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Passive back-support exoskeletons (BSEs) are promising but underexplored interventions to reduce the high
physical demands of roofing shingling. Eighteen participants performed simulations of shingle installation tasks
under 12 different conditions. These conditions included all combinations of three BSE levels (Rigid, Soft, and no
BSE), two task orientations (peak-facing vs. side-facing), and two roof slopes (18° vs. 26°). Using the rigid BSE
significantly reduced lumbar muscle activation (11-17%) compared to no BSE, without altering trunk flexion. In

contrast, the soft BSE reduced trunk flexion (~4%) without altering lumbar muscle activation. Both BSEs reduced
perceived low back exertion (~16%); however, the rigid BSE increased leg discomfort (~26%), and the soft BSE
increased shoulder exertion (~19%). Our results suggest that using BSEs can be beneficial for shingle installation
tasks but also highlight the importance of considering device-specific biomechanical benefits and associated
trade-offs to ensure effective application.

1. Introduction

Roofing is among the most physically demanding trades in the con-
struction industry (Fredericks et al., 2005; NRCA, 2022). More than 50%
of roofing workers (roofers) annually experience at least one
work-related musculoskeletal disorder (WMSD); they also had the sec-
ond highest rate of low back injuries, with an incident rate ~40% higher
than the mean across other construction subsectors (Welch et al., 2009;
NSC, 2024; BLS, 2024). This high risk of back-related WMSDs among
roofers is largely attributed to the inherent nature of roofing work,
which requires roofers to spend over 75% of their working hours in
physically strenuous postures such as prolonged and repetitive trunk
flexion, as well as in kneeling, crouching, or crawling (Dong et al., 2010;
CPWR, 2018). Notably, a one-year longitudinal study found that roofers
with WMSDs were eight times more likely to leave the roofing trade than
those without WMSDs, primarily due to physical difficulties in per-
forming roofing tasks (Welch et al., 2010).

Roofing tasks, shingling in particular, present unique ergonomic
challenges due to the physical demands of working on sloped surfaces.

Performing shingling tasks on steeper slopes (e.g., 30°) is associated
with increased activation of lumbar and knee extensor muscles, likely
due to forward flexion and more constrained hip and knee postures
(Wang et al., 2017; Dutta et al., 2020; Breloff et al., 2019). Steeper slopes
also increase demands for balance control (Simeonov et al., 2009; Lin
and Nussbaum, 2012; Breloff et al., 2020b).

Various ergonomic interventions have been introduced to reduce
physical demands in roofing. Material handling systems, such as ladder
hoists, platform lifts, and powered carts or loaders, are commonly used
to move shingles and equipment onto rooftops. While these aids can
reduce the physical burden associated with manual lifting and carrying
(HSE, 2012; Mungroo and Choi, 2018; Zhang et al., 2021), they pri-
marily support material staging and do not assist with shingle installa-
tion or trunk-intensive tasks that involve prolonged and repetitive trunk
flexion on sloped surfaces. More recently, robotic and semi-automated
systems have been applied in roofing to assist with tasks such as shin-
gle placement (RCS, 2024) and nail driving (McAlpine, 2019). However,
these technologies are still in early development, are often costly, and
appear not yet scalable or adaptable to the complex geometries and
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dynamic conditions of residential roofing sites.

One emerging approach to mitigate occupational physical demands
is the use of passive exoskeletons (e.g., Nussbaum et al., 2019; Bar et al.,
2021; De Bock et al., 2022). Back-support exoskeletons (BSEs), in
particular, provide external supportive torque to the low back and hips,
and these devices can reduce physical demands during tasks requiring
prolonged or repetitive trunk flexion (e.g., Kermavnar et al., 2021; Zhu
et al., 2021; Babalola et al., 2023; Moreira et al., 2025). The magnitude
of such benefits, though, varies with task-specific demands and BSE
designs (e.g., Alemi et al., 2020; Schwartz et al., 2021; Reimeir et al.,
2023). Existing commercial BSEs are available in different designs: rigid
BSEs, which use structured frames and spring-loaded mechanisms for
supportive torque generation; and soft BSEs (or exosuits), which use
textile-based elastic elements to generate supportive force while main-
taining flexibility (Ali et al., 2021). These design approaches differ both
in their mechanical structures and in how they interact with the body,
leading to distinct biomechanical effects depending on the wearer's
postures and tasks (Schwartz et al., 2021; Refai et al., 2024). For
instance, Schwartz et al. (2021) found that using rigid BSEs increased
low back muscle activation at 75-100% of full trunk flexion, while using
soft BSEs reduced muscle activation at 50-75%. These results emphasize
the importance of selecting designs that align with task-specific
demands.

Despite the growing body of research on BSEs in various occupa-
tional settings (e.g., Golabchi et al., 2023; Okpala and Nnaji, 2024;
Gonsalves et al., 2024; Kim et al., 2025), we are not aware of any evi-
dence related to BSE use for roofing work. The goal of our current study
was to evaluate the effects of using BSEs on biomechanical demands and
subjective responses during roof shingle installation. We focused on this
specific task, given that it is a physically demanding component of
roofing. We hypothesized that using BSEs would reduce biomechanical
demands and perceived exertion during shingle installation. Given that
rigid and soft BSEs differ in their support mechanisms, we further hy-
pothesized that these effects would differ between the rigid and soft
BSEs.

2. Methods
2.1. Participants

Eighteen participants (14 males and 4 females) completed the study
and were recruited from the local university and community. Roofing
experience was not considered for inclusion, and none of the partici-
pants reported such experience. There were no restrictions to partici-
pation related to biological sex, though relatively few females
volunteered. Respective means (SDs) of age, stature, and body mass
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were 26.7 (5.5) years, 173.9 (6.5) cm, and 69.9 (9.6) kg. Inclusion
criteria required participants to be between 18 and 60 years and to self-
report no musculoskeletal problems within the previous 12 months at
the time of recruitment. To ensure proper fit of the BSEs used, only in-
dividuals taller than 160 cm and with a waist circumference of
66-116.8 cm were included. Participants provided written consent prior
to any data collection, and the study procedures were approved by the
Institutional Review Board at Virginia Tech.

2.2. Experimental tasks, design, and procedures

A repetitive shingling task was simulated in a laboratory environ-
ment to examine the effects of two types of BSEs (see below) under
different shingling conditions. Participants performed trials of the
shingling task on a platform (Fig. 1), with each trial requiring approxi-
mately 1 min. The task was completed using architectural shingles (98.5
% 33.5 cm, 1.8 kg) and a pneumatic nail gun (mass = 2.7 kg). They were
instructed to place six shingles in sequence, guided by numbered
markers (arranged in three rows and two columns). For each shingle,
participants performed four simulated nailing motions by tapping the tip
of the nail gun on the shingle while holding the trigger (see Fig. 1). At
the beginning of each trial, shingles were positioned at the top center of
the working area, with the nail gun placed on the right. Four nailing
points were indicated on each shingle, and the nail gun was connected to
an air hose with nails loaded; however, no air pressure was applied to
prevent the nails from firing. To minimize slipping during the trials,
anti-slip tape and four courses of shingles were applied to the roof
platform on which participants worked.

Participants performed trials of the shingling task in each of four
combinations of two task Orientations and two roof Slopes. The two
Orientations were peak-facing and side-facing, reflecting whether par-
ticipants faced toward the roof peak or worked laterally across the roof.
These orientations were selected through discussions with roofing ex-
perts and our observations of professional roofers using different
working methods and postures depending on the shingle installation
location (e.g., bottom row vs. middle row). The two roof Slopes were 18°
(4/12 pitch) vs. 26° (6/12 pitch), representing common roof designs for
residential buildings (ICC, 2021).

Participants used two types of BSEs (Fig. 2): one rigid (FLEX, Laevo,
Rijswijk, The Netherlands) and one soft (Apex 2, HeroWear, TN, USA).
The rigid BSE has a mass of approximately 4.2 kg and consists of upper-
body components (e.g., front vest, vest frame, and torso structure) and a
hip joint structure (e.g., pelvic frame, actuator spring, and leg pads). The
soft BSE is a textile-based BSE (or exosuit) with a mass of approximately
1.5 kg. This device includes upper-body components (e.g., shoulder
strap, strap frame, and clutch) and lower-body components (thigh

Fig. 1. Simulated shingling tasks being completed in two different task orientations at the 18° slope: (Left) side-facing orientation and (Right) peak-facing

orientation.
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Fig. 2. The two back-support exoskeletons (BSEs) included in the study: (Left) a rigid BSE, Laevo FLEX and (Right) a soft BSE, HeroWear Apex 2.

sleeves) connected by elastic bands.

Each participant completed a single session lasting approximately
3.5 h, which included preparation and practice (~2 h) followed by task
performance (~1.5 h). Knee pads and gloves were provided and were
worn by all participants throughout the task performance portion of the
session. Participants first received an overview of the experimental
protocol. They watched short video clips showing professional roofers
performing shingling tasks and then practiced these tasks following
demonstrations by the lead author. Participants practiced the shingling
trials at least once for both task orientations on the 26° slope (which was
used since it posed greater physical challenges than the 18° slope).
Participants were next fitted with each BSE according to manufacturer's
instructions, which specified the recommended component size and
support levels. Lastly, participants selected their preferred support levels
after briefly experiencing different levels while completing activities
such as shingling trials, trunk flexion, and squatting (selected support
levels are summarized in Appendix A).

Participants completed 24 shingling trials, involving two replications
of each of the 12 factorial combinations of two Orientations, two Slopes,
and three Interventions (i.e., Rigid = FLEX, Soft = Apex 2, and no BSE =
control). To minimize the potential for order-related confounding ef-
fects, the presentation orders of Orientation and Slope were each counter-
balanced within a given Intervention, and the order of Intervention was
counter-balanced using multiple 3 x 3 Latin squares. Between trials and
conditions, brief rest opportunities (~2 min) occurred during experi-
mental adjustments and the collection of subjective outcomes. Partici-
pants were also allowed to take additional rest upon request.

During the shingling trials, participants were instructed to remain on
the roof platform for all tasks and to maintain specific task orientations.
These orientations were determined from observing professional
roofers: facing uphill for the middle row and facing sideways for the
bottom row. For middle row trials, participants stood on pre-installed
shingles and placed three courses of shingles on the left side, followed
by three courses on the right side (Fig. 1, Right). For bottom row trials,
they placed three courses of shingles on the left side while working on
the right side, then moved to the left side and continued placing shingles
on the right side (Fig. 1, Left). After completing the first three shingles on
the left side, we removed these shingles to prevent slipping. Working
posture was not restricted for trials on either of the rows, except for
maintaining the required orientation.

2.3. Instrumentation, data collection, and Processing

Prior to practicing the shingling task, and after appropriate skin
preparation, four EMG electrodes (pre-galled bipolar Ag/AgCl elec-
trodes with a 2 cm inter-electrode distance) were attached over trunk
extensor muscles in the thoracic and lumbar regions, following earlier
recommendations (Criswell, 2010; Hermens et al., 2000). Specific
muscle groups monitored were the bilateral thoracic erector spinae
(TESy, and TESR) and bilateral lumbar erector spinae (LES;, and LESR).
These muscles were selected both because of the task demands (i.e.,
requiring prolonged and repetitive trunk flexion) and since they were
accessible using surface electrodes while wearing either of the BSEs.

To normalize EMG signals, maximum voluntary isometric contrac-
tions (MVICs) were completed prior to the shingling trials. During these
MVICs, participants exerted and held maximal trunk extension for 3-s
while their lower body was secured in a Roman Chair and their upper
body was connected to a sufficiently heavy load (~100 kg) via a chest
harness. Non-threatening verbal encouragement was provided
throughout the MVICs. Participants performed a total of three MVICs
with 1-min rest periods between exertions.

During MVICs and each shingling trial, muscle activations were
captured at 1500 Hz using a surface electromyography (EMG) system
(TeleMyo Desktop DTS, Noraxon, AZ, USA). Raw EMG data were band-
pass filtered (20-450 Hz) and then low-pass filtered (5 Hz cut-off fre-
quency, 4th order Butterworth) to create linear envelopes (De Luca
etal., 2010). Processed EMG data were then normalized (nEMG) relative
to the corresponding maximum values obtained during MVICs. Mean
nEMG values during the shingling trials were used as outcome measures
(Wang et al., 2017).

Trunk and lower body joint kinematics were monitored during the
shingling trials at 100 Hz using an inertial motion capture system (MVN
Awinda, Xsens Technologies, Enshede, The Netherlands). Eight inertial
measurement units (IMUs) were attached according to the manufac-
turer's guidelines: one each on the sternum and pelvis, and bilaterally on
the upper legs, lower legs, and feet. After attaching the IMUs, a cali-
bration procedure was performed following instructions provided by the
Xsens Analyze software (i.e., a 4-s N-pose and a 15-s walk).

Joint kinematic data were low-pass filtered (5 Hz cut-off frequency,
4th order Butterworth), and the standard rotation sequence recom-
mended by the ISB (ZXY; Wu et al., 2002) was used to determine the
location of the thoracic spine (i.e., trunk relative to pelvis). Two
outcome measures were derived from peak values (95th percentile) in
each trial: 1) peak trunk flexion angle with respect to the vertical axis
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(trunk flexion), representing the extreme posture used; and 2) peak
included angle between the trunk and thighs (T-T flexion), calculated
using the bilateral mean of thigh flexion angles, which was used to
represent postures associated with greater BSE deformation and poten-
tial assistive support.

After completing the two replications in each condition, participants
provided ratings of perceived exertion (RPE) for the shoulders, low back,
and legs using the Borg (1990) CR-10 scale. They also gave ratings of
perceived wearing discomfort (RPWD) for the same body regions using a
100 mm visual analogue scale (VAS), in which 0 mm represented “no
discomfort at all” and 100 mm represented “extreme discomfort”
(McCormack et al., 1988; Baltrusch et al., 2018). Participants were
instructed that RPWD reflected discomfort associated with wearing the
BSE, including physical irritation, pressure, or fit-related issues, rather
than muscular exertion or fatigue experienced during task performance.
For both RPEs and RPWDs, participants provided a single overall rating
for bilateral body parts. Perceived whole-body balance was also assessed
using a 100 mm VAS, with 0 mm indicating “perfectly balanced” and
100 mm indicating “off balanced” (Schieppati et al., 1999; Usmani et al.,
2025). After completing all four conditions using a given BSE, partici-
pants rated BSE usability using 7-point Likert scales, ranging from 1
(strongly agree) to 7 (strongly disagree). The usability assessment
comprised four questions that addressed (Finstad, 2010): 1) effective-
ness (the BSE met my requirements); 2) satisfaction (using the BSE was a
frustrating experience); 3) efficiency, in terms of ease (the BSE was easy
to use); and 4) efficiency, in terms of time (I spent too much time cor-
recting problems with the BSE). After completing all shingling trials,
participants were asked to provide any additional comments and to rank
the three BSE conditions in order of preference (BSE preference). A
complete listing of subjective instruments is provided in Appendix B.

2.4. Statistical analyses

Separate repeated-measures analyses of variance (ANOVA) were
conducted to assess the effects of Intervention, Orientation, and Slope on
each outcome measure (i.e., muscle activation, joint kinematics, RPE
and RPWD, and perceived balance). One-way repeated-measures
ANOVAs were used for usability ratings, with the independent variable
of Intervention (with two levels, representing the two BSEs). Biological
sex and presentation order were included as blocking effects in these
ANOVAs. Parametric model assumptions (e.g., normality and homo-
scedasticity) were evaluated, and Johnson transformations were applied
when necessary to achieve normally-distributed residuals (Farnum,
1996; Chou et al., 1998). Summary results were subsequently
back-transformed to their original scale to improve interpretability. All
subjective measures, including usability ratings and Likert-type scale
data, were analysed using parametric methods, given evidence of the
robustness of parametric analysis for such data (Rickards et al., 2012;
Mircioiu and Atkinson, 2017). A Friedman test was conducted to eval-
uate whether there were significant differences in ranked preferences
across the three Interventions.

ANOVA models were fit using the restricted maximum likelihood
(REML) method, with statistical significance concluded when p < 0.05.
Effect sizes were reported using partial eta-squared (173). Significant
main effects were further explored using post-hoc comparisons using
Tukey's HSD (Montgomery, 2017). All statistical analyses were per-
formed using JMP Pro 18 (SAS, NC, USA) and R 4.2.1 (RStudio Desktop,
MA, USA). Given the purpose of this study, the results and discussion
focus on the main and interactive effects of Intervention. Summaries of
ANOVA model results are provided in Appendix C for muscle activation
(Table C.1), kinematics (Table C.2), and usability ratings (Table C.3).

Applied Ergonomics 134 (2026) 104744

3. Results
3.1. Muscle activation

Intervention had significant main effects on the LES; and LESy
(Table C.1). Compared with the no BSE condition, using the rigid BSE
significantly reduced mean nEMG in the LES; and LESg muscles, with
respective reductions of ~17% and ~11% (Fig. 3). For the LES], mean
nEMG was ~12% smaller when using the rigid vs. soft BSE (Fig. 3). Note,
though, that these decreases were rather small (representing less than
~3% of %MVIC), and were consistent across Orientations and Slopes.
Using the soft BSE did not significantly affect mean activation levels of
the bilateral LES muscles relative to no BSE.

3.2. Postural kinematics

Intervention had significant main effects on both peak trunk flexion
and peak T-T flexion (Table C.1). Using the soft BSE significantly
reduced trunk flexion by up to 4% vs. using the rigid BSE and no BSE
(Fig. 4). T-T flexion increased by ~5% when using the soft BSE
compared with the no BSE condition (Fig. 4). In contrast, no significant
differences were observed between the rigid and no BSE conditions.

3.3. RPE and RPWD

Intervention had significant main effects on RPE and RPWD for all
body regions assessed, except for RPE in the leg (Table C.2). Using the
soft BSE significantly increased shoulder RPE vs. both the no BSE con-
dition (by ~24%) and the rigid BSE (by ~35%); it also led to signifi-
cantly higher shoulder RPWD (by ~29%) compared to the rigid BSE
(Fig. 5). At the low back, both BSEs significantly reduced RPE (by up to
16%) relative to no BSE, but the rigid BSE resulted in significantly higher
RPWD (by ~26%) compared to the soft BSE (Fig. 6). In the legs, the rigid
BSE led to significantly higher RPWD (by ~34%) compared to the soft
BSE (Fig. 7).

3.4. Perceived balance, usability ratings, and BSE preference

No significant main or interaction effects of Interventions were found
for perceived balance (Table C.2). Respective medians (IQRs) of balance
ratings were 20 (8.8-46.3) for no BSE, 25 (10-38.3) for the rigid BSE,
and 26 (8.8-59.3) for the soft BSE.

Usability ratings tended to be neutral to negative across both BSEs
(Fig. 8). Among the usability ratings, a significant effect was found only
for time efficiency (Table C.3). Participants reported spending less time
correcting fit or functionality problems using the rigid BSE compared to
the soft BSE (Fig. 8). The rigid BSE was indicated as easier to use,
although this difference only approached significance (p = 0.061;
Table C.3).

The Friedman test revealed no significant differences in ranked BSE
preferences (p = 0.68). However, 13 preferred using a BSE (seven fa-
voring the soft BSE and six the rigid BSE), while five preferred working
without a BSE. Participants who preferred using a BSE commonly stated
that the BSEs reduced low back demands, provided a sense of physical
support, and decreased the effort of maintaining trunk-flexed postures
for longer periods. Participants favoring the rigid BSE often noted that it
enhanced postural stability by pressing against the thighs and helping
anchor the lower body on the slope. Those who preferred using the soft
BSE often highlighted its flexibility and greater freedom of movement.
They noted that it allowed them to move more naturally during task
performance while still supporting the low back. On the other hand,
participants who preferred not to use BSEs expressed concerns about
movement restriction and reduced balance. They specifically reported
that the BSEs interfered with their natural range of motion and made it
more difficult to coordinate their body. Five participants noted that
wearing a BSE led to perceptions of imbalance and an increased risk of
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Fig. 5. Intervention main effects on ratings of perceived exertion (RPE, Left) and ratings of perceived wearing discomfort (RPWD, Right) at the shoulder. Asterisks (*)

indicate significant paired differences.

falling. Additionally, three participants mentioned that performing tasks
was easier and more efficient without the constraints of the BSEs.

4. Discussion

We investigated the effects of a rigid BSE and a soft BSE in simulated
shingling tasks. Although this study was conducted in a laboratory
setting, we designed shingling tasks to achieve a modest fidelity by
incorporating representative roof surfaces, tools, and materials. Several
prior studies restricted participants to standardized postures such as
stooping or kneeling (Choi and Fredericks, 2008; Wang et al., 2017;
Breloff et al., 2019, 2020a; Dutta et al., 2020). In contrast, we allowed
participants to use self-selected movements, only constraining the facing
orientation to reflect typical practices observed among professional
roofers.

Despite these methodological differences, we observed outcomes
that were generally similar to earlier work. For example, we found the
main effects of Slope and Orientation, with greater biomechanical de-
mands when working on the steeper slope and on the bottom row
(Appendix D). These results were consistent with prior research (Lin and
Nussbaum, 2012; Wang et al., 2017; Dutta et al., 2020; Breloff et al.,
2020a), suggesting that our task design reasonably captured the
fundamental ergonomic challenges of shingling tasks.

More specific to our current goals, our first hypothesis was partially
supported. Using the rigid BSE significantly reduced lumbar muscle
activation and using the soft BSE significantly reduced trunk flexion.
Both BSEs decreased perceived low back exertion. Our second hypoth-
esis was also supported, since the two BSEs produced distinct effects in
terms of muscle activation, trunk posture, and regional discomfort. The
following sections discuss these outcomes in more detail.
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4.1. Muscle activation and postural kinematics

Using the rigid BSE significantly reduced LES muscle activity (by
11-17%) but did not significantly affect trunk flexion and T-T flexion
angles compared to no BSE (Figs. 3 and 4). These effects together suggest
that the mechanical support provided by the rigid BSE reduced demands
on the back extensor muscles without significantly altering trunk
posture. Similar findings have been reported in previous studies, which
demonstrated reduced low back muscle activation without corre-
sponding changes in trunk kinematics (e.g., Koopman et al., 2019; Bal-
trusch et al., 2020; Reimeir et al., 2023). A recent study among logistics
workers also identified reductions in LES muscle activity without sub-
stantial changes in posture, when a rigid BSE was used during stan-
dardized lifting tasks (Schrgder Jakobsen et al., 2024). Multiple field
studies have also reported reduced LES activation (e.g., Amandels et al.,
2019; Motmans et al., 2019; Thamsuwan et al., 2020; Ciccarelli et al.,
2024), suggesting that rigid BSEs can alleviate muscular demands in real
occupational settings.

Using the soft BSE significantly decreased trunk flexion (~9%) and
increased T-T flexion (~5%) compared to the no BSE condition, but it
did not significantly affect activation levels of any of the monitored
muscles (Figs. 3 and 4). The change in posture could be beneficial, since
reduced trunk flexion can mitigate low back loading by decreasing
spinal compression and shear forces (Adams and Hutton, 1982; McGill,
2015). Additionally, the concurrent reduction in trunk flexion and in-
crease in T-T flexion indicate that participants adopted slightly more
kneeling or squat-like postures, rather than a stooped posture, when
using the soft BSE. Previous evidence suggests that a kneeling posture is
preferable to stooping for reducing low back loading during shingling

tasks (Wang et al., 2017).

Despite these kinematic changes, a corresponding reduction in LES
activation was not observed when using the soft BSE. Our results in this
aspect differ from multiple previous studies that evaluated the effects of
soft BSEs, which often reported decreased LES activation during repet-
itive lifting tasks (e.g., Lamers et al., 2018; Reimeir et al., 2023; Nues-
slein et al., 2023; Thevenot et al., 2025). However, several similar
reports indicate no significant reductions in LES muscle activity when
trunk kinematics were altered (e.g., Gorsic et al., 2022; Favennec et al.,
2024). This evidence suggests that the effectiveness of soft BSEs in
reducing muscular demand may depend on the specific postural de-
mands of the task. Koopman et al. (2020) similarly observed no changes
in LES activation while trunk flexion was reduced when using a BSE, and
interpreted these findings based on the muscle force-length relation-
ship. Using a reduced trunk flexion angle with a BSE may have posi-
tioned the lumbar extensors closer to their optimal length, allowing
these muscles to produce greater active force with similar levels of
neural input.

The distinct torque-generation characteristics of the soft and rigid
BSEs provide another potential explanation for the different effects
observed between these two BSE designs (i.e., reduced muscle activity
versus reduced trunk flexion). The rigid BSE we used provided relatively
consistent or slightly decreasing supportive torque from ~30° of trunk
flexion to full flexion, indicating that users receive fairly consistent ki-
netic assistance regardless of how far they bend forward (Koopman
et al., 2020; Van Harmelen et al., 2022; Johns et al., 2024; Eskandari
et al, 2025). This consistency likely contributed to the observed
reduction in LES activation, but without necessitating changes in lumbar
flexion posture. In contrast, the soft BSE we used provided torque that
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Fig. 8. Reponses to usability questions about effectiveness (Top left), satisfaction (Top right), efficiency in terms of ease (Bottom left), and efficiency in terms of time

(Bottom right). The asterisk (*) indicates a significant paired difference.

increases with trunk flexion, resulting in progressively greater support
as users bend forward (Lamers and Zelik, 2021; Van Harmelen et al.,
2022; Nuesslein et al., 2023). This increasing torque could impose more
substantial resistance as trunk flexion angle increases, potentially
restricting trunk flexion and thereby limiting reductions in muscle
activation. Future research is still needed to investigate whether
observed trunk posture changes stem from mechanical constraints
imposed by the soft BSE or from voluntary adaptations to perceived
support, and to assess how these mechanisms interact to influence
muscle activations across different task demands.

4.2. Subjective responses

Participants reported greater shoulder RPE and RPWD when using
the soft BSE than either the rigid BSE or no BSE (Fig. 5). Participants
reported greater shoulder RPE when using the soft BSE than either the
rigid BSE or no BSE, and higher shoulder RPWD than using the rigid BSE
(Fig. 5). This effect could be due to increased BSE tension during trunk
flexion, which applied force on the shoulder region (Lamers et al., 2018;
Toxiri et al., 2019). In the low back, using both BSEs significantly
reduced RPE (Fig. 6), suggesting reduced strain in the lumbar region
(Crewe et al., 2008; Williams, 2017). The soft BSE also significantly
reduced low back RPWD compared to the rigid and no BSE conditions,
indicating less perceived wearing discomfort. This outcome may be
attributed to the absence of hip pads in the soft BSE; in contrast, the rigid
BSE included structural components near the lower back and pelvis. But
the rigid BSE led to significantly higher low back RPWD compared to the
soft BSE conditions, indicating higher perceived wearing discomfort.
This outcome may be attributed to the presence of hip pads and other

structural components near the lower back and pelvis in the rigid BSE,
which were absent in the soft BSE. Leg RPWD was significantly greater
when using the rigid BSE (Fig. 7). We suspect this greater discomfort
stemmed from pressure applied to the thighs during task performance
and/or friction caused by the thigh pads contacting participants’ skin, as
all participants wore shorts.

Overall, using both BSEs reduced perceived low back exertion, but
our findings also revealed localized wearing discomfort—particularly at
the shoulders with the soft BSE and at the thighs with the rigid BSE.
Previous studies in other task scenarios have also found increases in
discomfort when using the BSEs, especially during tasks requiring sub-
stantial trunk and hip flexion (Baltrusch et al., 2018; Kim et al., 2020).
Taken together, these findings emphasize the importance of carefully
considering task-specific physical demands when selecting BSEs.

Regarding usability, ratings on the item “I spend too much time
correcting problems” were significantly higher for the soft BSE than for
the rigid BSE (Fig. 8). Participants also indicated that the rigid BSE was
easier to use than the soft BSE. They occasionally reported that the thigh
straps on the Apex 2 (i.e., soft BSE) shifted upward or rotated to the side
during task performance. These strap displacements required manual
readjustment, which may have led to the lower usability ratings.

4.3. Limitations

Some limitations of this study should be acknowledged. First, the
participants were relatively young, healthy, and had no prior roofing
experience. In contrast, professional roofers are typically older, have
specific experience, and often perform work tasks while managing
chronic or acute musculoskeletal pain (Data USA, 2022). These
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differences may limit the generalizability of the present findings to the
target occupational population. Second, although roofing is a predom-
inantly male occupation (BLS, 2025), the limited representation of fe-
male participants in this study may further constrain the broader
generalizability of the results. Third, the familiarization period provided
for BSE use was shorter than the durations recommended by manufac-
turers due to the practical time constraints of training and data collec-
tion. Insufficient adaptation time may have influenced our
biomechanical and subjective outcomes. Fourth, despite our attempt to
achieve reasonable fidelity of roofing simulations, the study was con-
ducted in a laboratory setting and so cannot fully capture the dynamic
situations roofers face on actual job sites. Future studies should incor-
porate field-based evaluations to understand how BSEs influence
biomechanical demands and subjective perceptions in real-world envi-
ronments. Lastly, the relatively short duration of each trial limits the
interpretation of the perceived exertion results, since RPE measured
during brief, controlled laboratory tasks may not directly extrapolate to
longer task durations. Future studies are needed to examine how
perceived exertion and related outcomes may differ over extended
exposure periods under more prolonged conditions.

5. Conclusions

Our findings indicate that passive back-support exoskeletons (BSEs)
can affect biomechanical and perceptual demands during shingle
installation tasks, but their effectiveness depends on the BSE design
(rigid vs. soft). Rigid and soft BSEs provided different forms of assistance
and introduced distinct trade-offs, highlighting the importance of
considering device-specific biomechanical benefits and associated trade-
offs when selecting BSEs for roofing and other occupations involving
repetitive trunk flexion on sloped surfaces. Selecting BSEs based solely
on their ability to reduce low-back loading may overlook unintended
effects on other body regions, such as the legs or shoulders, which could
influence user acceptance and sustained use. Future research should
extend the current work to longer task durations and field-based set-
tings, and to experienced workers, to better understand how these
device-specific trade-offs influence fatigue, usability, and long-term
adoption in real-world roofing operations.
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