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ABSTRACT

This dissertation research had the broad objective of enabling more widespread
application of the principles of anthropometry- (i.e., body dimension-) based design. The
more specific goals were: a) to allow for the use of easily- and widely- available body
dimensional information in the form of descriptive statistics (means, standard deviations,
and/or by-percentile values of anthropometry), b) to more objectively compare the
variation of relevant body measures across the populations of interest, c) to utilize
observations from these comparisons in guiding the selection of appropriate strategies
for top-down global product design, and d) to implement virtual fitting techniques and
provide specific design recommendations within the framework of the selected strategy.
The anthropometry-based global design (AGD) methodology was formulated to
satisfy these goals. It consists of three phases. Phase A focuses on anthropometry
synthesis using the existing regression-based approach and the newly-developed
percentile combinations datasets (PCD) method. The main strength of the PCD method
is in its ability to use descriptive statistics as inputs in accurately “reverse engineering”
the underlying anthropometric database. The ability to synthesize such comprehensive
databases enables better utilization of numerous papers and reports that provide
descriptive statistical information for a variety of populations; this allows for more
thorough, multivariate anthropometric analyses through the use of detailed data.
Phase B of the AGD methodology involves the application of the newly-developed
anthropometry range metric (ARM) in assessing anthropometric variation across the
populations of interest. This variation is studied for each relevant body measure between
the 1st and 99th percentiles, and results in the categorization of the body measure into
regions of low, medium, and high variability. Guidelines are then proposed for the
selection of the most suitable technique—sizing, adjustability-allocation, etc.—for the
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satisfaction of the usage requirements related to that body measure. The guidelines also
include suggestions on when to consider incorporating components related to the body
measure into a platform, when to build them into modules, and when to offer them as
unique variants.
The selection of the aforementioned techniques is based on the global product design
strategy that is chosen as the overarching framework for the top-down design of the
new product line. Three strategies are proposed in this research. Non-platformed design
involves the creation of a separate design for each group of target markets or user
populations. Static platform design entails the development of the product line around
a common platform that remains unchanged across the populations of interest. Flexible
platform design is aimed at making the platform itself adaptable to the requirements of
different population groups; this capability also allows for easier modifications to satisfy
temporal changes in requirements.
Phase C of the AGD methodology involves the application of the techniques selected
in Phase B. This yields design recommendations that are likely to achieve the desired
performance objectives for the populations of interest.
The proposed methodology is then demonstrated in two case studies, the first of
which involves the design of a wheelchair for populations that are largely from the
developing world. The second case study is an exploration into three sustainability
benefits—increasing raw material allocation efficiency, lengthening the lifetimes of
certain kinds of products, and better considering some ethical ramifications of design
decision—that could accrue from the application of the AGD method for multiple user
populations.
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CHAPTER I

INTRODUCTION

This dissertation research is a study of anthropometry-based design for variability
across multiple user populations. The objective is to develop a methodology that enables
the consideration of relevant anthropometry in global product design efforts. The
methodology is not be universally applicable; its scope is defined as:
1. The design of products (artifacts, tasks, and environments) with which the user will
physically interact
2. The consideration of spatial fit-based interactions only, i.e., the omission, at present,
of the influence of preference
3. Top-down design, wherein the decision is made to offer a newly-designed product
line. The scope of the method will not extend to cases involving the merging of
different product lines or the modification of an existing product line to make it
suitable for additional populations
4. For user populations for which anthropometric information is available, either as
detailed databases or as descriptive statistics, which can comprise of the mean,
standard deviation, and/or values of body measures at different percentiles
The human species is living in a period of unprecedented globalization and
interconnectivity. Thanks to fewer walls, physical or otherwise, and faster rates of
advancement of technology that span the fields of transportation, communication, health,
and infrastructure, civilizations, settlements, and populations are growing increasingly
connected and mutually dependent for goods, services, information, and innovation.
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Figure 1.1: The major economic regions of the world.

The many consequences of this phenomenon include the development of multinational
visions and strategies for a variety of organizations (corporate, governmental, non-profit,
charitable, etc.), the opening of new markets and expansion to new target populations
(Figure 1.1), and the development of global supply chain networks.
Successfully operating in such an environment requires the organization to constantly
search for ways to improve efficiency by optimally allocating available resources and
minimizing wasted time and effort. The field of human factors and ergonomics is
witnessing a spurt in research aimed at furthering these goals. An example of this
trend is to be found in the technical groups of the Human Factors and Ergonomics
Society [81], which include augmented cognition, cognitive engineering and decision
making, communication, human performance modeling, individual differences in
performance, industrial ergonomics, macro ergonomics, perception and performance,
safety, surface transportation, and virtual environments, all of whose stated objectives
make specific mention of improving efficiencies in various forms. This knowledge is of
utmost importance for modern-day societies spanning industrialized, developing, and
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under-developed regions of the world. Strong arguments can be made for the importance
being even greater for less-developed regions.
Anthropometry-based design for human variability is one of the ways to increase
efficiencies by accounting for the variation of needs and requirements within and across
populations and markets. The influence of relevant body dimensions on physical userproduct interactions has been known all through history. Relatively recent advancements
in technology have allowed for enhanced techniques to measure, store, analyze, and
interpret anthropometry. As an internationally and cross-culturally reliable predictor of
spatial fit-related product interactions, anthropometry is potentially valuable in helping
achieve the desired accommodation levels of user populations; the term accommodation
level refers to the satisfaction of performance objectives—safety, comfort, ease of use,
satisfaction, etc.—for the desired percentage of the user population.
The organization of this dissertation is illustrated in Figure 1.2. Chapter II begins
the work with a brief study of the role of anthropometry-based design in particular
and ergonomics in general through the ages. This reflective exploration has two main
benefits. First, it explains the scientific and personal motivation and the awareness of the
“bigger picture” that spurred and guided this effort. And second, it helps to understand
the relevance and importance of this field of research to human society, thereby raising
questions that are partly addressed through this research: Is the vision of long-term welfare
and development of human society compatible with the more short-term objective of business
success in a competitive environment? How can these twin goals be reconciled?
Chapter III delves into global product design, which has been a topic of study
in multiple and diverse fields of research. This chapter, which draws from the work
presented in Nadadur et al. [132], classifies many of the known sources of variations in
product requirements into three main and partially overlapping categories: user, business,
and regulation. Three broad global design strategies—non-platformed, static platform,
and flexible platform—are then proposed to help navigate the variations in product
requirements across multiple markets and populations.
In Chapter IV, the focus of this work narrows to anthropometry-based design.
The anthropometry range metric (ARM), a tool for the assessment of anthropometric
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Triple bottom line-based sustainable development:
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Improved raw material allocation efficiency, longer
product lifetimes, considering ethical impacts

Figure 1.2: The development of this dissertation research, starting with the motivations driving the effort and to the
main contribution: the anthropometry-based global design method.

variability across populations of interest, is introduced and demonstrated; the ARM
procedure was developed in the study described in Nadadur and Parkinson [134].
Detailed anthropometric data are the most suitable inputs to the ARM procedure.
Since these databases are only publicly available for a few user populations, two methods
for the synthesis of the required data are discussed in Chapter V. The regression-based
approach (RBA) is not a new development, and has been utilized and examined in a
number of studies. The percentile combination dataset (PCD) method, however, was
recently put forth in Nadadur et al. [136], and allows for the use of descriptive statistics in
“reverse engineering” the underlying data. The RBA and PCD methods together make
for widely applicable anthropometry synthesis techniques.
The RBA and PCD techniques to anthropometry synthesis, the ARM procedure to
anthropometric variability assessment, and the global product design strategies constitute
the three phases of the proposed anthropometry-based global design (AGD) methodology
(Figure 1.2). Chapter VI details the methodology and demonstrates its application on
three product examples: an industrial workstation foot pedal, a boom lift control interface,
and a freight truck cab.
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Chapter VII presents a pilot test of the AGD method in a collaboration with Whirlwind
Wheelchair International [3], a non-profit enterprise that designs and manufactures
wheelchairs for multiple user populations, most of which are in developing or underdeveloped nations. This provides a complex and more comprehensive setting for the
application of the AGD methodology.
Chapter VIII addresses the overlap between the field of design for sustainability (DfS)
and anthropometry-based design for human variability. The latter is shown to have triple
bottom-line benefits in three ways: more efficient raw material allocation, longer lifetimes
of certain kinds of products, better consideration of some ethical ramifications of design
decisions (e.g., disproportionate disaccommodation). These benefits are demonstrated
through the utilization of the AGD method in the context of an industrial workstation
seat.
Chapter IX concludes the dissertation with a brief discussion of the main research
contributions. Also included in this chapter are some of the limitations of the research,
including open questions for future research.
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CHAPTER II

ANTHROPOMETRY AND ERGONOMICS IN HUMAN
DEVELOPMENT

The role in human society of anthropometry, in particular, and ergonomics, in general,
has varied through the ages. For large portions of history, due to the lack of either
conscious or widespread awareness about the correlation between ergonomic designs
and the efficiency and effectiveness of product usage, scientific study of the field and
its applications in everyday life received scant attention and resources across the globe.
Interestingly and unfortunately, this is still true today in large portions of the developing
and under-developed world [100; 145; 165], something that is in stark contrast to the
increasing importance given to the field in nations that are more industrially developed.
An understanding of the origins and development of a discipline of study is essential
for, among other things, an appreciation for the subject, its relevance, and its impacts.
Additionally, such reflective insight into the past can allow for a deeper awareness of
and leadership in the present and a preparedness for the future. In the case of the body
of work presented in this dissertation, the reflective insight and the resulting scholastic
and personal motivation were instrumental in guiding the direction of research and in
spurring the effort involved. Accordingly, the goal in this chapter is to provide a brief
summary of the evolution of anthropometry and ergonomics in design through the ages.
The knowledge amassed through this exploration is summarized in Section 2.7, which
also explains the influence of this awareness on the motivations for this dissertation
research.
The etymology of the term “ergonomics” is Greek, and is derived from “ergon” (work)
and “nomos” (law or science or distribution). The International Ergonomics Association
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defines the term as “the scientific discipline concerned with the understanding of the
interactions among humans and other elements of a system, and the profession that
applies theoretical principles, data, and methods to design in order to optimize human
well being and overall system” [85]. The earliest modern study of ergonomics can be
traced back to the 16th century, when an Italian physician named Bernardino Ramazinni
wrote a medical treatise titled De Morbis Artificum (Disease of Workers) describing the
injuries afflicting his patients and their relation to occupations and workplaces. The first
ever formal usage of the term “ergonomics” is attributed to the 1857 article Rys ergonomji
czyli nauki o pracy, opartej na prawdach poczerpnietych z Nauki Przyrody (The Outline of
Ergonomics, i.e. Science of Work, Based on the Truths Taken from the Natural Science) by
Wojciech Jastrzebowski, a Polish scientist and inventor.
Despite the relatively recent recognition of the subject as a scientific field of study,
evidence of the incorporation of ergonomic considerations into design has been found
even in species that were the forerunners of the homo sapien (Section 2.1). It is the
awareness about, acceptance of, and the role played by the field in the scientific and
general communities, and not the existence of the field itself, that has evolved over time.
For the sake of efficiency, the history described in this chapter is divided into six
periods of time: Stone Age, Copper and Bronze Ages, Iron Age, Middle Ages, Transitional
Age, and Modern Tool Age; this categorization is derived from Signo and Jackson [175].
Note that the civilizations and associated knowledge and products mentioned in this
summary are by no means a comprehensive review of ergonomics history; such an
undertaking would be an entire subject of study in itself.

2.1

Stone Age ( – 4,000 B.C.)

The concept of achieving “good fit” between a product and its user began with the
development of stone tools and weapons in the time of Australopithecus Prometheus
[34], a forerunner of the homo sapien dating back to as early as 4 million B.C. Some of
the earliest examples of the influence of human factors considerations on the shapes and
sizes of products are bows and bone arrows unearthed in the Howieson’s Poort site near
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Figure 2.1: Examples of Stone Age implements. Source: www.clipart-history.com

Grahamstown, South Africa; these weapons were dated back to the Middle Stone Age
period, which was over 60,000 years ago [14].
Examples of Stone Age implements are shown in Figure 2.1; these are the oldest known
applications of ergonomics principles in improving physical user-product interactions.
Neolithic tools served simple functions, including cutting firewood, gathering food,
pinning cloaks and other attire made of fur or plant products, and chiseling other
tools. The primary purpose of weapons was hunting, although they were also used in
defense against predators and other tribes and settlements. These implements initially
only consisted stones that were shaped and sized to fit into the users’ hands. The
interfaces between the implements and the users gradually grew in sophistication with
the incorporation of wooden handles into the designs.

2.2

Copper and Bronze Ages (4,000 B.C. - 1,000 B.C.)

In the Copper and Bronze Ages, design and manufacturing were revolutionized by the
discovery of processes to extract metal from ore, amalgamate two or metals to create
alloys with improved properties, and produce tools and products using these materials
[175]. The tools thus fabricated were thinner, lighter, and shaped to be easier to handle
8

Figure 2.2: A hieroglyphic illustrating furniture-making in Ancient Egypt. Also shown are a stool and a chair from the
Copper and Bronze Ages [99].

and more effective to use. Ancient Egypt provides many examples of the progress made
in ergonomics as a result of these developments.
Furniture was widely used in Ancient Egypt thanks to machining capabilities that
had evolved from simple hand tools to specialized equipment for woodworking [99].
Increases in the efficiency of this equipment, in addition to the development of technology
such as hinges, joints, dowels, brackets, and handles, allowed for the incorporation of
simple furniture (e.g., chairs, stools, beds, chest, cabinets) into domestic life. Evidence
of ergonomic design in this period includes slanting back support on chairs to decrease
pressure on the lumbar area of the spine and curved seats on stools to better fit the user’s
hips and buttocks, as shown in Figure 2.2.
Records from Egyptian ruins also provide evidence of the development of surgical
equipment [155]. Surgical capabilities benefited heavily from the resources invested in
advancing mummification procedures during this period. The capabilities that resulted
ranged from cauterized incisions and circumcisions to the extraction of the brain from the
skull.
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2.3

Iron Age (1,000 B.C. - 400 A.D.)

By around 1,000 B.C., iron had come into widespread use as the primary metal for tools
and weaponry in civilizations across the planet: India, parts of Africa, Iran (Persia), and
Greece. Greece is the source of the first known formal guidelines of ergonomics in design
[115], many of which were later adopted by the Roman civilization. A premiere example
of these guidelines from around 400 B.C. is the description by Hippocrates, widely
considered the Father of Western Medicine, of a surgeon’s workplace. The guidelines
cover concerns such as posture, attire, and location relative to the work [189].
Regarding posture, Hippocrates recommended that: The most appropriate posture for
the surgeon is to be seated, with his knees at a right angle and close together. The knees must be a
little higher than the bubonic area and slightly apart, so that the elbows can be propped on them or
spread wider than the thighs.
Concerning attire, the guidelines prescribed that the surgeon’s clothes: ...must be
neither too wide nor too tight. They must have no folds and fall symmetrically over the shoulders
and elbows.
The location-related instructions are: One must also consider the surgeon’s position in
relation to the point of operation, that is whether he is close or far, at a higher or lower plane, to left
right or at the center. The surgeon must be at such a distance that his elbows are behind his knees
and in front of his torso. As for seating height, his hands must not be higher than his breasts, while
at the same time his chest must not touch his knees and the arms must be at an angle of more than
90 degrees. The same rule applies for the center. Movements to the left or the right must not cause
him to leave his seat. If, however, he needs to turn, the patient’s body and the area of operation
must be repositioned.
The application of anthropometry-based ergonomics in Greece extended to theater
seating and liquid-storage vessels, among numerous other examples. In the theater, the
lower part of the seat was curved inwards, which had two main benefits. First, it allowed
a seated spectator to maintain healthy blood circulation through their legs by moving
them during performances; doing so is recommended for reducing the risk of medical
conditions such lower back pain, compressed spinal disks, and deep vein thrombosis that
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Figure 2.3: Examples of a surgeon’s tools in Ancient Greek [77].

can result from extended periods of time spent sitting idly [74]. Second, in order to stand
up, the spectator could adjust their center of gravity by moving their feet to beneath the
seat, a posture which makes for greater ease in propelling oneself out of a seat [96].
Urns and amphoras were widely used in Ancient Greece to store liquids such as water,
olive oil, and wine. Urns were intended for more frequently-used liquids, while amphoras
were designed for liquids requiring longer periods of storage. Figure 2.5 illustrates the
function-based variation of the ergonomics of the designs of these vessels. The positions
of the two handles on the urn enabled more controlled pouring of the liquid; the lower
handle was used to provide the required support while the upper handle was used to
control the direction and intensity of flow.
In contrast to the urn, the amphora was designed so its handles permitted easy lifting
and lowering of the vessel. This was a function-based necessity, since the amphora, which
was commonly used to store olive oil or wine for long periods of time, was required to be
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Figure 2.4: Bench seats in ancient Greek theaters [189].

b) Amphora

a) Bi-handled urn

Figure 2.5: Examples of the function-based variation of the ergonomic design of Ancient Greek liquid storage vessels
[189].

housed in constrained spaces, usually in the basement of a house and along with other
amphoras.
The ergonomic principles formalized in Greece were transmitted to the Roman
civilization, and formed the basis of Roman advancements in the fields that included
manufacturing, construction, urban planning, and weapon systems.

2.4

Middle Ages (400 A.D. - 1500 A.D.)

The fall of the Roman empire ushered in the Dark Ages for Europe. As a result, with
the later exception of nation-states such as Venice, most the continent underwent a time
12

Figure 2.6: An illustration of an ergonomic work environment in Ancient China [41].

of stagnation in scientific knowledge during the Medieval period. Improvements in
ergonomic design in this period are still evident in weapons and other equipment of war,
and include the sizes and shapes of knights’ armor, the English longbow, and Viking
helmets and swords. However, these improvements did not extend to the design of
products intended for domestic, medical, manufacturing, or other purposes.
The European Dark Ages did not encompass other continents; the Islamic empire
reached its pinnacle in expanse, wealth, and scientific advancement during this period.
In the Song Dynasty of Medieval China, Unknown [195] was widely used as a source of
ergonomics standards and guidelines for a number of craft manufacturing operations that
included carpentry, metalwork, leatherwork, porcelain making, weapons manufacturing,
musical instrument fabrication, and house design and construction [41]. Figure 2.6 is an
illustration of these guidelines, and shows the ergonomic layout of a workspace. These
codes are believed to have evolved as far back as 2000 years ago, and consist of such
detailed instructions as the heights of carts and lengths of weapons based on the body
sizes of soldiers.
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The Mongol army of Genghis Khan and his immediate descendants were considered
an indestructible force in the 13th century, and conquered lands stretching from China in
the East, Russia in the North, the upper extremities of India in the South, and Hungary in
the West. These armies consisted almost entirely of horseback archers who, in addition to
famed physical capabilities, courage, high-endurance horses, and unconventional battle
tactics, had the benefit of some of the most advanced saddle and bow technology of the
time (Figure 2.7). The saddle allowed the archer to wield the bow even at full gallop, while
at the same time being able to control and guide the horse using the archer’s legs and feet.
The bow, which even to this day is considered a mechanical marvel, was sized to allow
for comfortable grip, great power and accuracy, and also incredible maneuverability. The
wide range of motion enabled by the saddle and bow included the revolutionary pivoted
shooting posture, illustrated in Figure 2.7. This posture was a core component of two key
Mongol maneuvers: a) firing on the opposing army while riding towards and away from
them, thereby maximizing the firepower of the mounted archers, and b) well-defended
strategic retreat from the opposing army to allow for time and space to recover from
temporary setbacks on the battlefield.
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Figure 2.7: Mongol horseback archers [191], a typical Mongol bow [125] and saddle [126].

2.5

Transitional Age (1100s - 1700s)

In this period, steel came into widespread use in tools, weapons, and a variety of other
products [175]. In Europe, tool-making finally became a craft and business in itself, as
was already the case in China, India, and the Middle East. The increased manufacturing
capability thereby unleashed allowed for the fabrication of products of increased
complexity and intricacy.
Additionally, arts and sciences witnessed a revival in Europe through the Renaissance
movement, which began in Italy in the 14th century and gradually spread throughout the
rest of the continent by the 17th century. Famous works of art such as Michelangelo’s
sculpture of David indicate a deep awareness of the human musculoskeletal structure.
Human dissections gained in acceptance during this period, leading to growths in
medical knowledge in general and the human anatomy and biomechanics in particular
[8]. Leonardo da Vinci’s sketches based on dissections of cadavers (e.g., Figure 2.8) are
illustrative of the medical advancements made in this period. These developments in
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Figure 2.8: An example of the sketches made by Leonardo da Vinci based on his dissections of human cadavers [42].

knowledge laid the foundations for the scientific treatment of ergonomics that resumed in
the 16th and 17th centuries.

2.6

Modern Tool Age (1800s - Present)

The 1800s witnessed the transition of manufacturing from manual operations run by
individual craftsmen, who were highly trained through years of apprenticeship in
guilds, to more mechanized processes housed in larger workshops and factories and
involving greater numbers of less skilled workers [175]. The newly-developed principles
of standardization allowed for the mass production of products to strict specifications,
thereby enabling their interchangeability and greater availability to the general public.
This shift in manufacturing paradigm spawned the Industrial Revolution in Europe. The
technological superiority thereby gained was a key factor in the rise of Spain, France,
Belgium, The Netherlands, and Great Britain as the main colonial powers on the continent.
The United States, Germany, Russia, and Japan soon followed suit.
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The mass manufacturing paradigm entailed the constant objective of increasing
efficiencies through improved worker productivity. In the late 1800s, the principles of
scientific management were formalized, largely through the work of Frederick W. Taylor;
these principles were aimed at utilizing time studies—observations and data about
process times from studies of individuals at work—to identify the best procedures for
performing different tasks [187]. Soon afterward, Frank and Lillian Gilbreth developed
motion study techniques, which centered around first deconstructing a task into the basic
motions involved, then identifying the least number and most efficient of the motions
required to complete the task [65].
The onset of World War II provided fresh impetus for the development of technology
of increased complexity [119], including fighter aircraft, submarines, tanks, and radar
surveillance equipment. Optimizing human-machine interaction gained in importance,
since this was crucial for the efficient usage of the technology, and consequently for
victory in battles and ultimately the war itself. This motivation, and the resulting resource
allocation to improving human-machine interaction, was a boon to human factors and
ergonomics; the concept of “fitting the machine to the user” was promulgated in this
period, and was in stark contrast to the “fitting the user to the machine” approach adopted
by Frederick Taylor and the Gilbreths [170]. Examples of ergonomics problems studied
during this period include optimizing control configurations [55] and instrument displays
[56] in aircraft and displays in radar tracking equipment [204].
The fast pace of ergonomics developments continued even after the end of
World War II, with the Cold War taking over as the primary source of motivation [170]. In
addition to research in military establishments, the field of human factors and ergonomics
expanded into universities and the private sector. The Human Factors Society, the first
professional organization for practitioners in the field and the predecessor of today’s
Human Factors and Ergonomics Society, was formed in 1957. The definition of the
field continues to evolve and the scope of the field is ever-expanding to keep pace with
technological advancements and changing user needs.
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2.7

Conclusion and Research Motivation

The historical variation in the importance of ergonomics in human society could be
explained using Maslow’s hierarchy of needs [117; 118]. As shown in Figure 2.9, the
hierarchy lists various human needs in the form of a pyramid, with the most basic
needs forming the base. The satisfaction of each level of needs causes an individual’s
priorities to expand into the next higher level. Viewing this pyramid from an ergonomist’s
perspective, the need for comfort and satisfaction with a product could be considered
part of Esteem (Level 4). Personal safety is included in the Safety category of needs
(Level 2). Neither of these sets of ergonomics considerations is at the most basic level,
which consists of physiological needs.
Industrially under-developed regions of the world (e.g., Haiti, Rwanda, Zimbabwe)
are commonly characterized by low incomes [169; 145], which could cause the primary
concern of such populations to be at Level 1 of Maslow’s hierarchy. In such a context,
the lack of safety at the workplace, household, and elsewhere would be a minor concern
when compared to an individual’s overarching need to earn a livelihood for themself and
their family.
In industrially developing regions (e.g., Brazil, India, China), there are two reasons
for the relative lack of priority assigned to human factors and ergonomics. First, the lack
of awareness about the influence of the field and its principles in increasing workplace
safety and productivity. Second, cultural inhibitions, since the introduction of new
technologies and practices could require the alteration of certain traditional lifestyles; a
natural wariness about change or heavy-handed imposition of these practices could be
reasons for the resistance to the introduction of more ergonomic practices [146; 95; 169].
Despite the variation in the degrees of incorporation of human factors and ergonomics
into different aspects of life across the globe, the importance of the field in improving
quality of life is undeniable. Additionally, ergonomic design principles and techniques
can help improve certain aspects of sustainability as measured by the triple bottom
line (Chapter VIII). Ergonomic principles are arguably even more relevant and crucial
for higher populated, less-resourced industrially developing countries than for lower
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5. Self-actualization

4. Esteem
3. Belonging/Love
2. Safety
1. Physiological

self-fulfillment,
personal growth,
morality, creativity

self-esteem, achievement, expertise,
responsibility, respect of and by others
friendship, family, affection, relationships

security of: body, resources, morality, family, health

breathing, food, water, sex, sleep, homeostasis

Figure 2.9: Maslow’s hierarchy of human needs [117; 118].

populated, higher-resourced industrially advanced countries [145; 165]. Making a
contribution to anthropometry-based ergonomic design for global populations is therefore
the overall motivation and objective of this dissertation research. Incorporating relevant
aspects of sustainable development into this effort is an additional objective.
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CHAPTER III

DESIGNING FOR GLOBAL POPULATIONS

This chapter proposes a framework of three strategies for the top-down design of new
product lines to satisfy varying requirements across global markets and user populations.
The strategies are non-platformed design, static platform design, and flexible platform
design, each of which is suited for a different set of design scenarios involving varying
degrees of user-, business-, and regulation- related variability and uncertainty.
The disintegration of the Soviet Union in the late 1980s and early 1990s marked
more than just the collapse of an empire. It also signified the start of a new era of fewer
barriers between nations and peoples. This, in conjunction with quickly improving
communication and transportation technologies, has since resulted in nations across the
globe being connected and mutually dependent to greater extents than ever before.
Since the disintegration of the Soviet Union in the late 1980s and early 1990s, the
impacts of the phenomenon of globalization have been diverse and wide-ranging, and
have spanned the fields of economics and finance, geopolitics and political science,
anthropology and sociology, and health and human development. One of the more visible
impacts is the growing number of products that are designed for multiple markets and
user populations around the world [205]. Examples of these products can be found in
many categories: automobiles, consumer electronics, apparel, industrial workstations,
medical equipment, etc.
The design of products must account for a number of sources of variability in
requirements and constraints—including the size, shape, preferences, and capabilities of
users—across markets and populations. This chapter presents a brief overview of these
sources, and then discusses three possible strategies for the design of new product lines
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(i.e., top-down design) that are intended for multiple global user populations. The global
product design strategies are drawn from the work described in Nadadur et al. [132];
this chapter adds to that work by outlining the anthropometry-based application of the
strategies.

3.1

Global Variability in Product Requirements

The uncertainties designers must consider in designing for global target populations
are the result of numerous factors and the interactions between them (Figure 3.1). The
primary considerations include user needs, business capabilities, and the requirements
and standards mandated by regulators. The three secondary, combined concerns
are changing markets, technologies, and environments. These three categories of
considerations have been mentioned in various forms in existing literature (e.g., Sethi and
Sethi [168]; Lee et al. [102]; Fricke and Schulz [58]), but have thus far not been viewed in
the holistic fashion illustrated in Figure 3.1. Adopting such a holistic approach, accounting
for the variation of the relevant factors across target markets, and designing to satisfy the
resulting sets of requirements are key to efficient global product design strategies.
User-related concerns consist of needs, culture, preference, anthropometry, and other
factors that influence the behavior and choices of individuals in the user population [72].
Needs are the most basic of these factors, and are the primary functionalities the product
must provide. The needs of users and populations are heavily influenced by, among
other things, income and education levels and lifestyles [72]. Culture is an important
factor that contributes to users from different backgrounds interacting with a product in
different ways [206]. Preference refers to ways in which individuals in any population
have unique sets of likes and dislikes, which will result in unique modes of user-product
interactions. Preference may be partially explained by demographic or anthropometric
(body dimension-related) variables, but also consists of a component that is unrelated
to these variables [62]. Anthropometry is known to influence physical user-product
interactions, and is vital in assessing the fit, safety, comfort, satisfaction, etc. of users in
such interactions [76]. Anthropometry-based design for global populations is the focus of
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Figure 3.1: The trifecta of user-, business-, and regulation- related concerns in global product design.

this dissertation; body dimensions and their role in designing for human variability are
introduced in Chapter IV.
Capacity refers to the production capabilities of various corporations. This includes
both the company attempting to launch a new product as well as competitors in the
same target market. Uncertainties arise from the intentional lack of information flowing
between competitors; no company is sure what any other is developing at any given
moment. Furthermore, the very process of researching and developing a product is
wrought with uncertainty. The potential for failure can increase with every step in the
process and every new permutation of a product, and such potential must be accounted
for throughout development [109].
Legislations/standards pertain to regulations that are either mandated or recommended
by various state, national, and international agencies, taxes and tariffs imposed on goods,
and other laws that may be environmental, legal, etc. in nature [13]. These regulations,
taxes, etc. may vary across the regions of interest, or even within the regions themselves.
Additionally, they may undergo temporal changes due to a number of reasons [168].
The discussion thus far has focused on the influence of each of the primary
considerations in isolation. An additional layer of complexity and a new set of
uncertainties are created through interactions between these considerations. For instance,
market complexities arise from the constant tension of businesses generating market push
and consumers creating market pull [38]. The kinds of products being bought and sold
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are constantly varying because of this often cyclical relationship; as consumer tastes and
preferences change, corporations rapidly mobilize to adapt to this changing demand
while still trying to differentiate. This differentiation often uncovers a previously latent
need, which creates new demand, beginning the cycle anew [192]. Both sides often utilize
tactics to influence this relationship, such as planned obsolescence and marketing on the
part of corporations, and boycotts and lawsuits on the part of the user.
At the intersection of regulation and corporate opportunism, technology consists
of factors including the current state of infrastructure, the technical capability, and
the availability of different technologies in the region of interest. These are crucial
considerations in the development of designs that are appropriate to and usable by
the users in that region. In the design of products that are long-lifetime (e.g., freight
trucks, industrial workstations) or have quick turnovers (e.g., cell phones, computers),
technological obsolescence is an important concern. In such scenarios, the current and
projected rates of technological evolution are important factors to take into account
[58; 168].
Additionally, the relationship between end users and regulators within a market
creates an ever-evolving variety of environments. The constant change in consumer
interests and concerns combined with evolving regulations, standards, and technology
means that businesses must remain vigilant and adapt, especially when launching
products simultaneously in several different environments. Moreover, government
subsidies and incentive programs can alter consumer behavior, creating both new
opportunities and challenges for businesses [121].

3.2

Global Design Strategies

The sources of variability discussed in the previous section can result in different degrees
of variation in a product’s requirements across its target markets and user populations.
Three categories of top-down strategies were proposed in Nadadur et al. [132] as ways
to incorporate this variability into the design process. First, the non-platformed design
strategy involves the creation of a separate design for each target market, and in some
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cases could even involve the creation of a single design across multiple markets. Second,
the static platform design strategy entails developing the global product line around a
common platform which remains unchanged across all the target markets. An extension
of this approach is the third strategy, which we call flexible platform design. The
flexibility embedded in different ways into these product platforms may result in some
loss of efficiency at first, but will allow for easy adaptation of the platform from one
market to another. The selection of the appropriate strategy by an entity can be key to
its success in leveraging its global strength while also responding effectively to local
conditions and requirements [202].
The three strategies are presented in this section as a suggested framework to guide
the global product design process. The following section focuses the application of these
strategies more specifically to anthropometry-based design. Note that the three strategies
are intended for a specific context: the design of a new product line (i.e., top-down design)
for multiple target markets. The scope of the strategies does not include, among other
things, the modification of an existing product line for expansion into new markets or
the integration of multiple product lines for improved organizational efficiency across
multiple markets.
Various components of the three strategies (Figure 3.2) have been researched in the
past. Studies like Maier and Fadel [113] discuss single products and families of products;
either category includes examples of products that are constant or changing through
generations. Flexibility in designs and the phased release of products are explored in
other research efforts. Some of these efforts are included in the following review, which is
followed by demonstrative examples. The two principal contributions of this work are
in: a) advancing a holistic set of design strategies that are built on the existing body of
knowledge and b) extending the proposed strategies and their underlying concepts to a
global context.

3.2.1

Strategy I: Non-platformed design

Figure 3.3 illustrates the types of non-platformed designs, as identified by Ferguson
et al. [53]. This category is not limited to designs that are optimal to a certain usage
24

I

II

Non-platformed design

III

Static platform design

Flexible platform design

Varying product designs across markets
or single global product design

Single or multiple inflexible platforms
worldwide

Single or multiple flexible platforms
worldwide

User, Business, Regulations

User, Business, Regulations

User, Business, Regulations

Strategy II

Strategy III

Inputs

Strategy I

R&D

Strategy I

Platform

P

or

P’

P

Variant

V1

V2

V3

V

V1

V2

V3

V1

V2

V3

V4

V5

V6

Region

R1

R2

R3

R

R1

R2

R3

R1

R2

R3

R4

R5

R6

Figure 3.2: The three design strategies for global product design. Also included are examples of products that have
been designed with each strategy and to satisfy variations in the three sets of requirements.
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Figure 3.3: Classification of non-platformed designs based on the nature of the operating environment, the objectives
to be achieved, and the changeability of system variables [53].

environment and for the achievement of a fixed set of system objectives. Appropriate
levels of robustness and adaptability can be built into the product to make it flexible
to varying environments [144]. Doing so involves making the system variables of the
product adaptable to the predicted changes and robust to the unpredictable changes in
usage requirements.
Reconfigurable systems are achieved by embedding suitable amounts of changeability
into certain system variables (Figure 3.3). Reconfigurability arises from the need for
multi-ability (the ability to perform different functions at different times), evolution of the
form and function of the design, and survivability, which allows the product to remain
functional despite changing external conditions and failure of certain components [173].
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Figure 3.4: All-in-one universal plug adapter [Amazon].

The required type and degree of flexibility can be built into the designs through four
transformation principles: expand/collapse, expose/cover, fuse/divide, and reorientation
[73].
The universal power plug adapter [Amazon] shown in Figure 3.4 is an example of a
reconfigurable design that is suitable for use in numerous global regions. The front of
the adapter usually contains plug configurations that abide by the U.S., U.K., European
Union, and African Union. The socket at the rear of the device is also designed to support
these plug configurations, allowing for compatibility with the plug pins in a variety of
configurations and for a range of appliances and other devices in different countries.
Demonstrative Example: Adidas Jabulani
Manufacturers of soccer balls usually retain the bladder, which contains pressured air,
across multiple variants. The bladders may therefore be considered a platform of the
soccer ball. The outer layers, the artistic sketches on the surface, etc. are varied for each
region and across the variants available in those regions; these are the differentiating
aspects of the ball. Accordingly, the normal soccer ball may be considered an example of
static platform design.
The Adidas Jabulani (Figure 3.5) is an exception to this rule. The Jabulani was the
official ball of the 2010 Soccer World Cup. The worldwide popularity of the tournament
resulted in the product being almost universally recognized and desired. The global
market for the single design of the ball therefore consisted of multiple countries and
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Figure 3.5: The application of Strategy I (non-platformed design) in the example of the Adidas Jabulani soccer ball
used in the 2010 World Cup. Also shown is the Grip’n’Groove profile of the ball [Popular Science].

regions, and, as discussed in the following paragraphs, its design could be retained
unchanged across these markets.
The Jabulani design was the result of innovations in materials and manufacturing
technology, with the 3-D panels and Grip’n’Groove profile combining to increase its
stability and shot accuracy [Popular Science]. The eight 3-D panels are made of ethylene
vinyl acetate (EVA) and thermoplastic polyureathane-elastomer (TPU). These panels are
spherically formed and moulded together over the inner carcass of the ball. The surface
of the panels contain aero grooves, which improve the aerodynamic properties of the ball.
The components of the Jabulani are sourced from multiple locations. The TPU and
EVA materials are produced in Taiwan and China, respectively, the latex bladder of
the ball is manufactured in India, and the isotropic polyester cotton fabric, glue, and
11 ink colors are obtained from China. Additionally, robot testing and wind tunnel tests
were conducted in Loughborough University, England, and at the Adidas football lab in
Scheinfeld, Germany.
The Jabulani is an example of a globally-sourced, non-platformed product that is
marketed worldwide. The official balls for matches in the 2010 World Cup and numerous
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soccer leagues (e.g., Confederation of African Football, Federation Internationale de
Football Association, Union of European Football Associations) have the same weight and
size specifications. This results in uniform regulatory requirements across these regions.
Furthermore, the Jabulani was not intended to be a product to be upgraded to keep
pace with changing material and manufacturing technology; Adidas’ marketing strategy
involves releasing newly designed and branded soccer balls for every World Cup and
other major tournaments. Technological requirements are therefore fixed and dependent
on the timing of market release. Lastly, despite the variation in user anthropometry,
culture, etc., the unchanging rules of soccer worldwide ensure that the user needs from
the product are also constant. The single design of the Jabulani is well-suited for this
design scenario, which involves no variation in product requirements across the globe.
The Jabulani and the universal plug adapter (Strategy I in the Methodology section)
are examples of the application of the non-platformed design strategy. The former product
is culturally transcendental due to its worldwide popularity and desirability, while the
latter product’s reconfigurability enables it to satisfy varying requirements across the
globe. These examples show how Strategy I may be applied in different ways to suit the
specific nature of product requirements that the designer must satisfy.

3.2.2

Strategy II: Static platform design

The platforming of critical components within a family of products can help to reduce
release times and design and manufacturing costs [178] and, through its variants, increase
the adaptability of the product to varying sets of product requirements [147]. Additionally,
the platform can be designed to be more robust to uncertainties in future user needs,
technology changes, and competitor responses [116].
The mainstay of the static platform design strategy is the module-based approach,
in which a standard module or group of modules becomes the platform [93]. Empirical
studies such as Rajan P.K. et al. [157] have concluded that product flexibility can be
increased through modularization, designing the modules as external attachments on a
product, increasing the level of standardization of components and interfaces across the
product variants, and partitioning of the design to create more elements.
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This platforming approach has three main benefits [51]. First, the grouping of
components into common and differentiated modules allows for better planning; the
common modules can be assembled in earlier stages, thereby allowing for postponement
of the differentiation of the product variants to later stages. This can allow for more
efficient manufacturing processes to cater to varying product requirements in different
global regions of interest. The “design for localization” approach adopted in Hewlett
Packard’s printers is an example of this benefit [102]. If the target market is outside
North America, the main Hewlett Packard factory in Vancouver, Canada manufactures
and ships a generic printer without the required power supply module. The appropriate
module is locally manufactured and assembled with the generic printer in the destination
country or in its market region.
The second benefit of the module-based platform approach is the reduction in product
lead times, which can be achieved through the ability to either produce the modules
separately or manufacture them simultaneously in multiple facilities in different locations.
The third benefit is that the company can more easily identify, assess, and eliminate issues
with product quality and production.
Volkswagen provides another example of the module-based static platform strategy.
The company utilizes several product lines that share the same platform configurations.
Instead of independently developing each new vehicle, the company uses the same
chassis, for instance, across multiple vehicles. Through this strategy, Volkswagen
produces more than 4 million passenger vehicles per year based on only 4 main platforms
[207].
Demonstrative Example: Right- and Left- Hand Drive Vehicles
Automotive companies utilize the static platform strategy to cater to diverse markets
around the globe as well as to niche markets in their home region. Through platform
design, companies achieve the desired differentiation in the design of the automobile
variants, and are able to efficiently satisfy user, technological, and regulatory requirements.
Regulatory variations are typically the primary constraints for automotive companies,
since the cockpit design of the vehicle is dependent, among other things, on whether the
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nation mandates left- or right- hand driving. Instead of developing a completely different
design to satisfy either requirement, companies make use of static platforms across global
markets, and thereby look to maximize the commonality between left- and right- hand
drive designs of the same vehicle. Through this approach, companies can minimize
additional design and manufacturing costs in order to cater to regions that have different
traffic directions.
The implementation of the static platform strategy in automotive design (Figure 3.6)
mainly involves three sets of components: those that must be mirrored, repositioned,
and retained unchanged. The cockpit layout is designed to be easily mirrored from
left- to right- hand drive configurations (and vice versa). This allows for the steering
wheel assembly, headlight, wiper, and indicator controls, etc. to be easily moved to their
appropriate places and configurations. Certain components are simply repositioned
without mirroring; the relative positions of the accelerator, brake, and clutch pedals is an
example of these components. Other components (e.g., the gear assembly, stereo system
and display) are retained in their positions in either configuration.
Figure 3.6 shows an example of the use of a static platform in the 2011 Citroen C4
Grand Picasso. The company uses a single shared platform for regions with either traffic
direction. A few changes are visible in the dashboard and the central instrument panel.
In the case of one-unit modules such as the radio box, the composition is almost exactly
mirrored. However, most design features remain in the same position relative to the
driver. This enables the company to increase the commonality in parts and the design
sketch for both models during assembly, and thereby reduces design and manufacturing
costs.
Similar observations can also be made in the 2011 Hyundai Santa Fe. Hyundai
manufactures various numerous vehicles (e.g., Santa Fe, Sonata) that are marketed around
the world. The Santa Fe is a sports utility vehicle available in the U.S., U.K., India, and
Korea; the U.S. version has a different power train. Figure 3.7 b compares the body
module design of left- and right- hand drive Santa Fe. Both body modules are mostly
identical in shape, and are largely mirror images of each other, except for the location for
the central console box.
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Figure 3.6: The application of Strategy II (static platform design) in the example of the left- and right- hand drive vehicle
cockpits (top and bottom, respectively) of the 2011 Citroen C4 Grand Picasso. Source: Official Citroen websites for
Switzerland (http://citroen.ch) and the U.K. (http://www.citroen.co.uk).

A comparison of the cockpit designs of left- and right- hand drive Santa Fe models is
presented in Figure 3.7 a. The different navigation modules are due to different feature
options. In the button assembly, only the emergency stop signal button is mirrored (design
changed) to get closer to the driver while other buttons remained same. This shows that
the company is trying to maximize the portion of components that are shared across the
global product family.

3.2.3

Strategy III: Flexible platform design

The types of flexibility introduced in the discussion on Strategy I can be incorporated into
the product platform itself. The flexible platform strategy enables the company to more
efficiently adapt to future conditions that may result from changing customer preferences,
evolving technology, etc. [94]. Reconfigurable platforms for families of products can
allow for the required level of flexibility to be achieved in a more cost efficient manner
across the variants [52]. Such platforms have been recommended as an effective top-down
approach for the design of a product family [177]. A number of techniques can be applied
in the flexible platform design strategy, including scale-based platforming and real
options-based methods.
The scale-based platforming approach involves creating design variants through
different configurations of the scalable dimensions in the components of the product
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Figure 3.7: Comparison of left- and right- hand drive Hyundai Sante Fe cockpit designs. The cockpit design pictures
are from the Santa Fe digital catalogues for Korea (www.hyundai.com/kr) and the U.K (www.hyundai-car.co.uk). The
body design sketches are courtesy of Hyundai Automotive.

platform [181]. These scalable dimensions are similar to the changing system variables
in the non-platform design strategy (Figure 3.3), which is why scale-based platforming
has been categorized as a flexible platform design approach in this work. The resulting
“scaled-up” or “scaled-down” variants of the platform itself can make for much greater
flexibility in satisfying varying sets of product requirements in different regions of the
world. A variation of this approach is the design of multiple platforms that support an
evolving family of products [167].
Examples of the application of this platforming approach can be seen in Boeing
aircraft [181]. The company developed the Boeing 747 “Jumbo Jet” as a product family
with scaled variants—747-200, 747-300, and 747-400—by increasing the appropriate
dimensions of the fuselage, wings, etc. Another example is Emerson Climate Technologies
[Emerson Climate Technologies], which manufactures numerous air-conditioning
products that use the R-410A refrigerants. These air conditioning units share the same
module for activating the refrigerants, and through appropriate scaling of the basic
design, are offered with diverse ranges of capacity and tank sizes to cater to varying user
requirements.
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Lewis et al. [106] is an example of the design of flexible platforms through multiobjective optimization based on predicted changes in functional and performance
requirements. The changes are calculated as a path of movement of the most suitable
optimal platform design along its Pareto frontier, with new modules being introduced to
satisfy the new requirements.
Real options-based methods are valuable in dealing with high levels of uncertainty.
Real options theory is aimed at assessing the value of different modes of postponing
decisions to a later date, when more information becomes available and the level of
uncertainty is thereby decreased. This allows for flexibility to be incorporated into
decision-making processes [194; 139].
Real options techniques have been used to study the impact of numerous sources
of uncertainty on decision-making in product design and development. For example, a
model of changing demand for a product throughout its life cycle has been utilized in
recommending scalable production capacities in manufacturing facilities [20]. Market
and technological uncertainties have been treated as mutually uncorrelated factors in
examining the timing decisions by a firm about when to incorporate newer and superior
technology into the design [7]. The influence on option value of material selection,
manufacturing process, product lifetime, annual production volume of the follow-on
variant, initial variant product lifetime, and underlying asset risk have also been examined
[92]. Real options have also been implemented in a number of product family design
efforts. The universal design option valuation method presented in Moon and McAdams
[127] assesses the value of the option to add a swivel seat to a family of pickup trucks in
order to make them more easily accessible to people with physical disabilities.
A few research efforts have applied the real options-based flexible platform strategy in
decision-making tools. For example, Gonzalez-Zugasti et al. [68] proposes a simple real
options-based model for the phased development of a product platform and the variants
in the product family. Suh et al. [185] utilizes Monte Carlo simulations to assess the value
of flexibility embedded into certain components of platforms in an automotive context.
Despite the higher initial investment, the resulting platform is found to be more suitable
for mass customization and more robust to future market uncertainties.
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Figure 3.8: The application of Strategy III (flexible platform design) in the iOS platform through its evolution and
incorporation into an increasing number of supported devices.

More recently, Jiao [91] postulates that the main source of limitations in existing real
options models for product design is the invalid approach to considering the influence
of time on option value and decision-making. Instead of applying options analysis in
guiding only the artifact process (i.e., deciding product specifications), the work proposes
a hybrid platforming model that unifies the processes of the artifact and the design, which
involves managerial decisions over the course of R&D projects with specific timelines.
Demonstrative Example: Apple iOS
The first version of iOS (version 1.0) was the operating system in the original iPhone,
which was released in June 2007 (Figure 3.8). Since then, there have been four new iOS
generations, each of which has been updated multiple times during its lifetime; every
update has added to the range of capabilities of the operating system. Additionally,
the scope of application of iOS has been steadily expanded to encompass a significant
portfolio of Apple devices, including the iPhone, iPod Touch, iPad, and Apple TV 2; iOS
has effectively served as the flexible platform for these products.
Between 2007 and the third quarter of 2011, the worldwide smartphone market
share of iOS grew from 2.7% to approximately 15%. Even more impressive is iOS’
52% worldwide market share of the entire mobile and tablet operating system domain
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[Netmarketshare]. These and other statistics establish the success of Apple in developing
the iOS as a flexible platform of a globally marketed suite of products.
The platform uses iTunes as the content manager for a wide range of features that
includes media, the iTunes store, podcasting, data synchronizing and backup, iPhone
activation, and downloading and installing updates. The updates through the years have
been the means to implementing significant upgrades in iOS technology. iOS version 1.1.3
added mail, maps, stocks, weather, and notes apps to the iPod Touch, and introduced the
"locate me" feature, which can pinpoint the phone’s location, into google maps on iPhones.
The camera app was improved through multiple updates, including 1.1.4 (frame rate
increased) and 3.0 (video recording and autofocus functionality incorporated). Examples
of other signification technological upgrades include the App Store (2.0), YouTube (3.0),
iBooks for iPad (3.2), FaceTime (4.0), CDMA network support (4.2.5), and iCloud and the
Siri voice control system (5.0). Some of these updates necessitated hardware upgrades.
The flexible design of iOS has allowed Apple to succeed in a product category that is
characterized by fast-paced technological progress.
Many iOS updates have been targeted at customizing the operating system to certain
variations in user requirements around the globe. These have mainly involved additional
language and keyboard support (e.g., 1.1.2, 2.0, 3.0, 5.0). A few of these updates have
also aimed to improve certain international language fonts (e.g., the Devanagiri font in
iOS 4.0). The flexible platform strategy adopted by Apple in the design of iOS has helped
to effectively and efficiently satisfy these variations in user requirements.

3.3

Conclusion

The variations in user, technological, and regulatory requirements can be significant in
many design scenarios. Efficiently designing a product to navigate these requirements
in a globalized marketplace can be a challenging process. As evidenced by the global
successes of the products mentioned in this chapter (Section 3.2), non-platformed, static
platform, and flexible platform strategies have helped companies to efficiently navigate
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the variation of user, technological, and regulatory requirements across nations and
market regions.
Anthropometry was one of the user-related concerns outlined in Section 3.1.
Anthropometry and its variation within and across populations is the core component of
this dissertation research, and is introduced in Chapter IV. One of the benefits of body
dimensions as predictors of variability is that the nature of their influence on spatial
fit-specific interactions with products is similar across global markets. This benefit may be
leveraged in the implementation of the anthropometry-based aspects of the global design
strategies; doing so enables the third phase of the anthropometry-based global design
methodology that is the objective of this dissertation research (Chapter VI).
As defined in the introduction to this chapter, the scope of the strategies, and by
extension of the dissertation research, is focused on top-down product design scenarios.
These involve an organization making a decision to offer a new product line, then
implementing the decision through an appropriate design process. Bottom-up design is
relevant if existing product lines were to be redesigned or modified following corporate
mergers and acquisitions, management decisions to expand the company’s target markets,
etc. These scenarios are beyond the scope of this research.
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CHAPTER IV

DESIGNING FOR ANTHROPOMETRIC VARIABILITY

Body dimensions are a key determinant of an individual’s “fit” in a design and the
individual’s reach, strength, and other general capabilities [184; 76]. Relevant body
measures influence users’ preferred ways of physically interacting with products. When
the user is able to interact with a product in ways that are comfortable and satisfying
to the user and also safe for the user as well as other individuals in the usage area, the
user is considered accommodated by the design of the product. Knowledge about relevant
anthropometry is therefore crucial to achieving the desired accommodation level of the
target user population of the product at hand.
This chapter begins with a discussion of the different types and sources of
anthropometric information, and explains the difficulty in obtaining comprehensive
and directly usable data for populations (Section 4.1). Section 4.2 then presents the
anthropometry range metric (ARM), a tool to assess the variability of anthropometry
within and across populations; the ARM technique was developed as part of this
dissertation research, and is described in Nadadur and Parkinson [134].

4.1

Sources of Anthropometric Information

Anthropometric databases contain the values of body dimensions measured for a
surveyed population of individuals. Such databases are available for certain user
populations; examples include ANSUR [70], which is representative of the U.S. military
in the late 1980s, NHANES [197], which provides limited data about the civilian U.S.
population, and CAESAR [19], which is composed of three-dimensional body scan
information about a randomly-composed North American and European population.
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However, due to the resources and effort entailed in the compilation of such databases,
they are few in number. Additionally, data collected from studies are often not made
publicly available. A compounding complication for the designer is the uniqueness of the
anthropometric characteristics of distinct populations. This uniqueness renders inaccurate
the substitution of other populations’ data in place of the target users’ anthropometry.
Numerous studies through the years have resulted in concise statistical information
about a variety of populations. The published statistical information is usually in the form
of summary statistics—the mean and standard deviation of different body measures—and
can also include the values of these body measures at key percentiles. For example,
Gite et al. [66] provides the means and standard deviations of body measures, which
are assumed to be normally distributed, of Indian farm workers. The State Bureau of
Technical Supervision, China [190] and Instituto Nacional de Tecnologia, Brazil [84] are
sources of values of anthropometry at certain percentiles (e.g., 1st , 5th , 10th , 50th , 90th , 95th ,
and 99th in the former) for Chinese and Brazilian civilians, respectively. Barroso et al. [16]
provides both summary statistics as well as by-percentile information of anthropometry
for the Portuguese worker population. Two more examples of nationwide surveys include
Germany’s MikroZensus [183] and England’s Health Survey [141].
Many surveys have been directed at more specific groups of users, including Algerian
date palm farmers [123], Bahraini school children between 6 and 12 years of age [124],
female maquiladora (i.e., assembly plant) workers located along the Mexico-U.S. border
[108], Taiwanese workers [201], and U.S. truck drivers [71]. Some of these surveys have
involved three-dimensional body scans of populations such as adult wheelchair users
[149]. A few studies have examined the impact on anthropometric variability of human
laterality (i.e., left- or right- handedness) and gender [122], age [9; 89; 153; 80], and
race/ethnicity [83].
Summary statistics and the values of anthropometry at a few key percentiles are
not directly usable in detailed accommodation analyses and design decision-making.
There are four main reasons for this. First, as discussed in the previous paragraphs, this
information describes a population’s body dimensions at only a few percentiles; wellinformed decision-making requires the availability of “higher-resolution” information
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for the entire population. Second, actual distributions of a population’s body measures
are likely to be only approximately Gaussian [198], which are likely to cause errors when
using Gaussian tools (e.g., z-scores) in conjunction with this information to calculate
the values at different percentiles. Third, summary statistics describe the state of a
population’s anthropometry at a certain point in time; secular trends could significantly
alter these characteristics over a period of time [48; 131]. Fourth, separate sets of
information for each body dimension fail to capture the correlations between different
body measures; the direct use of this information in multivariate analyses can result in
lower-than-desired accommodation of the user population [128].

4.2

Anthropometric Variability: The Anthropometry Range
Metric

As mentioned in Section 3.1, every target population is unique in terms of descriptors that
may be demographic (e.g., age variation, gender split) or others (income and education
level, nutrition level and healthcare, occupation and physical exertions, etc.). A few
studies have examined the impact on anthropometric variability of factors that include
human laterality (i.e., left- or right- handedness) and gender [122], age [9; 89; 153; 80], and
race/ethnicity [83].
Since a population’s anthropometry is influenced by these descriptors, every user
population is likely to be characterized by unique distributions of body measures. As a
result, in order to achieve the desired accommodation level of each target population,
designers are compelled to offer products in different sets of sizes and adjustability ranges
in each global region of interest (e.g., East Asia, Europe, the United States, etc.). The work
presented in Nadadur and Parkinson [134] was aimed at proposing the anthropometry
range metric (ARM) for the quantification of anthropometric variability across a set of
target user populations. This metric would be useful in identifying opportunities for
increasing commonalities in global designs; for instance, the findings based on this metric
could be instructive for the selection of an appropriate design strategy (Section 3.2). This
section describes the ARM procedure and its application on a demonstrative example
set of 9 populations: Germany, Italy, Japan, Kenya, South Korea, the Netherlands,
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I Available anthropometric data

Summary stats at certain percentiles
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•••
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II Optimally fitted distributions

Normal or log-normal distributions
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III Anthropometry range metric

Comparing anthropometry across populations
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1
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Anthropometry

Figure 4.1: The three-step methodology implemented in this work. Summary statistical information about the
anthropometry is gathered for the different populations in Step I. In Step II, optimal normal and log-normal distributions
are fitted to the summary stats of length- and breadth/circumference- related body measures, respectively. Step III
involves using the anthropometry range metric (ARM) to compare the variation of each body measure across the
populations of interest.

Thailand, the United States, and China. These populations were chosen as examples of
easily-obtainable descriptive statistics from sources such as ISO/TR 7250-2:2010 [11] and
The State Bureau of Technical Supervision, China [190]. Furthermore, a wide range of
anthropometric variability was expected to be represented by this group of populations.
Methodology and Demonstrative Example
The basic three-step procedure is illustrated in Figure 4.1. As mentioned earlier, the
only data available for the chosen populations are the values of the body measures at
certain key percentiles (Step I). In order to more thoroughly compare the anthropometry,
normal or log-normal distributions are fitted to these summary statistics (Step II); more
recently, this step may be replaced by the percentiles combinations dataset (PCD) method
(Section 5.2), which yields accurate anthropometric databases that are estimated for
populations based on their by-percentile descriptive statistics. In Step III, the newly
proposed ARM measure is used to thoroughly compare these distributions between the 1st
and 99th percentiles for the nine user populations. This allows for a better understanding
of the variability of anthropometry across the populations. The following paragraphs
discuss the application of the ARM procedure for the female and male users in the
populations of interest.
Summary statistics for the Chinese population were obtained from the State Bureau
of Technical Supervision survey [190], and the statistics for the other 8 populations were
from a report compiled by the International Organization for Standardization [11]. These
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statistics consist of separate sets of values of body measures at certain key percentiles for
women and men in the population.
As shown in Table 4.1, the anthropometry chosen for this study included 16 measures
of length and 8 measures of breadth/circumference. It should be noted that the
information for some of the nine populations did not include these statistics for all
24 body measures. This was considered acceptable for a purely demonstrative example
of the application of the ARM procedure. In an actual global product design scenario,
the omission of relevant body dimensions for any of the populations of interest would
be likely to result in inaccurate assessments of anthropometric variability, and would
therefore make for badly-informed design decisions.
In Step II of the methodology, female and male summary statistics were considered
separately. Due to their correlation to stature, measures of length are known to be
approximately normally distributed [22]. Similarly, measures of breadth/circumference,
which are correlated to weight, tend to be log-normal in nature [22; 199]. Using this
knowledge and the aforementioned percentile information, the mean and standard
deviation were calculated for the best-fit normal or log-normal distribution for each body
measure in every population. The distribution was fitted to minimize the sum of the
absolute value of the errors between the actual and estimated anthropometry at each
of the key percentiles. This yielded the optimal mean and standard deviation for each
distribution. The body measures estimated from the resulting distribution were found to
be the close approximations of the actual information.
The anthropometry range metric (ARM) was proposed and used in Step III of the
methodology to assess the variation of body dimensions across the populations. The
process for doing so was as follows:
1. At every percentile p from 1st to 99th , use the distributions from Step II to calculate
the values of each body dimension for the populations of interest. This results in
a set A p of values of body dimension A at percentile p in each population. For
the current example, the set is of the form: (AGermany,p , AItaly,p , AJapan,p , AKenya,p ,

41

Measures of length
Butt-knee length
Butt-popliteal length
Elbow-wrist length
Eye height, sitting
Eye height, standing
Foot length
Forward reach
Hand length

30

25

Measures of breadth/
circumference

Head length
Knee height
Popliteal height
Shoulder-elbow length
Shoulder height, sitting
Shoulder height, standing
Sitting height
Stature

Biacromial breadth
Bideltoid breadth
Chest circumference
Foot breadth
Head breadth
Hip breadth, sitting
Hip breadth, standing
Thigh circumference

High

20

Anthropometry
Range Metric
(%)

Medium

15

10

Low
5

1

Percentile

99 1

Percentile

99 1

Percentile

99

Figure 4.2: Plots of the anthropometry range metric (ARM) calculated for the 24 body measures and for the female
users in the nine populations.

AKorea,p , ANetherlands,p , AThailand,p , AUS,p ), where AGermany,p is the value of body
dimension A at percentile p for the German population.
2. Determine the maximum and minimum values in A p . These are A p,max and A p,min ,
respectively.
3. Calculate the mean A p,mean of the values contained in A p .
4. Calculate the ARM value for A p using Equation 4.1:
ARM( p) = 100 · (A p,max − A p,min )/A p,mean .

(4.1)

The values that result from Equation 4.1 are scaled percentages, and allow for the
application of some common analysis guidelines across all 24 body dimensions.
Figures 4.2 and 4.3 show the ARM plots between the 1st and 99th percentiles for the female
and male populations.
The plots are found to allow for easy visual assessments of the anthropometry in the
nine national populations. The figures are divided into high, medium, and low regions of
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Shoulder-elbow length
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Sitting height
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Head breadth
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Figure 4.3: Plots of the anthropometry range metric (ARM) calculated for the 24 body measures and for the male users
in the nine populations.

ARM values. ARM plots in the low region signify smaller variations (less than 10%) in
body measure values across the populations. Plots in the medium region indicate greater
variations (between 10% and 20%), and those in the high region exhibit variations above
20%.
From Equation 4.1, an ARM value of 10% implies that A p,max − A p,min = 0.10 · A p,mean ;
at percentile p, the range A p,max − A p,min of the values of the body measure across the
populations of interest equals 10% of the mean of those values. Similarly, with an ARM
value of 20%, A p,max − A p,min = 0.20 · A p,mean . These percentage deviations from the mean
value were assumed to be reasonable boundary conditions for the low, medium, and high
regions of anthropometric variability in ARM plots.
Certain differences can be observed for the body measures of the female and male
users (Figures 4.2 and 4.3). For example, ARM values for sitting shoulder height are in the
medium region for the male population, and are mostly low for the female populations.
Hand length values are low for females, but mostly medium for males. The plots of
bideltoid breadth and sitting height are in the medium region for males, and partly in

43

the medium region and partly in the low region for females. Thigh circumference values
are in the medium range for females, but are mostly low for males. Biacromial breadth
plots are partly high and partly medium for males, and span the high, medium, and low
regions for females.
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Table 4.1: The availabilities of the 24 body measures for the 9 national user populations. Also shown is the age range
of the surveyed population that is the basis for the summary statistics.

Populations
Age range
(years)

German
18-65

Italian
18-65

Japanese
20-65

Kenyan
18-73

Korean
18-60

Dutch
18-65

Thai
30-39

U.S.
18-65

√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√

√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√

√
√
√
√
√
√
√
√
√
√
√
√
√
√
√
√

√
√

√
√
√
√
√
√
√
√

√

√
√
√
√
√
√
√
√

√
√
√
√
√
√
√
√

√
√
√
√
√
√
√
√

√
√
√
√
√
√

Chinese
18-55

Anthropometry
Length-related
Butt-Knee Lgth
Butt-Pop Lgth
Elbw-Wrist Lgth
Eye Ht, Sit
Eye Ht, Stand
Foot Lgth
Forward Reach
Hand Lgth
Head Lgth
Knee Ht
Popliteal Ht
Shldr-Elbw Lgth
Shldr Ht, Sit
Shldr Ht, Stand
Sit Ht
Stature

√
√
√
√
√
√
√
√
√
√
√
√
√
√
√

Breadth-/Circumference-related
√
Biacromial Brth
√
Bideltoid Brth
√
Chest Circ
√
Foot Brth
√
Head Brth
√
Hip Brth, Sit
√
Hip Brth, Stand
√
Thigh Circ

√
√
√
√
√
√
√
√
√
√
√
√

√
√
√
√
√
√
-
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√
√
√
√
√
√
√
√
√
√
√
√
√

-

√
√
√
√
√

√
√
√
√
√
√
√
√

√
√
√
√
√
√
√
√
√

√
√
√
√
√
√
-

√
√
√
√
√
√
√
√
√
√
√

√
√
√
√
√
√
-

4.3

Conclusion

Relevant body measures are known to be influential in determining users’ preferred
styles of physically interacting with products. Information about anthropometry is
vital to satisfying product performance objectives such as safety, comfort, ease of use,
and visibility. In global product design, anthropometric data play an important role
in designing to achieve these performance objectives for multiple user populations.
Additionally, this information can be utilized to better account for certain concerns that
fall under the umbrella of sustainable development and design for sustainability; this
aspect of anthropometry-based ergonomic design is examined in Chapter VIII.
One of the main difficulties in anthropometry-based design is the lack of anthropometric data for user populations. Numerous studies have surveyed populations from
different parts of the world, but have, for a variety of reasons, kept the data private. The
published descriptive statistics (e.g., means and standard deviations of the data, values of
the body dimensions at some percentiles) are informative to a certain extent, but are not
conducive to thorough, multivariate analysis and design decision-making.
Accordingly, one of the goals of this dissertation research was to develop a
methodology to synthesize accurate databases of anthropometry based on widelyavailable descriptive statistics; such a methodology would be a valuable advancement in
anthropometry synthesis in particular and the field of anthropometry-based ergonomic
design in general. The detailed databases for “virtual populations” would be statistically
equivalent to the actual populations of interest. These data would allow for in-depth
analyses of the variability of relevant body dimensions in the target population; doing
so would enable the implementation of more efficient global product design processes,
starting with the selection of appropriate strategies and concluding with the identification
of suitable product dimensions. The anthropometry synthesis proposed for this purpose
is presented in Chapter V.
Also, the anthropometry range metric is found to be a simple way to quantify
and visually understand the anthropometric variability encountered across multiple
user populations. In Section 4.2, the metric was applied using optimal normal and
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log-normal distributions fitted to summary statistical information about the populations’
anthropometry. While the distributions were considered close approximations of the
underlying data, they were not statistically accurate representations of the data. Errors
can be expected at different percentiles when comparing the values of actual and
distribution-derived anthropometry. These errors could affect the accuracy of the ARM
values calculated for the populations.
It is important to note at this juncture that in the anthropometry-based global design
methodology that is the main objective and contribution of this dissertation research,
Steps I and II of the ARM procedure were replaced by the regression-based approach
(RBA) and percentile combinations datasets (PCD) method for anthropometry synthesis
(Section V). This was due to the abilities of the RBA and PCD techniques to accurately
synthesize detailed databases of relevant body dimensions.
Applying the metric on detailed data about populations’ anthropometry would
improve the accuracy of the technique. The visual depictions of the variation of
ARM values from the 1st to the 99th percentiles could then be valuable in selecting
an appropriate design strategy (Section 3.2) for multiple user populations. The ARM
procedure is therefore an effective link between the synthesized anthropometric databases
and the selection of an appropriate global design strategy.
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CHAPTER V

SYNTHESIZING ANTHROPOMETRIC DATA

Detailed anthropometric data from sources including the ones described in Section 4.1
are available for only a few populations of interest. The alternative to such data like these
are accurately estimated data. Accordingly, anthropometry synthesis is a key component of
methodologies to design for human variability. Virtual fitting, which is the simulation of
users’ interactions with the design, can then be applied to study the impacts of different
design decisions on the accommodation afforded by a product. This chapter, which is
drawn from the work discussed in Nadadur and Parkinson [135] and Nadadur et al.
[136], presents a review of anthropometry synthesis (Section 5.1), introduces a newly
developed anthropometry synthesis method (Section 5.2), and briefly describes virtual
fitting (Section 5.3).

5.1

Existing Anthropometry Synthesis Methods

In design for human variability (DfHV), the identification of the target user population is
followed by the determination of the anthropometric variability within that population.
This may be done either using a representative database of that population or by
synthesizing the required data; the latter option is usually applied when a representative
database is unavailable for the population. Traditional anthropometry synthesis
techniques include those based on the use of proportionality constants and linear
regression models.
Proportionality constants (Figure 5.1) are average ratios of various body measures to
stature [47]. Given the stature data for a target population, the required body measure (Yi )
for an individual i may be obtained by multiplying that individual’s stature (Si ) with the
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Figure 5.1: Proportionality constants calculated for the ANSUR [70] population.

appropriate proportionality constant (pc):
Yi = pc · Si .

(5.1)

While simple and easy to apply, this method is inherently flawed in many respects [59],
with the most fundamental error being the incorrect assumption that body proportions
are constant across individuals.
Certain anthropometry or posture prediction techniques (e.g., Flannagan et al. [57],
You and Ryu [209]) involve the formulation of regression equations between the data to be
estimated (Y), which may be either relevant anthropometry or postures, and the chosen
predictors (X), which are typically stature and BMI (body mass index, a normalized ratio
of weight for stature):
Yi = ci + a1i · X1i + a2i · X2i + · · · + ani · Xni
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(5.2)

where i is the number of required body measures or postures, a are regression coefficients
of the predictors, and c is the regression constant. These regression relations can be
based on data from existing databases or newly conducted surveys or experiments.
These relations can be extrapolated to the target user population by using data about the
predictors for the target population in the regression equations.
There are two main drawbacks associated with this type of regression approach: a) the
incorrect assumption that people with the same values of predictors (e.g., stature) will also
always have the same values of the estimated variable (e.g., leg length), which disallows
the modeling of user variability that is uncorrelated to the chosen predictors, and b) the
lack of accuracy in simulating the distributions of anthropometry in the upper and lower
tails, which are key to making accurate and efficient design decisions.
A more recently developed method overcomes some of the limitations of the
traditional linear regression models by incorporating residual variance into the regression
model [62]. Residual variance is a statistical measure that quantifies the amount of
variability in a regression model that is uncorrelated to the chosen predictors. The
method, which is henceforth referred to as the regression-based approach (RBA),
reintroduces this measure in the form of a stochastic term in the standard regression
equation:
Yi = ci + ai1 · Xi1 + ai2 · Xi2 + N(0, s2i )

(5.3)

where N(0,s2i ) is a normally-distributed stochastic term with mean 0 and variance s2 ,
which is the residual variance of regression.
This method yields accurate estimates of data even in the upper and lower tails of
distributions. This is an important improvement over traditional regression because
design decisions are usually made in the tails of anthropometric distributions, and it is the
users in these upper and lower tails who are most likely to be impacted by the decisions
[75]. Having accurate data in the tails is therefore key to making well-informed design
decisions. In this work, the RBA method is applied in synthesizing detailed data about
the relevant body dimensions for the U.S. population.
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Recent research has yielded an anthropometry synthesis method that leverages the
strengths of principal components analysis (PCA) and the RBA method [152]. The
prediction models formulated using this method draw from multiple databases to match
the race/ethnicity distribution in the target population. As in the RBA method, residual
variance is embedded in the models as a stochastic component, and helps capture the
variability that is uncorrelated to the chosen predictors.
Stratification Based on Demographic Variables
As mentioned in Section 4.1, body sizes and shapes are known to correlate with age,
gender, and race/ethnicity [46; 197]. The unique combinations of these demographic
variables for different populations are a reason for the variation of anthropometric
distributions across populations of interest. Table 5.1 shows, for some percentiles
commonly used in design, how stature and BMI vary within gender across the three
most prevalent racial/ethnic groups in the United States (non-Hispanic Blacks, Hispanics,
and non-Hispanic Whites). Stature and BMI are also known to vary with age [9]. Since
stature and/or BMI are known to be strongly correlated with other measures such as
sitting height and hip breadth, it is expected that these other measures, which are usually
more directly relevant to the design, also vary widely with demography. The divergence
means that a product whose dimensions would accommodate the required percentage of
a certain population is unlikely to achieve the same accommodation level for a different
user group; this phenomenon is termed disproportionate disaccommodation, and is
explored in greater detail in Section 8.5.
Tables 5.2 and 5.3 quantify the differences in anthropometry across the ANSUR,
CAESAR, and weighted NHANES 2003-06 populations for both females and males.
Stature, BMI, trochanter height, and seated hip breadth are reported at percentiles that
are frequently used in design (e.g., the tails of the distribution). These percentiles are
selected since they represent individuals that are most likely to have their comfort and
safety requirements compromised by certain design specifications. As mentioned in
Section 4.1, the new NHANES data do not have many body segment measures beyond
stature and BMI and, as a result, trochanter height and hip breadth are not available. As
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is expected, the values of the anthropometry diverge across all percentiles. In addition
to the differences across race/ethnicity, there are differences across military vs. civilian
(perhaps related to fitness).
Figure 5.2 shows the impact of race/ethnicity-based stratification on the probability
density distributions of stature, BMI, sitting height, and biacromion breadth for female
ANSUR and CAESAR populations. Anthropometry in CAESAR is found to be more
variable than in ANSUR, a fact supported by the observation that the CAESAR probability
density distributions are less peaked and more wide, showing less data concentration
and more data spread. As can be seen in the BMI and hip breadth plots, the distributions
of non-Hispanic Whites and non-Hispanic Blacks tend to diverge in CAESAR, but not
in ANSUR. These observations are easily explained on the basis of the nature of these
two databases. ANSUR is a military population, and is, therefore, more homogeneous,
at least across these two races. CAESAR, which is composed of civilians, exhibits greater
variation in anthropometry (at least partially due to differences in fitness levels) across the
two races. The BMI and hip breadth plots highlight the divergence, especially at the upper
fringe percentiles, in the CAESAR and ANSUR anthropometry. Race-based stratification
does not decrease this divergence; on the contrary, the divergence is increased for the
non-Hispanic Black distributions.
The work presented in Nadadur and Parkinson [133] utilized ANSUR and CAESAR
as the context for an exploration of gender- and race-based stratification as a way to
increase the accuracy of synthesized anthropometric data. Despite the lack of success

Table 5.1: A comparison of male and female stature and BMI for three race/ethnicity groupings in the U.S. Civilian
(NHANES 2003-06) population: Non-Hispanic blacks (B), Hispanics (H), and Non-Hispanic whites (W).

Perc.

2.5th
5th
50th
95th
97.5th

Male Stature (mm)

Female Stature (mm)

Male BMI

Female BMI

B

H

W

B

H

W

B

H

W

B

H

W

1634
1654
1771
1896
1918

1567
1582
1699
1826
1862

1634
1661
1775
1892
1914

1500
1517
1627
1739
1767

1450
1467
1573
1675
1695

1503
1522
1630
1737
1757

19.5
20.5
27.5
41.6
44.9

20.2
21.2
27.8
36.7
38.9

19.7
20.9
27.7
38.6
42

19.1
20.4
30.5
46.6
50.5

19.4
20.8
28.1
40.9
45

18.5
19.4
26.5
41.1
44.9
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Figure 5.2: Variation of the probability densities of stature, BMI, sitting height, and hip breadth in the non-Hispanic
White and non-Hispanic Black populations of ANSUR and CAESAR.

of the race-based stratification technique in this context, the study suggested a way of
dealing with the tremendous diversity encountered in user populations. The splitting of
the populations of interest based on the various sources of variability not correlated with
predictors—race/ethnicity, age, income group, etc.—could be a useful addition to existing
design methodologies.
In the research described in the following sections and chapters, gender-based
stratification was automatically applied in the synthesis methods. There were two reasons
for doing so. First, in any population, female and male anthropometric distributions
are likely to be divergent; treating them separately was therefore likely to increase
the accuracy of synthesized data. Second, the descriptive statistical anthropometric
information discussed in Section 4.1 are usually available separately for the female and

Table 5.2: A comparison of female ANSUR (A), CAESAR (C), and U.S. Civilian (weighted NHANES 2003-06, N)
anthropometry at certain crucial percentiles. Lengths are in mm, BMI is a dimensionless number.

Stature

BMI

Trochanter height

Hip breadth (sitting)

Perc.

A

C

N

A

C

N

A

C

A

C

2.5th
5th
50th
95th
97.5th

1507
1529
1628
1737
1758

1508
1524
1637
1768
1791

1487
1508
1622
1733
1755

19
19.6
23.6
28.6
29.8

18.4
19.2
23.9
38.4
42.2

18.6
19.4
26.8
41.6
46.0

776
791
860
937
955

784
796
872
956
973

336
343
383
432
442

342
349
401
491
528
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male individuals in a variety of populations. This information both enables and justifies
gender-based stratification as a general approach to anthropometry synthesis.

Table 5.3: A comparison of male ANSUR (A), CAESAR (C), and NHANES 2003-06 (N) anthropometry at certain
crucial percentiles. Lengths are in mm, BMI is a dimensionless number.

Stature

BMI

Trochanter height

Hip breadth (sitting)

Perc.

A

C

N

A

C

N

A

C

A

C

2.5th

1627
1649
1756
1868
1885

1624
1646
1775
1911
1946

1613
1637
1763
1887
1911

20.6
21.2
25.8
31.1
32.4

19.7
20.9
26.4
36.3
38.7

19.3
20.6
27.6
38.6
42.0

837
854
926
1009
1021

849
860
944
1040
1060

321
329
365
412
420

324
332
377
444
464

5th
50th
95th
97.5th
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5.2

The Percentile Combinations Datasets Method

This section presents a newly developed alternative to the regression-based approaches.
The percentile combinations datasets (PCD) method draws on descriptive statistics
(summary statistics and by-percentile values) in synthesizing a detailed database of
anthropometry for a virtual population of individuals. The synthesis is in effect a
“reverse-engineering” process to recreate the underlying data for which the descriptive
statistics were computed. The statistical equivalence achieved between the virtual and
actual user populations allows for the utilization of the synthesized database in in-depth
accommodation analyses for design decision-making; this is not possible with only
descriptive statistics. The PCD method thereby allows for the effective use of the many
existing research reports and articles that contain descriptive statistical information
(summary statistics and by-percentile values) for a wide variety of global populations.
The raw anthropometric data behind these descriptive statistics, which are not made
publicly available for a variety of reasons, may thus be estimated and utilized in design
efforts.

5.2.1

Methodology

The method consists of a preliminary step involving the analysis of a comprehensive
and representative “reference” anthropometric database (e.g., ANSUR). This is followed
by the three steps of collecting descriptive statistics, fitting anthropometric models, and
sampling the distributions to yield the synthesized anthropometric database for the target
population. These steps are introduced and presented in this section.
Preliminary Step: Reference Database Analysis
As discussed in Section 4.1, the body proportions of individuals vary within and
across populations. For a sufficiently large population, body measures that are
significantly correlated to stature and weight vary according to distributions that are
approximately normal (Gaussian) or lognormal in nature, respectively [22]. The value
of a body measure for an individual is then a particular percentile in its distribution.
Accordingly, an individual can be thought of as consisting of combinations of percentiles
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Figure 5.3: An illustration of the different anthropometric “percentile sets” of body measures 1 (stature), 2 (bideltoid
breadth), 3 (knee height), and 4 (hip breadth) that constitute individuals 1 and 2.

of anthropometry. For instance, as illustrated in Figure 5.3, an Individual 1 may be
constituted of the X1 1 , X2 1 , X3 1 , and X4 1 percentiles of body measures 1, 2, 3, and 4
(stature, bideltoid breadth, knee height, and hip breadth, respectively) as sampled from
their respective distributions. Similarly, Individual 2 may be comprised of the X1 2 , X2 2 ,
X3 2 , and X4 2 percentiles of the four body measures. Therefore, Individuals 1 and 2 can
be represented as anthropometric “percentile sets” of the form {X1 1 , X2 1 , X3 1 , X4 1 } and
{X1 2 , X2 2 , X3 2 , X4 2 }, respectively. In general, for the mth individual in a population, the
percentile set of n body measures can be in the form of: {X1 m , X2 m , X3 m , X4 m , . . . , Xn m }.
Not only can the percentile sets capture the inter-relationships of the different body
measures, but they can also ensure that the proportions of body dimensions estimated for
individuals are realistic. This reduces, for instance, the possibility of thigh circumference
being greater than hip circumference for an individual. Additionally, the percentile sets
can be used in conjunction with information about the anthropometric distributions
in order to calculate the values of the required body measures for individuals in a
population. This is the underlying process implemented in the PCD method.
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The method is based on a fundamental assumption: that the complete dataset of
percentile combinations (Equation 5.4) that is calculated for all the individuals in a
population is similar to the datasets calculated for other populations. In other words,
there exist Individuals 1 and 2 (Figure 5.3) in every sufficiently large population whose
4 body dimensions can be represented by the percentile sets {X1 1 , X2 1 , X3 1 , X4 1 } and {X1 2 ,
X2 2 , X3 2 , X4 2 }, respectively. For example, suppose the stature (X1 ), bideltoid breadth
(X2 ), knee height (X3 ), and hip breadth (X4 ) for an individual m in ANSUR are of the
87.3th , 56.9th , 76.2th , and 64.8th percentiles, respectively, that individual can be represented
as: {X1 m , X2 m , X3 m , X4 m } = {87.3th , 56.9th , 76.2th , 64.8th }. Furthermore, based on the
assumption made in this method, there exists an individual m in some other population
(e.g., India, China, Kenya) whose stature, bideltoid breadth, knee height, and hip breadth
can respectively be represented as: {X1 m’ , X2 m’ , X3 m’ , X4 m’ } = {87.3th , 56.9th , 76.2th , 64.8th }.

X1 1 ,X2 1 , X3 1 , X4 1 , · · ·, Xn 1
X1 2 ,X2 2 , X3 2 , X4 2 , · · ·, Xn 2
.
(5.4)

.
.
X1 m ,X2 m , X3 m , X4 m , · · ·, Xn m

The “sufficiently large” criterion is discussed in Section 5.2.4. The universal validity
of this assumption would allow for the use of a single percentile combinations dataset to
represent the anthropometric data of all possible target populations. The dataset could
then be the basis for the synthesis of virtual populations of individuals for any population.
Note that the assumption does not imply that individuals in every population are
similarly sized or even similarly proportioned. Instead, it means that given a population’s
unique mix of anthropometric distributions, the universal percentile sets can be applied to
synthesize unique anthropometric data for that population. Since the characteristics and
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Figure 5.4: The proposed method for synthesizing anthropometry for target user populations.

inter-relationships of the underlying body measures and their distributions vary across
populations, sampling from those distributions using the same percentile sets will result
in the generation of individuals who are differently proportioned across populations.
The testing of this assumption in the context of the U.S. military and Japanese youth,
which are significantly different populations in terms of anthropometric variability, is
described in Section 5.2.3. With the assumption as the foundation for the proposed
approach, owing to it being comprehensive, representative, and also well-known and
widely used, ANSUR is suggested as the source database for the percentile combination
dataset (Figure 5.4). The percentile value of every body measure for each ANSUR
individual is calculated. This analysis results in a dataset consisting of the percentile
set of every individual. Separate datasets are created for the female and male ANSUR
participants.
Step I: Collecting Descriptive Statistics
The first step of the method involves locating and gathering information about the
population of interest. This information is typically in one or both of two forms:
a) summary statistics, which can include the means and standard deviations of the
anthropometric distributions for that population and b) values of the anthropometry
at certain key percentiles (e.g., 1st , 5th , 50th , 95th , 99th ). The first form of information
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would require the assumption of a particular distribution (Gaussian or lognormal) for the
entire range of anthropometry; the accuracy of this assumption varies with population
composition and the specific measure being modeled. The second form of information
(i.e., by-percentile values of body dimensions) can better allow for the modeling of
non-normal variation of anthropometry across the different percentiles. This makes for
improved estimation of the underlying distribution (Step II).
As mentioned in Section 4.1, there are numerous sources of such anthropometric
information. These can be divided into two broad categories: a) reports that are the
result of large-scale surveys or data acquisition initiatives by organizations and agencies
and b) publications on smaller-scale surveys by various research groups. The ISO/TR
7250-2 standard [11] by the International Organization for Standardization is an example
of the former category of sources, and consists of information about the working age
populations of eight nations. The survey described by The State Bureau of Technical
Supervision, China [190] is another example of this type of report, and is the result of a
survey of around 20,000 individuals by the Chinese State Bureau of Technical Supervision.
Gite et al. [66] provides the means and standard deviations of the body dimensions
of agricultural worker populations in each state in India. Barroso et al. [16] presents
summary statistical information that is calculated based on a survey of 399 female and
492 male Portuguese workers.
Smaller-scale surveys tend to be more focused on certain segments of populations.
These include Mexican female assembly plant workers [108], Bahraini school children
between 6 and 12 years of age [124], and Algerian date farmers [123].
Step II: Fitting Anthropometric Models
The second step of the proposed method entails fitting models to the anthropometric
information obtained in the previous step. The models are required in Step III of the
method for the calculation of anthropometric values across a range of percentiles that is
not limited to just the ones provided in the sources collected in Step I of the method.
The simplest solution to the model-fitting problem is to assume that every body
measure adheres to a Gaussian distribution. In general, in the sources obtained in Step I,
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the means of the distributions are assumed to be equivalent to the 50th percentile, and
the standard deviations are subsequently calculated using the z-score formula for normal
distributions:
x = µ+z·σ

(5.5)

where x: value of the body measure at a certain percentile, z: the z-score of the normal
distribution at that percentile, µ: the mean of the anthropometric distribution, assumed
equivalent to the 50th percentile, and σ: the standard deviation of the distribution. Values
of µ and σ can then be used along with appropriate z-scores to estimate the required
percentile values of that body measure.
However, this solution can result in significant errors in the synthesized anthropometry. In reality, the underlying anthropometric data are unlikely to be perfectly Gaussian.
A procedure based on using z-scores is therefore unlikely to be accurate across the entire
range of percentiles of the anthropometry. Additionally, the assumption of the mean being
equal to the 50th percentile is itself invalid for non-Gaussian distributions.
In order to avoid the aforementioned limitations, a number of techniques can be
utilized to fit optimal models to the available anthropometric information. A technique
that is simple, efficient, and easy to implement is outlined and demonstrated here.
It involves splitting the underlying distribution of every body dimension into two
halves—above and below the 50th percentile—and independently fitting a different
Gaussian curve to each half. The application of this procedure is described in greater
detail in Section 5.2.2.
Step III: Sampling Anthropometric Models
Step II yields the distributions for the anthropometry of interest for the target population.
The procedure for synthesizing anthropometry for each individual consists of two basic
stages.
First, locate the set of percentile combinations (e.g., {X1 m , X2 m , X3 m , X4 m , . . . , Xn m })
of the n body measures for the individual m (calculated in Step I). Second, for each
percentile value (e.g., X1 m ), sample the corresponding distribution (e.g., the distribution
of anthropometry X1 ) to obtain the actual value of the body measure (Figure 5.3). These
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sampled values of body dimensions together constitute the anthropometry for the
individual. This procedure can be repeated for each individual in the population, and
results in the required synthesized anthropometric database for that population.
In Section 5.2.2, the proposed methodology is demonstrated and verified with two
populations of interest.

5.2.2

Verification

The proposed method is demonstrated in the following case study, which involved
first synthesizing anthropometric data for a known population, then comparing the
synthesized and actual anthropometry. The case study makes use of two comprehensive
databases, one as the reference population and the other as the target population for
which anthropometry must be synthesized. The descriptive statistics required for Step I of
the method were calculated based on the actual data available for the target population.
The descriptive statistics were utilized as inputs to the PCD method. The anthropometric
data thereby synthesized were compared with the actual data of the target population to
check the accuracy of the method.
The body measures selected for this study were 13 in number, and included 9 measures
of length and 4 measures of breadth or weight. The body dimensions were: acromial
height, bideltoid breadth, buttock-knee length, buttock-popliteal length, hand length,
seated hip breadth, seated knee height, seated popliteal height, sitting height, stature,
trochanteric height, weight, and BMI.
Preliminary Step: ANSUR Analysis
ANSUR provides 132 body dimensions for 2208 females and 1774 males. The female and
male populations were considered separately for this analysis, which consisted of the
process illustrated in Figure 5.3.
The percentile rank of each of the 13 chosen body measures (i.e., the percentile set)
was calculated for every individual in the female and male populations. These female
and male percentile sets were compiled to yield a gender-based percentile dataset for the
population.
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Step I: Collecting Information
The target population for this case study was civilian Japanese youth [138]. This
anthropometric database was compiled in the 1991-1992 period, and contains data
for 255 different body dimensions. The survey consists of two discrete age groups of
individuals: 18-29 years and greater than 60 years. The former category is composed
of 400 individuals in total, 200 female and 200 male; these individuals are referred to
as youth populations in this study. The latter category is comprised of 50 females and
50 males, and was not included in the database utilized in this demonstration.
The 400 Japanese youth were included in this case study, and the anthropometry
synthesis methodology was applied separately for the female and male groups. For the
remainder of this article, the term “Japanese population” is used to refer to either of these
groups; they are explicitly referred to as female or male when required.
The anthropometry and its variability was expected to be significantly different for
the ANSUR and Japanese populations, since the body proportions (e.g., sitting height
to stature) and sizes are known to be different across these populations [193]. The
effectiveness of the proposed methodology for both these populations would be indicative
of its robustness and versatility.
A useful metric for comparing the underlying variation within datasets is the Mahalanobis distance [112]. This metric can be used to statistically describe multidimensional
data, with the advantage over Euclidean distances being that Mahalanobis distances
take into account differing variances in each dimension while also considering possible
inter-dimensional correlations. Accordingly, Mahalanobis distances are applied to
supplement the observations from Tables 5.4-5.7.
Figure 5.5 is a Q-Q (i.e., quantile-quantile) plot of the Mahalanobis distances calculated
for the ANSUR and Japanese youth populations using their respective percentile
combinations datasets. The distances were calculated independently for each population
with respect to its own multidimensional centroid. Q-Q plots are comparisons of pairs
of probability distributions. They consist of points representing the values of the two
distributions across the different quantiles. Figure 5.5 consists of separate plots that
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Figure 5.5: Q-Q plots of the Mahalanobis distances calculated for the female and male ANSUR and Japanese youth
populations using their respective percentile combinations datasets. The distances for each population are calculated
about its own Mahalanobis centroid.

compare the distances for the female and male populations. If the two distributions being
compared are similar, the points in their Q-Q plot will lie approximately on a 45 degree
line. The points in the plots for the female and male populations appear to correspond
closely to the line.
A relatively lower degree of convergence between the points and the 45 degree line
was observed at the highest quantiles. This divergence could imply that for the Japan and
ANSUR populations, anthropometric variation as quantified by the Mahalanobis distance
is divergent at the tails of the distributions. This degree of divergence was not expected to
impact the overall effectiveness of the PCD method in the context of the two populations.
The Wilcoxon test was used to quantitatively complement the Q-Q plots-based
visual observations of the underlying variances in the populations’ anthropometry;
the Mahalanobis distances utilized in the plots were compared through this statistical
procedure. The W-values for the female and male Japan-ANSUR comparisons were found
to be 211665 (p-value=0.7863) and 189361 (p-value=0.6938), respectively. These results
imply that the differences in the 13 chosen body dimensions for the two populations may
not be significant.
The Mahalanobis distance comparisons indicate that there may be underlying
statistical patterns that are valid across the ANSUR and Japanese youth populations.
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Figure 5.6: The procedure to fitting Gaussian anthropometric models (Step II of the proposed anthropometry synthesis
methodology) for a population based on known values of the body measures at certain key percentiles (Equation 5.7).

Within the context of the ANSUR and Japan populations, these patterns signify the
validity of the assumption of statistically equivalent PCDs across populations.
As discussed in Section 5.2.1, the input for the method consists of the values of the
required body measures at key percentiles. The key percentiles considered in this study
were the 1st , 5th , 50th , 95th , and 99th , which are the same as the standard set of percentiles
included in the ISO/TR 7250-2 report [11]. Accordingly, the values of the 13 selected body
measures were calculated at these 5 key percentiles for the Japanese populations. These
percentile values were the inputs for the anthropometric distribution generation phase
(Step II) of the methodology.
Step II: Fitting Anthropometric Models
The proposed procedure for fitting the required anthropometric models is illustrated
in Figure 5.6. While the underlying anthropometric distribution may be approximately
Gaussian in nature, it is likely to differ in the lower and upper halves. This is due to the
For this reason, the procedure involved generating separate Gaussian models based on
the lower and upper halves of percentile values, which are 650th percentile (i.e., 1st , 5th ,
50th ) and >50th percentile (i.e., 50th , 95th , 99th ).
For a given body measure, the procedure consisted of two main stages. Stage i was
commenced with the calculation of the initial mean (µ I ) of the body measure as being
equal to the 50th percentile value. This initial mean value was used along with the 5th and
95th percentile z-scores (z) to compute separate initial standard deviation values for the
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lower (σI,5th ) and upper (σI,95th ) halves of the body measure. The equation utilized for this
purpose was derived from Equation 5.5:
σI = (x − µ I )/z

(5.6)

where x: the value of the body measure at the 5th percentile for the lower half and 95th
percentile for the upper half and z: the z-score for Gaussian distributions at the 5th
percentile or 95th percentile (-1.645 or 1.645, respectively).
The values of µ I , σI were not directly utilized in the anthropometric models. Doing
so would entail the assumption that the model was perfectly Gaussian, with the mean
being equal to the 50th percentile and the standard deviation being invariant throughout
the distribution. As discussed in the Step II portion of Section 5.2.1, these are unlikely to
be valid assumptions.
Accordingly, µ I , σI,5th , and σI,95th were used as the starting points for the model-fitting
procedure. Constraints were specified for the variation of the mean and standard
deviation around their initial values. Within these limits, a number of [µ I , σI,5th , σI,95th ]
combinations were formed, and two Gaussian distributions were generated for each
combination (Figure 5.6), one for the lower half (µ I , σI,5th ) and one for the upper half (µ I ,
σI,95th ).
Stage ii involved assessing the fit of each distribution pair (i.e., the lower and upper
half distributions) from Stage i to the known percentile values of the body measure. The
objective of this process was to minimize the absolute sum of the errors (e) between the
fitted and actual distributions at the key percentiles (Equation 5.7):
e=

∑

|xk − x0k |

(5.7)

k =1st ,5th ,50th ,95th ,99th

where x and x’ were respectively the actual and synthesized values of the body measure
at percentile k. This process yielded different Gaussian models for the lower and upper
halves of the body measure.
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Step III: Sampling Anthropometric Models
The final step of the anthropometry synthesis method involved generating complete
anthropometric databases for the Japanese populations using the female and male
percentile datasets from the preliminary step and the models from Step II.
As described in the Preliminary Step portion of Section 5.2.1, every ANSUR individual
was represented by a percentile set. The Japanese equivalent of that individual was
synthesized by sampling the anthropometric models of the Japanese population for the
required percentiles. For example, the individual Xm in Figure 5.3 was synthesized for
the Japanese population by sampling the Gaussian models of the A, B, C, and D body
measures of the Japanese population for the X A m , XB m , XC m , and XD m percentile values,
respectively.
This procedure was repeated for every individual in the female and male Japanese
populations, resulting in a complete anthropometric database for either population.
The accuracy of these data, and therefore the effectiveness of the proposed method, are
examined in the following section.

5.2.3

Results

The anthropometry synthesis methodology proposed in Section 5.2.1 was demonstrated
in Section 5.2.2 as being a simple procedure to implement. The required inputs for the
methodology (Step I) consist of values of the target population’s body measures at a
set of key percentiles; this information is easily obtainable for numerous global user
populations. The stages of model fitting (Step II) and model sampling (Step III) are basic
in nature, and are therefore less likely to suffer from the problem of being well-suited
to specific pairs of reference and target populations and less-suited for other population
pairs. This makes them more likely to be suitable for application across a wide spectrum
of populations.
Tables 5.4-5.7 and Figure 5.5 are used to compare the ANSUR and Japanese
populations in order to test the assumption that they are significantly different in terms
of anthropometric variation and body proportions. Tables 5.4 and 5.5 contain the means,
standard deviations, and the values of the 13 body measures at the key percentiles
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used in the synthesis method. These percentile values were directly calculated from the
databases of actual and synthesized anthropometry, and not indirectly using the means,
standard deviations, and appropriate z-scores in Equation 5.5. With the exception of hand
length and sitting popliteal height, the two populations exhibit marked variation in their
anthropometry, both in terms of their means and standard deviations and also across the
range of considered percentiles.
The extent of variation of anthropometry are captured in Tables 5.4 and 5.5; however,
this does not help to compare the underlying body proportions (e.g., sitting height to
stature) of the populations, which represent a fundamental difference in the populations’
anthropometry. A preliminary exploration of this is presented in Tables 5.6 and 5.7,
which compare the body proportions of the female and male populations. The procedure
involved in calculating the means and standard deviations contained in the tables
consisted of two steps. First, the ratios of the different body dimensions to stature
were computed for every individual in the population; this yielded the proportionality
constants for each individual. Second, the dataset of proportionality constants for the
entire population was analyzed to obtain the mean and standard deviation of every body
measure. Once again, with the exception of hand length and sitting popliteal height,
the ANSUR and Japanese populations are observed to differ in terms of the means and
standard deviations of the anthropometric proportionality constants.
Tables 5.4 and 5.5 also compare the anthropometric data synthesized in Step II of the
methodology with the actual data from ANSUR [70] and AIST [138]; these comparisons
are made at the key percentiles used in the synthesis methodology. There is a high
level of agreement between the actual and synthesized values, even at the lower and
upper percentiles. The largest deviation (14 mm, or 0.55") occurs at the 95th percentile
for female acromial height; the error is otherwise 6 mm or less. This accuracy is
valuable for well-informed design decision-making, since it is the users at the tails of
anthropometric distributions who are at the highest risk of being disaccommodated by
the decisions. Greater accuracy in the anthropometric information about these portions of
the distributions can help make better-informed, more responsible decisions.
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Table 5.4: A comparison of ANSUR (ANS) and actual (Act) and synthesized (Syn) female Japanese anthropometry at
the key percentiles utilized in their synthesis. Weight is in kg, BMI is unit-less, and all other units are in mm.

Percentiles
1st

5th

50th

95th

99th

Mean

S.D.

Acromial ht

ANS
Act
Syn

1199
1174
1175

1244
1204
1202

1332
1274
1274

1430
1370
1356

1473
1391
1393

1334
1278
1277

58
48
47

Bideltoid brth

ANS
Act
Syn

381
369
369

397
377
379

431
405
405

471
443
438

492
451
450

433
407
406

23
20
18

Butt-knee lnth

ANS
Act
Syn

523
495
495

543
511
508

587
540
539

640
579
579

661
595
596

589
541
541

30
21
22

Butt-popliteal lnth

ANS
Act
Syn

422
395
395

440
406
407

481
439
438

528
473
475

544
490
490

482
439
440

27
21
21

Hand lnth

ANS
Act
Syn

159
156
156

165
163
161

180
174
173

197
188
186

205
191
191

181
174
173

10
7
8

Hip brth, sit

ANS
Act
Syn

327
316
316

343
330
327

383
355
355

432
391
388

453
402
402

385
358
356

27
19
18

Knee ht, sit

ANS
Act
Syn

455
434
434

474
447
445

515
474
474

561
510
509

577
524
523

515
475
475

26
19
19

Popliteal ht, sit

ANS
Act
Syn

337
354
354

352
362
363

389
385
385

429
421
416

445
430
430

389
388
387

24
17
16

Sitting ht

ANS
Act
Syn

774
819
818

795
825
831

851
864
864

911
918
912

934
932
932

852
867
868

35
27
25

Stature

ANS
Act
Syn

1486
1484
1483

1529
1512
1513

1628
1588
1588

1737
1690
1685

1782
1726
1725

1629
1591
1594

64
52
52

Trochanteric ht

ANS
Act
Syn

761
736
738

791
756
759

860
815
814

937
877
877

974
902
903

862
814
816

45
35
36

Weight

ANS
Act
Syn

46
42
42

51
45
45

63
51
51

79
63
64

86
69
69

620
53
53

84
6
6

BMI

ANS
Act
Syn

18
17
17

20
18
18

24
21
21

29
24
25

31
26
26

24
21
21

3
2
2
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Table 5.5: A comparison of ANSUR (ANS) and actual (Act) and synthesized (Syn) male Japanese anthropometry at
the key percentiles utilized in their synthesis. Weight is in kg, BMI is unit-less, and all other units are in mm.

Percentiles
1st

5th

50th

95th

99th

Mean

S.D.

Acromial ht

ANS
Act
Syn

1299
1245
1246

1342
1291
1285

1442
1382
1382

1545
1481
1472

1579
1510
1510

1443
1380
1380

62
57
57

Bideltoid brth

ANS
Act
Syn

434
414
414

450
423
426

491
455
455

534
496
499

551
517
517

492
456
458

26
22
22

Butt-knee lnth

ANS
Act
Syn

552
515
516

568
532
532

615
574
573

668
617
611

685
627
625

616
574
572

30
25
24

Butt-popliteal lnth

ANS
Act
Syn

442
414
414

458
429
428

500
466
465

546
505
501

563
516
515

500
465
465

27
22
22

Hand lnth

ANS
Act
Syn

172
173
172

179
177
178

193
191
190

210
205
206

219
214
214

194
191
191

10
9
9

Hip brth, sit

ANS
Act
Syn

312
306
308

329
317
318

365
345
345

412
377
378

429
392
391

367
346
346

25
19
18

Knee ht, sit

ANS
Act
Syn

497
468
468

514
482
482

557
518
517

605
562
561

624
580
579

559
520
519

28
23
24

Popliteal ht, sit

ANS
Act
Syn

379
372
372

395
387
385

433
419
419

476
453
451

494
465
464

434
419
418

25
20
20

Sitting ht

ANS
Act
Syn

828
847
849

855
871
870

914
927
926

972
983
984

991
1008
1008

914
926
927

36
34
35

Stature

ANS
Act
Syn

1609
1570
1571

1649
1612
1613

1756
1716
1715

1868
1818
1815

1909
1855
1856

1756
1714
1714

67
63
61

Trochanteric ht

ANS
Act
Syn

825
791
791

854
802
816

926
877
876

1008
941
940

1039
967
966

928
876
877

48
41
38

Weight

ANS
Act
Syn

56
48
48

63
50
52

79
63
63

101
76
80

109
87
87

80
63
65

11
8
8

BMI

ANS
Act
Syn

20
17
17

21
18
18

26
21
21

31
25
26

34
28
28

26
22
22

3
2
3
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The similarities in the values of actual and synthesized data across a range of
percentiles may be insufficient evidence for the accuracy of the proposed methodology.
This mode of comparison can verify the accuracy of the data synthesized for each body
dimension, but not the effectiveness of the sampling procedure (Step III) to yield realistic
and accurate combinations of anthropometry for a target population characterized
by different body proportions. The proportionality constants-based comparisons in

Table 5.6: A comparison of the mean and standard deviations of the anthropometric proportionality constants
calculated for female ANSUR and the actual and synthesized female Japanese populations. Also included are the
mean proportionality constants calculated from the Measure of Man values [193].

ANSUR
Mean (Std. dev.)
Acromial ht
Bideltoid brth
Butt-knee lnth
Butt-popliteal lnth
Hand lnth
Hip brth, sit
Knee ht, sit
Popliteal ht, sit
Sitting ht
Trochanteric ht

0.818 (0.009)
0.266 (0.014)
0.361 (0.012)
0.296 (0.011)
0.111 (0.005)
0.236 (0.016)
0.316 (0.008)
0.239 (0.009)
0.523 (0.015)
0.529 (0.015)

Japan
Mean (Std. dev.)
Actual
Synthesized
0.803 (0.009)
0.256 (0.012)
0.340 (0.008)
0.276 (0.008)
0.109 (0.003)
0.225 (0.012)
0.299 (0.006)
0.244 (0.006)
0.545 (0.011)
0.512 (0.010)

0.801 (0.008)
0.255 (0.011)
0.340 (0.009)
0.276 (0.009)
0.109 (0.004)
0.224 (0.011)
0.298 (0.006)
0.243 (0.006)
0.545 (0.012)
0.512 (0.012)

Measure of Man
Mean
0.826
0.245
0.354
0.288
0.109
0.302
0.286
0.533
0.549

Table 5.7: A comparison of the mean and standard deviations of the anthropometric proportionality constants
calculated for male ANSUR and the actual and synthesized male Japanese populations. Also included are the mean
proportionality constants calculated from the Measure of Man values [193].

ANSUR
Mean (Std. Dev.)
Acromial ht
Bideltoid brth
Butt-knee lnth
Butt-popliteal lnth
Hand lnth
Hip brth, sit
Knee ht, sit
Popliteal ht, sit
Sitting ht
Trochanteric ht

0.821 (0.010)
0.280 (0.014)
0.351 (0.010)
0.285 (0.010)
0.110 (0.004)
0.209 (0.013)
0.318 (0.008)
0.247 (0.008)
0.521 (0.014)
0.529 (0.014)

Japan
Mean (Std. dev.)
Actual
Synthesized
0.805 (0.009)
0.266 (0.012)
0.335 (0.008)
0.272 (0.008)
0.111 (0.004)
0.202 (0.010)
0.303 (0.007)
0.244 (0.007)
0.540 (0.011)
0.511 (0.011)
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0.805 (0.009)
0.267 (0.013)
0.334 (0.008)
0.271 (0.008)
0.111 (0.004)
0.202 (0.010)
0.303 (0.007)
0.244 (0.006)
0.541 (0.014)
0.512 (0.011)

Measure of Man
Mean
0.790
0.260
0.341
0.273
0.110
0.318
0.275
0.526
0.538

Tables 5.6 and 5.7 are therefore used to supplement the comparisons made through
Tables 5.4 and 5.5. The proposed methodology is verified to be capable of replicating
a population’s unique characteristics as represented by the body proportions. For
each population examined, a comparison of the “actual” and “synthesized” summary
statistics shows that there is an agreement in the means and standard deviations of the
proportionality constants.
These observations indicate that the proposed methodology is able to synthesize
detailed and accurate anthropometric data using information about a target population
at only 5 key percentiles (in this case, 1st , 5th , 50th , 95th , and 99th ). The implications of
these observations and results on effective design decision-making are discussed in the
following section.

5.2.4

Discussion

The desired characteristics of the proposed anthropometry synthesis methodology were
simplicity, ease of application, applicability using readily available anthropometric
information (e.g., values of body measures at different percentiles), and accuracy across
varied populations. These attributes of the methodology were explored in the context of
two sets of female and male populations with significant differences in anthropometric
distributions: Japanese youth and U.S. military.
The characteristics of the methodology can be discussed in comparison with other
possible anthropometry synthesis techniques. As mentioned in Section 5.1, these include
proportionality constants and regression-based approaches. The former, while inherently
simple and easy to apply, is limited in accuracy by a number of invalid assumptions about
body proportions and their variation within and across populations. The latter, while
proven to be simple, easy to apply, and accurate, requires the availability of data about the
predictor body dimensions (e.g., stature and BMI) for the target population. The method
proposed in this paper is concurrently simple, accurate, and easy to apply. Additionally,
owing to its requiring information (i.e., values of body measures at different percentiles)
that is readily available for numerous user populations, the method can be implemented
for a wide range of populations considered in design efforts.
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An important advantage of the proposed method is its effectiveness across reference
and target populations (in this case, ANSUR and Japanese youth) with varied underlying
body proportions. This capability is crucial in maintaining accuracy in synthesis across
demographic differences such as distributions of race, ethnicity, nationality, etc., all
of which have been shown to influence the anthropometric characteristics (e.g., body
proportions) of populations.
In its current form, there are certain limitations of the method. The most significant
of these is the lack of validation of the universality of percentile combinations datasets
that are derived based on comprehensive and representative databases of anthropometry.
However, despite the datasets not being conclusively validated for all possible global
populations, this study verified their applicability and effectiveness in the context of
ANSUR and Japanese youth, which were shown to be different in terms of sizes and
body proportions. The Mahalanobis distance comparisons in Section 5.2.3 revealed a
possible explanation for this success: similarities in underlying statistical patterns across
the anthropometry of the two populations. Future work will look to test this assumption
across more populations and in more rigorous ways.
A second limitation is the required size and variability of the target population.
The assumption of the universal validity of the ANSUR-derived percentile combination
datasets is dependent on the target population being large and varied enough to be
approximately represented by the variability captured in the dataset. Certain populations
(e.g., beauty pageant contestants) may consist of relatively small numbers of users.
Certain other populations (e.g., race horse jockeys) may be characterized by high degrees
of anthropometric homogeneity. The anthropometric variability in the universal percentile
datasets is unlikely to be applicable for such user groups.
A third potential limitation is the model-fitting procedure described in the Step II
portion of Section 5.2.2 and illustrated in Figure 5.6. The method involved first assuming
that the underlying body measure data was approximately Gaussian in nature, and then
fitting two separate Gaussian models to the upper and lower halves of the body measure
data based on the available anthropometric values at different percentiles. While this
yielded satisfactorily accurate anthropometry estimates in this study, the assumption of
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normality of the underlying data is known to be invalid for certain body dimensions [198].
For instance, measures of breadth, circumference, and weight tend to be more lognormal
in nature [22].
There is therefore scope for the application of improved optimization routines in
achieving better fits of the resulting models to the underlying data. However, the
model-fitting procedure suggested in this paper has been shown to be satisfactorily
accurate in the context of the case study populations. Furthermore, increased levels of
complexity could result in the applicability of the procedure being restricted to a smaller,
less varied range of populations. In its current form, its inherent simplicity could allow
for easy application in numerous and diverse contexts. The development of techniques
that are similarly simple and yet more accurate can also be the focus of future research.
A final topic that could be explored more thoroughly is the number of individuals
(m) and number of body dimensions (n) that are required for a PCD to capture the
anthropometric variability within the underlying population. This is proposed as an open
question for future research in Section 9.2.

5.3

Virtual Fitting

Comprehensive anthropometric data enable detailed, multivariate accommodation
analyses to identify effective and efficient designs. Virtual fitting is an approach to these
analyses, and is briefly introduced in this section.
Virtual fitting is the process of simulating user-product interactions [33]. This process
is based on the principle of formulating design constraints for the different design
specifications based on the corresponding relevant anthropometry or postures [67]. These
constraints are then used to assess the impact of a range of design specifications on the
accommodation level afforded by the design. Efficient virtual fitting techniques can enable
the designer to identify design specifications that will achieve the desired accommodation
level of the target population while concurrently minimizing resource expenditure [63].
Manikin-based methods are widely used in some industries to predict target
population accommodation [186]. Manikins are virtual or physical representations of
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users, and are used to simulate the interaction of users with the product. Techniques
that make use of digital human modeling software such as Jack [174], RAMSIS [82],
SAFEWORK [44], and Santos [208] or families of manikins [18] are popular in industrial
communities such as automotive, aircraft, military, etc.
The main drawback associated with the use of these manikin-based techniques lies in
the omission of user preference from the list of design considerations. This is because the
posturing of the manikins is usually a function of: a) predictions based on biomechanics
or kinematics that are not informed by actual user behavior or b) the designer’s experience
in positioning manikins. This limitation may be overcome through the improved practices
of population modeling, quantitative virtual fitting, and posture prediction [30; 98; 64],
which simulate user behavior to predict their preferred posture when interacting with
the product. These methods involve the formulation of models of user behavior based
on experimental studies aimed at observing the interaction of users with prototypes of
products (e.g., Kolich and Taboun [101]; Reed [158]; O’Sullivan and Gallwey [148]). These
techniques have the added advantage of being repeatable, which makes for consistent
results from accommodation analyses.
The virtual fitting procedure applied in this study consists of a simple anthropometrybased fit assessment. The different product specifications act as constraints to user fit.
Accordingly, the accommodation levels achieved for each population are calculated
through a comparison of the synthesized anthropometry and the product specifications.

5.4

Conclusion

Detailed data for the populations of interest are crucial for well-informed decision-making
in anthropometry-based global product design. For numerous reasons, such data are
publicly available only for a few populations. However, there exist a number of easily
available reports and articles containing descriptive statistics for body dimensions
in a variety of populations. The percentile combinations datasets (PCD) method is
able to draw upon such statistics and synthesize detailed and accurate databases of
anthropometry for the populations of interest. The regression-based approach (RBA) is
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also a suitable option when stature and BMI data are available for the target population;
in such cases, regression models based on a reference population can be extrapolated
to the target population to generate statistical equivalent estimates of the required body
measure data.
The PCD and RBA techniques are valuable in the initial stages of anthropometry-based
design. The databases yielded by these methods can be the inputs to the anthropometry
range metric (Section 4.2), using which the variability across the populations of
interest may be assessed. The results of these assessments can then be used to select
and implement an appropriate design strategy (Section 3.2), which will evaluate the
effectiveness of different design decisions through virtual fit analyses (Section 5.3). This
is the basic methodology that is proposed for anthropometry-based design for multiple
global populations (Chapter VI).
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CHAPTER VI

THE ANTHROPOMETRY-BASED GLOBAL DESIGN METHOD

Chapters III, IV, and V respectively described this dissertation’s contributions in global
product design strategizing, anthropometric variability assessment, and anthropometry
synthesis. These contributions are assimilated into the three-phase anthropometry-based
global design (AGD) method that is presented in this chapter (Figure 6.1). The following
sections briefly review Phases A and B before introducing the anthropometry-focused
adaptation of the global design strategies for Phase C of the AGD method. Interspersed
with this content are demonstrative examples of the application of the procedure in
the context of a few components of three different products: foot pedals in industrial
workstations (Strategy I: non-platformed design), the operator interface in boom lifts
(Strategy II: static platform design), and freight truck cabs (Strategy III: flexible platform
design).
The populations considered in these demonstrative examples are workers from six
nations: Brazil, India, China, Kenya, the Netherlands, and the United States. Brazil, India,
and China are premiere examples of quickly-developing nations that are fast growing
as popular destinations of products, services, and manufacturing centers. Kenya is an
example of a nation that is less-developed, but is an important East African destination
for goods and international trade. The Netherlands and the United States are both highly
industrialized countries. The six chosen countries encompass the spectrum of developing
and industrialized world nations and their locations across the planet. Additionally,
the countries are also representative of the range of anthropometric variability in global
product design (Section 4.2); for instance, the Dutch and East Asian populations are
known for high and low mean statures, respectively.
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A Obtaining anthropometric data
(Chapter V)
Existing databases
or
Synthesized data
Stature, BMI data
for target population

Descriptive statistics
for target population

RBA method

PCD method

B Assessing anthropometric variability
(Chapter IV)
ARM procedure
Body measure data
for global populations

Low, medium, high
measures of variability

C Implementing a design strategy
(Chapter III)
Global design strategies
User, Business, Regulations
Strategy I: Non-platformed design or
Strategy II: Static platform design or
Strategy III: Flexible platform design

ARM-based guidelines
(Section 6.2)

Design selection

Virtual fit analyses
(Section 5.3)

DfHV method selection
(sizing, adjustability-allocation, etc.)

Figure 6.1: The three phases of the anthropometry-based global design method.

6.1

Phase A: Obtaining Anthropometric Data

The first phase of the AGD method comes into play following the decision to offer a
certain product line for a specific set of populations of interest. The designer must begin
the global product design method by identifying the body dimensions that are relevant to
the user-product interaction. Next, the designer must search for detailed data about these
body dimensions for all the populations of interest. If these data are not available for the
populations, then they must be synthesized using the PCD or RBA techniques (Section V).
As shown in Figure 6.1, the selection of the synthesis technique depends on the kind
of information that is available about the population; detailed stature and BMI data are
conducive to the application of the RBA technique, while descriptive statistics (mean,
standard deviation, by-percentile values) of the anthropometry are the information
required for the utilization of the PCD technique. At the conclusion of this phase of the
AGD method, the designer will have detailed data for all the relevant anthropometry for
the populations of interest.
The products being considered in the demonstrative examples for the AGD method
are: foot pedals for a generic industrial work station (Figure 6.2), the operator control
interface in a boom lift (Figure 6.3), and a freight truck cab (Figure 6.4). The goal of each
example was to accommodate at least 90% of the target population based on fit-based
analyses; 90% accommodation is a common goal when designing for human variability.
The anthropometry taken into account in the demonstrative examples are:
1. Foot pedal: Foot breadth, foot length
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foot breadth

foot breadth

foot
length

foot
length

Figure 6.2: Industrial workstation foot pedal. Also shown are the body measures that are relevant to the design of the
pedal.

2. Boom lift controls: Elbow height, elbow-wrist length
3. Truck cab: Stature, BMI, sitting height
The size of the pedal must fit the user’s feet; foot breadth and foot length allow for
simple assessment of the required size. In the case of the boom lift controls, their vertical
location is easily measured in relation to the user’s elbow height. Additionally, the design
of the control panel should account for the reach of the user, which is quantified in terms
of elbow-wrist length. Finally, the design of the truck cab entails the calculation of the
user’s H-point (explained in Section 6.3) using a predictive model that is based on stature,
BMI, and sitting height. The cab specification in focus is the total horizontal length
from the AHP (shown in Figure 6.4), which, in this case, is calculated as the sum of the
minimum horizontal seat position and the horizontal seat adjustability.
Table 6.1 lists the availabilities of body dimensional information for the different
populations of interest. Note that elbow height was not directly available in the
sources mentioned in this section. It was therefore calculated for each individual in
the synthesized populations as the difference between shoulder (acromion) height and
shoulder-elbow length.
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Boom Lift
Control Interface

ElbowWrist
Length

Elbow
Height

Source: http://www.goldcoasthilift.com/

Figure 6.3: A picture of a boom lift along with the body dimensions accounted for in the demonstrative example.

Table 6.1: The availabilities of the 8 required body measures for the 6 national user populations. The size of each
population is also shown.

Populations
Brazil
206

India
1,205

China
1,343

Kenya
43

Dutch
17

U.S.
314

√
√
√
√
√
√

√
√
√
√
√
√

√
√
√
√
√
√

√
√
√
√
√
√

√

√

√
√
√
√

√

Breadth-/Circumference-related
√
Foot Breadth
√
Weight

√
√

√

√
√

√
√

√
√

Size (x 106 )
Anthropometry
Length-related
Acromial Height
Elbow-Wrist Length
Foot Length
Shoulder-Elbow Length
Sitting Height
Stature
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√
√

z
eye
x

H-point

minimum position
adjustability

AHP

Figure 6.4: Cab geometry of a freight truck [131], showing the h-point and the x-directional minimum seat position and
seat adjustability. The position and adjustability were the design attributes examined in the case study.

For Kenya, the Netherlands, and the U.S., the values of the relevant body measures
at different percentiles were obtained from ISO/TR 7250-2:2010 [11]. The State Bureau
of Technical Supervision, China [190] and Instituto Nacional de Tecnologia, Brazil [84]
were the sources of information for the Chinese and Brazilian populations, respectively.
The percentile combinations datasets (PCD) method (Section 5.2) was implemented for
synthesizing detailed anthropometric databases for these populations.
Similar sources of body dimensional information could not be obtained for the
Indian population. However, stature and BMI data were available from U.S. Agency for
International Development [196], an international survey aimed at compiling thorough
health-related databases for a number of developing world populations. Accordingly,
the procedure implemented was a hybrid of the PCD method and the regression-based
approach (RBA), which also drew from Chakrabarti [32], a comprehensive (290 body
dimensions) but relatively small convenience sample of 961 Indian subjects. First, the
PCD method was utilized to synthesize detailed anthropometric data for the Chakrabarti
[32] survey population. Next, regression models in the form of Equation 5.3 (Section 5.1)
were formulated to predict the aforementioned relevant body dimensions as functions of
stature and BMI; these models were based on the anthropometric data synthesized in the
80

previous step. Finally, the U.S. Agency for International Development [196] stature and
BMI data were used in the regression models to generate the required database for the
Indian population.
This multi-step PCD/RBA process was designed due to the expected differences in
anthropometric variability for ANSUR (i.e., U.S. military in the late 1980s) and survey
subjects in Chakrabarti [32], who were randomly selected Indian participants. These
differences could result in ANSUR-based RBA models being inaccurate predictors of
Indian anthropometry, even when using the U.S. Agency for International Development
[196] stature and BMI data. Due to its closer resemblance to the Indian population, the
Chakrabarti [32] sample group was expected to yield more accurate RBA models.

6.2

Phase B: Assessing Anthropometric Variability

Having obtained detailed data about the relevant anthropometry, the 3-step anthropometry range metric (ARM) procedure introduced in Section 4.2 can be applied to assess
the variability across the populations of interest. The procedure generates ARM values
between the 1st and 99th percentiles for each body measure. These values may be plotted
in the form of Figures 4.2 and 4.3 to allow for quick visual assessment.
Plots like these could be made for different combinations of populations from among
those of interest to the designer. This would enable the categorization of the populations
into different groups, each of which is characterized by low ARM values, indicating that
the populations within that group are anthropometricly similar. These results of the
ARM analysis are the basis of some simple guidelines for the selection of appropriate
DfHV methods. Well-chosen methods can help in the efficient implementation of the
anthropometry-based design aspects of the global product design strategy, which is
chosen upon consideration of all the user-, business-, and regulation- related factors
involved (Section 3.2). The proposed guidelines are listed in Table 6.2, and are aimed at
selecting the most appropriate method to satisfy the performance objectives related to
each relevant body dimension.
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The following subsections demonstrate the implementation of the ARM procedure
and aforementioned guidelines. In the interest of simplicity and brevity, only the male
users in the target populations were included in the analyses.
Demonstrative Example: Industrial Workstation Foot Pedal
The target populations of the industrial workstation (Figure 6.2) were: Brazil, India,
Kenya, the Netherlands, and the United States. China was excluded from this example
due to the absence of foot breadth information in the The State Bureau of Technical
Supervision, China [190] report (Table 6.1).
Figure 6.5 contains the ARM plots used in this analysis. First, ARM values were
calculated and plotted between the 1st and 99th percentiles for foot breadth and foot
length in all five populations of interest; the values were found to be in the low to
moderate range, implying moderate differences in the nature of the anthropometric
variability across the populations. Different combinations of populations were then used
in the analysis. The ARM values were found to be lowest for the Brazil+Kenya and
Netherlands+U.S. combinations, signifying that these population pairs are characterized

Table 6.2: The proposed guidelines for the selection of an appropriate DfHV method for the satisfaction of the
performance objectives related to each relevant body dimension. These guidelines, when used in conjunction with the
ARM assessments, can help implement the anthropometry-based aspects of the global product design strategy, which
is chosen after considering all the user-, business-, and regulation- related factors involved (Section 3.2).

Chosen Strategy

ARM Region

Anthropometry-based DfHV Guidelines

Strategy I
(Non-platformed
Design)

Low
Medium
High

Sizing
Adjustability allocation
Sizing + Adjustability allocation. Recommendation: Repeat
ARM analysis with smaller population groups

Strategy II
(Static
Platform
Design)

Low
Medium

Sizing; Platform components related to this body measure
Adjustability allocation. Consider modules for components related to
this body measure; different module for each population group
Sizing + Adjustability allocation. Related components may be unique
to each variant. Recommendation: Repeat ARM analysis

Strategy III
(Flexible
Platform
Design)

Low

High

Medium
High

Adjustability allocation; Platform components related to this
body measure
Adjustability allocation. Consider modules for components related to
this body measure; different module for each population group
Sizing + Adjustability allocation. Related components may be unique
to each variant. Recommendation: Repeat ARM analysis
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Foot Breadth

Foot Length
Five populations

Brazil+Kenya

Netherlands+U.S.

Medium

10

ARM
values
(%)

Low

0
1

Percentile

99

1

Percentile

99

Figure 6.5: Comparing foot breadth and foot length variation across five populations of interest: Brazil, India, Kenya,
the Netherlands, and the United States. The lower ARM values for the Brazil+Kenya and Netherlands+U.S. population
pairs indicate greater similarity of the body measures for those population pairs.

by similar anthropometric variability; Indian anthropometry was found to diverge from
both these pairs.
These observations indicate the existence of 3 population groups of anthropometric
similarity: Brazil+Kenya, Netherlands+U.S., and India. Assuming that the designer has
chosen Strategy I (non-platformed design) based on the relevant user-, business-, and
regulation- related factors, the guidelines in Table 6.2 recommend the application of
product sizing in achieving 90% accommodation of each population group, since 90% is a
common accommodation target in DfHV efforts.
Demonstrative Example: Boom Lift Control Interface
The developing world nations of Brazil, India, China, and Kenya were the destinations of
the boom lift (Figure 6.3) being designed. Figure 6.6 illustrates the ARM-based analysis of
these populations. The low elbow height ARM values calculated for all four populations
indicated that on this measure, the populations exhibit similar variability. In contrast,
the ARM values of elbow-wrist length for all four populations were high, implying
significant differences in the variability of this body measure across the populations.
The ARM values for the measure were dramatically reduced for the Brazil+India+China
combination. There are therefore two population groups of anthropometric similarity:
Kenya and Brazil+India+China.
Supposing the designer has selected Strategy II (static platform design) for this product
line, the similarities in elbow height variability could be taken advantage of by making
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Elbow Height

40

Elbow-Wrist Length
Brazil+India+China+Kenya

Brazil+India+China

30

ARM
values 20
(%)

High

Medium

10

Low

0
1

Percentile

99

1

Percentile

99

Figure 6.6: Comparing elbow height and elbow-wrist length variation across four populations of interest: Brazil, India,
China, and Kenya. Based on the low ARM values, all four populations exhibit similar elbow height variability; in
contrast, elbow-wrist length appears very different. The latter body measure is found to be significantly more similar for
the Brazil+India+China combination of populations.

related components of the product part of the static platform across all four populations
of interest. This may be done through appropriate sizing techniques (Table 6.2). The
low/moderate variability of elbow-wrist length for the Brazil+India+China combination
could be addressed through appropriately allocated adjustability in one or more modules
for these three populations; the Kenyan population could have a separate module
designed to satisfy its own elbow-wrist variability.
Demonstrative Example: Truck Cab
The scenario considered in the design of the truck cab (Figure 6.4) was if a North
America- or Europe- based company were aiming for a phased release of the product,
with the initial phase involving introduction into the European (in this case, Dutch) and
U.S. markets, and follow-up phases entailing expansion into Brazil, India, and China.
Figure 6.7 tracks the main points of this analysis.
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Sitting Height

BMI

Stature

40
Five populations

Brazil+India+China

Netherlands+U.S.

30
High

ARM
values 20
(%)

Medium

10
Low

0
1

Percentile

99

1

Percentile

99

1

Percentile

99

Figure 6.7: Comparing sitting height, stature, and BMI across five populations of interest: Brazil, India, China, Kenya,
the Netherlands, and the United States. The Netherlands+U.S. combination displays low ARM values (i.e., greater
similarity) for all three body measures. While not as similar, the Brazil+India+China combination appears less divergent
than the original 5 population combination.

When the five populations were simultaneously assessed, sitting height was in the
moderate region, stature in the low/moderate region, and BMI in the high region of
their respective ARM plots. However, when the populations were grouped according
to the phase release plan, the Netherlands+U.S. combination was found to be result in
low ARM values, while the Brazil+India+China combination yielded moderate/low
values for sitting height, low values for stature, and moderate values for BMI. There
were once again two anthropometricly similar population groups: Netherlands+U.S. and
Brazil+India+China.
In itself, the former population group would be suitable for the non-platformed
strategy. However, since the company must be mindful of future entry into the latter
combination of markets, flexible platform design (Strategy III) is more likely to be chosen.
With this in mind, Table 6.2 recommends the application of adjustability allocation in
designing the flexible platform and any required module.
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6.3

Phase C: Implementing a Design Strategy

ARM analysis of the synthesized anthropometric databases helps to identify population
groups of anthropometric similarity. Additionally, with prior knowledge about the
chosen global product design strategy, the ARM observations can guide the selection of
appropriate DfHV techniques (Table 6.2). This is useful in satisfying the anthropometrybased aspects of the design strategies. These aspects are discussed in this section, which
also illustrates the final phase of the AGD method by concluding the three demonstrative
examples.

6.3.1

Strategy I: Non-platformed design

A number of methods have been developed for anthropometry-based decision-making
to improve the “fit” of products to the user population. Many of these methods are
applicable for non-platformed design. For example, cluster analysis of three-dimensional
body scan data has been shown to help classify consumers into fewer, distinct body
size groups for apparel sizing purposes [110]. Quantitative virtual fitting has been
applied to optimize the design of tool handle shapes based on various measures of hand
sizes [103; 63]. The enhanced accommodation predictions made possible by accurately
synthesized target population anthropometry has been shown to improve design and
assembly strategies for manufacturing operations [130]. These methods help to efficiently
satisfy physical usage requirements in user-product interactions.
Optimal allocation of adjustability can be used in conjunction with sizing methods to
help accommodate the variability in anthropometry and usage preferences for the desired
percentage of the target users [17; 154]. Studies have applied adjustability-allocation
techniques in a variety of design scenarios, including school furniture for Latin American
children between the ages of 5 and 18 years [60], exercise bicycles of unevenly divided
sizing ranges, with each size accommodating an equal percentage of users [61], and
industrial workstations [78; 43]. The implications of these studies include standardization
of components and maintenance procedures, leading to more efficient usage of resources
and reductions in manufacturing costs.
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Reconfigurability/transformation in design was the subject of a few research efforts
mentioned in Section 3.2. In addition to proposing an addition mode of transformation,
Haldaman and Parkinson [73] examined the inclusion of reconfigurability in designs
accounting for human variability. This capability could allow for the satisfaction of
multiple sets of user requirements through the same design.
Demonstrative Example: Industrial Workstation Foot Pedal
The ARM analysis in Section 6.2 resulted in product sizing being recommended for the
non-platformed design approach (Strategy I) chosen for the design of the foot pedal.
Additionally, the five target populations were classified into three groups—NetherlandsU.S., Brazil-Kenya, and India—each of which displayed similar anthropometric variability.
Following this, virtual fitting was utilized in performing bivariate accommodation analysis
to calculate the percentage accommodation achieved by different foot pedal specifications
for the three groups of target populations. For each individual in the populations, foot
length was compared to pedal length and foot breadth to pedal breadth; the user was
considered accommodated if their feet were smaller than the pedal.
Figure 6.8 shows the variation of percentage accommodation with different pedal sizes
for the three population groups.The following specifications were recommended for the
foot pedal design:
1. India: Length=270mm, Breadth=105mm
2. Brazil-Kenya: Length=285mm, Breadth=110mm
3. Netherlands-U.S.: Length=300mm, Breadth=115mm

6.3.2

Strategy II: Static platform design

As described in Section 3.2.2, static platforms involve components that are retained
unchanged across user populations and usage scenarios. The platforms are complemented
by modules that may be customized to specific populations or groups of populations,
and can thus cater to variations in usage requirements. Extending this thinking to
anthropometry-based design, body dimensions that are found to be similar in variability
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Figure 6.8: Contour plots of percentage accommodation for different pedal lengths and breadths for the three
population groups identified in Section 6.2.

across the populations of interest can be considered the sources of static platforms;
components that are related to such dimensions can be platformed and utilized
unchanged for all the populations. The variations in the remaining body measures can be
accommodated through appropriately designed modules.
Manjrekar [114] presents an exploration of anthropometry-based product platforming
using principal components analysis to identify the body dimensions that are most
conducive to platforms. The ARM procedure provides the AGD method with a similar
capability, and helps sort the relevant anthropometry into those that are platform-able
and those that must be accommodated through modules.
Demonstrative Example: Boom Lift Control Panel
The static platform approach (Strategy II) was assumed to have been chosen for the design
of the boom lift control panel. The ARM-based analysis of Section 6.2 led to the four
target populations being divided into two groups based on anthropometric similarities:
Brazil-India-China and Kenya. Elbow height was found to vary in a similar fashion for
all four populations, and was therefore identified as being a possible basis for the static
platform (Table 6.2). In contrast, separate modules would have to be designed for the two
population groups to satisfy elbow-wrist length-related usage requirements.
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Figure 6.9: Contour plots of percentage accommodation for different control panel heights and depths for the two
population groups identified in Section 6.2.

Figure 6.9 shows contour plots of percentage accommodation as a function of elbow
height and elbow-wrist length for the two population groups identified in Section 6.2. The
ARM-based analysis led to the height-related components being chosen as the platform,
with the depth-related components constituting modules. The following are the identified
specifications:
1. Kenya: Height=1140mm, Depth=155-185mm
2. Brazil-India-China: Height=1140mm, Depth=125-145mm

6.3.3

Strategy III: Flexible platform design

Flexible platforms were defined in Section 3.2.3 as being adaptable to changing usage
conditions. This capability allows the platform and the resulting product line to be
more easily and efficiently modified to accommodate varying customer preferences,
newly-developed technology, etc. In the anthropometry-based design context, flexible
platforms are well-suited for contingencies that include secular changes in anthropometry
(Section 8.4) and potential expansions of the product offering into new markets that are
characterized by differing anthropometric variability.
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Demonstrative Example: Truck Cab
The flexible platforming strategy was deemed most appropriate for the design of the truck
cab, since the product would undergo a phased release, first into the Netherlands+U.S.
markets and then into the Brazil+India+China markets.
As discussed in Section 3.2, scalable platforms (e.g., Boeing 747 variants) are examples
of flexible platforms. These can be utilized in the current scenario in order to create scalable
variants of the truck cab for the two population groups of interest. The accommodation
analysis required to examine the effectiveness of different design specifications would
involve the H-point, which is a seat-specific measure that approximates the driver’s
hips when seated. Reed [158] provides regression with residual variance models which
estimate preferred x- and z- directional H-point locations based on drivers’ anthropometry
(stature, BMI, and sitting height) and effective location of the steering wheel. Having
generated estimates of H-points for each user in the target population, the designer can
evaluate accommodation levels resulting from different design decisions by checking if
the H-points lie within the ranges of x- and z- directional adjustability provided by the
seat (the rectangular area in Figure 6.4). Drivers whose H-points fall outside these ranges
are considered disaccommodated by the design.
In this case, only x-directional positioning and adjustability were considered, as
recommended by the guidelines in Table 6.2. Figure 6.10 plots the variation of percentage
accommodation for different values of minimum horizontal seat position and horizontal
seat adjustability. Based on this accommodation analysis, the following were identified as
the suitable specifications for the two population groups:
1. Netherlands-U.S.: Minimum horizontal seat position=460mm, Horizontal
adjustability=260mm
2. Brazil-India-China: Minimum horizontal seat position=420mm, Horizontal
adjustability=240mm
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Figure 6.10: Contour plots of percentage accommodation for different combinations of minimum horizontal seat
position and horizontal adjustability.

6.4

Conclusion

This chapter presented the anthropometry-based global design methodology in its
entirety. The method’s three phases of obtaining anthropometry, assessing its variability,
and implementing a design strategy represent the unification of three lines of work
conducted in this dissertation research. The phases together are effectively a cradleto-the-grave approach to anthropometry-based design. The process commences with
the decision to offer a new product line to a certain set of global populations. It
ends with the implementation of appropriate DfHV techniques in considering the
anthropometry-related aspects of the chosen design strategy; this helps to achieve the
desired accommodation level in all the target populations.
The AGD method was demonstrated in the context of three products: foot pedals
for an industrial workstation, a boom lift control panel interface, and a truck cab. The
target populations for these products were Brazil, India, China, Kenya, the Netherlands,
and the United States. Together, these populations, which span the under-developed,
fast developing, and highly industrialized world, were representative of a wide range
of demographic, socioeconomic, and anthropometric variability across the globe. The
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applicability of the AGD procedure to these populations showed the relevance of the
method to anthropometry-based design in a globalized world.
The following two chapters completes the exploration of global product design by
applying the anthropometry-based global design methodology to two case studies. The
first of these case studies involves the design of wheelchairs for 7 international user
populations, a process that requires the consideration of factors including the location
of the manufacturing/assembly centers of the organization. The second case study
examines the ability of anthropometry-based ergonomics principles to help increase the
sustainability levels of a product. The improvements in raw material-allocation efficiency
and ethical design that can result from proper consideration of the target populations’
anthropometry are additional benefits of the AGD method.
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CHAPTER VII

CASE STUDY: WHEELCHAIR FOR GLOBAL POPULATIONS

In Chapter VI, the anthropometry-based global design (AGD) method was
demonstrated in the context of three simple examples: an industrial foot pedal, a boom
lift control interface, and a truck cab. All three of the examined products were intended
for multiple global user populations that represented a wide spectrum of demographic,
socioeconomic, geographic, and anthropometric variability.
These examples were relatively high-level in nature, and accounted for only a few
of the many considerations in their design; they served the purpose of better explaining
the different phases and steps of the AGD method. This chapter presents a detailed case
study that explores the application of the method in the context of the RoughRider 2010
wheelchair (Section 7.2), a product of Whirlwind Wheelchair International [3] that is used
in 40 nations, almost all of them in more resource-deprived regions of the developing
world. The rich combination of considerations inherent in the design of this product
makes for a deeper case study into anthropometry-based design for human variability,
design for multiple user populations, design for the developing world, and design for
sustainability.
There is an additional benefit of the work described in this case study. Efforts aimed
at developing wheelchairs for resource-deprived regions continue to struggle from the
lack of adoption of objective design procedures; the design processes continue to be
largely empirical and subjective in nature. This is mainly due to the more amorphous,
non-collaborative nature of the efforts, a majority of which are organized by relatively
small and independent humanitarian entities (e.g., non-profit organizations, charities).
The partnership with Whirlwind Wheelchair International and the application of the AGD
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method with the RoughRider 2010 wheelchair is expected to benefit that organization in
particular and the field of wheelchair design in general.

7.1

Wheelchairs

The wheelchair is an assistive technology, and is intended to help enhance the functional
independence of people with disabilities. There were over 3.3 million wheelchair users
(commonly referred to as “riders”) in the United States as of 2005 [24], and about
1.2 million users in the United Kingdom in 2004 [137]. While similar statistics are difficult
to obtain for developing world nations, it is expected that a significant number of people
in more resource-deprived populations are also in need of assistive technology of various
kinds.
Due to their experiencing high levels of activity and functional limitations, riders form
a disproportionately disaccommodated group (Section 8.5) within the general population
of a nation. The influence of demographic and socioeconomic factors on wheelchair use is
interesting. In the United States, riders are significantly more likely to be people who are
older, female, and with lower levels of education [1]. Furthermore, and worryingly, as of
2002 only around 17% of wheelchair users in the United States were employed, around
3% were unemployed (i.e., in between jobs), and the remaining 80% were not even in
the labor force [1]; the increased activity and functional limitations severely impact the
capabilities and communal involvement of riders.
The conditions causing wheelchair use are numerous, and include stroke, arthritis,
multiple sclerosis, absence or loss of lower extremity, injured or congenitally deformed
spinal cord, orthopedic impairment of lower extremity, heart disease, cerebral palsy, and
diabetes [1]. The nature and extent of these conditions impact the capabilities, and in
some cases even anthropometry, of the rider, and therefore determine the product usage
requirements. For instance, an individual with an injured but recovering lower limb will
have full range of motion and strength of the spinal cord and arms. In contrast, a rider
with a serious spinal cord injury may be paralyzed waist down and may experienced
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reduced range of motion and strength in the shoulders and arms. The design of the
wheelchair must take these conditions into account.

7.1.1

Wheelchair-specific Considerations

A wheelchair designed for any population must satisfy certain basic product performance
criteria, which include safety, comfort, ease of use (e.g., light weight, maneuverable,
sufficiently compact to fit into available spaces), and durable [156]. Two additional,
wheelchair-specific concerns that must be accounted for when designing for the resourcedeprived regions of the developing world are: a) secondary problems/disabilities and
b) conditions that are different in the developing world than in the industrialized world.
As mentioned earlier, the primary reasons for users requiring wheelchairs could
be range from strokes, multiple sclerosis, and paraplegia to arthritis and diabetes [1].
The nature and extents of these reasons influence the product requirements. Secondary
problems/disabilities, which are numerous and varied, are also important factors [39].
For example, pressure sores may arise on the buttocks, lower back, underside of the
thighs, and feet due to prolonged contact with the surfaces of the wheelchair; this problem
is exacerbated by the lack of sensation in the lower limbs when the damage to the spinal
cord is more serious [15]. Back pain could be induced by poor posture or a deformed
spinal cord [162]. Contractures, which are the shortening of muscles or joints, sometimes
result from serious injuries or even ineffective rehabilitation, and can limit the range of
motion of the user or make the existing range of motion more effortful.
A major category of secondary problems is repetitive motion injury [39], which can
occur in the shoulders and arms from extended use of the wheelchair. Bad ergonomics
could even cause stress or operational musculoskeletal injuries in secondary users—the
people who may pull or push the rider to different locations. Poorly designed foot rests
can cause the user’s feet to protrude outside the wheelchair structure, in which case
collisions with surrounding objects can cause toe injuries. Non-ergonomic designs can
also make transfers to and from the wheelchair and other objects (beds, chairs, toilets,
showering stools, etc.) more difficult, and can cause the rider to slip and fall [156]; the
wheelchair may itself overbalance if it is unbalanced and with a high center of mass.
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Riders with cerebral palsy could injure their fingers by accidentally inserting them in
between the spokes of the wheel. Many of these secondary problems/disabilities can be
effectively addressed by proper consideration of anthropometry in the design process.
Ensuring good fit between the product and the user is a basic yet essential step towards
safety.
As stated by Whirlwind Wheelchair designers, designing wheelchairs for riders in
the developing world involves an additional layer of complexity. An example of this
complexity is the customer-user divergence; the customer of the wheelchair developer
is usually not the user of the product. The latter tends to be resource-deprived, may not
even be able to afford the wheelchair, and may be located in a different part of the world
than the designer and manufacturer. The customers, who are generally humanitarian
agencies (non-profits organizations, charities, etc.) or medical facilities (hospitals and
clinics), purchase the wheelchairs from the developer and deliver them to the end users.
This customer-user configuration differentiates the product from many others. Among
other consequences of this differentiation, the product usage experience is more difficult
to directly understand and evaluate, since feedback must be obtained indirectly through
the “customer” and not directly from the rider.
A second source of complexity in designing for the developing world is the awareness
of the fact that anthropometry-based fit is only a part of the puzzle. Factors such as local
resource availability, conditions on the ground, income level, and cultural norms play an
important role in influencing wheelchair usage in lower income sections of society. Many
of these factors are difficult to quantify and utilize to inform objective decision-making;
more often than not, they are accounted for through empirical evidence. In contrast,
anthropometry-based fit provides a simple, easily -measurable and -quantifiable, and
effective means of achieving a basic level of safety, comfort, ease of use, and satisfaction in
user-product interactions. The AGD method is expected to be useful in this regard.

7.1.2

Wheelchair User Anthropometry

Figure 7.1 shows some of the main body dimensions that are crucial to anthropometrybased design of wheelchairs [39]. The measures of length are sitting height, acromion
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Figure 7.1: Important body dimensions in wheelchair seating design. Adapted from Cooper [39]. The anthropometry
included in the case study are shown in bolder text.

height (sitting), buttock-popliteal length, popliteal height, and foot length, while the
measures of breadth/circumference are bideltoid breadth and hip breadth (sitting).
These are not a comprehensive list of all the body dimensions that are relevant to
wheelchair design, but are sufficient for a rigorous analysis of the fit afforded by different
configurations of the main wheelchair design attributes.
A number of standards are available for the design of wheelchairs. These include
the methods, information, and guidelines put forth by the International Organization for
Standardization [10], the regulations and technical assistance materials provided under
the auspices of the American with Disabilities Act [4], and the directives of the U.K.
National Health Service [2]. One of the main topics addressed by these standards is the
design of wheelchairs to properly fit the occupant.
As discussed in the preceding subsection, incorrectly sizes wheelchairs can cause
discomfort, decreased self-sufficiency due to the resulting inefficient biomechanics,
injuries (repetitive stress-induced, accidental slips and falls), and pressure sores [39].
For large and varied populations, anthropometry can allow the wheelchair developer
to ensure better spatial fit, thereby reducing the likelihood of occurrence of the
aforementioned problems.
In a pattern resembling the anthropometric studies mentioned in Section 4.1, research
efforts looking to examine the anthropometry of people with disabilities are numerous,
smaller in sample size than ANSUR [70] or NHANES [197], and focused on particular
groups (in this case, specific kinds of disabilities) [150]. Information from these research
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efforts is generally presented in the form of descriptive statistics, which consist of the
mean, standard deviation, and value of the body measure at different percentiles (e.g., 5th ,
10th , 50th , 90th , 95th ). Two examples of such studies are Paquet and Feathers [150], which
involved a randomly sampled wheelchair user population in the Buffalo, NY, area of the
United States, and [182], which interestingly included children in the unrepresentative
UK sample population. The information presented by such studies could be the basis for
the anthropometry synthesis phase of the AGD method.

7.2

Whirlwind Wheelchair International

Whirlwind Wheelchair International [3] is a 30 year-old non-profit social enterprise
based in San Francisco, California, USA. The main aim of the organization is to provide
high-quality wheelchairs to people in need and mainly in the developing world; riders of
Whirlwind wheelchairs are located in over 40 countries worldwide. The wheelchairs are
designed to be durable, low-cost, and versatile in accommodating riders’ needs across a
range of conditions and scenarios. The product provides the user with increased personal
independence, enabling them to be contributing members of society and leading to
greater integration into their communities.
Whirlwind operates as a partner with wheelchair donor/buyers in the industrialized
world, mainly in the U.S. These donor/buyers are involved in two main ways. First,
they may order wheelchairs to themselves distribute to the end users in the developing
world. Second, the donor/buyers may participate in the buy-one-give-one program
which involves purchasing a wheelchair for themselves, with Whirlwind using part of
the income to fund the delivery of a second wheelchair to an end user in the developing
world.
Until the mid-2000s, Whirlwind offered its wheelchairs as open-source designs that
could be locally customized to riders and usage conditions in different parts of the
world. These designs were autonomously customized and manufactured/assembled
by partnering enterprises in a number of locations, including Mexico, South Africa,
Turkey, Georgia, Vietnam, and Indonesia; the largest manufacturing unit is in Jakarta,
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Indonesia, and produces wheelchairs for riders as far away as Kenya in East Africa.
In addition to allowing for regional adaptation of the product and to reduce shipping
costs, transit times, and the organization’s carbon footprint, the goal of this model of
design and development was to create conditions for local economic development in
the developing world through the fostering of home-grown expertise, the setting up of
manufacturing/assembly facilities, and the creation of jobs.
In recent years, however, Whirlwind has looked to centralize the design process
while retaining the international manufacturing operation. This has been due to two
main reasons. First, the realization that the expectation of healthy competition would
drive regionally appropriate innovation was unrealistic; the quality of the product was
observed to either stagnate or be negatively impacted by this more regionally autonomous
modus operandi. Second, the awareness that knowledge of the user populations could
be utilized in appropriately designing the product to satisfy usage requirements around
the world; this could be done through judicious use of sizing, adjustability-allocation, and
similar techniques.
The knowledge of users and their requirements continues to be developed in
partnership with medical staff (doctors, nurses, and physical therapists) in hospitals
and clinics in the regions of interest. Whirlwind also collaborates with other non-profit
organizations, non-governmental organizations, and charities in this effort. Interestingly,
Whirlwind designers do not directly incorporate anthropometric information into their
design processes. Instead, their new designs are a result of a combination of: a) empirical
knowledge built through the years and b) feedback from partners in the field.
The Whirlwind designers interviewed in connection with this dissertation research
expressed their eagerness to have anthropometric data to utilize for more objective and
quantified design decisions. Among other things, they were interested in using the data
to assess the effectiveness of the design of the RoughRider 2010 wheelchair (following
subsection) in satisfying the physical fit-based requirements of users worldwide.
It should be noted that this collaboration was informal in nature, and did not involve
any contracts, nondisclosure agreements, etc.
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Figure 7.2: Three views of the Whirlwind Rough Rider 2010. Source: www.whirlwindwheelchair.org.

7.2.1

RoughRider 2010

The RoughRider is the currently-active series of wheelchairs offered by Whirlwind.
It is estimated by the organization that since the development of the first model in
the series, the RoughRider has served around 25,000 riders around the world. The
RoughRider 2010 (Figure 7.2) is the latest model in the series, and represents the shift from
localized to centralized design, as mentioned earlier. The range of customization options
available with the model and its built-in adjustability are expected to allow Whirlwind to
accommodate a wide range of requirements of wheelchair users.
Table 7.1 details the range of RoughRider 2010 specifications. The customizable
attributes are seat width, seat depth, back rest height, and upper back angle. Adjustability
is built into foot rest height and axle position. The interviews with Whirlwind designers
resulted in seat width, seat depth, and the difference between front seat height and foot
rest height being selected as the design attributes of interest. Back rest height was agreed
as being difficult to easily and accurately measure. Preferred and suitable specifications
for back rest height and some other measures (e.g., back seat height, lower back angle,
upper back angle, wheel camber) depend heavily on user preference and on the nature
and extent of the user’s disability due to damage to the spinal cord, lower body, etc.;
purely fit-based analyses would be insufficient for the consideration of these attributes.
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Accordingly, the body dimensions relevant to the four aforementioned design
attributes were selected for deeper study. These body dimensions are: sitting hip breadth,
buttock-popliteal length, and popliteal height; they are shown in Figure 7.1.

Table 7.1: Specifications for the Whirlwind RoughRider 2010 wheelchair. The four design attributes of interest in the
case study are shown in bolder text.

Attribute

Specifications

Seat Width
Seat Depth
Front Seat Height
Back Seat Height
Seat Angle
Back Rest Height
Foot Rest Height
Lower Back Angle
Upper Back Angle
Wheel Camber
Axle Position
Track Length
Overall Width
Caster Size
Rear Wheel Size
Overall Length
Frame Type
Folded Width
Max Tested Rider Weight
Weight

12.5", 14", 15.5", 17", 18.5" (customized)
14", 16", 18" (customized)
19.3" for 15.5" Seat Width; +/-1.2" variation with other Seat Widths
16.5" for 15.5" Seat Width; +/-1.2" variation with other Seat Widths
12 degrees
14", 16", 18" (customized); affected by Seat Height variation
12"-17" below seat (adjustable)
fixed at 8 degrees
12 degrees (customized)
3 degrees
5-position (adjustable) +/- 0.8"
20.4"-23.55"; affected by Axle Position
21.5"-28.5"
4.5"x3"
24x1.75"
38.7"-41.85"; affected by Axle Position
Folding
14" including rear wheels
220lbs ( 100kg)
45.5lbs ( 20kg) with Whirlwind Super Duty Mountain Bike wheels
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7.3

Phase A: Obtaining Anthropometric Data

As mentioned earlier, users of Whirlwind’s wheelchairs inhabit over 40 different countries
across the globe. These regions are served by a number of manufacturing/assembly
centers whose locations were decided based on considerations that included geographic,
socioeconomic, cultural, regulatory, and infrastructural. They facilities were set up in
regions with high concentrations of people requiring wheelchairs, and were intended as
hubs to supply the product both locally and internationally to other nearby populations
in need. The factories were meant to create local employment with minimal negative
impacts on the society or culture. The business would be more effective in conducive
regulatory climates and with a basic level of infrastructure (transportation, energy, etc.);
so, these were taken into account.
As a result of these considerations, the manufacturing/assembly centers were
established in locations such as Indonesia, Vietnam, and Mexico (Figure 7.3). Each center
produces wheelchairs for multiple global user populations. For instance, in addition to
the local population, the Indonesian center serves India and Kenya. The Vietnamese
facility ships wheelchairs to China, South Korea, and Japan, while the Mexican unit caters
to the U.S. and Brazil. Note that these are only a few examples of the global populations
served by each of these three manufacturing centers.
Accordingly, in consultation with the Whirlwind design team, Brazil, India, China,
Kenya, South Korea, Japan, and the U.S. were chosen as the representative populations
of interest for this case study. Information about the three relevant body dimensions
(Figure 7.1) were obtained for these 7 populations from a variety of sources: Instituto
Nacional de Tecnologia, Brazil [84], The State Bureau of Technical Supervision, China
[190], and the ISO/TR 7260-2:2010 [11] report for Kenya, South Korea, and Japan. This
information was in the form of descriptive statistics—mean, standard deviation, and
values at some percentiles. Therefore, the PCD method that was introduced in Section 5.2
and applied in Sections 6.1 and 8.2 was once again utilized to synthesize detailed
databases of the three relevant body measures for these 5 populations.
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Figure 7.3: The three population groups of interest that are considered in this case study. The 7 wheelchair rider
populations are marked by stars, and dots show the locations of the 3 manufacturing/assembly centers serving these
populations.

Detailed stature and BMI data were available for the U.S. civilian population, as
represented by the NHANES survey [197]. As shown in Figure 6.1, this was conducive to
the application of the RBA procedure (Section 5.1). First, the ANSUR database [70] was
analyzed to formulate a regression with residual variance model (Equation 5.3) for each
relevant body measure as a function of stature and BMI. Next, the NHANES stature and
BMI data were used in these models to calculate the values of the relevant anthropometry
for the U.S. population.
The hybrid PCD+RBA approach mentioned in Section 6.1 was once again adopted
for the Indian population. Descriptive statistics were available for the sample group of
participants surveyed in the Chakrabarti [32] study. The PCD method was utilized to
synthesize detailed anthropometric data for this sample group. Next, regression with
residual variance models with stature and BMI as the predictors were formulated based
on these data. Finally, the Indian stature and BMI data obtained from U.S. Agency
for International Development [196] were used in the regression models, resulting in
databases of the relevant body measures for the Indian population.
Two important assumptions were made in these anthropometry synthesis processes:
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1. The descriptive statistics or stature-BMI data used were for civilian populations,
which implies the assumption of anthropometric equivalence between the civilian
and wheelchair rider populations of the countries of interest. Differences are to be
expected in the two kinds of populations, so this assumption, while simplifying
and convenient, is likely to have cause a loss in accuracy of the synthesized
anthropometry.
2. The female:male ratio in all the populations of interest was assumed to be 1:1. While
once again a simplifying step, this assumption was based on empirical observations
shared by the Whirlwind design team.
At the conclusion of Phase A of the AGD method, detailed databases were available
for the 3 relevant body dimensions (buttock-popliteal length, sitting hip breadth, and
popliteal height) for all 7 populations of interest. Whirlwind’s desired strategy is to offer
different designs, each of which is customized to a particular population group.
Accordingly, the populations were categorized into 3 groups—Brazil+U.S., India+Kenya, and China+Korea+Japan—based on the manufacturing/assembly region (i.e.,
Indonesia-, Vietnam-, or Mexico- based) in which they were included. The anthropometric
variability across the populations could now be assessed using the ARM procedure
described in the following section.

7.4

Phase B: Assessing Anthropometric Variability

Figure 7.4 shows the ARM plots for the 3 population groups of interest. Also included
are the ARM plots for all 7 populations considered together, since the existing design is
simultaneously targeted at all of them. The plots are for the 3 body dimensions relevant
to the case study: buttock-popliteal length, sitting hip breadth, and popliteal height.
Expectedly, the ARM values for the combined 7 populations were the highest for
all three body dimensions. These values were mostly in the medium or high regions of
anthropometric variability for the three body measures. Somewhat surprisingly, buttockpopliteal length ARM values for the India+Kenya group were almost as high as for the
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Figure 7.4: ARM plots of the 3 relevant body dimensions for the 3 population groups of interest: Brazil+U.S.,
India+Kenya, and China+South Korea+Japan. Also shown is a combined ARM plot for all 7 populations.

7 populations, and also occupied the medium region of variability; the corresponding
values for the Brazil+U.S. and China+Korea+Japan groups were in the low region.
The ARM values for the India+Kenya group were quite varied, beginning in the
high region at the lower percentiles, ending in the low region at the upper percentiles,
and otherwise occupying the medium region. The China+Korea+Japan plot stayed
consistently in the low region, while the Brazil+U.S. plot increased almost steadily from
an ARM value of almost 0% at the 1st percentile into the medium region around the
85th percentile. In contrast to the variability observed in the sitting hip breadth plots, the
popliteal height ARM plots were in the medium/low regions for the 7 populations and
were entirely in the low region for the 3 population groups of Brazil+U.S., India+Kenya,
and China+Korea+Japan.
Based on the specifications of the RoughRider 2010 wheelchair (Table 7.1), it is
designed to be a non-platformed, reconfigurable design, which is Strategy I of the three
proposed global design strategies (Section 3.2). Almost every attribute of the design is
adjustable or customized to the rider’s size or preference. This is acceptable, since every
component is manufactured independently in the different manufacturing/assembly
centers. However, during interviews regarding this collaboration, Whirlwind’s design
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team stated their desire for the design to be “made more specific to each population
group”, even at the cost of differentiation across population groups. The greater specificity
was further explained as consisting of fewer sizes and lesser adjustability. By reducing
both these attributes to the minimum required level and doing away with unnecessary
sizes and wasted adjustability for each population group, the efficiency of the design and
its production could be increased.
The approach adopted to help achieve the Whirlwind design team’s objective was
to design a simple static platform (Strategy II) for each population group. Existing
equipment in the manufacturing/assembly centers is configured to manufacture
components for the different sizes of seat width and seat depth and for adjustability
allocation to achieve the desired difference between foot rest height and front seat
height. This sizing/adjustability-allocation scheme was retained. Based on the DfHV
method selection guidelines in Table 6.2, sizing was the recommended approach for the
components to be platformed and adjustability-allocation for the modules.
Furthermore, the components related to body dimensions in the low ARM region were
suggested as being suitable for inclusion in the platform; components in the medium
region were considered more appropriate for modules. Popliteal height consistently
occupied the low ARM region for all three population groups. Seat height was therefore
identified as being a potential basis for a platform. The nature of seat width and seat depth
disqualified them from being static platforms; multiple sizes of widths and depths would
effectively render them scaled platforms, which were classified as flexible platforms
(Strategy III) in Section 3.2.

7.5

Phase C: Implementing a Design Strategy

As shown in Table 7.1, the RoughRider 2010 design consisted of 5 seat width sizes (12.5",
14", 15.5", 17", and 18.5") and 3 seat depth sizes (14", 16", 18"). The foot rest could be
adjusted over a range of 5", allowing for an effective seat height of 12"-17", calculated as
the difference between front seat height and foot rest height. The goal of Phase C of the
AGD method was to make the RoughRider 2010 wheelchair more specific to each of the
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3 population groups (Brazil+U.S., India+Kenya, China+Korea+Japan), thereby helping to
reduce the number of sizes offered and decrease the amount of adjustability required.
Phase B of the AGD method resulted in the static platform approach (Strategy II)
being chosen, with the aim being to design a different platform for each population group.
Sizing and adjustability-allocation were recommended DfHV methods for the platformed
and modular components, respectively.
Next, a virtual fit model was created by establishing anthropometry-product attribute
constraints. The constraints are shown in Equations 7.2-7.6.
HipBreadth <= SeatWidth
HipBreadth

>

SeatWidth − 1.5”

(7.1)
(7.2)

Buttock − PoplitealLength >= SeatDepth

(7.3)

Buttock − PoplitealLength

(7.4)

<

SeatDepth + 2”

PoplitealHeight >= MinimumSeatHeight
PoplitealHeight

<

MaximumSeatHeight

(7.5)
(7.6)

Equations 7.3-7.5 were used to properly define the range of anthropometric variability
that would be served by each size of seat width and seat depth. The lower and upper
limits of seat width and seat depth were respectively set as being equal to the increments
in which they are varied, which are 1.5" and 2" (Table 7.1). The minimum and maximum
seat heights were defined as varying between the currently offered limits of 12" and
17" in increments of 1". For an individual in the virtual population to be considered
accommodated by a particular set of design specifications, they would have to satisfy
these 6 constraints.
The virtual fit model was applied to determine the range of sizes and adjustability
required to accommodate 90% of each population of interest. The tested seat height
ranges were kept common for the populations within each group, since seat heat was
recommended as being the potential basis for a platform. The results of this virtual fit
analysis are summarized in Table 7.2.
Some of the more important aspects of the design recommendations are:
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1. The required seat height range of 13"-17" is common across all seven populations of
interest. This is unsurprising, since the ARM plots of popliteal height (Figure 7.4)
showed similar variation across the three population groups. This seat height range
is therefore recommended as the global static platform for the RoughRider 2010.
2. The prescribed seat height range is lower than the range currently being offered
(12"-17"). The 12"-13" range is unnecessary for achieving the target accommodation
of 90%.
3. For some of the populations, the required sizes of seat width and seat depth are
fewer than are currently being offered. For instance, for the China+Korea+Japan
population group, only 3 seat width sizes and 2 seat depth sizes are required to
achieve 90% accommodation of each population. This finding allows Whirlwind
and its Vietnam-based manufacturing/assembly partner to cease producing the
parts required for 17" and 18.5" seat width and 14" seat depth.
4. In contrast, for some other populations, additional seat width and seat depth
sizes are required to achieve the desired accommodation level. An example of

Table 7.2: The RoughRider 2010 design recommendations that resulted from Phase C of the AGD method. The
populations are divided into the three groups of interest. The required sizes of seat width and seat depth are specified,
as is the necessary range of seat height adjustability. Since it remains unchanged for all seven populations, seat height
is recommended as a static product platform for the wheelchair. Note that with the current RoughRider 2010 design,
accommodation achieved for the populations are: 92% (Brazil), 60% (U.S.), 90% (China), 91% (Korea), 96% (Japan),
72% (India), 46% (Kenya).

Population

Seat design decisions

Accom (%)

Width

Depth

Height

Brazil
U.S.
Brazil+U.S.

14", 15.5", 17"
12.5", 14", 15.5", 17", 18.5", 20"
12.5", 14", 15.5", 17", 18.5", 20"

16", 18", 20"
16", 18", 20", 22"
16", 18", 20", 22"

13"-17"
13"-17"
13"-17"

92%
90%

India
Kenya
India+Kenya

12.5", 14", 15.5", 17", 18.5"
14", 15.5", 17", 18.5"
12.5", 14", 15.5", 17", 18.5"

14", 16", 18"
18", 20", 22"
14", 16", 18", 20", 22"

13"-17"
13"-17"
13"-17"

90%
90%

12.5", 14", 15.5"
14", 15.5"
14", 15.5"
12.5", 14", 15.5"

16", 18"
16", 18"
16", 18"
16", 18"

13"-17"
13"-17"
13"-17"
13"-17"

90%
90%
90%

China
Korea
Japan
China+Korea+Japan
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this is the Brazil+U.S. population group, for which 20" seat width and and 20"
and 22" seat depth are necessary for 90% accommodation of the two populations;
this is especially important for the U.S. population. As a result, the Mexican
manufacturing/assembly center, which supplies RoughRider wheelchairs to riders
in these two countries, must expand production to include the new sizes.
Follow-up Note
As of June 15, 2012, the design recommendations have been passed on to the Whirlwind
design team, who are in the process of examining their implementation.

7.6

Conclusions

This case study described the application of the anthropometry-based global design
method in a realistic setting involving the design of a product for multiple international
user populations. The method in itself was simple to implement. Its value was
highlighted by the identification of certain shortcomings in the existing design; the
need to offer more seat width and seat depth sizes for the Brazil+U.S. population group
and fewer sizes for the China+Korea+Japan group was a case to this point. The utility
of the method is demonstrated by its ability to commence with only basic descriptive
statistical information about populations’ anthropometry, and to then generate detailed
anthropometric databases, assess their variability, recommend suitable DfHV methods,
and finally conduct virtual fitting to prescribe design specifications.
While its usefulness is apparent, certain shortcomings of the AGD method must be
acknowledged. First, in this case study, the descriptive statistics were of the civilian
populations of the countries of interest. These are likely to be different from the wheelchair
rider populations. The synthesized anthropometry is therefore likely to include some
errors. Second, the assumption made in Step II of the PCD method (Section 5.2) of
approximate normality of the underlying anthropometric distribution is acceptable for a
number of populations. However, this assumption may not be accurate for the wheelchair
rider population. This could be another source of error in the synthesized anthropometry.
Third, the virtual fitting model (Equations 7.2-7.6) utilized in Phase C (Section 7.5) to test
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the effectiveness of different design specifications was purely focused on spatial fit. While
the observations made therefrom are helpful, they do not incorporate some of the other
important considerations in designing wheelchairs (Section 7.1.2), including secondary
problems/disabilities and designing for the resource-deprived regions.
Despite these limitations, the AGD method demonstrated its value by allowing for
Whirlwind Wheelchair International’s first-ever attempt at incorporating quantitative and
objective anthropometry-based design analyses into their operations. The collaboration
on this case study has provided the Whirlwind design team with new insights and tools
to improve the efficiency of their decision-making.

110

CHAPTER VIII

CASE STUDY: PRODUCT SUSTAINABILITY THROUGH
ANTHROPOMETRY-BASED GLOBAL DESIGN

In the field of product design, studies have examined the impact of design for
sustainability (DfS) efforts on such diverse aspects of product development as energy
consumption and efficiency, greenhouse gas and particulate emissions, material
recyclability, product remanufacture, etc. This chapter, which is drawn from the
work discussed in Nadadur and Parkinson [135], presents an exploration of three
possible sustainability impacts of efficient anthropometry-based design. This increase in
sustainability levels of the product is an additional benefit accrued from the application of
the anthropometry-based global design (AGD) method.

8.1

Sustainable Development

The term “sustainable development” is defined as development that meets the needs of
the present without compromising the ability of future generations to meet their own
needs [25]. The Triple Bottom Line [50] is often used as a basis for metrics to quantify and
assess sustainable development initiatives implemented by any organization. Although a
simplification, it has found widespread use in areas as diverse as the Australian economy
[129], the financial sector in Europe [140], and a multinational pharmaceutical company
[86]. The criteria that comprise the Triple Bottom Line are grouped into three categories:
societal (People), environmental (Planet), and economic (Profit). The aspects of these
criteria that are relevant to ergonomic design are introduced in the following paragraphs
[179].
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The People category has implications for both individual and communal levels.
Sustainable development must result in the fair treatment of every individual, and
can do so by satisfying requirements that span a wide range of issues including work
environments, salaries, education, legal ages for labor, etc. On a communal level,
development is considered sustainable if it is seen to benefit society as a whole and not
result in the exploitation of or discrimination against any group within the population.
The Planet category refers to developmental practices that are environmentally
friendly. Ideally, these are practices that will make for a thriving local environment.
In practice, organizations and products are generally considered to satisfy the Planet
criterion if they strive to minimize their ecological footprint. An analysis of the
sustainability of a product normally consists of an examination of the entire life cycle of
the product, starting with the development of the raw material and ending with what
happens after the product is discarded by the final user. Sustainable practices look to
efficiently utilize existing resources in order to minimize, among other things, energy
consumption and manufacturing waste.
The Profit category does not refer to the economic profit earned by just the
organization leading the developmental initiative. Instead, the criterion is a measure
of the profit accrued to the society in its entirety through the sustainable development
efforts. However, the economic profit of the organization certainly does play a role in this
profit computation. Therefore, increasing the profit accrued to the organization can help
increase the attractiveness of the developmental practice, as long as this profit does not
compromise on the People and Planet criteria.
The following subsection, the three identified sustainability benefits of anthropometrybased product design (Section 8.1.2) concern different aspects of the People, Planet,
and Profit criteria. Throughout the study presented in this chapter, the Triple Bottom
Line provides the basic framework for the examination of the role of sustainability
considerations in the application of the AGD method.

112

8.1.1

Sustainability in Product Design

A number of research efforts have explored approaches to making engineering design
processes more sustainable. Some studies have proposed techniques and metrics for
application in design for sustainability. These include the Elimination Preference Index
metric [26], which measures the impact of different design decisions on the sustainability
of a product, the Life Cycle Energy Analysis technique [54], which can be utilized to
assess the energy efficiency of different material selection options, a method to use reverse
engineering principles in incorporating considerations such as product utilization and
energy consumption into the traditional product design process [188], and a platformbased approach to designing products aimed at alleviating poverty in the developing
world [105].
Shiau et al. [171] is an example of research aimed at recommending suitable
environmental policies through an examination of the sustainability levels offered by
different design options. Factors such as greenhouse gas emission, fuel prices, battery
costs, and taxes are considered in a trade-off analysis of the plug-in hybrid electric vehicle
(PHEV) and the hybrid electric vehicle (HEV). This study concludes that the most effective
policies will be those aimed at promoting the development of small-capacity PHEVs and
increasing their acceptance in urban areas.
Some research efforts have looked into user and designer behaviors as being the basis
for new, environmentally-conscious design practices. For example, Sauer and Rüttinger
[163], Lilley [107], and Young et al. [210] describe research into the idea of designing
products to induce changes in usage behaviors; this concept is explored as being a way of
inculcating more long-term sustainable behavior in users. MacDonald et al. [111] explores
user preference inconsistencies in the context of a green product design problem. Ryan
et al. [160] studies the effects of environmental regulations and heightened environment
consciousness in consumers, and concludes that “environmental impact” is an important
metric for production quality. Energy, resources, materials, and emissions are identified as
being the four foci for future sustainable design practices.
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8.1.2

Sustainability Benefits of Anthropometry-based Design

As explained in Chapter III, there are numerous examples of globally marketed and
locally manufactured, supplied, and distributed products that are centrally designed.
These products span, among others, the sectors of automotive, consumer electronics,
and biomedical equipment; examples are the Hyundai Santa Fe, the Apple iPhone, and
Philips pregnancy testing transducers, respectively [132]. These products are designed
centrally, but their manufacturing is outsourced to destinations that are either local to the
market or offer lower labor costs, favorable business regulations, etc. In many scenarios,
such local manufacturing supply chains are likely to afford greater sustainability [97]. The
beneficial triple bottom line impacts of local operations include employment through local
production and procurement, servicing and recycling in locally appropriate ways, and the
more efficient satisfaction of local conditions—physical environments, material resources,
cultures, and preferences. Additionally, the reduction of transportation distances in the
supply chain can result in lower greenhouse gas emissions and energy consumption.
The proposed AGD method enables the design of a product to meet the
anthropometry-related user requirements (Section 3.1) across multiple global user
populations. Doing so efficiently could have a three main benefits:
1. Increase in raw material allocation efficiency (Planet, Profit) while ensuring that the
product is comfortable and easy-to-use for the user and safe for the user as well as
other individuals in the usage vicinity (People)
2. Consideration of future population trends in order to increase the usage lifetime of
the product (Planet)
3. Better estimation of the ethical implications (e.g., disproportionate disaccommodation of certain groups within the user population) of design decisions
(People)
These three sustainability impacts of the AGD method are explored in the following
sections.
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DfHV models (e.g., RBA, PCA, DCA)
Demographic information about target populations
Existing population databases
(e.g., ANSUR, NHANES)
Anthropometry synthesis
Effective analysis of
adjustability and sizing
Efficient allocation
of raw material

I

Accurate prediction of
users’ preferred
product specifications

Reducing raw material
consumption

Target user anthropometry

III

Sample
Product
population prototypes
Sample study
User-product interaction
Target user preference

Analysis of
secondary users

Analysis of
disaccommodated users

Consideration of
regulatory requirements

Considering ethical consequences
of design decisions

Forecasting secular trends
in target population
demographics

II
Designing reconfigurable
products
Designing easilymodifiable products
Designing robust product
platforms

Increasing
usage lifetimes

Figure 8.1: Three ways to incorporate sustainability considerations into the AGD method: I. Reducing raw material
consumption, II. Increasing the usage lifetimes of products, and III. Considering ethical consequences of design
decisions.

8.2

Case Study

The RBA and PCD methods to synthesizing anthropometry and the quantitative virtual
fitting technique of simulating user behavior were briefly discussed in Sections 5.1 and 5.3.
These methods are the means to efficiently developing spatial fit-specific ergonomic
designs of products by accurately modeling the anthropometric variability within the
user population. Sections 8.3, 8.4, and 8.5 are aimed at showing how this understanding
of a target population’s anthropometry can allow for the better consideration of
three sustainability-related concerns when applying the AGD method (Figure 8.1):
I. Reducing raw material consumption, II. Increasing the usage lifetimes of products, and
III. Considering ethical consequences of design decisions.
The demonstrative case study chosen for this work involved designing a seat for
an industrial workstation (e.g., forklift, crane, control station in an assembly line)
that is intended to be simultaneously marketed in six countries: Brazil, India, China,
Kenya, the Netherlands, and the United States. These populations were also chosen
for the demonstrative examples in Chapter VI, and together represent a wide range of
demographic, socioeconomic, geographic, and anthropometric variability; they highlight
the global nature of a multinational company’s target markets.
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Typical usage lifetimes of industrial workstations are approximately 15 years [36],
making them examples of products with relatively long lifetimes. In this case study, the
workstation was assumed to be designed at a single location; the manufacturing locations
and supply chain were considered outside the scope of the study, but could be centrally
located or distributed across a number of strategic locations. Additionally, given the long
lifetime of the workstation, the seat might witness secular changes or changes in user
demographics, both of which could cause variations in the populations’ anthropometry
(Section 8.5).
As described in Section 3.2, non-platformed design (Strategy I) results in a separate
product for each user population or for groups of user populations. Static platform design
(Strategy II) involves the development of an invariant platform that is common to all the
variants of the product offered for the different populations or population groups. Flexible
platform design (Strategy III) entails the embedding of flexibility into the platform itself,
which allows for adaptation of the platform to different population groups. Strategy III
also makes for greater ease in effecting temporal changes in the specifications of the
product line. Given the known variations of the relevant user-, business-, and regulatoryfactors (Section 3.1) across the populations of interest in this case study, and also taking
into account the long lifetime of the product, flexible platform design was selected as the
most appropriate strategy.
The desired minimum accommodation level of each population was set at 90%,
which is a common DfHV target. The anthropometry relevant to the problem were
buttock-popliteal length, seated hip breadth, and seated popliteal height (Figure 8.2). In
Phase A of the AGD method, virtual populations of anthropometry were synthesized
using the PCD method with the descriptive statistics of these body measures for Brazil
[84], China [190], Kenya, and the Netherlands [11]. For the U.S. population, the RBA
method was was applied to extrapolate an ANSUR-based regression model to NHANES
[197]. The hybrid PCD+RBA method described in Section 6.1 was utilized along with
descriptive statistics from Chakrabarti [32] and stature and BMI data from U.S. Agency
for International Development [196] for the Indian population. A simplifying assumption
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Figure 8.2: The design specifications and relevant anthropometry that play a role in the case study.
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Figure 8.3: ARM plots for buttock-popliteal length, seated hip breadth, and seated popliteal height for the six
populations of interest: Brazil, India, China, Kenya, the Netherlands, and the U.S.

was that the current user populations of the product were predominantly male. This was
done to facilitate the explanation of Steps II and III of the case study.
In Phase B of the AGD method, ARM plots were generated for the relevant
anthropometry for all six populations of interest (Figure 8.3). These plots indicate
medium and high degrees of anthropometric variability in the populations. Based on
the guidelines in Table 6.2, the prescribed DfHV methods for achieving the desired
performance objectives were sizing and adjustability-allocation (Phase C of the AGD
method).
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The problem was assessed as consisted of two components. The first component
entailed the identification of the smallest seat pan area (calculated as the product of width
and depth) that would help achieve the required accommodation level. This was done to
minimize seat pan area, which was utilized as a measure of the raw material consumption
in the product. The second component involved seat height adjustability allocation.
Adjustability increases the cost of the product. Accordingly, the aim was to minimize the
total seat height adjustability. Due to underlying correlations in anthropometry [128], the
two components of the problem were not considered independent of one another. The
overall design goal was therefore to identify the minimum seat pan area and seat height
adjustability required for the resulting seat to accommodate at least 90% of the users in
every one of the five populations. This was done by first focusing on the seat pan and
selecting a suitable size (width and depth), then assessing the accommodation levels
resulting from that seat pan size and with different seat height ranges. The second step
of the process helped identify the optimal seat height adjustability-allocation decision.
Table 8.1 contains the design decisions made and the results thereby achieved through the
three stages of the case study (Sections 8.3-8.4).

Table 8.1: The evolution of the design decision through the three stages of the case study. The populations examined
are: Brazil (B), India (I), China (C), Kenya (K), the Netherlands (N), current U.S. (c-U.S.), and future U.S. (f-U.S.). The
final design specifications are expected to achieve 90% accommodation for even the future female U.S. population,
which is shown to be disproportionately disaccommodated.

DfS concern

I. Materials
II. Lifetime
III. Ethics

Seat design decisions (mm)

Accommodation achieved (%)

Width

Depth

Height

B

I

C

K

N

c-U.S.

f-U.S.

440
500
530

410
410
410

330-530
315-545
315-545

99.6%
99.9%
99.9%

90.05%
90.6%
90.7%

98.4%
98.4%
98.4%

97.0%
99.7%
99.8%

90.0%
97.4%
97.5%

90.2%
99.6%
99.9%

91.4%
95.4%
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8.3

Step I: Reducing raw material consumption

Due to the implications of the rapidly-growing world population and limited natural
resources, sustainable design efforts must look to optimally allocate available resources
(raw material, energy, etc.). Doing so can help identify opportunities for more
efficient raw material usage (Planet), energy consumption (Planet), and manufacturing
expenditure (Profit), and can also concurrently result in the design achieving the desired
accommodation level of the target user population; an example of this is the total carbon
footprint approach of Apple [12]. In addition to making the design appealing and
accessible to a wide range of users (Profit), achieving the desired accommodation level
can help ensure the safety and good health of the target population and also of other
individuals in the usage vicinity (People) [184; 37].

8.3.1

Case study

The seat pan-sizing component of the design problem was considered first. For the
accommodation analysis, seat pan width and depth were varied in the 350-550 mm
and 400-500 mm ranges, respectively. The accommodation levels were determined for
each combination of seat pan width and depth. The virtual fit analysis used for this
purpose involved comparisons of the body measures of each individual in the virtual
populations described in Section 8.2 with the seat pan dimensions. Users were considered
accommodated if their seated hip breadth was less than the seat pan width and their
seated buttock-popliteal length was greater than the seat pan depth.
Part I of Figure 8.4 illustrates the results of this analysis. Each plot shows the variation
of percentage accommodation across the range of seat pan dimensions. The contours
indicate the seat pan dimensions required to achieve different accommodation levels. As
expected, greater accommodation levels result from higher seat pan widths and lower
seat pan depths. The region of greater than 90% accommodation has different limits for
each user population. The minimum required width is lowest for the Chinese population
(approximately 350 mm) and the maximum allowable depth is lowest for the Indian
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Figure 8.4: Contour plots showing the accommodation levels achieved with different seat pan widths and depths. Part I
of the figure consists of contour plots for the user populations of five countries: Japan, Kenya, South Korea, the
Netherlands, and the United States. Part II is a plot for the future U.S. population, while Part III is composed of
separate plots for the female and male users in the future U.S. population.

population (approximately 410 mm). The minimum width and maximum depth limits
are highest for the U.S. population (approximately 440 mm and 475 mm, respectively).
The decision concerning seat pan width selection was relatively simple. The minimum
width required to achieve the objective of accommodating at least 90% of every population
was the limiting width for the U.S. population: 440 mm. The seat pan depth decision
was more complicated. Decreasing depth could increase accommodation levels based
solely on fit considerations. Doing so would also reduce raw material consumption
by decreasing the effective seat pan area. However, low depths could result in many
users in the Dutch and U.S. populations having insufficient under-thigh support due to
their relatively longer buttock-popliteal lengths. This could cause greater comfort-based
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disaccommodation in those populations. Therefore, the limiting depth value for the
Indian population (410 mm) was chosen as the seat pan depth. The seat pan dimensions
of 440 mm width and 410 mm depth were thereby identified as being the best possible
compromise between the considerations of fit- and comfort- based accommodation and
raw material consumption.
Seat height adjustability was now introduced into the analysis. Seat heights that
prevent users’ feet from resting on the floor are sub-optimal, since they reduce the
stability of the body and compress the underside of the thigh, resulting in discomfort
and restricted blood circulation [151]. Accordingly, users in the virtual fit analysis were
assumed accommodated if their popliteal height was greater than the seat height. Seat
pan dimensions were maintained at 440 mm width and 410 mm depth. Upper and lower
seat heights were varied in the 425-550 mm and 325-450 mm ranges, respectively. The
multivariate virtual fit analysis was thereby carried out in a sequential manner, with
the two seat pan dimensions being the initial focus, and seat height introduced into the
problem at a later stage as a third design variable.
After examining the accommodation levels resulting from different seat height
adjustability limits for the six user populations, 330-530 mm was chosen as the minimum
adjustability allocation required for the seat to achieve its accommodation target (>90%)
in all six populations.
Following these analyses, the design specifications were 440 mm seat pan width,
410 mm seat pan depth, and 330-530 mm seat height adjustability range (Table 8.1). The
accommodation levels achieved with this design were 99.6%, 90.05%, 98.4%, 97.0%, 90.0%,
and 90.21% for the Brazilian, Indian, Chinese, Kenyan, Dutch, and U.S. populations,
respectively.

8.3.2

Discussion

Figure 8.3 illustrates the difficulty in any attempt at developing common designs for
multiple user populations around the globe. User characteristics, represented in this case
study by anthropometry, vary differently in each population; as a result, so do the usage
requirements. However, the ability to use certain basic information to accurately estimate
121

human variability in any population is an important step towards efficient and ergonomic
global product development. In the context of this case study, being able to analyze and
compare body measure data for all the target user populations allows the designer to
make better informed design decisions. The RBA process and the newly-developed PCD
method for anthropometry synthesis are two of the tools that can be applied to achieve
this end.
The process of quantitative virtual fitting was leveraged to examine the spatial
interaction of every user in the virtual populations with different seat designs. This
involved forming sets of design attributes and their relevant body measures, with the
user being considered accommodated if every relevant body measure satisfied certain
“fit” constraints (e.g., that the user’s seated hip breadth should be less than the seat
pan width). Quantitative virtual fitting thus enabled accommodation percentages to be
calculated based on the product interactions of every single user in the virtual population.
This capability, together with robust anthropometry synthesis techniques, allows for
the evaluation of the impacts of numerous possible design decisions on multiple user
populations, and thereby for the identification of the most suitable design.
There is a limitation to the procedure implemented in the case study. The comfortbased accommodation decision was made in a subjective manner. Lower seat pan depth
relative to buttock-popliteal length can result in reduced under-thigh support. However,
perceptions of comfort are personal to each user and can vary across users. One of
the approaches to including comfort considerations is to build an experimental model
based on the observed interaction of a sample population of users with prototypes of the
product. Such a model can capture the variation of user preference within and across
populations. The RBA method has been used in studies as the basis for experimental
preference-prediction models [62] and has been shown to be well-suited to the task.
Inefficient designs are the outcome of inaccurate anthropometric information,
faulty analyses of anthropometry and usage behaviors, and sub-optimal sizing and
adjustability-allocation decisions. These designs entail wasteful expenditure of resources
(Planet) by not satisfying the product requirements in the most efficient possible manner.
Additionally, flawed designs that fail to satisfy user requirements are likely to be
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uncomfortable, difficult to use, and unsafe for the user and other individuals in the usage
area (People). The lower probability of market success of such products implies greater
risk to the manufacturer’s profit-making objective (Profit). The application of sound
anthropometry-based ergonomic design principles and techniques, which is facilitated by
the AGD method, can help optimize the usage of available resources. This can help to
increase the sustainability levels of the resulting product.

8.4

Step II: Increasing usage lifetimes of products

Products with short lifetimes entail increased usage of raw material and energy in
production and distribution and higher rates of waste generation following their disposal.
Extending the lifetimes of products can help improve the sustainability of their designs
(Planet). One of the challenges in doing this is identifying and predicting user variability
throughout the lifetimes of the products.
Secular trends in target population anthropometry are among the fundamental
challenges to increasing the lifetimes of products [48]. Secular trends refer to changes
occurring in the characteristics of a population over a period of time. Secular trends in
body sizes can be attributed to a number of factors, including improved healthcare, better
nutrition, reduced physical activity, and changes in population demographics due to
immigration, changing birth and death rates, etc. [172]. Examples of research into these
trends include a discussion of the impact of Asia’s recent economic progress on the obesity
levels of Asian populations [104], an exploration of the changes over three decades in
child anthropometry in the United Kingdom [180], and an examination of changing mean
statures across four continents [120].
Secular trends in body sizes result in gradual changes in anthropometric variability
[133]. They consequently cause temporal changes in the accommodation levels afforded
by long-lifetime products. Utilizing forecasts of trends and their impacts on target
population anthropometry can help make designs suitable for future populations also.
Multiple forecasts of secular changes in anthropometry are considered in the context
of a truck cab design problem in a recent study [45]. The impact of each forecast on
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the product’s accommodation levels is assessed. Subsequent research has developed
a technique that involves using real options analysis to quantify the value of different
design decisions, given multiple forecasts of secular trends in body sizes [131]. Projections
of secular trends have become integral components of these methods to design for future
user populations.
Phase B of the AGD method helped to identify the flexible platform design as being
the most suitable strategy to tackle the uncertainties in population anthropometry due
to secular trends. The following subsection describes Phase C, which involves virtual fit
analyses for sizing and adjustability-allocation of the industrial seat. The resulting seat is
more likely to afford at least the desired percentage accommodation for the future user
population also.

8.4.1

Case study

As mentioned in Section 8.2, typical usage lifetimes of industrial workstations are 15 years
[36]. Based on the observed rapid changes in many populations over the last two decades,
in this period of time, changes in anthropometry due to secular trends might occur in
the user populations considered in this work. For the context of this case study, two
factors were assumed to cause these trends during the usage lifetime of the workstation
seat. First, due to greater gender equality and increasing costs of living, the percentage
of women in the U.S. industrial worker population were expected to increase faster than
men [29]. This was assumed to result in a change from 100% male in the early 2000s to
50% female 50% male by 2020. Second, due to changing lifestyles (nutrition, physical
activity, health, etc.), the mean BMI of this population, which in the early 2000s was
approximately 28 [143], would rise to 30.2 by 2020 [203].
These projections were used along with anthropometric information in the NHANES
[197] database to synthesize seated hip breadth, seated popliteal length, and buttockpopliteal length data for the future U.S. female and male populations. Combining these
two datasets yielded anthropometric data for the future U.S. worker population.
The synthesized data were used in the seat pan-sizing analysis described in Section 8.3.
A comparison of the contour plots of the current U.S. (early 2000s, 100% male, 28 mean
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BMI) and future U.S. (2020, 50% female and 50% male, 30.2 mean BMI) populations in
Parts I and II of Figure 8.4 shows that the region of greater than 90% accommodation has
shifted to the upper left corner in Part II. This shift is the result of the predicted secular
changes in anthropometry. The limiting values of this region are now approximately
500 mm width and 450 mm depth.
The most suitable seat pan depth was earlier identified as being 410 mm. This size
would allow for at least 90% accommodation of all five current user populations. The
depth-based accommodation constraint is that buttock-popliteal length should be greater
than seat pan depth. For this reason, since the future U.S. population’s limiting value
(450 mm) is greater than 410 mm, this size was retained as the design specification; doing
so would not negatively impact the accommodation of the future U.S. population. In
contrast, the increased minimum seat pan width requirement for the future population
meant that widths lower than the limiting value would accommodate less than 90% of
that population. Therefore, 500 mm was selected as the new seat pan width specification.
In the seat height adjustability-allocation analysis, dimensions of 500 mm width and
410 mm depth were held fixed. Upper and lower seat height limits were once again varied
in the 425-550 mm and 325-450 mm ranges, respectively. The previously-identified seat
height range of 330 mm to 530 mm was insufficient for 90% accommodation of the future
population; 315-545 mm was the new minimum required seat height adjustability range.
The new set of seat specifications consisted of 500 mm width, 410 mm depth,
and 315-545 mm height adjustability (Table 8.1). These specifications helped achieve
current accommodation percentages of 99.9% (Brazil), 90.6% (India), 98.4% (China),
99.7% (Kenya), 97.4% (the Netherlands), and 99.6% (current U.S.), and an expected
accommodation percentage of 91.4% for the future U.S. population.

8.4.2

Discussion

Step II of the case study accounted for secular changes in the anthropometry of only
the U.S. population. This is because information about these changes is either readily
available or can be easily and accurately estimated for the U.S. population; this is
unfortunately not the case for the other four populations considered. However, as
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discussed in Section 8.4, secular trends in anthropometry have been studied in multiple
populations across the globe. The conclusions of the U.S. population-focused case study
is therefore also relevant for other user populations.
Projections of demographic and secular changes are fraught with uncertainties. For
example, based on trends observed in the past three decades, mean BMI in the U.S. civilian
population can realistically be assumed to increase for the next few decades also. On the
other hand, initiatives such as the Let’s Move program [142] help inculcate more healthy
lifestyles in current populations, and could result in the steadying or even decreasing of
mean BMI levels in future U.S. civilians. Forecasts of more equal representation of women
and men in the workforce may not be valid for all types of occupations.
Additional sources of uncertainty are related to technological obsolescence and
changing user preferences. Nadadur et al. [131] proposes a way to consider multiple
projections of secular and demographic trends, the level of uncertainty associated with
these projections, and the designer’s own evaluation of risk associated with the project in
the design of long-lifetime products. This approach involves calculating a monetary value
for every possible design decision, thus allowing for the most economically beneficial
decision to be identified.
It should be noted that it may not be possible or realistic to look to increase the
lifetimes of some kinds of products (cell phones, computers, some kinds of clothing,
and shoes, for example) which are typically characterized by short lifetimes. However,
the application of more holistic mindsets to the design of such products can still help
improve their sustainability. For instance, the designer could look to incorporate more
reusable or recyclable materials into the components, thereby reducing the amount of
waste generated in the form of components that are unsuitable for future use. Techniques
that are useful in such efforts include demanufacturing [23], calculating improvement
potentials of product components [6], identifying limiting factors in modules [40], and
life cycle energy analysis [54]. As discussed in Section 8.1, research in the field of product
design has yielded a number of tools and methods that are useful in this regard.
In conclusion, forecasts of secular trends can be used in conjunction with the anthropometry synthesis, variability assessment, and strategy selection and implementation
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elements of the AGD method to develop certain categories of products with longer
lifetimes. Furthermore, products that already have long service lives can be designed to
maintain consistently high accommodation levels throughout their lifetimes. Doing so can
ensure product-related safety and satisfaction for even future user populations (People).
Raw consumption can be minimized (Planet, Profit) by reducing the need for redesign
and by embedding the product with the flexibility necessary to make it easily modifiable.
The resulting increases in raw material allocation efficiency can make for higher levels of
product sustainability.

8.5

Step III: Considering ethical consequences

As mentioned in Chapter IV, in order to achieve the desired accommodation level of target
user populations, designers often work to accommodate users between certain percentiles
of the distributions of relevant anthropometry. The people disaccommodated by designs
are therefore usually located in the tails of these distributions. There may be some ethical
issues to be taken into account when making such design decisions (People). One of these
issues is disproportionate disaccommodation, which refers to the disproportionately high
rates of disaccommodation experienced by particular groups within the user population.
In many instances, people disaccommodated by a design are more likely to belong
to groups that do not fit the characteristics of the “average user” in the population(e.g.,
wheelchair populations, as mentioned in Section 7.1, and are in the upper and lower
percentiles of the anthropometric distributions. In many design scenarios, these groups
are female or of a racial/ethnic minority [200; 49; 5; 27; 161], people with disabilities
[21], people from lower socioeconomic or education levels [31], the elderly [159; 5], or
from particular occupations [27]. In addition to decreased comfort, disproportionately
disaccommodated groups are likely to experience higher rates of injuries and fatalities
when physically interacting with the product [28].
Sustainable design practices must be mindful of these groups while making design
decisions. In order for the decisions to be informed and appropriate for the target
population, synthesized anthropometric data must be accurate, especially in the tails of
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the distributions. The accuracy of anthropometry synthesis techniques (Phase A) of the
AGD methodology (Chapter V) makes it well-suited to account for this information.

8.5.1

Case study

The case study into disproportionate disaccommodation involved female and male
users in the U.S. population. Despite the scenario in this work being U.S.-specific, the
observations and guidelines are broadly applicable, and are important considerations for
any heterogeneous target population.
Part III of Figure 8.4 shows the accommodation contours with varying seat pan width
and depth for the future female and male U.S. populations. The two plots highlight the
differences in accommodation requirements for the female and male populations. The
range of seat dimensions that afford greater than 90% accommodation has shrunk for
female users in comparison with the combined future users. The same range for the male
population is larger than for the combined future population. The limiting values of this
region are approximately 520 mm width and 440 mm depth for female users and 455 mm
width and 460 mm depth for male users.
The seat pan dimensions identified in the previous step were 500 mm width and
410 mm depth. The percentages of female and male users disaccommodated by these
dimensions were calculated. While only 1.7% of all male users were found to be unable
to fit into the seat pan, approximately 14.5% of the female users were disaccommodated
by the design. The higher percentage of fit-based disaccommodation implies that the
design is more likely to be unsafe for female users, thereby placing the female population
at a higher risk of injuries through product usage. The seat height adjustability range of
315-545 mm was now included in the calculations. The disaccommodation percentage
remained at 1.7% for male users, but climbed to 16.5% for the female population. These
disaccommodation levels were despite the 1:1 female:male composition of the population.
With 530 mm width, 410 mm depth, and 315-545 mm height (Table 8.1), the
disaccommodation levels for the female population decreased to about 7.3% with the seat
pan only and 8.9% when seat height was also taken into account. These seat dimensions
helped achieve accommodation levels of 99.9% (Brazil), 90.7% (India), 98.4% (China),
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99.8% (Kenya), 97.5% (the Netherlands), 99.9% (current U.S.), and 95.4% (future U.S.).
This satisfied the aim of 90% accommodation for every one of the populations and groups
considered. This solution also reduced the extent of disproportionate disaccommodation
of U.S. female workers from 17.5% to 10%. As a result, the design was more ethically
responsible, and better satisfied the People concern of the Triple Bottom Line.

8.5.2

Discussion

This component of the case study presents an example of gender-based disaccommodation. As mentioned earlier in this section, disproportionate disaccommodation is
encountered in many other forms, and may be based on age, race/ethnicity, physical
abilities, etc. For instance, the design specifications recommended in Section 8.4 helped
achieve accommodation levels of 99.9%, 90.7%, 98.4%, 99.8%, 97.5%, 99.9%, and 95.4% for
the Brazilian, Indian, Chinese, Kenyan, Dutch, current U.S., and future U.S. populations,
respectively. Despite satisfying the 90% accommodation requirement, the design caused
different disaccommodation levels for each of the six populations. Among the current
populations, Indian users were more likely to be disaccommodated than their Brazilian,
Chinese, Kenyan, Dutch, and U.S. counterparts.
There are three main reasons for design decisions that result in disproportionate
disaccommodation. First, the designer may not be aware of or concerned about the issue;
the awareness component of the issue can be resolved using the accurately synthesized
anthropometry from Phase A of the AGD methodology. Second, the design changes (e.g.,
increased adjustability ranges) necessary to afford proportionate accommodation to all
user groups are likely to result in higher production costs. The synthesized anthropometry
in conjunction with the virtual fitting analyses employed in Phase C of the AGD method
can help ensure that the sizing and adjustability-allocation are conducted in the most
efficient manner possible, and by helping to do away with wasteful sizes and adjustability.
This capability of the AGD method was discussed in Section 7.5.
Third, the information about the variation of anthropometry and usage behaviors
in the tails of the distributions may be inaccurate, leading to flawed decision-making.
Since the tails of the distributions are composed primarily of minority groups (e.g., Asian,
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Hispanic, Black, and Native American people in the U.S.), design decisions are more likely
to adversely impact users belonging to these groups [69]. This issue is a matter of concern
in the design of a wide array of products, ranging from public transportation systems and
industrial/agricultural protective equipment and workstations to commercial goods (e.g.,
apparel, vehicles). The disadvantaged user groups, whose requirements are not satisfied
by the design, are likely to experience unfairly high rates of injuries and fatalities when
interacting with the product (People). Considering disproportionate disaccommodation
during the design process is not typically a regulatory or legal requirement. However, it
is an issue of ethics and responsibility, both of which are crucial to effective sustainable
development. Disproportionate disaccommodation must be of concern in any effort
aimed at creating more sustainable products.
There is no existing design methodology for incorporating these ethical issues into the
product design process. This case study utilized the fundamental ergonomics practices
of accurate anthropometry synthesis and analysis to assess the impact of various design
decisions on the disproportionate disaccommodation of female workers. These practices
are core components of the AGD method, which therefore has the capacity to provide an
enhanced awareness of the ethical ramifications of different design specifications, which
can allow for more well-informed and responsible decisions.

8.6

Conclusion and Open Questions

The motivations for this work were the three potential sustainability benefits (listed in
Section 8.1) of anthropometry-based design for multiple user populations. The themes of
the benefits pertained to improving raw material allocation efficiency, increasing usage
lifetimes of products, and considering ethical implications of design decisions. In addition
to demonstrating these benefits, the study described in this chapter also helped reveal
certain broader impacts of this dissertation work. These broader impacts are presented in
this section, and are proposed as possible questions for future study.
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8.6.1

Question 1: How can other human variability-related factors be
considered?

The scope of this work was limited to physical user-product interactions, which are
influenced by relevant anthropometry of the users. In such interactions, ensuring suitable
“fit” of the product to the user is crucial for the achievement of the required levels of
safety during product usage [166]. Spatial fit-based safety that is influenced by relevant
anthropometry is a fundamental design consideration that is valid and invariant across
populations. Other factors that are likely to vary across users and populations include the
nature of the work (i.e., if the same task is performed differently in different parts of the
world—right- versus left-hand driving, for instance) and culture. These factors are also
important in global product design efforts (Section 3.1), and could be explored in future
work.
Human variability may be characterized by a host of other factors, including
population growth, geographic locations and dispersion of the users, and regulations
and standards governing product design, manufacturing, and usage. Sim [176] discusses
these factors in the context of electric utility planning, and examines their impacts on the
temporal variation of demand, power generation technique and cost, supply chain and
distribution network, revenue, etc. The triple bottom line-focused approach adopted in
this study could be expanded to encompass the broader definition of human variability
represented by such factors; doing so is another subject for future research efforts.

8.6.2

Question 2: How can the entire lifecycle of the product be taken into
account?

As mentioned in Section 8.1, the direct impacts of this research effort were intended to be
in global product design efforts. A limitation the work is the neglect of the influence of
the manufacturing process and supply chain on design decision-making; the feasibility
and resource-effectiveness of a design is often contingent on these considerations.
Incorporating these constraints into ergonomics-based design for sustainability has
already been the goal of some studies (e.g., Jaafer et al. [88]; Jayal et al. [90]). Integrating
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the tools that have resulted of these studies into methodologies for ergonomics-based
sustainable development is therefore a third proposed objective of future research.
Certain categories of products and services may be better designed to allow for easy
“phasing out” if required. An example of such a product is Japan’s Fukushima nuclear
reactor in particular and nuclear power generation in general (e.g., in Germany) following
the Fukushima disaster of 2011 [164]. Such phasing out of products could be an extension
of existing techniques to design components for reuse and recycling, and would be an
expansion of the scope of the lifetime considerations described in Section 8.4.

8.6.3

Question 3: How can the intricacies of the Profit criterion be more
thoroughly explored?

A final question for future research is how Profit, as considered in the triple bottom
line, impacts the stakeholders of the product or service. Stakeholders could include
corporate management, the workforce, product users, and the community at large. The
profitability (i.e., overall benefit) of the offering is likely to depend on the perspective
of each stakeholder. For instance, the corporate management may be satisfied with
consistently high company earnings; the workforce might be more concerned with
working conditions, salaries, and benefits; the users may require low cost and satisfactory
experiences with the product; and the community at large might desire minimal negative
impacts of the product usage on their environments. Accounting for such divergent
perspectives can be a complex task. Lifecycle analysis [87] provides the overarching
framework for such approaches. Integrating the AGD method into this framework would
result in a valuable advancement of DfS knowledge and capabilities.
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CHAPTER IX

CONCLUSION

This dissertation described research that had the broad objective of enabling
the incorporation of anthropometry into the design of products for multiple global
populations. The anthropometry-based global design (AGD) methodology was
developed for this purpose. The scope of the method was defined as being limited to the
top-down design of products involving physical user-product interactions. The procedure
involved considering only the internationally and cross-culturally invariant spatial fit
aspects of the interactions, thereby neglecting the influence of preference. Finally, the
methodology was only developed for user populations for which information about the
relevant anthropometry were available, either as detailed databases or as descriptive
statistics (means, standard deviations, and values at different percentiles).
Chapter II provided reflective insights into the evolution of the role anthropometrybased design in particular and ergonomics in general in human society. In addition to
explaining the scientific and personal motivations that drove this research, these insights
allowed for the consideration of the broader context of this effort: helping to achieve a
balance between long-term goals of human welfare and advancement and short-term
motives of profit and business success in competitive environments.
Chapters III, IV, and V formed the backbone of this dissertation, since they introduced
the three lines of research that resulted in the three phases of the AGD methodology.
Following an extensive survey of the existing state of knowledge, Chapter III classified
the major factors influencing product requirements into three, partially overlapping
categories: user, business, and regulation. The user-related concerns included needs,
culture, preference, and anthropometry. The business category included measures of the
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organizations capacity, while the regulation-related factors comprised of legislations and
standards.
Following this, three global product design strategies were proposed for the
satisfaction of varying product requirements. Non-platformed design (Strategy I) entailed
the creation of a separate design for each target market or group of target markets. Static
platform design (Strategy II) involved the development of a global product line around a
common, unchanging platform. Flexible platform design (Strategy III) results in flexibility
being embedded in various ways into the platform itself, allowing for easy adaptation of
the platform to different markets.
The anthropometry range metric (ARM) was introduced in Chapter IV as a means to
assess anthropometric variability across multiple populations of interest. ARM values are
computed as a simple scaled percentage differences between the 1st and 99th percentiles.
These values can be plotted and grouped into three regions of anthropometric variability:
low (ARM<10%), medium (10%<=ARM<20%), and high (20%<=ARM). The region which
the ARM plot for a body measure occupies can be the basis for useful guidelines in
strategy and DfHV method selection.
Chapter V discussed the regression-based approach (RBA), and then presented the
percentile combinations dataset (PCD) method for use in synthesizing detailed databases
of anthropometry based only on descriptive statistics. The method is based on the
assumption of similarity between the percentile combination dataset of the source and
target population in the procedure; in Section 5.2, these populations were ANSUR
and Japanese youth, respectively. The actual data for the populations were shown to
be statistically different, but their percentile combinations datasets were statistically
equivalent. This was the explanation given for the actual and synthesized Japanese
anthropometric data being equivalent.
The AGD methodology was described in its entirety in Chapter VI, and was
demonstrated in the context of three example products: industrial workstation foot
pedal, boom lift control interface, and freight truck cab. Each of these products helped to
demonstrate one of the three global product design strategies. The methodology was also
applied in a more complex and comprehensive setting in Chapter VII, and was shown to
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be useful in guiding strategy -selection and -implementation in a global product design
and manufacturing scenario.
Finally, the sustainability benefits of anthropometry-based design in general and
the AGD method in particular were highlighted in Chapter VIII. The chapter utilized a
relatively more detailed example of an industrial workstation seat, which is an example
of a product with a long lifetime. The analyses facilitated by different elements of the
AGD method (e.g., anthropometry synthesis through the PCD technique, virtual fitting)
were shown to help make decisions to better allocate raw materials, maintain consistent
accommodation levels of the populations over the long lifetime of the product, and
be mindful of potentially unethical ramifications of decisions (e.g., disproportionate
disaccommodation).
The main contributions of this research are listed in the following section. The work
was not without shortcomings, however. Some of these shortcomings are mentioned in
the following section, and are presented as open questions for future research.

9.1

Main Contributions

There are five main contributions of this dissertation research:
1. A way to “reverse engineer” detailed data using their descriptive statistics. This
capability afforded by the PCD method allows for the relatively easily-obtainable
descriptive statistical information for a variety of populations to be utilized in
generating detailed anthropometric databases.
2. A metric for the assessment of anthropometric variability across multiple
populations. The ARM procedure performs this assessment and categorizes
each body measure into regions of low, medium, and high variability across the
populations of interest. These observations, coupled with knowledge of the global
product design strategy of choice, can be used to select a suitable DfHV method for
the satisfaction of the product requirements related to each body dimension.
3. A framework for strategy selection for satisfying the requirements across multiple
populations. This framework revolves around sources of variability that can be
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categorized as related to the user, the business, or the regulations. An appropriate
strategy (non-platformed, static platform, or flexible platform) can then be chosen to
navigate these different factors.
4. A cradle-to-the-grave methodology for anthropometry-based design. The AGD
method can commence with anthropometric information of the most basic kind:
descriptive statistics. It can conclude by prescribing specific design specifications
required to achieve the desired accommodation levels of the target user populations.
5. A strong argument for the sustainability benefits that can accrue from
anthropometry-based design. The application of the AGD method was shown to
enable increases in raw material allocation efficiency, lengthening of the lifetime of
certain kinds of products, and better consideration of some ethical ramifications
(e.g., disproportionate disaccommodation) of decisions. These fall within the broad
umbrella of triple bottomline-based sustainable development.

9.2

Open Questions

Question 1: How can the factors in the three categories of design concerns be
objectively assessed?
Based on the high-level exploration of the three global product design strategies in
Section 3.2, each of the strategies is found to be suitable for different degrees of variations
in product requirements. The non-platformed strategy is a solution to lower degrees of
variations, while the flexible platforms are well-suited to larger variations; static platforms
fall in between these two ends of the spectrum.
In order to better understand the relationship between the degrees of variation of
product requirements and the appropriate design strategy for the scenario, the designer
must be able to quantify and numerically assess the requirements. The differences in the
natures of even just the three main categories of concerns (see Figure 3.1), not to mention
the numerous factors encompassed by each concern, render this a challenging task. A
simple example of this challenge is that many of the factors are associated with a different
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unit of measurement; anthropometry can be quantified in units of length and weight,
while culture requires more subjective measures such as Hofstede’s dimensions [79].
Accordingly, a potentially useful contribution would be a framework to convert these
divergent modes of quantification into a mutually comparable form. This would allow
for the objective appraisal of the variation of product requirements across target markets.
The ability to do so would then enable the mapping of the “configuration” of product
requirements to the most suitable global design strategy.
Question 2: How can designers account for future uncertainties in design concerns?
An additional factor that can influence the suitability of the strategy is uncertainty.
Designers must often account for uncertainties in future user anthropometry, needs, and
preferences, evolving technological capabilities, and changing regulations. Low levels of
uncertainty make for scenarios appropriate for the implementation of the non-platformed
strategy. Moderate, yet somewhat predictable, levels of uncertainty may be conducive
to static platforms. High levels of uncertainty can be due to a variety of reasons—longer
lifetimes of the product, quickly changing user needs and preferences and technological
capabilities, unstable or unpredictable governments, etc.
Design under uncertainty has been the focus of a number of engineering design
research efforts. These could provide the foundation for a framework to identify and
quantify the various sources of uncertainty in global product design. These data, together
with information about the product requirements, could guide the selection of the
appropriate strategy.
Question 3: Having identified a suitable design strategy, how can an appropriate
method be identified?
Following the selection of a strategy, the designer must apply a suitable methodology to
generate the final design specifications of the product. Sections 3.2 and 6.3 mentioned
some of the many methodologies encompassed within the definition of each strategy.
Future research could be aimed at developing frameworks to identify an appropriate
methodology. For instance, if the flexible platform design strategy is selected as being
most suitable for a given scenario, how can the designer choose between the numerous
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approaches involving scaled platforms, real options, etc.? How can relevant information
available to the designer be utilized in this process?
Question 4: How can the ARM plots be utilized in objectively guiding the selection of
a strategy and suitable DfHV method?
Table 6.2 lists some guidelines for the selection of a suitable DfHV method based on the
chosen global design strategy and the observed region in which the body dimension’s
ARM plot lies. For instance, for Strategy I (non-platformed design) and the low region
on the ARM plot, sizing is recommended as the most suitable way to tackle the observed
anthropometric variability. However, these guidelines are subjective in nature, and
therefore either must be empirically tested in sufficient cases so as to be sure about their
acceptability, or must be proven valid through a rigorous technique. This could be the
focus on follow-up research.
Question 5: How can the validity of the percentile combinations dataset be tested?
The PCD method was introduced and demonstrated in Chapter V in the context of two
anthropometrically dissimilar populations: U.S. military personnel in the late 1980s and
Japanese youth in the early 1990s. Within this context, the method was shown to produce
good results, i.e., accurate estimates of anthropometric data. However, the validity of
the method is unproven, and is therefore in doubt for any other population. Conducting
rigorous statistical tests for the validity of the PCD method could be a direction of future
work. Alternatively, additional (and numerous) empirical verifications could be carried
out with different source-target population pairs.
Question 6: For a given number n of required body dimensions, what is the minimum
number of individuals (m) required for a PCD to capture the anthropometric variability
within the underlying population?
The percentile combinations dataset must account for the entire range of multidimensional
anthropometric variability within a population. The PCD can be utilized to synthesize
data for other populations only if it captures the entire extent of variability within the
reference population. However, anthropometry varies to different degrees in different
populations. For example, ANSUR, which is a military population, is more homogeneous
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than the NHANES databases, which represent civilian populations. Accordingly, for a
given reference population, it would be useful to know the minimum value of m (number
of individuals) that would result in a robust PCD of n body dimensions of interest.
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