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Abstract: Roofers face elevated injuzy risks due to the hazazdous natuze of worlEg on inclined suzfaces, which often require awkwazd 
postures and precise balance. The increasing use of drones in construction introduces a potential new hazard, because their presence may 
distract roofer& and impair postural stability. Although prior studies have explored the impact of drones on workers' attention, there i.& limited 
research on their effects on workers' balance, particularly in high-risk environments such as roofing. This study investigated the effects of 
drone distraction on roofexs' balance on the slanted roof s.urfaee. A controlled laboratory experiment was conducted t\>ith 24 participants 
who simulated a static shingle installation task on an adjustable wooden platform while weazing a vinual reality (VR) headset. The VR 
en,ironment replicated three roofing conditions (i.e ., pitch slopes 0, 3/12, and 6/12), under fouz drone conditions [i .e., no-drone control, and 
drone intrusions at altitudes of 4.88 m (16 ft), 14.63 m (48 ft), and 24.99 m (82 ft)]. Centez of pressuze (COP) data were recorded using a 
force plate and then proces,ed into metrics, including mediolatezal (lv!L) and anteropo<terior (Af') maximum COP displacement, ML and AP 
AAIS displacement, and sway azea, to assess balance stability. The results demonstrated that closer drone proximity significantly increased 
distraction, leading to greatez postural instability. These findings highlight the potential safety risks posed by drone operations neaz roofing 
work and wtderscore the need for guidelines on safe drone deployment in construction zones to minimize worker distraction and enhance fall 
prevention strategies. 001: 10.H)6JJJCEJ\ID4.COENG-17685. 0 2026American Society of Civil engineers. 
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Introduction 

Roofers have one of the highest rates of injwies, illnesses, and 
oocupational fatalities across all pzofessions (Buzeau of Labor 
Statistics 2024). They aze about 6 times more likely to experience 
fatal occupational injwies than the average construction v;orkers, 
and falls from roofs account for 75% of these fatalities (Ruser 
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1995). Fatality investigation repom and workers' compensation 
records frequently cite slips, trips, and loss of balance as primazy 
causes of roofing falls (Hsiao and Simeonov 2001). \VorlEg 
on steep, inclined, and often slippery suzfaces demands precise 
balance control to prevent falls and maintain stability (Fredericks 
et al. 2005). Such roofing conditions significantly increase the 
risk of balance loss, because roofers must constantly adjust their 
po<ture while minimizing disturbances to stability (Simeonov et al. 
2003). Steep roof pitches aze pazticulazly hazazdous, and studies 
show that inclined suzfaces heighten slip risk and negatively affect 
po<tural stability (Pazsons and Pizatella 1984; \Vade and Davis 
2009). Additionally, handling heavy materials, operating equipment 
on confined swfaces, and wodcing on temporary or incomplete 
surfaces require workers' careful attention, which makes the control 
of balance challenging (Fredericks et al. 2005). Shingle installation, 
which is a common task performed by roofers on the jobsite, is a 
prolonged, repetitive, and awkwazd task that increases the physical 
demands placed on roofers in residential construction. Because 
these factors often are unavoidable, reducing sa.f ety risks of roofers 
remains a challenging task. 

In recent years, drones, also known as uncrewed aerial vehicles 
(UAVs), have become increasingly populaz in the construction 
industry due to their observable benefits (Ytldiz et al. 2021; Zhu 
et al. 2023). In 2017, there was a 239% increase in drone utiliza­
tion in the construction sector, which ex.ceeded the gro\\<th in 
any other commezcial industry (Ytldiz e, al. 2021). Diones aze 
being utilized increasingly for a .,,,de range of applications in 
construction, including suzvey mapping (Adjidjonu and Buzgett 
2021; Costa and Mendes 2016), data collection and inspection 
tasks (Eiri.s et al. 2021; Rakha and Gorodetsky 2018), pzoject 
progress monitoring (Maztinez et al. 2020; Unger et al. 2014), 
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damage detection (Calantropio 2019), and safety inspection (Zhou 
and Gheisari 2018). This rapid gro"'th of drone utilization on con­
struction jobsites is expected to persist in the coming years. In 2023, 
the global construction drone market was valued at $6.5 billion, and 
it is expected to grow significantly, reaching $19 billion by 2032 
(Chinchane and Mutreja 2024). 

Despite the benefits offered by the use of drones, there bas been 
gr=ing concern about their potential to introduce additional safety 
risks and hazards on construction sites (Karakhan and Al-Mhdawi 
2024; Tatum and Llu 2017). Drones are one of the prinwy ,ources 
of distraction in the workplace (McCabe et al. 2017). As drone 
integration in construction continues to exp.and, their safety chal­
lenges may further increase the risks on job sites, particularly for 
workers operating in hazardous conditions (Zhu et al. 2023). Given 
the high-risk nature and unpredictable conditions of roofing work, 
roofers already have the highest fatality rate, and they are particu­
larly vulnerable to the additional risks pooed by drones (Albeaino 
et al. 2023). Although much research has examined the risks that 
drones present to construction workexs in general, limited attention 
has been given to roofexs, a group that faces unique challenges 
due to the nature of their work. Roofers operate at height, often on 
sloped surfaces, which already presents a heightened risk for falls 
and other accidents. The addition of drones into this emirorunent 
could introduce further complications, such as distraction and loss 
of balance. 

Literature Review 

Safely Risks Associated with Drones in 
Construction Workplaces 

Drone-induced safety risks include direct impact from falling 
drones debris (Opfer and Shields 2014), concerns over privacy 
invasion due to constant surveillance (Finn and Wright 2012), loss 
of control, and potential distractions on job sites (Moudetal. 2019). 
Izadi Moud et al. (2021) found that when a drone enters an indi,,id. 
ual's per,onal space, typically ranging from O to 3.05 m, it can 
lead to distraction, stress, and discomfon. The noise and movement 
produced by drones can connibute further to ,vorker distraction and 
diminished concentration (Moud et al 2019). Effective hazard rec­
ognition, which is essential for identifying potential risks, requires 
a high degree of focus and awareness (Fleming and Fischer 2017). 
Distractions interfere \\-ith key cognitive functions such as percep­
tion, reasoning, attention, and situational awareness, increasing the 
risk of accidents (Khalid et al. 2021). The unpredictable nature 
of consauction work increases its complexity and challenges, 
requiring workers to engage more in cognitive slills, including 
\cigilance., attention, physical strength, and reflexes. Drones have 
been reponed to disrupt v;orker concentration by dra,.,.fug attention 
away from tasks (Li and Llu 2019; Martinez et al. 2020). Moreover, 
drones can have psychological effects, such as creating a sense of 
privacy invasion or discomfon from feeling observed, which can 
be stressful for workers and may result in poor performance and 
unsafe bebasior (Zhu et al. 2023). These safety concerns may lead 
to incidents such as loss of balance and subsequent falls, posing 
significant risks, especially for roofers working at heights (Hu 
et al 2025). 

Although previ ous studies have examined the safety concerns of 
drone integration in construction, there remains a significant gap in 
understanding their direct biomechanical effects on roofers. Much 
of the existing research on drone-related risks relies on surveys, 
expert opinions, and conceptual analyses, primarily addressing the 
physiological, emotional, and attentional impacts of h~one 
interaction. Although the literatwe acknowledges that drones can 

disrupt worker concentration and induce psychological sttess, few 
studies have empirically measured how these distractions affect 
postural stability. This gap is particularly concerning for roofers 
wodcing on inclined surfaces, on which maintaining b-alance is 
inherently challenging, and the risk of falls is substantially higher. 

Virtual Reality-Assisted Research in 
Drone-Induced Distraction 

V1rt11al reality (VR) is a computer-generated simulation of a three­
dimensional (3D) en1,,ironment that allows users to interact in a 
reerningly real or physical way using specialized digital systems, 
such as head-mounted displays or sensor-equipped gloves (Whyte 
2003). An immersive sirtual ensironment is a valuable tool for 
studying safety challenges in construction. \Vorkers can experience 
hazardous situations in a ri.sk--free setting, without any real-world 
danger. This is why VR is becoming increasingly popular in 
the construction industry, especially for examining safety-related 
ocenarios (\Vang et al. 2018). Studies have used VR to simulate 
high elevations, and results showed no significant differences in 
height effects on human stance between VR and real em,ironments, 
supponing the use of VR in stud;Wg human beha\<ior at elevations 
(Cleworth et al. 2012). Several studies have explored the use ofVR­
based em,ironments for training and assessing safety perl'onnance 
in construction. For example, VR has been used to train construction 
workers on drone safety, and it has proven to be more effective 
than traditional methods in enhancing perfonnance and knowledge 
retention (Sz6staket al. 2024). A 360°VR trainingensironment was 
developed to educate construction workers about drone safety chal­
lenges and countermeasures. The repeated meas.ures study design 
showed that the 360° VR training significantly improved users ' 
safety knowled,,~ about drones (Cheng et al. 2023). Additionally, a 
VR safety training environment was designed to teach consauction 
workers how to safely interact with drones on job sites, addressing 
both cWTent and future drone-mediated applications through a 
detailed design and development proceos (Albeaino et al 2022). 
Psychophysiological or attentional effect of drones on workers at 

heights also bas been evaluated by creating VR ensironrnent. The 
results indicated that UAVs cause distraction and reduce. workers' 
attention to the tasks at hand (Albeaino et al. 2023; Jeelani and 
Gbeisari 2022). 

Recent studies have increasingly employed VR to examine the 
impact of drones on construction workers, particularly in safety 
training and cognitive assessments. Researchers also have inves­
tigated the emotional and psychophysiological effects of drones 
in VR en1,,ironments, and found that drone presence can cause 
distractions and impair task focus. These studies offer valuable 
insights into drone-related risks and demonstrate the potential of 
VR to assess safety concerns \\-i thout exposing participants to 
real--world danger. However, they mainly focus on cognitive and 
perceptual factors rather than on the direct biomecbanical effects of 
drone-induced distractions. 

Problem Statement and Research Objective 

Based on the re\ciew, there is a lack of empirical research examin­
ing how both ,i ,ual and auditory drone preoence directly impact 
roofers' biomechanical stability. Roofers face heightened risks due 
to the challenges of maintaining balance on inclined surfaces, and 
the presence of drones could further compromise their stability, 
increasing the likelihood of falls and accidents. The objective of this 
study was to empirically investigate the impact of drone presence 
at ':a!)Wg distances on roofers' postural balance with the assistance 
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of VR, thereby extending pre,ious conceprual- and survey-bawl 
research. The findings " ill contribute to the development of safety 
guidelines for drone-integrated construction em:i.ronments and 
thereby enhance roofers' safety on construction sites. 

Methods 

Participants 

A total of 24 healthy volunteers (15 male, and 9 fentale) 
participated in this experiment. All participants were young 
adults and physically active. Although these participants were 
not actual roofers, they bad relevant internship or employment 
experience for the construction indU.&try. The study protocol 
was approved by the Institutional R.-iew Board (IRE) of West 
Virginia University (WVU). 

Variables 

There were three types of variables in this study: control variables, 
independent variables, and dependent variables. 

(',0ntrol Variables 
Control variables---<lroneflying speed, sound and flight direction­
were kept constant. The drone sp..,d typically is fixed for sisual 
data capture when drones are used for monitoring and inspection 
tasks (Zhu et al. 2022). For example, a drone speed of 11 mph 
(5 m/s) was set to optimize 3D flight templates and develop an 
algorithm that maximized ,i sual quality while minimizing flighr 
execution duration (Ibrahim and Golparvar-Fard 2019) . A flighr 
speed of 2-6 m/ s was used to assess the safety risk of drones 
on construction sites through four-dimensional (4D) simulation 
(Zhu et al. 2022). In the present srudy, a fixed drone flight speed 
of 11.2 mph (~ S m/ s) was selected. Drone flying sounds were 
sourced from a recorded soundtrack of an actual drone to simulate 
realistic drone integration scenarios. The drone's flying direction 
was front-to-back and back-to-front relative to the participant, 
aligning v,ith the anteroposterior direction (the direction in which 
the participant was facing the slope). 

Independe.nt Variables 
The experimental design comprised two independent variables: roof 
slope and drone intrusion. The roof slope included ,hr.., levels 
(0°, 3/ 12 pitch, and 6/ 12 pitch), and no drone intrusion and drone 
heightsof4.88m(l6 ft), 14.63 m (48 ft), and 24.99m(82 ft). These 
roof pitches were chosen based on common roof pitches found 
on construction sites (Johnson 1976). In this srudy, drone heighr 
is defined as the distance from the drone to the roof's surface or 
boundary. A srudy of the application of drones for ,i sual inspection 
and damage detection of structures found that, under favorable ensi ­
ronrnental conditions, detailed images generally could be caprured 
from distances ranging between 5 m (16.40 ft) and 25 m (82.02 ft) 
to pro>vi de comprehensive structural information (Morgenthal and 
Hallermann 2014). The drone's distance from the building surface 
can range from 16 to 82 ft, so in simulation scenarios the "irtual 
drone's altirude should be the building's heighr plus an additional 
16-82 ft (Zhu et al. 2022). Therefore, in this experiment, drone 
heights of 16, 48, and 82 ft were selected. 

Dependent Vari.ables 
The dependent variables used to assess posrural balance stability 
included sway area, maximum distance in the mediolateral (ML) 
and anteroposterior (AP) directions, and &\1S in the i-n, and 
AP directions. 

Maximum displacement in the i-n., or AP direction reflects the 
largest excursion of the center of pressure (COP) in that direction. 
An increase suggests reduced ability to sustain balance. Even a small 
penurbation, such as a sudden noise, can cause a larger than nonnal 
displacement (Palmieri et al 2002). This metric was used to capture 
whether drone distractions Jed to sudden and extreme weight shifts, 
which may increase the risk of falls for roofers. RMS measures the 
average absolute displacement of the COP in the ML or AP direction, 
and reflects variability in posrural changes over time (Palmieri et al. 
2002). An increased value suggests a decreased ability to maintain 
postural control (Geuns et al. 1993). RMS values in both directions 
we.re used to indicate v;hether participants required more-frequent 
or -pronounced corrective movements in each direction due to distrac­
tions in order to maintain balance. Sway area represents the total 
area covered by the COP trajectoiy. Larger values generally reflect 
greater difficulty maintaining posrure, and have been associated t.i th 
higher fall risk (Merlo et al 2012). These metrics capture distinct but 
complernenw,• aspects of posrural stability. Considering them together 
provides a comprehensive assessment of balance, v.:bereas examining 
each indi,idually allows insight into specific mechanisms of posrural 
control Wlder distraction. 

Instruments 

To replicate a residential roof an adjustable, custom-built wooden 
roof platform was constructed measuring 1.83 x 1.83 m (6 X 6 ft) 
[Fig. 1 (a)]. 'I\vo sets of wooden legs were bolted nextto each other 
to set the platform at two different slopes (3/ 12 and 6/ 12 pitch). 
For steeper slopes, a wooden plank was added to the platform to 
offer extra foot suppon for particip.ants. Ground reaction forces 
were measured using a force plate (Benec FP5060D-06-PT-2000, 
Columbus, Ohio) [Fig . l (d)] v,ith a sampling rate of 100 Hz, The 
force plate was connected vi a a USB pon to a computer running 
Benec Digjtal Acquire 4.3.1 sofuvare. Participants wore a Meta 
(l\llenlo Park, California) Quest Pro headset [Figs. l (b and c)] and 
mimicked a shingle installation task while holding a nail gun on the 
force plate which was positioned on the wooden roof platform The 
Meta Que,t Pro headset was uwi to immerse the participants in the 
virtual environment. 

In this e,..-perirnent. three distinct ,irrual roof scenes were created 
in Unity (V2022.3.34fl) to represent the three roof pirche,. Unity is a 
game engine that is v1idely used for creating interactive VR experien­
ces, particularly in game development and real-time simulations. The 
vinual roof scenes included elements of residential house structure, 
roof covering, a ladder, and scaffolding. Identical surroundings were 
maintained across all three roof scenes to ensme consistency for 
participants. Each scene carefully aligned " 'th the physical wooden 
roof platform before each trial to ensure consistency. The vinual drone 
model used in this srudy was a on (Shenzhen, China) Ma,ic 3 Pro, 
accompanied by a real-world recording of its flight sound. Fig. 2 
presents a sample ,irrual roof scene " ' th the virtual drone used in 
this study. 'The development of ":inua.l scenes ,·vas canied out on a 
high-performance workstation equipped " ' th an Intel Corei9-l 4900K 
processor (3.20 GHz), 64 GB of RMI, and an NVIDIA GeForceRTX 
4080 SUPER graphics card. 

Procedure 

Upon anival, participants were briefed on the experiment proce­
dure. They then were given a shon training session with the VR 
headset in the kn...ting posture on the force plate to help them 
become familiarized with the sirrual ensironrnent. They then read 
and signed the informed consent forms. Prior to data collection, the 
VR headset was carefully calibrated to ensure accurate alignment 
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Fig. 1. (a) Simulated wooden roof platform; (b) participant mimic.kins t hingle installation on platform; (c) VR hea&et; and (d) force plate. 

Fig. 2. Virtual roof environment and virtual drone .. 

between the sirtual roof scene and the physical wooden roof plat­
form. Additionally, calibration of the force plate was conducted 
each day b-ased on the manufacturer's instructions and was zeroed 
before data collection. The force plate was positioned on the roof 
platform so that the AP direction (y-axis) corresponded 10 the par­
ticipant's fonvard- backward movements, ,vhile the ~ direction 
(x-axis) captured their side-10-side sway. To enhance realism, par­
ticipants were required to wear a high-vi sibility vest and a fall pro­
tection harness, simulating acrual construction site conditions. 
Participants also were required to wear knee pads to ensure comfon 
dwing kneeling. Participant• then simulated a shingle-nailing task 
while kneeling on the force plate mounted on the wooden roof plat­
form and v;earing a VR headset. 

Trials were conducted on the wooden roof platform across three 
slopes and four drone conditions, resulting in a total of 12 (3 x 4) 
scenarios (Table !). The experiment adopted a repeated mea,ures 
design, in which each participant went through all testing scenarios. 
To control the ordex or sequence effects, the test participants were 
dh:ided randomly into 12 groups. The order of scenarios was 
randomized first by slope and then by drone height. Each trial lasted 
30&. 

The sirtual drone was programmed to take off and hover both 
in front of and behind the participant. Participants were instructed 

Table 1. Drone intrusion :ind roof pitch scttin9:s of soenes 

Scenario Drone intrusion Roof pitch 

I No drone. O' 
2 16 ft O' 
3 48 ft O' 
4 S2 ft O' 
5 No drone. 3/ 12 
6 16 ft 3/ 12 
7 48 ft 3/ 12 
s S2 ft 3/ 12 
9 No drone. 6/12 
10 16 ft 6/12 
II 48 ft 6/12 
12 S2 ft 6/12 

to maintain a kneeling posture while mimicking a shingle-nailing 
task by holding a nail gun in their bands. However, they were 
pennitted to react naturally to any distractions caused by the drone's 
visual or auditory presence. To minimize fatigue and carry -over 
effects, participants were gjven a minimum 2-min break between 
consecutive trials. 

Data Processing 

Each trial had a duration of 30 •· However, the first 5 • and the 
last 2 s ,·vere e.xcluded from the analysis to minimize the influence 
of initial transients and participant anticipation. Because the drone 
appeared in the ,'lltUal scene between 8 and 26 •• this tirnefrarne 
was chosen for analysis to ensure that the focus remained on 
participants' responses to the drone's presence. A special program 
was developed using Python (v6, Spyder) 10 process the data and 
compute balance parameters from the center of pressure data. 
Furthermore, to account for differences in knee and foot positioning 
on the force plate, COP trajectories were centered relative to their 
arithmetic mean, following conunon practices in pre\:ious studies 
(Prieto et al. 1996; Qiu and Xiong 2015). 
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The foll=ing balance parameters were calculated: 
I . MaximumCOPdisplacementalongML (max iVIL) and AP (max 

AP) directions. This feature has been defined as the maximal 
distance of the COP from the oentroid (Muir et al. 2013). 

2. RNIS, which wascalculatedintheML(Ri\llS ML) and AP(RMS 
AP) direction. It corresponds to the standard de,iation of the 
trajectory (Piinola and Era 2006; Prieto et al 1996). 

3. The 95% confidence ellipse area, also kno\\-n as the sway area, 
which is defined as the area of the ellipse which contains the 
( I - a )% probability of containing the COP of sway (Bendo 
et al 2013; Schuben and Kirchner 2014). 

Data Analysls 

A repeated measures linear mixed model was employed to analyze 
the effects of drone height and d ope on participants' balance, as 
measured by COP menics. In this model, test participants were 
treated as a random effect to account for indi"idual variability, 
whereas order, scene, previous scene, height, and slope were inclu­
ded as fixed effects. The order variable was included to control for 
potential learning or fatigue effects, whereas scene and previous 
scene were incorporated to check carry-over effects. 

Type 3 Pu~OV A was used to evaluate the statistical significance 
of each fixed effect, specifically focusing on the effects of the 
drone intrusion and roofslope. In this study, a variable was defined 
as statistically significant when its p-value \Va& less than 0.05. 
Post hoc pairv.,i se comparisons were conducted to identify signif­
icant differences betv1een conditions. All computations used the 
lme4 and lmerTest packages in R (Bates et al. 2015; Kuznetsova 
et al. 2017). 

Results 

Relative Effects of Drone-Intrusion across Slopes 

Mean values of each balance menic under all drone-intrusion condi­
tions at each roof slope for both directions are plotted in Figs. 3-5. 

The percentages indicate the effect of drone intrusion at each 
height relative to the no-drone condition. These percentages were 
calculated by comparing the mean value of each balance menic 
at that height -,,i th the corresponding mean value under the no­
drone condition. 

The asterisks (* symbols) indicate statistical significance in 
comparing drone intrusion heights wi th the no-drone condition 
based on the tti.ro-sample I-test. 

~1~.ximum Oislllncc 
Across all roof slopes condition and in both directions (iVILand AP), 
the maximum distance parameter was highest when the drone was 
at a 16-ft height, and lowest in the absence of the drone (Fig. 3) . In 
the 1'IL direction [Fig. 3(a)], the analysis indicated that when the 
drone was at 16 ft, it achieved statistical significance for all slope 
conditions. The maximum di.stance parameter reached a maximum 
effect of 146% higher than that of the no-drone condition at 00 slope. 
The second-highest values were recorded at 82 ft, followed by 48 ft. 
At 3/12 and 6/12 pitches, the second-highest values were observed 
at a drone height of 48 ft, and the third-highest values were observed 
at a drone height of 82 ft. 

In the AP direction [Fig . 3(b)], a similar trend was observed to 
that in the ML direction. The 16-ft drone height had a statistically 
significant difference from the no-drone condition across all slopes. 
The maximum effect was observed at 00 slope, for which the 16-ft 
drone height resulted in a 174% increase compared to the no-drone 
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condition. Additionally, a statistically significant difference also 
was observed at 48 ft, at which the effect was 70% higher than 
in the no-drone condition at 00 slope. At 3/12 and 6/ 12 pitches, 
the maximum distance parameter was highest when the drone was 
at 16 ft- I 19% and I 13% higher than in the no-drone condition, 
respectively, followed by 48- and 82-ft drone heights. 

m1s 
Fig. 4 shows the trend ofRNIS values acrossdifferentdopes and drone 
heights. At a 00 slope, the RMS ML values exhibited a distinct trend 
[Fig.4(a)].'ThehighestR1'1Svalueoocurredwhenthedronewaset82ft, 
a 192% increase compared " ith the no-drone condition, followed by 
16 and 48 ft. Notably, all drone heights at this slope had statistically 
significantdifferenoesfromtheno-dronecondition. lncontrast, at 3/12 
and 6/ 12 roof pitches, the highest RNIS ML values were observed 
at 16 ft, increases of 45% and 107%, respectively, over the no-drone 
condition, followed by 48 and 82 ft. However, unlike etthe0° slope, for 
these pitchedroofsnone of the drone heights had statistically significant 
differences from the no-drone condition. 

In the AP direction [Fig . 4(b)], the RNIS values followed trends 
similar to other balance menics. On the O' slope, the highest 
RNIS values occurred at 16 ft, a 12S% increase compared \>1th the 
no-drone condition, and this difference was statistically significant. 
Drones at 48 and 82 ft also had significant increases, 49% and 60%, 
respectively. For the 3/ 12 and 6/ 12 roof pitches, the highest Rc\1S 
values again were observed at 16 ft. At the 3/12 pitch, the 16-ft 
height resulted in a 59% increase in Rl.\1S values compared with 
the no-drone condition, which ,·vas statistically significant. At the 
steeper 6/12 pitch, Rc\1S values peaked at 16 ft before declining 
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at 48 and 82 ft, and they were lowest in the no-drone condition, 
although these differences were not statistically , ignificant. 

Sway Area 
At 00 slope, the sv;ay area ,vas significantly smaller in the no-drone 
condition than when the drone was at 16and 48 ft (Fig. 5). 'The 16-ft 
drone height resulted in the highest sway area, 6.09 times greater 
than in the no-drone condition. A statistically significant increase 
a.loo was observed at 4S ft, for ,vhich the sway area was 3.71 times 

Table 2 . Results ofmix.ed model 

Indepc.ndent Mu Max R.i\,JS R.i\,JS Sway 
v::riablet ML AP t,.,tL AP ::.n:.a 

Drone be.ijht <0.001 <0.001 <0.001 <0.001 0 .002 

Slope. 0 .428 0 .0 16 0.093 0.0 72 0 .0 1S 

Drone 0 .06S 0 .019 0.4573 0.45453 0 .661 
beii ht x slope. 

higher than in the no-drone condition. However, at 82 ft, the drone's 
presence did not lead to a statistically significant difference. 

On the 3/ 12 pitch, the largest sway area was recorded at 16 ft, 
1.52 times higher than in no drone condition, followed by 48 ft and 
then 82 ft. At a 6/12 pitch, no statistically sigirificant differences 
were found across drone heights. However, the 16-ft drone condi­
tion still resulted in the highest sway area, followed by 48 and 82 ft. 

Statistical Effects of Slope, Drone-Intrusion, 
and Their Interaction 

Table 2 presents the statistical analysis results. 'The findings indi­
cate th.at slope had significant effects on sway area and max AP 
(p < 0.05), whereas drone height had a significant effect on all 
metrics (p < 0.05) . No sigirificant interaction effects were observed 
between drone height and slope for any metrics, except for max AP. 

l\1;.tin Effect of Drone-lnlrusion 
The pall'\\'i se comparisons in Table 3 indicate significant effects of 
drone intrusion on balance metrics. The presence of a drone at 16 ft 
had the stron~st and most consistent effect, \\-i th highly significant 
differences (p < 0.005) across all balance metrics. At 48 ft, the 
drone also caused notable disturbances, and there were significant 
differences compared ,._!].th the no-drone condition. However, at 
82ft, the drone's effect was weaker, and only max AP and sway area 
had slight but sigirificant increases (p < 0.05), suggesting that the 
impact of drone intrusion diminishes \\-i th distance. Comparisons 
between the 16- and 48-ft conditions indicated sigirificant differen­
ces in max ML, max AP, and RNIS AP (p < 0.05), and the contrast 
between 16 ft and 82 ft had even stronger effects, " ith highly 
sigirificant increases in max iv!L (1> < 0.005), max AP (p < 0.01), 
and RMS AP (p < 0.005). No sigirificantdifferences were observed 
between the 48- and 82-ft conditions, reinforcing the trend that 
drone-induced instability is more pronowtced at lo\\rer altitudes. 

l\f aiu Effect of Roof Slope 
The pain"ll.se comparisons between different roof slope conditions 
in Table 4 indicate several sigirificant differences in postural stabil­
ity measures. Specifically, the comparison between 00 and 6/ 12 
pitch slopes indicated statistically sigirificant differences in all 
parameters. In contrast, the comparison between (J' and 3/ 12 pitch 
slopes did not yield any significant differences in the measured 
variables. Hov;ever, a significant difference was observed in RMS 
AP displacement (p < 0,05) between 3/ 12 and 6/ 12 pitch slopes, 
although no other measures reached sigirificance. 

Interaction Effects of Roof Slol".e and Drone-Intrusion 
The interaction effect between slope and drone height was signifi­
cant only for max AP. No significant interaction was observed for 
other metrics. 

Discussion 

The primary aim of this study was to examine how drone intrusion 
at roofing sites can affectroofeIS' balance when they areonswfaces 
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Table 3 . Pairwise comparison of drone-intrusion conditions 

Drone-
intrusion Mu Mu Rt-.,JS RMS Sw ;;.y 

oonditions ML AP ML AP area 

No drone- 16 ft •• ••• ·•·•·• .. ... .... .. . . ..... 

No drone-4S ft .... ••• .. ... . ... . . ..... 

No drone- S2 ft • • 
16 ft-4& ft • • • 
16 ft-82 ft •• ••• • •• .. .. .. 
48 ft-82 ft 

Note.: • p < 0.05; •• p < 0.01; and •• • p < 0.005. 

Table 4. P:aiJv..-ise comparison of roof slope conditions 

Max Max RMS RMS Sway 
Roof s-lope ML AP ML AP :ar.ea 

O' - 3/12 pitch 
O' - 6/12 pitch • .. .. • • • 
3/12 pitch - 6/12 pit<h • 
Note.: • p < 0.05; ,.,.40 () < 0.01; and ** * () < 0.005. 

.,,,th different slopes. The study included the development of virtual 
roofing scenes incorporating drones to assess worker postural b-al­
ance. This is the first study to quantify how drone distraction affects 
roofers' postural stability dwing simulated shingle installation on 
sloped surfaces. 

The participants were disi ded into 12 groups, each assigned 
a different sequence of scenarios to counterb-alance any potential 
order effects. This design ensured that any influence of scenario 
order on participants' responses was evenly distributed. 'The anal­
ysis indicated no statistically significant effect of sequence order, 
indicating th.at the order in v;hich participants experienced the drone 
and slope conditions did not impact their responses. Fwthennore, 
there ,vas no significant interaction effect between the order and the 
current scene (the condition being experienced). This means that the 
sequence in which participants encountered the scenarios did not 
influence ho\v they responded to different scenarios. 

Additionally, both the cWTent scene and the pre"i ous scene 
(the oondition immediately before) were analyzed. The current 
scene had a statistically significant effect, v.:bereas the previous 
scene did not. This analysis aimed to detect potential cony-over 
effects, in which prior exposure could bias subsequent performance. 
The findings suggest th.at participants' b-alance and attention were 
affected primarily by the present scenario, rather than any residual 
effects from prior scenarios. This supports the reliability of the 
results, confirming that the observed effects were driven by the 
current experimental scenarios rather than carry-over eft"'ects from 
pre\.1.ous exposures. 

1\vo different main factors, roof slope and drone intrusion, were 
tested to characterize the influence of drone distraction in roofers. 
Although the effect of slope is not easily controlled in on actual 
roof en\.ironment, it is imponant to consider how the inclusion 
of drones at roofing sites -,,; 11 impact roofers ' postural stability. 
There were no statistically significant interactions between slope 
and drone height. The drone height x slope interaction was tested 
to detennine whether the effect of drone height on roofers' b-alance 
depends on the roof slope and 1,,ice versa. Because the interaction 
was not significant, the effects of drone height and roof slope con be 
interpreted independently, because the effect of one does not depend 
on the level of the other. 

The findings demonstrate that both drone presence and its alti­
tude significantly influenced roofers' postural stability, as reflected 
in multiple COP measures (/1 < 0.005). The most notable effects 
were observed at the closest drone proximity (16 ft), at which 
all balance metrics differed significantly from the no-drone condi­
tion. At this distance, maximum COP displacement was highest, 
indicating that close-range drone distractions led to more-extreme 
weight shifts to maintain balance. Rt\1S values in both the ML and 
AP directions further suppon this finding, indicating greater sway 
variability during closer drone exposure. Similarly, the increased 
sway area at this proximity reflects compounded instability, because 
participants' body s,·vay ex.tended over a larger area, malcing it 
border to maintain stable posture. The 48-ft oondition hod inter­
mediate effects, which were significantly different from no-drone 
conditions but not from the 82-ft oondition. The 82-ft condition 
hod minimal impact, wi th only marginal differences from no-drone 
conditions. Notably, the 16-ft condition also differed from higher 
altitudes (48 and 82 ft), , uggesting that proximity critically exacer­
bates balance disruption. However, the differences between 48 and 
82 ft were not statistically significant across any balance measure, 
implying that beyond • cenain height, the drone's impact dimin­
ishes. The 1,,i sual and auditory distraction caused by the drone may 
significantly interfere -,,, th balance control mechanisms. The closer 
the drone, the more it divens workers' attention, impairing their 
anticipatory adjusunents and ability to respond effectively to sudden 
disturbances. In real-world roofing scenarios, s.uch distractions are 
likely to increase the risk of slips, loss of balance, and, ultimately, 
fall-related injuries. 

Although drone altitude hod clear, significant effects on postural 
stability, roof slope hod more-limited impacts. Although slope did 
produce stotistically significant effects on certain balance metrics, 
particularly max AP and sway area, its overall influence was less 
substantial than drone intrusion. However, the effect of slope on 
balance.may not have been as strong as expected, possibly due to the 
dominant influence of drone distraction. Because drone intrusion 
hod a significant impact on postural stability, it is possible that the 
presence of drones introduced enough instability that any effect of 
slope become less detectable. Additionally, the limited sample size 
may have reduced the statistical p0'\Ver to identify a stronger effect 
of slope. 

Pairv1ise comparisons indicated th.at the most notable differences 
occWTedbetween the 00 surface and the steepest slope (6/12 pitch). 
Interestingly, participants exhibited greater postural stability as the 
slope increased. This suggests that indi1,,i duals ,._1ere more relaxed 
and less focused on balance control on fl.at or lov.•-slope swfaces, 
consistent _., th pre,i ous findings. lndi,i duals displayed greater 
caution under high-threat conditions (sloped surfaces) and may 
have responded by increasing stiffening strategies, which stabilized 
their posture and reduced sway amplitude. Similar responses hove 
been reponed in previous studies, in which postural threat led to 
improved stability due to adaptive stiffening strategies (C81penter 
et al. 2001). Additionally, participants may hove perceived the 
higher friction demands of sloped surfaces and adjusted their 
beho,i or to reduce slip risk (Hsiao and Simeonov 2001). However, 
real-world roofing em,ironments present more dynamic and unpre­
dictable challenges. Failure to recogrtize slight variations in the 
friction of a sloped swface, or to maintain safe conttol over foot 
sp..,d or the tangential force applied, con lead to • slip (Hsiao and 
Simeonov 2001). Thus, external distractions such as drones may 
affect roofers' ability to maintain balance on inclined swfaces, on 
which heightened focus and precise postural control are essential 
for stability. 

This study presents • repeatable experimental protoool that 
integrates immersive VR and realistic task simulation to examine 
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the safety implications of drone operations in roofing em,ironments. 
Shingle installation ,vas selected as the task because it is a common, 
repetitive, and physically demanding roofing task, dwing which 
kneeling is a frequent pcsture (Breloff et al. 2019). Other actisi ties 
such as wallcing between workstations or canying loads also pose 
risks for roofers. Future studies could explore these acti1,,i ties. 'The 
participants in this study were not professional roofers, but they 
bad internship or employment experience in construction. No,..i ce 
indi1,,i duals were chosen to obse1ve the initial balance adjustments 
that indi,i duals adopt when first expcsed 10 a sloped swface " i th 
drone distractions, t\>i thout relying on strategies developed through 
roofing experience. No,..i ce workers also are more prone to injwies 
than ore experienced roofers, and hands-on training is particularly 
important for this group (Grymes et al. 2021). Although Ibis study 
is an initial step, it provides an experimental framework that can 
be used to develop training strategies and guidelines to reduce 
drone-related risks for roofers. 

This study provi des insights into how drone inclusion at roofing 
sites affects roofers' b-alance on sloped surfaces. However, there are 
some limitations. First, the current VR environment lacks certain 
physical elements, including wind disturb-ances and variations in 
rotor noise, v;hich could influence workers' reactions. Second, this 
study utilized only one type of virtual drone in the experiment. 
Because drones diffei in size, sound, and intended use, these varia­
tions could impact the level of distraction. 'Third, the relatively small 
sample size and variability in demographics, including ethnicity, 
as well as comfort wi th simulated tasks, may have influenced the 
results. Lastly, Ibis study focused solely on the kneeling pcsrure, 
whereas roofers adopt various postures while installing shingles. 
However, exploring these additional factors and their effects was 
beyond the scope of Ibis study. Despite these limi!Btions, Ibis 
study offers an important contribution by being one of the first 
to systematically evaluate how drone-related distractions affect 
roofers' postural s1Bbili1y, and it highlights the need to consider 
drone presence in roof er safety. 'The study developed a ~neralizable 
experimental protocol that can serve as a foundation for fut-w-e 
research. Future studies can build on Ibis protocol by incorporating 
additional factors to gain a more comprehensive understanding of 
the impact of drones on roofers' balance. 

Conclusions 

This 'VR-based study investigated the effects of drone proximity 
and roof slope on roofers' pcstural s!Bbility. Drones were found 
to distract roofers and reduce task focus, and closer drone prox­
imity caused greater distractions and balance disturbances. These 
findings highlight the need to establish safety protocols, such as 
minimum flyover distances or restricted drone operations dwing 
critical tasks, to mitigate fall risks in roofing en1,,ironments. 'The 
study pro,i des foundational insights for developing guidelines for 
safe drone integration at roofing sites. 

Data Avallablllty Statement 

Some or all data, models, or code that suppcn the findings of Ibis 
study are available from the corresponding author upon reasona­
ble request. 
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