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EXECUTIVE SUMMARY

Introduction

Ergonomic hazards are a significant concern for construction
workers since they can lead to occupational health and safety
issues. These hazards can arise when workers are involved in
construction activities that exceed their physical capabilities and
limitations (Inyang et al., 2012; Seo et al., 2019). In the United
States about two million workers suffer from work-related
musculoskeletal disorders (WMSDs) annually and about a half
million workers lose time from work due to WMSDs (Jeffress,
2000). Common ergonomic risk factors for WMSDs include
repetitive motion, excessive force, and awkward posture (Jaffar
et al., 2011). As identified by various studies, these risk factors can
lead to stress on workers’ muscles and tendons during activities
like heavy lifting or bending (Jaffar et al., 2011; Omar et al., 2004;
Parida & Ray, 2012). The construction industry, along with
transportation and warehousing, saw the highest number of
occupational deaths in Indiana in 2020, with a total of 57 fatalities
(IDOL, 2021). As a government agency responsible for maintain-
ing transportation infrastructure, the Indiana Department of
Transportation (INDOT) plays an active role in both the
transportation and construction sectors. Therefore, it is crucial
for INDOT to prioritize the health and safety of its workers.
Previous research related to transportation safety mainly focused
on the issues caused by vehicle drivers instead of the transporta-
tion activities. In addition, the applicability of the findings about
worker safety in activities from similar industries (e.g., construc-
tion industry) to the transportation industry may be limited due to
variations in the duration, intensity, and frequency of specific
contexts within transportation. Also, the efficacy of previous
ergonomic solutions has only been evaluated in laboratory
settings, and the practicability of employing them on transporta-
tion job sites may differ given complex and ever-changing outdoor
conditions.

Findings

® Worker type of top concern.
O Transportation maintenance workers are the type of
transportation workers with the most injuries.

® Injury type of top concern.
© The highest proportion of reported injuries, 31.58%,
were related to the back, followed by leg injuries at
21.05%, shoulder injuries at 15.79%, and arm injuries

accounting for 10.53%.

® Activities of top concern.

o Lifting and pushing/pulling activities were identified as
the main concern due to workers’ perception of these
activities causing back and shoulder injuries, the
frequency with which they engage in these activities,
and the historical injury cases associated with them.

® Tasks of top concern.
o Lifting bags of materials and sign stands were identified
as the most concerning lifting tasks, based on workers’

perceived likelihood of these tasks causing back and
shoulder injuries, the frequency of performing these
tasks, and the historical injury cases related to them.

O Shoveling gravels and pulling a dead deer were high-
lighted as the most concerning pushing/pulling tasks,
considering workers’ perceived likelihood of these tasks
causing back and shoulder injuries, the frequency of
performing these tasks, and the historical injury cases
associated with them.

® Proposed ergonomic solutions.

o Lifting bags of materials: use of a back exoskeleton,
different weights of bags, and different heights of
platforms.

o Lifting sign stands: use of a shoulder exoskeleton, and
different placing approaches, including vertical on the
ground, vertical on the waist height, and horizontal on
the waist height.

o Shoveling gravels: use of a back exoskeleton and use of
an ergonomic handle.

O Pulling dead deer: use of a back exoskeleton.

® Evaluation of proposed ergonomic solutions.
o Lifting bags of materials (please see Section 8.2.1 for
details).

e Perceived muscle exertion, muscle contraction, heart
rate, and skin conductance are significantly different
when wearing and not wearing a back exoskeleton
when workers lift 50-pound or 80-pound bags.

e Muscle contraction, heart rate, and skin conductance
are significantly different for lifting 31.5-pound, 50-
pound, and 80-pound bags when workers wear and
do not wear back exoskeleton.

* Muscle contraction is significantly different between
workers with less than 5 years of working experience
and with more than 5 years of working experience.

e Muscle contraction is significantly different when
lifting from less than 20 inches and for more than
20 inches.

O Shoveling gravel (please see Section 8.2.2 for details).
e Perceived muscle exertion and muscle contraction are
significantly different when shoveling with a regular
shovel and shoveling with an ergonomic handle.

o Lifting sign stands (please see Section 8.2.3 for details).
e Perceived muscle exertion, perceived pressure, and
muscle contraction are significantly different when
lifting from waist height, compared with lifting from
the ground.
e Perceived usability shows a low usability rate of a
shoulder exoskeleton when lifting sign stands.

o

Pulling deer (please see Section 8.2.4 for details).

e No significant differences were found between
wearing and not wearing a back exoskeleton when
handling a dead deer.

Implementation

Based on the finding described above, the following implemen-
tation recommendations are made for the four activities.



® Lifting bags of materials.

O

The utilization of back exoskeletons is recommended
when dealing with items of 31.5-pound or more in
weight.

Lifting 31.5-pound bags is considered to be a safer
option than lifting 50- or 80-pound bags.

To further minimize the risk of back injuries, the
platform height from which the item is being lifted
should be at least 20 inches.

Controlling the speed at which tasks are being
performed can help reduce the likelihood of muscle
fatigue.

® Shoveling gravels.

O

Ergonomic handles may lower the risk of straining back

O

muscles, but concurrently increase the risk of arm
injuries.

Not surprisingly, the complexity associated with wearing
shoulder exoskeletons has made them an impractical
consideration.

® Lifting sign stands.

O

The height of the platform from which the item is being
lifted should be at waist height in order to further reduce
the possibility of injuries.

A shoulder exoskeleton is not preferred due to its
complexity to wear and its limited effectiveness.

® Pulling deer.

O

The proposed solution of a back exoskeleton did not
receive scientific support for its effectiveness.
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1. INTRODUCTION

Ergonomic hazards are a significant concern for con-
struction workers, leading to occupational health and
safety issues. These hazards can arise when workers
are involved in construction activities that exceed their
physical capabilities and limitations (Inyang et al., 2012;
Seo et al., 2019). In the United States (U.S.), about two
million workers suffer from work-related musculoskeletal
disorders (WMSDs) annually and about half million
workers lose time from work due to WMSDs (Jeffress,
2000). Common ergonomic risk factors for WMSDs
include repetitive motion, excessive force, and awkward
posture (Jaffar et al., 2011). These risk factors can lead to
stress on workers’ muscles and tendons during activities
such as heavy lifting or bending, as identified by various
studies (Jaffar et al., 2011; Omar et al., 2004; Parida &
Ray, 2012). The construction industry, along with trans-
portation and warehousing, saw the highest number of
occupational deaths in Indiana in 2020, with a total
of 57 fatalities (IDOL, 2021). As a government agency
responsible for maintaining transportation infrastructure,
Indiana Department of Transportation (INDOT) plays
an active role in both the transportation and construction
sectors. It is crucial for INDOT to prioritize the health
and safety of its workers. Previous work related to
transportation safety mainly focused on the issues caused
by vehicle drivers instead of the transportation activities.
In addition, the applicability of the findings of worker
safety in activities from similar industry (e.g., construc-
tion industry) to the transportation industry may be
limited due to variations in the duration, intensity, and
frequency of the specific contexts within transportation.
Also, the efficacy of previous ergonomic solutions has
only been evaluated in laboratory settings. Nevertheless,
the practicability of employing them on transportation
job sites may differ given the complex and ever-changing
outdoor conditions.

2. PROBLEM STATEMENT

While there are numerous assessment methods and
technologies available to prevent WMSDs, there is a
lack of specialized technologies, practices, and pro-
cesses designed to protect INDOT workers from the
specific injuries that are of utmost concern to the orga-
nization. More importantly, the previously proposed
technologies, practices, and processes were developed in
the construction industry. Due to discrepancies in the
specific contexts of transportation, such as variations in
duration, intensity, and frequency, the generalizability
of the findings to the transportation industry may be
limited. The following inquiries will be addressed
through this research.

1. What are workers, activities, injury types, and root causes
that are of top concern specifically to INDOT?

2. What are current injury prevention practices and efforts in
INDOT?

3. How to develop effective technologies, practices, and
processes to improve workers’ health and safety?

INDOT has recognized the importance of applied
ergonomics in improving construction workers’ safety
and health. Specific objectives of this study include the
following.

1. Identify workers, activities, injury types and their root
causes that are of top concern specifically to INDOT.

2. Identify and evaluate the current injury prevention
practices and efforts in INDOT.

3. Propose ergonomically effective technologies, practices,
and processes to improve workers’ health and safety.

4.  Evaluate the effectiveness of the proposed new technol-
ogies, practices, and processes to improve workers’
health and safety.

3. LITERATURE REVIEW

Presently, safety research within the transportation
industry has primarily centered on addressing safety
concerns arising from vehicle operators, as opposed to
safety issues related to transportation activities them-
selves. For instance, the development of driver assis-
tance technologies like adaptive cruise control has been
geared towards improving driving safety (Varotto et al.,
2022). Various technologies have been introduced to
minimize the exposure of work zone workers to hazards
and aid drivers in safely passing through work zones
(Nnaji et al., 2020). These technologies include the
automated flagger assistant device (Finley, 2013), light-
ing for nighttime highway construction (Abdelmohsen
& El-Rayes, 2018), lateral clearance between live lane
and traffic work zone (Abdelmohsen & El-Rayes, 2018),
etc. These technologies mainly focus on the safety issues
caused by motorists to work zone workers, without
addressing the musculoskeletal injuries resulting from
unsafe actions by work zone workers themselves.

In the construction industry, technologies and
practices have been developed to prevent WMSDs.
However, these strategies have never been tested for
improving the health and safety of transportation
workers. The applicability of the findings to the trans-
portation industry may be limited due to variations in
the duration, intensity, and frequency of the specific
contexts within transportation. For example, ergonomi-
cally designed hand tools, such as power tools and
textured rubber handles, can reduce injuries (Choi et al.,
2016). The flex and stretch program is also designed to
help workers improve their health and safety by
increasing the feasibility and then minimizing potential
WMSDs (Choi et al., 2017). For example, a 10-minute
warm-up exercise can significantly increase the lower
back mobility (Holmstrom & Ahlborg, 2005). In addi-
tion, exoskeleton has been widely used in the manufac-
turing industry to help workers prevent WMSDs,
because exoskeleton can habituate workers to safe
postures and support human body with extra strength
(Cho et al., 2018; Copilusi et al., 2015; Yu et al., 2015).
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Evaluating ongoing construction operations and
then developing a new design that fits workers’ capabi-
lities can also prevent workers from WMSDs (Golabchi
et al., 2018). A lot of effort had been devoted to ergo-
nomically assessing activities. However, most of these
developed solutions have limitations when they are
applied in a real job site. For example, traditional
ergonomic analysis approaches, such as onsite observa-
tions for monitoring all activities, are error prone and
require significant time for laborious construction tasks
(Golabchi et al., 2018). Onsite observations can be
useful in identifying ergonomic problems and suggest-
ing solutions, but they may not be practical for ongoing
monitoring. While exoskeletons have been tested for
simulated lifting tasks in a controlled laboratory
setting, their effectiveness in real-world job sites with
dynamic outdoor environments may differ. To address
these challenges, wearable sensors, video, and computer
vision technologies are being used to track workers’
movements and analyze workplace activities. This
approach can provide feedback to workers and gene-
rate data for redesigning workspaces and tasks
(Akhavian & Behzadan, 2016; Golabchi et al., 2018;
Guo et al., 2016; Han & Lee, 2013). Physiological status
has also been used for WMSDs assessment. For
example, electromyography (EMG) has been adopted
to monitor the extent of muscle activity (Lloyd &
Besier, 2003). Heart rate, respiration rate, movement
speed, and body posture, when they are integrated with
real-time location information, can also be used to
detect excessive bend due to material handling (Cheng
et al., 2013; Gatti et al., 2011).

Phase I: Exploration of historical injury data

Literature review and analysis of historical injury data

l

Creation of a preliminary list of worker type, injury types, activity
types, and potential risk factors of top concern specifically in the
transportation industry

N J

P

Phase II: Investigation of online survey
Phase 2.1: Design of online survey

( Survey design based on the preliminary list of worker type, injury |
types, activity types, and potential risk factors of top concern
specifically in the transportation industry

Design, review, and validation of online survey with safety
( specialists and directors )

Phase 2.2: Collection of survey data

Participants recruitment

-

Survey data collection

Phase 2.3: Analysis of survey data l

Demographic and weighted average analysis

v
Identification of prevalent injuries, risky activities (including
specific risky tasks), and risk factors in the transportation industry
& Proposal of ergonomic solutions

\ J

P

Figure 4.1 Flow chart of research methodology.

4. METHODOLOGY

The health and safety of workers involved in trans-
portation activities is crucial. The transportation sector
in the U.S. often experiences work-related injuries, as
reflected in both national and statewide data. Speci-
fically, Bureau of Labor Statistics data reveals that
1,282 work-related fatalities, or 26.9%, took place in
construction occupations across the U.S. (BLS, 2022).
Additionally, the Indiana Census of Fatal Occupational
Injuries reported 26 fatal injuries in the transportation
and warehousing industry and 31 fatal injuries in the
construction industry in 2020 (IDOL, 2021). In order to
tackle high-risk injuries and suggest solutions, research-
ers have collaborated with INDOT, an organization
that plays an active role in both the transportation and
construction sectors, to conduct further inquiries.

The research methodology presented in Figure 4.1
consists of four phases. The first phase involves
reviewing historical injury data to determine the types
of workers who are most injured, the types of injuries
that are most frequently reported, and the activities that
pose the greatest risk. Next, an online survey is
conducted to the identified type of workers to further
investigate the specific tasks that are of concern. Onsite
observations are then conducted to confirm the
procedures involved in performing the identified tasks
and to suggest possible ergonomic interventions.
Finally, field experiments are conducted to evaluate
the effectiveness of the proposed solutions. Details
regarding the specific methods used for each phase can
be found in Sections 5.1, 6.1, 7.1, and 8.1.

Phase III: Onsite observations l

Confirmation of parameters of specific risky tasks of top concern in
the transportation industry based on onsite observations

Phase IV: Conduction of field experiments
Phase 4.1: Field experiment design

Experiment design based on parameters confirmed from onsite
observations and proposed ergonomic solutions )

Setup and check of field experiments & Design of survey for
measuring level of muscle exertion (one of main reasons for
physical fatigue and ergonomic injuries)

L J

Phase 4.2: Collection of experiment data

e N\

Participants recruitment

’

Experiment data collection

\ )

Phase 4.3: Analysis of experiment data

Demographic and paired t-test analysis

(‘Exploration of the effect of proposed solutions on physical/muscle |
fatigue and ergonomic injuries based on the consideration of
identified injuries, specific risky tasks, and risk factors in the

transportation industry

2 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2023/13



5. PHASE I: PRELIMINARY EXPLORATION
THROUGH HISTORICAL INJURY DATA

5.1 Methods

In the initial stage, the investigation was commenced
by examining the historical records of injuries to
acquire a broad understanding of the focus areas. The
data pertaining to injuries was obtained from INDOT’s
insurance partner, and it was discovered that there were
1,318 reported cases of injuries that happened between
July 1st, 2014, and June 30th 2020. Subsequently,
the injury data was further analyzed to determine the
worker type that suffered the most injuries, the activities
that were the primary cause of these injuries, and the
most common injuries that occurred. Additionally, the
existing measures of injury prevention utilized by
INDOT were also investigated.

5.2 Results and Discussion

The results and discussion section presents the
findings of preliminary exploration through historical
injury data and current prevention practices.

5.2.1 Identified Worker Types, Injuries, and Activities of
Top Concern

Injuries in the transportation industry not only affect
the workers themselves but also cause emotional
distress on their families and financial burden on
INDOT. Improving workers’ health and safety can be
beneficial for both INDOT and construction workers.
In light of this, the research team commenced the work

by examining statistical data disclosed by INDOT to
explore the areas of concern, including what types of
workers have most injuries; what activities are most
risky; what injuries are most common; and what their
root causes could be. By the analysis of various
documents shared by INDOT, including documents
describing INDOT workers’ compensation claims,
illustrating INDOT workers’ nature of injury between
2016-2019, and recording INDOT workers’ loss and
injury details between 07/01/2014 and 06/30/2020, the
team identified the following key areas of concern as
shown in Figure 5.1.

1.  Worker type: 69% of injuries happened to maintenance
general workers.

2. Body part: low back area (14%) and shoulder
(6%) accounted for the majority of claim counts from
07/01/2014 to 06/30/2020.

3.  Nature of injury: the nature of injury of the most
frequent ergonomic injuries is sprain/strain (48%) from
07/01/2014 to 06/30/2020.

4. Claim cause: lifting, pushing, or pulling is the activity
accounting for the most strain/sprain injuries (17%) from
07/01/2014 to 06/30/2020.

5. Gender: male workers accounted for 86% of total claims
from 07/01/2014 to 06/30/2020.

6. Age range: workers in their 50s accounted for 31% of
total claims from 07/01/2014 to 06/30/2020.

7. Tenure range: workers who have worked for INDOT less
than 2 years accounted for 38% of total claims from
07/01/2014 to 06/30/2020.

By considering these factors, target INDOT workers
with ergonomic issues of top concern can be selected for
this project. Specifically, as shown in Table 5.1, when
all criteria are selected (case one), which means for a

Nature of
injury:
sprain/strain

lifting, pushing,
pulling Age: 50s,
Tenure range:
less than 2
years, &

Gender: male

Body part:
lower back

Workers, injuries, and activites of top concern

Figure 5.1 Identification of workers, injuries, and activities of top concern.
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TABLE 5.1

Criteria selection and the corresponding number of reported injuries

Selected Criteria

Number of Reported Injuries from
07/01/2014 to 06/30/2020

Case One All criteria 3
Case Two Without the criteria of gender and tenure range 28
Case Three Without the criteria of gender, tenure range, and age range 92

maintenance general worker who is in his/her 50s and
has worked for INDOT less than 2 years, three cases
were found to meet these criteria based on the historical
injury data. This kind of worker usually experiences
strain to their low back area or shoulder when
performing lifting, pushing, or pulling jobs. When the
criteria of gender and tenure range were not considered
and all other criteria were considered (case two), 28
reported injuries were found. When the criteria of
gender, tenure range, and age range were not con-
sidered and all other criteria were considered (case
three), 93 reported injuries were found. To ensure that
the field experiments accurately represent the most
common injuries, it is recommended that the criteria of
gender, tenure range, and age range not be considered
when selecting participants. Specifically, the researchers
will focus on exploring the lifting, pushing, and pulling
activities that are typically performed by maintenance
workers and that commonly result in sprains or strains
to the low back or shoulder areas. The goal is to
identify effective solutions that can be applied across a
broad range of workers and situations, rather than
focusing on specific demographic groups.

To identify the specific tasks that commonly lead to
injuries among INDOT workers, the researchers
analyzed incident descriptions from a document detail-
ing worker losses and injuries between 07/01/2014 and
06/30/2020. The researchers identified numerous activ-
ities that were involved in these incidents and categor-
ized them based on their similarity or association.
Additionally, the activities were ranked according to
the number of reported injury cases and the average
cost per claim. All specific tasks under each activity
category will be further investigated in the online survey
phase to confirm whether it is of top concern.

1. Group #1 of similar lifting activities of concern, with

$11,227.39 per claim.

a. Lift, pick up, load metal plates, tables, tire rings,
litter, pumps, UPM mix, mold, boxes, and carbides
(10 injuries reported)

b. Lift, pick up, load bags of sands, asphalts, concretes,
and stones (7 injuries reported)

c. Lift, pick up signs (4 injuries reported)

2. Group #2 of similar pulling/pushing activities of
concern, with $18,425.13 per claim.
a. Pull tools, valves, T-posts, grinders, deer, cables,
grate, and T-post (7 injuries reported)
b. Push plywood, tail gates, and box (3 injuries reported)

3. Group #3 of similar cutting activities of concern, with
$32,451.35 per claim.
a. Cut brush trees (5 injuries reported)

4.  Group #4 of similar cleaning activities of concern, with
$13,345.91 per claim.
a. Clean pipes, drains, trucks, debris, bridge decks, and
hot mix box (6 injuries reported)

5. Group #5 of similar repair activities of concern, with
$4,353.69 per claim.
a. Install, repair, replace sign, cable, light, brake
chamber, bridge reflectors, and plow blades (8 injuries
reported)

5.2.2 Identified Current Injury Prevention Practices

This study also examined the injury prevention
practices currently in place at INDOT and identified
opportunities for improvement. Specifically, INDOT
currently recommends field stretching exercises for
workers prior to the start of their shift as depicted in
Figure 5.2. Previous literature show that stretching
exercise can increase range of motion, reduce the risk of
sprain or strain injuries, control postural fatigue, warm
muscles, reduce internal friction and stiffness, and
improve worker comfort (Holmstrom & Ahlborg, 2005;
Liu et al., 2019). However, participation rates in these
stretching exercises are currently low among INDOT
workers. To address the issue of worker injuries related
to performing specific tasks, INDOT may want to
consider hiring stretching exercise professionals to
encourage and assist workers in performing stretching
exercises that can help prevent injuries. Additionally,
INDOT could benefit from better advertising the
potential benefits of field stretching exercises and
making participation mandatory instead of voluntary.
By implementing these measures, INDOT could help
reduce the incidence of injuries among its workers and
create a safer work environment.

5.2.3 Gathered Example of Ergonomic Issues

Appendix A shows a practical example shared by the
INDOT safety director. There is currently a task that
needs bagged material to be loaded into a thermoplastic
paint truck, which requires the employee to take the
bagged material, turn around, step up onto a short
platform, and then shove the bag into the door of
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Figure 5.2 Stretching exercises recommended by INDOT.

thermoplastic paint truck. However, in the given
scenario, the platform is too short, which means that
the employee has to lift the bagged material to a height
that is equal to or even slightly above their shoulder
level. This puts the employee at a high risk of developing
shoulder injuries.

To solve this issue, a higher platform could then be
adopted. However, in this case, the employee is
experiencing tripping hazards because s/he needs to
move up and down. To solve this newly raised tripping
issue, two employees are used so one can pass bags of
material to another one to load the material. However,
this requires the employee, who loads the material to
the thermoplastic paint truck, to twist their back to
hand over the material to the other worker. This
twisting motion could cause some back injuries.

This example highlights that problems related to
workplace safety and injury prevention that can be
addressed by redesigning the activity or the workplace.
For instance, using an elevator to lift the bagged
material to the required height or utilizing a conveyor
to transport the material can reduce the risk of shoulder
injuries in employees. Furthermore, exoskeletons can
also be used to assist workers in completing tasks that
involve heavy lifting and minimize the risk of injury. By
implementing these solutions, employers can improve

Check with your physician before starting a new exercise program or if
you have had recent joint trouble, muscle problems, or surgery.

K{m
£

i
)

workplace safety and reduce the incidence of injuries
among their workers.

6. PHASE I1I: EXPLORATION THROUGH ONLINE
SURVEY

6.1 Methods

The second phase of this study involves exploring
which activities and specific tasks are of the highest
concern. To achieve this, an online survey was
conducted to gather the perceptions and experience of
transportation maintenance workers regarding the
identified five groups of activities (lifting, pushing/
pulling, cutting, cleaning, and repairing). The survey
was designed to identify the specific tasks that are most
likely to result in injuries, and the data collected from
the survey will be used to inform the subsequent phases
of the study.

6.1.1 Design of Survey Questionnaires

A questionnaire survey was developed, comprising of
four main sections. The first section sought partici-
pants’ demographic information. The second section
involved ranking activities based on their perceived
likelihood of causing injuries and the frequency with
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which they perform each activity/task. The third section
included detailed parameters of each activity. Lastly,
the fourth section provided information on the adop-
tion of safety protective equipment and the implemen-
tation of stretching exercises. The questionnaire mainly
consisted of multiple-choice questions, with some
questions utilizing the five-point Likert scale, and
others being open-ended. For instance, participants
were asked to rate the likelihood of activities causing
back or shoulder injuries, using a five-point scale where
one indicated the least likely and five indicated the most
likely, based on their perception. The design and
structure of the questionnaire is shown in Figure 6.1.
The full survey can be found in Appendix A.

6.1.2 Collection of Survey Data

The survey questionnaire, constructed in Qualtrics,
was distributed to INDOT’s statewide safety managers
and district safety directors for further distribution to
potential participants. The survey required approxi-
mately 20 minutes to finish. Given the involvement of
human subjects in this research, approval was obtained
from Purdue University’s Institutional Review Board
(IRB) prior to the conduction of the study. The survey
was conducted between April 4th, 2021, and April 30th,
2021, and a total of 75 INDOT workers were gathered
for participation. Of all responses, 48 individuals
provided complete responses, which were subsequently

analyzed to identify the most commonly occurring
injuries, the activities most likely to cause such injuries,
the specific tasks most likely to cause such injuries, key
parameters involved in those tasks, and the current
situation of protection and assistance usage.

6.1.3 Analysis of Survey Data

In this study, two approaches were utilized for data
analysis, namely descriptive data analysis and weighted
average analysis. In the descriptive data analysis phase,
various statistical techniques were employed, including
frequency distribution, mean analysis, and percentage
calculation. These techniques were utilized to determine
the demographic and behavioral attributes of the
participants. Second, weighted average analysis was
employed to explore injury types that mostly occurred
and types of activities that have caused most injures
(Dye Management Group, 2014; Guo et al., 2022). In
the survey, researchers verified which activities are most
likely to cause an injury to back or shoulder. And
researchers also checked how often they perform the
activity while working. For example, if researchers want
to know the weighted total for how likely lifting will
cause an injury to back or shoulder, somebody says
one as the least likely and other people say five as the
most likely, researchers calculate the weight times its
corresponding number of responses divided by total
responses to get the weighted average.

Demographics

* Gender * Years of working
* Age * Injuries

* Weight * Symptoms

Multiple choice questions ]

Ranking of activities
likely to cause an injury

often being performed

* Based on perception of which activity most

* Based on frequency of which activity most

Likert scale questions ]

Parameters of activities
* Techniques

* Frequency

» Walking distances

* Weight

* Tools

* Assistance

Multiple choice and
open-ended questions

Stretching exercises
* Back extension * Shoulder over
* Neck forward ¢ Shoulder across

Multiple choice and
open-ended questions

Protection
* Personal protective equipment
* First aid

open-ended questions

I A

Multiple choice and J

Figure 6.1 Framework of designed survey questionnaire.
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6.2 Results and Discussion

The results and discussion section presents the
findings of exploration through the online survey
conducted with INDOT maintenance workers.

6.2.1 Demographics of Online Survey Participants

This research invited maintenance workers from
INDOT. From a total of 75 responses gathered, 48
complete responses were utilized for the purpose of
data analysis. A majority of the respondents were male
(89.59%), and their ages ranged from their 20s to 60s,
with the highest proportion being in their 40s (37.50%).
The study also included the duration of tenure, with a
majority of the participants having worked as main-
tenance workers for a period ranging from 5 to 10 years
(29.17%), as shown in Table 6.1.

TABLE 6.1
Demographic characteristics of online survey participants

6.2.2 Safety Behaviors of Online Survey Participants

This study investigated the use of stretching exer-
cises among participants, including their level of
involvement, the timing of their stretching routine,
and their reasons for engaging in such activities.
Additionally, data was collected on the utilization of
Personal Protective Equipment (PPE) while performing
tasks on site. The findings revealed that 72.92% of
workers engaged in stretching exercises, while 95.83%
used PPEs, as indicated in Table 6.2.

6.2.3 Identified Injuries of Top Concern

The occurrence of various injuries among trans-
portation maintenance personnel was investigated to
identify the most frequent injury types. A summary of

Demographic Characteristics Number Percentage (%)
Gender Male 43 89.59
Female 5 10.41
Age 20s 6 12.50
30s 5 10.42
40s 37.50
50s 14 29.17
60s 5 10.42
Weight 100-199 pounds 14 29.17
200-299 pounds 29 60.42
Over 299 pounds 5 10.41
Tenure Range (TR) TR = 2 years 3 6.25
2 years < TR = 5 years 12 25.00
5 years < TR = 10 years 14 29.17
10 years < TR = 15 years 8 16.67
15 years < TR = 20 years 4 8.33
20 years < TR 7 14.58
TABLE 6.2
Behavioral characteristics of transportation maintenance workers
Behavioral Characteristics Number Percentage (%)
Stretching Exercise Yes 35 72.92
Time of stretching exercise 17 35.42
Before the shift 8 16.67
During the shift 2 4.17
After the shift 8 16.67
Whenever as needed
Reason of Stretching Exercise Routine or habit 17 34.00
Feels pain 18 36.00
No 13 27.08
Use of PPE Yes 46 95.83
No, PPE is available 2 4.17
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Figure 6.2 Participant injury detail.

common injuries was derived from historical data and
incorporated into the survey, enabling respondents to
indicate the most common injuries they have encoun-
tered. Of the respondents, 70.21% had never been
injured, while 29.79% had experienced injuries. Among
the injured participants, 31.58% had back injuries,
21.05% had leg injuries, and 15.79% had shoulder
injuries, as depicted in Figure 6.2.

6.2.4 Identified Activities of Top Concern

To determine the maintenance activities that pose
the highest risk of injury to the participants, the survey

® Perception
20

11

Lifting Pulling/pushing

Figure 6.3 Activities of top concern.

m Percpetion

® Frequency

Cutting

® Frequency

employed two questions. Firstly, respondents were
requested to rank the activities according to their
perception of the likelihood of causing back/shoulder
injury, with a score of one indicating the least proba-
bility, and five the highest. Secondly, participants were
asked to rank the activities based on their frequency of
performance, with zero indicating never, one indicating
the least frequent, and five indicating the most frequent.
The researchers used a weighted average approach,
combining the perception and frequency information to
rank the activities. The results revealed that lifting and
pushing/pulling activities were the most frequently
performed and perceived to be the most likely to cause
back and shoulder injuries among the workers, with the
highest number of past injuries as shown in Figure 6.3.

6.2.5 Identified Lifting Tasks of Top Concern

To identify the specific tasks within the lifting acti-
vity that pose the highest risk of injury, three criteria
were utilized. These criteria comprised the participants’
perception of the probability of sustaining back or
shoulder injury resulting from specific activities, the
frequency at which they carry out those activities, and
the number of past injuries associated with those
activities. Based on the analysis of the data, the results
indicated that lifting bags of materials, signs, and metal
plates were the activities that required the most con-
cern, as shown in Figure 6.4. After a further discussion
with the safety director who oversees the transportation

Number of injuries

8
5 6
Cleaning Installing/repairing/
replacing
Number of injuries
3 3

Lift metal Lift furniture Lift cable Lift tire rings  Lift litter
plates rails

Figure 6.4 Lifting tasks of top concern.

Lift pumps

Lift boxes Lift bags of Liftsigns Lift buckets

material - of material -
Sand/ Gravel/ Paints/

Concrete/ epoxy/ oils/
Asphalt/ etc. ete.
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Figure 6.5 Pulling/pushing tasks of top concern.

work across the state, the metal plate could most likely
refer to the traffic sign. Therefore, that narrows down
three specific tasks (i.e., bags of material, signs, and
metal plates) into two tasks (bags of material and signs).

6.2.6 Identified Pulling/ Pushing Tasks of Top Concern

Similarly, to identify the specific tasks within the
pulling/pushing activity that cause the most injuries,
three same criteria were employed. Based on the
analysis of the data, the results indicated that pulling/
pushing tools (with shoveling as the most frequently
used tool) and pulling a dead deer were the activities
that required the most concern, as shown in Figure 6.5.

7. PHASE III: PROPOSAL OF ERGONOMIC
SOLUTIONS THROUGH ONSITE
OBSERVATIONS

7.1 Methods

To develop effective ergonomic solutions for the tasks
that were identified as the top concerns, it is necessary to
understand how these tasks are typically performed in
real-world settings. To achieve this, onsite observations
were conducted at one of the maintenance units of INDOT
to capture how workers lifted bags and sign stands,
and how they pulled or pushed asphalt and dead deer.

7.1.1 Design of Onsite Observation Checklists

Prior to conducting onsite observations, various
parameters were prepared for later onsite verification.
For instance, during the lifting task, which includes
bags of dry concrete mix and sign stands, the research
team controlled certain parameters as presented in
Appendix C. These parameters were initially derived
from literature review, online survey, and discussion
with the safety director at INDOT. For instance, when

Pull/push  Pull/push deer

Pull/push Pull/push
cables grate

Pull/push  Pull/push tail Pull/push box
plywood gates

lifting bags, participants should bend their legs to lift,
as well as turn around to lift. The weight of each bag of
sand was either 30, 40, or 50 pounds. Participants were
required to lift the bags from the pallet to the truck with
liftgate, and then from the truck with liftgate to the
ground at the site. The horizontal distance for lifting
bags was fixed at 10 feet. Participants performed the
lifting task with or without exoskeleton, and with and
without stretching exercises. Similar parameters were
employed during the pulling and pushing task, as
specified in Appendix D. These parameters were revised
based on onsite observation for later discussion with
the safety director at INDOT.

7.1.2 Collection of Onsite Observation Data

In order to ensure the precision of the parameters
employed in the field experiments, the researchers made
two visits to an INDOT maintenance unit at Tipton,
Indiana, on September 30, 2021, and December 10,
2021. During these visits, the researchers verified the
parameters of how identified activities of top concern
are performed, such as the techniques commonly used
by workers when performing lifting activities, as well as
the horizontal and vertical distances that are typically
covered when lifting.

7.1.3 Analysis of Onsite Observation Data

The collected data were manually analyzed and
cross-checked with prior studies. Such analyses could
be advantageous for proposing ergonomic solutions
and designing field experiments.

7.2 Results and Discussion

The results and discussion section presents the
findings of onsite observations.
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7.2.1 Observed Lifting Activities

7.2.1.1 Lifting bags of dry concrete mix. Due to the
need for confidentiality as required by the IRB, the
researchers were obligated to mask the workers’ faces in
any figures presented in this report. The initial activity
that was observed is lifting bags of materials, which
could be performed in two different ways. The first
method is depicted in Figure 7.1, Figure 7.2, Figure 7.3,
and Figure 7.4, in which a worker bent their back to lift
a bag from a pallet, placed it on the liftgate, raised the
liftgate, and subsequently moved the bag onto the
truck. In contrast, the second method shown in Figure
7.5 and Figure 7.6, involves a worker lifting a bag from
the pallet and directly loading it onto the truck, without
using the liftgate.

As shown in Appendix E, a comparison has been
made between the values obtained from the site visit
and the prior knowledge, which shows that some values
are confirmed as correct, while others are different from
the previous data. However, it should be noted that this
site visit only represents a single district unit and may
not be representative of other district units. Therefore,
the final values to be employed in the experiment
require confirmation from the personnel who oversees a
larger area. For instance, lifting bags to the truck with
liftgate can be accomplished via two approaches: the
first involves lifting the bags to the liftgate and then to
the truck, while the second involves lifting the bags
directly to the truck with liftgate, which is new infor-
mation. It was also learned that the loads of lifting
commonly used at the site are 80-pound bags, which
differs from the prior understanding, owing to its lower
unit price. Furthermore, it was initially believed that
stretching exercise was practiced at the site based on the
survey, but it was discovered that this was not the
case and workers did not quite do stretching exercise.
In addition, workers actually typically lift bags by
bending their backs based on site observation instead of
bending their legs as claimed in their survey responses.

Figure 7.1 Lifting bags of dry concrete mix—step one.
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Figure 7.3 Lifting bags of dry concrete mix—step three.
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Figure 7.4 Lifting bags of dry concrete mix—step four.

7.2.1.2 Lifting sign stands. During the site visit, the
researchers also observed workers lifting sign stands
and identified two different approaches. In both app-
roaches, the frames were folded up and two frames were
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Figure 7.5 Lifting bags of dry concrete mix alternative—step
one.

Figure 7.6 Lifting bags of dry concrete mix alternative—step
two.

lifted at a time. However, there were differences in how
the frames were loaded onto the truck. In one app-
roach, the frames were loaded from the back (Figure
7.7, Figure 7.8, and Figure 7.9), while in the other
approach, the frames were loaded from the side (Figure
7.10, Figure 7.11, and Figure 7.12).

As shown in Appendix F, a comparison has been
made between the values obtained from the site visit
and the prior knowledge, which shows that some values
are confirmed as correct, while others are different
from the previous data. For example, during the onsite
observations of lifting sign stands, it was found that
workers bend back a little to lift.

Figure 7.9 Lifting sign stands—step three.
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Figure 7.11 Lifting sign stand alternative—step two.

Figure 7.12 Lifting sign stand alternative—step three.

7.2.2 Observed Pulling/ Pushing Activities

7.2.2.1 Shoveling asphalts. The researchers also obser-
ved how shoveling asphalt is typically performed.
As shown in Figure 7.13 through Figure 7.19, initially,

ez i 2. ‘3 _‘}"
Figure 7.14 Shoveling asphalts—step two.

workers use a breaker to break up the damaged asphalt
into small pieces. Several workers then work together to
shovel the asphalt into a loader for complete removal.
A broom and blower are then used to clean the pothole.
Two common sizes of potholes are shown, and
measurements were taken for simulation purposes if
required. The asphalt machine is then brought as close
as possible to the pothole and workers shovel the
asphalt onto the ground. Finally, an asphalt roller is
used to make the ground tight and flat. Throughout the
asphalt patching process, several potential ergonomic
risks to workers were identified, particularly in the steps
of asphalt removal and asphalt patching.

7.2.2.2 Pulling dead deer. The researchers also
observed how dead deer are typically handled.
INDOT workers mocked the process with a bag of
concrete mix. Based on the visual representations
provided in Figures 7.20 to 7.27, it appears that
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Figure 7.17 Shoveling asphalts—step five.

pulling a deer is typically a task that requires two
workers. During this task, one worker is responsible for
monitoring traffic while the other worker pulls the deer
from the center of the road to the side. After the deer
has been moved to the side of the road, both workers
will then pull the deer together to move it to the lift
gate. Once the lift gate has been raised, one worker will
then pull the deer from the lift gate and load it onto the
truck. Workers will also need to do it reversely to pull
the deer from truck to a burner.

After conducting onsite observations, it was verified
that the workers utilize both hands when pulling the

Figure 7.20 Pulling deer step one—dragging from the road to
the curb.

Figure 7.21 Pulling deer step two—dragging from the curb to
the liftgate.
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Figure 7.25 Pulling deer step six-lowering down the liftgate
to let a worker step off.

Figure 7.23 Pulling deer step four—dragging from the liftgate
to the truck. 4

Figure 7.26 Pulling deer step seven-rising the liftgate to the
burner height.

Figure 7.24 Pulling deer step five-dragging from the truck

bed to the liftgate. Figure 7.27 Pulling deer step eight-dragging the deer to the

burner.

deer. However, they indicated that the weight of the any additional equipment apart from the lift gate to

deer could be approximately 200 pounds, which is manage the deer. The process requires two workers, one
higher than the previously assumed weight of 125 to halt traffic and pull the deer from the road to the
pounds. The distance required to pull the deer is side, while two workers work in conjunction to trans-

approximately 18 feet, including the lane width (12 feet) port the deer to the lift gate of the truck, and one
and lift gate width (8 feet). The workers do not employ worker pulls the deer from the lift gate and into the
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truck. Despite knowing the benefits of the exercise
program, the workers do not engage in any exercise
routines, as shown in Appendix G (pull deer from road
to truck) and Appendix H (pull deer from truck to
burner).

8. PHASE 1V: EVALUATION OF PROPOSED
ERGONOMIC SOLUTIONS THROUGH FIELD
EXPERIMENTS

8.1 Methods

Experiments were carried out in real-world settings
to explore the possible effects of suggested ergonomic
interventions on the health and safety of workers
performing transportation maintenance tasks.

8.1.1 Design of Field Experiments

8.1.1.1 Physiological and subjective measures. The
study encompasses the gathering of two primary
categories of information: physiological measurements
and personal perceptions, which are common elements
in ergonomic investigations, as shown in Figure 8.1
(Rodrigues et al., 2022). Different types of data can
provide supplementary information for each other.
Specifically, generalized muscle fatigue could be
measured by physiological data including heart rate
(the number of heart beats per minute) and electro-
dermal (EDA) activity, also known as skin conduc-
tance. In addition, motion sensors will be used to detect
any unsafe actions based on trajectories. All these three

types of physiological data cannot detect localized
muscle fatigue because they monitor body muscle as a
whole (Rodrigues et al., 2022). Therefore, electro-
myography (EMG) sensors will be attached to specific
muscles to measure muscle contractions, as shown in
Figure 8.2. In addition to physiological data, subjective
data will also be collected to help better understand the
physiological data, as shown in Appendix K (Aryal
et al., 2017; Borg, 1982). The level of muscle exertion is
linked to the risk of physical fatigue, so participants will
be asked questions to better understand how they feel
during each trial. This will help to differentiate between
participants who may have a higher heart rate but may
not necessarily be experiencing higher levels of physical
fatigue. The subjective data collected will be used in
conjunction with physiological data to better under-
stand the overall physical fatigue experienced by the
participants. In addition, usability scale (Appendix K)
(Bangor et al., 2008) and pressure scale (Appendix K)
(Antwi-Afari et al., 2021) were also used in the field
experiments (Ko et al., 2018). For the usability scale,
questions 1, 3, 5, 7, and 9 are positive, while questions
2,4, 6,8, and 10 are negative.

8.1.1.2 Experimental procedure of lifting bags of dry
concrete mix. Table 8.1 shows the parameters that will
be used for simulating the experiment of lifting bags of
dry concrete mix, which is the most common material
that INDOT transportation maintenance workers
need to lift in their daily work. Based on the onsite
observations, workers typically lift bags from the pallet

Gysiological data
* Entire body
O Heart rate
o Electrodermal
activity/skin conductance
(EDA)
o Motion
* Specific muscle

\ o Electromyography (EMG)

Figure 8.1 Physiological data and subjective data.

"o (P

Measurement of Physical
(muscle) Fatigue

Subjective data

* Level of muscle
exertion

*  Usability

* Perceived pressure

Figure 8.2 EMG sensor, EDA sensor, muscle strength tester, and motion sensor (left to right).
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TABLE 8.1
Parameters of lifting bags of dry concrete mix

Parameters Value(s)

Justification or Data Source

Approach to Lifting Bags Directly lift to the truck

Exoskeleton Yes/No
Loads of Lifting
Height of Bags
Techniques of Lifting

Lifting Stuff

Nature (squat/stoop/combined)

Vertical Distance

Horizontal Distance 7.5

Other Tools or Help Used No
Number of Bags 12 bags

31.5-pound bags/50-pound bags/80-pound bags
From 28" to 4” by 4" after every two bags

Bags of dry concrete patch mix

28-4" (on pallet)/42” (on truck tailgate)/0” (on ground)

Onsite observation, confirmation with
safety director, and confirmation with
four highway maintenance technicians

Literature

Onsite observation and survey

Onsite observation

Onsite observation, survey, and literature

Onsite observation, survey, confirmation
with safety director, and confirmation
with two

highway maintenance technicians

Onsite observation

Onsite observation, and

confirmation with two highway
maintenance technicians

Onsite observation, and survey

Onsite observation, confirmation with
safety director, and confirmation with
two highway maintenance technicians

straight onto the truck’s rear, which will be the lifting
technique employed by participants during the experi-
ment. They usually lift 80-pound bags on site. There-
fore, an 80-pound bag will be one of the testing weights.
In addition, a 50-pound bag is another weight that
INDOT workers usually lift and is close to the load
constant recommended under the ideal condition by
National Institute for Occupational Safety and Health
(NIOSH). Bags of 31.5 pounds were calculated by using
the recommended weight limit (RWL) equation and
considering Load Constant (LC), Horizontal Multiplier
factor (HM), Vertical Multiplier factor (VM), Distance
Multiplier factor (DM), Asymmetric Multiplier factor
(AM), Frequency Multiplier factor (FM), and Coupling
Multiplier factor (CM) considering work that INDOT
workers usually do, as shown in the equation (1) below
(Waters et al.,, 1994). Bags are usually packed and
delivered on a pallet with the layout of seven bags per
layer and six layers per pallet (28 inches in height).
In addition, INDOT maintenance workers usually lift
10-15 bags per time and once per day. To mimic the
varying heights workers must lift in their daily tasks,
lifting 12 bags has been chosen since it approximates the
average number of bags lifted by a worker each day and
can replicate different potential lifting heights by arran-
ging two bags per layer. Participants will be required to
lift 12 bags straight onto the truck both with and
without an exoskeleton. The exoskeleton will be utilized
to investigate if its use can assist workers in accomp-
lishing the task under safer conditions.

RWL=LCxHM x VM x DM x AM
xFM x CM (Eq. 4.1)

For lifting bags of dry concrete mix, there will be six
trials in total, because there are two variables: (1) loads

of lifting (31.5-pound bags, 50-pound bags, and 80-
pound bags.) and (2) with or without an exoskeleton.
Back exoskeleton is selected as the assistance tool
because (1) low back pain is the main injury experi-
enced by workers, (2) back exoskeleton will provide
support when workers stoop to lift, and (3) the plat-
form height from which bags are lifted and the platform
height to which bags are placed are under participant’s
chest height, which makes back exoskeleton more
suitable, compared with shoulder exoskeleton (provid-
ing support when performing tasks over chest height).
Table 8.2 shows an example of the experiment setup. In
trial one, the participant will lift twelve 31.5-pound
bags in about 5 minutes from pallet to truck, then take
a short break for 5 minutes, and then lift the twelve
31.5-pound bags from truck to ground. Each trial will
be separated into a recovery period of 20 minutes,
during which exoskeletons will be taken off and sub-
jective responses will be collected. In this situation, for
lifting bags (six trials), the total time would be around
270 minutes. Six trials will be ordered by Balanced
Latin Squares, which reduces the order effect and carry-
over effect. For instance, concerning the order effect, if
all participants lift 31.5-pound bags in trial one, 50-
pound bags in trial two, and 80-pound bags in trial
three, it would be impossible to evaluate whether lifting
80-pound bags leads to more injuries, as the risk accu-
mulates from trial one and trial two. To address the
carry-over effect, the Balanced Latin Squares will
arrange the sequence of experiment trials such that
each trial precedes another trial exactly once when the
total number of trials is even (Sheehe & Bross, 1961), as
shown in Appendix I.

In the experiment site, six pallets with three different
weights of bags are arranged in the order generated
by Balance Latin Square. For example, for the first
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TABLE 8.2
Experiment of lifting bags of dry concrete mix

No Back Exoskeleton

Back Exoskeleton

A: 31.5-pound bags

Trial 1: Pallet to truck with 12 bags (5 minutes) + Break (5 minutes) +
Truck to site with 12 bags (5 min)

Break Between Trials (20 minutes)

B: 31.5-pound bags

Trial 4: Pallet to truck with 12 bags (5 minutes) + Break
(5 minutes) + Truck to site with 12 bags (5 minutes)

Break Between Trials (20 minutes)

C: 50-pound bags

Trial 2: Pallet to truck with 12 bags (5 minutes) + Break (5 minutes) +
Truck to site with 12 bags (5 minutes)

Break Between Trials (20 minutes)

D: 50-pound bags

Trial 5: Pallet to truck with 12 bags (5 minutes) + Break
(5 minutes) + Truck to site with 12 bags (5 minutes)

Break Between Trials (20 minutes)

E: 80-pound bags

Trial 3: Pallet to truck with 12 bags (5 minutes) + Break (5 minutes) +
Truck to site with 12 bags (5 minutes)

Break Between Trials (20 minutes)

F: 80-pound bags

Trial 6: Pallet to truck with 12 bags (5 minutes) + Break
(5 minutes) + Truck to site with 12 bags (5 minutes)

Break Between Trials (20 minutes)

North 31.5 Ibs.

12 bags

315 Ibs. 7.5 feet

12 bags

Door

80 Ibs.
12 bags

R

50 Ibs.
12 bags

80 Ibs. 7.5 feet

12 bags

Door
A

50 Ibs.
12 bags

;

|

EN

Door

Crew cab '
v

—

Crew cab

Door

EN
v

Figure 8.3 Layout of experiment site.

participant, six pallets with weights of 50-pound bags,
80-pound bags, 50-pound bags, 80-pound bags, 31.5-
pound bags, 31.5-pound bags from south to north, were
placed in line as shown in Figure 7.1. The distance
between pallets and the truck was set as 7.5 feet, which
is the common distance that an INDOT maintenance
worker needs to travel while carrying bags of concrete
mix based on onsite observation, and confirmation with
two individual workers. On each pallet, a total of 12
bags are placed with two bags on each layer and six
layers in total, as shown in Figure 8.3 and Figure 8.4.

8.1.1.3 Experimental procedure of shoveling gravels.
Table 8.3 shows the parameters that will be used for
simulating the experiment of shoveling gravels, which is
one of the most common activities that INDOT
workers need to perform. Based on the observations,
most workers shovel 10 minutes per time and two times
per hour with two hands. Flat shovel is more commonly

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2023/13

used. Each time, they will shovel about 10 pounds of
gravel. Participants will be asked to shovel when wearing
an exoskeleton and without wearing an exoskeleton. In
addition, ergonomic shovels have also been investigated
as a useful tool to reduce muscle overexertion in previous
research about shoveling snow (Huang & Paquet, 2001).
It will also be tested in this project.

In total, with two variables, there are four trials
including: (1) shovel with no back exoskeleton and with
regular shovel, (2) shovel with back exoskeleton and
regular shovel, (3) shovel with no back exoskeleton and
with an ergonomic handle, and (4) shovel with back
exoskeleton and with an ergonomic handle, as shown in
Table 8.4. For example, in trial one, the participant will
shovel broken gravel for 3 minutes, clean for 1 minute,
rest for 5 minutes, shovel new gravel for 3 minutes, and
patch for 1 minute. Each trial will be separated by a
20-minute break. In this situation, for shoveling gravel
(four trials), the total time would be around 140
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Figure 8.4 Arrangement of bags and pallets.

TABLE 8.3

Parameters of shoveling gravels

Parameters Value(s) Justification or Data Source

Techniques of Shoveling Gravels Two hand push and pull Onsite observation, confirmation with safety director,
and confirmation with two highway maintenance
technicians

Assistance No/back exoskeleton/ergonomic handle/both  Literature

back exoskeleton and ergonomic handle
Materials Gravel Onsite observation, survey, confirmation with safety

director, and confirmation with two highway
maintenance technicians

Tools Flat shovel Onsite observation, and confirmation with two highway
maintenance technicians

Shoveling Direction Shovel from left to right, and from right to Onsite observation, and confirmation with two highway
left. maintenance technicians

Total Weight to Be Shoveled About 600 pounds (10 pounds/shovel, Onsite observation, and confirmation with two highway
20 shovels/minute, 3 minutes/time) maintenance technicians

Distance Between the Standing Point 3 feet Onsite observation, and confirmation with two highway
and the Pile maintenance technicians

Other Tools or Help Used No Onsite observation, and confirmation with two highway

maintenance technicians

TABLE 8.4

Experiment of shoveling gravels

A: No back exoskeleton + regular shovel B: Back exoskeleton + regular shovel

Shovel broken gravel (3 minutes) + Clean (1 minute) + Rest Shovel broken gravel (3 minutes) + Clean (1 minute) + Rest (5 minutes) +
(5 minutes) + Shovel new gravel (3 minutes) + Patch Shovel new gravel (3 minutes) + Patch (1 minute)
(1 minute)

Break between trials (20 minutes) Break between trials (20 minutes)

C: No back exoskeleton + shovel with ergonomic handle D: Back exoskeleton + shovel with ergonomic handle

Shovel broken gravel (3 minutes) + Clean (1 minute) + Rest Shovel broken gravel (3 minutes) + Clean (1 minute) + Rest (5 minutes) +
(5 minutes) + Shovel new gravel (3 minutes) + Patch Shovel new gravel (3 minutes) + Patch (1 minute)
(1 minute)

Break between trials (20 minutes) Break between trials (20 minutes)

minutes. Figure 8.5 shows an example of the experi- simulating the experiment of lifting sign frames, which

ment setup. is one of the most common materials that INDOT

workers need to lift. Based on the observations, most

8.1.1.4 Experimental procedure of lifting sign stand. workers directly lift frames from storage ground to the

Table 8.5 shows the parameters that will be used for truck through the side of the truck, which will be the
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lifting method participants will use in the experiment.
Participants will be asked to lift six sign frames when
wearing an exoskeleton and without wearing exo-
skeleton, because they usually need to lift six frames

— Door —

North

Pile of
gravels

3 feet

Asphalt hot box machine

— Door [

Figure 8.5 Layout of experiment site.

TABLE 8.5
Parameters of lifting sign frames

per day. In addition, they usually need to lift those six
sign frames four times, including once to load up in the
morning, once to offload from the truck and place in
the field, once to take down in the field and put back in
the truck, and once to offload from the truck and place
back in the shop.

In total, there are six trials, because two parameters
are tested here. One parameter is the way to place sign
stands, including placing vertically at ground, vertically
at waist height, and horizontally at waist height. Another
parameter is wearing or not wearing an exoskeleton. For
example, in trial one, the participant will lift from storage
to truck with 6 sign stands for 2 minutes, have a break for
5 minutes, and lift from truck to site with 6 sign stands
for 2 minutes, as shown in Table 8.6. Lastly, the partici-
pant will lift all sign stands from truck to storage ground
for about 2 minutes. Each trial will be separated by a
20-minute break. In this situation, for lifting sign stands,
the total time would be around: 170 minutes. Figure 8.6
shows an example of the experiment setup.

8.1.1.5 Experimental procedure of pulling dead deer.
Table 8.7 shows the parameters that will be used for
simulating the experiment of pulling deer, which is one
of the most common activities that INDOT workers
need to perform in their daily work. Based on the
observations, two employees are required for this
activity. One worker is responsible for halting traffic,
while another worker pulls the deer from the road to
the side. Next, both workers cooperate to move the deer
to the liftgate. As the liftgate rises to the truck’s height,
one worker pulls the deer from the liftgate into the
truck. Upon arriving at the location of the burner
(40 inches in height), one worker pulls the deer from
the truck to the liftgate. After lowering the liftgate to
the burner’s height, both workers pull the deer from the

Parameters Value(s)

Justification or Data Source

Turn to lift but do not twist
Yes/No

Techniques of Lifting
Shoulder Exoskeleton
Placement of Stands
on waist height
Loads of Lifting

Vertical Distance for

Frames
How is Frame Stored
on the floor

Horizontal Distance 7.5

Frequency (Times

Vertical on ground/vertical on waist height/horizontal
2 frames at a time; 6 frames in total for a day
0” (on ground)/42” (on truck tailgate)/0” (on ground)

Sign stands are stored folded up and standing upright

4 times. Once to load up in the morning. Once to

Onsite observation, survey, and literature

Literature

Onsite observation, and confirmation with two highway
maintenance technicians

Onsite observation, and confirmation with two highway
maintenance technicians

Onsite observation, and confirmation with two highway
maintenance technicians

Onsite observation, confirmation with safety director,
and confirmation with two highway maintenance
technicians

Onsite observation, and confirmation with two highway
maintenance technicians

Onsite observation, survey, and confirmation with two
highway maintenance technicians

Onsite observation, survey, and confirmation with two

Per Day) remove from the truck and place in the field. Once
to take down in the field and put back in the truck.
Once to offload from the truck and place back
in the shop.
Other Tools or No
Help Used

highway maintenance technicians
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TABLE 8.6
Experiment of lifting sign frames

A: No shoulder exoskeleton and vertical at ground

Trial 1: Storage to truck with 6 frames (2 minutes) + Break (5 minutes) +
Truck to site with 6 frames (2 minutes)

Break between trials (20 minutes)

B: Shoulder exoskeleton and vertical at ground

Trial 2: Storage to truck with 6 frames (2 minutes) + Break
(5 minutes) + Truck to site with 6 frames (2 minutes)

Break between trials (20 minutes)

C: No shoulder exoskeleton and vertical waist height

Trial 3: Storage to truck with 6 frames (2 minutes) + Break (5 minutes) +
Truck to site with 6 frames (2 minutes)

Break between trials (20 minutes)

D: Shoulder exoskeleton and vertical waist height

Trial 4: Storage to truck with 6 frames (2 minutes) + Break
(5 minutes) + Truck to site with 6 frames (2 minutes)

Break between trials (20 minutes)

E: No shoulder exoskeleton and horizontal waist height

Trial 5: Storage to truck with 6 frames (2 minutes) + Break (5 minutes) +
Truck to site with 6 frames (2 minutes)

Break between trials (20 minutes)

F: Shoulder exoskeleton and horizontal waist height

Trial 6: Storage to truck with 6 frames (2 minutes) + Break
(5 minutes) + Truck to site with 6 frames (2 minutes)

Break between trials (20 minutes)

————— Door P
North Horizontal | Horizontal |\ o | Verticalon | Verticalon |\ .o o
on waist on waist — waist waist ]
height height er height height g
A
7.5 feet
>
Crew cab
S ——
4' Door |7

Figure 8.6 Layout of experiment site.

liftgate to the burner. When a worker uses their hands
to pull the deer from the road’s center to the truck
parked at the curb, the pulling distance is approxi-
mately 20 feet (i.e., from the center of the two-lane road
to the truck’s liftgate; 12 feet + 8 feet = 20 feet). Based
on the average size of mature white-tail deer and dis-
cussions with INDOT maintenance workers, the deer’s
weight is around 125 pounds.

In total, there are two trials as shown in Table 8.8,
because there is only one variable changing: with or
without exoskeleton. The back exoskeleton is selected
as the assistance tool because (1) low back pain is the
main injury experienced by workers and (2) back
exoskeleton will provide support when workers stoop
to pull. Figure 8.7 shows an example of the experiment
setup. For example, in trial one, the participant will
drag deer from road to liftgate (1 minute), raise liftgate
(1 minute), drag deer from liftgate to truck (1 minute),

20

lower liftgate to let worker step off (1 minute), have a
break for traveling to burner (20 minutes), lower and
raise liftgate to let worker step on truck (1 minute), drag
deer from truck to liftgate (1 minute), lower liftgate to
let worker step off (1 minute), raise liftgate to burner
height (1 minute), drag deer from liftgate to burner
(1 minute). Each trial will be separated by a 20-minute
break. In this situation, for pulling deer (two trials), the
total time would be around 90 minutes.

8.1.2 Collection of Field Experiments

8.1.2.1 Data collection of lifting bags of dry concrete
mix. The population of this study is INDOT highway
maintenance technicians. With the help from INDOT,
29 participants including highway maintenance tech-
nicians, safety specialists, and supervisors were recruited
to participate in this experiment. On each workday, a
participant came to the experiment site first thing during
her/his scheduled day before doing any other work
activities and started to do the experiment at 8:00 AM.
The sound and vibration of the participant’s mobile phone
was turned off, and the phone was securely stored on a
table away from the participant. The participant was
requested to not check his/her phone until the experiment
is complete. The participant was requested to sit in a
height-adjustable chair and adjust the height to make
herself or himself comfortable. All devices utilized in the
experiment were explained to the participant, including
muscle strength tester, EMG sensors, EDA sensors, and
motion sensors. Cameras were also set up to record the
participant’s motion and facial expression. The back
exoskeleton was also adjusted to fit the participant with
the help of the investigator. The participant was then
requested to view and sign the consent form if he/she did
not have any questions.

Once the consent form is signed, the steps below are
followed to complete the experiment.

1. The investigator went through a pre-survey with the
participant, which can be found in Appendix J. The pre-
survey collects data about the participant’s demographic
information (gender, age, height, worker type, etc.) and
behavior information (smoking habit, drinking habit, etc.).
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TABLE 8.7
Parameters of pulling deer

Parameters

Value(s)

Justification or Data Source

Techniques of Pushing/Pulling
Back Exoskeleton

Loads of Pushing/Pulling (pounds)
Horizontal Distance

Vertical Distance

Number of Employees

Besides the lift gate, other tools used?
Height of the Burner
How to dump deer to the burner?

Two hand pull

Yes/No
125 pounds

20’ (center of the two-lane road to truck tailgate;
12" + 8 = 20)

0” (on ground)/4” (on tailgate when on ground)/
42" (on raised tailgate)/40” (burner)

Two employees are required. One for stopping
the traffic. One for pulling the deer from road
to side. Two for pulling the deer to lift gate of
the truck. One for pulling the deer from the lift
gate into the truck.

No

40"

Drag deer from truck to liftgate, and lower
liftgate. Two employees to drag the deer to
the burner from the same side.

Onsite observation, confirmation with safety
director, and confirmation with two highway
maintenance technicians

Literature

Confirmation with two highway maintenance
technicians

Onsite observation, and confirmation with two
highway maintenance technicians

Onsite observation

Onsite observation

Onsite observation
Onsite observation
Onsite observation

TABLE 8.8
Experiment of pulling deer

A: No back exoskeleton

Drag deer from road to liftgate (1 minute) + Rise liftgate (1 minute) +
Drag deer from liftgate to truck (1 minute) + Lower liftgate to let
worker step off (1 minute) + Break for traveling to burner (20
minutes) + Lower and rise liftgate to let worker step on truck
(1 minute) + Drag deer from truck to liftgate (I minute) + Lower
liftgate to let worker step off (1 minute) + Rise liftgate to burner
height (1 minute) + Drag deer from liftgate to burner (1 minute)

Break between trials (20 minutes)

B: Back exoskeleton

Drag deer from road to liftgate (1 minute) + Rise liftgate (1 minute) +
Drag deer from liftgate to truck (1 minute) + Lower liftgate to let
worker step off (1 minute) + Break for traveling to burner (20
minutes) + Lower and rise liftgate to let worker step on truck
(1 minute) + Drag deer from truck to liftgate (1 minute) + Lower
liftgate to let worker step off (1 minute) + Rise liftgate to burner
height (1 minute) + Drag deer from liftgate to burner (I minute)

Break between trials (20 minutes)

2. The investigator checked whether the participant wore a
t-shirt, shorts, body lotion, and makeup. The require-
ment to wear a t-shirt and shorts enables the investigator
to attach sensors to different body parts of the partici-
pant, as shown in Figure 8.8. In this figure, red circles

show the placement of EMG sensors, dark yellow dots

indicate the placement of motion sensors, and the dark
blue dot shows the EDA sensor. The requirement of not
wearing any body lotion and makeup allows the EMG
sensor to work properly as body lotion and makeup may
block the data collection and transmission detected by
EMG electrodes. The skin was also cleaned by using
alcohol wipes before EMG sensors were attached to

participant’s body.

3. The participant was requested to have a 10-minute rest
for the investigator to record baseline values for EMG
and EDA data. Baseline values provide reference for
detecting EMG and EDA signals during the lifting work.

4. The EMG data of participant’s maximum voluntary
contraction was recorded by using the EMG sensors and
a muscle tester. The participant was requested to use the
maximum force that they can generate by using different
muscle parts while the investigator provides manual

resistance.
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Figure 8.9 Lifting 31.5-pound bags, 50-pound bags, and 80-pound bags: (1) without back exoskeleton and (2) with back

exoskeleton.

Figure 8.10 Bags on the truck and bags on the ground.

5. The participant was requested to have a 10-minute rest
before the trials can be performed to avoid fatigue caused
by the previous step of measuring maximum voluntary
contraction.

6.  There are six trials in total. In each trial, the investigator
first recorded the temperature and humidity, which
influence the EDA data. Then the participant lifted 12
bags to the truck with or without the back exoskeleton,
depending on the order. The participant was requested to
lift the left bag first and then lift the right bag and lift the
next layer in the same way once two bags in the previous
layer were finished. The participant was requested to finish
all six layers (12 bags in total), as shown in Figure 8.9.

10.

11.

Such a requirement enables the investigator to compare
data for different lifting heights among different workers.
Once all the bags were loaded to the truck as shown in
Figure 8.10, the participant sat and took the post-survey,
which can be found in Appendix K (Aryal et al., 2017;
Borg, 1982) and had a 5-minute rest on the chair.

After that, the participant offloaded 12 bags from the
truck to the ground. The participant was also requested
to offload bags from left to right from the top layer to the
bottom layer on the truck. And the participant was
requested to drop off bags on the ground in the way that
they usually drop off bags on site to simulate the real
scenario.

After that, the participant needed to sit in the chair and
take the post-survey again, and to have a 20-minute rest.
The post-survey collects data about the participant’s (1)
perceived level of exertion on their shoulder muscle,
upper arm muscle, back muscle, upper leg muscle, and
lower leg muscle, (2) perception about the product (back
exoskeleton) usability and perceived musculoskeletal
pressure.

Once all six trials were complete, the data of the partici-
pant’s maximum voluntary contraction was recorded
again with EMG sensor and muscle tester.

The participant was requested to wear the exoskeleton by
herself or himself, and then finish the survey of product
(back exoskeleton) usability, as shown as Question 6 of
Appendix K.
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8.1.2.2 Data collection of shoveling gravels. The popu-
lation of this study is INDOT highway maintenance
technicians. With the help from INDOT, 26 partici-
pants including highway maintenance technicians,
safety specialists, and supervisors were recruited to
participate in this experiment. A similar procedure as in
Section 8.1.2.1 was used. The main differences included
(1) there are four trials in total, and (2) in each trial, the
investigator first recorded the temperature and humi-
dity, which influences the EDA data. Then the partici-
pant shoveled broken gravel for 3 minutes, cleaned for
1 minute, rested for 5 minutes, shoveled new gravel
for 3 minutes, and patched for 1 minute, as shown in
Figure 8.11.

8.1.2.3 Data collection of lifting sign stands. The
population of this study is INDOT highway main-

tenance technicians. With the help from INDOT, 27
participants including highway maintenance techni-
cians, safety specialists, and supervisors were recruited
to participate in this experiment. A similar procedure as
in Section 8.1.2.1 was used. The main differences
included: (1) There are six trials in total. (2) In each
trial, the investigator first recorded the temperature and
humidity, which influences the EDA data. Then the
participant lifted from storage to truck with 6 frames
for 2 minutes, had a break for 5 minutes, lifted from
truck to site with 6 frames for 2 minutes, as shown in
Figure 8.12.

8.1.2.4 Data collection of pulling dead deer. The
population of this study is INDOT highway

maintenance technicians. With the help from INDOT,
28 participants

including highway maintenance

Figure 8.11 Shoveling with (1) regular shovel, (2) back exoskeleton, (3) ergonomic handle, and (4) both ergonomic handle and

back exoskeleton.

Figure 8.12 Lifting sign stands without shoulder exoskeleton as (1) vertical on ground, (2) vertical on waist height, and (3)
horizontal on waist height, and with shoulder exoskeleton as (4) vertical on ground, (5) vertical on waist height, and (6) horizontal

on waist height.
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Figure 8.13 Pulling deer (1) with back exoskeleton, and (2) without back exoskeleton.

technicians, safety specialists, and supervisors were
recruited to participate in this experiment. A similar
procedure as in Section 8.1.2.1 was used. The main
differences included: (1) There are four trials in total.
(2) In each trial, the investigator first recorded the
temperature and humidity, which influences the EDA
data. Then the participant dragged deer from road to
liftgate (1 minute), raised liftgate (1 minute), dragged
deer from liftgate to truck (1 minute), lowered liftgate
to let worker step off (I minute), had a break for
traveling to burner (20 minutes), lowered and raised
liftgate to let worker step on truck (1 minute), dragged
deer from truck to liftgate (1 minute), lowered liftgate
to let worker step off (1 minute), raised liftgate to
burner height (1 minute), dragged deer from liftgate to
burner (1 minute), as shown in Figure 8.13.

8.1.3 Analysis of Field Experiments

Two techniques were utilized for data analysis, com-
prising descriptive data analysis and paired t-test.
Descriptive data analysis was used to determine the
demographic and behavioral characteristics of partici-
pants using frequency distribution, mean analysis, and
percentage calculation. Additionally, a paired t-test was
implemented to investigate the impact of different types
of assistance on participants’ perception of muscle
exertion during task performance.

8.2 Results and Discussion

The results and discussion section presents the
findings of field experiments.

8.2.1 Lifting Bags of Dry Concrete Mix

8.2.1.1 Demographics of participants of lifting bags.
The experiment involved the participation of 29 indivi-
duals who were asked to lift bags of concrete mix. The
demographic information of the participants is pre-
sented as follows. The participants had an average age
of 37.45 years and a height of around 70.79 inches. On
average, they had a work experience of 3.96 years. Out
of the 29 participants, 27 were male and 2 were female.

TABLE 8.9
Demographic information of participants in lifting bags of dry
concrete mix, part 1

Demographic Mean SD
Age (year) 37.45 9.81
Height (inch) 70.79 3.31
Arm Length (inch) 27.72 2.12
Shoulder Height (inch) 61.14 2.39
Waist Height (inch) 37.86 2.89
Knee Height (inch) 22.50 3.34
Waist Size (inch) 39.21 6.35
Weight (pound) 218.54 49.79
Body Mass index 30.58 5.96
Body Fat (%) 28.21 9.97
Fat Free Body Weight (pound) 151.76 19.26
Subcutaneous Fat (%) 24.02 8.30
Visceral Fat 13.16 5.55
Body Water (%) 51.74 7.41
Skeletal Muscle (%) 47.34 7.28
Muscle Mass (pound) 144.09 18.47
Bone Mass (pound) 7.69 0.82
Protein (%) 16.39 2.36
Basal Metabolic Rate (kcal) 1856.72 188.54
Metabolic Age 38.44 9.47
Tenure (year) 3.96 3.88

The participants had different job titles, including 6
level one highway technicians (HT1), 2 level two
highway technicians (HT2), 14 level three technicians
(HT3), 2 safety specialists, and 5 supervisors. Ten parti-
cipants had previous injuries. Most of the participants
were right-handed and right footed. Detailed infor-
mation is available in Tables 8.9 through 8.12.

8.2.1.2 Perceived muscle exertion. Regarding the
subjective data analysis, the experiment compared the
perceived level of muscle exertion when lifting bags with
and without a back exoskeleton, as shown in Table
8.13. The results of the paired t-test revealed that for
bags weighing 31.5-pound bags, there was no signi-
ficant difference in muscle exertion between lifting with
and without the exoskeleton for any muscle group.
However, for bags weighing 50 pounds, there was a
significant difference in the back and upper leg muscles
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TABLE 8.10

Demographic information of participants in lifting bags of dry concrete mix, part 2

Demographic Category Number of Participants Ratio (%)
Gender Male 27 93.10
Female 2 6.90
Worker Type HT1 6 20.69
HT2 2 6.90
HT3 14 48.28
Safety specialist 2 6.90
Supervisor/Manager 5 17.24
TABLE 8.11

Demographic information of participants in lifting bags of dry
concrete mix, part 3

Number of Ratio

Demographic Category Participants (%)
Injury Yes 10 34.48
No 19 65.52
Dominant Hand Left 6 20.69
Right 23 79.31
Dominant Foot Left 5 17.24
Right 24 82.76

TABLE 8.12

Demographic information of participants in lifting bags of dry
concrete mix, part 4

Number of Ratio
Demographic Category Participants (%)
Injured Wrist 1 3.45
Hand 1 3.45
Back 4 13.79
Shoulder 2 6.90
Leg 1 3.45
Knee 1 3.45

when using the exoskeleton. This may be because the
exoskeleton transferred the load from the back to the
upper leg. For bags weighing 80 pounds, there was a
significant difference in the back, shoulder, and arm
muscles. The exoskeleton provided force to push the
worker’s back backward, making it easier to lift the
bags. As for the shoulder and arm muscles, even though
the exoskeleton did not touch or support them, the
worker was able to return to a straight position quicker,
potentially resulting in a lower perceived level of
exertion. However, this result may be limited by
subjective bias from the survey. The experiment also
cross-checked the survey data with EMG sensor data,
but no significant differences were found. It is recom-
mended to use the back exoskeleton when lifting bags
weighing 50 pounds and 80 pounds or to change to
bags weighing 31.5 pounds to protect the back muscles.
To minimize bias in future surveys, the sequence of
asking questions should be randomized.

8.2.1.3 Perceived pressure. Regarding the pressure on
different muscles, the results indicate that overall
pressure was low, and the use of the back exoskeleton
did not result in significantly increased pressure on
different muscles, as shown in Table 8.14.

8.2.1.4 Perceived usability. The usability of the back
exoskeleton was also evaluated through a questionnaire
consisting of ten statements (Table 8.15). Partici-
pants rated their agreement or disagreement with the
statements on a scale ranging from one (strongly
disagree) to five (strongly agree). The statements
included both positive (P) and negative (N) aspects
of the product, and some required reverse scoring
to indicate agreement with the product. For example,
question nine “I felt very confident using the pro
duct” had an average rating of 3.11, indicating agree-
ment with the statement. In contrast, statement ten “I
needed to learn a lot of things before I could get going
with this product” had an average rating of 2.34,
indicating disagreement with the statement, or in other
words, ease of use. Overall, the back exoskeleton was
found to be acceptable for use based on participant
ratings.

8.2.1.5 Muscle contraction. This research employed
EMG sensors to evaluate muscle fatigue and evaluate
whether there were notable distinctions in muscle
activities while lifting varying weights with or without
a back exoskeleton. EMG sensors enabled an assess-
ment of the precise physical weariness of specific
muscles, which could potentially result in future
injuries. Table 8.16 and Table 8.17 present the results
of the paired t-tests comparing EMG data. We found
that the EMG values obtained from the back muscle
varied the most significantly when lifting different
weights with and without a back exoskeleton. We did
not observe a significant difference when lifting 31.5-
pound bags with or without the back exoskeleton.
However, when lifting 50-pound and 80-pound bags,
there was a significant difference between the two
conditions. We also observed a significant increase in
heart rate when lifting bags of all weights while wearing
the back exoskeleton. This trend was also observed
when not wearing the back exoskeleton. Based on these
findings, we recommend changing to 31.5-pound bags
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TABLE 8.13
Level of muscle exertion comparison

31.5 Pounds 50 Pounds 80 Pounds
With Without With Without With Without
Shoulder Muscle 8.71 8.73 10.34 10.44 12.61 13.34*
Arm Muscle 8.93 8.98 10.93 10.94 13.07 13.41%*
Back Muscle 9.23 9.29 10.71 11.96* 12.64 13.24%*
Upper Leg Muscle 8.89 8.95 10.38 11.48* 12.10 11.63
Lower Leg Muscle 8.53 8.58 9.95 9.97 11.34 10.92
*Significant p < 0.05.
TABLE 8.14
Pressure comparison of lifting bags of dry concrete mix
With Back Exoskeleton Only
Zero (No Pressure) to Ten (Strong Pressure) 31.5 Pounds 50 Pounds 80 Pounds
Shoulder Muscle 2.17 2.70 3.39
Arm Muscle 2.42 3.00 3.68
Back Muscle 3.12 3.66 4.16
Upper Leg Muscle 3.10 3.55 3.86
Lower Leg Muscle 2.42 2.68 3.18
TABLE 8.15
Usability comparison of back exoskeleton (Bangor et al., 2009)
31.5 Pounds 50 Pounds 80 Pounds
One (Strongly Disagree) to Five (Strongly Agree) P N P N P N
1. I think that T would like to use this product frequently. 4.19 - 2.95 - 2.88 -
2. I found the product unnecessarily complex. - 2.17 - 2.17 1.28
3. I thought the product was easy to use. 3.95 3.74 - 4.26 -
4. 1 think that I would need the support of a technical person to be able to use - 1.72 - 1.66 - 1.28
this product.
5. 1 found that the various functions in this product were well integrated. 3.50 - 3.72 - 3.78 -
6. I thought that there was too much inconsistency in this product. - 2.26 - 2.26 - 2.10
7. 1 would image that most people would learn to use this product very quickly. 3.74 - 3.91 - 3.74 -
8. I found the product very awkward to use. - 1.83 - 1.72 - 2.98
9. I felt very confident using the product. 3.40 - 3.24 - 3.22 -
10. T needed to learn a lot of things before I could get going with this product. - 2.10 - 2.17 - 2.09
TABLE 8.16
EMG comparison with and without exoskeleton
50 Pounds 80 Pounds
With Without With Without With Without
EMG - Back 15.08% 16.78% 28.99% 35.79%* 50.79% 61.72%*

*Significant p < 0.05.

or using a back exoskeleton when lifting 50-pound and
80-pound bags to reduce the risk of muscle fatigue and
potential injuries.

The study also examined whether there were signi-
ficant differences in EMG values among workers with
different levels of tenure. Table 8.18 shows that there
was a significant difference between workers with less

26

than 5 years of tenure and those with more than 5 years
of tenure. Upon review of the video recordings, it was
observed that more experienced workers tended to lift
bags at a slower pace, taking at least 10 seconds per lift,
whereas less experienced workers tended to rush to
complete the task, resulting in increased fatigue and
muscle tiredness.
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TABLE 8.17
EMG comparison among different lifting weights

With Back Exoskeleton

Without Back Exoskeleton

31.5 Pounds 50 Pounds 50 Pounds

80 Pounds

31.5 Pounds 50 Pounds 50 Pounds 80 Pounds

EMG - Back 15.08% 28.99%* 28.99%

50.79%*

16.78% 35.79%* 35.79% 61.72%*

*Significant p < 0.05.

TABLE 8.18
EMG comparison between different tenure range

With Back Exoskeleton

Without Back Exoskeleton

Less than 5 Years

More than 5 Years

Less than 5 Years More than 5 Years

EMG-Back 32.08%

30.79%

41.87% 34.79%*

*Significant p < 0.05.

This study investigated whether varying lifting
heights could lead to noteworthy disparities in EMG
values among the workers. Table 8.19 demonstrated
that there was a significant difference of EMG values in
the back muscles when lifting from less than 20 inches
compared to greater than 20 inches, regardless of
whether an exoskeleton was worn or not. This could be
attributed to the fact that lifting from a higher platform
lessens the bending angle and the forces needed to lift a
material. However, these conclusions have limitations
because a Balance Latin Square design was not used.
Ideally, a Balanced Latin Square design with 36 trials
(6 heights x 3 weights x 2 values for exoskeleton =
36) should be employed to remove the order effect and
carry-over effect when examining the impact of varying
heights on physiological metrics. A single trial would
take 35 minutes, including 5 minutes for lifting bags
from pallet to truck, having a short break for 5 minutes,
lifting bags from truck to ground for 5 minutes, and
having a long break for 20 minutes (also shown in
previous Table 8.5). A total of 1,240 minutes (20.67
hours) are needed for each participant, under which
condition fatigue will further interfere the collected data
and potentially pose workers under ergonomic risks
(Shin & Kim, 2007). As a result, the data shown here,
and the findings may have been affected by order and
carry-over effects. For example, the EMG data
recorded at lower levels might be higher not solely
due to the increased back exertion it demands, but also
because participants had just bent their backs for the
prior upper layer(s) and lacked sufficient recovery time
from the earlier exertion. The exploration of height
with Balanced Latin Square design was explored in the
experiments of lifting sign stands. Please refer to Table
8.39 under Section 8.2.3.5 for the insights of how
different heights would change muscle activities on
lower back region without the interference of order or
carry-over effects.

TABLE 8.19
EMG comparison between different heights

Less than 20 Inches More than 20 Inches

EMG-Back 46.77% 32.19%*

*Significant p < 0.05.

TABLE 8.20
Heart rate comparison with and without exoskeleton
31.5 Pounds 50 Pounds 80 Pounds
With Without With  Without With  Without
HR 75.88 76.78 86.78 90.77* 92.42 100.71%*

*Significant p < 0.05.

8.2.1.6 Heart rate. In this study, it is investigated if
there were notable differences in heart rate when lifting
various weights, both with and without a back
exoskeleton. Paired t-test results are presented in
Tables 8.20 and 8.21. It is generally accepted that a
normal resting heart rate falls within the range of 60 to
100 beats per minute, with some variability based on
individual factors. While exercising, the heart rate can
rise to 130 beats per minute or higher for brief periods,
though this varies among individuals. A resting heart
rate exceeding 120 beats per minute is deemed
hazardous. An elevated heart rate during physical
activity may suggest that the heart is exerting more
effort to supply oxygen to the body’s muscles,
potentially leading to increased fatigue. However,
determining the specific muscle groups experiencing
fatigue requires further analysis, such as measuring
lactic acid levels. Importantly, a higher heart rate can
signal overall physical fatigue in the body, which could
contribute to long-term injury. We observed no
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TABLE 8.21
Heart rate comparison among different lifting weights

31.5 Pounds 50 Pounds 50 Pounds 80 Pounds 31.5 Pounds 50 Pounds 50 Pounds 80 Pounds
HR 75.88 86.78* 86.78 92.42%* 76.78 90.77* 90.77 100.71%*
*Significant p < 0.05.
TABLE 8.22
Skin conductance comparison with and without exoskeleton
31.5 Pounds 50 Pounds 80 Pounds
With Without ‘With Without Without Without
EDA 4.47 5.99 11.05 14.89* 25.84 26.34
*Significant p < 0.05.
TABLE 8.23
Skin conductance comparison among different lifting weights
With Back Exoskeleton
31.5 50 31.5 50 31.5 50 31.5 50 31.5 50 31.5
Pounds Pounds Pounds* Pounds Pounds Pounds* Pounds Pounds Pounds* Pounds Pounds
EDA 4.47 11.05 - 11.05 25.84 - 5.99 14.89 - 14.89 26.34%*

*Significant p < 0.05.

significant difference in heart rate when lifting 31.5-
pound bags with or without a back exoskeleton,
potentially due to posture or the weight being too
light to activate the exoskeleton. However, we observed
a significant difference when lifting 50- and 80-pound
bags with and without the exoskeleton, with a greater
difference observed when lifting 80-pound bags.

8.2.1.7 Skin conductance. In terms of skin con-
ductance, our study aimed to investigate whether
there is a significant difference when lifting different
weights and when using a back exoskeleton or not, as
shown in Table 8.22 and Table 8.23. We utilized a
paired t-test to compare the data and found that the use
of back exoskeleton did not make a significant diffe-
rence when lifting 31.5-pound and 80-pound bags.
However, it was observed that there was a significant
difference when lifting 50-pound bags while using or
not using the exoskeleton. Additionally, a trend was
noticed in the skin conductance data showing an
increase from lifting 31.5-pound to 80-pound bags,
regardless of the use of the back exoskeleton. There-
fore, it is recommended to either switch to lifting 31.5-
pound bags or use the back exoskeleton when lifting
50-pound bags.

8.2.1.8 Potential motion analysis for ergonomic risk
report. In the given example of a lifting task, motion
skeleton models can be extracted and analyzed for the
risk of musculoskeletal disorders (MSD) using the
Rapid Entire Body Assessment (REBA) method, which
considers the leg component, in contrast to the Rapid
Upper Limb Assessment (RULA) method. As

demonstrated in Figures 8.14 through 8.19, a com-
parison between the red scores (without exoskeleton)
and green scores (with exoskeleton) reveals that the
primary difference in scores is attributed to step two,
which involves the trunk position, as shown in Figure
8.17. The red score is consistently higher because of the
cumulative effect originating from step two, which is
the fundamental cause of lifting the trunk position.
As a result, the suggested approach of employing
back exoskeletons demonstrates its potential to help
workers maintain a safe trunk position and decrease
their risk of MSD. With the back exoskeleton, the
REBA score of MSD risk is lowered from very high to
medium, as depicted in Figure 8.19. Further research
will be conducted in a subsequent project to auto-
matically monitor workers’ activities and assess the
related ergonomic risks using this motion analysis.

8.2.1.9 Summary. Back exoskeletons are suggested
to be used when lifting more than 31.5-pound bags.
Lifting 31.5-pound bags is suggested, compared with
lifting 50-pound bags and 80-pound bags. Lifting from
a 20-inch or above height platform could reduce back
injuries. Controlling the speed to perform tasks could
reduce the risk of muscle fatigue.

8.2.2 Shoveling Gravels

8.2.2.1 Demographics of participants of shoveling
gravels. In the study, 26 individuals were recruited to
participate in a task involving shoveling gravel. The
average age of the participants was 35.35 years, and
their height was approximately 70.35 inches. The
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participants had an average work experience of 3.91
years. Out of the 26 participants, 24 were male and
2 were female. They held various job titles, including
6 HTI1, 2 HT2, 14 HT3, 2 safety specialists, and 2
supervisors. Further details regarding the demographic
information of the participants can be found in Table
8.24 and Table 8.25.

8.2.2.2 Perceived muscle exertion. In the subjective
data analysis, the study aimed to compare the perceived
level of muscle exertion during shoveling tasks using
different assistance, including a regular shovel, a back
exoskeleton, an ergonomic handle, and both the

Figure 8.14 Lifting bags motion.

Figure 8.15 Extracted skeleton from lifting bags motion.

ergonomic handle and back exoskeleton. While no
significant difference was observed between shoveling
with and without the back exoskeleton, the results in
Table 8.26 indicated a significant difference in the lower
muscles of the lower arm and back muscles between
shoveling with a regular shovel and an ergonomic
handle. Notably, the perceived level of muscle exertion
increased in the lower arm muscle while decreasing in
the back muscles when using ergonomic handles. This
finding may be explained by the fact that the ergonomic
shovel design requires a different hand grip and arm
motion, which could result in more force being exerted
on the lower arm muscles. Additionally, the ergonomic
shovel is designed to reduce bending of the back and
may transfer some of the load to the lower arm muscles,
resulting in increased activity in these muscles. The
lower arm muscles may be more involved in this task
compared to the back muscles because they are more
responsible for holding and manipulating the shovel
and providing more force to scoop and dump the
gravel. Based on these results, it is recommended to use
a shovel with an ergonomic handle and not to use a
back exoskeleton.

8.2.2.3 Perceived pressure. In relation to the pressure
placed on different muscles, the findings reveal that the
overall pressure exerted was relatively low. None-
theless, Table 8.27 shows that the ergonomic shovel
resulted in the highest pressure on the lower arm muscle,
compared with regular shovel, back exoskeleton, and
both.

8.2.2.4 Perceived usability. The usability of the
ergonomic shovel and back exoskeleton was evaluated
using a ten-statement questionnaire (Table 8.28). Parti-
cipants rated their level of agreement or disagreement
with the statements on a scale of one (strongly disagree)
to five (strongly agree). The statements included
positive (P) and negative (IN) aspects of the products,
and some required reverse scoring to indicate agree-
ment with the product. For instance, the third state-
ment “I thought the product was easy to use” had an
average rating of 3.65 for the ergonomic shovel and

Figure 8.16 Lifting without and with back exoskeleton.
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REBA Employee Assessment
Worksheet

A. Neck, Trunk and Leg Analysis

Step 1: Locate Neck Position
“

Step 1a: Adjust.
If neck is twisted: +1
If neck is side bending: +1

0200 *2 20"+ *2.
d ‘ ‘ Neck Score

Step 2: Locate Trunk Position

Step 2a: Adjust...
If trunk Is twisted: +1
If trunk is side bending: +1

ViP\afs
4

Trunk Score

Step 3: Legs

LR

Step 4: Look-up Posture Score in Table A
Using values from steps 1-3 above,
Locate score in Table A

Adjust:

Posture Score A

Step 5: Add Force/Load Score
Ifload < 11 Ibs. : +0

If load 11 to 22 Ibs. : +1

If load > 22 Ibs.: +2

Adjust: If shock or rapid build up of force: add +1 Force / Load Score

8

Find Row in Table C. Score A

Step 6: Score A, Find Row in Table C
Add values from steps 4 & 5 to obtain Score A.

Scoring

1 = Negligible Risk

2-3 = Low Risk. Change may be needed.

4-7 = Medium Risk. Further Investigate. Change Soon.
8-10 = High Risk. Investigate and Implement Change
11+ = Very High Risk. Implement Change

Leg Score

Task Name:
Scores
Table A Neck
1 2 3
B2l sl4l1] 2514l 1[2]3]4
B 1/2/3/4/1/2/3/4/3/3/5/6
JRNKN2N 2 3 4 S 3 456 456 7
Posture 3 2 4 5 6 4 56 7 56 7 8
Score 4 3 56 756786789
SN 467867897899
NTableB Lower Arm
1 2
122183 2.9
1]2]2]1]2]8
1/2|3/2/3]4
R 3 s 5 4 5 5
Arm =
B 4 5 5 5 6 7
)s‘”" Bl ¢ 7 87 8 8
B 7 8 8 8 9 9
Table C
Score A Score B
1234567 8910112
N 11]1/2|3[3|4|5|6]/7[7]|7
N 1212/ 3/4(4/5/6/6/7|,7 8
NN 2/3/3/3/4/5/6/7/7/8|8|8
SN 344, 4/5/6/7/8 8,9/ 9/9
B 4 4 4 5/6(7,8,89 9,99
6 6 6 6 7 88 9 910101010
7 71717,8/19|9|9(10/10/11{11| 11
8 8 88 90V IONT 1IN
9 9 9 9 101010 11 11 11 1212 12
10 10 10 10 11 11 11 11 12 12 12 12 12
17111111 111212 12 12 12 12 12 12
12 121212121212 1212121212 12
Table C Score Activity Score REBA Score

Figure 8.17 Part A neck, trunk, and leg analysis of REBA for evaluating the risk of musculoskeletal disorders associated with

tasks (Middlesworth, 2023).

1.89 for the back exoskeleton, indicating a preference
for the ergonomic shovel over the back exoskeleton.

8.2.2.5 Muscle contraction. In the current study, we
employed EMG sensors to investigate whether there
were significant differences in muscle activity when
using different assistance during shoveling tasks. Unlike
other measures such as heart rate and skin con-
ductance, EMG sensors allowed for the assessment of
physical fatigue of specific muscles, which could lead to
long-term injuries. The paired t-tests comparing EMG
data presented in Table 8.29 revealed that the lower
arm muscle showed a significant increase in muscle
activity from using a regular shovel to using an
ergonomic shovel, while the back muscle indicated the
opposite muscle contraction changes. This finding may
be explained by the fact that the ergonomic shovel is
designed to reduce bending and twisting of the back
and may transfer some of the load to the lower arm

muscles, resulting in increased activity in these muscles.
Therefore, it is recommended to use a shovel with an
ergonomic handle and avoid using a back exoskeleton
based on the observed results.

8.2.2.6 Heart rate and skin conductance. In this
investigation, the effect of diverse forms of assistance
on heart rate and skin conductance was also analy-
zed. Nonetheless, the results revealed no significant
differences. This outcome could be attributed to the
limited capability of these measures to detect only
overall muscle fatigue, as they fail to capture changes in
exertion levels of specific muscles, such as the lower arm
and back muscles, as shown in Table 8.30.

8.2.2.7 Summary. Ergonomic handles could reduce
the risk of injuries on back muscles while increasing the
risk of injuries on lower arm muscles when shoveling.
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Task Name: Date:

Scores B. Arm and Wrist Analysis
Table A Neck Step 7: Locate Upper Arm Position:
1 2 3 “
e I 2IslAl 12514102514
B 1/2](3]4[1]2[s]4[3]s]s]6
Trunk 2 2 3 453 456456 7
Posture 3 2 4 5 6 456 756 7 8
Sore 4 35675678678 9 sepzaadust.
5 4 6 7 8 6 7 8 9 7 8 9 9 Ifshoulder is raised: +1
If upper arm is abducted: +1
B— Lower Arm If arm Is supported or person Is leaning: -1
1 2 Step 8: Locate Lower Arm Position:
Wrist 1 2 3 1 2 3 “ 2 w2
B 2 21 23 w10 g
B 2323 4 7 22
B 3 4 5 4 55 i Lower Arm Score
BN 4 S 5 5 6 7
BRI 6 7 8 7 8 8 Step 9: Locate Wrist Position:
| EODOOK e
595 15 15+ 2 2
Table C s h Wrist Score
Score A Score B .
123 456 7 8 9101112 Step9a:Adust..
1 1111112/8/3/4/816|17 717 If wrist is bent from midline or twisted : Add +1
2 12234456677 EF  gap10: Look-up Posture Score in Table B 5 5
3 2 333456 7 7 8 8 8 ysingvalues from steps 7-9 above, locate score in Table B
4 3444567889099 gayy1:AddCouplingScore Posture Score B
S5 444567 8899 9 9 welfiting Handle and mid range power grip, good: +0
6 6 6 6 7 8 8 9 9 101010 10 Acceptable but not ideal hand hold or coupling
7 7778999101011 Nn m&mmﬁmxu - 10
8 888 9101011010111 1M SCOSRING AR JORSNE, POOVY. Coupling Score
9 9.9 910101011 11 111212 12 m"a"d“'m‘gd"‘mmwmm'
10 1010 10 11 11 11 11 12 12 12 12 12 v
1111111 11121212 12 12 12 12 12 Step 12: Score B, Find Column in Table C 6 5
B2 12/12/12/12/12/12/12/12/12]12]12/12| Add values from steps 10 &11 o obtain

Score B. Find column in Table C and match with
Score A in row from step 6 to obtain Table C Score.

10 6+ 1 1 = 11 7 step13:Acivity score

+1 1 or more body parts are held for longer than 1 minute (static)
Table C Score Activity Score REBA Score +1 Repeated small range actions (more than 4x per minute)
+1 Action causes rapid large range changes in postures or unstable base

Score B

Figure 8.18 Part B arm and wrist analysis of REBA for evaluating the risk of musculoskeletal disorders associated with tasks
(Middlesworth, 2023).

Score Level of MSD Risk

negligible risk, no action required

low risk, change may be needed

medium risk, further investigation, change soon

hi

h risk, investigate and implement change

very high risk, implement change

Figure 8.19 REBA for evaluating the risk of musculoskeletal disorders associated with tasks (Middlesworth, 2023).

The back exoskeleton did not show evidence of participate in a task involving lifting sign stands. The
reducing muscle fatigue. average age of the participants was 35.56 years, and
their height was approximately 70.59 inches. The

8.2.3 Lifting Sign Stands participants had an average work experience of 3.98
years. Out of the 27 participants, 25 were male and

8.2.3.1 Demographics of participants of lifting sign 2 were female. They held various job titles, including

stands. In the study, 27 individuals were recruited to 6 HTI1, 2 HT2, 15 HT3, 2 safety specialists, and
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2 supervisors. Further details regarding the demographic
information of the participants can be found in Table
8.31 and Table 8.32.

8.2.3.2 Perceived muscle exertion. In the subjective
data analysis, the study aimed to compare the perceived
level of muscle exertion during lifting sign stands from
different heights and placing positions, with and
without exoskeleton. The results in Table 8.33
indicated a significant difference in the back muscles
between lifting vertically from the ground and vertically
from the table. This may be because the lifting height
significantly changes the bending angle to lift.
Therefore, it reduced the perceived exertion of back
muscle.

8.2.3.3 Perceived pressure. In relation to the pressure
placed on different muscles, the findings reveal that the
overall pressure exerted was relatively low. None-
theless, the results in Table 8.34 indicated a significant

TABLE 8.24
Demographic information of participants in shoveling gravels,
part 1

difference of pressure in the back muscles between
lifting vertically from the ground and vertically from
the table. However, the lifting either vertically from
waist height or horizontally from waist height did not
show any significant difference.

8.2.3.4 Perceived usability. The usability of the
shoulder exoskeleton was evaluated using a ten-
statement questionnaire (Table 8.35). Participants
rated their level of agreement or disagreement with
the statements on a scale of one (strongly disagree) to
five (strongly agree). The statements included positive
(P) and negative (N) aspects of the products, and some
required reverse scoring to indicate agreement with the
product. For instance, the third statement “I thought
the product was easy to use” had an average rating of
1.78 for the shoulder exoskeleton, indicating shoulder
exoskeleton is not preferred to use.

8.2.3.5 Muscle contraction. In the current study, we
employed EMG sensors to investigate whether there
were significant differences in muscle activity when
lifting from different heights and placing positions, and
when using assistance during lifting. Unlike other
measures such as heart rate and skin conductance,
EMG sensors allowed for the assessment of physical

Demographic Mean SD fatigue of specific muscles, which could lead to long-
Age (year) 3535 0.65 term injuries. The paired t-tests comparing EMG data
Height (inch) 70.35 350 presented in Tgble 8.36 revea}ed that when lifting from
Arm Length (inch) 2754 291 the storage, lifting from a waist height could reduce the
Shoulder Height (inch) 60.52 2.55 muscle contractions of the back. In addition, when
Waist Height (inch) 37.88 2.76 lifting from the truck, shoulder exoskeleton could help
Knee Height (inch) 22.44 3.65 reduce the muscle contractions of the upper arm
Waist Size (inch) 39.28 6.48 significantly (see Table 8.37).
Weight (pound) 206.17 51.24
Body Mass Index 29.18 6.11 8.2.3.6 Heart rate and skin conductance. In this
Body Fat (%) 26.06 10.59 . . . . .
. investigation, the effect of diverse forms of assistance
Fat Free Body Weight (pound) 147.02 20.37 N . o
Subcutaneous Fat (%) 2231 3.87 (heights, placing positions, and shoulder exoskeleton)
Visceral Fat 11.78 5.71
Body Water (%) 53.24 7.90 TABLE 8.26
Skeletal Muscle (%) 47.57 7.31 Level of muscle exertion comparison
Muscle Mass (pound) 139.58 19.51
Bone Mass (pound) 7.45 0.88 Regular Shovel Ergonomic Handle
Protein (%) 16.85 2.52 .
Basal Metabolic Rate (kcal) 1,810.35 199.45 Lf’vfr Arm 971 11.50%
Metabolic Age 37.70 10.37 Bac 10.40 8.78
Tenure (year) 3.91 4.10 *Significant p < 0.05.
TABLE 8.25
Demographic information of participants in shoveling gravels, part 2
Demographic Category Number of Participants Ratio (%)
Gender Male 24 92.31
Female 2 7.69
Worker Type HT1 6 23.08
HT2 2 7.69
HT3 14 53.85
Safety specialist 2 7.69
Supervisor/Manager 2 7.69
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TABLE 8.27
Pressure comparison of shoveling gravels

Zero (no pressure) to Ten (strong pressure) Regular Shovel Ergonomic Handle Back Exoskeleton Both
Shoulder Muscle 2.46 2.06 1.52 3.00
Upper Arm Muscle 2.71 2.81 1.81 3.33
Lower Arm Muscle 3.19 2.75 2.12 2.33
Back Muscle 4.13 3.52 3.19 3.33
TABLE 8.28

Usability of ergonomic handle and back exoskeleton (Bangor et al., 2009)

Ergonomic Handle Back Exoskeleton

One (Strongly Disagree) to Five (Strongly Agree) P N P N
1. I think that I would like to use this product frequently. 3.23 - 1.97 -
2. I found the product unnecessarily complex. - 1.96 - 3.76
3. I thought the product was easy to use. 3.54 - 2.03

4. T think that I would need the support of a technical person to be able to use this product. - 1.19 - 1.35
5. 1 found that the various functions in this product were well integrated. 3.00 - 3.05 -
6. I thought that there was too much inconsistency in this product. - 1.81 - 2.89
7. 1 would image that most people would learn to use this product very quickly. 4.23 - 2.97 -
8. I found the product very awkward to use. - 3.00 - 3.89
9. I felt very confident using the product. 3.65 - 1.89 -
10. T needed to learn a lot of things before I could get going with this product. - 1.54 - 1.43

TABLE 8.29
EMG comparison between regular shovel and ergonomic handle

Regular Shovel (%)

Ergonomic Handle (%)

Lower Arm 20.98 45.87*
Back 30.34 20.23*
*Significant p < 0.05.
TABLE 8.30
Heart rate and skin conductance comparison
Regular Shovel Ergonomic Handle Back Exoskeleton Both
HR 85.78 86.08 87.01 88.89
Skin Conductance 11.34 11.89 10.99 12.01

on heart rate and skin conductance was also analyzed.
Nonetheless, no results revealed significant differences.
This outcome could be attributed to the limited
capability of these measures to detect only overall
muscle fatigue, as they fail to capture changes in
exertion levels of specific muscles. In addition, the
lifting sign stands task itself may not be too physically
demanding. Therefore, its effect would only show up in
the long term.

8.2.3.7 Summary. Lifting from a waist height is safer,
compared with lifting from the ground. Shoulder
exoskeleton is not preferred due to its complexity to
wear and its limited effectiveness.

8.2.4 Pulling Deer

8.2.4.1 Demographics of participants of pulling deer.
In the study, 28 individuals were recruited to partici-
pate in a task involving pulling deer. The average
age of the participants was 35.82 years, and their
height was approximately 70.43 inches. The parti-
cipants had an average work experience of 3.88 years.
Out of the 28 participants, 26 were male and 2 were
female. They held various job titles, including 6 HTI,
2 HT2, 17 HT3, 2 safety specialists, and 1 supervisor.
Further details regarding the demographic information
of the participants can be found in Table 8.38 and
Table 8.39.
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8.2.4.2 Perceived usability. The usability of the back
exoskeleton was evaluated using a ten-statement ques-
tionnaire (Table 8.40). Participants rated their level of
agreement or disagreement with the statements on a

TABLE 8.31
Demographic information of participants in lifting sign stands,
part 1

scale of one (strongly disagree) to five (strongly agree).
The statements included positive (P) and negative (N)
aspects of the products, and some required reverse
scoring to indicate agreement with the product. For
instance, the eighth statement "I found the product very
awkward to use" had an average rating of 3.86 for back
exoskeleton, indicating the back exoskeleton is not
preferred in this type of task.

Demographic Mean SD
8.2.4.3 Perceived muscle exertion, perceived pressure,
Age (year) 35.56 10.31 muscle contraction, heart rate, and skin conductance. An
Ee‘ght (mcﬁ)_ . 70.59 3.38 analysis was done on perceived muscle exertion, pres-
S;:Ll]:j?rlg}tlei(lgf (i)nch) égé? ; ;Z sure, contractions, heart rate and skin conductance.
Waist Heightg(inch) 37.93 273 So far, no evidence has been found to suggest that use
Knee Height (inch) 256 346 of a back exoskeleton is able to reduce muscle con-
Waist Size (inch) 39.74 6.57 tract.ions. Upog inspecting the video da}ta, th‘is could
Weight (pound) 213.01 53.57 possibly be attributed to the type of motion being used
Body Mass Index 29.96 6.47 in the task, which did not involve a great deal of
Body Fat (%) _ 27.15 10.90 bending of the back, because they drag legs to pull. As a
Fat Free Body Weight (pound) 149.71 20.64 result, the back exoskeleton would not be effective in
f;lbcut?riff)tus Fat (%) f; '22 2'1(3) helping with muscle contractions in the back. In
B::g:/rzvat:r %) 5347 %10 addition, it would not provide any assistance to the
Skeletal Muscle (%) 47.90 785 other body muscles, regardless of whether the back
Muscle Mass (pound) 142.15 19.76 exoskeleton was worn or not.
Bone Mass (pound) 7.58 0.90
P i 16.5 2.5 .
Bzc;:ullv[(:fa)bolic Rate (keal) 1836 6; 202 02 8.2.4.4 Summary. Use of a back exoskeleton did not
Metabolic Age 740 10.08 show that it can assist workers with pulling a dead deer.
Tenure (year) 3.08 3.97 Therefore, it is not suggested to apply a back
exoskeleton for future work of deer handling.
TABLE 8.32
Demographic information of participants in lifting sign stands, part 2
Demographic Category Number of Participants Ratio (%)
Gender Male 25 92.59
Female 2 7.41
Worker Type HT1 6 22.22
HT2 2 7.41
HT3 15 55.56
Safety specialist 2 7.41
Supervisor/Manager 2 7.41
TABLE 8.33

Level of muscle exertion comparison

Vertically on Ground Vertically on Waist Height

Vertically on Waist Height Horizontally on Waist Height

Back 9.89 7.17*

7.17 7.56

*Significant p < 0.05.

TABLE 8.34

Pressure comparison of lifting sign stands from different placing positions

Vertically on Ground Vertically on Waist Height

Vertically on Waist Height Horizontally on Waist Height

Back 3.67 1.26*

1.26 1.89

*Significant p < 0.05.
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TABLE 8.35
Usability of shoulder exoskeleton (Bangor et al., 2009)

Shoulder Exoskeleton

One (Strongly Disagree) to Five (Strongly Agree) P N
1. T think that T would like to use this product frequently. 1.89 -
2. I found the product unnecessarily complex. - 3.96
3. I thought the product was easy to use. 1.78 -
4. T think that I would need the support of a technical person to be able to use this product. - 3.78
5. I found that the various functions in this product were well integrated. 3.00 -
6. I thought that there was too much inconsistency in this product. - 3.04
7. 1T would image that most people would learn to use this product very quickly. 2.89 -
8. I found the product very awkward to use. - 3.93
9. I felt very confident using the product. 1.44 -
10. T needed to learn a lot of things before I could get going with this product. - 3.04

TABLE 8.36
EMG comparison when lifting from the storage

Vertically on Ground Vertically on Waist Height Vertically on Waist Height

Horizontally on Waist Height

Back 20.89% 10.36%* 10.36%

11.36%

*Significant p < 0.05.

TABLE 8.37
EMG comparison when lifting from the truck

Without Shoulder Exoskeleton

With Shoulder Exoskeleton

Upper Arm 30.66%

25.78%*

*Significant p < 0.05.

TABLE 8.38

Demographic information of participants in pulling deer, part 1
Demographic Mean SD
Age (year) 35.82 10.13
Height (inch) 70.43 3.29
Arm Length (inch) 27.64 2.15
Shoulder Height (inch) 60.71 2.35
Waist Height (inch) 37.82 2.80
Knee Height (inch) 22.46 3.42
Waist Size (inch) 39.46 6.61
Weight (pound) 211.87 52.30
Body Mass Index 29.95 6.37
Body Fat (%) 27.13 10.73
Fat Free Body Weight (pound) 149.12 19.81
Subcutaneous Fat (%) 23.31 8.98
Visceral Fat 12.64 6.01
Body Water (%) 52.49 7.97
Skeletal Muscle (%) 47.88 7.72
Muscle Mass (pound) 141.57 18.96
Bone Mass (pound) 7.56 0.86
Protein (%) 16.58 2.54
Basal Metabolic Rate (kcal) 1,830.80 193.81
Metabolic Age 37.79 10.01
Tenure (year) 3.88 3.94
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TABLE 8.39
Demographic information of participants in pulling deer, part 2

Demographic Category Number of Participants Ratio (%)
Gender Male 26 92.86
Female 2 7.14
Worker Type HT1 6 21.43
HT2 2 7.14
HT3 17 60.71
Safety specialist 2 7.14
Supervisor/Manager 1 3.57
TABLE 8.40

Usability comparison of pulling deer (Bangor et al., 2009)

Back Exoskeleton

One (Strongly Disagree) to Five (Strongly Agree) P N
1. T think that I would like to use this product frequently. 1.07 -
2. 1 found the product unnecessarily complex. - 3.04
3. I thought the product was easy to use. 2.00 -
4. 1 think that I would need the support of a technical person to be able to use this product. - 4.07
5. 1 found that the various functions in this product were well integrated. 2.00 -
6. I thought that there was too much inconsistency in this product. - 2.79
7. 1 would image that most people would learn to use this product very quickly. 2.93 -
8. I found the product very awkward to use. - 3.86
9. I felt very confident using the product. 3.04 -
10. T needed to learn a lot of things before I could get going with this product. - 3.25

9. SUMMARY AND RECOMMENDATIONS

9.1 Summary

The ergonomic injuries and solutions have been
extensively studied in the construction industry; how-
ever, the prevalence of work-related injuries, risky
activities, and effective solutions in the transportation
industry are not as well understood. This study aims to
explore the prevalence of work-related injuries, risky
activities, and the effectiveness of ergonomic solutions
among transportation workers. The approach to this
study included a preliminary list created from historical
injury data, an online survey, onsite observations, and
field experiments. Results from this study found that
back injuries were the most common type of injury
sustained when performing lifting and pushing/pulling
activities. Back exoskeletons, ergonomic handles, and
higher platforms were identified as potential solutions
to help reduce the risk of injury. In addition, the
ergonomic risk assessment method of REBA was used
to preliminarily evaluate the risk levels when lifting
bags of dry concrete mix. It was found that using a
back exoskeleton can reduce the risk level from very
high risk (dark red as shown in Figure 9.1) to medium
risk (dark yellow as shown in Figure 9.1). Other
ergonomic risk assessment methods need to be further
explored to help prevent ergonomic risks.

Figure 9.1 Example of potential ergonomic solutions.

9.2 Recommendations

Based on the finding described above, implementa-
tion recommendations are made as the following for the
four activities.
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® Lifting bags of materials, as shown in Figure 9.1.

o The utilization of back exoskeletons is recommended
when dealing with items of 31.5-pound or more in
weight.

o Lifting 31.5-pound bags is considered to be a safer
option than lifting 50- or 80-pound bags.

o To further minimize the risk of back injuries, the
platform height from which the item is being lifted
should be at least 20 inches.

o Controlling the speed at which tasks are being
performed can help reduce the likelihood of muscle
fatigue.

® Shoveling gravels, as shown in Figure 9.1.

o Ergonomic handles may lower the risk of straining
back muscles, but concurrently increase the risk of
arm injuries.

o Not surprisingly, the complexity associated with
wearing shoulder exoskeletons has made them an
impractical consideration.

® Lifting sign stands.

o The height of the platform from which the item is
being lifted should be at waist height in order to
further reduce the possibility of injuries.

o Shoulder exoskeleton is not preferred due to its
complexity to wear and its limited effectiveness.

® Pulling deer.

o The proposed solution of back exoskeleton did not
receive scientific support to prove its effectiveness.
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APPENDIX A. THERMOPLASTIC PAINT TRUCK

Figure A.1 Thermoplastic paint truck and bagged materials
on thermoplastic paint truck.
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APPENDIX B. ONLINE SURVEY

Demographic Information

1.
2.

O No o

10.

11.

What is your age?

What is your gender?

a. Male

b. Female

c. Non-binary

d. Not listed

e. Prefer not to say

What is your weight?

a. Please specify__ pounds

b. Prefer not to say

What is your height?

a. Please specify  ft

b. Prefer not to say

How many years have you worked for INDOT?
What is your position?

How many years have you worked in this position?
Have you ever been injured due to the work at INDOT?
a. Yes

b. No

c. Prefer not to say

What injuries did you have? Please select all that apply.
Shoulder injuries

Back injuries

Neck injuries

Arm injuries

Leg injuries

Others, please specify

Have you had any symptom/pain when working?
a. Yes

b. No

c. Prefer not to say

What symptom/pain did you have? Please select all that apply.
Shoulder related, please specify

Back related, please specify

Neck related, please specify

Leg related, please specify

Hand related, please specify

Foot related, please specify

Others, please specify

N =
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Ranking of Activities of Top Interest

12. Please rank the following activities, based on your perception of which activity most likely
to cause an injury to back or shoulder (with 1 being the least likely and 5 being the most
likely).

a. Lifting activities

b. Pulling/pushing activities

c. Cutting activities

d. Cleaning activities

e. Installing/repairing/replacing activities

13. Please rank the following activities based on how often you perform the activity while
working (with 0 being never, 1 being the least frequent and 5 being the most frequent).

Lifting activities

Pulling/pushing activities

Cutting activities

Cleaning activities

Installing/repairing/replacing activities

P00 T

Detail of Activities of Top Interest
Detail of Lifting Activities of Top Interest

14. Please rank the following lifting_activities, based on your perception of which activity most
likely to cause an injury to back or shoulder (with 1 being the least likely and 5 being the
most likely).

Lift metal plates

Lift furniture

Lift cable rails

Lift tire rings

Lift litter

Lift pumps

Lift boxes

Lift bags of material — Sand/Gravel/Concrete/Gravel/etc.

Lift signs

Lift buckets of material — Paints/epoxy/oils/etc.

. Others, please specify

15. Please rank the following lifting activities based on how often you perform the activity while
working (with 1 being the least frequent and 5 being the most frequent).

Lift metal plates

Lift furniture

Lift cable rails

Lift tire rings

Lift litter

Lift pumps

Lift boxes

Lift bags of material — Sand/Gravel/Concrete/Gravel/etc.

AT SQ@ oo o0 o
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i. Liftsigns
J. Lift buckets of material — Paints/epoxy/oils/etc.
k. Others, please specify
16. Do you usually feel any symptom (fatigue, pain, etc.) after performing the lifting activities
for a period of time?
a. Yes, please specify __ minutes after performing the lifting activities.
b. No
17. What lifting technique do you usually use to lift the material?
a. Bend back and then lift

)4

b. Bend leg and then lift

¢

c. Twist to move/lift

P

A )

A

d. Turn around to move/lift
m

\/

S = .
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e. Others, please specify
18. How often do you usually need to lift the material?
a. 1to5 timesan hour
b. 6to 10 times an hour
c. 11 to 15 times an hour
d. Others, please specify
19. How long do you usually need to lift or hold the material per lift?
a. 1to 10 seconds per lift
b. 11 to 20 seconds per lift
c. 21 to 30 seconds per lift
d. Others, please specify
20. What is the typical height of the surface from which you need to lift the material (i.e., the
height of platform that you pick up the stuff)?
Less than 1 foot
Around 1 foot
Around 2 feet
Around 3 feet
Around 4 feet
Around 5 feet
Around 6 feet
Around 7 feet
i. Others, please specify
21. What is the typical height of the surface to which you need to lift the material (i.e., the height
of platform that you drop off the stuff)?
Less than 1 foot
Around 1 foot
Around 2 feet
Around 3 feet
Around 4 feet
Around 5 feet
Around 6 feet
Around 7 feet
Others, please specify
hat weight of materials do you usually need to lift?
Less than 10 pounds
Around 10 pounds
Around 20 pounds
Around 30 pounds
Around 40 pounds
Around 50 pounds
Around 60 pounds
Others, please specify
23. What typical shape of materials do you usually need to lift?
a. Cuboid with handle
b. Cuboid without handle

S@me a0 o
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g.

Sphere with handle
Sphere without handle
Irregular with handle
Irregular without handle
Others, please specify

24. Is there any assistance (co-worker, tools, etc.) available to you on site when you perform
lifting activities?

a.
b.

Yes
No

25. What kind of assistance is used on site when you perform lifting activities? Please select all
that apply.

ST RTTSQoMOe o0 o

Wheel barrow
Cart

Pallet jack
Dolly

Hoist
Hydraulic lift
Gantry crane
Forklift

Skid steer
Back-hoe
End-loader
Additional man-power: Other certified co-workers are available to help.

. Other tools or equipment are available, please specify

Others, please specify

26. Is there any other assistance that you wish to apply to improve the safety of lifting activities?

a.
b.

No
Yes, please specify

Detail of Pulling/pushing Activities of Top Interest

27. Please rank the following pulling/pushing activities, based on your perception of which
activity most likely to cause an injury to back or shoulder (with 1 being the least likely and 5
being the most likely).

AT T SQ@ oo o0 o

Pull/push tools
Pull/push valves
Pull/push T-posts
Pull/push grinders
Pull/push deer
Pull/push cables
Pull/push grate
Pull/push T-post
Pull/push plywood
Pull/push tail gates
Pull/push box
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Others, please specify

28. Please rank the following pulling/pushing activities based on how often you perform the
activity while working (with 1 being the least frequent and 5 being the most frequent).

—xT T SQ@ohoo0oe

Pull/push tools
Pull/push valves
Pull/push T-posts
Pull/push grinders
Pull/push deer
Pull/push cables
Pull/push grate
Pull/push T-post
Pull/push plywood
Pull/push tail gates
Pull/push box
Others, please specify

29. Do you usually feel any symptom (fatigue, pain, etc.) after performing the pulling/pushing
activities for a period of time?

a.
b.

Yes, please specify __ minutes after performing the pulling/pushing activities.
No

30. What tools do you usually use to pull/push?

®oo0 o

Wrench

Rake

Pry bar

Shovel

Others, please specify

31. What pulling technique do you usually use to pull the material?

B-6



Facing object
two-hand pull

Facing object
one-hand pull

— —

Two-hand pull One-hand
from back pull from

. . back

d— —

e. Others, please specify

32. What pushing technique do you usually use to_push the material?

bY. YO P B),

@ © m © M

<. O N

g. Others, please specify
h. How often do you usually need to pull/push the material?
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33.

34.

35. W

36.

37.

38.

i. 1to5timesan hour
J. 6to 10 times an hour
k. 11 to 15 times an hour
I. Others, please specify
How long do you usually need to pull/push the material?
a. 1to 10 minutes per time
b. 11 to 20 minutes per time
c. 21 to 30 minutes per time
d. Others, please specify
What weight of materials do you usually need to push?
Less than 10 pounds
Around 10 pounds
Around 20 pounds
Around 30 pounds
Around 40 pounds
Around 50 pounds
Around 60 pounds
Others, please specify
hat weight of materials do you usually need to pull?
Less than 10 pounds
Around 10 pounds
Around 20 pounds
Around 30 pounds
Around 40 pounds
Around 50 pounds
Around 60 pounds
Others, please specify
Is there any assistance (co-worker, tools, etc.) available to you on site when you perform
pulling/pushing activities?
a. Yes
b. No
What kind of assistance is used on site when you perform pulling/pushing activities? Please
select all that apply
a. Other certified co-workers are available to help.
b. Tools or equipment are available, please specify
c. Others, please specify
Is there any other assistance you wish to apply to improve the safety of pulling/pushing
activities?
a. No
b. Yes, please specify

S@ o a0 o
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Detail of Cutting Activities of Top Interest

39. Please rank the following cutting activities, based on your perception of which activity most
likely to cause an injury to back or shoulder (with 1 being the least likely and 5 being the
most likely).

a. Cut tree/brush

b. Cut gravel/concrete

c. Cut metal/wood posts

d. Cut metal/wood (flat plates or sheets).
e. Others, please specify

40. Please rank the following cutting activities based on how often you perform the activity
while working (with 1 being the least frequent and 5 being the most frequent).
a. Cut tree/brush
b. Cut gravel/concrete
c. Cut metal/wood posts
d. Cut metal/wood (flat plates or sheets).

e. Others, please specify

41. Do you usually feel any symptom (fatigue, pain, etc.) after performing the cutting activities
for a period of time?

a. Yes, please specify _ minutes after performing the cutting activities.
b. No

42. What tools do you usually use to cut?

Chainsaw

Knife

Saw-z-all

Concrete Saw (hand)

Concrete Saw (walk behind)

. Others, please specify

43. What cutting technique do you usually use to cut?

a. Use both hands to hold the cutting equipment, and then cut
b. Use one hand to hold the cutting equipment, and then cut
c. Others, please specify
44. How often do you usually need to cut?
a. 1tob5timesaday
b. 6 to 10 times a day
c. 11to 15times a day
d. Others, please specify
45. How long do you usually need to cut per time?
a. 1to 10 mins per time
b. 11 to 20 mins per time
c. 21 to 30 mins per time
d. Others, please specify

46. Is there any assistance (co-worker, tools, etc.) available to you on site when you perform
cutting activities?
a. Yes

S IECIE S NS

B-9



b. No

47. What kind of assistance is used on site when you perform cutting activities? Please select all

that apply
a. Other certified co-workers are available to help.
b. Tools or equipment are available, please specify
c. Others, please specify
48. Is there any other assistance you wish to apply to improve the safety of cutting activities?
a. No
b. Yes, please specify

Detail of Cleaning Activities of Top Interest

49. Please rank the following cleaning activities, based on your perception of which activity
most likely to cause an injury to back or shoulder (with 1 being the least likely and 5 being
the most likely).

Clean pipes

Clean drains

Clean trucks

Clean bridge decks

Clean hot mix

Clean concrete boxes
g. Others, please specify

50. Please rank the following cleaning activities based on how often you perform the activity
while working (with 1 being the least frequent and 5 being the most frequent).

Clean pipes

Clean drains

Clean trucks

Clean bridge decks

Clean hot mix

Clean concrete boxes

g. Others, please specify

o o0 o

S 00T

51. Do you usually feel any symptom (fatigue, pain, etc.) after performing the cleaning activities

for a period of time?
a. Yes, please specify _ minutes after performing the cleaning activities.
b. No

52. What tools do you usually use to clean?

Vacuum

Pressurized water

Pressurized air

Hand tools - broom

Hand tools - shovel

Hand tools - pipe snakes

Others, please specify

53. What cleaning technique do you usually use to clean?
a. Hold the cleaning equipment with both hands

@+rooo0oe
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b. Hold the cleaning equipment with one hand
c. Others, please specify
54. How often do you usually need to clean?
a. 1tob5timesaday
b. 6 to 10 times a day
c. 11to 15 times a day
d. Others, please specify
55. How long do you usually need to clean per time?
a. 1to 10 mins per clean
b. 11 to 20 mins per clean
c. 21 to 30 mins per clean
d. Others, please specify
56. Is there any assistance (co-worker, tools, etc.) available to you on site when you perform
cleaning activities?
a. Yes
b. No
57. What kind of assistance is used on site when you perform cleaning activities? Please select
all that apply
a. Other certified co-workers are available to help.
b. Tools or equipment are available, please specify
c. Others, please specify
58. Is there any other assistance you wish to apply to improve the safety of cleaning activities?
a. No
b. Yes, please specify

Detail of Installing/repairing/replacing Activities of Top Interest

59. Please rank the following installing/repairing/replacing activities, based on your perception
of which activity most likely to cause an injury to back or shoulder (with 1 being the least
likely and 5 being the most likely).

Install/repair/replace sign

Install/repair/replace cable

Install/repair/replace light

Install/repair/replace equipment cylinders (brake/hydraulic)

Install/repair/replace bridge reflectors

Install/repair/replace plow blades

. Others, please specify

60. Please rank the following installing/repairing/replacing activities based on how often you
perform the activity while working (with 1 being the least frequent and 5 being the most
frequent).

Install/repair/replace sign

Install/repair/replace cable

Install/repair/replace light

Install/repair/replace equipment cylinders (brake/hydraulic)

Install/repair/replace bridge reflectors

@+rooo0oTe
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61.

62.

63.

64.

65.

66.

67.

68.

f. Install/repair/replace plow blades

g. Others, please specify

Do you usually feel any symptom (fatigue, pain, etc.) after performing the

installing/repairing/replacing activities for a period of time?

a. Yes, please specify _ minutes after performing the installing/repairing/replacing
activities.

b. No

What tools do you usually use to install/repair/replace?

a. Wrench

b. Others, please specify

What installing/repairing/replacing technique do you usually use to install/repair/replace?

a. Hold the equipment to install/repair/replace with both hands

b. Hold the equipment to install/repair/replace with one hand

c. Others, please specify

How often do you usually need to install/repair/replace?

a. 1tob5timesaday

b. 6 to 10 times a day

c. 11to 15 times a day

d. Others, please specify

How long do you usually need to install/repair/replace per time?

a. 1to 10 mins per time

b. 11 to 20 mins per time

c. 21 to 30 mins per time

d. Others, please specify

Is there any assistance (co-worker, tools, etc.) available to you on site when you perform

installing/repairing/replacing activities?

a. Yes

b. No

What kind of assistance is used on site when you perform installing/repairing/replacing

activities? Please select all that apply

a. Other certified co-workers are available to help.

b. Tools or equipment are available, please specify

c. Others, please specify

Is there any other assistance you wish to apply to improve the safety of

installing/repairing/replacing activities?

a. No

b. Yes, please specify

Stretching Exercises Experience

69.

Do you do any stretching exercises, such as the picture shown?
a. Yes
b. No



Do once for 15
[ seconds with
arm

(Lt
?gmefar O'ﬁ—’ ?gmcefo{
[ /] each arm . [ way, both arms

SHOULDER BACK

(i) NB

Do once for

FOREARM & WRIST

15 seconds
each leg

HAMSTRING STRETCH

70. When do you do the stretching exercises?
a. Before the shift
b. During the shift
c. After the shift
d. Others, please specify
71. Why do you do the stretching exercises?
a. Do itas aroutine or a habit.
b. Do it because of feeling pain on the body.
c. Others, please specify
72. How long and how often do you do the stretching exercises you just selected?

QUAD & FLEXOR STRETCH
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Do once for 15
seconds

Do once for 15 | Do once for 15 Do once for 15
Seco on seconds on seconds with
each side | each arm
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Do once for Do once for
cacniag LL sochieg
a. Back extension ___ mins per time, and ____ times per day
b. Neck forward __ mins per time, and ___ times per day
c. Neck left & right __ mins per time, and ____ times per day
d. Elbow pullover __ mins per time, and ___ times per day
e. Shoulder over __ mins per time, and ____ times per day
f. Shoulder across ___ mins per time, and ____times per day
g. Shoulder back __ mins per time, and ___times per day
h. Bridge stretch ___ mins per time, and ____ times per day
i. Forearm & wrist ___ mins per time, and ___ times per day
J.  Hamstring stretch __ mins per time, and ____ times per day
k. Calfstretch ___ mins per time, and ___ times per day
I. Quad & flexor stretch __ mins per time, and ____ times per day
m. Others, please specify _ mins per time, and ____ times per day
Protection

73. Do you wear any PPE when you are on site to perform activities?
a. Yes, Ido.
b. No, I do not. But PPE is available.
c. N/A.PPE is not available.
d. Others, please specify

74. Which one(s) of the following activities do you wear PPE for? Please select all that apply.



75.

76.

77,

78.

79.

a. Lifting

b. Pulling/pushing

c. Cutting

d. Cleaning

e. Installing/repairing/replacing
What PPE do you wear on site when you perform the selected activities? Please select all that
apply.

a. Gloves

b. Rain coats

c. Face shields

d. Masks

e. Eye protection

f. Boots

g. Hard Hat

h. Others, please specify

Is there any medical protection available to you on site when you perform activities?

a. Yes

b. No

What kind of medical protection is provided on site when you perform activities? Please
select all that apply

a. First aid is easily available.

b. CPR trained workers are available.

c. AED trained workers are available.

d. Others, please specify

Is there any other medical protection you wish to apply to improve the safety of activities?
e. No

f. Yes, please specify

Please comment on any safety concerns or ideas that you would like to see addressed.



APPENDIX C. POTENTIAL PARAMETERS OF LIFTING ACTIVITY

Independent Number Valuel Value 2 Value 3
variables of values
Techniques of lifting 1 Bend leg to lift and turn around to lift
Lifting stuff 2 Bags of dry Sign stands

concrete mix
Weights of lifting load 3 30 40 50
(pounds for bags only)
Loads of lifting 2 signs without sign stands

sign stands without signs
Vertical distance for 1 36’ (material on pallet)/36°” (truck with tailgate)/0”’
bags (material on ground)
Vertical distance for 1 36’ (signs/sign stands on pallet)/36°” (truck with
sign stands tailgate)/0’’ (signs/sign stands on ground)
Horizontal distance 1 10 feet
Frequency (times per 1 5
hour)
Exoskeleton 2 Yes No
Stretching exercises 2 Yes No

Total number of trials
for each participant
when lifting

Lifting bags: 12 trials = 3 (weights) x 2 (exoskeleton) x 2 (exercises)
Lifting sign/sign stands: 8 trials = 2 (signs & sign stands) x 2
(exoskeleton) x 2 (exercises)
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APPENDIX D. POTENTIAL PARAMETERS OF PUSHING/PULLING ACTIVITY

Independent Number of Value 1 Value 2

variables values

Techniques of 1 Two hand push/pull

pushing/pulling

Pushing/pulling stuff 2 White-tailed deer Shovel

Loads of 2 125 Ibs. for deer (pull Flat shovel (asphalt)/
pushing/pulling only) Digging shovel (dirt)
(pounds)

Tools 2 Flat shovel Digging shovel
Typical deer pulling 1 6-12 feet

distance

Typical shovel 1 5 minutes per time/3

duration and times per hour

frequency

Moving distance for 1 3 feet

shoveling materials

Exoskeleton 2 Yes No

Stretching exercises 2 Yes No

Total number of Shoveling: 8 trials = 2 (types of shovels) x 2 (exoskeleton) x 2
trials for each (exercises)

participant when Pulling deer: 4 trials = 2 (exoskeleton) x 2 (exercises)

pushing/pulling
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APPENDIX E. COMPARISON BETWEEN VALUES OF LIFTING BAGS

Activity: Lifting Bags of Materials

Current Value

Final Value Through

Parameters Value 1 Value 2 Value 3 Observed Value Discussion

Approach to lift | Directly lift to | Lift to the Approach #1 (Lift to liftgate first, and then| Lift directly to the

the truck liftgate, then to truck) or Approach #2 (directly to the | truck.
to the truck truck)

Loads of lifting |30 40 50 Observed value is different from prior Recommended lifting
knowledge. limit is 50 pounds.
80-pound bags are more common because |80 pounds, 50 pounds,
of its lower unit price. and 31.5 pounds will be

tested.

Height of 26"’ 46’ Observed value is different from prior 28" height will be used.

materials knowledge.

Height is 28" (Note: 6 layers per pallet and
7 bags per layer).

Dimension of a
typical bag

17" in length, 10-1/2" in width, and 4" in height

Dimension is correct for the 80-pound
concrete mix bag.
Dimension may change based on weights.

Dimension of a

4" * 48" * 40" to decide how many bags can be

Dimension is confirmed.

typical pallet put there.
Stretching Yes Observed value is different from prior
exercises knowledge.

Know the program, but do not do it.

Techniques of
lifting

Bend leg to lift and turn around to lift.

Observed value is different from prior
knowledge.
Bending back to lift is more common.

Workers use their
normal ways to lift.

Lifting stuff

Bags of concrete mix

Dry concrete mix

Vertical distance

material on pallet/42" (truck)/0” (ground)

Observed value is different from prior
knowledge.

42"
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Truck with liftgate (42" if loading from
back).

Horizontal 10 feet Observed value is different from prior 7.5
distance knowledge.
7.5 feet will be used.
Other tools or No No other tools are used.
help used
Frequency (times| 5 Observed value is different from prior 12 bags will be used in
per hour) knowledge. the experiment.

10-15 bags will be lifted per day.
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APPENDIX F. COMPARISON BETWEEN VALUES OF LIFTING SIGN STANDS

Activity: Lifting Sign Stands

Parameters

Current Value

Observed Value

Final Value
Through Discussion

Techniques of
lifting

Loads of
lifting

Vertical
distance for
frames

How is frame
stored (height)

Horizontal
distance

Frequency
(times per
day)

Bend leg to lift and turn
around to lift.

2 stands at a time (30-40
pounds per sign stands): Sign
stands with aluminum legs
are 32 pounds. Sign stands
with orange powder coated
steel legs are 40 pounds

Material on pallet/36”
(truck)/0" (ground)

Typically sign stands are
stored folded up and
standing upright on the floor.
15 feet

Four times. Once to load up
in the morning, once to
remove from the truck and
place in the field, once to
take down in the field and
put back in the truck, and
once to offload from the

F-1

Observed value is
different from prior
knowledge.

Bend back a little to
lift.

Workers lift 2 sign
stands at a time and 6
sign stands in total
for a day.

Sign stands with
aluminum legs are
more commonly
used.

Observed value is
different from prior
knowledge. It is more
common to use the
truck with liftgate.
Height will be 42" if
loading from back or
46" if loading from
side.

On the ground

Observed value is
different from prior
knowledge.

The distance should
be 5-10 feet as the
truck can move into
storage. 7.5 feet will
be used.

Frequency is
confirmed.

Loading sign stands
from side (46) of a
truck is more
common.

7.5 feet will be used.



Other tools or
help used
Stretching
exercises

truck and place back in the
shop.

No

Yes

No other tool is
needed.

Observed value is
different from prior
knowledge.

Know the program,
but do not do it.
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APPENDIX G. COMPARISON BETWEEN VALUES OF PULLING DEER FROM ROAD TO

TRUCK

Activity: Pulling Deer to Truck

Parameters

Current value

Observed value

Final Value through
Discussion

Techniques of pulling

Two hand pull

Two-hand pulling is
correct.

when on the ground

Loads of Deer is 125 pounds The actual weight It may feel heavier

pushing/pulling for deer. may be about 200 due to friction. The

(pounds) pounds. adoption of 125
pounds is reasonable.

Horizontal distance 6 feet 18 feet (center of the

(to drag deer to the two-lane road to side

truck) of the road).

Height of the lift gate | 3"-4" 4"

Number of
employees if it is
average sized deer

One employee, no
other tools or help is
needed except for
liftgate

Two employees are
required. One
employee is for
stopping the traffic.
The other one is for
pulling the deer from
road to roadside. Two
workers are needed
for pulling the deer to
liftgate of the truck.
One employee is for
pulling the deer from
the liftgate into the
truck.

Two employees

Besides the lift gate, | No No other tool is used.
other tools used?
Stretching exercises | Yes Workers know the

program, but do not
actually do it.
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APPENDIX H. COMPARISON BETWEEN VALUES OF PULLING DEER FROM TRUCK TO

BURNER

Activity: Pulling/Dragging Deer to Burner

Parameters

Current Value

Observed Value

Final Value
Through Discussion

Techniques of pulling

Loads of pulling
(pounds)
Height of the burner

Number of
employees needed

Besides the lift gate,
other tools used?
How to dump deer to
the burner?

Stretching exercises

Two hand pull
125 pounds for deer

40"

One employee is
needed. No other tool
or help is used,
besides liftgate

No

Drag deer out of
truck, across the lift
gate and into the
burner.

Yes

Two-hand pulling is
correct.

Actual weight may be
about 200 pounds.
40"

Two employees are
required. One
employee stops the
traffic. One employee
pulls the deer from
road to side. Two
employees pull the
deer to the liftgate of
the truck. One
employee pulls the
deer from the liftgate
into the truck.

Only liftgate is used.

Two employees need
to drag the deer to the
burner from the same
side.

Workers know the
program, but do not
do it.

125 pounds

Two employees are
needed.

Two employees need
to drag the deer to the
burner from the same
side.
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APPENDIX |. EXAMPLE OF EXPERIMENT ORDER FOR LIFTING BAGS OF DRY
CONCRETE MIX

Order

# Sub# Balanced Latin Square Order

1 1 A B F C E D
2 2 B C A D F E
3 3 C D B E A F
4 4 D E C F B A
5) 5 E F D A C B
6 6 F A E B D C
7 1 A B F C E D
8 2 B C A D F E
9 3 C D B E A F
10 4 D E C F B A
11 5 E F D A C B
12 6 F A E B D C
13 1 A B F C E D
14 2 B C A D F E
15 3 C D B E A F
16 4 D E C F B A
17 5 E F D A C B
18 6 F A E B D C
19 1 A B F C E D
20 2 B C A D F E
21 3 C D B E A F
22 4 D E C F B A
23 5 E F D A C B
24 6 F A E B D C
25 1 A B F C E D
26 2 B C A D F E
27 3 C D B E A F
28 4 D E C F B A
29 5 E F D A C B
30 6 F A E B D C

Notes:
Trail A: Lifting 31.5-pound bags without back exoskeleton.
Trial B: Lifting 31.5-pound bags with back exoskeleton.
Trial C: Lifting 50-pounds bags without back exoskeleton.
Trail D: Lifting 50-pound bags with back exoskeleton.
Trail E: Lifting 80-pound bags without back exoskeleton.
Trail F: Lifting 80-pound bags with back exoskeleton.
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APPENDIX J. EXAMPLE OF PRE-SURVEY IN FIELD EXPERIMENTS

1. What is your age?
2. What is your gender?
a. Female
b. Male
c. Others, please specify
3. What is your height?
4. What is your arm length?
5. What is your leg length?
6. What is your knee height?
7. What is your shoulder height?
8. What is your abdominal circumference?
9. What is your weight?
10. What is your body fat percentage?
11. What is your body water percentage?
12. What is your Body Mass Index (BMI)?
13. What is your bone percentage?
14. What is your highest education level?
Primary school
Junior high
Senior high
Undergraduate
Graduate, master’s
Graduate, doctoral
Others, please specify
15. W hat is your ethnicity?
White
Hispanic or Latino
Black or African American
Native American or American Indian
Asian
Pacific Islander
Other, please specify
16. What is your current position at INDOT?
17. How long have you worked in this position?
18. Do you do any lifting work in your daily job?
a. Yes
b. No
c. Others, please specify
19. If yes to the above question, what lifting work do you do?
20. If yes to the above question, how often do you do that lifting work?
21. If yes to the above question, how long do you lift?
22. What is the typical height of the platform from which you need to lift (pick up) the material?
23. What is the typical height of the platform to which you need to place (drop off) the material?

serePoo0 o

@rooo0ow

J-1



24,
25.

26.
27.

28.
29.
30.
31.

32.
33.
34.
35.

36.

37.

38.
39.

40.
41.

42.
43.
44,

What is the typical weight of the material that you need to lift? Pounds
Do you use any assistance when lifting?

a. Yes

b. No

c. Others, please specify

If yes to the above question, what assistance do you use?

Have you ever been injured before?

a. Yes

b. No

c. Others, please specify

If yes to the above question, what injury is it?

If yes to the above question, when is that injury happened?

If yes to the above question, are you fully recovered now?

Have you ever had any pain/symptom before?

a. Yes

b. No

c. Others, please specify

If yes to the above question, what pain/symptom is it?

If yes to the above question, when is that pain/symptom happened?
If yes to the above question, are you fully recovered now?

What is your dominant hand (which hand you normally write with)?
a. Left hand

b. Right hand

c. Others, please specify

What is your dominant foot (which foot you would kick a ball with)?
a. Left foot

b. Right foot

c. Others, please specify

Have you ever used any exoskeleton?

a. Yes

b. No

c. Others, please specify

If yes to the above question, what exoskeleton did you use before?
Do you smoke?

a. Yes

b. No

c. Others, please specify

If yes to the above question, how often do you smoke?

Did you smoke before today’s experiment?

a. Yes

b. No

c. Others, please specify

If yes to the above question, how many times did you smoke?

If yes to the above question, when did you smoke?

If yes to the above question, how many cigarettes did you smoke each time?
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45.

46.
47.

48.

49,
50.

51.

52.
53.

54.
55.
56.

S7.
58.
59.
60.

61.
62.

Do you have smokeless tobacco or chewing tobacco?
a. Yes

b. No

c. Others, please specify

If yes to the above question, how often do you use smokeless tobacco or chewing tobacco?
Did you have smokeless tobacco or chewing tobacco before today’s experiment?

a. Yes
b. No
c. Others, please specify

If yes to the above question, how many times did you have smokeless tobacco or chewing

tobacco?

If yes to the above question, when did you have smokeless tobacco or chewing tobacco?
If yes to the above question, how much did you have smokeless tobacco or chewing tobacco

each time?

Do you drink alcohol?

a. Yes

b. No

c. Others, please specify

If yes to the above question, how often do you drink?

Did you just drink alcohol before today’s experiment?

a. Yes

b. No

c. Others, please specify

If yes to the above question, when did you drink?

If yes to the above question, how much did you drink?

Do you do stretching exercises at work?

a. Yes

b. No

c. Others, please specify

If yes to the above question, when do you do stretching exercises?
If yes to the above question, how often do you do stretching exercises?
If yes to the above question, how long do you do stretching exercises?
Do you work out in your daily life?

a. Yes

b. No

c. Others, please specify

If yes to the above question, how often do you work out?

If yes to the above question, how long do you work out?
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APPENDIX K. EXAMPLE OF POST-SURVEY IN FIELD EXPERIMENTS

1. Please circle a number to indicate your perceived level of exertion for shoulder
muscle as indicated below (Aryal et al., 2017; Borg, 1998).

For your left shoulder muscle

RPE Level of Exertion
6 No exertion

7

7.5  Extremely light
8

9 Very light
10

11 Light

12

13 Somewhat hard
14

15  Hard (heavy)
16

17  Very hard
18

19  Extremely hard
20 Maximal exertion

For your right shoulder muscle

RPE Level of Exertion
6 No exertion

7

7.5  Extremely light
8

9 Very light



10

11  Light

12

13 Somewhat hard
14

15  Hard (heavy)
16

17  Very hard
18

19  Extremely hard
20 Maximal exertion

2. Please circle a number to indicate your perceived level of exertion for arm
muscle indicated below (Aryal et al., 2017; Borg, 1998).

For your left arm muscle

RPE Level of Exertion

6 No exertion
7

7.5  Extremely light
8

9 Very light
10

11 Light

12

13 Somewhat hard
14

15  Hard (heavy)
16

17  Very hard



18
19  Extremely hard
20 Maximal exertion

For your right arm muscle

RPE Level of Exertion

6 No exertion
7

7.5  Extremely light
8

9 Very light
10

11 Light

12

13 Somewhat hard
14

15  Hard (heavy)
16

17  Very hard
18

19  Extremely hard
20 Maximal exertion




3. Please circle a number to indicate your perceived level of exertion for back
muscle indicated below (Aryal et al., 2017; Borg, 1998).

For your left back muscle

RPE Level of Exertion
6 No exertion

7

7.5  Extremely light
8

9 Very light
10

11 Light

12

13 Somewhat hard
14

15  Hard (heavy)
16

17  Very hard
18

19  Extremely hard
20 Maximal exertion

For your right back muscle

RPE Level of Exertion

6 No exertion

7

7.5  Extremely light
8

9 Very light

10



11
12
13
14
15
16
17
18
19
20

Light
Somewhat hard
Hard (heavy)
Very hard

Extremely hard
Maximal exertion

4. Please circle a number to indicate your perceived level of exertion for upper leg

For your left upper leg muscle

RPE Level of Exertion

6
7
7.5
8
9
10
11
12
13
14
15
16
17
18
19
20

No exertion
Extremely light
Very light
Light
Somewhat hard
Hard (heavy)
Very hard

Extremely hard
Maximal exertion




For your right upper leg muscle

RPE Level of Exertion
6 No exertion

7

7.5  Extremely light
8

9 Very light
10

11 Light

12

13 Somewhat hard
14

15  Hard (heavy)
16

17  Very hard
18

19  Extremely hard
20 Maximal exertion

5. Please circle a number to indicate your perceived level of exertion for lower leg
muscle as indicated below (Aryal et al., 2017; Borg, 1998).

For your left lower leg muscle

RPE Level of Exertion
6 No exertion

7

7.5  Extremely light
8

9 Very light

10



11 Light

12

13 Somewhat hard
14

15  Hard (heavy)

16

17  Very hard

18

19  Extremely hard
20  Maximal exertion

For your right lower leg muscle

RPE Level of Exertion
6 No exertion

7

7.5  Extremely light
8

9 Very light
10

11 Light

12

13 Somewhat hard
14

15  Hard (heavy)
16

17  Very hard
18

19  Extremely hard
20 Maximal exertion




6. Please circle the number that reflects your immediate response to each statement
about the product (exoskeleton) you just worn (Bangor et al., 2008).
Strongly Strongly
Disagree Agree
1 2 3 4 5
1. I think that I would like to use this product
frequently
2. | found the product unnecessarily complex
3. I thought the product was easy to use
4. 1think that | would need the support of a
technical person to be able to use this product
5. | found that the various functions in this
product were well integrated
6. | thought that there was too much
inconsistency in this product
7. 1 would image that most people would learn
to use this product very quickly
8. | found the product very awkward to use
9. | felt very confident using the product

10. I needed to learn a lot of things before | could get

going with this product

7. Please circle the number to indicate your perceived musculoskeletal pressure (Antwi-Afari et

al., 2021).
No Pressure Extremely Strong
at All Pressure
0 1 23 456 7 89 10
Shoulder muscle
Arm muscle
Back muscle

Upper leg muscle
Lower leg muscle
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