unique challenges 
and opportunities compared to those involving lower levels of collabo
ration. By incorporating a variety of tasks with differing complexities 
and configurations and investigating various levels of human-robot 
collaboration, future studies can ensure broader generalizability of 
findings to different real-world construction scenarios and provide 
deeper insights into their impact on overall performance and safety. 
Finally, this study only focused on physiological and attentional risks, 
and did not consider other potential risk categories that four-legged 
robots are expected to be associated with on construction sites, such 
as physical or contact risks. Further investigations are warranted to 
comprehensively assess all potential risk factors associated with the 
integration of four-legged robots into construction environments. Ulti
mately, this would ensure the development of robust training programs, 
safety protocols, and mitigation strategies.
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