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Assessing Impacts of Drone-Induced Distraction on
Postural Stability of Roofers during Shingle
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Abstract: Roofers face elevated injury risks due to the hazardous nature of working on inclined surfaces, which often require awlkoward
postures and preciee balance. The mcreazing use of drones in construction introduces a potential new hazard, becanse their prezence may
diztract roofers and imparr postural stabihity. Although prior studies have explored the impact of drones on workers® attennon, there 1z limmted
rezearch on their effects on workers” balance, particularly in high-nsk environments such az roofing. Thiz study investigated the effects of
drone distraction on roofers’ balance on the elanted roof surface. A controlled laboratory expenment was conducted with 24 participante
who mimulated a static chingle matallanon tack on an adjustable wooden platform while weanng a virtual reality (VE) headest. The VR
environment replicated three roofing condiions (1.e., pitch elopes 0, 3/12. and 6/12), under four drone conditions [1.e., no-drone control, and
drone mmtromons at alotudes of 4.58 m (16 ft), 14.65 m (48 ft), and 24 90 m (82 ft})]. Center of pressure (COP)} data were recorded using a
force plate and then procezeed into metrics, iIncluding mediolateral (ML) and anteropostenior {AP) maximum COP dizplacement, ML and AP
RMS dizplacement, and sway area_ to assess balance stability. The results demonstrated that closer drone proximaty zignificantly increasad
diztraction, leading to greater postural mnstabilhity. Theze findings nghhight the potential zafety neks posed by drone operabions near roofing
work and underzcore the need for gudelines on safe drone deployvment in conztruction zones to nummize worker distraction and enhance fall

prevention strategies. DOT: 101061/ JCEMDA.COENG-17685. © 2026 American Society of Civid Engineers.
Author keywords: Roofers; Postural stability; Center of pressure; Eneeling; Inclined surfaces; Drones; Virtual reality.

Introduction

Roofers have one of the ghest rates of mpunes, illnezees, and
occupational fatalines across all professions (Burean of Labor
statistics 2024}, They are about 6 timez more hikely to expenence
fatal occupational injuries than the average construction workers,
and fall: from rooft account for 75% of these fatalinez (Ruser
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1993). Fatality investigation reports and workers’ compensation
records frequently cite slips, mpe, and losz of balance ag pnmary
canzes of roofing falls (Heiao and Simeonov 2001). Workong
on steep. Inchined, and often shppery surfaces demands precize
balance control to prevent falls and mamntain stabihty (Fredencks
et al 20035). Such roofing conditonz sigmficantly increase the
nzk of balance lozs, becanze rooferz must constantly adjuet thear
posture while minimizing dizturbances to stability (Simeonov et al.
2003). Steep roof pitches are particularly harardous, and stadies
show that mclined surfaces heighten shp nek and neganvely affect
postural stability (Parsone and Pizatella 1984; Wade and Davie
2000). Additionally, handling heavy materialzs, operating equipment
on confined surfaces, and worlong on temporary or incomplete
surfaces requre workers’ careful attennon, which makes the conol
of balance challenging (Fredencks et al. 2003). Shingle mztallanon
which iz a common tazk performed by roofers on the jobsite. 1z a
prolonged. repetitive, and awlkward tack that increaces the phyzical
demand: placed on roofers in residential conztruction. Because
theze factors often are unavoidable, reducing safety nske of roofers
remaing a challenging task.

In recent vears, drones, also kmown as uncrewed aenal vehicles
(UAV:), have become increasingly popular in the construction
mdustry due to their obzervable benefitz (Yildiz et al. 2021; Zhu
et al. 2023). In 2017, there was a 239¢% increase in drone utiliza-
ton m the construction sector, which exceeded the growth in
any other commercial industry (Yildiz et al 2021). Drones are
being uohized mereasmmgly for a wide range of applicationz in
construction, including survey mapping (Adjdjonu and Burgett
2021; Costa and Mendes 2016), data collecton and imzpection
tacks (Einz et al. 2021; Rakhs and Goredetsky 2018), project
progress monitoring (Martinez ot al. 2020; Unger et al. 2014),
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damage detection (Calantropio 2019), and safety mnzpection (Zhou
and Gheigan 2018). Thie rapad growth of drone uohizaton on con-
struction jobzites 1 expected to persist in the coming vears. In 2023
the global construction drone market wae valued at 56.5 billion, and
1t 1z expected to grow sigmficantly, reaching 319 balhon by 2032
(Chinchane and Mutreja 2024).

Dezpite the benefits offered by the uze of drones, there has been
growing concern about their potential to introduce addiional safety
nzks and hazards on construction zites (Karakhan and Al-Mhdawa
2024; Tatwm and Lin 2017). Drones are one of the primary sources
of distraction in the workplace (McCabe et al. 2017). Ae drone
Integration in construction continues to expand, their safety chal-
lenges may further increace the nzks on job zites, partcularly for
workers operating in hazardous conditions (Zhu et al. 2023). Given
the high-nisk nature and unpredictable conditons of roofing work,
roofers already have the nghect fatality rate, and they are particu-
larlv valnerable to the additional risks posad by drones (Albeaino
at al. 2023). Although much research haz exammined the nske that
drones present to construction workers in general limited attention
has been given to roofers, a group that faces unique challenges
due to the nature of their work. Roofers operate at height often on
sloped surfaces, which already presentz a heightened nek for falls
and other accidents. The additon of drones mto thiz emaronment
could introduce further complications, such az distraction and logs
of balance.

Literature Review

Safety Risks Associated with Drones in
Construction Workplaces

Drone-mduced zafety nzks mclude direct impact from fallmg
drones debns (Opfer and Shields 2014), concems over pmvacy
mvasion due to conetant survelllance (Finn and Wnght 2012}, logs
of control, and potential distractions on job aites (Moud et al. 2019).
Izadi Moud et al. (2021) found that when a drone enterz an individ-
ual’s personal space, typically ranging from 0 to 3.05 m. it can
lead to distraction. etress, and dizcomfort. The noize and movement
produced by drones can conmbute further to worker distracoon and
dimimizhed concentration (Moud et al. 2019). Effective hazard rec-
ogniten, which ie ezzential for identfying potential neks, requires
a high degree of focus and awareness (Fleming and Fischer 2017).
Dhztracoone interfere with key cogmtive functions such az percep-
tlon, reapoming, attention_ and situational awareness, Increasing the
nzk of accidentz (Khalid et al. 2021). The unpredictable namre
of construchon work increases itz complexity and challenges,
requinng workers to engage more in cogmitive zlalls, including
vigilance, attention, phyzical strength, and reflexez. Drones have
been reported to disrupt worker concentration by drawing attention
away from tagks (L1 and Liu 2019; Martinez et al. 2020). Moreover,
drones can have pevchological effects, such as creating a sense of
povacy Invazion or discomfort from feehng obzerved, which can
be stressful for workers and may result in poor performance and
unzafe behavior (Zhu et al. 2023). Theze zafety concems may lead
to mncidents such az loss of balance and "'leaE-'q_uEII.T. fallz, posing
sigmificant nsks, especially for roofers worlang at hﬂlghta (Hu
et al 2023).

Although previous studies have examined the safety concems of
drone integranon In conztruction, there remains a sigmficant gap in
underztanding their direct biomechamcal effects on roofers. Much
of the exizting rezearch on drone-related nsks relies on surveyve,
expert opimions, and conceptual analvses, pnmanly addressing the
phyaological, emononal. and attentional impacts of human—drone
mteraction. Although the literature acknowledges that drones can
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dizrupt worker concentration and indnce peychological stress, few
studies have empincally measured how these distractions affect
postural stabibity. This gap 18 partcularly concermng for roofers
working on inclined surfaces, on which meintaining balance 1=
mherently challengine. and the nzk of falls 15 substantally higher

Virtual Reality-Assisted Research in
Drone-Induced Distraction

Virtual reality (VR 1z a computer-generated sumulation of a three-
dimenzsional (3D) environment that allows uzers to interact in a
secrmingly real or physical way using specialhized digital zveteme,
zuch as head-mounted displavs or sensor-equipped gloves (Whyte
2003). An immmerzive virtual enviromment iz a valuable tool for
studying safety challenges in construcnon. Workers can expenence
hazardous zituatons in a nzk-free zethng, without any real-world
danger Thie i1z why VR 12 becoming increasingly popular in
the construction mdual:n ezpecially for examiming safen -related
seenanos (wang et al. "I:IlE}l Studies have nzed ‘v’R to simulate
high elevanons, and results showed no sigmificant differences in
height effects on iman stance between VR and real environments,
supporting the uze of VR in studying human behavior at elevations
(Cleworth et al. 2012}, Several studies have explored the use of VR-
based emvironments for traiming and aseezsing safety performance
m construction. For example, VR haz been uzed to train construcoon
workers on drone safety, and 1t has proven to be more effective
than tradiional methods in enhancing performance and knowledge
retention (Szostakc et al. 2024} A 3607 VR training environment was
developed to educate construction workers about drone zafety chal-
lengez and countermeazures. The repeated measures study dezign
showed that the 360° VR wamning sigmificantly improved users’
safety kmowledge about drones (Cheng et al. 2023). Addibonally, a
VR safety tramning environment was designed to teach construction
workers how to safely mteract with drones on job sitez, addrezzing
both cument and future drone-mediated applications through a
detatled design and development process (Albeamo et al. 2022}
Peychophyeiological or attentional effect of drones on workers at
heightz alzo hae been evaluated by creating VR enviromment. The
results indicated that UAVzs cause distraction and reduce workers’
attention to the tasks at hand (Albeamo et al. 2023; Jeelam and
Gheizan 2027).

Recent studies have increazsmely emploved VR to examine the
immpact of dronez on constructnon workers, particularly in zafery
traiming and cogmtive assesements. Researchers alzo have mves-
ug:ated the emotional and psychophyvziological effectz of drones
m VR emvironments, and found that drone presence can cause
diztraction: and 1mpair task focue. These smudiez offer valuable
mzights into drone-related nzks and demonstrate the potential of
VR to assesz safety concems without exposing participants to
real-world danger. However, they mainly focus on cogmtive and
perceptual factors rather than on the direct biomechanical effects of
drone-indoced distracoons.

Problem Statement and Research Objective

Based on the review, there 1z a lack of empincal rezearch exarmmin-
ing how both vizual and auditory drone presence directly impact
roofere” biomechamical stability. Roofers face heightened nzks due
to the challenges of maintaiming balance on mchined surfaces, and
the prezence of dromes could further compromee their ztability,
mereacing the hkehihood of fallz and accidents. The objectve of this
sudy waz to empinically mveztigate the impact of drone prezence
at varying distances onroofers” poetural balance with the aszistance
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of VR, thereby extending previous conceptual- and survey-based
rezearch. The findingz wall contmbute to the development of safety
guidelines for drone-integrated construction enviromments and
thereby enhance roofers’ safety on construction sites.

Methods

Participanis

A total of 24 heslthy volunteers (153 male, and 9 female)
participated in thiz expennment. All participant: were young
adultz and physically actove. Although theze participantz were
not actual roofers, they had relevant internship or employment
expenience for the construction mdustry. The studv protocol
wag approved by the Institutional Review Board (IRB) of West
Virginia Univerzity (Wv U).

Variables

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

Control Variables

Control vanables—drone flving epeed, sound and flight direcbon—
were kept constant. The drone speed tvpically i1s fixed for visual
data capture when drones are used for monitonng and inzpection
tacke (Zhu et al. 2022). For example, a drone speed of 11 mph
(5 m/s) was zet to optumize 3D flight templates and develop an
algonithm that maminized visual quality while rommizing flight
execution duraon (Ibralum and Golparvar-Fard 2019). A flight
sgpeed of 2-6 m/:s wae used to aszese the safety nsk of drones
on construcoon zites through four-dimenzional (4D)) simulanon
(Zhm et al. 2027). In the prezent study, a fixed drone flight speed
of 112 mph {~5 m/s) was selected. Drone flying sounds were
sourced from a recorded soundtrack of an actual drone to simulate
realiztc drone integration ecenanos. The drone’s flying direcoon
was front-to-back and back-to-front relative to the parficipant
aligming with the anteropostenior direction (the direction in which
the participant was facing the slope).

Independent Variables

The expenimental design comprised two independent vaniables: roof
glope and drone mtruzion. The roof elope included three levels
(07, 3/12 pitch, and 6/12 patch), and no drone mtrusion and drone
height: of 4 88 m (16 ft), 14.63 m (48 ft), and 24 99 m (82 ft). Thesze
roof pitches were chosen based on common roof pitches found
on construction sites (Johnzon 1976). In this smdy, drone height
1z defined as the distance from the drone to the roof’s surface or
boundary. A study of the applicaton of drones for visual inzpection
and damage detection of structures found that, under favorable ema-
ronrmental conditions, detailed images generally could be caprured
from dizstances ranging between 5 m [15 40 fr) and 25 m (82.02 ft)
to provide cc-mpre,hﬂnme stmuctural mformation (Morgenthal and
Hallermann 2014). The drone’z dizstance from the buillding surface
can range from 16 to 82 ft so in simulabion scenanos the virtual
drone’s alotude zhould be the building’s height pluz an addibonal
16-32 ft (Zhu et al. 2022}, Therefore, in thiz expenment, drone
heights of 16, 48, and 82 ft were selected.

Dependent Variables

The dependent vanablez uzed to assess poztural balance stability
mecluded sway area, mamimum dizstance in the mediolateral -.f‘-rfIL}
and anteropostenior (AP) directions, and RMS in the ML and
AP directions.

@ ASCE

J. Constr. Eng. WManaga

04026061-3

Meaximum displacement m the ML or AP direction reflects the
largest excursion of the center of prezsure (COP) m that direction.
An mcreaze suggests reduced abality to sustain balance. Even a emall
perturbation. such az a sudden noise, can canee a larger than nommal
dizplacement (Palmoen et al 2002). Thiz metmc was used to caphure
whether drone distractions led to sudden and extreme weight shifte,
which may mncreaze the nzk of falls for mofers. RMS measures the
average absolute displacement of the COP in the ML or AP directon,
and reflects vanability m poetural changes over tme (Palnoen et al.
2002). An mereazed value suggests a decreased abibity to mainten
postural control (Geurts et al. 1993). RMS3 values m both directions
were uged to mdicate whether parbcipants required more-frequent
or -pronoumeed corrective movements n each direction due to distrac-
tons n order to mamtamn balance. Sway area reprezents the total
area covered by the COP trajectory. Larzer values generally reflect
greater difficulty mamtaiming posture, and have been associated with
hagher fall msk (Merlo ez &l 2012). Theee metmcs capture distinet but
complementary aspects of poetural stability. Conzidenng themtogether
provides a comprehensive assessment of balance, whereas examinng
each mdividually allows nsight inte specific mechamame of postural
control under distracticn.

Instrumenis

To replicate a rezidennal roof an adjustable, custom-bmlt wooden
roof platform was constructed messuring 1.83 = 1.83m (6 X 6 ft)
[Fig. 1{a)]. Two zetz of wooden legs were bolted next to each other
to zet 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 support for participants. Ground reaction forces
were measured usng a force plate (Bertec FP3060D-06-PT-2000,
Columbuz, Olio) [Fig. 1({d}] with a sampling rate of 100 Hz. The
force platﬂ was connected via a USB port to a computer mmnming
Bertec Dngital Acquire 4.3.1 sofrware. Parficipants wore a Meta
iMenlo Par]-:._ Calhifornmia) Quest Pro headzet [Figs. 1{b and )] and
mimicked a shingle installaton tazk while holding a nail gun on the
force plate which was posinoned on the wooden roof platform. The
Meta Quest Pro headzet wae used to immerse the paricipants in the
virtual envircnment.

In thiz experiment three diztinet virtual roof scenes were created
m Umnty (V2022 3 534f1) to reprezent the three roof pitches. Umty 1z a2
game engine that 1z widely used for creating mteractive VR expenen-
ces, parocularly mn game development and real-ome simulatnons. The
virtual roof scenes included elements of residential house stucture,
roof covenng, a ladder, and scaffolding. Identical surmoundings were
mamtained across all three roof scenes to ensure conzmstency for
parucipants. Each scene carefully aligned with the phyeical woodsn
roof platform before each mal to ensure conziztency. The virtual drone
model used in this study was a DII (Shenzhen China) Mavic 3 Pro,
accompanied by a real-world recording of itz fheht s:ound Fig. 2
presents a sample virtual roof scene with the vartual drone used in
thiz study. The development of virmal scenes was camed out on a
high-performance workstaton equpped with an Inte] Core19-14900K
proceszor (3.20 GHz), 64 GB of RAM., and an NVIDIA GeForce RTX
4080 SUPER graphics card.

Procedure

Upon amval, parncipantz were briefed on the expenment proce-
dure. They then were given a short training session with the VR
headzet in the kmeeling posture on the force plate to help them
become farmbiarized with the viral epvironment. 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 mimicking chingle ingtallation on platform; (c) VR headzet; and (d) force plate.

Fig. 2. Virtual roof environment and virtual drone.

between the virtual roof scene and the physical wooden roof plat-
form. Addinonally, calibranon of the force plate was conducted
each dav based on the manufacturer’s mstructions and waz zeroed
before data collecoon. The force plate was posiioned on the roof
platform zo that the AP direcoon (y-axiz) comesponded to the par-
ticipant’s forward-baclkward movements, while the ML directiion
(x-axiz) captured their side-to-gide sway. To enhance reahzsm par-
ticipants were required to wear a mgh-visibility vest and a fall pro-
tecion hamess, simmulatng actual constucoion site condibons.
Participants aleo were required to wear knee pads to ensure comfort
dunng kneelng. Parocipants then simulated a shingle-nailing tazk
while Imeeling on the force plate mounted on the wooden roof plat-
form and weanng a VR headzet.

Thale were conducted on the wooden roof platform across three
elopes and four drone condiions, resuling in a total of 12 (3 x 4)
zcenanioe (1able 1). The expenment adopted a repeated measures
design. i which each participant went through all teating scenanos.
To control the order or sequence effects, the test paricipant: were
divided randomly into 12 groups. The order of scenanos was
randomized first by zlope and then by drone height. Each mal lazted
30 &.

The wvirtual drone wae programmed to take off and hover both
n front of and behind the participant Participants were metructed
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Table 1. Drone intruzion and roof pitch zettings of zcenes

SCenario Dirone introzion Roof pitch
1 Mo drone i
2 16 ft o?
3 48 fi ot
4 B2 ft o
3 Mo drone 3/12
5 16 ft 3fi2
7 4% fi /12
E 52 ft 3/12
o Mo dron= 6/12
10 16 fi 612
11 48 £t 12
12 B2 fi 612

to maintain a kmesling posture while mumickang a shingle-nailing
tack by holding a nail gun in their hands. However. they were
penmitted to react naturally to any distractions cansed by the drone’s
vizual or auditory presence. To mummize fafigue and camry-over
effects, participants were given a minimum 2-min break between
consecutve trals.

Data Processing

Each mal had a durstion of 30 =. However, the firet 5 & and the
lagt 2 & were excluded from the analvsiz to minimize the mnfluence
of 1mtial tranzients and participant anticipation. Because the drone
appeared in the virtual scene between 8 and 26 &, this timeframe
waz chosen for analveiz to ensure that the focuz: remained on
participants’ rezponses to the drone’s prezence. A special program
waz developed using Python (w6, Spyder) to process the data and
compute balance parameters from the center of pressure data
Furthermeore, to account for differences in kmee and foot posinomng
on the force plate, COP trajectones were centered relative to their
anthmenc mean, following common practices In previcus stadies
(Pneto et al. 1996; Qin and Xiong 2015).
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The following balance parameters were calculated:

1. Maxaimum COP dizplacement along ML ({max ML) and AP (ma=x
AP) directions. Thie feature haz been defined az the maximal
distance of the COP from the centroad (Muwir et al. 2013).

. RMS, which waz caleulated in the ML (RMS ML) and AP (RMS

AP) direction. It comresponds to the standard deviation of the

trajectory {(Purtola and Era 2006; Pneto et al. 1996).

The 95% confidence ellipse area. also known as the eway area,

which 1z defined az the area of the ellipze which contsing the

(1 — )% probabibity of contsiming the COP of eway (Bendo

et al. 2013; Schubert and Kirchner 2014).

]

£

Data Analysis

A repeated measures linear mixed model waz emploved to analyvze
the effects of drone height and slope on participants’ balance, as
measmred by COP metmcs. In this model, test parucipants were
treated az a random effect to account for individual vanabality,
whereaz order, scene, previous scene, height. and slope were inclu-
ded ae fixed effects. The order vanable was included to control for
potential learming or fatngue effects, whereas scene and previous
zcene were Incorporated to check carmmyv-over effects.

Tvpe 3 ANOV A was uzed to evaluate the statiztical sigmificance
of each fixed effect, gpecifically focuzing on the effectz of the
drone intruzion and roof slope. In this study, a vanable was defined
az stanzocally sigmificant when e p-value was lese than 0.05.
Poct hoc pairwise companizons were conducted to identfy sigmf-
1cant differences between condiions. All computanons used the

Imed and lmerTest packages in R (Bates et al. 2015; Knrnetzova
et al. 2017).

Results

Relative Effects of Drone-Intrusion across Slopes

Mean values of each balance metric under all drone-intrision condi-
tions at each roof elope for both directions are plotted In Figs. 3-3.

The percentages mdicate the effect of drone intruzion at each
height relaove to the no-drone condiion. Thesze percentages were
calculated by companng the mean value of each balance metnc
at that height with the comezponding mean value under the no-
drone condiion.

The astenizks (* gymbols) indicate statztical mgmificance in
companng drone mtusion heightz with the no-drone condibon
bazed on the two-zample I-test.

Maximum INstance

Across all roof zlopes condition and in both directions (ML and AP,
the maximnm distance parameter was highest when the drone was
at a 16-ft height. and lowest in the abzence of the drone (Fig. 3). In
the ML direction [Fig. 3(a}], the analysiz indicated that when the
drone wag at 16 ft. 1t achieved statizncal sigmficance for all elope
condiions. The maximim distance parameter reached a maximum
effect of 146% higher than that of the no-drone condition at 07 slope.
The second-highest values were recorded at 82 £t followed by 48 ft.
At 312 and 6/12 ptches. the zecond-haghest values were obeerved
4t a drone height of 48 ft, and the thard-highest values were obeerved
at a drone height of 82 ft.

In the AP direction [Fig. 3(b)], a similar trend was obzerved to
that in the ML direction. The 16-ft drone height had a statizncally
sigmificant difference from the no-drone condition acrozz all slopes.
The maximum effect was obzerved at 0° elope, for which the 16-ft
drone height reculted n a 174% merease compared to the no-drone
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Fig. 3. Avecrage and standard error of mean {error barz) of (a) max
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condition. Addinonally, a statztically sigmificant difference alzo
was observed at 48 ft. at which the effact was 0% higher than
m the no-drone condinon at 0° slope. At 3/12 and 6/12 patches,
the maximum distance parameter was highest when the drone was
at 16 ft—119% and 113% ligher than m the no-drone condioon,
rezpectively, followed by 48- and 82-ft drone heights.

RMS

Fig_ 4 shows the trend of RMS values across different zlopes and drone
heightz. At a 0° clope, the RMS ML values exhibited a diztinet trend
[Flg 4{a)]. The highect BMS value occumed whenthe drone wazat 82 ft.
a 1926 mncreaze compared with the no-drone condiion, followed by
16 and 48 ft. Notably, all drone heighte at thiz slope had statiztcally
mmﬁcamfnﬁermcﬂsfmmthann—dmne condition. Incontrastat 3/12
and &/12 roof pitches, the haghest RMS ML values were obzerved
at 16 ft, ncreazes of 45% and 107%, regpectively, over the no-drone
condinon, followed by 48 and 82 fi However, unhike at the 0° slope, for
theze pitched roofe none of the drone heizhts had stanetcally sipmficant
differences from the no-drone condinon.

In the AP directon [Fig. 4(b)]. the RMS values followed trends
similar to other balance metrice. On the 0° slope. the highest
RMS5 values occurred at 16 fr, a 1280 increasze compared wath the
no-drone condition, and thiz difference waz statistically significant.
Dronez at 48 and 52 ft aleo had sigmficant mmcreazes, 496 and 60%,
rezpectively. For the 3/12 and 6/12 roof pitches, the highest RMS
values again were obzerved at 16 ft. At the 3/12 puich, the 16-f
height rezulted in a 59% increaze in RMS value: compared with
the no-drone condinon, which was stanstically sigmificant. At the
steeper 6/12 pitch, RMS walues peaked at 16 ft before declhiming
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at 428 and 82 fi, and they were loweszt In the no-drone condition,
although these differences were not statistically sigmificant.

Sway Area

At 07 zlope, the sway area was zignificantly smaller in the no-drone
condition than when the drone was at 16 and 48 fi (Fig. 5). The 16-ft
drone height rezulted in the highest sway area, 6.09 tmes greater
than in the no-drone condinon. A stanstically significant increaze
also was observed at 48 ft. for which the sway area wae 3.71 times
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Table 2. B=culi: of mixed model

Independent Max Max RMAIE RMAIE Sway
varizbles ML AP ML AP area
Drone height <0001 <0001 <0001 =0.001 {.002
Slope 0428 0.016 0,023 0.072 0.018
Drone i0_06E Q.019 04373 043453  O.B6L
bheight = slope

higher than in the no-drone condition. However, at 82 ft_ the drone’s
presence did not lead to a stansocally sigmficant difference.

On the 3/12 patch, the largest eway area was recorded at 16 ft.
1.52 omes igher than in no drone condition, followed by 48 ft and
then 82 ft. At a 6/12 pitch, no statztcally sigmficant differences
were found across drone heights. However, the 16-ft drone condi-
tion sdll rezulted in the highest eway area. followed by 48 and 82 ft.

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

Table 2 presents the statiznical analyzis results. The findings mdi-
cate that clope had significent effects on sway area and max AP
(p < 0.05), whereazs drone height had a zsignificant effect on all
metrics {(p < 0.05). No sigmficant interaction effects were observed
between drone height and elope for any metmcs, except for max AP.

Main Effect of Drone-Intrusion

The pairwiee compansons in Table 3 indicate sigmificant effects of
drone intruzion on balance metmcs. The presence of a drone at 16 ft
had the srongest and most conzietent effect. with haghly sigmficant
differences (p < 0.005) acrosz all balance metmcs. At 48 ft. the
drone alzo caused notable distorbances, and there were zignificant
differences compared with the no-drone condition. However, at
82 ft, the drone’s effect was weaker, and only max AP and sway area
had zhght but sigmficant mereazes (p < 0.05), suggestng that the
impact of drone intruzion diminizhes with distance. Cormpanszons
betwesn the 16- and 48-ft condinon: indicated sigmificant differen-
ces In max ML, max AP, and RMS AP {p < 0.05), and the contrast
between 16 ft and 82 ft had even stronger effects. with highly
sigmificant ncreazes In max ML {p < 0.005), max AP (p < 0.01).
and RMS AP (p < 0.005). No significant differences were observed
between the 48- and 82-ft condibonsz, remnforcing the trend that
drone-induced instability 1z more pronounced at lower alitdes.

Main Effect of Roof Slope

The pairwize companzons between different roof elope condinons
m Table 4 mdicate several sigmificant differences in postural stabil-
ity measures. Specifically, the companson between 0 and 6/12
pitch slopes indicated statizncally zsigmificant differences in all
parameters. In contrazt. the companizon between 0° and 3/12 pitch
elopez did not yield any sigmficant differences m the measured
vanables. However, a significant difference was obzerved in EMS3
AP displacement (p < 0.05) between 3/12 and 6/12 pitch slopes,
although no other meazures reached sigmificance.

Interaction Effects of Roof Slope and Drone-Intrusion

The interaction effect between zlope and drone height was signifi-
cant only for max AP No zsignificant interaction was obzerved for
other metncs.

Discussion

The primary aim of thiz study waz to examine how drone mtruzion
at roofing zsites can affect roofers” balance when they are on surfaces
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Table 3. Pairwize comparizon of drone-intruzion conditions

Drone-

InfruElon hiax Max RLIS RMLIS Swav
condittons ML AP ML AP ar=a
Mo drone—16 ft * LR e e -
No drone—4& fi e o — - P
Mo drone—82 &t et L] A i -
16 f1-42 £ * * - - _
16 fi-E2 ft e e f P -
48 -2 6 2oy facg o T .

Note: * p < 005 ** p < 0.01; and ** * p < 0.005.

Table 4. Pairwize comparizon of roof slope conditions

Max hlax RMS RS Sway

Roof slope BT, AP ML AP ares
0® —3/12 pitch — — —_ — —
¥ — &6/l pitch " i "' - n

3/12 pitch — /12 mech — * —_ — —

Notz: * pr < 0.05; *p < 0.01; and * *p < 0.005.

with different clopes. The smudy included the development of virtaal
roofing scenes Incorporanng drones to assess worker postural bal-
ance. This 1s the firet study to gquantfy how drone distraction affects
roofers” posmural stability duning znmmlated shingle metallanon on
sloped surfaces.

The participants were divided inte 12 groups, each aseigned
a different sequence of scenanoe to counterbalance any potental
order effects. Thiz design enszured that any influence of zcenaneo
order on parficipants’ response: wae evenly dismbuted. The anal-
veiz indicated no statztically sigmficant effect of sequence order,
mdicating that the order in which participants expenienced the drone
and slope conditions did not 1mpact their responses. Furthemmore,
there waz no significant interacton effect between the order and the
current scene (the conditon being expenenced). Thiz means that the
sequence 1n which participants encountered the scenanos did not
mfluence how they rezsponded to different scenanos.

Addinonally, both the current scene and the PIevIoUs sCene
(the condition mmedmteh before) were analyzed. The current
scene had a stanstcally mgm.ﬁn:am effect. whereas the PIEvICus
zcene did not. This analyelz simed to detect potential camry-over
effects, in which prior exposure could bias subsequent performance.
The findingz snggest that parocipants” balance and attention were
affected pnmanly by the present scenano, rather than any rezsidual
effects from pnior scenanos. This supports the reliability of the
results, confirmung that the obzerved effects were dnven by the
current experimental scenanos rather than camy-over effects from
PTEvIOUE eXpOsUTes.

Two different main factors, roof slope and drone intrusion, were
tested to charactenze the influence of drome dizstraction 1n roofers.
Althongh the effect of slope 1& not eazily controlled in an actual
roof environment, it 1z Important to consider how the incluzion
of drones at roofing sites will 1mpact roofers” postural stabality.
There were no stanstically siznificant interactions between slope
and drone height. The drone height = zlope interaction was tested
to determine whether the effect of drone height on roofers’ balance
depends on the roof zlope and vice versa. Because the mteraction
was not significant. the effects of drone height and roof elope can be
mterpreted mdependently, because the effect of one does not depend
on the level of the other.
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The findingz demonstrate that both drone prezence and it alt-
tmde signmificantly imfluenced roofers” postural stability, as reflected
m multiple COP measures (p < (L005). The most notable effects
were observed at the closest drone proximuty (16 ft), at which
all balance memcs differed significantly from the no-drone condi-
ton. At thiz distance, maxmimrmum COP chaplatement was highest,
mdicanng that cloge-range drone diztractions led to more-extreme
welght shifts to maintain balance. EMS values in both the ML and
AP directionz further support thiz finding, indicanng greater eway
vanabihity dunng closer drone exposure. Similarly, the mncreased
gway area at thiz proximity reflects compounded inztability, because
participants” body away extended over a larger area, makang it
harder to maintain stable posture. The 43-ft condition had inter-
mediate effects, which were zsignificantly different from no-drone
condinons but not from the 82-ft conditon. The 82-ft condinon
had minimal impact, with only marginal differences from no-drone
conditions. Notably, the 16-ft condinon aleo differed from higher
alomdes {48 and 82 fi), suggesong that proximuty cnfically exacer-
bateg balance disruption. However, the differences between 48 and
82 ft were not statiztically sigmificant acroes any balance measure,
immplying that beyond a certain height the drone’s mmpact dumin-
1zhes. The visual and anditory distraction caused by the drone may
sigmficantly mnterfere with balance control mechameme. The closer
the drone. the more it diverts workers’ attention, Impainng their
anticipatory adjustments and ability to rezpond effecoively to sudden
dizturbances. In real-world roofing scenanos, such distractions are
likely to mncrease the nzk of shps, loce of balance, and. ulomately,
fall-related mjunes.

Although drone alimde had clear, significant effects on postural
stabality, roof slope had more-limited impactzs. Although zlope did
produce statistically significant effectz on certain balance metrics,
parocularly max AP and eway area, 1tz overall infloence wae less
zubstantial than drone intruzion. However, the effect of clope on
balance may not have been as strong az expected, poszibly due to the
dorunant influence of drone distractnon. Because drone intruzion
had a sigmficant impact on postural stability, 1t 15 pozeible that the
presence of drones introduced encugh inetability that any effect of
slope became lezz detectable. Addinonally, the himited sample maze
may have reduced the statietical power to identify a stronger effect
of zlope.

Paireize companzons indicated that the most notable differences
occurred between the 0° surface and the steepest elope (6/12 pitch).
Interestingly, partocipants exhobited sreater poetural stability as the
slope mncreazed Thiz suggests that individuals were more relaxed
and less focuszed on balance control on flat or low-zlope surfaces,
conziztent with previous findinge. Individual: dizplaved greater
caution under ligh-threat condinons (zloped surfacez) and may
have rezponded ]:I-'-. mncreasing suffeming strategies, which stabilized
their posture and reduced sway amplitude. Similar rezponzes have
been reported in previous studies. in which postural threat led to
improved stability due to adaptive snffening strategies (Carpenter
et al. 2001). Addinonally, participantz may have perceived the
higher fnction demands of sloped surfaces and adjusted their
behavior to reduce zlip nzk (Hsiao and Simeonov 2001). However,
real-world roofing environments present more dynamic and unpre-
dictable challengez. Fallure to recogmize shght vanatons in the
friction of a czloped surface. or to mamtan zafe control over foot
speed or the tangential force apphed. can lead to a ship (Heiao and
smeonov 2001). Thue, external distracoons such a: drones may
affect roofers’ ability to maintain balance on inclined surfaces, on
which heightened focus and precize postural control are essennal
for stabality.

Thiz stody prezentz a repeatable expenmental protocol that
mtegrates mmersive VR and realistic tazsk simulation to examine
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the zafety implications of drone operatione in roofing environments.
Shingle inztallation waz zelected az the task becanse 1t 15 2 common,
repetitive, and physically demanding roofing tazk, dunng which
kneeling is a frequent posture (Breloff et al. 2019). Other activities
such az wallang between workstations or carmyng loads also poze
nizks for roofers. Future studies could explore these activinies. The
partcipants 1n thiz smdy were not professional roofers, but they
had mtemzhip or emplovment expenience in construction. Novice
mdividuals were chozen to obzerve the imnial balance adjustments
that individualz adopt when first exposed to a sloped surface with
drone diztractions, without relying on sirategies developed through
roofing expenience. Novice workers also are more prone to injuries
than are expenenced roofers, and hands-on traiming ie particularly
mmiportant for thiz group (Grytnes et al. 2021). Although this study
15 &n 1mtal step, it provides an expenimental framework that can
be uzed to develop rmiming strategiez and gmdelnes to reduce
drone-related naks for roofers.

Thiz smdy provides inzights into how drone meluzion at roofing
sites affects roofers’ balance on sloped surfaces. However, there are
pome hmitanone. Firet, the current VR environment lacks certain
phyveical elements, including wind distwrbances and vanations in
rotor noize, which could influence workerz’ reactions. Second. this
sudy unlized only one type of virmal drone in the expenment.
Becauze drones differ in size, sound. and intended use. theze vana-
tionz could impact the level of dizstracoon. Thard, the relanvely small
sample size and vanability mn demographics, meluding ethnicaty,
az well az comfort with simulated tazks, may have influenced the
results. Lastly, thie etudy focused solely on the kmeeling posture,
whereaz roofers adopt various posturez while mstalline shingles.
However, exploning these additional factorz and their effects was
bevond the scope of thiz smudy. Despite these limitations, this
study offerz an impertant contmbuton by being one of the first
to svetematically evaluate how drone-related distractions affect
roofers” postural stability, and it highlishtz the need to conzider
drone presence in roofer zafety. The study developed a generalizable
expenimental protocel that cen zerve a: a foundanon for fumre
rezearch. Future studies can build on this protocel by incorporating
addinonal factors to gain a more comprehenzive underzstanding of
the impact of dronez on rooferz’ balance.

Conclusions

Thiz VR-bazed study mvestogated the effectz of drone proximity
and roof slope on roofers” postural stabality, Drones were found
to distract roofers and reduce task focus, and closer drone prox-
ity caused greater distractions and balance digtwrbances. Theze
findings highhzht the need to establish zafety protocols, such as
mintmum flyover distances or resmicted drone operations dunng
cntical tacks, to mutigate fall nzke in roofing environments. The
study provides foundational mneights for developing gmdelines for
zafe drone integration at roofing sites.

Data Avallability Statement
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study are available from the cormresponding aunthor upon reasona-
ble request.
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