N AT I O N A L Sciences

Engineering

/\C/\D EM I ES Medicine

This PDF is available at http://nap.

TCAP |mgee

Research Report 247

Ansesiing Lifeeyele and Human Cots
of Bus Operator Warkstation
Design and Companants

HATIOMAL o
ACADEMIES -

BUY THIS BOOK

FIND RELATED TITLES

NATIONAL
ACADEMIES
PRESS
Washington, DC

nationalacademies.org/27858 9 O @ 9

Assessing Lifecycle and Human Costs of
Bus Operator Workstation Design and
Components (2024)

DETAILS

86 pages | 8.5x 11 | PAPERBACK
ISBN 978-0-309-70985-9 | DOI 10.17226/27858

CONTRIBUTORS

Songlin Wu, Eunsik Kim, Andris Freivalds, Yigi Zhang, Matthew Parkinson; Transit
Cooperative Research Program; Transportation Research Board; National Academies
of Sciences, Engineering, and Medicine

SUGGESTED CITATION

National Academies of Sciences, Engineering, and Medicine. 2024. Assessing
Lifecycle and Human Costs of Bus Operator Workstation Design and Components.
Washington, DC: The National Academies Press. https://doi.org/10.17226/27858.

Visit the National Academies Press at nap.edu and login or register to get:

— Access to free PDF downloads of thousands of publications
— 10% off the price of print publications
- Email or social media notifications of new titles related to your interests

— Special offers and discounts

All downloadable National Academies titles are free to be used for personal and/or non-commercial
academic use. Users may also freely post links to our titles on this website; non-commercial academic
users are encouraged to link to the version on this website rather than distribute a downloaded PDF

to ensure that all users are accessing the latest authoritative version of the work. All other uses require
written permission. (Request Permission)

This PDF is protected by copyright and owned by the National Academy of Sciences; unless otherwise
indicated, the National Academy of Sciences retains copyright to all materials in this PDF with all rights

reserved.


https://nap.nationalacademies.org/cart/cart.cgi?list=fs&action=buy%20it&record_id=27858&isbn=978-0-309-70985-9&quantity=1
http://nap.nationalacademies.org/27858
https://nap.nationalacademies.org/related.php?record_id=27858
https://nap.nationalacademies.org/reprint_permission.html
http://nap.edu
http://api.addthis.com/oexchange/0.8/forward/facebook/offer?pco=tbxnj-1.0&url=http://www.nap.edu/27858&pubid=napdigops
http://www.nap.edu/share.php?type=twitter&record_id=27858&title=Assessing+Lifecycle+and+Human+Costs+of+Bus+Operator+Workstation+Design+and+Components
http://api.addthis.com/oexchange/0.8/forward/linkedin/offer?pco=tbxnj-1.0&url=http://www.nap.edu/27858&pubid=napdigops
mailto:?subject=null&body=http://nap.nationalacademies.org/27858

Assessin

‘ C ‘ : ‘ Transit Cooperative
. Research Program

Research Report 247 S

Assessing Lifecycle and Human Costs
of Bus Operator Workstation
Design and Components

NATIONAL siences

Engineering

/\CAD EM | ES Medicine

"IRIB| TRANSPORTATION RESEARCH BOARD

Copyright National Academy of Sciences. All rights reserved.



http://nap.nationalacademies.org/27858

TCRP OVERSIGHT AND PROJECT
SELECTION COMMISSION*

CHAIR

Jeanne Krieg
Eastern Contra Costa Transit Authority (retired)

VICE CHAIR

Jameson Auten
Lane Transit District

SECRETARY/TREASURER

Ryan I. Daniel
St. Cloud Metro Bus

IMMEDIATE PAST CHAIR

Doran J. Barnes
Foothill Transit

MEMBERS

Mallory R. Avis

City of Battle Creek Transit

Alva Carrasco

Burns Engineering

Dorval Ronald Carter, Jr.

Chicago Transit Authority

Desmond Cole

Southeastern Pennsylvania Transportation
Authority

Francis “Buddy” Coleman

Clever Devices Ltd.

Faye DiMassimo

Chatham Area Transit

Carolyn Flowers

InfraStrategies LLC

David Harris

New Mexico Department of Transportation

Vince Huerta

East Texas Council of Governments

Joseph Leader

HDR

Benjamin Limmer

Connecticut Department of Transportation

Bacarra Mauldin

Memphis Area Transit Authority

Jessica Mefford-Miller

Valley Metro

Brad Miller

Pinellas Suncoast Transit Authority (PSTA)

Elizabeth Presutti

Charlotte Area Transit System

Daniel J. Raudebaugh

Center for Transportation and the Environment

Jeffrey Rosenberg

Amalgamated Transit Union

Bernard Schmidt

NextEra Energy

Justin Stuehrenberg

Madison Metro Transit

Frank White, I11

Kansas City Area Transportation Authority

David C. Wilcock

Vanasse Hangen Brustlin, Inc.

Kimberly J. Williams

Metropolitan Transit Authority of Harris County

Nigel H.M. Wilson

MIT

EX OFFICIO MEMBERS
Shailen Bhatt

FHWA

Victoria Sheehan
TRB

Paul P. Skoutelas
APTA

Jim Tymon
AASHTO

Veronica Vanterpool
AASHTO

TOPS COMMISSION STAFF ADVISOR
Arthur L. Guzzetti

APTA

SECRETARY

Victoria Sheehan
TRB

* Membership as of May 2024.

Assessing Lifecycle and Human Costs of Bus Operator Workstation Design and Components

TRANSPORTATION RESEARCH BOARD 2024 EXECUTIVE COMMITTEE*
OFFICERS

CHaR: Carol A. Lewis, Professor, Transportation Studies, Texas Southern University, Houston

Vice CHAIR: Leslie S. Richards, General Manager, Southeastern Pennsylvania Transportation Authority
(SEPTA), Philadelphia

Executive DIRecTOR: Victoria Sheehan, Transportation Research Board, Washington, DC

MEMBERS

Michael E. Ableson, CEO, Arrival Automotive-North America, Detroit, MI

James F. Albaugh, President and CEO, The Boeing Company (retired), Scottsdale, AZ

Carlos M. Braceras, Executive Director, Utah Department of Transportation, Salt Lake City

Douglas C. Ceva, Vice President, Customer Lead Solutions, Prologis, Inc., Jupiter, FL

Nancy Daubenberger, Commissioner of Transportation, Minnesota Department of Transportation, St. Paul

Marie Therese Dominguez, Commissioner, New York State Department of Transportation, Albany

Garrett Eucalitto, Commissioner, Connecticut Department of Transportation, Newington

Chris T. Hendrickson, Hamerschlag University Professor of Engineering Emeritus, Carnegie Mellon
University, Pittsburgh, PA

Randell Iwasaki, President and CEO, Iwasaki Consulting Services, Walnut Creek, CA

Ashby Johnson, Executive Director, Capital Area Metropolitan Planning Organization (CAMPO), Austin, TX

Joel M. Jundt, Secretary of Transportation, South Dakota Department of Transportation, Pierre

Hani S. Mahmassani, W.A. Patterson Distinguished Chair in Transportation; Director, Transportation
Center, Northwestern University, Evanston, IL

Scott C. Marler, Director, Iowa Department of Transportation, Ames

Ricardo Martinez, Adjunct Professor of Emergency Medicine, Emory University School of Medicine,
Decatur, GA

Michael R. McClellan, Vice President, Strategic Planning, Norfolk Southern Corporation, Norfolk, VA

Russell McMurry, Commissioner, Georgia Department of Transportation, Atlanta

Craig E. Philip, Research Professor and Director, VECTOR, Department of Civil and Environmental
Engineering, Vanderbilt University, Nashville, TN

Steward T.A. Pickett, Distinguished Senior Scientist, Cary Institute of Ecosystem Studies, Millbrook, NY

Susan A. Shaheen, Professor and Co-director, Transportation Sustainability Research Center, University of
California, Berkeley

Marc Williams, Executive Director, Texas Department of Transportation, Austin

EX OFFICIO MEMBERS

Michael R. Berube, Deputy Assistant Secretary for Sustainable Transportation, U.S. Department
of Energy, Washington, DC

Shailen Bhatt, Administrator, Federal Highway Administration, U.S. Department of Transportation,
Washington, DC

Amit Bose, Administrator, Federal Railroad Administration, Washington, DC

Tristan Brown, Deputy Administrator, Pipeline and Hazardous Materials Safety Administration,
U.S. Department of Transportation, Washington, DC

Steven Cliff, Executive Officer, California Air Resources Board, Sacramento

Rand Ghayad, Senior Vice President, Association of American Railroads, Washington, DC

LeRoy Gishi, Chief, Division of Transportation, Bureau of Indian Affairs, U.S. Department of the Interior,
Germantown, MD

William H. Graham, Jr. (Major General, U.S. Army), Deputy Commanding General for Civil and
Emergency Operations, U.S. Army Corps of Engineers, Washington, DC

Robert C. Hampshire, Deputy Assistant Secretary for Research and Technology, U.S. Department of
Transportation, Washington, DC

Sue Lawless, Acting Deputy Administrator, Federal Motor Carrier Safety Administration, Washington, DC

Niloo Parvashtiani, Engineer, Mobility Consultant Solutions, Iteris Inc., Fairfax, VA, and Chair, TRB Young
Members Coordinating Council

Sophie Shulman, Acting Administrator, National Highway Traffic Safety Administration, Washington, DC

Karl Simon, Director, Transportation and Climate Division, U.S. Environmental Protection Agency,
Washington, DC

Paul P. Skoutelas, President and CEO, American Public Transportation Association, Washington, DC

Polly Trottenberg, Deputy Secretary of Transportation and Acting Administrator, Federal Aviation
Administration, U.S. Department of Transportation, Washington, DC

Jim Tymon, Executive Director, American Association of State Highway and Transportation Officials,
Washington, DC

Veronica Vanterpool, Acting Administrator, Federal Transit Administration, Washington, DC

* Membership as of May 2024.

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/27858

Assessing Lifecycle and Human Costs of Bus Operator Workstation Design and Components

TRANSIT COOPERATIVE RESEARCH PROGRAM

Assessing Lifecycle and Human Costs
of Bus Operator Workstation
Design and Components

Songlin Wu
Eunsik Kim
Andris Freivalds
Yiqi Zhang
Matthew Parkinson
PENN STATE UNIVERSITY
University Park, PA

Subject Areas
Public Transportation e Safety and Human Factors ¢ Vehicles and Equipment

Research sponsored by the Federal Transit Administration in cooperation with the American Public Transportation Association

NATIONAL  Sciences s TRANSPORTATION RESEARCH BOARD

Engineering

ACADEMI ES Medicine

2024

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/27858

TRANSIT COOPERATIVE RESEARCH PROGRAM

The nation’s growth and the need to meet mobility, environmental,
and energy objectives place demands on public transit systems. Cur-
rent systems, some of which are old and in need of upgrading, must
expand service area, increase service frequency, and improve efficiency
to serve these demands. Research is necessary to solve operating prob-
lems, adapt appropriate new technologies from other industries, and
introduce innovations into the transit industry. The Transit Coopera-
tive Research Program (TCRP) serves as one of the principal means by
which the transit industry can develop innovative near-term solutions
to meet demands placed on it.

The need for TCRP was originally identified in TRB Special Report
213—Research for Public Transit: New Directions, published in 1987
and based on a study sponsored by the Urban Mass Transportation
Administration—now the Federal Transit Administration (FTA). A
report by the American Public Transportation Association (APTA),
Transportation 2000, also recognized the need for local, problem-
solving research. TCRP, modeled after the successful National Coop-
erative Highway Research Program (NCHRP), undertakes research
and other technical activities in response to the needs of transit ser-
vice providers. The scope of TCRP includes various transit research
fields including planning, service configuration, equipment, facilities,
operations, human resources, maintenance, policy, and administrative
practices.

TCRP was established under FTA sponsorship in July 1992. Pro-
posed by the U.S. Department of Transportation, TCRP was authorized
as part of the Intermodal Surface Transportation Efficiency Act of 1991
(ISTEA). On May 13, 1992, a memorandum agreement outlining TCRP
operating procedures was executed by the three cooperating organi-
zations: FTA; the National Academies of Sciences, Engineering, and
Medicine, acting through the Transportation Research Board (TRB);
and APTA. APTA is responsible for forming the independent govern-
ing board, designated as the TCRP Oversight and Project Selection
(TOPS) Commission.

Research problem statements for TCRP are solicited periodically but
may be submitted to TRB by anyone at any time. It is the responsibility
of the TOPS Commission to formulate the research program by identi-
fying the highest priority projects. As part of the evaluation, the TOPS
Commission defines funding levels and expected products.

Once selected, each project is assigned to an expert panel appointed
by TRB. The panels prepare project statements (requests for propos-
als), select contractors, and provide technical guidance and counsel
throughout the life of the project. The process for developing research
problem statements and selecting research agencies has been used by
TRB in managing cooperative research programs since 1962. As in
other TRB activities, TCRP project panels serve voluntarily without
compensation.

Because research cannot have the desired effect if products fail to
reach the intended audience, special emphasis is placed on disseminat-
ing TCRP results to the intended users of the research: transit agen-
cies, service providers, and suppliers. TRB provides a series of research
reports, syntheses of transit practice, and other supporting material
developed by TCRP research. APTA will arrange for workshops, train-
ing aids, field visits, and other activities to ensure that results are imple-
mented by urban and rural transit industry practitioners.

TCRP provides a forum where transit agencies can cooperatively
address common operational problems. TCRP results support and
complement other ongoing transit research and training programs.
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FOREWORD

By Gwen Chisholm Smith
Staff Officer
Transportation Research Board

This is a toolkit for predicting the long-term safety and health performance of bus operator
workstations. The toolkit allows a user to (1) assess bus operator workstation options avail-
able and (2) estimate the percentages of driver populations who will be accommodated by a
candidate vehicle design. These assessments provide insight into what changes might improve
short- and long-term performance, comfort, safety, and health of bus drivers. This report will be
of immediate use to safety regulators, transit vehicle operators, risk and safety managers, chief
engineers, directors of maintenance at transit agencies who oversee specifications for procure-
ments, human resources departments, writers of specifications for contracted services, manu-
facturers, and suppliers.

Time loss at public transportation agencies is significantly higher than the average U.S.
working population, and human costs are considerable. Musculoskeletal problems, such as
low back, wrist, elbow, and shoulder pain, are endemic in public transportation. Significant
changes have been made in the designs of critical systems for bus operator workstations, such
as seats, pedals, and steering. This report considers the effect of bus drivers’ body dimensions
and postural preferences and their interaction with bus cab spatial layouts. The information
may help the public transportation industry understand, evaluate, and implement options
to improve operator health while reducing time loss, injury, disability, and external liability.

The objective of TCRP Project G-17 was to assess bus operator workstation technologies that
improve bus operator health and well-being and reduce external risk. This research supplements
the work of TCRP Report 25: Bus Operator Workstation Evaluation and Design Guidelines and
TCRP Report 185: Bus Operator Workstation Design for Improving Occupational Health and
Safety, covering progress in the design of seats, steering, pedals, and controls where significant
advances have been shown to reduce injuries, reduce costs, and improve safety performance.

Led by Mathew Parkinson and coinvestigators Songlin Wu, Eunsik Kim, Andris Freivalds,
and Yiqi Zhang of Penn State University and based on direction from the project panel, the
research team focused on the features of the workstation that most improve health, well-being,
and performance, considering the attributes of the bus operator population. The research team
considered:

* relative health and turnover rate of current bus operator populations (compared to other
occupations)

« features of the workstation that would most improve health, well-being, and performance,
considering the attributes of the bus operator population

e components in isolation and in the context of the workstation envelope

» performance implications to the safe and efficient operation of the vehicle (e.g., dwell
time and customer service implications)

Copyright National Academy of Sciences. All rights reserved.
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This report describes the methods used; an accompanying “Bus Accommodation”
Excel tool to estimate what percentage of a bus driver population is accommodated by a
candidate bus workstation design is available on the National Academies Press website
(nap.nationalacademies.org) by searching for TCRP Research Report 247: Assessing Life-
cycle and Human Costs of Bus Operator Workstation Design and Components.
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CHAPTER 1

Introduction

The objective of this project was to create an easy-to-use toolkit for predicting the long-term
safety and health performance of bus operator workstations. The toolkit helps assess the effects of
operator size and shape, workstation geometry, and vehicle technologies. These assessments are
performed through a process called virtual fit testing (VFT), where thousands of virtual users’
interactions with the bus operator workstation is simulated.

The success of designs intended for human use is determined by a wide range of factors, such as
safety, aesthetics, effectiveness, portability, and cost. Although one factor may be the driving force
for a specific design, the impact of each factor requires a significant amount of research and is its
own field of study (11). Through theoretical analysis and practical experiment, researchers explore
how each factor contributes to the overall outcome. As many industries become more transpar-
ent, companies are evolving to meet shifting needs; among these are user-centric elements such
as human variability.

1.1 Design for Human Variability

Design for human variability (DfHV) considers the inherent variability in the target user popu-
lation during the creation of designed artifacts. Several factors influence this variability, including
when and where someone is born, cultural background, family atmosphere, and religion (12).
Other factors such as sex, race, ethnicity, and age can dramatically impact how humans act, react,
and interact (13). DfHV is the practice of designing artifacts, tasks, and environments that are
robust to the variability in their users. This requires clearly defining the user population and under-
standing attributes that affect their interaction with the design.

1.2 Anthropometry

Anthropometry, one of the major fields of research in human variability, is a systematic and
statistical study of the measurements and proportions of the human body. A combination of
these measurements and proportions describes the size and shape of a human body, which makes
individuals unique (14). There are many ways to categorize anthropometric variables. One common
way is to distinguish them as length-related variables, such as stature, trochanter height (leg length),
and hand length, and width-related variables, such as hip breadth, calf circumference, and chest
breadth. Intuitively, taller people are expected to be wider than their shorter counterparts. This
inference is usually true; however, there are exceptions due to human variability. For instance, the
width of a human body is not only an indicator of its size, it can also be a measure of obesity.
In this case, body width is independent of body length. Therefore, careful consideration is required
to choose the most appropriate anthropometric indicators while making design decisions.
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Anthropometry is commonly considered in industrial practice; anthropometry-focused con-
cepts can be found in vehicle packaging, furniture designs, sport equipment innovation, and
clothing design. The expectation of this practice is to achieve a greater outcome while minimizing
cost so the final product is effective yet efficient. A poorly designed product can cause discomfort
and dissatisfaction in users and result in a decrease in productivity (15). In certain circumstances,
it can even put users in life-threatening danger. Thus, designers must diligently study the anthro-
pometry of a target population and use the associated artifacts to guide their designs.

1.3 Accommodation

A good design should accommodate its users so they can perform the required tasks without
encountering limitations (3). When a user is accommodated, they will feel safe and comfort-
able doing physical tasks, which can increase their productivity. In contrast, when a user is
disaccommodated—they are unable to interact with the artifact, task, or environment in their
preferred manner—their job satisfaction level is generally low, and the likelihood of safety
hazards increases significantly (16). In many cases, companies and designers invest resources
to achieve a better accommodation level. Practically speaking, perfect accommodation usually
does not exist. When designing for a large audience, it usually costs a tremendous quantity of
resources to accommodate the users with extreme body dimensions; as a result, companies
tend to target the majority rather than all users.

Although most designs are not expected to accommodate every user in the target population,
there are times when it is necessary. In competitive indoor and outdoor activities, sports equipment
is frequently custom-made for best performance (17). For instance, NBA players are known for
their elite performance on a basketball court. Competing with other extraordinary athletes, it is
a significant advantage to jump a little higher or change direction a little faster. This pursuit of
excellence inspires top shoe companies to take 3D scans of professional athletes’ feet and ana-
lyze the loading condition on their shoes to design shoes specific to the athlete that enhance their
performance (18, 19, 20).

Customized designs can sometimes maximize the performance of a product, but they usually
raise the cost significantly. They not only require more design considerations, but also bring chal-
lenges to the manufacturing process (17). For instance, many plastic products are formed through
injection molding, which is a process of melting and injecting material into a mold. Due to the
dimensional precision of the molds, they are expensive to produce. With machine testing and
labor cost, it is difficult to justify the cost when only a small quantity of parts is needed (21). Alterna-
tively, additive manufacturing saves on tooling, but requires additional research and time. Because
of its layered nature, it may lead to structural failures (22).

1.4 Body Dimensions

Human bodies vary significantly in size and shape, which creates a difficulty in providing uni-
versally functional solutions for a population. One of the common approaches to resolve this
issue is to create various sizes of a product and let users or retailers determine which size is
most suitable for each consumer. Shoes are a great example of this strategy (23). In the United
States, shoe sizes are typically designed in increments of 0.5 or 1. With help from the elasticity
of the materials, these increments are small enough to accommodate most users (24). One of
the greatest advantages of this approach is its simplicity; however, it is not suitable when users
desire different sizes. Another approach to accommodating variability is to implement adjust-
ability in product dimensions. For instance, a belt allows the user to adjust the tightness of it
around the waist. Instead of having to purchase belts of various sizes, the user only needs one
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adjustable one (25). However, the major disadvantage of adjustable components is the increase
in complexity of a system, which can cause a higher failure rate (26). An adjustable product also
frequently involves a higher part count, which often means higher cost (16).

Analysis of anthropometric data has shown that many anthropometric measurements can
be approximated as normal distributions, especially length-related ones, with the majority of the
data clustering in the middle and the extremity of the data spreading at the tails (27). In product
design, it is neither economical nor realistic to accommodate 100% of the user population due
to the large spread of body dimensions. Thus, a design usually aims to accommodate a pro-
portion of the user population (15). In practice, a target percentage of accommodation is pre-
selected, 90% for instance, and serves as an assessment goal for the final product. Users who are
disaccommodated can sometimes still achieve compromised comfort by adjusting their posture.

In other cases, however, disaccommodation may lead to safety hazards. Such phenomena
exist throughout the world but are more common in developing countries because resources
are more limited. Agriculture plays an important role in northern China’s economy, and large
machines are used to reduce the amount of manual work. If a worker has a difficulty operating
these machines due to physical limitations, the probability of injury is much higher. In fact, a
study observed a 13.1% prevalence of machinery-related injuries from the surveyed agricultural
workers due to machine sizes and other limitations (28). A similar point can be made in vehicle
interior design. Failure to reach the instruments to operate a vehicle or inability to maintain
an adequate field of view are associated with car accidents (29). Therefore, designers and engi-
neers must ethically investigate the consequences of disaccommodation before making design
decisions.

1.5 Postural Preference

Human interaction is not only impacted by the physical dimensions of the human body but
also by a user’s postural preference. Postural preference is unique and can be dramatically different
from person to person (30). For instance, the purpose of a chair is to provide a sturdy seating
surface that supports the user. However, the action of sitting is very complex. Given a standard
chair, some like to lean backward, some like to cross their legs, some prefer to sit high, some do
not use the armrests (31). Assessment of success is no longer limited to the fundamental purpose
of a chair, but rather the capability to accommodate the postures of as many users as possible to
provide the most comfort.

Collecting data on postural preference can be a costly process because it requires user par-
ticipation, which involves experiment design, user testing, data collection, and user feedback.
In many cases, the size of a testing group is critical to an unbiased solution. With a small testing
group, extreme behaviors are sometimes magnified and can be overanalyzed, which can lead
to biases (32). The testing group must also represent the actual user population in terms of
demographic descriptors, such as male-female ratio, age, race, and ethnicity. Thus, doing market
research in preparation for any postural experiment is essential (33, 34).

Occasionally, postural preference can be transferable across products when the two products
are used in a similar way, but careful consideration needs to be given to the risk of over-
simplifying the problem (35). For example, ice skates and running shoes are comparable in
shape and are worn similarly, but they serve different purposes. Ice skates must be stiff enough
to protect users from twisting their ankles, but running shoes need to provide shock absorption
and comfort, which is why new products usually need to run their own user interaction experi-
ment. Unlike interaction preference, physical dimensions of a human body usually only need to
be measured once. These dimensions can be simulated in space using software to display results in
dimensional fitting (36).
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1.6 Vehicle Packaging

The knowledge of spatial dimension and postural preference is useful in many fields of
design, especially vehicle packaging. As defined by Roe, vehicle packaging is a subject that
studies a vehicle’s interior spacing and components layout for the purpose of providing safety,
spatial accommodation, and comfort to drivers and passengers (27). Of all the components inside
a vehicle, the two most critical in this work are the steering wheel and driver’s seat, because they
determine the driver’s capability to operate the vehicle (37). By the definition of accommoda-
tion, drivers must be able to adjust these two components without encountering any limitations
to comfortably turn the steering wheel and step on the accelerator pedal or the brake pedal.
One other consideration is driving safety (3). While operating a vehicle, drivers must maintain
awareness of the surrounding traffic to make proper decisions (8). The goal of vehicle packaging is
to scientifically design vehicle layouts to accommodate driver anthropometry so that both spatial
fit and driver field of view can be achieved.

1.7 Research Overview

Driving trucks and buses is a physically demanding occupation that carries one of the highest
injury rates of major occupational categories in the United States. Drivers often work in postures
that increase risk of low back pain and other musculoskeletal disorders, slow their response
time, and put them at increased risk for acute injuries due to crashes. Poor exterior visibility for
drivers also increases the risk to other drivers, pedestrians, and workers. This report investigates
bus cab spatial layouts and considers the effect of bus drivers’ body dimensions and postural
preferences.
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Human variability exists in various forms. Such variability is responsible for a broad spectrum
of user responses to one solution, and it multiplies the ambiguity in the design process (38).
In some cases, users give dissimilar or even conflicting feedback, which pulls the design in opposite
directions (34). In vehicle packaging, for instance, drivers vary in body dimensions and have
different driving postures. The ideal situation is to design a vehicle package that allows all drivers
to safely and comfortably perform all driving tasks without encountering any limitation; however,
such high expectation of accommodation requires large adjustment ranges that are not always
achievable due to cost, safety, and the desire to reduce vehicle size (3). While packaging a vehicle,
all these factors must be considered, and compromises need to be made to find the best possible
solution based on these considerations and accommodation possibilities.

This chapter introduces the concept of vehicle packaging and reviews design objectives that
are used to measure success. It also presents several approaches that have been developed to
design for human variability and discusses the advantages and disadvantages of each.

2.1 Vehicle Packaging

Vehicle packaging is designing the interior layout of a vehicle with the goal of achieving a
certain level of accommodation (27). It involves a broad range of design considerations that
determine whether the fundamental driving components, such as the pedals and the steering
wheel, are within reach (3). Further design considerations include button controls, digital dis-
plays, and other elements the driver interacts with. In the automotive industry, designing for
vehicle interior layout is one of the first steps, after the body exterior contour design and window
openings design (3). Besides spatial fitting, safety-related vision requirements are crucial factors
to provide accommodation and comfort for drivers (27).

The transportation industry has been evolving, and this trend is not slowing down. The demand
for vehicles for uses other than daily commuting has increased greatly and the variety of vehicle
class divisions has also multiplied as vehicles of different shapes are developed to suit societal
needs (39). Categorizing by interior volume and gross weight, the three major classes are car
class (various sizes of compacts, sedans, and wagons), sport utility vehicles (SUVs; various sizes
of crossovers and SUVs, and minivans), and trucks (mid- and full-size regular/extended/crew)
(40). Vehicles in each class share a similar shape and similar design objectives. While design-
ing the frame, a number of concerns need to be considered; one of the most important is the
field of view. The upper daylight opening (UDLO) is the point where the top of the wind-
shield meets the car frame (Figure 2.1), which limits the angle that drivers can see upward.
The upvision requirements are different for different categories of vehicles. Drivers must also
maintain sufficient downvision; depending on the driver’s eye location, downvision can be
limited by either the hood point (a point that represents the tip of the hood) or the cowl point
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Figure 2.1. The standard reference coordinate planes
for vehicle design and packaging (1).

(where the bottom of the windshield meets the hood) (41). These points are commonly measured
from the ground in the Z direction and from the accelerator heel point (AHP) in the X direction
(Figure 2.3). Although vehicle packaging is a 3D design, only the X-Z plane is studied in this
work because the adjustable components of interest, such as the steering wheel and the seat, are
designed on the center line on the driver’s side. Future work could consider the design objectives
in the Y direction.

To properly and efficiently design a vehicle package, understanding human anthropometric
variability is key. In general, there are two categories of data involved: conventional static measure-
ments and functional task-oriented measurements. Conventional static measurements are done
when subjects are in standardized rigid positions, which typically involve lengths, widths, and
circumferences (Figure 2.2). They are the fundamental descriptors of a driver’s size and shape,
and they do not change due to the driver’s posture, unlike the functional task-oriented measure-
ments. These descriptors are the basis of driver-vehicle spatial fitting (27).

Functional task-oriented measurements indicate the driver’s ability to perform certain tasks,
and they can vary among drivers—even among those with similar body dimensions. These are
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Figure 2.2. Typical seated anthropometric measures.
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Figure 2.3. The dimensions and reference locations used in 2D vehicle packaging.

a function of body segment parameters, strength, and range of motion and include things like
reach envelopes and manipulation zones. Vehicle packaging is a complex task: a cab needs to
be designed such that drivers not only fit in it, but are able to perform functional tasks, such as
turning the steering wheel.

One of the most important reference points is the AHP, the intersection between the accelera-
tor and the floor. Components of vehicle frame geometry (roof, UDLO, cowl point, hood point,
etc.) are measured from the ground in the Z direction and from the AHP in the X direction. This
reference system works for these components, but is unsuitable for the interior components, such
as the seat and the steering wheel, because there is not a direct way of measuring them from the
ground. The difficulty of measuring interior components from the ground causes inaccuracy in
these measurements. Instead, these interior components are measured from the AHP, since the
AHP is a fixed distance from the ground (1). In vehicle packaging research, the AHP is commonly
referred to as the origin of the system; this report follows that convention to refer to interior
measurements.

When designing the interior layout of a vehicle, it is important to understand each component
and its contribution to the overall accommodation. In most vehicles, the steering wheel can tilt
around a pivot point, and some can telescope in and out (Figure 2.3). Ideally, a driver’s preferred
steering wheel location should fall within the adjustment envelope. In that case, that aspect of driver
preference is considered accommodated. If the preferred location lies outside the envelope, the
location preference is not accommodated, and the driver would compromise by adjusting the
steering wheel center to the nearest point on the envelope. Although the driver cannot obtain
the most desirable steering wheel location, they can often achieve moderate comfort by adjusting
the rest of their body to adapt (37).
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Another adjustable component is the seat. Most seats can move in the fore-aft direction (i.e.,
horizontally toward the front and rear of the vehicle). For large vehicles, such as trucks and
buses, the seat can also move vertically. The adjustment envelope is a rectangle (Figure 2.3), and
the goal is to design a seat adjustment envelope to accommodate the majority of drivers. If a
driver’s preferred seat position lies outside the envelope, they will adjust the seat to the nearest
point on the envelope, as with the steering wheel adjustment (42). Once the locations of the most
critical components, steering wheel and seat, are determined, an assessment on eye location can
be conducted. Although eye location is rarely a concern of spatial fitting, it is an important con-
sideration in vehicle packaging because it determines the driver’s field of view, which is directly
related to driving safety (3). Previous research has found success in estimating drivers’ eye loca-
tions as an elliptical model (41), which can be a useful tool to assess vehicle layout reference
points, such as cowl point, hood point, and UDLO. This report explicitly studies eye locations,
together with steering wheel and seat locations.

In vehicle packaging, the results of accommodation are usually expressed as a percentage.
An accommodation rate can be defined as the proportion of the driver population able to meet
the spatial fitting requirements and safety requirements (27). For instance, a seat adjustment
envelope can be designed to accommodate 95% of the population and implies that 95% of drivers
can move the seat to their desired location without encountering any limits, while 5% cannot.
The assessment of one objective is intuitive, but the design task becomes challenging when more
than one component is adjustable. Therefore, it is important to first distinguish a multivariate
problem from a univariate problem (43).

2.1.1 Univariate and Multivariate Analyses

Univariate analysis has guided vehicle packaging practice for over 50 years (44, 45). However,
some of the limitations of the method have been understood for nearly as long (46, 47). For
example, recommendations for seat height adjustment range may be based on the popliteal height
of seated operators. Similarly, seat width recommendations are typically based on seated hip
breadth (Figure 2.4). The 95th percentile value is the location separating the lower 95% of the
distribution from the upper 5%.

In univariate analysis, each workstation dimension is considered independently of the others.
In other words, the data under consideration are analyzed and conclusions drawn without
considering other factors (48). Using univariate analysis to solve multivariate problems is known
to produce inaccurate estimates of accommodation (49). Historically, the univariate data could be

frequency
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population

95"-percentile
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300 350 400 |
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5% (50 individuals)
T
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Figure 2.4. The distribution of seated hip breadth for a population
of 500 men and 500 women selected randomly from the ANSUR
population.
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represented in tables and templates. This simplicity of representation coupled with a long tradition
of practice may explain the popularity of the method today despite its known problems.

For most design problems, univariate analysis is not sufficient to achieve the overall goal
of a specific level of accommodation; Figure 2.5 illustrates this for two dimensions. Since anthro-
pometric measures are not perfectly correlated, accommodating 95% of the population on two
dimensions individually will usually not result in accommodating 95% on both. Individuals
disaccommodated on one measure are not the same as those disaccommodated on another. For
example, when 95th-percentile values of both popliteal height and seated hip breadth are selected,
the overall accommodation for this population is 902/1000 people = 90.2%. Note that it is not
possible to determine in advance how much the accommodation level will be affected when
multiple variables are considered.

When two or more variables are considered simultaneously, many possible designs will achieve
the same level of accommodation. In general, decreased accommodation on one dimension can
be traded off for increased accommodation on another while maintaining the same overall level
of accommodation. Of course, the accommodation level on each dimension must be at least at the
target level (for example, 95%). If the selected anthropometric dimensions are fully independent,
the disaccommodated fractions are additive. For example, the two variables in Figure 2.5 are
nearly independent. Univariate disaccommodation of 5% of the population on hip breadth and
5% on popliteal height results in a total accommodation of just over 90%-only two individuals in
this population are disaccommodated on both dimensions. Accommodating 95% of the popu-
lation on these two uncorrelated dimensions would require disaccommodating no more than
approximately 2.5% on each individual dimension.

This principle is true when looking exclusively at anthropometry, but it extends to all aspects
of the operator experience. For example, if 10% of operators are disaccommodated based on
fore-aft seat location, there is no reason to expect those individuals are the same as those dis-
accommodated by vision requirements, strength requirements, or limitations due to fatigue.

* men .
women
450 421 men 9 men
411 women 39 women
902 people
seated 4007 :
popliteal . e *
height L e .
mm * *
(mm) 4004 7 % * .
5% percentile
350+ , _
50 people "+ 48 women - 2 women
I I I
350 400 450

seated hip breadth (mm)

Figure 2.5. The bivariate distribution of seated popliteal height and seated hip
breadth for 500 men and 500 women selected randomly from the ANSUR population.
The lines show 5th-percentile popliteal height and 95th-percentile hip breadth.
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Due to these limitations of univariate analysis, a multivariate approach is the best practice for
multivariate design problems such as vehicle packaging. Multivariate analyses allow designers to
investigate the accommodation level of a combination of design objectives, which reveals the
underlying relationships between the different objectives (50) and provides important information
on design decision-making.

2.2 Manikin Approach

The variability in human anthropometry is a difficult subject because human bodies vary in size
and shape. However, the randomness in most length- or width-related measures follow a distribu-
tion, so statistical tools, such as percentiles, are frequently used. Given a group of people ordered
from least to greatest by stature, the 5th percentile is that surpassed by 95% of the group
and the 95th percentile is that surpassed by 5% of the group. Using percentiles allows for estimating
the proportion of a group that meets a certain requirement and determining design limits (51).

A direct way to apply percentiles is through manikins. Each manikin is built to a unique
combination of body dimensions suitable for the design project and used to predict human
interaction. To detect design limits, boundary manikins are frequently used to represent the
extremes of the population. A design that can accommodate the extremes is expected to accom-
modate those with less extreme body dimensions. In many cases, a small female and a large
male are used to approximate the extremities. For instance, a 2.5th-percentile female manikin
and a 97.5th-percentile male manikin are frequently used to assess a 95% accommodation level,
assuming female and male body dimensions are approximately normally distributed and male
bodies are bigger than female bodies.

A Gaussian or “normal” distribution contains higher-frequency data in the middle and low-
frequency data at the tails. Because of the increased density in the central region of a distribution,
relatively small amounts of adjustability, properly located, can accommodate large percentages
of a population’s preferred design configuration. A similar amount of adjustability focused on
the tails of the distribution will yield much lower accommodation rates. Consider Figure 2.6, a
probability density plot for stature, a measure that is approximately normally distributed. The
total range across these data is 545 mm, but a design that accommodates the central 219 mm
(40%) of the data will accommodate 90% of the individuals. For this reason, it is usually most
cost-effective to design for the central portion of the distribution. For some design conditions
there is no practical limitation on either the lower (seat width; narrower individuals are not
disaccommodated) or upper (seat height; taller lengths are not disaccommodated) bound, so the
design is limited by one tail or the other, rather than both.

The manikin approach is relatively easy to understand and is easier to implement, but it has
certain limitations; one of these is the reliability of manikins. During the approach, each manikin
is a percentile model and represents one user with extreme body dimension. Intuitively, a
90th-percentile manikin is expected to be composed of 90th-percentile body segments, but in
reality, these segments would add up to be much taller. By accommodating this 90th-percentile
manikin, designers assume those with less extreme body dimensions are also accommodated.
However, this assumption has major flaws, especially in complex design problems. A design that
accommodates the users with extreme body dimensions will not necessarily accommodate all
the users in between the extremes, and an nth-percentile individual does not exist (47).

The manikin approach has been applied in various design fields. For instance, a systematic
ergonomics study using manikins was conducted on industrial workstation design in 1996 (52).
In 1998, a study was conducted on the optimization of viewing angle for touchscreen displays
using a similar approach (53). Manikins have been used in the automotive industry as early as
1962. In the late 1950s, the Society of Automotive Engineers (SAE) first proposed the concept
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Figure 2.6. A probability density plot showing the distribution of stature. A large
percentage of the individuals are captured by a relatively small amount of the total range.

of applying standardized procedures and tools in vehicle packaging and composed J826, which
introduced a 2D H-point template to estimate packaging profile and a 3D H-point machine for
defining and measuring occupant seating accommodations. This machine, one of the first uses
of manikins in the automotive industry, defines the location of the H-point (generally, where a
driver’s hips would be), which is specific to a seat (42). An update to J826 uses the improved
Automotive Seat and Package Evaluation and Comparison Tools (ASPECT) manikin, shown in
Figure 2.7 (54).

Figure 2.7. The ASPECT manikin.
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The manikin approach, or the percentile model, is one of the most commonly used approaches
in ergonomic design, and it studies the distribution aspect of anthropometric measurements.
The investigation of how an individual relates to a population is its core concept. For example,
when designing for a single measure, the 5th and 95th percentile values might be specified as limits.
The expectation would be that individuals smaller than the 5th and larger than the 95th percentile
would not be able to use the design in the intended manner (55). This simple and intuitive approach
remains reliable for most univariate problems. In many design practices, by designing for both the
lower extreme user and the upper extreme user, designers assume all the users in the middle are
accommodated. This assumption is valid in simple design cases but loses its validity when assessing
a full body that consists of multiple measurements. Although statistics and research (including
this report) often refer to an “nth-percentile user,” such a person does not really exist, because of
human variability. There are countless measurements to define a human body, and it is impossible
to find one person who is nth percentile on every single measurement (56).

Manikins are frequently used in vehicle packaging to simulate how a user would interact with
the main components in a vehicle based on body anthropometry. It is a simple and visual way
to assess multivariate accommodation, but it has major flaws. Specifically, driving posture
plays a critical role in vehicle packaging, but it is not considered in the manikin approach (57).
In practice, designers often posture the manikins manually based on either personal intuition
or a standardized procedure, which poorly quantifies human postural variability. In order to
solve this bias, several methods with a focus on posturing were developed.

2.3 Population Model Approach

The manikin approach provides a visual and intuitive way to estimate user interaction under
the assumptions given in section 2.2, but it cannot provide knowledge on human posturing. The
population model approach, on the other hand, directly investigates the interaction between
users and a design. This approach first identifies a sample group, then conducts a human interaction
experiment for this group and establishes a model based on the results. This model is then applied
to the user population so a certain percentage of the population can be accommodated (57).

Unlike the manikin approach, which simulates a percentile-based user who frequently repre-
sents an extremity, the population model approach targets the actual users. To lower the cost
of the design, a sample group, rather than the entire population, is commonly selected for an
experiment or a focus study. Although there are advantages to reducing the size of the sample
group, it must be relatively large to ensure it can adequately represent the target user. Certain
traits could be magnified when the group is small, which could lead to biases. In addition, a random
sampling method must be used; this is essential to the validity of the results (27).

During the experimental study with the sample group, participants are frequently invited
to interact with a robust prototype that provides an excessive range of adjustment, and their
responses are recorded and analyzed. Due to the interactive nature of the population model and
its use of prototypes, it is frequently used in product design. For instance, a research group used
a 3D laser scanner to measure standoff distance between the head and the back of the helmet
of a representative sample group of 30 participants. This information was used to guide future
ballistic helmet design (58). Similarly, a study was conducted using a population model approach
to determine the optimal grip span with respect to hand anthropometry. During the process, a
total of 12 participants were invited to interact with the hand-grip device (59).

In order to study postural preferences through a population model approach, participation
from a large number of randomly sampled drivers is required. While each participant is in a
testing environment, a tracking system can be used to continuously monitor the location of the
body landmarks of interest. The relative spatial locations of these landmarks show the subject’s
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body configuration, which indicates their postural preference, and the absolute spatial locations
determine whether the subject is accommodated by the vehicle layout or not.

There are many examples of the population model being applied in the automotive industry.
In a study published by the University of Michigan Transportation Research Institute (UMTRI) in
2017, a statistical body shape model was used for seated vehicle occupants to study their driving
preference. This reliable model was established from 147 participants. The data of various seating
postures was captured with a laser scanner together with manually measured body landmarks (60).
There are many more applications of the population model approach in the SAE as it is one of
the fundamental concepts in the SAE International recommended practices (61).

2.4 Hybrid Approach

Although the population model approach shows improvement from the manikin approach
by considering postural preferences, it still has several limitations that cannot be ignored. The
most important one is that the population model can only be applied to one single design case.
Since the sample group is selected from the user population, this model is limited to that user
population and can only be applied in an identical design case, which rarely happens in real life.
Even when designing the same product for a slightly different user population, the entire process
must be repeated. An adequately large group needs to be sampled randomly, and participants have
to participate in the accommodation experiment individually, after which data can be analyzed.
The process of creating a valid model this way is time-consuming and costly. It would be more
efficient to be able to reuse the previous data.

To conquer the issues with the population model, a hybrid approach was developed. The hybrid
approach merges the strengths of the postural preference model and the anthropometry-
configurable manikins (57). The goal is to confidently apply the same model to a different user
population, so a quantitative relationship must be found that relates the desired outcome to
anthropometric measurements. These anthropometric measurements serve as predictors of
the model. When applying the model to a different user population, anthropometric measure-
ments can be modified to best match the new user population, and the results from the hybrid
model are adjusted accordingly.

By diligently collecting data and interpreting the underlying relationships, researchers have
found success in the hybrid model. For example, a group of researchers used an adjustable bicycle
simulator to assess comfort level on bicycles and validate commercial bicycle accommodation.
To do so, they performed correlation analysis on preferred bicycle dimensions and body anthro-
pometric measurements and found that saddle-pedal distance is strongly related to crotch height
(62). A similar approach, relating outcome variables with anthropometric measurements, can be
found in the Yakou et al. study on evaluation of cylindrical objects, which examines handle
diameter and hand length (63).

2.4.1 Virtual Fit Testing

The most accurate assessment of the level of accommodation provided by a design would
be obtained by having a large population of individuals representative of the target user population
interacting with a high-fidelity physical prototype. Because such testing is generally not feasible
due to cost and time requirements, virtual fit testing (VFT) can be conducted using abstract
representations of individuals suitable for computational evaluation. In a traditional application
of anthropometric data, only summary statistics for each variable across the population would
be used. The interactions among the various variables are not considered in this approach.
In contrast, VFT examines each individual and their simulated interaction with the design, then
computes the fraction of the total population that is accommodated.
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a b c d

Figure 2.8. A sampling of four digital human models: Jack (a),
RAMSIS (b), HumanCAD (c), and 3DSSPP (d) (2).

Digital human models (DHMs) are one strategy for conducting virtual fits. They were developed
in the 1990s to virtually represent humans as an improvement to the manikin approach. Since then,
DHMs have increasingly been used for vehicle packaging and other ergonomics design (64). Since
the creation of DHMs, they have been widely used for task performance simulation. One of their
advantages is the facilitation of a quicker design process (36). With the development of computers,
DHMs can be an important part of product design and provide insights on product usability (65).
Instead of competing on money investment, companies shift their focus to engineering research and
computing power. Figure 2.8 shows the DHMs generated in four different software tools.

Using DHMs, designers can visually assess the fit of all interior components and make appro-
priate adjustments to improve overall accommodation (Figure 2.9). While DHMs produce useful
visualizations and the opportunity to simultaneously consider a number of measures, there are
also limitations. In particular, each model only represents one user and one of their associated
preferences (e.g., posture). Since each model requires meaningful amounts of time to place and
posture, the use of more than a few manikins is rare.

Improvements to the VFT approach can be made by using large numbers of manikins. For
example, Figure 2.10 is the result of analyses from a study assessing posturing and fit involving
23 SAE Class B truck drivers in several different truck and bus cabs (66). The four panels show a
cross section of the workstation. The green stick figure shows the anthropometry and as-measured
posture for that individual. The other dots show estimated preferred location for 100 individuals

mid-size man

small woman large man

Figure 2.9. Package assessment via three virtual fit tests conducted
using digital human models of various sizes.
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Figure 2.10. Each pane shows a postured individual and their preferred component locations in the
vehicle package. The simulated distribution of locations for 99 additional participants of that same
size and shape as well as the overall accommodation rate are also shown.

of that same size and shape. The blue dot shows the centroid or average behavior for each loca-
tion (seat, steering wheel, and eye). Based on those analyses, the likelihood of accommodation for
an individual of that size and shape is shown. This ranges from 54% to 97% for the four indi-
viduals shown.

When the interaction of large numbers of virtual drivers can be assessed quickly, the virtual fitting
method can provide high-resolution estimates of true multivariate accommodation. Models like
the cascade prediction model (described in section 2.4.2) allow the manikins to be postured
almost instantaneously and the effects of anthropometry, preference related to anthropometry,
and preference unrelated to anthropometry to be considered simultaneously. The method is
especially useful for Class B vehicles, such as trucks and buses, because they usually involve
more design considerations besides spatial fitting due to the driving tasks. For instance, Class B
vehicles commonly use height-adjustable seats so drivers can maintain adequate vision of the
surroundings (67).

Another significant advantage of applying VFT in vehicle packaging is its seamless adaptability
to the hybrid model. As discussed, the manikin approach does not usually have a scientific way
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Figure 2.11. An example showing the preferred and
censored seat locations of a virtual population of
truck drivers (3).

of posturing the manikins. The designers usually posture the manikins manually, which intro-
duces bias. Using a hybrid approach can resolve this issue. The hybrid approach establishes a
model relating driver anthropometry to their body landmark locations in space. By creating
a large number of virtual driver profiles and feeding their body anthropometric data into the
hybrid model, designers can accurately and quantitatively simulate how each driver would pos-
ture themselves in a cab. It allows the designers to visually assess the accommodation level of any
vehicle layout (Figure 2.11) (3).

2.4.2 Cascade Prediction Model

The SAE is an organization of professional engineers that aims to come up with standards and
conduct research to bring safe and innovative design to the world. In the past several decades,
many SAE ] tools have been developed and heavily used for vehicle packaging in the automotive
industry. For instance, SAE J1517 examines driver seat position, SAE J941 investigates driver eye
position, and SAE J1052 specifically studies driver head location (Figure 2.12). These SAE ] tools
provide thorough guidelines on each individual component. Since these tools are not reconfigu-
rable and generally consider a single design variable, they can produce vehicle package designs
that accommodate a smaller percentage of the driver population than expected.

In the early 2000s, a cascade prediction model (CPM) was developed (68). From analyzing
drivers’ postures captured with a sonic digitizer, researchers found that drivers frequently react
to their surroundings by moving their limbs while keeping their torso position still. Since locat-
ing the torso is a crucial step that lays the foundation for limb posturing, the CPM puts great
emphasis on predicting hip and eye locations, which are recognized to be the most important
measurements in vehicle packaging. Hip location is critical for seat position design and lower
limb posturing, while eye location is a direct assessment of a driver’s field of vision (69). With
these two critical body landmarks created from the models of experimental data, researchers can
establish submodels and apply inverse kinematics to predict the secondary body landmarks, such
as shoulder location, elbow location, and knee location (37).

Even though the CPM is relatively recent compared to other vehicle packaging methods, such
as the manikin approach, it is proven to be reliable. In a study conducted by UMTRI, a group
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Figure 2.12. SAE International provides a number of J tools that can assist with
vehicle packaging.

of researchers aimed to estimate driver postures with a CPM and compare them to laboratory
observations (60). A total of 63 participants were studied in a laboratory setting to create the
CPM while being given 27 vehicle package and seat conditions. The results matched the observed
postures of 24 participants from an earlier in-vehicle study. The differences in mean eye and hip
locations were within a few millimeters, and the differences in standard deviation were compa-
rable as well. The CPM is used for subsequent analyses in this report.

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/27858

Assessing Lifecycle and Human Costs of Bus Operator Workstation Design and Components

18

CHAPTER 3

Bus Operator Posture and
Associated Risk of CTDs

Professional drivers are a high-risk group for work-related musculoskeletal disorders (WRMSDs).
There are a number of different kinds of WRMSDs; this project examined the risk associated with
one specific class: cumulative trauma disorders (CTDs). Analysis using three different assessment
tools found that in typical situations the majority of bus drivers are not at particular risk for CTDs.

3.1 Background

Any repetitive job having potentially excessive frequencies, high forces, and extreme limb pos-
tures can result in WRMSDs of the upper extremities. Six major surveys (70) have estimated the
prevalence of these to be on the order of 15% for the U.S. population. Professional drivers are a
high-risk group for WRMSDs involving the spine (71) and the shoulder and knee joints (72); in
particular, there is a high incidence of early degenerative spine changes among truck drivers (73).
Also, Tse et al. reported the negative impact of bus operators’ stress on physical (cardiovascular
diseases, gastrointestinal disorders, musculoskeletal problems, fatigue, etc.), psychological (depres-
sion, anxiety, post-traumatic stress disorder), and behavioral outcomes, with a very detailed review
of 50 years of research on their injuries (74). Thus, the workplace of the driver, which includes
the cabin climate, exposure to vibration and noise, and changing climatic conditions and driving
postures, must be considered in relation to WRMSDs. These disorders contribute to low retirement
age and high morbidity in drivers (75). Drivers are often exposed to repetitive and awkward pos-
tural stress in their working environment, contributing to back, neck, and upper extremity dis-
comfort (76). Activities that include vibration and driving 30 km or more in a single trip increase
the risk of back pain, disc rupture, tension, and fatigue. Although that research reported a limited
examination of musculoskeletal disorders, later research focused specifically on the upper
extremities with considerable detail from Washington State (77), Hong Kong (78), and Israel (79).

3.2 Research Activities

An experiment was designed to determine if bus drivers were at specific risk for CTDs. Video
was captured for a number of professional bus drivers at the beginning and end of their shifts.
This video was analyzed using three different assessment tools: the CTD risk index, rapid upper
limb assessment (RULA), and the strain index.

3.2.1 Participants

Motion analysis was performed on existing videos of 14 bus operators. Participants were pro-
fessional drivers who worked testing buses at the Larson Transportation Institute test track. All
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bus operators were male and were included in the study’s analysis. The oldest study participants
were over 40 years of age and drove 50-60 hours each week. The majority of drivers were
driving more than 250 km per day. Anthropometric data such as stature, mass, sitting height,
seated hip breadth, and seated bideltoid breadth were measured (Table 3.1). All study proce-
dures were approved by the Pennsylvania State University’s Office for Research Protections.

3.2.2 Observation

Each bus operator was required to drive an electric transit bus for two rounds (long and short
tracks) at the Larson Transportation Institute test track facility. Participants drove three loops
on each track at the beginning and three loops on each track at the end of their 1-hour driving
shift, so the research team recorded six loops on the long track and six loops on the short track for
each driver. The total recorded time per bus driver across the four conditions was approximately
20 minutes. Interior cameras recorded their posture. They were positioned to record the right
and front profiles of the drivers. The cameras were placed to ensure they were not in the driver’s
usual field of view. Specific tasks such as turning, lane changes, and avoidance of road hazards
were incorporated into the driving schedule and were signaled in the video. This allowed decom-
position of the video by task.

3.2.3 Assessment Tools

Three different risk analyses were performed on these motion data to ascertain potential risk
for WRMSDs. A quantitative CTD risk index was developed by Weston and Freivalds (4) that
evaluates all three major risk factors: force, frequency, and joint posture (Figure 3.1). This has
been used quite successfully by Freivalds in his research at the Center for Cumulative Trauma
Disorders in approximately 89 different industries over the last 30 years. That risk index was some-
what based on the second assessment tool used in this project: the more basic posture analysis
index, the RULA developed by McAtamney and Corlett (5). A RULA worksheet is shown in
Figure 3.2; this tool has been used to evaluate bus drivers (80) but was focused on trunk and neck
regions rather than the upper extremities. A third assessment tool, the strain index, was devel-
oped by Moore and Garg to predict the risk of injury due to task attributes like intensity, duration,
frequency, speed, and posture (6).

Due to the differing natures of the analyses, the data were processed slightly differently. For
the CTD risk index and the strain index, a 2-minute segment of data was analyzed. For the RULA
analysis, images were extracted at 1-second intervals from the videos. Among them, 10% were
randomly selected for analysis. Thus, the total was 1,666 driving postures (20 min * 60 s * 14 drivers *
0.1 sampling) evaluated.

Table 3.1. Summary of the anthropometric
data of study participants.

Measure Mean SD
Stature 1,788 mm 59.1 mm
Mass 104.6 kg 19.5 kg
Hip breadth, seated 427 mm 35.0 mm
Bideltoid breadth, seated 519 mm 102 mm
Sitting height 903 mm 38.3 mm
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CTD Risk Index

Job Title: VCR Counter No.: Date:
Job Descnption: Departrment: Analyst
Cycle Time (in minutes, obtain from videotape) o
# CycleDay =  (480-Lunch-Breaks) - = le of B3 or 20
Cyole Time
# Parts / Day (if known) o0
# Handmaotions / Cycle @
|# Handmaotions / Day (@ x &) &
I Frequency Factor (Divide ® by 10,000) =
) ) .. Paoints
(Circle appropnate condition) D 3 > 3
|Working Posture Sit Stand
[Hand Pasture 1: Pulp Pinch Mo Yes
[Hand Posture 2: Lateral Pinch Mo Yes
[Hand Posture 3. Palm Pinch Mo Yes
|Hand Pasture 4: Finger Press Mo Yes
|Hand Posture 5: Power Grip Yes Mo
|Type of Reach Honzontal Up/Down
[Hand Deviation 1: Flexion Mo Yes
[Hand Deviation 2: Extension No Yes
[Hand Deviation 3: Radial Dev. | No Yes
|Hand Deviation 4: Ulnar Dev. No Yes
|F0rcalm Rotation Meutral In/Out
|Elbow Angle =00° =00°
Shoulder Abduction i] <45* <80° =90"
Shoulder Flexion 0 <@p* =180° =160
|BackiNeck Angle 0 =45° <90" =30
[Balance Yes No

Total the Points for the Circled Conditions |8

Posture Factor (Divide ® by 10) =

|Grip or Pinch Force Used on Task D Ibe. |T0ivided byl
[Max Grip or Pinch Force 5 Y

Force Factor (Divide @ by .15) =

(Circte appropnate condition) Poits
0 1 2 3
Shamp Edge Mo Yes
Glove Mo Yes
Vibration Mo Yes
Type of Action Dynamic Intermittent Static
Temperature Wam Cold

Total the Pointe for the Cwrcled Condstione |8

Miscellanesous Factor [Divide @ by 3) =

CTD Rick index = .2 x (Frequency + Pocture + Force Facfors) + .1 x (Misoellaneous Factor)

TD Risk Index = .3 x { + + )+ .1 x( ) =

Figure 3.1. The CTD risk index assessment tool (4).
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Figure 3.2. The RULA tool (5).
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3.3 Results

3.3.1 CTD Risk Index

The results of the CTD risk index assessment for the participants are summarized in Table 3.2.
The force factor and miscellaneous factor parameters were assumed to be 1.0 and 0.66, respectively.
There is no CTD risk score greater than 1.0 across all the conditions. The highest score, which
occurred at the beginning of the short durability track, was 0.56. There was no significant difference
between tracks (p-value = 0.909) under the conditions examined here (Figure 3.3). Also, there
was no significant difference in results from the beginning of the shift vs. the end of the shift

(p-value =0.308), an indication of fatigue.

Table 3.2. Results of the CTD risk index assessment.

Track Timing Frequency Posture Force Misc CTD
Factors Factors Factors Factors Risk Score
S B 0.392 0.907 1.00 0.660 0.756
S E 0.389 0.886 1.00 0.660 0.748
L B 0.376 0.893 1.00 0.660 0.724
L E 0.363 0.864 1.00 0.660 0.736
3.3.2 RULA

Table 3.3 reports the results of the RULA. The driving postures are categorized into groups of
low, average, and high posture and the corresponding component ratio of each posture group is
reported. Score A represents wrist and arm scores and Score B refers to neck, trunk, and leg scores.
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0.74

CTD Risk Score

0.73

0.72
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Interval Plot of CTD Risk Score vs Track

95% Cl for the Mean
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Figure 3.3. CTD risk score based on the track (L = long durability track; S = short

durability track).
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Table 3.3. Driving postures by category and the component ratios of each
posture group.

Score A

Score B 3 2 3
Ground score 3 4 5
Component ratio 88.3% 10.2% 1.50%

Low posture occurred most frequently, with the low-posture group showing a RULA score of 3,
indicating “low risk, changes may be applied” The high-posture group received a RULA score
of 5, indicating that this driving posture “needs further analysis and that change should be imple-
mented soon” There was no significant difference between tracks (p-value = 0.053) and no signifi-
cant fatigue for 1 hour of driving (p-value = 0.165).

3.3.3 Strain Index

Figure 3.4 shows the individual value plot of the strain index. Most drivers scored between 3
and 7, indicating bus operation may place an individual at increased risk for distal upper extremity
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Figure 3.4. Results of the strain index analysis.

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/27858

Assessing Lifecycle and Human Costs of Bus Operator Workstation Design and Components

24 Assessing Lifecycle and Human Costs of Bus Operator Workstation Design and Components

disorders; only one scored above 7, which implies bus operation is probably hazardous. Like the
other results, strain index shows there was no significant difference between tracks (p-value =
0.637) and no significant fatigue for 1 hour of driving (p-value = 0.920).

3.3.4 Summary

Opverall, the scores from the three evaluation tools showed that there may be some risk for
CTDs for some drivers in terms of posture and movement during bus operation. Most of the
drivers are in a low-risk state. One of the objectives of this research effort is to mitigate the risk for
all drivers through improved bus workstation packaging.
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CHAPTER 4

Bus Packaging Methods

The objective of this work is to study driving postures of U.S. bus operators and make design
recommendations regarding bus cab layout. The various approaches to vehicle packaging each
have advantages and disadvantages. One might be suitable for one scenario and inappropriate
for another. When deciding which method to use, many factors need to be considered, including
available data, cost, and fidelity of results. An appropriate approach should be able to provide
results of sufficient accuracy within a reasonable budget and meet the project expectations.

Besides selecting an appropriate model, another challenge is understanding the bus operator
population as a whole. The work requirements and other considerations make the demographics of
U.S. bus operators unique from the general population. The differences can be reflected in descrip-
tors such as gender ratio, race/ethnicity composition, and age distribution. This information is
vital to good design for human variability practice since it defines some of the variability that
must be considered in the creation of the artifact, task, or environment. A poorly defined user
population can result in designs that don’t meet accommodation expectations. This is especially
problematic with designs like bus operator workstations, where adjustability is used to improve
overall accommodation rates. Improperly allocated adjustability increases costs without improving
performance.

The first half of this chapter discusses the approach used in this work and presents the models to
predict driver posture. The second half of this chapter presents the demographics of U.S. bus drivers.

4.1 Model Selection

Vehicle packaging considers the spatial placement of components including displays, controls,
and the seat. Recommendations should consider the driver population and the postures they are
likely to prefer or exhibit while driving. These behaviors are a compound result of body dimensions
and postural preferences. A successful package provides sufficient adjustability to accommodate a
large fraction of these individuals and postures while minimizing the associated costs.

This research results in a toolkit to accurately predict the postures and associated joint center
locations of populations of U.S. bus operators in response to a candidate cab geometry. The tool
reports what fraction of operators in the specified population are capable of reaching the steering
wheel and the pedals without any difficulty while simultaneously maintaining the ability to see
target locations. Cascading posture prediction was selected for a number of reasons, including
the experimental validation and its ability to conduct simultaneous multivariate prediction.

The toolkit provides numeric/tabular results as well as visual ones. Research has shown that
including visuals can increase an individuals patience in learning and understanding (81). Addi-
tionally, on average, 83% of what a person learns is through sight (82). Therefore, it would signifi-
cantly reduce the learning curve associated with this new toolkit to include a visual representation
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of the accommodation results. To be specific, the toolkit should clearly and accurately identify
the critical landmarks (preferred steering wheel location, H-point location, and eye location), and
accurately display the rest of the landmarks (shoulder location, elbow location, knee location, and
ankle location).

As mentioned previously, industry users currently rely heavily on the SAE J tools and conduct
mostly univariate analyses by designing interior components independently. The J tools provide
sufficient information on how people react to each design objective and estimate how a driver’s
interaction varies within a certain population, but they cannot provide a coherent understanding
of how individuals adapt to several spatial requirements simultaneously. The correlation between
the requirements is disjointed, especially from an individual level. More importantly, the SAE ]
tools are incapable of predicting postural adjustments due to disaccommodation. In other
words, they provide information on the preferred location for a control, but not on what a driver
might do when that preferred location is unattainable.

Current industry standards describe driver posture by estimating the distribution of the pre-
ferred locations of each landmark, such as steering wheel, H-point, and eye location. Assuming
these are normally distributed, they can be represented with a mean and standard deviation. The
advantage of such an approach is that distributions are continuous. Without needing an infinite
number of drivers, it produces results of infinite resolution. The disadvantages are apparent as
well. The main issue is the model cannot adjust based on bus geometric constraints, because the
underlying relationship between meeting multiple design objectives remains uncertain. While
designing an adjustment envelope for the steering wheel, for instance, a high accommodation
rate is desired, but disaccommodated drivers are expected as well. When a driver’s preferred
steering wheel location is not in the adjustment envelope, they will move the steering wheel to
the nearest point on the envelope and adjust the rest of their body to accommodate this change
(Figure 4.1) (37).

The purpose of a new design is to minimize these required changes to a driver’s preferred pos-
ture. In order to visually reflect how adjusting one landmark can impact the location of other
landmarks for every virtual bus operator, it is important to approach vehicle packaging from an
individual perspective. That is the strength of the VFT approach—each virtual driver is allowed
to interact with the candidate design individually and their responses are predicted. Then the
individual results are aggregated to predict behavior for an entire population. This mirrors what
would happen in a real usage scenario.

__ Steering Wheel
Adjustment Range

Centroid of

Adjustment Range
Effective Steering

Wheel Location

Steering Wheel
Preference Line

Figure 4.1. When the preferred steering wheel
location is not attainable (e.g., due to limitations in
the hardware), it is adjusted to the nearest location
in the adjustability envelope.
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Opverall, the model needs to be able to (1) predict locations of critical landmarks with high
accuracy, (2) assess design objectives using a multivariate approach, and (3) use visuals to
present packaging results. Considering all the available approaches discussed in Chapter 2,
the first two needs can be met using cascade modeling, and data visualization can be achieved
through virtual fitting.

4.2 Cascade Model for Buses

Previous research has laid a foundation in Class B vehicle packaging, and a cascade model
for buses and trucks was developed in 2005. Its core concepts can be summarized in a flowchart
(Figure 4.2). This section details the cascading procedure of driving posture prediction.

4.2.1 Steering Wheel Location

In posture prediction, identifying the preferred steering wheel location is one of the first steps.
Most vehicles now include adjustable steering wheels. Due to the spatial demand of the operator
cabs among large vehicles, especially buses and trucks, steering wheels need to provide suitable
adjustment ranges for drivers to maintain sufficient vision while driving. There are two common
modes of adjustment: tilting and telescoping. Tilting is when a steering wheel rotates about its
pivot point, located at the base of the steering wheel. Telescoping is when a steering wheel moves
parallel to the shaft (Figure 4.1). With the two modes of adjustment, the steering wheel can move
in both X and Z directions.

Visualization
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T Location :
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Figure 4.2. A schematic diagram of the cascade posture prediction model.
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Drivers tend to place the steering wheel at the most comfortable location for them to perform
normal driving tasks. Preferred steering wheel locations vary from person to person, which makes
it challenging to predict driver preference. In an attempt to understand such variability, a labora-
tory study was conducted to investigate preferred steering wheel location for vehicle operators.
Participants were asked to sit in a simulated cab and adjust the floor height and the pedals in the
X (fore-aft) and Z (vertical) directions. Instead of the steering wheel, the origin of the cab (AHP)
was adjusted because steering wheels were fixed in space in the experiment setup. This allowed
the relative location between the steering wheel and the pedals to vary based on driver preference.
After each driver adjusted to their preferred posture, data were collected (37).

The preferred steering wheel location data (measured from the AHP) indicated that the verti-
cal location of the steering wheel is negatively impacted by its horizontal location, and a near-
linear relationship was discovered. The average ratio (mean) was calculated to be —0.559 with a
standard deviation (SD) of 0.305. In other words, the vertical location is expected to decrease by
an average of 0.559 mm for every 1 mm the steering wheel travels back horizontally. And 67% of
the drivers will likely choose a ratio between —0.864 * (Mean — SD) and —0.254 * (Mean + SD).

SWpref, —0.559 = SWpref, (4.1)

where SWpref, is the steering wheel preference Z coordinate and SWpref, is the steering wheel
preference X coordinate.

The variance of the ratio was also derived from the driver’s preference, and it was independent
of driver anthropometry (37). However, the preferred total height of the steering wheel is strongly
dependent on the driver’s stature (height). Stature is a widely available anthropometric measure
and a common predictor in postural models, including in vehicle packaging. The preferred
vertical location is found to be

SWpref @175 (mm) = 524 + 0.1613 = stature, R* = 0.32, RMSE = 23.4 (4.2)

when the horizontal location is at 175 mm with respect to the AHP. The horizontal location of
175 mm does not hold actual meaning and is chosen merely for mathematical convenience.
In fact, any horizontal location can be chosen because the preferred vertical locations move
along a slope of 0.559, as mentioned. These preferred vertical locations can be found by using
the equation:

SWpref (mm) = 524 +0.1613 * stature — 0.559  (x — 175) (4.3)

This line represents the steering wheel preferred vertical locations. Based on their stature, each
driver has a unique preferred steering wheel vertical height line (Figure 4.1).

One preference line is not enough to locate a preferred steering wheel location in a 2D space
because there are two degrees of freedom (DoF); a minimum of two lines are needed. Besides
steering wheel vertical height, human variability can also be reflected in the steering wheel tilt
angle. Rotating the steering wheel about the pivot point not only allows drivers to control the
face angle of the steering wheel so it is easier to grab, but also enables the steering wheel to move
in the horizontal direction to adapt fore-aft preference. By drawing a line connecting the steering
wheel pivot of rotation to the center of the steering wheel, a driver’s preferred tilt angle can be
found. These two lines can be used to find the intersection that represents the driver’s preferred
steering wheel location (37).

For a properly designed vehicle, the majority of preferred steering wheel locations should be
accommodated. In fact, the adjustment envelope should be selected after the preferred locations
are found. Once the envelope is determined, it can be used to locate the fore-aft and vertical
locations of the center of the steering wheel with respect to the AHP, which are to be used as
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inputs for the rest of the posture prediction. If the preferred location lies outside the adjustment
envelope, the nearest point to the envelope is used (37). Specifically, two measures need to be
assessed: tilt angle and telescope distance. Both need to be within the vehicle adjustment range.
If one exceeds that range, the most extreme location in the range will be selected (Figure 4.3).

This model provides a mathematical understanding of how drivers would adjust the steering
wheel to a preferred location based on their body dimensions and their driving preference. It was
developed using laboratory data and has been verified in the field.

4.2.2 H-Point Location

The seat is another adjustable component inside a vehicle. Its location is usually defined
by the H-point, which generally represents where a driver’s hips would be. One of the design
concerns of seat location is that drivers must be able to comfortably reach the pedals with their feet.
This is a fundamental requirement of vehicle packaging and an indicator of spatial accommoda-
tion. Another concern of locating the driver’s H-point is to provide reasonable relative location
between the hand grip and the torso. Similar to reaching the pedals with the feet, reaching the
steering wheel with the hands is important. Once the steering wheel location and the seat loca-
tion are chosen, driver eye location will be assessed for safety considerations. A more detailed
discussion on driver field of view is presented in section 4.2.3.

The cascade model used for some of the posture prediction was developed based on linear
regression, in the form of constant coefficients multiplying predictors (c).

y=cote, xx,te,xx,. .. (4.4)

Here, y represents the dependent variable, which is the variable of interest. The independent
variables (x;, x,, etc.) are predictors. In vehicle packaging, two kinds of predictors are common:
driver anthropometry and vehicle geometry. Driver anthropometry describes body size and

driver'’s
final
location

adjustability
envelopes

censored
location

censored
H-point
location

Figure 4.3. The preferred and actual driver
locations, selected as a result of the cascading
posture prediction algorithm and considering the
adjustability limits of the vehicle components.
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shape and plays a major role in spatial fitting, which mostly determines body landmark locations.
Vehicle geometry also contributes to the effect because drivers commonly adjust their posture
to adapt to the vehicle’s interior component layout. Taking these two predictors into account
allows for accurate prediction of the average location of a desired landmark.

This linear regression is useful for predicting drivers’ average behavior but is insufficient to
express the ranges of individual preference uncorrelated with anthropometry that most drivers
exhibit. To include this factor, the residual variance from the regression model is reintroduced
into the equation (43). The error term N (0, s) is a randomly generated number from a Gaussian
distribution. This distribution has a mean of zero and a standard deviation of s, the square root
of the residual variance. By studying the size of the error and augmenting this error to the linear
regression, a complete spectrum of driver preference can be captured through this model.

y=c()+cl*x,+c2*x2...+N(0,s> (4.5)

As discussed in Chapter 2, an H-point is a fixed point on a car seat near the driver’s hip. Unlike
a hip point that moves with the driver’s posture, an H-point is a characteristic of the seat. Given
an H-point location with respect to the AHP, it’s possible to accurately locate the seat. One of
the objectives of vehicle packaging is to design a proper seat adjustment envelope (the region the
H-point can move through). Thus the H-point, instead of the hip point, is commonly used.

The H-point can be measured on a physical seat using an H-point machine and the proce-
dures outlined in SAE J826 (42). Researchers have also created a linear regression model that
can predict the preferred H-point location of a population with high accuracy (37). One of the
factors that led to its success is that it uses a stepwise approach in an iterative manner (83). For
instance, there are a number of anthropometric measurements that are related to the length of
a human body, including stature, leg length, arm length, erect sitting height, and acromial height.
This introduces more predictors than needed and can lead to more errors because certain body
characteristics are overanalyzed. A stepwise approach carries out an automatic process of choosing
predictors to fit regression models. During each step, one predictor is analyzed to determine
whether to add it to or subtract it from the current list of predictors.

Through an iterative stepwise approach, two predictors regarding vehicle geometry (fore-aft
and vertical locations of the center of the steering wheel with respect to AHP) and five predictors
regarding anthropometric measurements (stature, erect sitting height, ratio of erect sitting height
to stature, difference between stature and erect sitting height, and natural log of body mass
index [BMI]) were identified (37). Since anthropometric measurements are approximately normally
distributed, each measurement of a population can be represented with a mean and a standard devia-
tion. The stepwise regression results indicate that the horizontal location of the H-point is largely
dependent on the horizontal and vertical location of the steering wheel, which is a sign of drivers
adjusting their seating to adapt to vehicle interior components. For this reason, steering wheel
location is predicted first and is used as inputs for seat location prediction, although drivers
usually adjust both of them simultaneously in an iterative manner. The driver’s functional leg
length is estimated by taking the difference between stature and erect sitting height. A positive
coefficient shows that drivers with longer legs tend to adjust the seats backward.

BMI is the other predictor that indicates body width. Usually, a wider driver would need
more space to operate a vehicle. The purpose of using the natural log is to normalize the BMI
measurements of the population, which otherwise exhibit a long right tail. The standard
deviation of the error term is 37.7 mm, which represents a driver’s postural preference unrelated to
anthropometry (37).

H,.(mm) = —53.6 +0.6081 «* SWpivot, —0.3343 + SWpivot,
+0.6394  [,,, +89.07 » Ln(BMI )+ N(0, 37.7) (4.6)

leg
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where

H, =H-point location X coordinate
SWpivot, = steering wheel pivot point X coordinate
SWpivot, = steering wheel pivot point Z coordinate

Ly = functional leg length
Ln(BMI) = natural log of BMI

Unlike the horizontal location, which uses four predictors, the vertical location of the H-point
is dependent solely on the vertical location of the steering wheel. Anthropometric measure-
ments regarding body length or width had a minimal effect. The standard deviation of a driver’s
preferred seat vertical location is 22.9 mm, which is smaller than horizontal (37).

H,=-200.3+0.8545 * SWpivot, + N(0,22.9) (4.7)

where H, is the H-point location Z coordinate.

While designing a seat adjustment envelope for the preferred seat location of a driver popu-
lation, the huge amount of potential variability makes it impossible to accommodate 100% of
them. Consequently, the accommodation goal is commonly set at 95% or lower for economic
and/or practical reasons. For virtual drivers who are accommodated by the candidate design
(i.e., they can put the seat in their preferred location), the cascade posture prediction model
will proceed to the next step. For the disaccommodated virtual driver, the predicted location
becomes the nearest point on the adjustability envelope to the preferred location. Then their
posture is adjusted accordingly (37).

4.2.3 Eye Location

The cascade model received its name from its cascading nature; a sequence of actions must
take place in order to achieve the desired goal. The first step is to predict the virtual driver’s pre-
ferred steering wheel location. After this, seat location can be predicted. The cascade model can
then proceed to estimate the driver’s eye location. In vehicle packaging, the location of the eye
center is represented by the eye point (Figure 4.4). The range of eye locations in the 2D X-Z plane
for a population of drivers is referred to as the eyellipse. Generally, the movement limits are
45° upward, 65° downward, and 30° left and right, but for comfort, a 15° turn in all four directions
is considered “easy eye rotation” (29). In SAE J1050, the eye point is defined in 3D space with the left
and right eyes fixed 65 mm apart. Since this work studies vehicle packaging in the 2D X-Z plane,
only the eye point on the X-Z plane is calculated and used for performance assessment.

In the referenced cascade model, the eye point was studied in a similar manner as the H-point,
through laboratory data, and the same set of predictors are used. Both steering wheel location

95% Cutoff Eyellipse
eye location

Figure 4.4. Eye location and a sample 95% cutoff
eyellipse for a population of drivers (7).
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and seat location are predicted from the AHP, the origin of vehicle interior component packaging.
However, the eye point location developed in this model is expressed relative to a different
datum. Due to the limited movement of the driver’s neck during driving, the driver’s head and
torso are relatively static. In other words, the driver’s eye point is largely dependent on the
seat location, so eye points are expressed in terms of H-point (37). In the horizontal direction,
the eye point is found to be a function of three predictors: the horizontal location of the steering
wheel, the ratio of sitting height to stature, and BMI. This regression model (Equation 4.8) also
incorporates a residual variance term that represents preference unrelated to anthropometry.
The square root of the residual variance was found experimentally to be 41.0 mm. In the vertical
direction, the eye point (Equation 4.9) is a function of only one predictor, erect sitting height,
and has s =22.3 mm (37).

Eye, =—334.0+0.0809 * SWpivot, + 1142  ratio — 87.98 « Ln(BMI)+ N(0, 41.0) (4.8)
where Eye, is the eye point X coordinate.
Eye, = —47.3+0.7812 « SittingHeight + N(0, 22.3) (4.9)

where Eye, is the eye point Z coordinate and SittingHeight is the driver’s sitting height.

Driving requires a number of actions that involve the steering wheel, foot pedals, buttons, and other
interior components. These actions are essential to operating a vehicle as desired, but the ability
to see outside of the vehicle is even more important because the driver’s sight is the main source
of information they use to make decisions. The central vision field, straight through the front
windshield, allows drivers to see cars, pedestrians, traffic lights, and signs in the front. Besides
central vision, peripheral vision is also important because it captures cars and other potential
hazards. The quality of driver vision can directly impact driver safety and performance (84).
Since this work is conducted only in the X-Z plane, only central vision is considered.

A driver’s central vision in two dimensions is bounded by the drivers ability to look both upward
and downward. Upvision angle is measured from the horizontal plane to the highest angle the driver
can see, and downvision angle is measured to the lowest angle. The sum of the two angles makes
up the driver’s central vision. In most vehicles, the upvision angle is limited by the UDLO, where
the top of the windshield meets the frame of the vehicle. An adequate upvision angle permits the
driver to read road signs, respond to traffic lights, and see traffic on uneven roads. According to
the American Public Transportation Association (APTA) bus design guideline, the windshield
must ensure a minimum of a 14° upvision angle (8).

Downvision is also important, particularly because buses are typically higher than the vehicles
around them. This makes it challenging for drivers to see immediately in front of the bus. This
issue is especially profound in urban areas where traffic and pedestrians are primary concerns.
Additionally, school transportation is one of the main ways buses are used, where picking up
and dropping off children is the most essential part of the job. Bus drivers must be able to maintain
adequate downward vision to ensure clearance in front of the bus. Thus, APTA requires all bus
drivers to detect an object 42” high and 24” in front of the bus (Figure 4.5). These upvision and
downvision requirements agree with SAE practice (29), and they are used as design guidelines
in this work.

Upvision is usually defined by the location of the UDLO, but downvision requires more con-
sideration. Depending on the geometric layout, a few interior components could be the limiting
factor. The most common consideration is the location of the cowl point—where the bottom of
the windshield meets the body of the bus. If it was designed to be above the line connecting the
driver’s eye point and the tip of the 42” object, the requirement would be unmet. Besides the
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Figure 4.5. The downvision requirement for bus
drivers states that a 42" object located 24" in front of
the bus must be visible (8).

cowl point, some buses are equipped with a hood. The hood point, which represents the highest
point on the front end of the hood, can also be a limiting factor. Another candidate is the dash-
board. As more functionalities are added to buses, the dashboard is growing bigger to fit an
increased number of buttons and screens. As designers assess a bus package, all the potential
obstacles need to be considered to ensure a safe downvision angle.

4.2.4 Secondary Body Landmarks

The purpose of vehicle packaging is to apply an understanding of drivers’ behavior inside a
vehicle and make design decisions on the layout of the interior components to best accom-
modate them. In this work, most of the essential components in the X-Z plane are included:
steering wheel, seat, and vision-related components. They are assessed with drivers’ preferred
steering wheel location, H-point, and eye point. This knowledge allows for successfully packaging
many elements of a bus layout. As discussed at the beginning of this chapter, besides accurately
predicting drivers’ postures, visually representing these postures is significantly useful for industry
users. This section briefly discusses how secondary body landmarks (hip point, shoulder point,
grip point, elbow point, ankle point, and knee point) are predicted.

In the study of biomechanics, a human body can be presented using body landmarks. In vehicle
packaging this is often accomplished through representations of the body as body segments and
joints (85, 86, 87). This approach not only gives a visual representation of the drivers but also
works seamlessly with the cascade model. As a continuation of the cascade model, the next step
is to use inverse kinematics to estimate the locations of other body landmarks, which is useful to
assess accommodation and visualize the driver.

In previous sections, linear models of finding the preferred H-point were presented. The
H-point is a fixed location on a seat and does not move relative to the seat based on driver
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preference. A hip point, however, is the joint center of a driver’s hip. It is a commonly used body
landmark when configuring driver posture since it is part of the kinematic chain connecting the
upper and lower body segments.

The location of the hip for each virtual driver can be estimated using linear regression. The
offset vector from the H-point to the hip point is a function of the driver’s body dimensions (37).
Specifically, the horizontal offset distance is negatively proportional to the driver’s BMI, and the
vertical offset distance is positively proportional to both the driver’s BMI and erect sitting height.
By adding these offset distances to the H-point location, the hip point location can be found.
Since the following body landmarks are mainly used for visualization and have minimal impact
on vehicle interior layout, simple linear regression models are used without variance. Hip point
location is calculated as follows:

Hip, =90.2—5.27 *BMI+ H, (4.10)

Hip, =—109.9 + 1.51 * BMI + 0.0813 = SittingHeight + H, (4.11)

where Hip, is the hip point X coordinate and Hip, is the hip point Z coordinate.

For consistency of terminology, the shoulder joint center, elbow joint center, and knee joint
center are referred to in this report as the shoulder point, elbow point, and knee point. Once
the hip point is located, the next joint center in the kinematic chain—the shoulder—can be
predicted. While driving, the shoulder point and hip point together represent the driver’s torso.
Commonly, drivers lean their torso against the back of the seat to reduce stress. Taking this
slouching factor into consideration, researchers have found the distance between the hip point
and the shoulder point to be a function of the driver’s erect sitting height. As Equation 4.12
indicates, the distance is solely impacted by the driver’s length. However, the angle between the two
is largely dependent on the driver’s width (Equation 4.13). This angle (measured from the vertical
direction) can be predicted:

HipShoulderDist = 0.49 * SittingHeight (4.12)

HipShoulderAngle = —25.1 + 0.297 * BMI + 67.6 * ratio (4.13)

where the distance (HipShoulderDist) and angle (HipShoulderAngle) between the two points,
the X- and Z-offsets, can be calculated using trigonometry. The location of the shoulder point
can be obtained by augmenting the offsets to the hip location:

Shoulder, = Hip, + HipShoulderDist = sin( HipShoulderAngle) (4.14)

Shoulder, = Hip, + HipShoulderDist = cos (HipShoulderAngle ) (4.15)

where Shoulder, is the shoulder joint center X coordinate and Shoulder, is the shoulder joint
center Z coordinate.

The next step is locating the center of the steering wheel. The preferred steering wheel angle
was also calculated, measured from the vertical direction by convention. This angle is the same
as the angle formed between the wheel face and the horizontal direction. Knowing the steering
wheel diameter (SWD), once again, the X- and Z-offsets can be found using trigonometry and
can then be added to the steering wheel location, which indicates the driver’s grip point.

Grip, = SW, +SWD/4 = cos(SW angle ) (4.16)

Grip. = SW.— SWD/4 «sin(SW angle) (4.17)
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where

Grip, = grip point X coordinate
Grip, = grip point Z coordinate
SWD = steering wheel diameter
SW angle = preferred steering wheel angle

The grip point, the shoulder point, and the elbow point form a triangle. With two of the vertices
and one side being known, the third vertex can be positioned by knowing the lengths of the
other two sides. One of the sides is the upper arm length, which is measured from the shoulder
center joint to the elbow center joint, and this length can be estimated using the acromial radial
length from an anthropometry database, such as the second U.S. Army Anthropometric Survey
(ANSUR II) (9) which is discussed in section 4.3.1. In the survey, distances are measured from
landmarks to landmarks, such as the acromion and the radial. Although these landmarks are
different from the joint centers, researchers have quantified the offsets between them (88). Like-
wise, the length between the elbow joint center and the grip center can be estimated to represent
forearm length. After knowing both upper arm length and forearm length, the elbow joint center
can be estimated.

Due to the similarities between the upper limbs and the lower limbs, the same trigonometric
procedure can be applied to lower-body configuration. Instead of the grip point, an ankle joint
center is used. Relative to the AHP, researchers estimated the ankle to be 32 mm in the X direction
and 128 mm in the Z direction (89). This is approximated as a constant since there is relatively
little variation from the base of the heel to the malleolus landmark across individuals. Besides
the ankle point, leg lengths are needed. One of them is the thigh length, which represents the
distance between the hip joint center and the knee joint center. The other is the shank length,
which represents the distance between the knee joint center and the ankle joint center. After
knowing the lengths and locations of two vertices, the third vertex can be configured using the
fundamentals of trigonometry, which represents the knee joint center.

4.2.5 Estimation of Accommodation

The cascade model used in this project advocates the principle of letting information flow
down from experts through layers of customized treatment to obtain desired outcomes (90).
In vehicle packaging, the cascade model applies a similar concept. The driver’s anthropometric
dimensions and vehicle geometry are the high-level data. With these data, preferred steering
wheel location is predicted. Using preferred steering wheel location as an input, preferred seat
location is then predicted. Although these two steps usually take place iteratively in a laboratory
setting or in real life, they are carried out sequentially in the VFTs because the model was devel-
oped based on final locations of these reference points. From here, eye point is predicted and
field of vision is assessed. Once these primary locations are predicted, secondary body landmarks
can be estimated, starting with hip point and shoulder point. After this, grip point, ankle point,
elbow point, and knee point can be calculated.

Throughout the process of cascade posture prediction, a total of four design objectives were
assessed. They are (in order of prediction):

1. Steering wheel adjustment envelope accommodation

2. Seat adjustment envelope accommodation

3. Upward vision (minimum of 14°)

4. Downward vision (must see a 1,067-mm object 610 mm in front of the vehicle)

The multivariate approach of assessing the accommodation condition of each virtual driver is
a significant component of this work. With a large population of drivers as inputs, it provides
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high resolution and allows designers to study the aggregated effects of design decisions. For each
driver, designers can directly assess how they are accommodated on each of the four objectives.
This approach facilitates an understanding of the underlying relationship between the objectives.
When calculating overall accommodation, which is the proportion of drivers who have met all
four design objectives, an accurate result can be given. Otherwise, assumptions would need to
be made on who is disaccommodated on more than one design objective.

Anthropometric accommodation is described as the proportion of intended users who are
within the range of desired objectives (91). Frequently, a percentile method is only suitable for
univariate accommodation models. With multiple objectives, adding and subtracting cannot
accurately combine accommodation results (92). One common approach to assess multivariate
accommodation is through the intersections of sets, because of the comparable nature of the
two mechanisms (93). While performing set intersection, set correlation is considered. For a pair
of positively related variables, the intersection can be calculated as:

P(ANB)=r,,+(SD,*SD,)+P(A)xP(B) (4.18)

where r,; is the correlation between the two variables, and SD, and SDj are the standard devia-
tions. For negatively related (disjoint) variables, the correlation is zero, which simplifies the
calculation to:

P(AnB)=P(A)=P(B) (4.19)

Intersection of sets is a well-known method and has been validated with simulation data (93).
However, the effort of studying variable correlations is costly. Since this work conducts design
assessments for each individual in the population, a sequence of true/false indicators can be
assigned to them instead. The outcome of assessing each design objective is either true or false.
For such binary assessment, an indicator function assigns a value of 0 or 1 to each event based
on the accommodation condition (93). In this work, a total of four design objectives were
assessed, so each virtual driver was assigned four binary digits to indicate their accommodation.
For instance, if the indicator functions generate 1-1-1-1 for a driver, the driver is expected to
be accommodated on all four objectives. Similarly, a 1-1-1-0 indicates that the driver failed the
downward vision requirement (the fourth test) but is accommodated on all others.

4.3 Bus Driver Population

The cascade model used in this work passes information through a sequence of models. The
outputs from the previous model become the inputs to the next model. To improve the reliability
of the final results, users can (1) choose the most appropriate model and (2) increase the fidelity of
the inputs, namely vehicle geometry and driver population anthropometry. This section dis-
cusses the U.S. bus driver population and the available information that can be used in this work.

4.3.1 Anthropometric Database

Conventionally, military studies are the main source of anthropometric data for many design
references and standards. Due to the large quantity of reported measures and rigorous methods
of data collection, the 1988 U.S. Army Anthropometry Survey (ANSUR I) has been arguably the
most frequently used anthropometric database globally. ANSUR I reported 132 directly measured
dimensions and derived an additional 60 dimensions from each of the 3,982 U.S. military per-
sonnel (1,774 men and 2,208 women). It also included the demographic information, such
as age, race, and ethnicity, to make it possible to sample from the most appropriate popula-
tion (94). However, this does not represent the general U.S. civilian population well, especially
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for dimensional extremities. For instance, obesity is underrepresented in the military. Because
of the military’s strict selection requirements, ANSUR I and II data reflect a young, healthy, and
athletic population. If a design for the civilian population uses ANSUR I or II data to simulate
user interaction, the result will not be reliable (95).

Over time, secular trends in increased body size made the ANSUR I data inappropriate for even
military use and a follow-up study was conducted in 2012. This used a broader sampling strategy
and added whole-body scans. ANSUR II collected measurements from a total of 6,068 partici-
pants (4,082 men and 1,986 women), including reservists, and found that weight, circumfer-
ences, and breadths had all increased. It also found that the variation in these measurements
had increased (Figure 4.6). ANSUR II replaced ANSUR I and was made publicly available in
2017 (9). Even though it is not an explicitly accurate approximation of the U.S. civilian popula-
tion, it still contains useful information and can be used in the early phases of research.

The results from ANSUR II reflected that secular trends over the previous 30 years are notice-
able and significant. Unlike ANSUR I and II, the National Health and Nutrition Examination
Survey (NHANES) has been conducted continuously in the United States since 1999 (96). This
sampling method makes it a suitable tool to analyze demographic trends in civilian populations.
The most important observation is that mean mass (body weight) and BMI have both have been
increasing, especially weight, which agrees with ANSURII (97). One of the biggest advantages
of NHANES is the oversampling strategy. By oversampling the tails of the anthropometric
distribution, the underrepresented groups are included at a higher frequency, which ensures that
there are plenty of data in these groups. Thus, each measured individual has an associated weight
that indicates the size of the population they represent. In the 1980s, UMTRI designed manikins
of various sizes by combining NHANES anthropometric data and stereophotogrammetry.
This knowledge was then applied in automobile design (98, 99, 100). One distinct disadvantage of
the NHANES data is that they only collect a limited number of measurements, such as stature,
mass, and BMI. However, data synthesis methods (101, 102, 103) can be used to estimate the
desired body dimensions through known relationships in more detailed datasets like ANSUR II.
Once the appropriate detailed U.S. bus driver anthropometry data are available, they can be used
as inputs to the cascade model.

4.3.2 Bus Driver Demographics

The four main types of bus drivers in the United States are school bus drivers, local transit bus
drivers, intercity bus drivers, and charter bus drivers. Data from the Bureau of Labor Statistics
show that in 2018, among all 681,400 bus driver jobs, 497,500 (73%) were provided by schools
and special clients. Transit and intercity bus drivers held about 183,800 (27%) of jobs (Table 4.1).

Figure 4.6. Examples of ANSUR Il data collection methods (9).
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Table 4.1. Industry composition of
U.S. bus drivers in 2018.

Type Count Percentage
School and client 497,500 73.01%
Intercity and transit 183,800 26.97%
Others 100 0.015%
Total 681,400 100%

Many bus drivers operate through heavy traffic or bad weather, and sometimes deal with unruly
passengers. Because of the road hazards and mental stress, bus drivers have one of the highest
rates of injuries and illnesses of all occupations (104). Unlike many other jobs, bus drivers have
a spatially limited workstation. While driving, they frequently maintain a driving posture for
hours before taking a break. Thus, a well-designed bus cab can significantly improve the working
conditions for a driver.

While designing a bus cab, proper driver demographics must be specified. Otherwise, the final
design would be inappropriate and ineffective. In 1987, a study on urban transit buses used in
Hong Kong discovered that many buses were designed based on European anthropometric data
and were built in the United Kingdom. This resulted in bus workstations that were not suitable
for the Cantonese workforce (105). This study showed that the designs for one racial or ethnic
group do not necessarily accommodate another racial or ethnic group. This fact raises the chal-
lenge in the United States because the U.S. workforce has become more diverse not only in racial
or ethnic composition, but also in gender composition, age, and other aspects. The next few
sections report and discuss U.S. bus driver demographics, with the aim of understanding the
driver population and providing important design guidelines.

4.3.3 Gender Composition

In the past several decades, many occupations have been dominated by either men or women.
This was true especially before World War II. For instance, the secretarial workforce was almost
exclusively women, and the commercial driver workforce was limited to men (106). However,
the demographics have shifted in the United States in recent years. In 2020, the U.S. Department
of Labor reported that women comprised 47% of the total U.S. labor force (107). This trend of
improved participation of women is also present in the commercial driver workforce.

Despite earlier increases in participation from women in the commercial driver workforce,
according to the American Community Survey (ACS) provided by the Census Bureau, the ratio
of men to women has been consistent over the past few years (2014-2017). In 2018, men were
54.7% of the workforce to 45.3% women (108). As the years go by, a small fluctuation is observed
in the total number of drivers and the gender composition, but overall they remain about the
same (Table 4.2). Thus, this ratio should be used as the default for driver demographics, posture

Table 4.2. U.S. bus driver gender composition 2014-2017.

Year Men Women Total by Year Percentage Percentage
Men Women

2014 401,946 331,576 733,522 54.8% 45.2%
2015 424,168 347,898 772,066 54.9% 45.1%
2016 406,475 333,660 740,135 54.9% 45.1%
2017 393,972 334,603 728,575 54.1% 45.9%
Total by Gender 1,626,561 1,347,737 2,974,298 — —
Average — — — 54.7% 45.3%
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prediction, and accommodation assessment. However, this ratio only represents the national average
and could vary in different regions or due to specific driving responsibilities. To maintain reliability
of the bus design, industry designers need to conduct driver demographics studies and modify the
men-to-women ratio to best represent the driver population. More detailed information on gender
composition can be found in Appendix B.

4.3.4 Race and Ethnicity

The United States is currently the third-largest country in the world by population and is
known for its diversity. As of 2018, the White population constituted the majority at 76.4%,
and the Black or African American population stood second at 13.4% (108). Such racial and
ethnic composition is reflected in the employment market. In 2018, the White and Black or
African American population made up 73.6% and 12.0% of total employment in the United
States, respectively, which matches closely with the racial and ethnic composition of the
population.

Similar to most other occupations, racial and ethnic diversity can be found in the bus driver
workforce. ACS showed that the bus driver workforce consists of 62.9% White drivers, 27.7%
Black or African American drivers, 2.2% Asian drivers, and 7.2% drivers of other races in 2017.
Comparing the racial and ethnic composition of the bus driver workforce to that of the general
U.S. workforce, the White population (62.9%) and the Black or African American population
(27.7%) dominated with a total of 90.6% of the workforce, which is expected. This was found in
previous years as well (Table 4.3). Detailed data of racial and ethnic composition in the bus
driver workforce and the entire U.S. job market from 2014 to 2017 are in Appendix B. The per-
centage of White bus drivers fluctuated between 62.0% and 64.4%, and the percentage of Black
or African American bus drivers fluctuated between 27.0% and 28.0% within these 4 years. This
indicates that the relatively high prevalence of White and Black or African American drivers is
likely to continue for the next several years.

The bus driving occupation is more common in some racial and ethnic groups than others.
In 2017, 12.0% of the U.S. workforce was Black or African American employees, but 27.7% of bus
drivers were Black or African American. Using racial and ethnic composition in general society
as a reference, there were proportionally more Black or African American drivers than White
drivers or Asian drivers by a large margin. This phenomenon exists in the previous 4 years as
well (as shown in Appendix B). This is strong evidence that the proportion of Black or African
American bus drivers in the workforce is about twice the proportion of Black or African American
people in the U.S. workforce. Even though the previous observation shows that racial and ethnic
diversity in bus drivers mostly match racial and ethnic diversity in the general population, proper
adjustments still need to be made for more accurate simulation results.

4.3.5 Age

Besides the men-to-women ratio and racial and ethnic composition, age is another important
descriptor of the U.S. bus driver demographics. Most states require their bus drivers to be at least

Table 4.3. U.S. bus driver ethnicity 2014-2017.

Year White Black Asian Other
2014 64.4% 27.0% 1.9% 6.7%
2015 63.1% 27.5% 2.3% 7.1%
2016 62.0% 28.0% 2.5% 7.5%
2017 62.9% 27.7% 2.2% 7.2%
Average 63.1% 27.6% 2.2% 7.1%
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18 years old. Some require commercial drivers who drive across state lines to be 21 or older.
A maximum age limit does not exist. Instead, interstate bus drivers must successfully complete a
physical exam every 2 years, per federal regulations (108).

As discussed, men constitute 54% of the bus driver workforce and women constitute 46%.
The data show a noticeable age difference in the two genders as well. According to the ACS,
with a 95% confidence level, the average age for bus drivers in 2017 was 54.5 years for men and
49.7 years for women (Table 4.4), an age difference of 4.8 years. In the previous 3 years, 2014 to
2016, a similar age difference was observed at 4.6, 4.1 and 4.8 years, respectively. This trend is
plotted in the average age chart in Appendix B. This trend is expected to continue.

The age distribution charts from 2014 to 2017 (see Appendix B) not only indicate an age dif-
ference between these two genders, but also showed how age impacts the bus driver workforce.
One of the observations is that the age distribution is skewed left. In other words, the number of
drivers gradually increases with age until it reaches the average age. Once past the average age,
the number of drivers decreases with age at a faster rate. This observation is likely to be the result
of a combination of experience requirements and physical capabilities. Another observation
is that the majority of the bus driver workforce is between 45 and 70 years of age for men and
between 40 and 65 years for women. Thus, designers need to strategically tailor the anthropometry
database by matching population characteristics to best represent bus driver demographics.

4.3.6 Weighted Population Approach

In the previous sections, descriptors (gender ratio, racial/ethnic composition, and age distribu-
tion) regarding bus driver demographics were drawn from the ACS. Many similarities exist
between the U.S. bus driver population and the U.S. civilian population, but there are noticeable
differences. One of the solutions to address this issue is to start over and conduct a new survey
specifically designed for the U.S. bus driver population. This solution is intuitive and direct,
but the disadvantages outweigh the advantages. To capture most characteristics of the desired
demographics without biases, the sample size must be large enough for the data to be reliable.
In addition, the participants must be recruited from all over the nation to avoid regional bias.
After collecting data from this large sample group, it would be equally challenging to sync and
analyze the data. For these and other reasons, conducting a new survey is impractical.

As discussed, many surveys, such as ANSUR I, ANSUR II, and NHANES, have already been
conducted to gather detailed anthropometric data from military and civilian populations. Iden-
tifying methods that would facilitate the use of these existing data would be advantageous. Con-
sequently, methods that will allow the use of existing data for new populations are needed.

Table 4.4. U.S. bus driver age distribution 2014-2017.

Year/Gender 30 or lower 30 to 40 40 to 50 50 to 60 60 to 70 70 or older
2014/Men 6.8% 10.0% 17.8% 30.7% 25.9% 8.9%
2014/Women 5.7% 15.4% 29.5% 34.2% 13.4% 1.7%
2015/Men 7.1% 10.2% 19.3% 28.7% 25.4% 9.3%
2015/Women 6.8% 13.9% 29.3% 32.2% 16.0% 1.9%
2016/Men 7.2% 10.8% 17.5% 28.3% 26.8% 9.5%
2016/Women 7.3% 16.3% 26.8% 32.8% 14.8% 2.1%
2017/Men 6.5% 10.5% 17.8% 27.9% 27.6% 9.8%
2017/Women 6.5% 16.8% 26.5% 31.6% 15.9% 2.8%
Men Average 6.9% 10.4% 18.1% 28.9% 26.4% 9.4%
Women Average 6.6% 15.6% 28.5% 32.7% 15.0% 2.1%
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Fortunately, researchers have studied this subject and have come up with a number of methods.
Among these, downsampling and weighting are the most effective for the situation at hand.

Downsampling removes individuals from an existing database until those that remain represent
the desired population, i.e., the target user population. This method is simple and intuitive, but
it has its limitations. One of the associated weaknesses is that the downsampling wastes a lot
of information. Depending on how well the unmodified database matches the target population,
a significant amount of data can be lost (103). Without adequate data, there is a high risk of
introducing bias. Another challenge is the difficulty of maintaining flexibility in the data. As
mentioned, industry users may need to adjust the driver demographics to suit a specific need.
Once the database is downsampled, the change is irreversible. There may not be enough data
to produce accurate results for a specific driver group. For these reasons, downsampling is not
suitable for this work.

Unlike downsampling, weighting the data uses all the available data. A sampling weight is
assigned to each person, indicating the proportion of the target population who have similar
characteristics (103). In other words, the weighting method manipulates the demographic com-
position of the database by modifying how much each person matters. Designers are usually
responsible for adjusting the weights. For example, if a database contains 500 men and 100 women,
designers can make this 5:1 men-to-women ratio behave as 1:1 by assigning a weight of 1 to
all the men and assigning a weight of 5 to all the women. Weighting is a common method of
modifying a database to meet requirements. An example can be found in the National Auto-
motive Sampling System (NASS), which modified a civilian database into a desired vehicle
crash population using weighting (109).
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CHAPTER 5

Bus Packaging Results

When packaging a bus, several design parameters need to be considered. This work exclusively
discusses drivers’ accommodation in the X-Z plane and addresses concerns regarding spatial
fitting of components, driver safety, and a driver’s ability to see objects around the cab. To provide
meaningful feedback to the industry users, the following design parameters are used:

e Steering wheel pivot location

o Steering wheel tilt angle adjustment
o Steering wheel telescope distance adjustment
o Steering wheel diameter

o Seat fore-aft adjustment

o Seat vertical adjustment

e UDLO location

o Cowl point location

« Tip of dashboard location

« Tip of front bumper location

o AHP location

When packaging a bus, industry users must carefully select these parameters to ensure the
majority of the driver population are accommodated on all four design objectives, as discussed
in Chapter 3.

Apart from bus geometry, driver population profile is also a critical contributor to the suc-
cess of a design because a bus package made for one population may not be suitable for another.
In fact, the wrong match could cause driver fatigue and other safety hazards (110). The United
States is known for its diverse population, and this diversity is reflected in the bus driver workforce.
To reflect U.S. bus drivers, this chapter uses a 55:45 men-to-women ratio.

This chapter presents the outcomes of the cascade model by showing the predicted reference
points and body landmarks in a virtual bus cab. It is important to be aware that the location of
these points depends on bus cab geometry. The virtual bus cab shown in this chapter only serves
as visual representation and can be altered to meet the specific needs of the industry user. Similarly,
the population is reduced to 1,000 individuals (550 men and 450 women) to make the accom-
modation rate math easier to follow in the example.

5.1 Steering Wheel

Steering wheel location prediction is the first step of cascade modeling and becomes the input
for the following steps. Each preferred location is described with an angle and a distance from the
pivot. With a total of 1,000 virtual drivers, 1,000 steering wheel locations are generated, and they
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form a fan-shaped cluster of points where purple represents men and yellow represents women
(Figure 5.1).

Through calculation, men’s preferred steering wheel locations were found to be farther away
from the pivot than women’s by 20 mm on average, which is expected given that stature is an
input to the model and, as a population, men are generally taller than women. The steering wheel
tilt angles are almost identical across the two genders. This outcome indicates that driver’s postural
preference is independent of gender when controlled for stature.
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Figure 5.1. The preferred steering wheel locations for the virtual population of men and women
truck drivers.
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In some cases, a large enough adjustment envelope may be constructed to accommodate all
the virtual drivers, but for the purpose of demonstration, a smaller adjustment envelope is chosen,
and the disaccommodated drivers are marked in red (Figure 5.2). The adjustment is provided
through a combination of telescoping and tilting about the pivot point.

For this specific bus layout, the pivot of the steering wheel is at (20 mm, 500 mm) with respect
to the AHP. The steering wheel has a telescoping range of 275 mm to 385 mm and a tilt angle
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Figure 5.2. The preferred steering wheel locations that are not accommodated by the steering wheel
adjustability range.
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of 20° to 50° from the vertical direction. Among the 1,000 virtual drivers, a total of 100 were
disaccommodated (52 men and 48 women), which means an 89.6% and 90.4% accommodation
rate for men and women, respectively. Considering gender ratio, the total accommodation is
90.0%. When a driver is disaccommodated, they would adjust the steering wheel to the nearest
point on the envelope and adjust the rest of their body to adapt to the change. After applying
such adjustment to all 100 disaccommodated drivers, the steering wheel locations shown in
Figure 5.3 are achieved.
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Figure 5.3. The adapted preferred steering wheel locations—those outside the adjustability envelope
have been moved to the nearest location inside it.
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5.2 H-Point

Once the steering wheel locations are predicted and adjusted, the cascade model can proceed
to seat position. Again, 1,000 preferred seat locations were generated. Due to the variation
in average size across gender, the preferred seat locations of male drivers are expected to be
farther away from the AHP, and this expectation is supported by data. On average, they move
the seat 54 mm more in the X direction and 15 mm more in the Z direction than female drivers
(Figure 5.4).
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Figure 5.4. The preferred seat (H-point) locations for the virtual driving population.
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In this work, a limited adjustment range of the seat, 500 mm to 700 mm in the X direction and
400 mm to 530 mm in the Z direction, is used to demonstrate disaccommodation. This adjustment
envelope leads to a 90.6% accommodation rate for men and a 96.6% for women, with a com-
bined rate of 93.6%. Among all the disaccommodated drivers, 47 are men and 17 are women.
Disaccommodated drivers are shown in red (Figure 5.5).

Similar to disaccommodated steering wheel locations, disaccommodated seat locations are
moved to the nearest point on the envelope, and the drivers are expected to adjust their posture
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Figure 5.5. The preferred seat (H-point) locations that are not accommodated (i.e., they are outside
the adjustability range).
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H Point Adjusted Location
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Figure 5.6. The seat locations of disaccommodated drivers have been relocated to the nearest point
inside the adjustability envelope.

to adapt to this change. Although such adjustment is not ideal, it happens frequently. In some
cases these changes are subtle and not noticed; in others they can lead to injury or reduced per-
formance. The effect of driver self-adjustment is shown in Figure 5.6.

5.3 Eye Point

After having both steering wheel locations and seat locations successfully predicted, eye loca-
tions can be found using steering wheel and seat locations as inputs. For both men and women,
the clusters of points are elliptical. Similar to seat position, the eye locations of men are farther
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away from the AHP than the eye locations of women by an average of 49 mm and 66 mm in the
X and Z directions, respectively (Figure 5.7).

As mentioned in Chapter 4, a main safety requirement is that drivers must be able to see 14° above
the horizontal plane, and the UDLO is usually the limiting factor. Due to the large size of most
buses, the UDLO is usually very high, and the upward vision requirement is rarely a concern.
In this work, the UDLO is positioned significantly lower compared to other transit buses in order
to demonstrate disaccommodation on this measure. For this specific bus layout, 95.4% of the
male drivers and 100% of female drivers, 97.7% combined, meet the upward vision requirement.
Disaccommodated drivers are shown in red in Figure 5.8.
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Figure 5.7. The resulting eye locations for the virtual driver population.
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Figure 5.8. UDLO upvision disaccommodation.

In addition to a 14° upvision angle, the APTA requires all bus drivers to be able to see a
42”-tall object 24” in front of the bus. In Figure 5.9 the vertical line represents the object. When
a driver looks downward, two components could block their vision: the cowl point and the tip
of the dashboard. Depending on driver eye location, either one could be the limiting factor.
Only when neither of them blocks driver vision is the requirement met. Given the locations of
these components (Figure 5.9), 100% of the male drivers and 96.4% of the female drivers are
accommodated on this requirement, which makes a 98.2% combined accommodation.
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Eye Point Location

2 SW & H & Eye Location Male
o SW & H & Eye Location Female
Drivers who fail the downvision
assessment
=
o —
=
Ak -
.}
o
o —
uw
£
E
N
- .
=
=2
0
o
=
2 T T T T T
-1000 -500 0 500 1000
X {(mm)

Figure 5.9. Downvision disaccommodation.

5.4 Overall Accommodation

Steering wheel location, seat location, and eye location are the three primary consid-
erations in vehicle packaging, and these locations are used to assess all four requirements
regarding spatial fit and vision safety (steering wheel, seat, upvision, and downvision).
Through previous efforts, the accommodation rate of each requirement can be calculated,
but it is of interest to study the overall accommodation. As discussed in Chapter 4, this work
applies indicator functions to each virtual driver to gain a thorough understanding of what
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Table 5.1. The univariate and multivariate accommodation rates of
1,000 virtual bus drivers.

Gender Steering Wheel Seat (H-point) Upvision Downvision Overall
Men 89.6% 90.6% 95.4% 100.0% 80.6%
Women 90.4% 96.6% 100.0% 96.4% 97.0%
Combined 90.0% 93.6% 97.7% 98.2% 83.8%

limitations they are encountering; from there, the overall accommodation rate can be calculated
for the 1,000 drivers (Table 5.1).

As shown in Table 5.1, the difference between men and women is noticeable. In general, male
drivers tend to sit farther back and higher up with respect to the AHP. This observation is expected
because of the variation in body size across genders. In this work, a small bus with limited adjust-
ment ranges was used to eftectively illustrate disaccommodation. With this specific layout, a com-
bined population of 83.8% is accommodated; however, the accommodation rate can be improved
dramatically by (1) raising the UDLO, (2) lowering the cowl point (where the lower edge of the
window meets the vehicle; see Figure 2.3) and the dashboard, and (3) increasing the adjustment
ranges of the steering wheel and the seat.

5.5 Other Body Landmarks

The results produced from the cascade model demonstrate its usefulness in packaging a bus
as the model delivers instantaneous and quantitative feedback for a design. This work aims to
establish a bridge between bus layout and accommodation so designers can effectively make
proper changes to their current bus designs, which will ultimately improve drivers” overall
well-being.

Besides an accurate and reliable model to predict drivers’ interaction with the vehicle, another
goal of this work is to provide visualization to industry users to make vehicle packaging a more
intuitive process. Specifically, a full body kinematics diagram that represents a human figure
would be beneficial. To do this, more body landmarks need to be predicted to indicate the locations
of body joints. The first step is to locate shoulder joints using linear regressions so the driver’s
torso can be oriented (Figure 5.10).

A normal driving posture is when a driver is operating a vehicle without taking additional
actions, such as spinning the steering wheel or braking. While drivers are maintaining a normal
driving posture, their hands are expected to be placed on the lower quarter of the steering wheel.
With hand location, shoulder location, and body dimensions being known, drivers’ upper limbs
can be configured using inverse kinematics. Similarly, a driver’s foot tends to gently tap on the
accelerator pedal while driving, so their ankle joint is relatively static to the AHP. With informa-
tion on their leg lengths, drivers’ lower limbs can also be configured (Figure 5.11).

5.6 “Average” Driver

Chapter 2 discussed the percentile model and demonstrated that the percentile approach is
incapable of consistently producing accurate posture prediction. One of the arguments is that an
nth-percentile person does not exist due to human variability. In spite of that weakness, the model
can be used as a visualization tool to show driving postures because an nth-percentile person can
certainly exist in a virtual world. In Figure 5.12, the green lines represent an “average” man with
average body dimensions throughout, and the orange lines represent an “average” woman.
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The predicted shoulder locations for the virtual population of drivers.
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Upper and Lower Limbs Landmarks
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Figure 5.12. Stick figures representing the “average” man and woman superimposed on the
distribution of locations across the population.
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Figure 5.13 shows how the average locations for an entire population can vary from the pre-
ferred location for a single “average” driver. The plot shows the average joint center and com-
ponent locations for 500 virtual men that have been postured using the model. Plotted against
this is the representation of a man who is 50th-percentile by stature. The two drivers have sig-
nificantly different postures, and it would be inaccurate to assume a driver with 50th-percentile
stature would be 50th-percentile on other body dimensions. This limitation was identified more
than 60 years ago (46).
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Figure 5.13. The locations of 500 drivers and their average plotted with a single “average” male driver.

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/27858

Assessing Lifecycle and Human Costs of Bus Operator Workstation Design and Components

Bus Packaging Results 57

5.7 RULA

This work dedicates a large amount of effort to driver posture prediction and configuration
of each driver’s posture as joints and links. It is of interest to use this information to investigate
musculoskeletal health, because bus drivers are known for their critical work environment.
As discussed in Chapter 3, they operate the vehicle in a spatially limited workstation and are
expected to maintain the same posture for hours. Under such circumstances, they are likely
to develop fatigue and musculoskeletal symptoms, which not only deteriorate health but also
increase the likelihood of an accident. In fact, this is one of the reasons bus drivers leave the bus
transportation industry (111).

Aiming to quantitatively study drivers’ posture-related fatigue, a rapid upper limb assessment
(RULA) is used. RULA is a method of estimating the risks of upper limb fatigue and disorders
through work-related postures. It receives inputs such as body angles and force requirements
to predict individual workers’ ergonomic risk factor (5). In recent years, RULA has been widely
used for assembly workers who repetitively perform certain tasks and has proved a valuable tool
to evaluate workers’ risk factors (112). Although RULA puts a great emphasis on the upper limbs,
factors such as leg support and torso angle are also considered, which makes it a suitable method
to assess bus drivers’ work conditions. The RULA worksheet is shown in Figure 5.14.

After carefully estimating the force loads in the upper and lower body while driving with a
normal posture, a RULA is carried out for each driver. The final RULA score, indicating the ergo-
nomic risk factor, is the outcome of the assessment. On a scale of 1 to 7, the associated actions
to be taken are:

e 1-2:acceptable posture

o 3-4: further investigation, change may be needed
o 5-6: further investigation, change soon

e 7:investigate and implement change

The results show that all 1,000 virtual drivers scored 3, which indicates their driving postures put
them at low ergonomic risk, and the need for a posture change is minimal. Although drivers may
experience discomfort at times, especially when driving for too long, ergonomic risk is not likely to
become a major concern. In addition, drivers’ postures vary, but the variation is not large enough
to dramatically impact ergonomic risk factors. Therefore, it is unnecessary to repetitively conduct
RULAs for each virtual driver after conducting it once.
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RULA Employee Assessment Worksheet

A. Arm and Wrist Analysis
Step 1: Locate Upper Arm Position:
If shoulder is raised: +1
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If upper arm is abducted: +1

If arm is supported or person Is leaning: -1
Step 2: Locate Lower Arm Position:

Step 1a: Adjust...

Upper Arm Score
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Step 2a: Adjust...
If either arm Is working across midline or out to side of body: Add +1

Step 3 I.ocate Wrist Posltlon:

15415

L

Step 3a: Adjust...
If wrist is bent from midline: Add +1

Step 4: Wrist Twist:
If wrist is twisted in mid-range: +1
If wrist is at or near end of range: +2

Step 5: Look-up Posture Score in Table A:
Using values from steps 14 above, locate score in

TableA Posture Score A
Step 6: Add Muscle Use Score

If posture mainly static (i.e. held>1 minute),
Or if action repeated occurs 4X per minute: +1

Step 7: Add Force/Load Score

If load < .4.4 Ibs. (intermittent): +0

If load 4.4 to 22 Ibs. (intermittent): +1

If load 4.4 to 22 Ibs. (static or repeated). +2

If more than 22 |bs. or repeated or shocks: +3

Step 8: Find Row in Table C
Add values from steps 5-7 to obtain
Wrist and Arm Score. Find row in Table C.

Lower Arm Score

Wrist Twist Score ‘Wrist Score

Muscle Use Score

Force / Load Score

‘Wrist & Arm Score

Figure 5.14. An example RULA worksheet (10).

Task Name:
Scores
Wrist Score
Table A
2 3 4
U Wrist Wrist Wrist Wrist
Pper Twist Twist Twist Twist
Arm
TR
B 1 2222333
1 B 22 2(3/3/33
B 2 3/3 3 334 4
B 233 3 3 4 4|4
2 B2 3 333444
P33 4 444455
B 3 3 44 4/455
3 B3 4 444455
B 4 4 44 4/55 5
B 2 4/4 4 4555
4 BN 4 4 44|45 5|5
P 2 4 4555 6 6
B s 5/5 5566 7
5 BBl 6666777
B 6 6/ 6 7 7 7 78
B 7 7|7 7/7/8 8|9
6 B s 838389909
0 N 9 9/9/9/9/9]9
Table C Eﬁ]@lmﬁﬂ
Bl 1/2/3(3/4|5/5
21223/ 4/4|5]|5
B 333/ 4/4|5]6
Wrist/Arm 4 3 3 3 4 5 6 6
Score 5 4 4 456 77
&l 4 4 56 67 7
Bl 5 56 6/7 /7|7
B 5/ 5/6/ 7777

Scoring (final score from Table C)

1-2 = acceptable posture

3-4 = further investigation, change may be needed
5-6 = further investigation, change scon

7 = investigate and implement change

RULA Score

+1

Date:

B. Neck, Trunk and Leg Analysis
Step 9: Locate Neck Position:

Step 9a: Adjust...
If neck is twisted: +1
If neck is side bending: +1

Step 10: Locate Trunk Poslt!on

il

Step 10a: Adjust...

If trunk is twisted: +1

If trunk is side bending: +1

Step 11: Legs:

If legs and feet are supported: +1
If not: +2

== Table B: Trunk Posture Score
3 4 5
Legs

oo 4

6
Legs

.
]

1
Legs

&

- W W W

G0~ U W R

0 W NN -
00~ O g W L
O~ b B W=
[N RN T RV R S X
G 00~ WU h Wh =
Wooa =l @ Un W
WO 00 O On oh =
Wo s NN
Do NN

[
Step 12: Look-up Posture Score in Table B:

Using values from steps 9-11 above,
locate score in Table B

Step 13: Add Muscle Use Score
If posture mainly static (i.e. held>1 minute),
Or if action repeated occurs 4X per minute: +1

Step 14: Add Force/Load Score

If load <.4.4 Ibs. (intermittent): +0

If load 4.4 to 22 Ibs, (intermittent): +1

If load 4.4 to 22 Ibs. (static or repeated): +2

If more than 22 Ibs. or repeated or shocks: +3

Step 15: Find Column in Table C
Add values from steps 12-14 to obtain
Neck, Trunk and Leg Score. Find Column in Table C.

1
7
7
7
8
8
9
i §

+ o0 +2 10207 +3 i 20+ +4, g nexonson
‘ Neck Score

Trunk Score

Leg Score

Posture B Score
Muscle Use Score
Force { Load Score

Neck, Trunk, Leg Score
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CHAPTER 6

Discussion and Bus Packaging
Software Tools

This work aimed to provide increased understanding of anthropometric variability of U.S. bus
drivers and their postural preferences while driving. To achieve this, a cascade posture predic-
tion approach was used with linear regression models verified for posture prediction. Using this
method, a total of 1,000 virtual drivers were successfully postured in a given bus cab. Based on
the accommodation conditions shown in the model, proper design recommendations can be
made. This chapter discusses the recommendations and presents an overview of the cascade
model and its software applications.

6.1 Observation and Reflection

As discussed, a driver’s body landmarks and the vehicle interior components, such as the steering
wheel and seat, are all measured from the AHP. Intuitively, smaller drivers tend to posture them-
selves closer to the AHP for comfort and task-oriented considerations. However, this observa-
tion is not always true due to human variability and preference unrelated to anthropometry. As
research has shown, an nth-percentile person, who has all nth-percentile body dimensions, does
not exist. In fact, people vary tremendously from each other, and anthropometric variability
and preference are expected to contribute enormously to the final driving posture of a driver.
Even among people with similar body dimensions, a large degree of variation still exists, as shown
in the “average” male and 50th-percentile-stature male comparison in Chapter 5. This observa-
tion indicates that human variability in preference plays a critical role in how drivers posture
themselves in a bus.

Although there has been a lot of literature on the distribution of locations of the H-point and
the driver eye point, research on steering wheel location is limited. In some vehicles, steering
wheels have only one mode of adjustment (tilting), and drivers are expected to achieve a comfort-
able driving posture by moving the seat. In the case of buses and most other large vehicles, the
steering wheels are designed to move on two axes with rotating and telescoping mechanisms. In
the cascade model developed for buses and trucks, steering wheel location prediction is the first
step and serves as an input for seat location prediction and eye location prediction. Therefore,
it is critical to select a proper pivot location and provide an adequate adjustment range for the
steering wheel. These factors not only improve drivers’ hand grip comfort, but also make it easier
to accommodate the preferred seat and eye locations.

In this work, a spatially limited bus cab was chosen to demonstrate disaccommodated condi-
tions. The cab layout accommodates the majority of the preferred body configurations, which
are the centers of the clusters of points shown in Chapter 5. In other words, for each body
landmark (indicated as a cluster of points) the highest frequency of occurrence is at the center.
Extending outward, the frequency of occurrence decreases. The farther the distance, the larger
the decrease. Researchers have found that body dimensions can be approximated as Gaussian
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distributions. Since drivers’ posture is predicted using linear regression models with variance,
it is implied that drivers’ posture is also normally distributed in the dimensional space of each
predicted measure.

6.2 Cascade Model Overview

This work uses estimated anthropometry of U.S. bus drivers. This data passes through a
sequence of posture prediction models and becomes an invaluable part of representing preferred
driving posture. Two critical design concerns, spatial fitting and driving safety, are analyzed for
accommodation during each step of the prediction process. Spatial fitting is usually limited by
the adjustment envelope, and drivers can sometimes compromise on a less desirable posture
and achieve comfort by adjusting the rest of their bodies to adapt. Driving safety is assessed by
driver’s ability to maintain adequate vision during driving. The outcomes of the analysis indicate
the overall quality of a bus package and indicate directions to improve the design.

The posture prediction models are carried out in a cascading manner such that the output
of the previous step becomes the input of the next step. Starting with steering wheel location
prediction, the cascading process then directs its focus to seat location and eye location, which
are the critical reference points in vehicle packaging. Following that, other body landmarks can
be configured, such as shoulder joint, elbow joint, knee joint, and ankle joint. A schematic dia-
gram of the cascading approach is shown in Figure 4.2.

6.3 Applications

The objective of this work was to investigate the effect of human variability in vehicle packaging
and deliver tools to assist in the design of workstations for U.S. bus drivers. The goals were met
by applying the fundamental principles of the cascading posture prediction model throughout
this research in the use of linear models that incorporate residual variance to predict landmark
locations for each virtual driver and reverse kinematics to configure body posture. The outcomes
of this research are delivered in an Excel spreadsheet.

The spreadsheet tool is primarily for industry users who are packaging buses and assessing
candidate designs. Due to the complexity of the subject and the learning curve of using a new tool,
an intuitive software tool with visuals is highly desirable. In the tool, users can change the bus
geometry, adjustment range of the components, and driver demographics. The tool automatically
performs posture prediction for each virtual driver and assesses the design. Results are presented
in two forms: (1) a table that summarizes the accommodation rates of each of the four design
objectives (steering wheel location, seat location, upvision, and downvision) and the overall
accommodation rate, and (2) a pictorial representation of the bus layout and the body landmarks.
It allows users to see how the drivers are accommodated so they can make proper adjust-
ments to the design.

In the Excel spreadsheet the inputs are used to construct a frontal layout of a bus, a seat track
adjustment envelope, and a steering wheel adjustment envelope (Figure 6.1). An example of
the table outputs that display univariate and multivariate accommodation rates is shown in
Figure 6.2, and an example of the pictorial outputs is shown in Figure 6.3.

6.4 Limitations and Future Work

This work primarily studies bus drivers’ posture and uses it to assess bus packages in the
X-Z plane because most of the packaging components are designed to be adjustable only in
this plane. For example, the steering wheel and the seat are two of the most important design
considerations when packaging a bus. They are fixed in the Y direction but are adjustable in the
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Bus Geometry (mm)

ST X1 475
ST X2 700
ST 71 400
ST 72 550
SW_Pivot X 20
SW_Pivot Z 500
SW_Diameter 450
SW_Telescop nun 275
SW _Telescop max 400

SW_Angle min 20 T Pr—

SW_Angle_max 30 :\’l& Z:::llll:] s‘t"hcel
AHP_X 0 Rf [Roof

AHP 7 850

Cowl X 250 Db |Dashboard
Cowl_Z 1400
Db X -60
Db Z 1550
Bumper X -450
Bumper 7 650
UDLO_X -150
UDLO_Z 2400

Figure 6.1. The Excel inputs to the bus packaging tool.

Up Vision Down Vision H point SW Total RULA
Male 100.0% 99.8% 91.8% 94.4% 87.6% 3.0
Female 100.0% 90.2% 98.0% 90.6% 83.0% 3.0
Total 100.0% 97.9% 93.0% 93.6% 86.7% 3.0

Figure 6.2. The Excel outputs from the bus packaging tool.

X-Z plane. By default they are expected to reside in the center plane on the driver’s side so the dis-
tance from the driver’s left hand to the components is the same as from their right hand. In addition
to spatial fitting, a driver’s central vision is also mainly determined in the X-Z plane due to the
windshield setup. By analyzing the two-dimensional accommodation, the majority of design
questions can be answered. The software presented can consistently provide predictable results.
However, with additional time and resources, a three-dimensional analysis can be performed
by augmenting the spatial fitting assessment and the vision safety assessment in the Y direction.
For instance, opaque areas of bus structure create blind spots that cannot be effectively moni-
tored by the driver. By knowing a driver’s eye point in three dimensions, designers can identify
the effective range of the driver’s peripheral vision and make appropriate design modifications.
With a three-dimensional analysis, parameters such as seat width can also be assessed.

An Excel spreadsheet was developed to help industry users package the driver workstation of a
bus. The output summary table quantitatively estimates the percentage of people to be accom-
modated, and the graphic indicates how to modify the bus layout to improve the accommoda-
tion rate. This tool is expected to facilitate the iterative design process and help engineers as they
explore vehicle packaging options and the consequences of different decisions. For instance,
if a user wants to improve the accommodation rate of upward vision, they can raise the ceiling
or lower the seat adjustment envelope. It will be the user’s decision to do one or both. To mini-
mize this ambiguity, future research can investigate the cost factors of the components to be
packaged so design decisions can be logically made. Once cost factors are quantitatively studied,
an overall cost calculation method can be developed and used as an objective function in an
optimization study. By setting a target overall accommodation rate and an objective of minimiz-
ing cost, the “best” vehicle layout can be found.
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2000

Total Accom. Up Vision

RULA Score
3.0

1400

Steering Wheel el

Down Vision

H Point
93.0%

200

-1200 1000 -800 -600 -400 -200 0

o

-400

-1000

Figure 6.3. The graphical output of the Excel bus packaging tool.
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APPENDIX A

Data Processing in Excel

Stature ESH BMI UpperLeg LowerLeg TUpperArm LowerArm ESH/Stature Stature-ESH
1740.0 931.1 23.18 4472 4298 281.9 335.8 0.535 809.0
1675.3 863.4 22.85 4305 4138 2714 3233 0.515 8119
1665.6 902.1 29.96 428.1 4114 269.8 3215 0.542 763.5
1683.0 860.7 23.35 4325 4157 272.6 3248 0511 8224
1833.0 936.8 2451 4711 4528 297.0 353.8 0511 896.3
18045 908.0 2584 463.7 4457 2923 3483 0.503 896.5
1719.1 8944 23.34 4418 4246 278.5 331.8 0.520 8247
1834.6 939.0 2593 4715 4531 2972 3541 0512 3956
1653.2 856.9 26.30 4249 408.4 267.8 319.1 0518 796.4
1782.4 9212 23.11 458.1 4403 288.8 3440 0.517 861.3
18429 946 .4 26.53 473.6 4552 298.6 355.7 0514 896.5
1762.9 9199 25.60 4531 4354 285.6 3402 0.522 843.0
1643.9 845.6 2481 4225 406.0 266.3 3173 0514 798.4
1711.8 881.7 18.61 4399 4228 2773 3304 0.515 830.1
1839.1 957.0 21.60 472.7 4543 2979 355.0 0.520 882.1
1817.6 955.5 29.10 467.1 4490 2945 350.8 0.526 862.1
1869.5 994 6 26.53 480.5 461.8 302.9 360.8 0.532 874.9
1899.8 961.2 21.37 488.2 469.2 3078 366.7 0.506 938.6
1739.1 912.7 31.28 447.0 429.6 281.7 335.7 0.525 826.4
1765.4 879.9 20.34 4537 436.0 286.0 340.7 0.498 3855
17472 8979 27.87 449.0 4316 283.1 3372 0514 8493

Figure A.1. Virtual U.S. bus driver body dimensions.
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Figure A.3. Virtual U.S. bus driver secondary body landmarks.
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Figure A.4. U.S. bus driver accommodation virtual assessment.
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APPENDIX B

U.S. Bus Driver Demographics

B.1 Bus Driver Demographics: Gender
2017
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Figure B.1. U.S. bus driver male-to-female ratio, 2014-2017.

B.2 Bus Driver Demographics: Ethnicity
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Figure B.2. U.S. bus driver racial diversity, 2017.
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Figure B.3. U.S. bus driver racial diversity, 2016.
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Figure B.4. U.S. bus driver: racial diversity, 2015.
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Figure B.5. U.S. bus driver racial diversity, 2014.
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U.S. Bus Driver Demographics

B.3 Bus Driver Demographics: Age
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Figure B.6. U.S. bus driver male and female age distribution, 2017.
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Figure B.7. U.S. bus driver male and female age distribution, 2016.
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Figure B.8. U.S. bus driver male and female age distribution, 2015.
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Figure B.9. U.S. bus driver male and female age distribution, 2014.
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A4A
AAAE
AASHO
AASHTO
ACI-NA
ACRP
ADA
APTA
ASCE
ASME
ASTM
ATA
CTAA
CTBSSP
DHS
DOE
EPA
FAA
FAST
FHWA
FMCSA
FRA
FTA
GHSA
HMCRP
IEEE
ISTEA
ITE
MAP-21
NASA
NASAO
NCFRP
NCHRP
NHTSA
NTSB
PHMSA
RITA
SAE
SAFETEA-LU

TCRP
TEA-21
TRB

TSA
US.DOT

Abbreviations and acronyms used without definitions in TRB publications:

Airlines for America

American Association of Airport Executives

American Association of State Highway Officials
American Association of State Highway and Transportation Officials
Airports Council International-North America

Airport Cooperative Research Program

Americans with Disabilities Act

American Public Transportation Association

American Society of Civil Engineers

American Society of Mechanical Engineers

American Society for Testing and Materials

American Trucking Associations

Community Transportation Association of America
Commercial Truck and Bus Safety Synthesis Program
Department of Homeland Security

Department of Energy

Environmental Protection Agency

Federal Aviation Administration

Fixing America’s Surface Transportation Act (2015)
Federal Highway Administration

Federal Motor Carrier Safety Administration

Federal Railroad Administration

Federal Transit Administration

Governors Highway Safety Association

Hazardous Materials Cooperative Research Program
Institute of Electrical and Electronics Engineers
Intermodal Surface Transportation Efficiency Act of 1991
Institute of Transportation Engineers

Moving Ahead for Progress in the 21st Century Act (2012)
National Aeronautics and Space Administration
National Association of State Aviation Officials
National Cooperative Freight Research Program
National Cooperative Highway Research Program
National Highway Traffic Safety Administration
National Transportation Safety Board

Pipeline and Hazardous Materials Safety Administration
Research and Innovative Technology Administration
Society of Automotive Engineers

Safe, Accountable, Flexible, Efficient Transportation Equity Act:
A Legacy for Users (2005)

Transit Cooperative Research Program

Transportation Equity Act for the 21st Century (1998)
Transportation Research Board

Transportation Security Administration

United States Department of Transportation
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