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Abstract

This dissertation takes an exploratory look at the role of human factors (HF) metrics within an
electronics manufacturing organization by focussing on three objectives: 1) determining
company stakeholder views of HF metrics, metrics development and HF application, 2)
developing a workstation level HF assessment tool for light assembly work, and 3) creating a
tool that reports the level of HF integration and maturity in an organization. Mixed methods
were used in an action research framework. Research at the case organization was
predominantly qualitative and included field notes, audio recordings, and company documents.
Identified gaps between engineering and HF metrics were due to HF metrics focussed more on
health and safety measures and activities being completed, gaps in the understanding of HF
contributions, and the need for new HF tools to generate reporting measures. Five identified
themes affecting HF metrics development included 1) knowledge of engineer processes and of
HF principles, 2) connection of metrics to the organization, 3) support of the organization and of
the information to the organization, 4) resource availability and limitations, and 5)

communication format of metrics information. Collaborative user-centered development of a



workstation efficiency evaluator tool helped determine data of interest and effective
communication of output variables for users. Design stage inputs create outputs that include HF
and system information. The tool performed well in a comparison to an observation-based
analysis and also demonstrated tolerance to input errors on workstation outcomes. The
developed Human Factors Integration Tool assesses HF maturity across organizational functions.
Face and content validity of the tool were tested in field testing and workshops. Participants
communicated a need for the tool and its contents. Industry stakeholders found the consensus-
based tool helped to establish the status of HF in the organization, plan projects to further
develop HF capabilities, and initiate discussions on HF for performance and well-being. The
created tools demonstrated approaches to the development of future HF tools. These dissertation
findings illustrate the need for more HF metric work, including developing HF measures that
contribute to organization metrics, and that the development of HF measures and processes need

HF considerations in their development.
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Chapter 1

Introduction

1.0 Introduction

1.1 Human factors is more than injury prevention

The lifecycle of all products, processes, or systems have some form of human involvement.
Human factors (HF) is not always considered in designs even with this integrated human element
throughout the lifecycle. The impact of HF is substantial and more than just in injury prevention.
HF significantly contributes to worker well-being and performance outcomes such as
productivity and quality. Ignoring HF in design and management can thus be costly to the
individual, the organization and society. Even with the evidence of the impact of effective
consideration of HF in design and management of operations, HF remains underutilized. The
management of HF is one factor among many factors that could be contributing to HF being
underutilized. Measurement and reporting metrics of key information is part of effective
organization management, with many believing that management is through measurement.
Though HF has the potential for many measures, HF is usually poorly managed throughout an
organization, especially beyond health and safety or human resources. It is therefore possible
that HF measures in their current form are not contributing to existing organization metrics and
management systems. Research is therefore needed to understand how HF metrics can be
effectively integrated within organization design and management processes. This dissertation
reviews the literature on HF metrics, tools, and performance management, and then explores the
role of HF metrics in a longitudinal case setting at an electronics development and production

organization.



1.2 Human factors needs measurement and reporting

Human factors (HF) has three core characteristics: HF 1) takes a systems approach, 2) is design
driven, and 3) focuses on performance and well-being outcomes (Dul et al., 2012). A strategic
action proposal by the International Ergonomic Association’s Future of Ergonomics Committee
has suggested three ways to improve HF awareness — education, strategic partnerships and
communication (Dul, et al., 2012). One method for organizations to create organizational
awareness is through the use of reporting measures, or metrics, which describe organizational
system outcomes and processes. The use of metrics in HF is currently underdeveloped
(Neumann et al., 2013). HF metrics are typically specialised, narrowly focussed on health
outcomes and worker level health hazards, and are usually disconnected from organizational
strategy (Dul and Neumann, 2009). This dissertation explores issues affecting HF metrics as
they relate to operations in an electronics production organization. In the context of the case
organization the stakeholder views of metrics have been explored and the approaches to the
creation of metrics at the workstation level and organization level are investigated.

The contribution of HF, which in this dissertation uses the terms human factors and ergonomics
synonymously, is broad based. It has application in the physical, cognitive and organizational
domains. The HF discipline aims to understand the “interactions among humans and other
elements of the system” with the goal “to optimize well-being and overall performance”

(International Ergonomics Association, 2014).

From a management theory perspective, the HF discipline is less Tayloristic in its approach, and
more related to the findings and theories of Elton Mayo and the Hawthorne experiment. In
Taylorism, the focus in management of manufacturing systems is more on task efficiency,
productivity of the average worker, and economic growth (Peaucelle, 2000; Grachev and
Rakitsky, 2013). Stereotypically, the Tayloristic scientific management approach overlooks the
needs and perspectives of the worker. Conversely, management based on the Hawthorne
experiment and work of Mayo is more worker-centric, with concern for the working
environment, and interactions between management and employees, to foster performance and
well-being simultaneously (Roethlisberger and Dickson, 1966; Wren and Greenwood, 1998).
The application of HF is therefore similar to the latter management approach in that the

application of HF considers worker performance along with the mental and physical well-being



of the worker and, as part of maximizing worker performance and well-being, workers are
involved throughout the work system development and operation. HF is thus relevant to
organizations in a way that is consistent with the sociotechnical system perspective, where the
technical and social, or human, aspects of the system are considered as interdependent and are
optimized together (Cherns, 1976; Clegg, 2000). Regardless of the management or system
approach taken, the exclusion of HF in the design and operation of the work system has the
capability to be costly to the worker, organization, and society. HF contributions to well-being
and performance need to be effectively communicated.

A lack of application of HF in design can result in worker fatigue, physical discomfort, injury,
and a performance reduction, all of which has a cost to the organization. Total system costs
associated with lost profits due to poor HF are significant, widespread and not always evident
(Rose et al., 2013). Research has shown, for example, that human effects and system effects
covary in operations systems (Neumann and Dul, 2010). HF can impact productivity (Yeow and
Sen, 2003; Yeow and Sen, 2006), quality (Eklund, 1995; Helander and Burri, 1995; Lin et al.,
2001; Yeow and Sen, 2003; Yeow and Sen, 2006; Erdinc and Vayvay, 2008a; Falck et al., 2010;
Bosch et al., 2011; Fritzsche et al., 2014) and the ability to implement new technologies
(Neumann and Dul, 2010).

Poor consideration of HF when establishing a system can also pose a risk to the health of the
worker (Neumann et al., 2002; Neumann et al., 2006) which can lead to musculoskeletal
disorders (MSDs) (Bernard, 1997; National Research Council, 2001; Waters et al., 2011,
Widanarko et al., 2014). Worker exposure to MSD risk factors are a function of biomechanical,
cognitive, psychosocial and cumulative loads. Risk factors are elements that contribute to the
emotional, mental, and physical well-being of a worker (Bernard, 1997). Elevated risk factors
increase the likelihood for reduced worker well-being and performance. Usually the HF focus in
work systems is on physical risk factors that relate primarily to the forces, posture, repetition and
time of work being completed (Bernard, 1997; National Research Council, 1999).

The severity of the risk factors depends on the design of the work system. Poor design, such as a
stock location that increases hand distance from the body, causes mechanical overload resulting
in worker injury (Bernard, 1997; National Research Council, 1999). Similarly, ineffective and

cumulatively hazardous or excessively fatiguing worker motions caused by layout can lead to



rushed work or reduced capability to complete a task, resulting in decreased work quality (Falck,
et al., 2010). Healthy worker performance, work quality and system output can also be
compromised from poor design HF. One example is workstation layout (Neumann, et al., 2002;
Neumann, et al., 2006) where inadequate arrangement of material and positioning of tools can
negatively impact work flow and time for task completion, directly resulting in a loss of

productivity.

The costs associated with the worker health effects from poor HF in design can be classified as
direct or indirect costs (Rose, et al., 2013). Direct costs include those directly associated with the
injury outcome, such as sick leave, insurance and medical costs. Indirect costs associated with
the replacement of the worker, for example the cost of rehiring, retraining, and loss of
experience, are less visible in an organization and challenging to identify because they are
embedded within other department costs and expenses (Rose, et al., 2013). Discomfort and
fatigue related cost is more difficult to quantify compared to injury, in part because a worker
remains on the job but has reduced work capability which can lead to poor system performance.
Leading up to an injury the worker can be in a state of pain or discomfort, yet remain present at
work but with reduced work output and quality of work. This state of reduced work capability
has been termed presenteeism. Meerding et al. (2005) estimated the impact of presenteeism to
be as much as a loss of two hours/day in construction workers. However, the cost of
presenteeism is typically difficult to determine and without a consensus calculation method
(Leigh, 2011). Considering all of the indirect costs together, the cost of poor HF in workstation
design can be far more significant than the direct cost associated with injuries alone (Hendrick,
2003; de Looze et al., 2010; Rose, et al., 2013). Combined, direct and indirect costs can reach
levels of 1.2% to 6.2% of a country’s gross domestic product (Tompa et al., 2008). Total costs
have been estimated to be in excess of $19 billion annually in Canada in 2008 (Gilks and Logan,
2010) and over $200 billion in the United States (Leigh, 2011), a value comparable to the 2008
total costs due to cancer (American Cancer Society, 2013). Indirect and direct costs can be
mitigated by considering HF in the design stage of development to reduce risk for employees.
Incorporating HF considerations into production systems is best done at the design stage where
change is easier and more cost effective than retrofitting (Miles and Swift, 1998; Jensen, 2002;
Hendrick, 2003; Broberg, 2007; Neumann and Dul, 2010; Edwards and Jensen, 2014).



Even with the evidence of system benefits and lower investment cost in early application, HF is
frequently considered relevant only for injury prevention, disconnected from an organization’s
strategy considerations and implemented reactively (Jensen, 1997; Neumann and Dul, 2010;
Theberge and Neumann, 2013). The lack of HF consideration can also be a result of poor
organizational support and the perception that HF is common sense, relevant only to office work,
is solely a health and safety issue, and that errors are a function of the person not the design
(Perrow, 1983; Helander, 1999; Neumann and Dul, 2010; Theberge and Neumann, 2013).
Frequently HF is relegated to the Occupational, Health & Safety ‘sidecar’ (Jensen, 1997). As
part of the sidecar, HF is not considered to be a key contributor to the core business functions,
and deals with simple solutions for minor problems (Jensen, 1997). These perspectives of HF as
a non-core business contributor and valuable only for simple solutions leads to the impression
that the broad connection of HF to organizations is not well enough understood by stakeholders

with varying backgrounds and disciplines.

HF does have a role though in a number of organizational functions because of the HF
subcomponents considering the physical, cognitive and psychosocial aspects of the work
environment and the dual HF goal of performance and well-being (Dul, et al., 2012). However,
this broad based application of HF may make it tough to capture and measure the full impact of
HF and therefore make it a challenge to manage HF in an organization. Kleiner (2004) has
suggested that ergonomists are under pressure to “improve global metric improvement”, meaning
moving beyond the local improvements of health, quality and productivity of traditional HF
metrics to improvements at the organization and society level. HF measurement connection to
global metrics could improve HF relevance to non-HF focussed stakeholders. Otherwise, the
inability to measure HF and make it more tangible for non-HF specialists can result in HF being
misunderstood, glossed over as insignificant, and poorly integrated and managed within an
organization (Perrow, 1983; Helander, 1999; de Looze, et al., 2010; Neumann and Dul, 2010).

HF outcome measurements, capable of providing plenty of information on health risk and
demands imposed at the worker level, do not relate well to organization goals and metrics. A
lack of HF measurement capabilities in general, and specifically beyond reporting on employee
well-being, reduces the visibility of HF in an organization and makes management of HF a
challenge. From an aviation safety perspective, Vogt et al. (2010) have attributed the difficulty



in measuring HF to be the reason that HF is difficult to manage. Neumann, et al. (2013) contend
that there are a number of HF metrics available but that the relevance to system and well-being
outcomes and organizational strategy are poorly understood in the design of production systems.
This lack of relevance makes HF management challenging. Further, HF could be ignored not
only due to a lack of connection of HF to organization goals, but also due to a lack of HF
knowledge within the organization or within specific individuals. Though HF may be considered
common sense (Helander, 1999), the HF information communicated to other stakeholders has
shown a lack of appropriate context in reporting information and in the training content to non-
specialists (Wulff et al., 1999b; Village et al., 2013b; Hall-Andersen and Broberg, 2014; Village
et al., 2014b). One method of improving the relation of HF to organizational goals is adapting
existing organization tools and practices to include HF information and concepts (e.g. Village, et
al., 2014b). Overlooking HF and not effectively considering the human element means that a
designed system is not truly optimized. The system may underperform in productivity or quality
or it may operate at an unsustainable level that exposes the worker to risks that lead to injury.

HF metrics are needed. This dissertation has the objective of improving HF measurement and

reporting in the case organization.
1.3 Management through measurement

A common management adage is that you can’t manage what you can’t measure; meaning
without information on a process or outcome, such as numbers relative to a target value, you are
not able to understand and control what happens. The use of reporting measures can also be
referred to as metrics or indicators. Metrics have three functions: control, communication, and
improvement (Melnyk et al., 2004) and should include three elements — a defined measure, a
sensor that gathers and records data in accordance with the intended measure, and a frequency
for measurement and reporting (Bucheim, 2000). Metrics enable the control and evaluation of
resource performance; communicate performance inside and outside of an organization; and aid
with improvement by identifying gaps between performance and expectation so that appropriate
actions can be taken (Melnyk, et al., 2004). The need for organizational performance
measurement has been around for centuries (Kaplan, 1984). From the financial accounting for
performance that was dominant most of the 20™" century, the idea of metrics experienced rapid



growth through the 1990°s and measurement has continued to evolve with technology and

perceptions of measurement importance (Kaplan, 1984; Neely et al., 2000).

The concept of metrics can be confusing. Metrics span different groups in an organization and
are referred to with different meanings or associated terms (e.g. measure, indicator) (Melnyk, et
al., 2004; Melnyk et al., 2005; Huwe, 2010; Keong Choong, 2013). Melnyk, et al. (2004) has
identified a metric as a “verifiable measure” that is qualitative or quantitative and considered
relative to a reference point. Metrics have both a focus: the resource that is the focus of the
metric, for example financial, and a tense: whether the metric reports a performance outcome or
predicts future performance. Melnyk, et al. (2004) have also stated that metrics can be thought of
as three different, but linked, constructs depending on where they are positioned and clustered in
an organization. The constructs include 1) the individual metric, considered the building block,
2) the metrics sets, an aggregate of metrics that direct activities in support of an objective, and 3)
the overall performance measurement system which provides coordination, management and
continued alignment with the strategic goals of the organization as the metrics evolve. Similarly,
Neely et al. (1995) have discussed the idea of measurement with similar terms to the Melnyk, et
al. (2004) description of metrics from the perspective of performance management. They
considered performance measurement to be the “process of quantifying the efficiency and
effectiveness of action” and the metric as the performance measure that is the outcome of the
measurement. Further, a performance measurement system was said to be “the set of metrics
used to quantify both the efficiency and effectiveness of actions”. More attention has been
focused on performance management systems and metrics while less attention has been paid to
metric sets (Melnyk, et al., 2004). The significance in studying the metrics set is that the set is a
cluster of metrics that would be assigned by higher level management to guide or monitor a
person’s associated work and would also be reflective of a load placed on the person’s mental
capacity (Melnyk, et al., 2004). From the perspective of HF-related metrics, research is needed
in all three metrics constructs to improve HF reporting effectiveness and improve HF integration.
This dissertation investigates stakeholder views of metrics to understand issues impacting HF

metric integration in the organization.

Developing HF metrics requires knowledge of what is important information to the organization
and knowledge about the interests of key stakeholders. Hauser and Katz (1998) identified seven



steps towards creating good metrics, six of which are related to information gathered from
discussions with stakeholders. Understanding stakeholder views and expectations of any current
or proposed metrics is needed in order to improve the chance of successful implementation of the
metrics. If HF is to be a component within a metrics system of an organization, or its own
standalone metrics system, then understanding the views of stakeholders with respect to HF
would be important information to know as well. Cognitive mapping is one method that can
examine how HF is viewed within an organization and how HF relates to company strategies
(Neumann and Village, 2012; Village et al., 2013a). However, the perception of HF and how it
relates to company strategies is, by itself, not sufficient enough to develop HF related metrics. It
is also important to understand stakeholder views of metrics, in particular HF metrics.
Understanding stakeholder views of metrics, and HF metrics specifically, will contribute to
establishing a benchmark to the current status of HF understanding in an organization and will
also help to provide information to design more relevant HF measures and reporting within that
organization. With the need to understand stakeholder views of HF metrics, metrics
development and the application of HF within a metrics system in an organization, this
dissertation explores stakeholder views of HF metrics in the context of an electronics production

organization.

The development of a metric system requires both individual metrics and sets of metrics
(Melnyk, et al., 2004) that support the overall metrics system. A range of HF metric possibilities
exist that could be used as supporting metrics to a metrics system in an organization. The
sources of HF metrics in an organization are shown in Figure 1. This relationship of HF metrics
throughout the organization demonstrates that the lagging metrics of one process can be leading
metrics for another. In Figure 1 this is shown by design level metrics being leading metrics for
the operations. The metrics of operations are outcome to design but are leading metrics for the
human and system effects. This means that metrics can have a tense (Melnyk, et al., 2004) and
can report information that is both a reflection of the past (outcome) or an estimation of the
future (predictive). Reactive, outcome measures are beneficial to understanding how well a
system is responding to its current situation, changes that have been completed to the system, or
to obtain feedback on how the system was designed. Equally, and potentially more important,
are predictive measures. Predictive metrics are beneficial because they are information that can

be gathered before a system is running.



Predictive HF information could be applied at the design stage where it could be used to make
adjustments to the system to secure high performance, prevent risk exposure to the worker and
prevent costly retrofitting of the system to address these issues (Miles and Swift, 1998;
Neumann, 2004). Some virtual HF tools based in heavy industry (e.g. Siemen’s Jack,
SantosHuman’s Santos) are design stage capable but need specialised training to use, support and
interpret the findings (Lockett et al., 2005). Similar virtual tools are less common for light
assembly, where there are smaller task loads and fine movement dexterity is necessary to
complete assembly tasks. To be most effective, and better manage system-induced risk exposure
to the worker, a range of tools that cover all work scenarios need to be able to be used in the

design stage of development.

Observation based measures are risk determination measures made from viewing an existing
work system. The measures provide leading information for worker risk, but, like injury metrics,
they provide important feedback on system outcome performance, in this case the performance
outcome of design. Other MSD risk reporting measures include outputs from risk assessment
HF tools. These tools are typically observation based and most are difficult to use at the design
stage of work system development (David, 2005; Deeney and O'Sullivan, 2009; Takala et al.,
2010). Common safety focussed HF metrics report on workers’ injury and incident related

numbers, which are outcomes of their exposure to a work system.

In the absence of measurement capability in any of the metrics categories in Figure 1, tools are
needed to develop new HF metrics. The metrics that could be generated from these tools could
help in forming the base measures that support the construction of an informative and beneficial
metrics system for an organization. This dissertation has the objective of developing tools for
leading HF metrics by creating a workstation level HF assessment tool for light assembly work

as well as an organization level assessment tool.



Human Factors Metrics

A Predictive A Actual / Reactive
Metrics Performance Metrics
Metrics

Design & Operations Working
Development Work System \ Environment Outcomes
Leading metrics Lagging metrics

Figure 1. Sources of human factors metrics in an organization. (Adapted from Neumann and Dul (2010)
and Rose, et al. (2013)).

1.4 Reporting on human factors

HF measures range from broad based, such as perceptions of the working environment (for
example, Karasek and Theorell, 1990), to very precise, for example cellular response to load
(Allen et al., 2008). Values can be determined from self-reports, observationally, or direct
measurement methods (David, 2005). Some measures can report on employee motivation, level
of stress and feeling of engagement in the work environment (Larsman and Hanse, 2009). Other
measures can provide feedback on body postures relative to acceptable work intensity or
frequency levels, hand load level capacity and ability to withstand cumulative load exposure
(Takala, et al., 2010). The capability to examine the tissue level response to intermittent or

sustained exertions as well as the chemical responses to work evident in the blood stream can
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also be a source of information to understand the effects of work (for example, Garde et al.,
2003). A large number of measures can be captured for one worker for any given exertion.
There are over 215 pairs of consciously controllable skeletal muscles that could be involved
(Wilmore and Costill, 1994). For a single muscle, information could be determined for the acute
muscle force, either as an absolute value or relative to a maximum, velocity of movement,
tendon forces, amount of recovery required, among other measures. Similarly the joint
associated with the muscle could have information collected on its angle, angular velocity, joint
moment, ligament forces, and the internal joint forces for shear and compression (Chaffin et al.,
2006).

A limit of these biophysical measures, for example ligament and joint forces, is that,
stereotypically, the measures are collected by an HF specialist. Further, there is a substantial
number of possible HF indicators, which is itself a problem, and for a large number of the
measures collected the information is specific to the HF discipline. These measures do not have
a context that relates to the work of those outside the HF field and in other organization
functions. The lack of relatable context of the HF measures to other stakeholders can mean that
the stakeholders do not see a connection to their work which makes an attempt at successful
application of the HF specific information beyond the HF field unlikely (Perrow, 1983). As a
result, HF can be easily overlooked because the measures are difficult to attach to the strategic

concerns of an organization or to design level discussions.

Two development considerations for HF metrics may help improve the connection of HF
measures to an organization. One HF metric development consideration is relating the measures
to either results (i.e. business outcomes) or the determinants of the results (i.e. factors
contributing to the business outcomes) in the organization (Fitzgerald et al., 1991). This has
been suggested by Neely, et al. (1995) as a concept to build a performance framework around.
Developing HF metrics to fit the results and determinants could therefore improve the chance of
HF metrics integration. The second HF metric development consideration is meeting the
measurement priorities of the managers. Managers are often looking for quick measures that are
‘good enough’ and provide quick information in their specific context (Melnyk, et al., 2004).
Simon (1956) has termed this accepting of the satisfactory instead of the optimal as ‘satisficing’.
That managers have less time for metrics development and less desire for generalizability is in
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contrast to researchers, who often spend time to ensure valid and generalizable results (Melnyk,
etal., 2004). . Researchers developing HF tools for metrics thus need to keep in mind that users
may not need the rigour and accuracy necessary for good research. For example, tools to
determine precise joint loads are less important than a threshold ‘Go’ or ‘“No go’ outcome,
especially if a lot of effort is required to achieve the result. HF practitioners in the field and
researchers alike need to remember that measures they create can benefit from addressing these

two considerations in the creation of metrics.

HF measures shared beyond HF specialists need to be relevant to the organization. The
measures need to provide commentary on the system induced risks that affect the worker well-
being and simultaneously demonstrate how that risk impacts the organizational system. Even
though the metric may not be a direct contributor to organizational outcomes, the indirect
contribution of HF as a determinant is beneficial provided the information is in the proper
context for others to understand. Improving the relevance of HF in an organization can also
potentially be enhanced by improving stakeholder support through active discussions with key
stakeholders receiving and reviewing the metrics information. Understanding the important
focus of a senior manager, or upper level organization strategies, enables tailoring of the metrics
to support their agendas. Information can then be provided that matches the needs of the
different levels of management and decision stages (Fitzgerald, et al., 1991). As highlighted by
Fitzgerald, et al. (1991), information requirements vary because “there is a difference between

information for diagnosis and information for control and performance measurement”.

The improved understanding of HF measures will help to move HF beyond the status quo and
achieve the goal of unlocking HF potential and securing high levels of system performance
without injury, as suggested by the HF research community (Neumann and Dul, 2010; Dul, et al.,
2012). The development of HF metrics, and understanding the methods that the metrics are
created, needs further research in order to improve HF metric relevance to organizations. This
dissertation explores stakeholder views of metrics and co-develops HF tools to better understand

how HF metrics can be related better to the organization and its stakeholders.
1.5 Development of workstation level metrics

Designing effective light assembly workstations is challenging but crucial for maximising
assembly system performance. Balancing task time and worker load is critical for a system to

12



perform at its maximal capacity. Typical light assembly is low load, high repetition, fast paced
work that is commonly found in electronics manufacturing (Belbin, 1955; Heilala et al., 2008).
Light assembly tasks are usually confined to a relatively small workstation area, meaning all
tasks and stock are arranged to be within a short reach. With limited workstation space,
engineers have to consider all layout options in order to maximize performance and minimize
risk to the system and worker. Often the HF component of a workstation is not considered as
well or as early in the design process as it should be (Perrow, 1983; Neumann, et al., 2002;
Helander, 2006; Broberg, 2007). As a result, both the human and system performance outcomes
of the workstation are compromised (Helander and Burri, 1995; Neumann and Dul, 2010). This
research develops and tests a design-stage tool to assess light assembly workstation layouts for

the impact on system performance and worker well-being.

Individual metrics provide the foundation of information of the metrics systems. Kleiner (2004)
has identified traditional HF metrics as productivity, health and safety, quality of work life,
performance time, and errors. Common safety oriented lagging HF metrics include injury,
incident rate and associated lost or restricted work time. HF metrics are also possible from the

outputs of risk analysis tools.

In the absence of an appropriate indicator for decision makers, or a method of assessment, a
measurement approach needs to be created for HF practitioners and relevant stakeholders.
Ideally this is a tool or method that can be used to predict risk exposure to the worker and the
system during design. Contributing in the design stage allows for early changes to avoid the
expensive cost and inertia to change common with retrofitting (Miles and Swift, 1998; Neumann
and Dul, 2010). A number of HF tools are available to predict risk. They range in complexity,

cost and application.

Most HF tools are observation based, meaning they are a reactive measure to design work, and
proactive to injury (Takala, et al., 2010). For example, a worker and existing workstation are
needed to properly use observational tools like RULA (McAtamney and Corlett, 1993), REBA
(Hignett and McAtamney, 2000), and the ACGIH HAL (American Congress of Governmental
Industrial Hygienists, 2001; Marras and Karwowski, 2006). Observational HF tools are
affordable and easy to use but require a mock-up or existing system in place in order to complete

an assessment. These types of tools provide appropriate feedback after a system has been
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designed but do not support design level decisions. Nor do they comment on system

performance.

The virtual human factors (VHF) subset of HF tools, as highlighted by Perez and Neumann
(2015), are capable of design level reviews. VHF tools include predetermined motion time
systems (PMTS), discrete event simulation (DES), digital human models (DHMs), and virtual
reality (VR) (Perez and Neumann, 2015). VR tools require expensive equipment and digital or
physical mock-ups of the work environment to interact with. DHMSs, which range in complexity,
environmental dimensions (2D versus 3D), cost and use of CAD environment drawings, are
capable of providing more comprehensive albeit more complex specialist review (e.g. Jack,
RAMSIS) (Perez and Neumann, 2015). The use of VHF tools is limited in industry due to their
operating costs and the need for skilled individuals to operate the tool and interpret the results
(Lockett, et al., 2005). Virtual, or design level HF tools are therefore needed that are, among
other criteria, cost effective, easy to use and improve the connection between HF specialists and
engineers (Wells et al., 2007; Village, et al., 2014b; Perez and Neumann, 2015).The development
of a cost effective virtual method is needed for HF in general and especially for light assembly.
This dissertation develops a simple and inexpensive virtual workstation level tool that predicts

light assembly task demands on the worker in the layout design stage.

The development of HF tools has improved the assessment capabilities of HF practitioners yet
HF tools have not been widely adopted by non-HF specialists. Effective tool development needs
to be directed by design criteria and co-created with the end user to ensure the tool is relevant
and applicable to HF practitioners and engineers. Perez and Neumann (2015) and Village, et al.
(2014b) have both highlighted tool requirements for VHF and modified industrial engineering
tools with HF content, respectively. Three common themes between the two studies were ease
of use of the tool, its usefulness to organizational processes and its ability for reports/results
presentation and interpretation. In their case study at an electronics manufacturer, Village, et al.
(2014b) also highlighted four phases that improve tool adaptation and integration into
engineering design, namely understanding the design process, understanding the important
metrics driving business performance, understanding current engineering tools to meet business
goals, and fitting tools that provide important metrics for business performance to the design
process. A recurring theme was developing an HF tool with engineering relevance.
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Few of the existing HF tools have incorporated engineering measures as part of the tool inputs or
outputs. Likewise few engineering tools have incorporated HF. Time aspects have been
identified as a key connection between ergonomists and engineers in order to understand system
and worker related performance and risk (Wells, et al., 2007). Combining time with an HF
analysis can provide system related information (e.g. cycle time) and allow scaling of discrete
HF information to cumulative exposures. Few HF tools have been designed to capitalize on this
important connection. Some researchers have started to integrate DHMs and predictive models
with discrete event simulation (DES) and predetermined motion time systems (PMTS) in order
to improve the time component and create a more robust analysis of work capabilities (Laring et
al., 2005; Kazmierczak et al., 2007; Dode, 2012; Perez and Neumann, 2015). ErgoSAM is one
tool that has been developed as a cost effective complement to Methods-Time Measurement
(MTM) analysis to predict ergonomic quality at the design stage (Laring, et al., 2005). Similarly,
HF and time elements have been used to design workstations and balance work processes. For
example, Ben-Gal and Bukchin (2002) combined MTM with worker posture, energy expenditure
and lifting criteria to virtually design a fruit packing workstation, while Carnahan et al. (2001)
used cycle time information and grip strength requirements in line balancing heuristics. Braun et
al. (1996) addressed the design of a light assembly workstation by applying MTM-1 along with
worker anthropometrics to determine economic and ergonomic aspects. The previous examples
aside, tools and research that help with the prediction of the effects of HF on operator and system
outcomes in work station design are generally sparse. More work is required to develop
predictive HF tools, in particular for light assembly layout, in order to improve HF understanding
and maximise system output. A cost effective tool integrating the tool design requirements and
ideas proposed by Wells, et al. (2007), Perez and Neumann (2015), and Village, et al. (2014b) is
needed for assessing light assembly workstation design. This dissertation develops a tool to
predict both the demands on the worker and the time demands on the system in the workstation

layout design stage of light assembly.
1.6 Participative design of HF tools for metrics

HF tool designs that do not completely consider the needs of non-HF specialized users (e.g.
workplace designers) could lead to a lack of HF tool adoption. This tool design disconnect could

be because HF researchers and practitioners create tools that focus solely on MSD risk without
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providing proper usability and context of the results for users less familiar with HF principles.
Co-development of tools with the future users should further improve development and verify
the tool requirement claims made by Wells, et al. (2007), Perez and Neumann (2015), and
Village, et al. (2014b). Understanding the context of tool use, crucial to good design, is
improved through direct contact with users (Kujala, 2003). Jointly designing tools, or at the least

getting user feedback at key points in the design stage could assist with tool adoption.

User-centered design (UCD) is one method to engage users directly in development. UCD
provides a cyclic, iterative design interaction of prototyping and usability testing between a
developer and product end user (Kujala, 2003). The aim of involving potential HF tool users
through UCD is to develop useful and usable products. Ergonomic design initiatives following
UCD protocols can produce outcomes that effectively align processes and products with users to
great positive effect, improving worker health and organizational performance (Toccafondi et al.,
2012). Conversely, UCD can be challenging. Conflicting interests can impede the design
process and its participatory nature (Garrety and Badham, 1999). In some cases stakeholders
need to employ creative communication and development tactics to facilitate the alignment of
interests (Waterson and Kolose, 2010). The UCD literature heightens our awareness of both the
facilitators and barriers that shape the UCD process. It also shows that one needs to be aware of
both the context in which the UCD process is embedded and how the context can shape both the
outcomes of design efforts and the process itself. HF practitioners promote the involvement of
workers in system design. User-centered design in HF tool development should not be

considered differently.

The cyclic nature of UCD tool development, where feedback and review directs the next
iteration of development, is similar to the cyclic nature of the action research (AR) process. Like
the developer-user(s) interaction, AR uses a similar researcher-field participant(s) pairing to
develop an understanding of an issue of common interest. Neumann et al. (2012) believe that
AR can be a valuable method, working alongside an organisation to study and achieve
ergonomics application. The AR similarities with UCD mean that the two methods can be used
in concert to both develop and understand the development of HF tools in the field. Future tools
can potentially be developed more rapidly through the increase in understanding of key themes
and indicators facilitating successful tool creation. This dissertation applies a UCD approach to
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HF tool development of a workstation assessment tool and an organizational assessment tool.
The tool development includes the design criteria and content that have been suggested by users
engaged in the tool development process, and a simultaneous examination of the stakeholder
feedback to understand development issues for future tool creators.

1.7 HF from the organization perspective

Consultants reviewing organizations for HF capability use approaches that are typically focused
on injury prevention within the health and safety domain. This is a logical choice based on
Canadian ergonomists and HF practitioners working predominantly in health and safety or
human resources (Theberge and Neumann, 2013). Less common are assessments of HF
integration in other organization domains, for example the production system (Bierwirth et al.,
2010). The common focus of HF on well-being reinforces HF as only a health benefit resulting
in HF contributions being underexploited because it demonstrates a lack of connection to other
organization interests (Helander, 1999; Hagg, 2003; Neumann and Dul, 2010; Dul, et al., 2012;
Theberge and Neumann, 2013). HF has been identified as being more than a health benefit by
taking a systems approach, being design driven, and focusing on both performance and well-
being (Dul, et al., 2012). A sub-discipline of HF, macroergonomics, considers HF from the
system perspective.

Macroergonomics, the study and design of work systems with a focus on the interaction of the
organization and system, can assist with organizational change because of its systems approach
to HF (Kleiner, 2006; Wilson, 2014). It considers macro issues of the organization and
environment along with the ergonomic micro issues (Kleiner, 2004) and shares similarities with
broad, holistic approaches like quality management and general management (Zink and Seibert,
2009). The sociotechnical framework of macroergonomics means that performance is
multidimensional with many criteria and measurements throughout the work system (Kleiner,
1996; Kleiner, 2004). This framework focuses on the optimization of the work system by
considering the interactions between social, technical, and environmental variables (Kleiner,
2004). Consideration of HF from a macro perspective can thus impact organization culture and
result in substantial performance improvement (Hendrick and Kleiner (2001) as cited in Kleiner
(2004)). Even with this demonstrated system connection few performance measurement

systems include reporting of HF information, or of information about HF contributions beyond
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employee engagement and injury tracking. Part of the reason for not reporting on HF at the
organization level is that very little HF information appears to be available at the organization
level. Methods for assessing and reporting the status and impact of HF throughout an
organization are needed if HF is to become an effectively managed contributor to organizational
level goals (Neumann and Village, 2012; Neumann, et al., 2013). A method of assessing and
documenting the integration and maturity of HF in the whole organization is not currently
available. An approach that captures the HF contributions to the whole organization is needed to
address this shortcoming. This dissertation addresses this issue with the development of an

organization assessment tool focusing on HF integration and maturity.
1.8 Performance management and metrics systems

Performance management systems develop and evolve with changes in the business mindset. A
lack of significant management accounting developments from 1925 to the 1980’s resulted in
traditional accounting measures being increasingly criticised as being inadequate for business
management (Johnson and Kaplan (1987) as cited in Bourne et al. (2003)). Productivity, in the
form of labour, machinery and resource productivity, was of significant concern during this
period and financial and operation metrics accounted for more than ninety percent of metrics on
any performance management system scorecard (Brown, 2007). These scorecard measures,
which typically provide a summary of an organization’s performance to upper level managers,
had become too narrowly focused in the organization and were not effective (Bourne, et al.,
2003). The ineffectiveness of traditional accounting performance measures was summarised by
Bourne, et al. (2003) to be due to the measures 1) not matching more modern manufacturing
techniques (Kaplan, 1986; Turney and Anderson, 1989), 2) leading organizations into short-term
decision making (Kaplan, 1984; Kaplan, 1986) and 3) not considering the global performance of

the organization.

The addition of quality related metrics in the 1980’s, influenced in part by the simultaneous
focus on Japanese quality systems and total quality management (see, for example, Hackman and
Wageman, 1995; Liker, 2004), was a second phase in the evolution of metrics systems and the
group of metrics on the organization scorecard (Brown, 2007). Scorecard focus shifted to
improving efficiency and quality of products and processes along with increasing customer

satisfaction. Improved information gathering capabilities allowed larger metrics summary
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scorecards to be created, which was believed to be symbolic of an intelligently run company
(Brown, 2007). This style of performance management proved insufficient and led to the
balanced scorecards of the mid 1990°s (Bourne, et al., 2003). The proposed balanced metrics
captured financial and nonfinancial interests with information from customers, shareholders and
employees (Brown, 2007). Fewer metrics, 15-20, were being used per scorecard compared to
earlier metric systems because the volume of information was approaching the threshold an
individual could handle (Brown, 2007). Examples of balanced measurement systems
frameworks, highlighted by Bourne, et al. (2003), include the supportive performance measures
matrix (Keegan et al., 1989), the Balanced Scorecard (Kaplan and Norton, 1992), the SMART
pyramid (Cross and Lynch, 1988), the Results/Determinants Matrix (Fitzgerald, et al. (1991);
Fitzgerald and Moon (1996) as cited in Bourne, et al. (2003)) , and the Performance Prism
(Neely et al. (2002) as cited in Bourne, et al. (2003)).

Although balanced measurement systems look broadly inside and outside of an organization, HF
within the organization is rarely mentioned. In some measurement systems there is no direct
mention of HF, or even internal stakeholders, though points for HF integration exist (for example
Kaplan and Norton, 1992; Flapper et al., 1996; Bititci et al., 1997; Bititci et al., 2000). Other
measurement systems have a minor connection to HF because employee loyalty and satisfaction
are considered due to the connection to customers (for example Brown, 1996; Epstein and
Westbrook, 2001). While in some measurement systems HF consideration is a little more
substantial and is addressed through human resources, or includes the notions of training,
participative approaches, clear objectives, incentives, or values and culture (for example
Fitzgerald, et al., 1991; Bititci, et al., 1997; Epstein and Westbrook, 2001; Andersson et al.,
2006). The triple bottom line, performance measurement considering environment and social
objectives along with economic considerations (Elkington, 1998), and corporate social
responsibility performance reporting approaches have perhaps the greatest potential for HF
reporting. However, a review by Searcy et al. (2016) for work environment indicators in
corporate social responsibility reporting demonstrated a need for a broader scope of work
environment variables, especially those that are not regulated, while the triple bottom line has
been said to contain ‘vague’ and ‘meaningless principles’ (Norman and MacDonald, 2004)
which leaves the HF related reporting requirements up to individual interpretation. Brown

(1996) has commented that well-being and satisfaction should be on all scorecards, but that well-
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being and satisfaction was the far weakest component and that few had figured out how it could
be included. The HF content in measurement systems is noticeably minor and varied in focus.
Where HF content exists it deals with employee development and human resources with no
mention of the application of HF in design. An approach to considering HF contribution to an
organization as a whole is needed. This dissertation has an objective of creating a tool that
reports the level of HF integration maturity in an organization to improve the understanding of

HF across an organization.

The development of *balanced scorecard metrics system frameworks’ demonstrated the need to
consider a broad base of information beyond financial outcomes that contribute to organizational
success. Accordingly, a broad range of metrics that assess core and ancillary business functions
were needed in these systems. The suggested focus of these metrics rarely refer to HF. A
general measure focus is suggested in some instances. For example Fitzgerald and Moon (1996)
(as cited in Neely, et al. (1995)) classified two types of important measures that reflect
contributors to the business (determinants) and outcomes of the business (results) for their
performance system. While others are more specific. For example, in the Balanced Scorecard
there are four key organization perspectives to monitor: financial, customer, internal business,
and innovation and learning (Kaplan and Norton, 1992). In the general measure focus of the
determinants and results, HF would have to be understood to contribute to the business beyond
health and safety. In the specific measures of the Balanced Scorecard HF would need to be seen
to contribute to those specific perspectives. Hudson et al. (2001) have compiled six critical
dimensions of performance for creating measures that cover all aspects of business. The
dimensions included quality, time, flexibility, finance, customer satisfaction and human
resources. HF principles were most closely matched to the terms in the human resources
dimension which included: employee relationships, employee involvement, workforce, employee
skills, learning, labour efficiency, quality of work life, resource utilisation, productivity. With no
connection of HF to the terms in the other dimensions it is understandable how the role of HF in
an organization beyond human resources can be easily overlooked. Without the experience of an
HF practitioner to identify points of HF influence, or the specific identification of HF as a term
in any of these dimensions, it is unlikely that HF consideration as an outcome, contributor to an
outcome or continuous improvement process will be considered. Not only does this indicate the
need for more HF metrics but this also indicates the need for an approach to relate HF to the
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whole organization. This dissertation develops an approach to assessing the HF integration

maturity within the case organization.
1.9 Auditing for HF in an organization

Performance measurement systems measure strategy implementation success and use collected
information to challenge strategic assumptions (Bourne et al., 2000), as well as align and
coordinate metrics (Melnyk, et al., 2005). In part, performance measurement systems help to
provide organizational direction and create change as required. Audits of organization sub units,
for example ISO audits for quality and environmental standards, can guide future processes and
ensure standards are met. Organization level audits provide the ability to benchmark
performance, track and plan continuous improvement initiatives, and measure compliance with
system standards and requirements. Audits have been used to standardise procedures and
requirements across businesses and industries. The International Organization for
Standardization (ISO) has created a number of standards to bring consistency to organizational
processes and provide assurance to the customers of quality of work. Audits have been created
based on these standards to audit performance management system elements and compliance —
for example, see 1SO 19011 (International Organization for Standardization, 2002) and the
Occupational Health and Safety Management Audit review by Bigelow and Robson (2005). A
method to score the integration of HF in an organization is not readily available. Nor is there a
standard model for HF integration. This dissertation develops a tool to assess HF integration and

maturity within an organization based on subject matter expert validated content.

Similar to standards-based audits, quality performance models assess companies for compliance
to constructs of elite business performance with a focus on the customer. For example, the
Malcolm Baldridge National Quality Award (MBNQA) has in the past scored a company over
1000 possible points, 300 of which related to the customer (Garvin, 1991; Neely, et al., 1995).
The European Foundation for Quality Management (EFQM) Excellence Model (European
Foundation for Quality Management, 2013) has been constructed with the belief that successful
organizations need a good management structure that can be guided by self-assessment of nine
determinants that strengthen partnerships, resources and processes (Gomez et al., 2011). The
HF component in the 1SO system auditing and the Baldridge and EFQM systems are minor.

Human Resource Utilization accounts for 15% of the total 1991 MBNQA score with “human
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resource management” and “employee well-being and morale” accounting for 2% and 2.5% of
the total (Garvin, 1991). These components are all reactive HF outcomes meaning that HF
would not contribute to design within an organization. Lee (2005) has highlighted the MBNQA
criteria as “requiring ergonomic approaches” for both quality and product design. A search for
the word “ergonomic” or “human factor” in a 2011-2012 MBNQA Criteria for Performance
Excellence document (National Institute of Standards and Technology, 2011) did not return a
specific match to the terms. Inspection of the information showed that the reference to HF is
related to safety and comments on workforce performance. The indirect reference to HF would
likely need a subject matter expert to create the connection between productivity and HF,
meaning HF would still be perceived as primarily a well-being benefit. With the cost
implications of poor HF spanning a large part of an organization (Rose, et al., 2013), the ability
to understand how well HF is performing throughout an organization is needed. 1SO-based or
performance excellence-based auditing in their current form would not appear to be the best
solution for assessing HF application in an organization. This dissertation creates an approach to

assess HF integration in an organization.
1.10 The human factors metrics fit within performance measurement systems

Given how broad metrics systems have become, where might HF fit in? Keegan, et al. (1989)
suggest connecting measures to corporate strategy but add that the measure does not have to
directly reflect cost but can be a cost driver. Safety is often presented as a key organization
concern and can have significant cost implications. The safety and injury prevention focus has
been driven nationally and provincially, for example by the Workplace Safety and Insurance
Board of Ontario or Ministry of Labour, to take care of the worker. Failing to properly protect
the worker can result in significant financial penalties. The measure that typically provides
organizations with their safety performance from the worker perspective is incident rates. Other
HF measures that fit well within the safety focus in an organization are injury counts and lost or
restricted work days. These HF-related measures reflect a reactive, lagging connection of HF to
organizational key performance indicators. Missing from within safety is HF-related
performance measures relating worker capabilities to system output. The system impact of HF
has been shown to be far broader than injuries alone (Goggins et al., 2008; Neumann and Dul,

2010; Rose, et al., 2013). The difference from workstation level metrics to organization level
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metrics is highlighted by the Kleiner (2004) statement that the “nature of success measures
changes” in the movement from micro- to macroergonomics. Development of HF metrics is
needed that allows the estimation and reporting of HF performance across organizational
processes. Figure 1 illustrates the connection of HF metrics throughout an organization and
demonstrates that HF metrics could contribute to different parts of the organization. This
dissertation develops HF metrics at the workstation and organizational level. The user-centred
design development of these tools helped to establish metrics that were relevant to the different
needs of stakeholders in the organization.

The need for measurement capabilities at a workstation level is matched by a similar need to
measure the integration of HF into organization processes, and the maturity of HF integration in
the whole organization. Knowing the integration and maturity of HF in an organization enables
an understanding of the potential capability for different functions and employees in the
organization to absorb HF information and work with HF measures and processes. The
knowledge can help guide an organization to continuously improve their HF capability, increase
the level of HF integration, and provide feedback on change that is happening.
Macroergonomics is an approach that considers HF at an organizational level but assessment
approaches are not common. The style of assessment at the organization level could be
conceptually similar to standards audit systems (e.g. 1ISO 9000 or 1SO 14000; International
Organization for Standardization (2013)) and performance management systems (e.g. Malcolm
Baldridge Performance Excellence Model (National Institute of Standards and Technology,
2012), EFQM Excellence Model (European Foundation for Quality Management, 2013)) which
verify that key steps and processes are in place. However, audit systems do not deal with HF
directly. Should an assessment system be created to examine HF from the perspective of the
organization, the outcomes from an assessment could be used to enhance the ability to manage
HF in the organization. This dissertation will addresses the need to create a means to determine
the level of HF integration and maturity at the organization level by laying out the groundwork
of an assessment approach.

1.11 Dissertation Aim, Objectives, and Research Questions

This dissertation aims to contribute to understanding how HF can be integrated into the design of

production systems in a case electronics development and production organization. The focus is
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specifically on the role of HF metrics within a production system design and production
organization. To achieve this aim, with this focus, the research will investigate the factors
impacting the views of HF metrics and HF metric development, and how HF tools at the
workstation and organization level can contribute to HF metrics and the dual HF goals of system
performance and employee well-being. Combining performance and well-being goals in tool
development aims to improve the relevance of HF to multiple organization outcomes. This
strengthens the position of HF as a means to an end instead of an end in and of itself. In this case
HF is not seen as a priority to worker well-being or separately system performance but as a
general contributor to organization success as a whole. This research was completed for the

following objectives by addressing the specific research questions (RQs).

Objective 1: Determine the company stakeholder views of HF metrics, metrics development
and HF application
Investigating the integration of HF into engineering processes with the organization necessitated
the following question:
Research Question 1.1 — How do HF metrics compare to engineering metrics in the
organization?
To better understand how metrics are viewed in the case organization the question was asked:
Research Question 1.2 — How do stakeholders view metrics in the organization?

In the attempt to improve the future integration of HF and engineering metrics it is important to
understand the factors that impact the relationship established in RQ 1.1 by asking the following:
Research Question 1.3 — What factors affect how HF metrics relate to engineering

stakeholders in the organization?
With the knowledge gained from the previous three RQs more relevant HF metrics can be
developed. It is necessary to understand issues affecting metrics in order to better understand
how HF metrics should be created. This leads to the following question:
Research Question 1.4 — What issues might affect efforts to develop and integrate HF

metrics in the organization?

Objective 2: Develop a workstation level HF assessment tool for light assembly work
In the absence of a simple, virtual HF assessment tool for light assembly, it was necessary to ask
the following question:
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Research Question 2.1 — How can seated light assembly workstation layout be assessed
for system and well-being impact at the design stage?

The assumption of a small hand load in the developed tool necessitates the comparison with
other hand loads with the impact on tool outputs determined by asking the following:

Research Question 2.2 — How do tool shoulder load moment outputs for different hand
loads differ from the shoulder load moment outputs of the tool baseline models?

Asking the following two questions was needed to understand the potential user induced input
error to the tool:

Research Question 2.3a — What is the average magnitude of error in hand location
measurement?

Research Question 2.3b — Does the magnitude and direction of input error differ between
measures taken from a virtual workstation and a matching physical workstation? (RQ
2.3a)

Investigating the impact of any user induced error in the tool was investigated in the following
two questions:

Research Question 2.4 — How does the magnitude and direction of induced hand location
input error affect a) predicted shoulder load outputs and b) estimated reach/move time
outputs of the tool?

Research Question 2.5 — Using the results on the characteristics of hand location input
error (RQ 2.3a, 2.3b) and the outcomes from testing induced measurement error (RQ
2.4), how large is the potential error due to the observed input measurement
variability?

It is important to understand key components to the design of a usable tool. Understanding these
factors not only benefits the current tool but have the potential to aid future tool development.
As a result the following question was investigated:

Research Question 2.6 — What are the factors that influence a user-centered design

approach to develop a human factors tool for predictive workstation assessment?

Objective 3: Create a tool that reports the level of HF integration and maturity in an
organization
In the absence of an approach to assess how HF is integrated throughout and organization, the

following question was explored:
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Research Question 3.1 — How can the level of HF capability and integration maturity in
an organization be assessed?
Creating a valid tool necessitated the review of the tool with potential users. An examination of
their views was as guided by addressing the following question:
Research Question 3.2 — What are potential user views on the contents of the tool
developed in RQ 3.1?
The creation of a usable, field valid tool meant asking the following question in order to
understand users’ views:
Research Question 3.3 — What are users’ views on the content and usability in a case
field trial of the tool developed in RQ 3.1?

In Figure 2, the three objectives are related to the framework from Figure 1 to show how they
relate to the general organization. The investigation of metrics in Objective 1 envelops the
whole framework to demonstrate the review of a wide range of metrics and stakeholder views.
The development of a design stage virtual human factors tool to assess a workstation in
Objective 2 shows how the tool is applicable to design and development and contributes to
leading, predictive metrics. Lastly, the organization assessment tool of Objective 3 is placed on
the framework to demonstrate how its assessment capability spans an organization and assesses

HF from a macroergonomic perspective.
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Figure 2. Relationship of dissertation objectives to framework outlined in Figure 1.
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Chapter 2

General methods and research scope

2.0 Global project scope and methods
This chapter describes the case site where the majority of the dissertation research took place and
provides a description of the general methods for the entire dissertation. A more detailed

description of the methods for each study can be found in the study paper in the specific chapter.
2.1 Case site

The case site is an electronics manufacturing company based in southwestern Ontario. The
company designs, manufactures and provides service of their electronic devices for customers
worldwide. During the time of the project the case partner underwent significant restructuring,
shedding almost half of its global workforce by the end of the project, reducing from 16,500
employees globally to approximately 7,000 employees. This research was focused within the
new product realization business unit of the organization. The unit was responsible for test
building new devices and creating a manufacturing process to move to high volume
manufacturing sites. In the early stages of the project the site also supported high volume
manufacturing on demand and specialty product builds.

2.2 Study Design

This research is being conducted within a larger action research (AR), field research case project
with an electronics manufacturer. The multi-year project examines the integration of human
factors into production system design with the goal of improving worker and system related
outcomes (see Village et al., 2014a for details). This case project uses mixed methods in an AR
framework. AR is a cyclic process with components of planning, acting, observing and
evaluating (Lewin, 1946). Researchers work in concert with the company personnel to reach a

common goal and better understand the problem of interest. The interactive relationship
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between researcher and those being researched has been “characterised by joint action, joint
involvement and shared responsibility” (Ottosson, 2003). In this interaction, researchers play
less of a role of “expert”, transferring knowledge to their counterparts and instead take on a
position where they engage with the knowledge of those in the setting (Neumann et al., 2012;
Neumann and Village, 2012). The use of this approach allows for insight on change

development from an embedded, close perspective (Neumann and Village, 2012).

Solving a problem for the research partner and contributing to science are two goals in AR
(Ottosson, 2003). Mixed methods data collection means that both qualitative and quantitative
information is collected and analyzed. In this case investigation, the mix of qualitative and
guantitative methods varies depending on the study and which methods and information are most
applicable to understanding and answering the research question. Some research questions, such
as “Research Question 1.4 — What issues might affect efforts to develop and integrate HF metrics
in the organization?”, are best addressed qualitatively while others, such as “Research Question
2.3a — What is the average magnitude of error in hand location measurement?”, necessitated
quantitative analysis. Qualitative information is predominantly field notes which include the
description of interactions and researcher reflections. Audio recordings of discussions and
interviews, surveys and company documents are some of the data gathered within the case study
field notes. The project started with principal funding from the Workplace Safety and Insurance
Board of Ontario in 2010 and supported two Masters students and two Ph.D. students. Other
projects included a demonstration of the use of action research in the study of human factors
integration (Village, et al., 2014a), process mapping (Lim et al., 2014), discrete event simulation
(Dode, 2012), cognitive mapping (Village, et al., 2013a), tool development (Village, et al.,
2014b), and theory development (Village et al., 2015).

2.3 General methods for the case interaction

Access to the case organization was initially through the health and safety manager who

provided access to important stakeholders. Principle points of contact evolved with the project
and the restructuring of the company. A steering committee oversaw and directed the research
agenda for the whole project. The projects had interactions with over 100 members of the case
organization and affiliated suppliers. Industry stakeholders had backgrounds including product

design, production, quality, HF and health and safety. They included tooling engineers, project
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managers, production supervisors and managers, senior directors of associated work groups as
well as HF specialists, and managers and personnel within environmental health and safety. A
stakeholder was any individual who could contribute to the understanding, development or
execution of a project or investigation in the case. Stakeholders were chosen based on the
recommendations of other company stakeholders or if their contributions in associated work was
observed to be relevant by members of the research team. Interactions with stakeholders
occurred on a formal and informal basis. Formal interactions included interviews and workshops
specifically targeting a focused topic. Informal interactions included general discussions, phone
calls, email correspondence, and workshops or meetings where discussions on a topic naturally
evolved within conversation. Stakeholder interactions were documented by field notes and/or
audio recordings. Audio recordings were transcribed when information was relevant to the
research. Field notes and audio transcriptions were gathered and analyzed within NVivo (QSR
International Pty Ltd). More specific methods details can be found within each of the studies

completed.

2.4 Dissertation structure

The dissertation objectives and associated research questions (RQs) are addressed within the
studies presented in the dissertation as follows:

Objective 1: Determine the company stakeholder views of HF metrics, metrics development
and HF application
Research Question 1.1 — How do HF metrics compare to engineering metrics in the
organization?
Research Question 1.2 — How do stakeholders view metrics in the organization?
Research Question 1.3 — What factors affect how HF metrics relate to engineering
stakeholders in the organization?
Research Question 1.4 — What issues might affect efforts to develop and integrate HF
metrics in the organization?
Chapter 3 includes the paper “An examination of metrics in a production organization to identify
factors affecting current and future human factors metrics.” This study investigated RQ 1.1 to
1.4 in order to develop an understanding of important issues for HF metrics development and

implementation of future HF metrics and metrics systems. The case exploration was completed
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with co-authors Dr. Judy Village, Dr. Filippo Salustri, and Dr. Patrick Neumann. The candidate
collected the data, completed the analysis and was lead author on the paper. This paper is in the

final stages for journal submission.

Objective 2: Develop a workstation level HF assessment tool for light assembly work

Research Question 2.1 — How can seated light assembly workstation layout be assessed
for system and well-being impact at the design stage?

Chapter 4 includes the paper “A tool to predict human factors and work element times from
workstation layout”. This study reports on the development of a virtual HF assessment tool and
demonstration of the application of the tool with a comparison to an observation based approach.
The paper was completed with co-authors Dr. Judy Village, Dr. Filippo Salustri, Dr. Saeed
Zolfaghari, and Dr. Patrick Neumann. The candidate developed the tool, completed the
comparison analysis and was lead author on the paper. This paper is ready for journal
submission.

Research Question 2.2 — How do tool shoulder load moment outputs for different hand
loads differ from the shoulder load moment outputs of the tool baseline models?

Research Question 2.3a — What is the average magnitude of error in hand location
measurement?

Research Question 2.3b — Does the magnitude and direction of input error differ between
measures taken from a virtual workstation and a matching physical workstation? (RQ
2.3a)

Research Question 2.4 — How does the magnitude and direction of induced hand location
input error affect a) predicted shoulder load outputs and b) estimated reach/move time
outputs of the tool?

Research Question 2.5 — Using the results on the characteristics of hand location input
error (RQ 2.3a, 2.3b) and the outcomes from testing induced measurement error (RQ
2.4), how large is the potential error due to the observed input measurement
variability?

Chapter 5 includes the published paper “Testing of a workstation efficiency evaluator tool”,
which addresses RQs 2.2 to 2.5. This collection of three studies demonstrates the expected input
error for users of the tool developed in Chapter 4 and the response characteristics of the outputs
due to user error and variable hand loads. The paper was completed with co-author Dr. Patrick
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Neumann. Assistance was provided by Lindsay Buckingham (design of CAD models) and
Shahriar Shahin (data collection) for the study assessing user input errors. The candidate
developed the protocols, completed the analyses and was lead author on the paper. This paper
can be found in: Greig, M.A., and Neumann, W.P. (2015). Testing of a workstation efficiency
evaluator tool. International Journal of Industrial Ergonomics, 48, 60-69.

Research Question 2.6 — What are the factors that influence a user-centered design

approach to develop a human factors tool for predictive workstation assessment?

The conference paper “User-centered development of a workstation efficiency evaluation tool”
addresses RQ 2.6 in Chapter 6. The study reported on the user contributions to the tool
developed in RQ 2.1 and was presented at the Annual Conference of the Association of Canadian
Ergonomists. The paper was co-authored with Dr. Shane Dixon, Tim Annett, Dr. Judy Village,
and Dr. Patrick Neumann. The candidate collected the data and was lead author on the paper.
Dr. Dixon provided contributions to the data analysis. The paper can be found in: Greig, M.A.,
Dixon, S.M., Annett, T.L., Village, J.L., and Neumann, W.P. (2013). User-centered development
of a workstation efficiency evaluation tool. Proceedings of the 44th Annual Conference of the
Association of Canadian Ergonomists, Whistler, Canada (October 8-10, 2013).

Objective 3: Create a tool that reports the level of HF integration and maturity in an
organization
Research Question 3.1 — How can the level of HF capability and integration maturity in
an organization be assessed?
Research Question 3.2 — What are potential user views on the contents of the tool
developed in RQ 3.2?
Research Question 3.3 — What are users’ views on the content and usability in a case
field trial of the tool developed in RQ 3.1?
Chapter 7 presents the paper “Assessing human factors capability in organizations”. This study
addresses RQs 3.1 to 3.3 and reports on the development and testing of a tool to assess the
maturity of HF integration within an organization. The tool was collaboratively developed in the
case organization and validated in workshops that contained subject matter experts from outside
of the organization. The paper was co-authored with Dr. Judy Village, Dr. Shane Dixon, Dr.
Filippo Salustri, and Dr. Patrick Neumann. The candidate spearheaded the development,
collected and analyzed the data and was lead author on the paper.
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Chapter 3

An examination of metrics in a production organization to identify
factors affecting current and future human factors metrics

3. Introduction

This chapter addresses Objective 1: Determine the company stakeholder views of HF metrics,

metrics development and HF application and the following dissertation research questions:

Research Question 1.1 — How do HF metrics compare to engineering metrics in the
organization?
Research Question 1.2 — How do stakeholders view metrics in the organization?
Research Question 1.3 — What factors affect how HF metrics relate to engineering
stakeholders in the organization?
Research Question 1.4 — What issues might affect efforts to develop and integrate HF
metrics in the organization?
Working to better understand the integration of human factors in production, this explorative
case study with an electronics manufacturing company determines issues for HF metrics
development. This chapter describes the views of stakeholders of metrics and identifies
engineering and HF metrics. A qualitative review of the interactions is completed to assess for
gaps in HF metrics and tools as they relate to the organization and to identify important factors
for the development of HF metrics.

3.1.Aim
The aim in this chapter is to develop an understanding of important issues for human factors

(HF) metrics which should be considered during the development and implementation of future
HF metrics and metric systems. This aim will be addressed through a qualitative case
investigation of an electronics company that will examine the following research questions

(RQs):
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RQ 1 - How do HF metrics compare to engineering metrics in the organization?
RQ 2 - How do stakeholders view metrics in the organization?

RQ 3 - What factors affect how HF metrics relate to engineering stakeholders in the
organization?

RQ 4 - What issues might affect efforts to develop and integrate HF metrics in the
organization?

3.2. Methods
The textual material for this research was obtained from a longitudinal collaborative action

research project in which new methods and approaches for integrating HF into production
system design were developed in a case organization. The case organization is a large Canadian-
based, electronics development, manufacturing, and service provider. The five year project was
focussed primarily on the section of the company providing product development and
realization. This chapter draws on these interactions and distills the information from the

perspective of metrics.

Study Design:

The study is an explorative case study using qualitative data with multiple data sources from
interactions with a variety of stakeholders. The project had interactions with over 100 members
of the case organization and affiliated suppliers. Organization stakeholders had backgrounds
including product design, production, quality, HF and health and safety. They included tooling
engineers, project managers, production supervisors and managers, senior directors of associated
work groups as well as HF specialists, and managers and personnel within environmental health
and safety. Information obtained from formal and informal interactions was documented by field
notes and/or audio recordings. Formal interactions included interviews and workshops
specifically targeting metrics or related topics. Informal interactions included general
discussions, phone calls, email correspondence, and workshops or meetings where discussions

relating to metrics, measurement and information reporting organically evolved.

Formal and informal interactions were reviewed for metrics related information from 219 first
author field notes, 89 phone calls, 137 site visits, over 360 hours of direct contact time, 106
hours of associated audio recordings and associated email correspondence, along with 47 field
notes from other members of the research team. Field notes and audio transcriptions, completed
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as required, were gathered and analyzed within NVivo (QSR International Pty Ltd). Text was
coded in inductive and directed approaches. All text was thematically coded based on the
qualitative coding and the inductive analysis approach of Thomas (2006). Data was open coded
with respect to information about metrics. Coded data was re-read to refine the focus of the code
and similar codes were merged. Discussions throughout the data collection and analysis, with
research team members engaged in the project and company stakeholders, provided clarity and
verification of the interpretation of the data. Directed coding focussed on the identification of
individual metrics, metrics sets and metrics system as defined by Melnyk, et al. (2004).
Participant quotes presented in the chapter were adjusted for grammar and local jargon for

improved clarity. Adjustments are noted using [square brackets].

3.3. Results
Interactions within the case organization are organized within four sections that correspond to

each research question.
1) RQ 1.0 — How do HF metrics compare to engineering metrics in the organization?

This section illustrates the engineering and human factors metrics identified within the case
organization and the how HF stakeholders were aware of the differences between the metrics of

the two domains.

A variety of process and outcome measures were observed for engineering and HF metrics and
indicators in the case organization. The engineering metrics could be clustered into four

categories, leading, status, lagging, and response, shown in Figure 3.
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Figure 3. The four categories of engineering metrics and indicators that emerged from the review of the
case organization.

These categories were defined for their reporting on the product design system and production
system. The four categories of engineering metrics were defined as:

1. LEADING: future expectations for the production and product design systems (e.g.
Engineering: rate, capacity, cost; HF: none applicable)

2. STATUS: reporting on the current state of the production and design systems with
information on issues, inventory, and timing of events (e.g. Engineering: repair in
progress, idle time, inventory; HF: number of ergonomic education days, risk
assessments completed, training completed)

3. LAGGING: reflecting the outcomes of the production and product design systems and
capturing information on productivity and quality (e.g. Engineering: defects, yield, scrap;
HF: incident rate, injuries, force)

4. RESPONSE: reporting on what was done in reaction to an incident in the production and
product design systems (e.g. Engineering: parts under investigation, corrective actions,
initiatives; HF: time from request to assessment, physical demands descriptions

completed)

HF metrics were clustered like the identified engineering metrics to examine similarities between

the two. Compared to engineering metrics, few HF indicators were in the response metric
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category (e.g. physical demands descriptions completed, time from request to assessment). No
applicable HF metrics were found that would fit into the leading metric category and relate to
future expectations of the product design system and the production system. The greater HF
representation was in the status and lagging clusters, due to the HF metrics reporting on injuries

and how the HF group was completing their service of the organization.

An engineer expressed surprise when hearing of the lack of leading HF metrics in an early
review of HF metrics in the local environment “I still don't believe this for a minute, that we
don't have any human factors here or any indicators in our systems, right? I don't believe that,
but that's what you guys are telling me so | need to believe that.” The lack of leading HF
measures was not isolated to that engineer’s design focused environment. The corporate directed
performance metrics for the business unit and the re-designed supply chain measures did not
include a significant HF presence, in part because of a lack of available information due to a new
health and safety monitoring system that was still in development. A HF specialist stated “I saw
the [group of performance metrics] come out and safety was not even anywhere close to being
on there....... I know this is a gap.” In a later stage of the project, one HF specialist commented
on the need to change the HF metric information when they stated that there was a “need to flip
ergonomic thinking upside down”, in particular moving from reactive to proactive measures, and
in their current situation a “need to move beyond ergo days”, a lagging metric reporting on the

occurrence of HF information events.
2) RQ 2.0 — How do stakeholders view metrics in the organization?

The concept of a metric was not always clear or consistent with every stakeholder or group
involved. The term indicators and metrics were often used synonymously. An industrial
engineer highlighted the need for term clarity commenting “Is an indicator a bullet point on a
PowerPoint slide or is it a metric? A number? Is it a little happy guy that you stamp a happy face
on because it is all good or is it....a checklist?...I’m using indicators as the same as
metrics.....[we should define] this is an indicator, this is a metric.” In another conversation,
discussing what makes a metric, the definition of a metric at the start was different from the one
at the end of the discussion. Generally, a metric was identified as something measured that
relates to the business and achieving success in the organization. One industrial engineer

believed that ““a metric should measure and make a difference to your existence. [It] should
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reflect the business” and added further that their “interpretation of the metrics” was that “Metrics
drives behaviour. Drives system. Moves the company.” A project manager in charge of
revamping a group’s key performance metrics spoke of metrics being related to targets, when
they stated that there are “numbers that are set and we try to utilise those targets....where targets
didn’t exist, the key stakeholders would establish what is it that they are driving to hit and that’s
the metric.” The use of the term key performance indicators added another layer to the
understanding of how metrics were defined. The key performance indicators term most
commonly referred to a set of corporate directed tracking measures and included components

that could be considered an indicator or a metric.

Engineers demonstrated a greater familiarity with metrics and indicators than the HF specialists
in the early interaction discussions on metric development. One engineering manager
commented that you “can’t improve anything until we’ve got some metrics around.” An HF
specialist was “not really clear on metrics”, although they did believe a good metric would be
“something like a leading metric.” Their struggle to contribute and develop metrics was
captured when they stated “I don’t know if I’ve helped so much on metrics....I found it kind of
hard to come up with that metric.” Around the time of this comment there had been extensive
discussion with other engineering members of the research team around the goal of developing
new HF metrics to report HF status within other aspects of the organization. The HF specialist
went on to demonstrate progress in the understanding and development of metrics adding

“We’ve started low and we’re working our way up and eventually it’ll turn into a metric.”

3) RQ 3.0 — What factors affect how HF metrics relate to engineering stakeholders in the

organization?

Engineering and HF metrics in the case organization highlighted the different goals and mindsets
of the disciplines. From these differences a disconnection between HF metrics and engineering
metrics was evident. Three themes contributing to the disconnection emerged. They include: a)
HF reporting on health and health promotion which did not relate to the new product realization
environment, b) engineering and HF operations silos reinforcing perceptions and knowledge of
HF contributions, and ¢) HF specialists lacking tools to generate predictive measures. These

themes are highlighted below.
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a. HF reporting on health and health promotion activities did not relate to the new product

realization environment

Engineering metrics focused on productivity, efficiency, quality, production or product
development and project management, all key components of a product realization centre. HF
metrics were more focused on employee health information and the associated project
management. HF information, in general, was noted by an industrial engineer to be “...semi-
secluded to our safety department... whatever event they are encountering, it's not being

shared.”

One HF specialist stated that “most [in the organization] don’t see ergonomics beyond desks and
chairs and injury prevention.” This sentiment was validated by a comment by an engineering
director who “thought [the HF specialist] is a tables and chairs guy. I didn’t understand how
[HF] impacted our process.” The default injury focussed mentality was frequently present, as
evident in a discussion with an HF specialist who was reflecting on the “ergonomics side-car”
phenomenon. The specialist commented how HF reporting needed to better align with the
organization, saying how they need to “somehow get it into a metric that [others in the
organization] understand.” A lengthy list of guidelines that existed to aid work planning and
workstation design similarly focussed on employee health and risk of injury. When information
was quoted to engineers from these guidelines it was not always understood. For example, when
an engineer discussed the negative physical impacts of contract stress, which was a guideline and
HF work design item, the engineers appeared to not know how to handle the information. The
impact of the information on their work was lost. The engineers’ understanding changed once
the context of the information was shifted to relate how the physical impacts would manifest to

impact the ability of workers to do effective, quality work.

An HF specialist stated the current reactive injury and discomfort measures and reporting on

‘ergo visits’ “doesn’t mean a whole lot and reflect everything that is done or [we’re] trying to do
to improve [the] ability for people to do work.” The need to create a better connection was not
lost on the HF specialists who suggested finding a way to link quality and HF would be useful,
with one of them commenting “maybe we should understand the quality metrics so we can look
at HF and design along the same line.” Similarly, the desire to move beyond a health only

contribution was evident when an environmental health and safety manager commented about
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wanting to a make a connection between a healthy, happy worker and successful product in the

company.

b. Engineering and HF operation silos reinforces perceptions and knowledge of HF

contributions.

In a discussion on task and workstation measurement and establishing HF metrics, the exchange
between two engineers highlighted an ingrained thinking of the HF relationship to the
organization. One engineer stated that “someone needs to be doing the measurement at a body
level, if you like, and the other is how are we going to measure ourselves as a company.” They
believed metrics were more of a “higher level” and that at “the end of the day [measurement of
the workstation] is work design. How are we going to score and measure ourselves at the
corporate level based on this?” Similarly, the other engineer commented that “measuring
ourselves as a company [and I] don’t want to say that it’s more important, but it’s more
important for the future” as opposed to examining an assembly step that might not exist in six
months. For this engineer, metrics were more about having a “system in place to measure” that
HF analysis was being done and less on measurement about “how do we get the job
done...without the operator having discomfort.” Further, the work at the workstation level was
“more task oriented and metrics are more system oriented.” Little credence was then given to
the idea of HF metrics from work design from the employee perspective and that metrics instead
should focus more on the “manufacturing execution of what we do. That’s how we measure us as
an organization.” When pressed further for how HF metrics would look at the corporate level an
engineer responded “If I'm being completely honest | don't know what...1 know how to go out and
measure capacity across the global manufacturing sites across the first 10 sites. | can do that.
We've got tools and models and scorecards to do that with. | don't know how to do that from a

human factors perspective. That's where we're looking for help.”
c. HF specialists are lacking tools to generate predictive measures

An HF specialist in the case company was hampered by a lack of predictive measures of light
assembly worker health and performance. They wanted the ability to score a job for the effect of
moving work elements between workstations but found there is “no good way to score both [the]

job or [the] task” in their situation. Most HF tools that were available to the human factors
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specialists to create an indicator or metric were manual material handling based and not suited

for light assembly tasks.

4) RQ 4.0 — What issues might affect efforts to develop and integrate HF metrics in the

organization?

Stakeholder interactions at the company identified factors for consideration when attempting to
develop HF metrics and indicators. Themes that emerged focussed on: a) the knowledge of the
audience involved and their knowledge of the metric information, b) the connection of metrics to
the audience or organization goals, c) the support of the organization and from the organization,
d) resource availability considerations, and e) the communication of information. Each theme is

highlighted in the following sub-sections.
a. Knowledge of the metric audience and their knowledge of the metric information

The theme of knowledge emerged to reflect how metrics developers need to understand the
environment they are working with and how the knowledge level of the recipient of the metrics
is important for understanding the metric. Knowing of key meetings, processes and deliverables
could assist with creating relevant metrics. One HF specialist was unaware of when meetings
occurred in the production development process but anticipated they could make a great
contribution if they could get on the invite list. Likewise, HF specialists needed to understand
the knowledge of those receiving the metrics feedback. For example, HF specialists highlighted
that knowledge of what is behind the HF reporting numbers is a challenge when they stated that
“[engineers] don’t have our background and know why they need to understand the number. [It]
doesn’t mean anything to them.” Comments from engineers supported this sentiment. One
engineering director stated “too often you think of HF as CTS [carpal tunnel syndrome], not as
[an] influence on quality.” An engineering manager commented “Me, myself, I’ve been getting
completely hung up on health and safety data. You know, what do we currently measure? I’m
thinking injuries. Lost time. All of that stuff. But I now realize it’s got an impact in everything

that we do.”

Another important aspect of knowledge related to the background knowledge about the metrics

being used, meaning how the metrics were created and what they indicate. An engineer in a
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group revamping their performance metrics commented how they knew little of how the original
values had been created. As a result, they had less understanding of the reasons, or the ‘why’,

behind any undesirable ‘red’ issues that the metrics had indicated.
b. Connect metric content to the audience or organization goals

Connecting metrics to personal and organizational goals served to generate support for the
metrics and make any added effort of obtaining the metrics more acceptable. Making a
connection in the case organization could be done by determining which “measures can make
their [managers’] jobs better.” One industrial engineer commented that, the needs for metrics
will be driven by the connection to organizational strategy. An engineering director
demonstrated connecting to business strategy with the goal of evaluating situations in the
organization when they said “we do all these things intuitively because we know it will show less
defects, but we don’t have an objective way of evaluating” adding further “if we had those ways
of evaluating and comparing, then we can help the business make the right decision on how we
prioritize our work. [It] comes back to prioritizing what’s right for the business.” The mindset
on how to connect to the case organization varied, understandably, depending on the
stakeholder’s role. One project manager commented on the need to have something that was
proactive, reflecting company needs and providing the ability to “jump before [the customer]
even said jJump.” The same project manager suggested that time, not cost, needed to be reflected.
Conversely, engineers who worked in advanced manufacturing stated cost was very important.
From the perspective of an engineer, and their supervisor, cost was “what | live by. People can
tell you what great things they’re doing but if | don’t see the impact then | don’t see it.” Another
engineer reflected more generally on the management interests as a way to connect stating that
management “care about two things. They care about time/efficiency and quality. Both of those
things link directly to dollars™, and added further, “If you can show a [defect per million
opportunities] with a particular process step and show that improving, it’s something very
tangible.”

c. Support the organization and it will support the metrics

Management support for metrics was an issue discussed by participants. One industrial engineer
stated ““...everyone has to agree on these metrics for their linkages. The business case must be

made for the metrics..... It’s one thing for us to come up with ideas but if we amalgamate and
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report to [an engineering manager] or whoever and they don’t agree then it won’t stick. They
have to agree.” The engineer further commented that there is a “need to find the [metrics] that
are most relevant” with “the direction to come from a higher level manager.” The higher level
direction ensures the metric “ties to a company directive/business directive” and is how the
support of the business will assist with the business case for the resources required to create and
maintain the metrics, value that can be determined by everyone agreeing on the metric linkages.
A project manager furthered the idea when they said “if [a] production manager’s boss [is] not
asking [for] it, [it’s] less likely it will work and highlighted how senior level interests help to

guide direction when they stated “Whatever my manager likes, I’m fascinated about.”

Gathering support was not always about solely getting the opinion from senior levels. A project
manager reworking production supply chain performance metrics solicited support for decisions
from a range of supervisors and managers. They thought that the multiple opinions would
“converge” to a common view of what should be reported. Instead different expectations and
wants “created more confusion” and made it challenging to merge everyone’s ideas to a common
view. The project manager described the experience as “what one group manager thinks we
should [have], maybe another area doesn’t...what is it that we need to be measuring is all part

of the discovery that we’re still trying to figure out.”
d. Resources are precious, so work within stakeholder constraints

Stakeholders commented on the concern for additional workload and encumbering processes.
One engineer commented on the need to not bog down processes through the addition of a
checklist, saying “things need to be done tout de suite”, or right away, to keep pace with a busy
organization. Similarly, a project manager stated, “...we want to make sure that it is not adding
any extra work....significant amount of work on the production floor or somewhere.” The
potential of resource requirements of added work was not lost on an HF specialist who had
received comments of “Don’t bother me at quarter end. Don’t bother me at month end” from
colleagues. This HF specialist noted how the ease of use for new tools or new processes would
be key to improve uptake and understanding, especially early on, commenting that “Initially it
has to be [easy to use]. | think. And then build from there.” They added further that the “metrics
[are] something that is not a pain in the ass to get but metric[s] that work within what others are

using.” Resources for people developing metrics can also be limited. At one stage in the project,
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time constraints imposed on one engineering manager to liaise with other production sites to

improve operations had a greater immediate priority than making key performance indicators.

Minimizing added workload for metrics, but being too simple a process and generating too
simple information, appeared to have a negative effect as well. In one example, a simple
workstation design consideration checklist tool that had been developed with item rating from
poor to excellent was considered a “soft” technique by one industrial engineer.

e. Communication with others should be in the language of their choice

After the development of a scorecard for human factors to support product and production design
a product engineer commented how the scorecard brought things together and that they
“otherwise wouldn’t even know how to talk to you [the HF specialists].” The scorecard
information had been developed with feedback and consideration of all relevant stakeholders to
better suit the needs of the user. Interactions with stakeholders, in particular managers, found
that tool output information was often desired in a style that provided a quick, high level view of
the information, such as the top three issues to tackle. Presenting all of the detail had the
potential to be overwhelming and lack an appropriate context to the end use. One of the HF
specialists commented that detailed data and numbers are required but a checklist or symbol
summary was the better method to present information to non-HF specialists. Their view
matched those of engineers in that a simplified display of information was best, with the detailed
data in reserve. Using a simple approach and providing clear information appeared to work well
with engineers. One HF specialist believed that one industrial engineer would have desired a
red/yellow/green indicator because “they clearly know what values they have to shoot for.” As
an industrial engineer commented, “engineers want to be told what to do.” Further experiences
with the organization demonstrated how one metric communication style does not work for all
stakeholders. Opinions varied on the use of colours to represent a metric. A project manager
noted that “red and green doesn’t always apply, especially if it was not needed information” and
that there was no need for it if a “manager was not asking for it and it doesn’t relate to being
best in class.” An engineering manager and industrial engineer also shared the views that
colours can lack detail and depth, “red makes sense, but what is the percent impact of red?”

Similar to colours, symbols (e.g. O, X, A) and ranking or scaling numbers (e.g. 0, 1, 2) were also
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present in the case organization’s reporting, with product development engineers highlighting the

importance of an appropriate scaling factor when ranking information with a simple scale.

The importance of communicating relevant numbers or something financial was highlighted by
an engineering director lest raw numbers be “too nebulous, too touchy-feely for me.”
Communicating qualitative information was also challenging in the organization. Collecting and
presenting employee feedback, such as discomfort information, was one type of HF information
that some may have considered relevant but not all agreed. Employee opinion was deemed
untrustworthy and unscientific according to one industrial engineer. From their perspective,
“That’s people’s opinion. What we’re looking for is science based solutions here not someone’s
opinion.” Part of the hesitancy towards opinion based information was that when “you ask
people and you start to get expectations...it’s a big can of worms and sets the expectation that
the company is going to do something because they have information now.” With this view in
mind, it is understandable that attempts to collect and present employee discomfort information

in the organization were usually unsuccessful.

3.4. Discussion
This explorative case study examined metrics from a HF perspective in a production

organization. Other research has examined metrics in a production organization, for example
studies highlighted in a review by Gomes et al. (2004) or work by Godener and Sdderquist
(2004) or Gosselin (2005). To the best of the authors” knowledge this has not been done before
from the HF perspective. The findings in the case organization supports frameworks (Jensen,
2002; Neumann et al., 2009; Neumann and Village, 2012) that show HF information is
dissociated from other organizational measures and does not readily contribute to design and

strategy level decisions.

Stakeholder views of metrics were consistent with previous findings , showing that the metrics
term is used inconsistently, which can cause confusion (Melnyk, et al., 2004; Huwe, 2010).
Developers of HF metrics thus need to be clear with how the audience interprets the term metric.
An individual metric has been defined as a quantitative or qualitative measure compared to a
reference point but the term can also represent a set of metrics or the performance measurement
system (Neely, et al., 1995; Melnyk, et al., 2004; Keong Choong, 2013). The identified purpose

of metrics, to guide and drive behaviour, was consistent among engineering stakeholders.
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Engineers were more familiar with the metrics concept which may be a reflection of engineering
processes being more tightly coupled with core business activities in the case organization. HF
specialists were less familiar with metrics, especially beyond the health and safety focus that is
common for HF specialist work (Theberge and Neumann, 2013). HF specialists need to be more
aware of metrics principles and how HF can contribute to this management aspect of

organizational operations.

The type and focus of HF and engineering metrics in the case organization were not surprising.
Few HF measures are in use in manufacturing organizations or mentioned in professional
practice and academic literature (Gosselin, 2005). Engineers in the case organization were key
drivers of product and production design, which the metrics reflected. HF measures were
stereotypical of HF focus on health and safety and quality of work life (Kleiner, 2004). The HF
measures observed were typical based on HF tools used by HF practitioners (for examples see
Wells et al., 1997; Dempsey et al., 2005; Neumann and Wells, 2007; Pascual and Naqvi, 2008;
Takala, et al., 2010). A commonality across these tools and their outputs is that they are
generally disconnected from organizational processes. HF measures for productivity,
performance time and errors reflect organization processes and are also part of traditional HF
measures identified by Kleiner (2004). These types of measures were not initially found in the
case organization but evolved later in the study through other projects (see Greig et al., 2013a;
Village, et al., 2014b). The concentration of reactive HF metrics and indicators reflected the
reporting on injuries and activities, both used to justify HF practices and contributions in the
organization. HF specialists commented on the need to change the focus of their reporting
metrics to better represent performance and well-being. More performance reporting and
proactive measures would help to bridge the gap between HF specialists and engineers.
Currently, appropriate HF metrics are lacking (Neumann, et al., 2013) leaving the dual HF goals
of performance and well-being (Dul, et al., 2012; International Ergonomics Association, 2014)

underrepresented.

Three factors appeared to affect how HF metrics could contribute to engineering metrics in this
case: 1) the observed health focus of HF; 2) the separation of HF and engineering; and 3) the
lack of predictive HF tools. The health focus and organization location of HF specialists away
from engineers was not unusual in industry. HF specialists typically play a health and safety
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supporting role within human resources and/or health and safety departments (Theberge and
Neumann, 2013). Spanning the organization structure thus necessitates organizational work to
justify ergonomics (Theberge and Neumann, 2010) and tailoring work assessments to convince
the target audience (Wells et al., 2013). The ability to make these connections is dependent on
HF knowledge and resources available in the company. Early in the research project,
engineering stakeholders were unaware of the capability of HF to improve productivity and
quality. HF specialists were without metrics that were relevant to engineers. Further, the HF
specialists used design guidelines that were health risk factor based making the guidelines
difficult to relate to the organization performance goals of engineers and managers. The health-
focused information combined with the differences in understanding of HF capabilities
prevented HF metrics from contributing to engineering metrics. However, changing the context
of the HF information to better align with engineers can help. Communicating HF information
in an engineering context can improve HF integration into design processes and facilitate HF
training for engineers (Broberg, 2007; Village, et al., 2013b; Hall-Andersen and Broberg, 2014;
Village, et al., 2014Db). As this project progressed, the understanding of avenues available to
connect HF to the organization improved at the workstation level (see Village, et al., 2013a;
Village, et al., 2014a; Greig et al., 2015). This included the development of HF tools that
integrated within engineering tools and allowed light assembly workstation assessment (see
Village, et al., 2014b) and assessment of HF maturity in the organization (Greig, et al., 2015).
These tools enhanced the HF specialists’ metrics capabilities and addressed one engineer’s
concern about the ability to score themselves at an organization level. Previously, the HF
specialists in the organization were limited in workstation assessments by mostly observation-
based reactive tools that did not relate well to light assembly workstations in a product and
production design environment. Proactive tools combining performance and well-being
information did exist (e.g. ErgoSam - Laring, et al. (2005), Ergo-MTM - Caragnano and
Lavatelli (2012)). However, these tools were more appropriate for manual materials handling or
automotive assembly than the electronics assembly in this case. The tool development in the
case research project and the tools that were available for HF specialists to use highlighted the
need for HF tools and indicators which are not exclusive to the knowledge of HF specialists,

especially if non-human factors specialists are to use and apply HF in design.
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The metrics related issues identified in this HF focussed study are similar to those highlighted in
other more general studies of metrics and performance measurement. Critical factors for
performance measures include having measures that are relevant to the business, clear and
simple, and cost-effective (Franco and Bourne, 2003). Characteristics of performance measures
summarized by Hudson, et al. (2001) speak to connecting to the organization strategy and low
resource requirements through ease of use and quick feedback. Resource availability, in the
form of time and effort has also been shown to factor in organizational performance
measurement implementation (Bourne et al., 2002). Factors enabling strategic performance
measurement systems are also multifactorial (Franco and Bourne, 2003). The critical factors
similar to this study include alignment between business and strategic measures, management
understanding (including training), communication and reporting style, and management
leadership and commitment (Franco and Bourne, 2003). Management support has been a
contributing factor to measurement program implementation with the support changing as
implementation proceeds (Bourne, et al., 2002; Bititci et al., 2006; Mendibil and MacBryde,
2006). Similarly, management support and resource time and effort commitment are necessary
for successful participatory ergonomics program development (Jensen, 1997; Haims and Caryon,
1998; Driessen et al., 2010; van Eerd et al., 2010). Relationships with key stakeholders, which
includes management support, has been suggested as needing to be developed to improve the
prospects of HF influence on system design in the organization (Dul and Neumann, 2009; Dul, et
al., 2012). This study has demonstrated the need for the resource connection from the context of
HF metrics. Although the issues affecting metrics development in this study are identified as
isolated themes they are likely to interact, which could impact HF metric development. Factors
highlighted in the implementation of team-based performance measurement systems have been
shown to interact both positively and negatively (Mendibil and MacBryde, 2006).

As a whole, the results of this study show the importance of knowing and understanding
stakeholders involved with HF metrics. Understanding the interests of the metrics audience
could help to create metrics with a greater perceived usefulness and ease of use, two factors that
have been shown to improve technology acceptance (Davis, 1989; Davis et al., 1989). Having
stakeholders contribute from different levels of the organization may help to better connect
metrics capabilities at the micro-organization level with macro-organizational interests.

Stakeholder and user input is commonly promoted for performance measurement design,

48



strategy implementation (Platts, 1994), understanding design requirements (Dym et al., 2005),
and to help create objectives and measures in the design of performance measurement systems
(Bourne, et al., 2000). This suggests that HF metrics need HF principles and methods applied to
their development. Participatory ergonomics (e.g. Haines et al., 2002) and user-centered design
(e.g. Eason, 1995) are approaches that could be used to develop HF metrics. Process mapping
(Lim, et al., 2014) and cognitive mapping (Village, et al., 2013a) could also compliment
participative approaches as they have been applied to better understand engineering processes
and the links between HF and organizational goals. Macroergonomics, which has an
organization level focus, could help to relate metrics to different aspects of an organization since
it provides a sociotechnical approach that captures the larger system perspectives of HF (Kleiner,
1996; Kleiner, 2004).

Based on the results of this case study, the following recommendations for HF practitioners

interested in developing HF metrics seem warranted (Table 1).
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Table 1. Recommendations for developing HF metrics based on study results. Contributing results are
indicated by R#-p.##, where # corresponds to the results section and ## the page where the result can be

found.

Recommendation

Supporting Results

1. Understand other organization processes
and identify key milestones to support.

Know what information is important, and
when the information is important and most
relevant to the audience.

Engineering metrics are focussed on different
goals compared to HF metrics (R1-p.35).

Knowledge of the metrics audience (R4a-
p.41).

2. Be aware of the background knowledge of
the target audience.

Determine their understanding of metrics and
knowledge of the information that you are
able to share.

Views of metrics and metrics definition differ
(R2-p.37).

Knowledge of the metrics audience (R4a-
p.41).

3. Educate the audience on the benefits of HF.

Provide education as needed using audience
and organization relevant examples.
Simultaneously highlight HF as a
performance and well-being benefit.

Engineering and HF silos reinforces unhelpful
perceptions and knowledge of HF
contributions (R3b-p.40).

Audience knowledge of metric information
(R4a-p.41).

4. Be relevant to strategic goals or goals in
the organization.

Move HF beyond a health and safety focus
and demonstrate HF as a means to system and
organization success. Identify key
stakeholders for support and gain their
support by connecting to their personal or
organization goals.

Connect metric content to audience or
organization goals (R4b-p.42).

Support the organization and it will support
the metrics (R4c-p.42).

5. Work within existing processes and
minimise additional work.

Create metric processes (e.g. HF tools) that
integrate within existing work flow or add
minimal work. Identify appropriate timing to
introduce new concepts and demonstrate the
importance to their role or the organization.

Support the organization and it will support
the metrics (R4c-p.42).

Resources are precious so work within
stakeholder constraints (R4d-p.43).

6. Create information in a style that is
familiar to the audience.

Determine if the audience prefers colours,
symbols, or data so that HF information is in
a more familiar format and integrates within
their traditional thinking.

HF reporting on health and health promotion
activities did not relate to the new product
realization environment (R3a-p.39).

Communication with others should be in the
language of their choice (R4e-p.44).
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Methodological Issues:

This explorative investigation was limited to a case study of a light assembly product and
production design operation. The exploratory nature resulted in a heterogeneous, diffuse data set
with many stakeholder viewpoints considered. The breadth of data has helped to identify a range
of factors for further investigation. More research is necessary to determine the generalizability
of the current findings. Future work should investigate the requirements of HF metric
development in other industries. Work is also needed to understand and create key metrics to
bridge the gap between engineering metrics and HF metrics. A part of this future research could
also include investigating the influence of organizational culture on the integration of HF into

organizational performance systems.

More HF tools are also needed to build the measurement capabilities assessing HF impact on
employee performance. A better understanding of the HF and system connections, such as
quality and productivity, is also required to be able to address the gap. Developed tools should
also consider a range of stakeholder interests to both improve information relevance to
stakeholder processes and improve the potential for tools to be taken up and used. Establishing
sufficient HF base measures can lead to future work investigating HF metrics sets as they relate

to different organizational focuses and frameworks for a HF metrics system.

3.5. Conclusion
This exploratory case study investigated HF metrics in an electronics product development and

production organization to better understand important factors for HF metric development and
implementation. Engineers were more familiar with the concept of metrics but had varying
interpretations of the definition of metrics. HF metrics were reactive, less in number and of a
different focus compared to engineering metrics across four identified categories of leading,
status, lagging and response. There were no HF leading metrics that could contribute to product
design systems or production systems. The gap between engineering and HF metrics was due in
part to the health and safety focus of HF in the organization, the physical location in the
organization and knowledge separation of HF specialists and engineers, and the lack of
predictive HF tools to create metrics. Issues affecting HF metric development identified five

themes for to consider when developing HF metrics, including: 1) knowledge of engineer
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processes and of HF principles, 2) connection of metrics to the organization, 3) support of the
organization and of the information to the organization, 4) resource availability and limitations,
and 5) communication format of metrics information. From the results of the study six
recommendations were created for HF practitioner interested in developing metrics. Though
results come from an exploration in a case organization, these findings provide initial points for

consideration in the development and implementation of HF metrics.
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Chapter 4

A tool to predict human factors and work element times from
workstation layout

4. Introduction

To understand objective 2: Develop a workstation level HF assessment tool for light assembly
work, this chapter addresses the following dissertation research question:

Research Question 2.1 — How can seated light assembly workstation layout be assessed

for system and well-being impact at the design stage?

From interaction with the industry partner a need was identified to be able to assess human
factors (HF) at the workstation level. This chapter describes the development of a novel tool for
seated light assembly that predicts HF and work element times from the task descriptions of a
workstation layout.
4.1. Aim
The aim of the chapter is to present the development of a novel virtual human factors tool and
demonstrate its capabilities with a case example. The chapter describes how the tool predicts
human factors and work system information using inputs from an existing layout, or proposed
CAD design, of a seated, light assembly workstation. The case example will demonstrate the
application of the tool using information from a workstation redesign assessment conducted by
Neumann, et al. (2002) to illustrate how work cycle and shift demand requirements can be

reviewed in the design stage.
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4.2. Tool Development

4.2.1. Vision for the tool

The goal of the tool is to provide a simple, predictive method, requiring no specialised
ergonomics knowledge to assess worker shoulder loading, hand movement, and task time
requirements in light assembly.

4.2.2. Tool structure

Input information for the tool is obtained from information describing a light assembly
workstation, where from a seated position the worker reaches for all supplies and to complete all
tasks without leaving or rotating in their seat (see example in Figure 4). The spreadsheet based
tool uses inputs describing the three dimensional location of the hands for each task element, the
type of hand movement and action required, and the gender specific population percentile
anthropometry to be assessed. Inputs can be determined as early as the digital drawings in the
design stage. Outputs include the estimation of shoulder load, hand travel and time of
completion for the listed task elements. From the output information, more effective layout and
assembly sequence decisions can be made with greater cost effectiveness and reduced risk
exposure to the worker. The general logic of the tool is shown in Figure 5.

Figure 4. Measures required to describe worker hand location, where: RL is the right-left distance, FB the
forward-backward distance, and UD the distance up from an origin at the top, leading edge of the
workstation in line with the midline of the worker. Positive values match the direction of arrows.
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Inputs Processing Outputs

Human Factors

Gender Reach locations with zones of acceptability
Anthropometry (%) Hand movement distance (cm)
Cumulative hand movement distance (cm)
| Shoulder models R Net Shoulder Load (Nm and % MVC)
For each task element: "| MTM lookup tables e Cumulative Net Shoulder Load (Nms)
Hand location (cm) System
MTM-1 classifications Task Movement and Process time (s)
Machine/Other time Total Task time (s)

Cycle time (s)

Figure 5. Logic flow of the tool. Where %MVC is the estimated shoulder load as a percentage of the
maximum capability for a chosen gender and anthropometry

4.2.3. Tool inputs

Inputs include setting the gender, the specific population percentile anthropometry (5™, 50", or
95" by combined height and weight), and a description of the work task element sequence for the
work cycle. The task elements include any reaching, getting, placing and machine operation
steps. This level of detail is required for the prediction of time. Input data for each task element
comes from two main sources, task element location and the Methods-Time Measurement
(MTM-1) based element classifications (cf. Freivalds and Niebel, 2009). The contribution of the
hand locations, population percentile and task classifications to the tool outputs will be explained

in further detail in the next section.

Task element hand location, in centimetres, is the key driver of the tool as it is used for hand
movement calculations, illustrating task reach zones, providing the inputs to the net shoulder

load models and, when coupled with the element classification, driving MTM-1 reach and move
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time prediction. Hand location values are the three dimensional coordinates of the hand location
for a work element. For a given element, the location may represent the average hand location or
the worst case scenario posture to establish risk boundaries. The distances in each dimension are
relative to an origin on the front, top edge of the workstation opposite the midline of the worker
(Figure 4). Positive values are to the right of the origin, up from the workstation surface and
moving forward, away from the worker (see Appendix A for an example of the input table and
task values). This origin location allows the hand location inputs to be measured independently
of workstation height from the floor and independently of the body size of the worker.
Connecting the hand location to different anthropometries, to allow shoulder load prediction,
requires an assumption of a standard sitting posture and a translation of the origin to be relative

to the worker.

Task element time prediction requires the analyst to identify the element as a reach or move,
grasp or release, and the positioning required for any placement within a task (see example in
Appendix A), according to the standard for MTM-1 (cf. Freivalds and Niebel, 2009). Choices
are made through options available in drop-down menus. Eleven distinct MTM-1 grasp
classifications and two different release choices are available to describe the method of obtaining
or letting go of an object. The positioning required to place an object is described by one of nine
descriptions. Any tasks without an MTM classification (e.g. machine time, inspection time,

running a screwdriver) can have a time value, in seconds, entered manually.

4.2.4. Tool processing and outputs
Output information from the tool is organized into four categories: reach zones, hand travel
distance, time estimation, and net and cumulative shoulder load. The processing of the input

data to create each output value is explained in detail in the following sections.

4.2.4.1. Reach zones
Hand locations are directly mapped onto side and overhead view digital representations of
workstations that include reach zone guidelines. The reach zones assist with the assessment of

worker risk and help target task elements for continuous improvement. The overhead view zone

56



acceptable for frequent reaches is defined by a 25 cm radius arc from the workstation edge,
directly in front of the right and left shoulders, whereas an occasional reach, or cautionary zone,
is bounded by an arc of 50 cm radius (adapted from Canadian Standards Association, 2012). An
acceptable, frequent reach zone is defined in the side view by vertical heights under 15 cm from
the top of the workstation surface (adapted from Putz-Anderson, 1988). The cautionary,
occasional reach zone is bounded by the shoulder height of a 5" percentile female, since working
above shoulder height has been highlighted as an increased risk to the worker (Bernard, 1997;
Punnett et al., 2000; Svendsen et al., 2004), and effective design should include as much of the

working population as possible.

4.2.4.2. Hand travel distance

Hand travel distance, in centimetres, is calculated by the three dimensional straight line distance
between corresponding task element hand locations. This novel indicator has been created as a
generic workload indicator. It tracks movement distance throughout the workstation similar to
tracking how far a worker walks around their work environment. The travel distance
information, assumed to be linear between elements for calculation purposes, is also used to help
predict movement time between consecutive elements. Cumulative hand travel is a summation
of all of the hand travel distances to determine the total hand travel for the set of work elements
for the right or left hand. A representative output of data from the tool is displayed in Figure 6.
The hand travel contributions of each task (shown by columns) to the total hand movement
(shown by lines) can be seen, and task specific changes can be targeted to assist continuous

process improvement while managing worker risk.
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Figure 6. Example output summary of a set of work elements for cumulative hand travel and between
element hand travel for the right and left hand. Number of element labels reduced to improve clarity.

4.2.4.3. Time estimation

The sum of the individual element times generates an estimation of the total work cycle time
required for a normal, trained worker. The calculation of the movement, process, task, and cycle
time are described in more detail in the following sub-sections.

4.2.4.3.1. Movement time

The hand movement distance between consecutive task elements is compared with the MTM-1
reach/move classification lookup tables to determine movement time. Time is presented in
seconds in the output. Distances that are between levels in the lookup table are rounded up to the
next level, meaning time is rounded up and not down. The MTM-1 *C or D’ (reach) and ‘C’
(move) Case and Description categories for small objects, accurate grasp and moves to an exact
location, are used to predict time for all of the reach and move tasks (Freivalds and Niebel,
2009), since light assembly tasks require accurate grasping to pick up and accurately place
potentially small objects.

4.2.4.3.2. Process time

Process time, converted and displayed in seconds, is a function of the two different types of

classifications — grasp/release and position class of fit. The selection from the drop-down menu
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options in the spreadsheet is used to identify the corresponding time value from the MTM-1
tables (Freivalds and Niebel, 2009). The value is converted to seconds and displayed for each

element.

4.2.4.3.3. Element and cycle time

Element time is the sum of the right and left hand movement times to get to the element location,
the right and left hand process times while at that location, and any machine/other time. As
required, the left and right hand actions are combined using prescribed MTM logic for
simultaneous actions (cf. Freivalds and Niebel, 2009). This logic allows movements, but not
processes, to be completed simultaneously. As a result, in simultaneous hand movements
between successive elements, the larger time for the left and right hand movement time is used.
Total cycle time is the sum of the individual element times. A representative output of element

times in a work cycle can be seen in Figure 7.
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Figure 7. Representative graph showing individual element time contribution to the cumulative work
cycle time. Number of element labels reduced to improve clarity.

4.2.4.4. Net and cumulative shoulder load
For each shoulder, two net shoulder load values, an absolute (Nm) value and a value relating the
absolute value as a percentage of the capabilities of the population (%MVC) being assessed, are

reported for each element along with a cumulative load value (Nms) for the full list of elements.
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These measures were chosen to monitor known risk factors for musculoskeletal injury (Bernard,
1997; Norman et al., 1998) and to understand the load relative to the strength capability of the
anthropometry being examined. Obtaining the net shoulder load values from the tool inputs
requires the use of two separate shoulder models that have components dependent on the
population percentile chosen and the input element location values, which are translated to an
origin to match the input requirements of the shoulder models. The cumulative net shoulder load
value combines the absolute net shoulder load value with the corresponding individual element
time across the work cycle. The development of the models and outputs will be expanded upon

in the remainder of this section.

4.2.4.4.1. Development of shoulder load models

Absolute and relative shoulder load prediction models were created as a function of hand
location using data from a two dimensional digital human modeling software program (4D
WATBAK, Version 2.0.37 - Ergowatch, University of Waterloo, Canada; Neumann et al., 1999).
Data values were obtained by sequentially positioning the arm of the mannequin at 30° intervals
of shoulder flexion from 0° (arm down at the side) to 150° (arm near vertical over the head).
Within each shoulder angle position the forearm was positioned at 30° intervals from 0° to 120°
(see Figure 8). The shoulder load for each position was also converted to a percentage of the
population average maximum and termed as a percent of maximum voluntary capable (%0MVC)
using values from within the software (cf. Neumann, et al., 2002). Data sets were compiled for
the default male and female 5™, 50", and 95" percentile included in 4D WATBAK. The heights
and weights within 4D WATBAK were based on 1981 Canada Fitness Survey with limb
segment information based on the works of Dreyfuss (1966), Plagenhoef (1971), and Zatsiorsky
and Seluyanov (1983). No hand load was used with the mannequin in the initial model due to
the low external loads anticipated in light assembly — for example, as seen in small electronics
assembly, and due to the knowledge that the hand could be unloaded for a significant part of the
work cycle while the worker reaches for a part or tool. Further, the part weights, up to a few
hundred grams, are a small percentage of the worker’s limb weight being moved about the
workstation. With these assumptions, a hand load value is not needed as an input to this proof of

concept version of the tool and the associated shoulder models.
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Three data sets were created from the digital human model data for each of the male and female
population percentiles. These included Full Range (all data — see Figure 8, picture A), Above
Shoulder (maximum shoulder flexion angle 90 degrees— see Figure 8, picture B) and Below
Shoulder (no limb position or hand location above the level of the shoulder — see Figure 8,
picture C). Information for the Above Shoulder data set is presented within the chapter since it
was most relevant to the initial application of the tool in seated, light assembly. Model
development was the same for all three data sets. The information for models of the remaining
two data sets is presented in Appendix B for those readers that may have an application for it.
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Figure 8. Arm positions used for the three data sets.

For each data set, two linear regression models were generated in Microsoft Excel, one each for
the shoulder load and %MVC. Both models were functions of two input variables, the horizontal

and vertical location of the hand relative to the shoulder.

The equations generated are shown in Table 2 and correspond with the generic shoulder load
equations below. Equations for the other data sets can be found in Appendix C. Regression R?
values ranged from 0.86 to 0.88 for shoulder load and 0.81 to 0.82 for %MVC. The range of R?
values for all models tested can be seen in Appendix C.
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Net Shoulder Moment (Nm)
= Intercept + X Coef ficient X x(hand ) — shouldery,)) + Y Coefficient

X y(hand i,y — shouldery,)

Net %MV C (%)
= (Intercept + X Coefficient X x(hand,, — shoulder(y))
+ Y Coefficient X y(hand ) — shoulder(y))) X 100%

Where: x(hand(m)-shoulderm)) is the forward/backward hand location with respect to the shoulder
joint and y(handm)-shoulder)) is the hand location distance from the shoulder in the up/down
direction.

Table 2 .Equation coefficients and R? values for the shoulder models used in the tool, where, X and Y
Coefficients are for horizontal and vertical components of the equation, respectively.

Data Set R? Intercept X Coefficient Y Coefficient
5%ile Female 0.86 0.626 7.878 2.360
50%ile Female 0.86 0.862 9.977 2.929
Net Shoulder 95%ile Female 0.86 1.246 13.721 3.841
Moment (Nm) 5%ile Male 0.87 0.816 10.221 2.806
50%ile Male 0.87 1.169 13.596 3.756
95%ile Male 0.88 1.713 17.960 4,985
5%ile Female 0.82 0.020 0.266 0.099
50%ile Female 0.82 0.027 0.337 0.123
Net %oMVC 95%ile Female 0.81 0.041 0.458 0.164
(%) 5%ile Male 0.81 0.013 0.166 0.063
50%ile Male 0.82 0.019 0.220 0.084
95%ile Male 0.82 0.028 0.290 0.112

4.2.4.4.2. Translation of tool input values for shoulder model input

Hand location coordinates, as inputs to the tool, are measured with respect to an origin on the
workstation surface. The shoulder load models, however, require input values of the hand
location relative to the shoulder joint. Hand location inputs are made relative to the shoulder
joint based on the assumption of a standard sitting distance from the work surface to the body,
which is dependent on the choice of a gender and population anthropometry percentile. It is
possible that different seated postures and orientations to the workstation will be chosen by the

worker. Even with this potential variability, it is likely that over an extended period of time the
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seated positions will average to what has been assumed as the standard seated position in the
tool. Subsequently, the gender and population percentile choice allows available anthropometric
data (U.S. based - Humanscale - Diffrient et al., 1973) to be applied to make the appropriate
adjustments of the inputs . The method used to make this adjustment is summarised in Table 3.
Any differences between the anthropometries of the Humanscale data set and those within 4D

WATBAK have been deemed to have no significant impact.

It is possible for other anthropometric data sets to be used. Compared to 2003-2006 United
States anthropometric data (McDowell et al., 2008), the Humanscale data used was within 1-2
cm height, with the exception of a 6.4 cm difference for the 5" percentile, and 4.2 kg to 32.2 kg
weight. Similarly, for United States data in ISO/TR 750-2:2010(E) (International Organization
for Standardization, 2010), the height and weight differences were 0.1 cm to 6.6 cm and 2 kg to
21 kg for the same percentiles. The weight differences have an impact of 0.1 to 1.7 kg on total
arm weight, should weight be distributed similarly through the different populations, which
would have low impact on the shoulder load model in some instances. Differences between
anthropometric sets may be considered irrelevant in the intended design application of the tool
since the comparison of new design improvements to an old design (an A-B comparison) will not

be greatly affected by changes in anthropometrics.

Table 3. Translations used to make task hand location values relative to a shoulder joint location.
Direction Anthropometric Correction Effect

Translates workstation FB distance
to the centre of the body and
shoulder pivot location

Forward-Backward Average sitting distance from the
(FB) edge of the workstation

Work table height sitting & shoulder | Translates workstation UD distance

Up-Down (UD) pivot height sitting to body shoulder pivot height

Translates workstation RL distance
Right-Left (RL) Shoulder pivot width from the body midline laterally to
the shoulder pivot

The shoulder models developed from the two dimensional digital human model data require only
one horizontal and one vertical input. The vertical component, consistent between the tool inputs
and the shoulder model inputs, does not require any adjustment. With only one horizontal input

to a shoulder load model, the two horizontal plane values are combined using Pythagorean
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addition to create a single value. The resulting value is used for the horizontal component input
to the two dimensional shoulder load model in the tool. Due to the combination of values, any
outputs from these shoulder models are therefore considered to be net shoulder moment or net
%MVC.

4.2.4.4.3. Netand Cumulative Shoulder Load Outputs

The tool shoulder models create outputs of net shoulder moment and net %MVC for the left and
right shoulder of each work element listed. This output information is displayed in a table and
can be summarised as a graph of task elements versus load magnitude. Cumulative net shoulder
moment is determined by multiplying the net shoulder moment for each element by the time for
that element and summing all elements in the work cycle. The contribution of reach or move
elements to the cumulative net shoulder moment is calculated from the net shoulder moment at
the midpoint between successive hand locations multiplied by the movement time between the

hand locations.

The combination of the horizontal plane information to generate proper inputs for the two
dimensional shoulder load models is the most significant assumption of the shoulder load models
used. A two dimensional shoulder load model was chosen for two reasons: (1) a simple shoulder
load model was able to be developed from a two dimensional digital human model data set; and
(2) the tool development presented in this chapter is a proof of concept of the tool as a whole.
More complex, three dimensional models are possible, but would generate three shoulder load
outputs. The three outputs would require more interpretation of their meaning and are less likely
to be relevant to non-ergonomists, meaning a decrease in the usability of the tool. The concept
of monitoring shoulder risk through a single plane of information is not new. Significant work
has been done using inclinometers to correlate posture with risk (Hansson et al., 2006; Hansson
etal., 2010).

4.3. Case example of application of the tool
4.3.1. Aim

The case example, using an observation based assessment of a workstation re-design from the
previous study of Neumann, et al. (2002), demonstrates the application of the tool to complete an
assessment of a light assembly workstation from leading design parameters, rather than the

observational approach that was used in the earlier study. The use of the tool will illustrate how
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the impact of design decisions on work cycle and shift demand requirements can be assessed
during the design stage.

4.3.2. Methods

Workstation layouts to be assessed with the tool were recreated from a previous study completed
by Neumann, et al. (2002), who studied the layout changes observationally in a case study of
Swedish electronics assembly system. The ‘New’ (New Design) and ‘Original’ (Original
Design) workstation layouts assessed within the referent Neumann, et al. (2002) study are shown
in Figure 9. To demonstrate a design stage evaluation, stock locations and reach requirements
for an operator were estimated from pictures and the original information used in the observation
based study. Estimated three dimensional values were verified by one of the Neumann, et al.
(2002) authors.

Figure 9. Workstation set up for the original (left) and new (right) workstations from the system studied
by Neumann et al. (2002).

All tasks were assumed to be completed with the right hand, as was done in the original
observation based Swedish case study. Work tasks progressed sequentially from left to right, top
to bottom in each workstation. Stock retrieval was a singular pick and place, meaning two
different parts were not grabbed in one reach. A 95" percentile female was used for the shoulder
load analysis to match the population assumptions of Neumann, et al. (2002). To assess the
design effects over a shift, a full shift was assumed to be 7.5 working hours. The percent change

between the New Design and Original Design was calculated from the following equation:
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Workstation Change (%)
= 100 X (New Design — Original Design) / Original Design

4.3.3. Results

The observational method (Neumann, et al., 2002) and the virtual method of the tool showed
similar trends in the comparison of the two workstations. Both analyses determined that the New
Design had increased peak and average shoulder loading for the assembly parts of the work cycle
elements. Table 4 highlights the findings from the virtual tool. It shows that the peak Net
Shoulder Moment increased by 22.7% in the change to the New Design. The average Net
Shoulder Moment also increased from 7.2 Nm to 7.9 Nm, due in part to the New Design having
six elements that exceeded the peak moment of the Original Design. These values corresponded
to a 26.4% and 11.7% increase in peak and average Net %MVC, respectively. Further, the
virtual method identified a per cycle decrease in the amount of hand travel required and cycle

time. When scaled to a full shift, the difference is switched, and the New Design has a 3.7%

increase in cumulative hand movement because of the total work time differences.

Table 4. Comparison between assembly task shoulder load, cycle time and cumulative hand travel
calculated values for the proposed virtual tool and the observational method used by Neumann et al.

(2002).
Workstation Design || \Workstation
Original New Change (%)
Net Shoulder Moment (Nm) Peak 9.7 11.9 22.1
Average 7.2 7.9 9.7
Assembly  Cumulative Net Shoulder Moment (Nms) 4245 427.9 0.8
Net %MVC (%) Peak 314 39.7 26.4
Average 23.0 25.7 11.7
Work Cycle Time (s) 64.3 58.4 -9.2
Hand
Travel Per Work Cycle (m) 11.8 10.5 -10.7
Per Shift (m) 2252.0 2336.0 3.7

The virtual tool quickly allows hand movement for the two setups to be displayed. Hand

locations relative to identified acceptable frequent (inner or lower dashed line) and occasional
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(outer or upper solid line) work zones are shown for the above view (horizontal plane), in Figure
10, and side view (vertical plane) in Figure 11. From the overhead view, the Original Design has
a work envelope that is closer to the worker than with the New Design for most elements. The
side view shows that all original design tasks are within the frequent vertical reach zone while
the New Design has tasks in multiple zones. The side view also supports the observation of the

distance of reach required that was evident in the overhead view.

Original Design - overhead view New Design - overhead view
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Figure 10. Overhead view (of the hand locations, relative to the workstation, required to complete the
work elements for the Original Design (A) and New Design (B).
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Figure 11. Side view of the hand locations, relative to the workstation, required to complete the work
elements for the Original Design (A) and New Design (B).

The hand travel distances between elements and cumulative distance are shown for the virtual
tool in Figure 12. The movements required at the beginning and end of the work cycle of the

Original Design can be seen as key contributors to the hand travel differences between the two
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designs. These correspond to the points away from the main cluster of points in Figure 10 (A)
and Figure 11 (A).
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Figure 12. Hand travel between elements and cumulative hand travel for the original workstation (top)
and new workstation (bottom). (Note: Element labels changed for simplicity of presentation).
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4.4. Discussion

This chapter presents the concept of a light assembly workstation design assessment tool and a
case example demonstrating its benefit in making layout decisions. The tool converts available
workstation information (hand location and work element descriptions) into outputs that report
on system (time) and human (work element and cumulative hand travel and shoulder loading)
outcomes for practitioners. The current simple shoulder load models are openly shared here to
allow further development in other applications. More complex biomechanical models could be
incorporated in future versions — provided they retain the ease of use embedded in this tool
which requires only layout coordinates and no special training to use. In the tool’s current form,
as guided by industry feedback (Greig et al., 2013b), it provides a reliable method to quantify
and compare design decisions, in both ergonomic and performance terms that are easily used by
non-ergonomics specialists with limited training in predetermined motion time systems. Such
simplicity in an integrated perspective is currently not available from other light assembly design
tools. The tool does not replace all HF analysis tools but instead should be considered as part of
a suite of risk analysis tools. Ideally the tool will be used to better understand workstation layout
and work assignment choices allowing for both improved performance and reduced injury risks

for operators.

The case in this chapter demonstrates the ability and potential benefits of this novel, virtual tool.
Using workstation layouts, this tool predicted worker load levels that were similarly identified in
an observation based workstation assessment by Neumann, et al. (2002). The virtual tool
identified the same change trends between the two workstation designs even with subtle
differences of estimated hand locations and task elements from the actual workstations. Further,
the virtual tool provides a greater range of risk analysis outputs by combining hand travel, reach
zone acceptability, task element time prediction, and an estimation of shoulder loading for the
task elements and work cycle. Together this information allows change proposals to be assessed
and targeted workstation improvements to be completed as required before any change is

implemented.
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The ability for design stage assessment is a primary benefit of the tool over the observation
method of Neumann, et al. (2002). Design decisions can then be connected to worker load and
task element time at a stage where the ability to make change is more feasible (Miles and Swift,
1998; Dul and Neumann, 2009). A secondary benefit is the ability to bring together a range of
outputs to obtain a better appreciation of the simultaneous impact of the layout choices on the

worker and the work system.

The New Design was proposed to improve productivity, meaning reduce cycle time through the
addition of a transport conveyor. Adding the conveyor reduced the hand movement when
transitioning to the next cycle, a contributor to the reduced work cycle cumulative hand travel in
the New Design. The addition of more HF-related information in the assessment from the tool
begins to show that the benefit of the change actually increases risk for the worker. The peak net
shoulder moment output was not only elevated in the New Design, as was found by Neumann, et
al. (2002), but the peak net shoulder moment from the Original Design was actually exceeded by
six tasks in the New Design. Similarly, reach locations, as summarized in the reach zone graphs,
showed how the conveyor moved the work further from the worker and induced higher reaches,
some of which would be above the shoulder level of a 5™ percentile female. Scaling the tool
outputs to reflect activity for a full shift, the hand travel, which had decreased within a cycle and
reduced cycle time, now showed an increased cumulative hand travel of 3.7% over the Original
Design for a full shift. Likewise, the cumulative shoulder load showed a slight increase in a
work cycle of the New Design (0.8%), meaning a greater load over the course of a shift. Had a
design engineer looked at the tasks and work cycle in isolation, the work shift information would
have likely been overlooked. However, the cumulative effect of the work cycle tasks has been
presented in an easily scalable way to look at the combined effect of all tasks throughout a
working shift. Workstation layout changes can be investigated with greater effectiveness in this

way with this tool, and far earlier in the change process than other HF tools allow.

The information from the tool could, conceivably, be applied to line balancing decisions, similar
to Carnahan, et al. (2001), as well as to help create an optimal layout and work distribution, as
has been proposed by Braun, et al. (1996) and Ben-Gal and Bukchin (2002), or used to make

more informed decisions earlier in design proposals as was demonstrated in the case example.
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When applied early in workstation design the tool easily depicts the worker and workstation
interaction, which can help with the interpretation of design concepts. Similar to how Braun, et
al. (1996) and Zha (2001) used limb anthropometrics to anticipate worker reach envelopes and
guide stock placement, the tool uses industry accepted horizontal and vertical reach zones which
give a simple illustration of how the different task locations align with the 5™ percentile worker.
Coupling the hand location output information with the corresponding shoulder load means that
frequently completed tasks, or those with heavier loads, are more easily identified and able to be
prioritised for improvement or preferred workstation locations that reduce the worker burden.
This virtual tool analysis is not just limited to early design but can be completed at any stage of
the design process. Hand location values can be readily obtained from digital design drawings,
pilot build mock-ups or when the final system is completed. A revision of hand locations in any
of these stages causes all outputs to change accordingly, which can help to guide the design
process. This type of combined information analysis is possible using the observation based
approach of Neumann, et al. (2002), but requires the physical station to be in place with a worker
present and separate analysis processes to obtain the necessary information contained in this tool.
Though workstation assessments and changes post-design are an accepted practice, assessments
and changes that are able to be completed in the design stage have been shown to be more easily
implemented, more effective, and have greater impact because of the avoidance of costly
retrofitting (Miles and Swift, 1998; Neumann and Dul, 2010).

Performance time and load time estimations in the tool helps to connect HF information to work
system components commonly of interest to system designers, and allows HF practitioners to
capture the impact of cumulative work. With the connection to the work system, system
designer goals to reduce cycle time can be better matched with HF practitioner desires to reduce
reach distance and shoulder load, which creates cross discipline understanding and benefits to the
worker well-being and system performance objectives that are at the core of HF (Dul, et al.,
2012). Capturing cumulative work exposure allows a more realistic picture of task element
shoulder demands on the worker within the cycle, and with simple scaling, for the work shift.
Cumulative loading is a measure likely more reflective of total worker demand. It has been
shown to be an important risk factor for low back pain, resulting in the development of exposure

thresholds (Norman, et al., 1998). Thresholds for cumulative shoulder loading are being

71



developed but have not been established to the same extent as for the low back (McClellan et al.,
2009; Seaman et al., 2010).

With system and HF information together in the tool, the more complete picture of work cycle
demands could use the time and worker demand information to better assign and distribute work
tasks in a workstation (or, potentially, on a whole line) to better balance worker demand.
Previous researchers have investigated the connection between the system, HF, and line
balancing (for example: Braun, et al., 1996; Carnahan, et al., 2001; Zha, 2001; Ben-Gal and
Bukchin, 2002). However, their HF measures do not relate well to light assembly and the
complexity of their procedures might inhibit usability by people outside of their domain. Future
work to improve the calculation of time-based exposure measures will create a better
understanding of the impact of design decisions during the design stage and, through the use of

the time element, improve the connection of HF with design engineers (Wells, et al., 2007).

The tool has also been created to address a need to incorporate HF assessment into system design
decisions via a simple, yet informative, and cost effective tool. Perez and Neumann (2015)
identified nine characteristics that motivate or deter the use of a virtual human factors tool.
These characteristics include: time, cost, training, difficulty to use, trustworthiness, graphics,
flexibility, usefulness and report presentation. It is believed that this tool satisfies a number of
these factors, specifically:

1) Inputs to the tool have been designed to be as simple as possible: distances between
points on a CAD drawing, or use of a tape measure, in the case of measurements on an
existing workstation.

2) The Excel-based format has been used to allow the tool to be readily accessible and cost
effective compared to other predictive tools like Jack, Santos, or even 4D WATBAK.

3) Results interpretation is straightforward, even for non-experts (Greig, et al., 2013b), and
clearly presented for system and human outcomes.

Time to use the tool, a key factor outlined by Perez and Neumann (2015), presents the greatest
challenge to the tool in its current form. Describing all of the work elements, necessary for
MTM-1 and calculation of some tool outputs, can be an arduous task and requires specific

training. MTM is used in industry and has various forms possible to describe tasks (e.g. MTM-
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UAS, MTM-MEK). It is not always applied though at the detailed level of MTM-1, in part due

to the time consuming nature of describing work at the element-by-element level of detail.

With time prediction in the tool, the length of exertion time can be estimated. Exertion time,
coupled with exertion intensity (%MVC), can be used as inputs to maximal endurance time
prediction models (for example, Mathiassen and Ahsberg, 1999; El ahrache et al., 2006).
Corresponding pause or recovery times, from rest allowance models (for example, Rose et al.,
1992; El ahrache and Imbeau, 2009), could inform a user on appropriate work-to-rest ratios.
This functionality, applied similarly by Carnahan, et al. (2001) and Dode (2012), is currently

under development for future versions of the tool.

Tool validation and epidemiologic calibration of the outcomes are also points of future work.
Error sensitivity testing that has been completed has found that hand loads up to 100 g differed
from the tool’s base model predicted shoulder load by 5%-12%; hand location measurement
error averaged within 1 cm of referent values; while simulated input error resulted in an average
of < 0.05 Nm predicted shoulder load and < 3.6 ms predicted movement time (Greig and
Neumann, 2015). These testing results demonstrate the acceptability of the tool in a light
assembly application such as electronics assembly. They also suggest that possible inertial
limb-load effects of dynamic movements would have little impact on the results and be
negligible in the comparison of two design options (e.g. A to B comparison).

The case application presented within this chapter was used to illustrate the tool and help prove
the concept. The comparison of outcomes to a real, observed case does provide an initial, basic
examination of content validity. More work is required to systematically assess the validity of
the tool content and other aspects of validity, such as construct and face validity, as well.
Calibration of output measures to known thresholds (for example see ACGIH HAL-TLV
(American Congress of Governmental Industrial Hygienists, 2001); NIOSH Action Limit
(National Institute for Occupational Safety and Health, 1994)) would also provide useful
extensions of the current tool. With appropriate thresholds and limit values for both the work
cycle and the shift, users of the tool will have more defined targets to work towards to maximize

worker performance. Thresholds have been shown to be useful in assessing conformance to
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standards and can also provide a simple statement on usability (Lee and Koubek, 2012). Both of
these applications could be beneficial in workstation design. Currently, shoulder load thresholds
remain a work in progress (McClellan, et al., 2009; Seaman, et al., 2010) and the concept of hand
travel is even less developed.

4.5. Conclusion

A novel tool is presented that predicts worker demand and element time in light assembly from
workstation layout and task elements using simple biomechanical regression models and
Methods-Time Measurement. Right and left hand element description inputs are used to
generate estimations of hand travel, zones of reach acceptability, and shoulder load for male and
female 5%, 50™", and 95" percentile populations. The tool can be used at any time during the
design stage to assist in line layout, workstation layout, and task balancing. Work station design
induced worker demands, assessed in a case example using this tool, compared favourably to an
established observation based method. The virtual method can be considered an effective
replacement for the observation based method in the context examined. This new tool has the
ability to provide a greater breadth of assessment information that can allow workstation and
system designers to develop and review workstation proposals at the earliest stages of

workstation design.
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Chapter 5

Testing of a workstation efficiency evaluator tool

5. Introduction

This chapter addresses dissertation research questions 2.2 to 2.5 in pursuit of objective 2:
Develop a workstation level HF assessment tool for light assembly work. The specific research
questions are as follows:

Research Question 2.2 — How do tool shoulder load moment outputs for different hand
loads differ from the shoulder load moment outputs of the tool baseline models?

Research Question 2.3a — What is the average magnitude of error in hand location
measurement?

Research Question 2.3b — Does the magnitude and direction of input error differ between
measures taken from a virtual workstation and a matching physical workstation? (RQ
2.3a)

Research Question 2.4 — How does the magnitude and direction of induced hand location
input error affect a) predicted shoulder load outputs and b) estimated reach/move time
outputs of the tool?

Research Question 2.5 — Using the results on the characteristics of hand location input
error (RQ 2.3a, 2.3b) and the outcomes from testing induced measurement error (RQ
2.4), how large is the potential error due to the observed input measurement
variability?

This chapter extends on the tool developed in the Chapter 4. The focus in this chapter is on
determining response of the tool to input errors and hand loads that differ from the assumed hand
load in the tool.

51. Aim
The purpose of this chapter is to examine the WEE tool developed by Greig, et al. (2013a) in

order to understand the impact of different hand loads on shoulder load outputs, the
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characteristics of hand location measurement error and the impact of hand location input error on
the time and shoulder load outputs of the tool. This will be assessed through three studies guided

by specific research questions (RQSs).

In the first study, to understand the tool’s current assumption of zero hand load, we ask:

- How do tool shoulder load moment outputs for different hand loads differ from the

shoulder load moment outputs of the Greig, et al. (2013a) tool baseline models? (RQ 1.0)
The second study, that helps to understand the errors from potential users, is guided by RQs that
ask:

- What is the average magnitude of error in hand location measurement? (RQ 2.0)

- Does the magnitude and direction of input error differ between measures taken from a
virtual workstation and a matching physical workstation? (RQ 2.1)

Study three examines the impact of simulated hand location input error on tool outputs and
combines the findings of study two to determine the impact of user inputs. This study is guided
by the following RQs:

- How does the magnitude and direction of induced hand location input error affect a)
predicted shoulder load outputs and b) estimated reach/move time outputs of the tool?
(RQ3.0)

- Using the results on the characteristics of hand location input error (RQ 2.0, 2.1) and the
outcomes from testing induced measurement error (RQ 3.0), we ask: how large is the
potential error due to the observed input measurement variability? (RQ 3.1)

5.2. Methods

Three studies were completed to address each of the three core RQs identified earlier. We begin

by describing the Workstation Efficiency Evaluator (WEE) tool being tested.

The WEE tool developed by Greig, et al. (2013a) has inputs of hand location (cm) and MTM-1
description (cf. Freivalds and Niebel, 2009) for each element along with a global, non-element
specific classification of population percentile to be examined. Tool inputs are processed to be
used in developed shoulder load models and for time estimation, the focus of this chapter. Other
outputs of the tool include hand travel distance and identification of acceptable reach zones. The
Greig, et al. (2013a) zero hand load shoulder load models, meaning no hand load is assumed and

no hand load input is required in the model, were created from linear regression of data sets
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derived from a two dimensional digital human model containing horizontal and vertical hand
location and associated shoulder load. Shoulder moment and percent capability (%MVC)
models were created for male and female populations (5", 50", 95™). The two dimensional
shoulder load models give a single moment or %MV C output that are considered net shoulder
moment and net %MV C because of the combination of the horizontal plane hand location input
measures to create two distance inputs for the models. The zero hand load models matched the
initial application of the tool with light assembly (e.g. electronics) where parts and devices are
quite light and a number of the hand movements, up to half, can be completed without any
external hand load. The MTM-1 element descriptions are used to generate process time (s), the
time needed for getting and placing, or movement time (s), the time needed to reach with an

empty hand to obtain something (reach time) or move something to a new location (move time).

5.2.1. Study 1: RQ 1.0 — hand load effects

The variation in predicted shoulder load due to increasing hand loads was examined by creating
eight new sets of predictive shoulder load models. All shoulder load models were compared
using a standard hand reach location test data set that was used to generate shoulder load outputs

from all models.

52.1.1. Model development

The new sets of shoulder load prediction models (25, 50, 100, 200, 400, 700, 1000 g and for
hand load as an input variable) were developed for male and female 5, 50" and 95™ percentile
of populations that included hand load using the technique originally presented by (Greig, et al.,
2013a). Briefly, a two dimensional digital human model (4D WATBAK, Version 2.0.37 -
Ergowatch, University of Waterloo, Canada; Neumann, et al., 1999) was systematically
positioned with a range of arm locations at 30° intervals, starting with the arm vertically
downward at the side, up to a 90° shoulder flexion angle. For each shoulder angle the elbow was
systematically varied (flexed) by 30° through a set of angles (0°-120°) as well. Zero hand load
was previously used for these positions creating the base model of the tool. The seven load
levels outlined above were added for this study. The vertical and horizontal hand location
relative to the shoulder was recorded for each of the 19 limb positions along with the
corresponding shoulder moment. A second shoulder load representative value was also
calculated from the shoulder moment as a percentage of the average population maximum

shoulder moment capability as specified by the software (cf. Neumann, et al., 2002). Linear
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regression was applied to the data sets to generate two models, one for shoulder moment (Nm)
and one for percentage of maximum voluntarily capable (%MVC), each as a function of the

horizontal and vertical hand location relative to the shoulder.

The new sets of models differed from the original zero hand load models in that seven of the
models had a specific hand load, noted above, for the digital human model that was used to
generate the data set, termed “specific load models’ (SLM). The one remaining set of models,
termed “‘general load models’ (GLM) used hand load magnitude as an additional input to the
model. The data set for the GLM models combined the data from the original base model and
the seven developed load specific models to generate the shoulder moment and %MVC models
for this last set. Linear regression of the GLM data sets created shoulder load prediction models
that were a function of the horizontal and vertical hand location and hand load.

5.2.1.2. Data set to test the models

An input test data set containing 84 hand locations was created to compare the impact of hand
load on the shoulder load outputs for each model. Twenty-one points representing hypothetical
reach locations were spread over a representative workstation as shown in Figure 13 and

repeated in four vertical levels 0, 10, 20, and 30 cm above the workstation work surface.
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Figure 13. Data points within the test data set for the horizontal plane. All points were repeated for 0, 10,
20, 30 cm above the workstation work surface (n=84).
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5.2.1.3. Data testing and analysis

The impact on the shoulder moment and %MV C for each hand location was determined by
comparing the outputs for each model with the referent output values of the base models used in
the tool. Descriptive statistics were used to summarize the relationship between the different

models and the base model.

5.2.2. Study 2: RQ 2.0 - hand location measurement error characteristics

To understand the characteristics (magnitude and direction) of human errors in measuring hand
location, a lab based study was completed in which participants completed a series of
workstation hand location measurements on virtual (CAD drawn) and physically constructed
workstations. Twelve participants from a Mechanical and Industrial Engineering undergraduate
program were recruited as volunteers to complete the study. All participants were required to
have experience using SolidWorks (Dassault Systemes Corporation) software. Informed consent

was obtained from all participants prior to their participation.

5.2.2.1. Setup

Five different workstation layouts were used in this study; all were plausible layouts of a light
assembly workstation (Figure 14). Each workstation had five hand locations to be measured.
Four virtual workstations were presented to participants using SolidWorks. The other
workstation was physically constructed in the lab (see Figure 14). One of the four virtual

workstations had the identical layout of the physical workstation.
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a) b)

Figure 14. Examples of a) one of the virtual workstation and b) the matching physical workstation used
for data collection.

5.2.2.2. Data collection

Participants measured the three dimensional hand locations (FB-forward/backward, RL-
right/left, UD-up/down) from an origin on the top, front, middle of the workstation to a point
representing the average hand location for continuous work from a given bin location — the
centroid of the bin. Measurements within SolidWorks were completed using a measuring tool
within the program. A tape measure was used to measure location distances on the physical

workstation.

The presentation of the physical workstation was balanced so that half of the participants
completed its measurements at the start and the other half completed it at the end of the trials.
The presentation of the four virtual workstations was randomized within its block either before
or after the physical workstation. The virtual workstation sequence was also balanced so that

each workstation appeared an equal number of times in each sequence spot.

5.2.2.3. Data Analysis

The location measured for each point was compared to the precisely measured, desired location
established by the researchers — deemed the referent. Distances from the referent, defined as
measurement error, were calculated. The average, minimum, maximum and standard deviation
of error were calculated within the RL, FB, UD directions. The difference between
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measurements from a virtual workstation and a physical workstation was determined by
comparing the average measurement error taken with the tape measure to those from the

measuring tool in its virtual counterpart for each of the three measurement directions.

5.2.3. Study 3: RQ 3.0 - Hand location input error effect on load and time outputs

To understand the impact of hand location input errors on tool outputs for shoulder load and
movement time, the 84 hand location reference test data set in Study 2 was entered into the tool
with the corresponding outputs noted. Each reference location was then systematically adjusted
in all axes and for all combination between axes by a magnitude of 1, 2, 5, or 10 cm. Resulting
shoulder load (Nm and %MV C) and movement (reach and move) time outputs were recorded for
each point. This process was completed for the male and female 5", 50" and 95" percentile
populations. To create a consistent comparison across movement time data, reach and move
time for each hand location was determined to and from a common, fixed point on the

workstation.

Average differences from the reference location outputs were calculated for the 1, 2, 5, and 10
cm adjustment level. Similarly, the absolute difference from the reference was also determined.
Descriptive statistics of the difference from the reference point were used to summarize the

findings.

Results of Study 2 (RQ 2.0) were subsequently compared to the results of this study to determine
the magnitude of the potential output error due to average input variability of the participants.
Separate regression equations were created for shoulder load moment and move time for each of
the RL, FB, UD directions based on the magnitude of induced error and the average output error
response. Equations were generated in Microsoft Excel and were chosen based on the higher
magnitude of R? for either a linear or second order polynomial trend line. Using the findings
from Study 2, the average, average plus one standard deviation, and the average minus one
standard deviation for the location measurement error was entered into each equation to
determine the average shoulder load moment or move time error due to participant error. As a

further examination of the impact of input error on shoulder load and time output, values from
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the average location measurement error of Study 2 were added to each of the 84 test data points.
Descriptive statistics were determined for predicted shoulder load and movement time to

examine the difference from the original values of the same test data set.

5.3. Results
5.3.1. Study 1: RQ1.0- hand load effects

The equation coefficients and R? values for all models developed are included in Appendix C.
Examples for a 50" percentile male for 25 g specific load model (SLM) and for the general load
model (GLM) are shown below.
259 SLM:
Net Shoulder Moment (Nm)
= 0.019 + 0.224 X x(hand ;) — shoulder(y)) + 0.085 X y(hand

— shoulder(;y))

GLM:
Net Shoulder Moment (Nm)
= 0.027 4 16.636 X x(hand ;) — shoulderyy)) + 3.734

X y(hand(m) — Shoulder(m)) + 0.004 X (hand load,g4))

Where: x(handm)-shoulderm) is the forward/backward hand location (m) with respect to the
shoulder joint, y(handm-shoulderm)) is the hand location distance (m) from the shoulder in the
up/down direction and hand loadg) is the hand load (g) lifted.

As might be expected, all models predicted a higher level of shoulder load compared to the zero
hand load base models used in the tool. The magnitude of difference increased with the size of
the hand load. The effects of changing hand load in the shoulder load models for a 50™
percentile male are shown in Figure 15, and reflect the general trend of all anthropometrics
examined. In the 50" percentile male example, the GLMs exceeded the tool’s zero hand load
base models by 5% to 54% for the range from 0 g to 1000 g, respectively — equivalent to an
average of approximately 0.7 Nm to 4.4 Nm or 1.2 %MVC to 6.7 %MVC. The SLMs averaged
1% to 65% greater than the tool’s base models for the hand loads ranging from 25 g to 1000 g,
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respectively — equivalent to approximately 0.1 Nm to 5.9 Nm or 0.2 %MVC to 9.4 %MVC, and
showed less variability compared to the GLM. Hand load values up to 100 g predicted shoulder
load values within 6% of the tool outputs for SLM and within 10% for GLM. Across all
percentiles, the trends seen in the example were similar though the magnitude of the difference
from the zero hand load base model was scaled based on the percentile examined. This means
that the average difference from the base measures decreased as anthropometry was changed
from the 5™ percentile female through to the 95 percentile male. For hand loads up to 100 g the
difference in the SLMs ranged from 12% (5" percentile female) to 5% (95" percentile male)
while the GLM was 18% to 7%, respectively. Similarly, the maximum difference of a single
point in the test data set for the 1000 g SLM ranged from 210%-150%, respectively, for the same
percentiles. The average difference from the predicted shoulder moment of the zero hand load
base model had a range across the percentiles of 0.55 Nm to 0.62 Nm at 100 g for the SLM and
1.01 Nmto 1.12 Nm for the GLM. At 1000 g the SLM ranged from an average of 5.6 Nm to 6.1
Nm while the GLM differed by an average of 3.9 Nm to 4.7 Nm.
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Figure 15. Test measure as a percentage of the reference value for general shoulder load models (GLM)
and specific load models (SLM) for a 50th percentile male.
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5.3.2. Study 2: RQ 2.0 - hand location measurement error characteristics

The average and standard deviation of measurement errors for the physical and virtual
workstations, along with the subset digital workstation matching the physical workstation, are
shown in Figure 16. Mean error ranged from -0.64 cm to 0.48 cm. The greatest single
measurement error was seen in the UD direction (-11.17 cm and 10.0 cm, virtual and physical
workstations, respectively) whereas the lowest maximum error for a direction was -2.22 cm (left
direction). Standard deviations of error ranged from 0.56 cm in the virtual RL to 2.48 cm in the
virtual UD. Physical workstation measurement error was only the highest error in the RL
direction when compared to the average error in all of the virtual workstations. When comparing
physical workstation measurement error to the virtual workstation measurement error of a
matched location, physical workstation measurement error was greater in the UD and RL

direction (Figure 16).
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Figure 16. Average error +/- one standard deviation for all axes, where Virtual Match, a subset of All
Virtual, is the virtual workstation that matches the physical workstation.
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5.3.3. Study 3: RQ 3.0 —Hand location input error effect on load and time outputs
5.3.3.1. Shoulder Load

Representative, average predicted shoulder loads from simulated location input error in the test
data set are shown for a 5™ percentile female in Table 5. Over all data points, for each percentile
tested, there was an average difference from the original reference value that ranged from 0.02
Nm to 0.04 Nm and 0.04 %MVC to 0.11 %MVC. Average error within 2 cm of the reference
data point for all percentiles was 0.003 Nm to 0.005 Nm and 0.05 %MVC to 0.013 %MVC from
the reference value. Average absolute error ranged from 0.26 Nm to 0.60 Nm and 0.57 %MVC
to 1.55 %MVC across all populations and points tested. For errors of 2 cm, average absolute
error was 0.12 Nm to 0.27 Nm and 0.44 %MVC to 0.69 %MVC. As an absolute percentage of
the reference value, both the average Nm and %MV C were less than 2.5% of the referent base

value for a 2 cm input error.

Table 5. Representative average response of the shoulder load outputs to simulated input error for a 5th
percentile female across the 84 point test data set.

Shoulder Moment Error (Nm) Shoulder %MVC Error (%MVC)
Simulated Average Average
Error Average Minimum Maximum | Absolute | Average Minimum Maximum Absolute
lcm 0.00 -0.13 0.13 0.06 0.00 -0.47 0.47 0.20
2cm 0.00 -0.27 0.27 0.12 0.01 -0.95 0.95 0.40
5cm 0.02 -0.67 0.67 0.29 0.05 -2.37 2.37 1.01
10 cm 0.06 -1.35 1.35 0.59 0.21 -4.75 4.75 2.01

5.3.3.2. Time

Predicted move and reach time difference in all data points, for each level, averaged from under
a millisecond for the 1 cm adjustments to less than 0.02 s for reach time and 0.03 s for move
times with a simulated 10 cm input error. The absolute difference from the reference point for
the four levels of adjustment is shown in Figure 17. The magnitude and variability of difference
from the reference increases with the distance from the reference point (i.e. from 1, to 10 cm of
simulated error). As a percentage of the original value, the response to simulated input error
ranged from 0.5% to 6% of the original reach or move time value, with the magnitude and
variability increasing as the distance increased. Across all levels of simulated error, the effect on

move time (with a component in hand) was greater than reach time (with an empty hand).
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Figure 17. Absolute difference in predicted reach time and move time from the reference time value for
the four magnitudes of simulated error tested.

The impact of average user entered hand location errors from Study 2 on predicted move time
and shoulder moment is shown in Table 6. Maximum time prediction error based on human
input error is 3.59 ms or less depending on the axis and type of workstation (virtual or physical)
being measured. At one standard deviation from the average observed error, time prediction
error peaks at 9.90 ms in the UD direction based on errors in a virtual measurement. Similarly,
for shoulder moment, the largest error (-0.02 Nm and -0.04 Nm, for 5" percentile female and 95™
percentile male, respectively) occurred in the FB direction when average input error was based
on the virtual workstation measures. The magnitude of output error grew to 0.26 Nm when

values one standard deviation from the average observed error were used.
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Table 6. Predicted time error (ms) and shoulder moment error (Nm) from average and average +/- 1
standard deviation (SD) input measurement error (cm) from Study 2 for all three axes.

Average Output Error

Input Shoulder Moment

Error (Nm)

Direction Time 5" Female 95" Male
(cm) (ms)

RL 0.02 3.49 0.00 0.00
Virtual FB -0.32 1.85 -0.02 -0.04
Average observed error ub 0.48 2.28 0.01 0.02
RL -0.64 3.59 -0.01 -0.03
Physical FB -0.03 2.53 0.00 0.00
ubD 0.44 2.14 0.01 0.02
RL 0.58 3.13 0.01 0.03
Virtual FB 0.84 4.17 0.05 0.11
Average + 1 SD observed ubD 2.96 9.90 0.07 0.15
error RL 1.27 2.35 0.02 0.06
Physical FB 1.92 5.35 0.11 0.26
ub 2.26 8.13 0.05 0.11
RL -0.54 3.60 -0.01 -0.03
Virtual FB -1.49 -1.56 -0.08 -0.20
Average — 1 SD observed ubD -2.01 -9.03 -0.05 -0.10
error RL -2.54 1.93 -0.04 -0.12
Physical FB -1.98 -3.34 -0.11 -0.26
ub -1.38 -5.85 -0.03 -0.07

Similarly, when the findings of Study 2 were added as error to each of the 84 points of the test
data set, all shoulder load outputs, for all percentiles had an average difference within 0.21% of
the original values. Maximum difference from the original values were no more than 0.13 Nm
for males (95" percentile male), 0.34 %MV C (95" percentile female), or 2.3% (5™ percentile
female) of the original value. Magnitudes were dependent on the population percentile being
examined. The impact on estimated time was near negligible (< 0.2 ms) within virtual or
physical workstations for both move and reach time. The maximum difference observed was
61.2 ms for a physical workstation. Virtual workstations showed no difference from the

reference time value.

5.4. Discussion

The simulated and empirical tests to characterize error for the tool has shown that input location
measurement error is low and the resulting output error is also low, more so for time prediction

than shoulder load. The low average time prediction error is understandable since MTM-1 move
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and reach time prediction has discrete levels in the lookup tables (cf. Freivalds and Niebel,
2009). The discrete levels are either 2.54 cm (1 inch) or 5.08 cm (2 inches) of distance before the
magnitude of reach or move time changes. The impact of location error on time is therefore
dependent on the proximity of the location to the threshold for change. Shoulder load values are
more variable compared to time because the prediction of load is from a regression equation,
which has a continuous effect, and the regression equation is impacted differently depending on

input measurement direction.

The low magnitude of shoulder moment output errors from either the addition of the average
hand location measurement error to the test data set or the error due to hand load suggests that
location measurement and hand load is of minimal concern when the tool is used within its
intended scope. In the context of the mean population maximum capability from the 4D
WATBAK software (values from Lannersten et al. (1993) and Koski and McGill (1994) ), the
maximum hand location error induced difference from the expected value for females was less
than 0.36 % of the mean population maximum for arm angles ranging from 0° to 90°. Similarly,
the percent of mean population maximum was under 0.25 % for the maximum difference of the
male anthropometrics tested. These magnitudes are much lower than the similarly determined
percentages from the shoulder moment change when hand loads are included. Using hand loads
up to 200 g for a 50™ percentile male as an example, the average shoulder moment difference is
less than 2.3% of the average population maximum capable for shoulder positions ranging from
0° to 90° shoulder flexion. Though hand load errors are a greater percentage than errors due to
location measurement, tool, users should not be overly concerned since hand load errors will
fluctuate as work elements change. With the tool designed to be applied in seated light assembly
hand loads are anticipated to be relatively low and the hand may be unloaded up to half of the
time as the worker reaches to get material. It is possible that hand load associated errors could
be reduced in future versions of the tool as well. More complex shoulder load prediction models
could be incorporated or the general load or specific load prediction models generated to test the
impact of hand load could be used. For this reason the equations have been made available in
Appendix C for use as desired. Adding more complex shoulder load models may appear
beneficial if it reduces error, however, caution is advised. More complex models may require

more inputs, such as hand loads that might not be available early in workstation design, and the
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models may generate more outputs that are complicated to interpret without specialized

expertise. As a result tool usability could be reduced.

Of the models used in the tool, the %MVC models are prone to more error. Only a small number
of maximal shoulder load capability data sets existed in the literature and were available for use
in 4D WATBAK. Subsequently, a maximum comparison value does not exist for each
population percentile or limb position when using the technique of Neumann, et al. (2002) to
create %MVC. Having the same maximum value across percentiles means that the %MVC
models are overly cautious for the larger population percentiles because larger anthropometries
have a larger limb mass and result in a higher percent of the maximum value. Not having a
maximum for each limb position means that a range of limb positions are compared to the same
maximum, which creates a discontinuous comparison set. This is reflected in the lower R?
values in the %MVC regression equations, compared to the shoulder moment regression
equations, and is likely the reason for larger tool output errors compared to the shoulder moment

outputs.

The test data set used was created to be relative to a real work environment, meaning locations
chosen would be at different percentages of an individual’s reach capability. As a result, errors
for smaller anthropometries may not be truly representative at the extreme hand locations
because of an inability of the limb to extend to the point without movement of the trunk. Itis
possible that this was part of the reason for the percentage differences found between the
percentiles, especially when examining the impact of hand load. A future version could guard
against overreaching by limiting outputs from reaches not functionally possible. Regardless, in
its current form, the tool does provide commentary on excessive reaches by overlaying hand
locations with respect to acceptable reach zones. Inappropriate reach distances can be considered
a musculoskeletal disorder risk factor when an awkward shoulder posture results (Bernard,
1997).

In light of the results, the small error in this tool suggests that it is usable in industry. As a tool
that was collaboratively developed to fit a need during an industry partnership (Greig, et al.,
2013b) it fills a gap among other industry standard tools that also have their assumptions and
limitations to consider. The strengths of the WEE tool are its application in the workstation
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design stage of seated light assembly, combination of human and system information, and cost
efficiency. A large portion of the HF tools available to assess physical risk are observation based
(see Takala, et al., 2010) and few incorporate the element of time at all or in a method that
connects the tool and analysis to the work system. The use of time in this tool helps to bridge the
gap between HF specialists and engineers (Wells, et al., 2007). Compared to digital human
models (DHMs) such as Jack, the WEE Tool lacks the comprehensiveness of posture
information, such as joint angles, and multi-axial moments. Like DHMs though, the WEE tool is
also usable in the design stage, however the WEE tool does not require as specialized of a user
and is only a fraction of the cost — traits highlighted by Perez and Neumann (2015) for effective
virtual tools. HF tools at the other end of the tool complexity spectrum, tools such as RULA
(McAtamney and Corlett, 1993) and OWAS (Karhu et al., 1977), use posture classification to
predict risk but are more appropriate for gross motor movements. HAL-TLV (Latko et al., 1997;
American Congress of Governmental Industrial Hygienists, 2001) examines repetitive work for
the hands, which is more applicable to light assembly. With inputs of hand activity level and
normalized peak force, the HAL-TLV, like OWAS and RULA, also lends itself to post-design
stage, observation based use. The group of tools that the WEE Tool shares most conceptual
similarity with are OCRA (Occhipinti, 1998), EAWS (Schaub et al., 2013), Ergo-MTM
(Caragnano and Lavatelli, 2012) and ErgoSAM (Laring, et al., 2005). Common among these
tools are that they have a more direct use of work time in analysis, a greater complexity of
analysis when compared to tools like RULA, and a typical application in a large assembly
environment. Conversely, the WEE Tool is a workstation based, design level tool that can be
used to predict work element and cycle time in seated light assembly. We argue that, for a
designer considering options in realistic ranges with low loads, or an engineer considering
improvement, the good reliability of this tool is more important than additional biomechanical

sophistication.

5.5. Conclusion

Three studies were completed to test the impact of hand load and location measurement input
error on shoulder load and movement time outputs of the Greig, et al. (2013a) Workstation
Efficiency Evaluator (WEE) tool. Simulated and observed experimental error created minimal
average error in the prediction of shoulder loads (< 0.05 Nm) and movement times (< 3.6 ms).
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Potential tool user measurement error was nearly random, and would therefore tend to cancel
other errors out. Measurement error averaged within 0.65 cm of the desired value in both virtual
and physical workstation measurements and was more accurate in the virtual measurements. The
inclusion of hand load in the predictive shoulder models resulted in predicted shoulders loads
greater than the zero hand load base models of the tool, with the magnitude of the difference
increasing with hand load and dependent on the population percentile being assessed (average of
5% to 12% within the first 100 g of hand loading and 150% to 210% for 1000 g). For low level
hand loads, the current WEE tool appears to have good capability to predict shoulder load and
time within the parameters that it has been tested. The WEE tool can be applied in the design
stage of seated, light assembly workstations with little concern for impact of measurement error
on tool outputs but has the ability to be improved in its shoulder load prediction accuracy by the
new shoulder load models that have been developed.
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Chapter 6

User-centered development of a workstation efficiency evaluator tool

6. Introduction

This chapter continues the investigation towards objective 2: Develop a workstation level HF

assessment tool for light assembly work. The following research question is addressed:

Research Question 2.6 — What are the factors that influence a user-centered design

approach to develop a human factors tool for predictive workstation assessment?

The conference paper in this chapter is focussed on communicating the user-centered
development process of the tool that was initiated in Chapter 4. It provides context to the

development process and demonstrates an approach to developing human factors (HF) tools.

6.1. Purpose

This chapter examines how a predictive HF tool was jointly developed through a series of
researcher and organizational stakeholder interactions using an action research approach. The
research question that guides this chapter is “what are the factors that influence a user-centered

design (UCD) approach to develop an HF tool for predictive workstation assessment?”

6.2. Methods

The case presented is part of a larger, multiyear case study at an electronics manufacturer. In
this case study, we used action research and involved the end-user of a predictive HF tool in the
tool development. Action research is a technique that involves cycles of planning, action, and
reflection, to reach a goal while, simultaneously, developing an understanding of the process. It
is characterized by several elements — involvement of stakeholders in identifying the problem to
be addressed, deciding how the problem will be addressed, the research and the collection of data
and the joint reflection on the data to guide future work on the problem (Neumann, et al., 2012).

Researchers play less of a role of “expert”, transferring knowledge and instead take on a position

92



where they engage with the knowledge of those in the setting (Neumann, et al., 2012; Neumann
and Village, 2012). Contributors to the tool’s development included members of the Ryerson
University (RU) Human Factors Engineering Lab research team, company human factors
specialists / ergonomists (HFS’s), industrial engineers (IEs), product engineers, and their
managers/directors, the project manager and the project steering committee — comprised of the
researchers and selected senior managers/directors in the organization. End-user involvement
included initial development, prototyping, and testing of the tool through eight significant tool
design iterations to date.

Data is drawn from both field notes and audio recordings of meetings with representatives from
the industry partner. Field notes were recorded in meetings specifically aimed at working on the
tool as well as meetings where the tool was commented on during general discussion. Four
meetings were dedicated solely to review of the tool. These meetings were usually 30-45
minutes in length and included 4-8 participants. In these meetings, a frank exchange of ideas
among members (researchers and a subset of company contributors) was encouraged and
occurred. Other meetings included steering committee meetings, where tool updates were
presented. In these meetings, with eight to twelve people, a range of topics involving the broader

research project were covered.

We expand on the nature of the interactions between the researchers and industry partner (end-
user) that guided tool development in the findings below. A general inductive approach was used
to understand the significance of statements and actions throughout development. This method
searches for core meanings relevant to the research objectives, assembles them into themes that
are most relevant to the research objectives and describes the most important themes as an output
(Thomas, 2006). The tool development process within this chapter was organized
chronologically and three themes were identified based on their occurrence, importance and

significance.

The concept of the tool was motivated by discussions among the research team and industry
partner. Assessing workstation risk using traditional HF tools, such as rapid upper limb
assessment (RULA), a single task assessment approach was ineffective in their electronic
components assembly work environment and not sufficiently capturing the low force, high

repetition worker demands of the workstation. As the HFS stated, there is “nothing numerical
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that assesses the workstation”. The tool, developed over three years, was intended to assist
engineers and HFS’s with the evaluation of seated light assembly workstation layout-induced

risks to worker health and system performance.

6.3. Results

Three themes emerged from the data regarding the development of the HF tool:

(1) HF information needs to be quantified for management of HF — For engineers the indicators
of HF are more tangible when they are scored (numerically or colour coded); (2) The tool needs
good usability, meaning outputs need to be quickly interpretable and concisely summarized for
quick review; (3) Improving the acceptance and integration of the tool required a tool that
supports both HF/ergonomic and engineering outcomes. These themes were recurrent within the

tool development milestones.

The tool’s development has been categorized into eight significant milestones (Figure 18). A
milestone is a shift in tool capability or change in data presentation or organization as guided by
discussions among the users and the researchers. Tool developments and information that led to
changes in the tool during the course of its development are expanded on below.

1 — Manual spreadsheet calculation

2 — Hand Travel

3 — Workstation Assessment Macro / Shoulder Load Tool
4 — Workstation Assessment Spreadsheet

5 — Workstation Efficiency Evaluator Tool

6 — Summary Reporting Improvements

7 — Workstation Change Comparison
8 — Future development

Figure 18. Significant milestones in tool development.

Milestone 1: Manual spreadsheet calculation

In the first version of the tool, the user had to manually combine information from different data
sources. Hand travel, calculated from task element hand locations, was summarized by a
spaghetti plot graph. For each element cumulative shoulder load was found using 3DSSPP with

times determined using Captiv-L2100. The tool concept was demonstrated by the chapter’s lead
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author to the HFS and IEs on a current assembly process along with an example of its application
at the workstation design stage. The tool concept was supported as workstation information was
needed by an industrial engineer (IE) and the HFS. The first form of the tool was anticipated to
be used mainly by the HFS. Providing acceptable reach zones with the hand travel graphs made
the idea of hand movement “very graphical” for the HFS and improved results interpretation.
However, stakeholders had questions about the applicability of hand travel, return on time
invested to get input data, and meaning of the tool’s outputs. An IE highlighted the need for
outputs with “engineering-like numbers”, which was supported in a later milestone by an
engineering manager whose “....work is all about making things quantifiable - give me some

numbers.”

Milestone 2: Hand travel macro

During this development stage, the first program was created — an Excel macro that centralized
the tool and data, and automated processing. Inputs to the tool were individual work element
three dimensional hand locations, anthropometry (small female or large male) and individual
element times. Output tables displayed cumulative hand travel, with hand travel graphs for three
movement planes, and shoulder load, calculated from a developed shoulder load model, for each
element. The new display of hand travel graphs for all three planes of movement was suggested
by the HFS. The HFS appreciated the new graph style, and later in the tool’s development added
that the graphs prove the point about hand locations clearly and with easy comparison. An IE
manager reacted to the tool by saying: “When an engineer is putting his parts here.... you can
define your table surface of data and get the x, y coordinates....you could use anthropometric
data....and then you can say this is flexing, this is abduction, whatever.” He further added: “This
information could be used...for ergonomics risk assessment...[and] could actually develop the
cycle time too” which was in line with future planned development by the tool’s designer. The
IE manager added further that their goal is “really designing stations ergonomically....and to
reduce cycle time as well as to avoid injury....And that tool is a very important tool.” A senior
director saw potential for the tool in the workstation design stage, using CAD drawing

information to assess a future production line design.
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Milestone 3: Workstation Assessment Tool / Shoulder Load Tool

This milestone signified a shift in the tool’s application and an evolution in communicating
output information. Up to this point, the tool had been frequently called the “Shoulder Load
Tool” within the steering committee to promote its ability to estimate shoulder load. However, to
better reflect all of the tool’s measurement, reporting and prediction capabilities, as well as its
use in the design of a future workstation it was rebranded the “Workstation Assessment Tool”.
Stakeholders who needed more concise report-ready outputs, drove a change in the tool to
automatic creation of graphs of results for hand travel and reach zones. This improved the ability
of the user to create quicker visual feedback of outputs. The HFS highlighted the need for
effective output information that would not overburden the user with large tables of data.
Further, the HFS believed an ability to see all data values for each element would always be
needed but, in the tool’s next iteration a summary should be more prominent with the raw data in
reserve. This summary is akin to an “executive summary,” which was developed and refined

later in the tool’s development under the guidance of an engineering director.

Milestone 4: Workstation Assessment Spreadsheet

The tool structure shifted from being Excel macro-based to a series of linked spreadsheets. The
rationale behind this change was to 1) avoid potential macro-related security concerns (thus
improving usability); and, more importantly, 2) allow real-time feedback of input changes in the
output graphs, tables and summary. This program change allowed the user to more easily try
“what if?” layout scenarios. A new summary page highlighted the results, which included
scoring element locations based on reach zones. Support information (calculations and
guidelines) was hidden to make the volume of information less imposing. Reach zone scoring
enabled the creation of an aggregate value describing hand location for an individual arm. The
introduction of movement and process time estimation via methods-time measurement (MTM-1)
description of elements was considered a step towards estimating physiological requirements
similar to what had been seen by the company HFS in heavy manufacturing. At this stage in its

development, the tool was seeing increased use, but was found to need instructions to help users.
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Milestone 5: Workstation Efficiency Evaluator (WEE) Tool:

In this phase of the tool’s development, the user interface was further improved and instructions
for use and explanations of summary outputs were added. The summary sheet was enhanced by
a table of highlight information. The tool was rebranded the “WEE tool” because of the
additions of time prediction, allowing commentary about efficiency of work processes, and
recovery allowance prediction and also because of continued interest by the steering committee
for fatigue prediction in an attempt to estimate worker efficiency. A continuous improvement
prioritization metric was created to rank elements to examine for continuous improvement — a
common management theme. The metric is intended to inspire tool users to work beyond red,
yellow, green target thresholds and strive for the best workstation layout possible. The WEE tool
usability and relevance was tested when it was used to review a new line setup and any
subsequent changes. The improved number and quality of output measures was perhaps starting
to justify the effort of input data collection. The tool’s applicability to workstation development
was evident. A statement by the project manager compared the science behind the tool to
previous methods used for workstation design “I don’t think that there is this kind of science

behind it [the previous method].”

Milestone 6: Summary reporting improvements

The summary table was reorganized as requested by an engineering director. The follow-up
review was positive “I like that prioritized ranking too... you stuck that summary right at the
top.” With the top three continuous improvement priority items placed at the top of the summary
the engineering director pointed out “Our life is all Pareto. It’s going to be top 3, top 3, top 3.”
Input elements were classifiable as “Value Added” and “Non-value Added” which supported the
organization’s lean principles. A reworked summary page highlighted key values and processes
and provided an executive summary of the workstation. A secondary summary page provided
details on continuous improvement components for each element allowing engineers to drill
down to better understand issue causes. With this summary design the engineering director was
able to see the tool’s use; “... the reason we also have the red, yellow, green here is that we’re
saying 2’s [reds] aren’t allowed. Period. We’ve got to fix the 2’s[reds]....The summary table

gives me the aggregate worst ones overall and then the next tier for my team is then to come in
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and say you have to get rid of all the reds. Because we’re saying 2’s aren’t allowed to the HF
scoring tool”. Further, the improvement in HF via the tool was evident as well “....1 think the
feedback from my team has been very positive too.....objective feedback like this.... is much more
effective than it has been in the past....I’m certainly supportive from above”. This support was
demonstrated by the manager by arranging a meeting to share the tool with the industrial
engineering group, who the manager believed would “see the value in this as well” as the tool
would give the IE “team the ability to provide more back to the system”. A product engineering
group was also showing interest for application of the tool in their early system design stage.
Sample results were posted on the line by a product focussed engineer to demonstrate the use of
a tool output as part of their innovation in design. Tool input interface improvements were also

suggested by the HFS to allow data entry to be more intuitive.

Milestone 7: Workstation change comparison

The input and output information that was once spread across multiple worksheets was combined
into one sheet, a necessary step to allow for a comparison between two workstations. Having a
tool that had the ability to compare workstations was a necessity for the industry partner. A
single-sheet comparison summary highlighted the percent change occurring in the comparison
which was a desired output from the users. The HFS was using the tool more frequently in this
development phase and starting to understand the tool’s ability to estimate time. Hearing of the
potential to estimate time from digital drawings, a product focussed engineer was eager to trial

the tool early in the process development stage to estimate time of assembly.

Milestone 8: Future steps

More HF measures are being added to strengthen the HF presence because of the recent focus on
the system output side of the tool. In an earlier review of the tool by the RU research team, a
member stated “Where has the HF gone?” Cumulative shoulder load and improved logic for
recovery allowance are being implemented in the tool. The summary comparison of key
measures (e.g. movement time, reach zone count, hand travel) in a comparison between two
workstations has been modified to colour code the type of improvement — red, yellow, green.
The HFS has integrated the tool into their tool box and has promoted the tool as a measurement

method in ergonomic development projects.
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6.4. Discussion

This case study demonstrates how a joint UCD approach with users’ and researchers’ input was
used to create a customized tool for adoption within the partner organization. The AR approach,
coupled with UCD, provided an opportunity for discussions between RU researchers and
organizational stakeholders that shed light on the type of information desired and the work
processes that the tool could apply to. Analyses of the discussions highlighted three themes
within the tool’s development. The findings highlighted the importance of quantification of HF,
tool usability, and output information simultaneously supporting both HF and engineering
interests. The need for quantification of HF information to improve understanding and
management of HF is not surprising since a longstanding belief in business management is that
“you can’t manage what you can’t measure”. The addition of system relevant, engineering
measures (e.g. value added classification and time estimation), alongside HF outputs, and the
structure of the quick summary display of information were necessary to connect the HF
information with the engineering groups and align stakeholder interests. This finding is similar to
the findings of research by Waterson and Kolose (2010). The development of predictive HF
measures helps to close the gap on the need for leading indicators to predict outcomes and
manage worker and system risks, a suggestion for improving HF integration into work system

design (Neumann and Village, 2012).

Not all developments of the tool were able to be delivered or were positively reviewed. The
steering committee was very interested in finding a method to estimate and scale worker
efficiency based on task demand. That type of assessment stretches the current capabilities of
fatigue estimation and worker performance beyond current capabilities and requires further
research. One challenge facing the tool is ownership in the organization. The tool is designed to
span HF and engineering boundaries, meaning it spans knowledge bases and responsibilities as
well. ldeally, anyone can use the tool, however the HFS will need to continue to champion the
tool until knowledge and understanding of the tool increases and its integration within the design

process matures.
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6.5. Conclusion

The chapter demonstrates the ability to use UCD and AR to develop a predictive HF tool to
assess light assembly workstation layout. Contributions to the development of the tool by
engineering groups, HFS’s and researchers have helped the tool to evolve so that it combines
system performance and physical workload information in its outputs. The coupling of system
and worker information allowed the tool to predict aspects of worker efficiency at the
workstation design stage. Examination of the development process identified three influential
tool design factors: (1) importance of quantification of HF; (2) tool usability; and, (3) tool output
information that simultaneously supports and connects HF/ergonomic and engineering interests.

These factors could be applied to help future HF tool development.
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Chapter 7

Assessing organizational human factors integration and capability

7. Introduction

This chapter addresses objective 3: Create a tool that reports the level of HF integration and
maturity in an organization, and includes the following research questions:
Research Question 3.1 — How can the level of HF capability and integration maturity in
an organization be assessed?
Research Question 3.2 — What are potential user views on the contents of the tool
developed in RQ 3.1?
Research Question 3.3 — What are users’ views on the content and usability in a case
field trial of the tool developed in RQ 3.1?
The focus in this chapter is on the collaborative development of an organization assessment tool.
Feedback from the case organization as well as participants in workshops used to validate the
tool are incorporated into the tool’s design. Themes describing the reaction to the tool were
identified using qualitative analysis of the interactions.

7.1. Aim

The aim in this chapter is to present the development and evaluation of a tool that can 1) assess
the state of HF capability and integration in an organization, and 2) help organizations to know
what the ideal HF capability and integration within an organization might look like. This will be
addressed in the chapter in three phases, which include theoretical development, workshop
validation, and field testing of the approach to assessing HF integration and capability in an

organization.

7.2. Methods
An action research approach was used to facilitate the participatory tool design. With this

approach an ongoing exchange occurred between a Ryerson University research team and an
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industry partner to develop and test the tool. The interaction was part of a larger research project
investigating the integration of HF in the design of production systems (Village, et al., 2014a).
Experience within the Ryerson research group included approximately 150 combined years of
research and practice in fields such as ergonomics, biomechanics, engineering design, sociology,
industrial engineering, and health and safety. The industry partner was an international
electronics design and manufacturing company. Industry contributors (n=8) were part of the
product realization business unit of the company. Engineers, managers, directors and HF
specialists within the company provided feedback on the tool concept, early content and layout,

and executed field testing.

7.2.1. Conceptual development

The tool development approach combines concepts from audits and performance measurement
and management systems. The assessment in the tool differs from a traditional audit and
assessment (e.g. 1ISO, European Foundation for Quality Management (EFQM)),or ergonomic
self-auditing process as suggested by Bierwirth, et al. (2010), in that it is not an assessment of
prescribed processes or specific practices. This was an intentional choice in order to allow
flexibility to apply the tool in different organizations. The scope of the tool covers human
factors (HF) as outlined by Dul, et al. (2012) and defined by the International Ergonomics
Association (2014). The tool is intended to cover all parts of the organization due to HF being a
system approach, the suggestion by Wilson (1994) that ergonomics should spread throughout an
organization, and that the incorporation of HF throughout an organization can have system-wide
benefits (Goggins, et al., 2008; Dul and Neumann, 2009; Rose, et al., 2013).

The tool is therefore guided by the following principles:

1) HF is a means, not a goal.

2) HF applies to all aspects of an organization.

3) The tool should not be prescriptive, allowing for different approaches in different
contexts.

4) Scoring should be a range from “nil’ to ‘ideal’ on a simple 0-4 scale.

5) The tool should be a self-administered organization assessment via interviews with key

informants.
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Accomplishing these principles required the division of a generic organization into distinct
analytical units, defining processes and outcomes that contribute to the ideal HF within the units,

and identifying distinguishable levels of maturity for the processes and outcomes.

Organization analytical units were termed as functions in an organization. A function is defined
as a role that exists in the organization, for example the role of health and safety, or product
design. The term function was chosen over department to avoid excluding small organizations
where distinct departments might not exist but instead a single person may have responsibility

for a multitude of functions in their organization.

An HF element is considered to be a process or outcome that contributes to the achievement of
the ideal HF for the function. It could be something measured, reported, a method installed, or a
mindset within an organization to achieve that ideal state. Each HF element poses a single item

to be evaluated.

Based on the preceding principles and definitions the framework in Figure 19 was used to guide
the tool development. In this framework the organization was broken into core functions.
Within each function there exists a range of HF elements that can contribute to the ideal HF.
The HF elements would then be scored for the HF integration and capability maturity based on a
guiding rubric. Summing the scores for all HF elements generates a score for the function. The
scores from all functions can then be reviewed to gain an appreciation of the HF capability and

level of integration in the organization.
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Figure 19. Framework for the development of the tool, where n functions exist in the organization and m
HF elements are contained within a given function.

A consensus building approach informed decisions on content in the first draft of the tool. The
research team identified, and reviewed for consensus on applicability, titles for key functions
where HF would be relevant in an organization. The relationship to the organization of each
chosen function was then defined, as was the ideal HF situation within the function. These
definitions were necessary to focus the scope in the remaining development steps and to align
future tool users with the context with which the function was considered. The ideal HF for each
function was defined based on key themes or requirements for ideal HF as identified in the
literature and through past field experience of the research team. Ideal HF means HF that is not
only the best for the organization or its industry peers but the best regardless of the industry. .
Based on the ideal HF in each function, and again supported by experience and research
literature, HF elements that contribute to the ideal for that function were identified. All
identified HF elements for all functions were grouped and examined for overlap between
functions. Similar elements were combined under a common theme to minimize the total list of
HF elements. For each HF element within a given function, a statement reflecting the ideal HF
was created for that HF element as it related to the function. This was considered reflective of

‘ideal’, mature HF integration and capability.
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Literature seeded the development of definitions of the HF ideal. A number of themes were

found to guide the definitions of the HF ideal for each function and the HF elements supporting

the functions. Evident themes included:

HF has been suggested to take a systems approach, be design driven and combine
performance and well-being (Chapanis, 1995; Dul and Neumann, 2009; Neumann and
Dul, 2010; Dul, et al., 2012; Wilson, 2014).

The impact of HF needs to be measured and reported in a manner that is understood by
stakeholders and relates to company key performance indicators, strategy, and business
goals to better manage HF, improve its utilization, and support stakeholder and
organizational success (Rodrigues, 1999; Fulton Suri, 2001; Dul and Neumann, 2009;
Dul, et al., 2012; Edwards and Jensen, 2014; So and Lam, 2014, Village, et al., 2015).
HF measures need to address direct and indirect costs, return on investment, cost-benefit
analysis, and compensation claims so that HF is viewed as an organization investment
and not a cost (Wilson, 1994; Hagg, 2003; Goggins, et al., 2008; Rose, et al., 2013).
The application of HF should be throughout an organization, from strategy development
to product development and the associated processes (Perrow, 1983; Chapanis, 1995;
Stanton and Stammers, 2008; Dul and Neumann, 2009).

The HF implementation, integration and HF program should be evaluated regularly
(Kragt, 1995; Bierwirth, et al., 2010).

Some initiatives need to have an HF specialist integrated but should always employ a
participative approach and get everyone involved (Wilson, 1994; Kragt, 1995; Wulff et
al., 1999a; WuIff, et al., 1999b; Vink et al., 2006).

Reviewing HF components of a product or process should consider not only the physical
aspects but the psychosocial and cognitive aspects as well (Fulton Suri, 2001; Hagg,
2003; Wilson, 2014).

User-centered approaches should be used and include an empathetic view towards the
people involved during design, review and implementation (Eason, 1995; Fulton Suri,
2001).

Ensuring high quality HF is further dependent on continual HF training and learning and
providing guidelines of relevant context for non-specialists (Chapanis, 1995; Dul, et al.,
2012; Hall-Andersen and Broberg, 2014).
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To create a scoring range within the tool, the ideal HF element was scaled across four other
levels of maturity, each level having its own descriptive statement. This continuum, bookended
by statements for the best and worst case scenarios, was conceptually similar to the levels of the
Baldridge Performance Excellence Program (National Institute of Standards and Technology,
2012). Scores, assigned to each level to reflect a “nil” to ‘ideal’ scenario, ranged from 0 to 4,
with 4 representing the ideal scenario. A score for a function was obtained by summing all

individual element scores and dividing it by the total score possible.

7.2.2. Workshop Validation

Three workshops were held to review tool content (i.e. that the tool includes the information that
it should) and face validity (i.e. that the tool does what it appears to) (Trochim and Donnelly,
2007). A convenience sample of participants (8-20 participants per workshop, 45 total
participants) were recruited from professional societies and graduate programs of the fields of
ergonomics, industrial hygiene, health and safety, and industrial engineering. One workshop
recruited ergonomists from the Association of Canadian Ergonomists, another workshop
recruited industrial engineers from the local chapter of the Institute of Industrial & Systems
Engineers, while the third workshop was completed in a graduate ergonomics course that
included industrial hygienists with a range of professional experience. Workshops were
structured to guide the participants through the tool development process and the background,
supporting information for sections of the tool. Four functions were reviewed in-depth per
workshop. Breakout groups allowed the participants to simultaneously review and develop their
own sections of the tool for comparison with, and validation of, the current tool. Participants
were asked to provide comments and feedback at the end of the workshop using a seven point
Likert-type scale. A one-sample t-test with 95% confidence interval tested the null hypothesis
of an opinion neutral midpoint on each of the five following statements about the need for the

tool and the appropriateness of content and tool design:

1. The HFIT is a tool that is needed.
2. The functions chosen in an organization are appropriate for the HFIT’s scope.
3. The element themes are appropriate and significantly cover human factors and

ergonomics concerns.
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4. The definition of World Class, or ideal HF are appropriate and accurate for the tool.

5. The reporting format is user friendly and easy to understand.

The presentation of information and general discussion questions were audio recorded for post-
workshop verification of any key comments. Participants were also instructed to write down
information and ideas from brainstorming during small group work. This information was
collected for review after the workshop. All comments and information were reviewed and used

to improve the tool.

7.2.3. Field testing of the tool

HF specialists in the partner company were recruited to use the tool to assess the level to which
the organization considers human factors in its activities. The tool was presented to the HF
specialists, and a high-level explanation given as to how it was to be used. HF specialists
recruited subject matter experts they deemed appropriate when assessing the different functions
in the tool. The specialists facilitated the use of the tool with the subject matter expert(s), noting
comments about the usability and content of the tool. Researcher assistance was provided as
requested, otherwise the HF specialists were left on their own during the use of the tool. During
a number of assessments, the researcher observed the process of use of the tool, noting
comments about tool usability and content. After each scoring, and, again when all function
assessments were completed, the researcher and HF specialist(s) met for a semi-structured
interview on key development and experience themes about the tool. The discussion was guided
by questions on the user experience, the appropriateness and scoring of content, gaps in
information, application of the tool and use of the outcome information. With permission,
discussions were recorded to verify accuracy of comments. Research was predominantly
qualitative, using guided discussions, field notes and audio recordings of discussions that were
transcribed as required, as well as written feedback on the user’s experience with the tool. Field
notes from all interactions involving discussion of the tool were reviewed for any emergent
themes using the inductive approach of Thomas (2006) and, specifically for issues around
reaction to the tool, its application and design improvement suggestions.
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7.3. Results

7.3.1. Conceptual development results

The complete, initial document included definitions of all functions and HF elements to provide
context for the user, scoring sheets for each HF element in a function, and summary scoring
tables for an individual function and all functions combined. The tool was initially titled the
Human Factors Integration Tool (HFIT). An example summary scoring checklist and associated

questions for scoring for the Training function can be found in Appendix D.

Research group discussion generated a list of 16 functions. These included:

1.  Environmental, Health & Safety 2. Construction and Fabrication

3. Training 4.  Operations/Supervision

5. Tooling 6 Product/Service Design

7. Medical Services & Claims 8.  System Engineering / Design
Management

9.  Marketing/External 10. Logistics
Communications/Advertising/ (Shipping/Receiving/Material
Retail/Sales Handling/Warehousing/Storage)

11. Finance 12. Scheduling/Operations Planning

13. Maintenance 14. Quality

15.  Human Resource Management 16. Organizational Strategy Development
(Hiring and Retention, Employee and (Board of Directors/Senior
Labour Relations and Internal Management)

Communications)

Two examples of definitions of the ideal HF for a function are shown below for the functions
Training and System Engineering / Design.

Training:
Training modules are reviewed and compliant with promoting effective HF practices
(well-being and performance). HF awareness module is used and employee introduction
training is completed with frequent refresher. HF information in training has both
general, but simple HF information component, and a component that is context specific
to the organization. Role specific training provided to front line employees, managers
and system designers.

System Engineering / Design:
HF inclusion as a key contributor with the equivalent power to stop a process and force
revisions to the design. All modifications are automatically considered for HF impact
and interaction without prompting. Lessons learned from other experiences feed into any
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new design. All HF concerns addressed while in the digital/development stage. Layout
allows flexibility to cover entire working population.

A list of 31 discrete HF element statements were created and structured to improve the number

of common terms between functions (see Figure 20). Two HF elements were added to the

original 29 proposed elements, along with modification of language within some of the original

elements, as part of a revision requested by the industry partner in order to better allow for the

assessment of knowledge workers. An average of 10.2 functions were served by a single HF

element (min = 2, max = 16). The average number of elements per function was 19.7 (min = 12,

max = 26).

Organization Functions
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HF Elements = = G A e = =R R a & | o A g|cana
HF for performance not only injury prevention X | x X x| x| x X X X X X X
Cost of injuries/problem related to source X X X X X X X
Total HF cost considered (direct and indirect) X b x X b X X
Application reason (e.g. legislated or culture) X | x X X x| x X X X X X X X
Justification for change X | x X X x| X X X X X X X X
HF Guidelines X | x X | x| x X X X X X X X
HF specific training X | x X X X X | x| x| x X X X X X X X
HF training timeline and repetition X X x| x| x X X X X X X
Employee development X | x b X X x| x| x|« X X X X b X X
HF In experience delivery (employee’s work deliverables) X | x X X X X x| x| x X X X X X X X
HF includes physical and psychosocial (employee’s workplace) X | x X X X X x| x| x X X X X X X X
Control and adjustability of work environment X X X X
Maintenance for HF problem prevention X X x| x| x X
Feedback questionnaires that investigate HF x| x X x x| x| x X x X x X X X
HF review process (for HF specific improvement) x X x| x| x|« X X X X b X
HF review process applied (outcome measure) X X X x| x| x X X X X X X
Continuous review of process X | x X X b ¥ | x| x| x X b X X X X X
Review as early as possible X X X x| X X X X X X
Multiple people input X x| X % X % X X X
Level of subject matter expert need x| x X x X x| x| x X x X x X X
HF two-way communication X X X X
Reactive results tracking X X X X X X X X
Lessons learned are logged and acted upon X X x| x X X X X X X X
Feed forward of information X X X X X X X
HF relevant metrics X | x X X X X[ x| x| x X X X X X X X
HF connection to traditional metrics understood X X X X X X
Strategy integration X X X X
HF culture X | % X X X X | x| x| x X X X X X X X
HF as value promotion X b
Celebrated - project promotion and ideal X X
HF considerate hiring and development package X X

Figure 20. List of all Organization Functions and the corresponding HF Elements within each function

(indicated by an ’x’).
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An example of three elements and their HF ideal are shown below:

HF Guidelines:
Refers to standards and recommendations for procedures and outcomes. Guidelines are
industry based or established by a subject matter expert. They are reviewed frequently
for relevance and tailored to an individual organization to increase understanding.

Lessons learned are logged and acted upon:
HF related lessons (e.g. from projects or improvements) are logged and circulated
among key people to support continuous improvement. The information exist as a living
document space that is updated regularly and provides continual feedback to the next
lifecycle of service or product.

Celebrated - project promotion and ideal:
Successful HF specific projects are celebrated within the company and promoted. Ideas

brought forth by employees are noted and published. The culture of HF and desire to be
a World Class HF leader is evident in the organization.
An example of the rubric created from the HF ideal for HF Guidelines is shown in Table
7TError! Reference source not found. for the Training function. Users would choose the

statement that best applies to their situation to determine the appropriate score.

Table 7. Example of an assessment rubric for the HF Guidelines HF element of the Training function.

HF Guidelines (#6):

Level of Human Factors Maturity Score

HF training does not include HF guidelines. 0

HF training occasionally includes generic HF guidelines.

HF training frequently includes generic HF guidelines.

HF training occasionally includes organization specific HF guidelines.

Alw N[

HF training frequently includes organization specific HF guidelines.

Comments:

7.3.2. Workshop validation results

Workshop audiences included subject matter experts from local chapters of ergonomics and
industrial engineering associations, and graduate students. Participants had backgrounds from
manufacturing, consulting, government, health care, meat processing, oil and gas, and process
improvement, among others. Comments on the tool were, at times, unique to the specialities of
an individual workshop, but, at other times, did reflect a commonality across all subject matter
experts. Participants on average rated the need for the tool (see #1 in Figure 21) at 5.7 on the 7
point scale (n= 45, t(44) = 10.993, p < 0.001). Associated positive comments included ““I think

110



this is a revolutionary tool and | haven't seen anything like this™, that “this is quantifying
something not previously quantified”’, and that *“it's needed so long as there are enough
personnel that are capable/knowledgeable about HF to use it.”” Some were “unsure if
companies are ready...”, that the tool “seems to be useful to more advanced companies (overall

scope)”” and could ““see it(s) use but wonder how effective it would be on a wide scale.”

L. The HFT is atool that is necded [N *
2. The functions chosen in an organization are appropriate _ =
for the HFIT's scope
3. The element themes are appropriate and significanthy __| -
cover human factors and ergonomics concermns
4.ThEdE'ﬁl’litiDHEDfWﬂr|d C|ESS-, or idEE| HF are _—| =
appropriate and accurate for the tool
5. The reporting format is user friendly and easy to _—| -
understand

1 2 3 4 5 ] 7
Strongly disagree Strongly agree

Figure 21. Workshop participant feedback (Average +/- 1 SD; 42 to 45 respondents per item; * denotes
significantly different from 4, a neutral agreement (p < 0.001)).

Participants suggested that research and development and information technology were two
functions to also include. Regardless, workshop participants agreed (5.6 out of 7, n =43, t(42) =
12.221, p <0.001) the functions were appropriate for the HFIT’s scope (see #2 in Figure 21).
Some participants thought some functions already included could be expanded on, be “more
industry specific”” and “include some other health care functions.” Others thought that the
functions ““seem to make sense” and that the “functions will become better defined with more
exposure in industry.” Comments on HF elements were also positive, though an assessment by
participants was difficult to make in the workshop due to the volume of material and the
associated time to complete reviews. One participant did suggest that they ““would like to see
more behavioural aspects of human factors” and another stated that we need to *““ensure that
(the) user understands human factors applications to ensure accuracy of reporting/rating.” The
idea of World Class HF (see #4 in Figure 21) was the most agreed with feedback statement (5.9
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out of 7, n =43, t(42) = 11.765, p < 0.001) but left one participant to wonder if we can”...ever
really achieve World Class....” and another to state that ““because no standards exist for
application of HF it's hard to define world class”; however the participant followed that
statement by adding that World Class “is defined well for the tool though.” The least agreed
with feedback statement (#5 in Figure 21) regarded the reporting format (5.0 out of 7, n =42,
t(41) = 5.270, p < 0.001).

Five themes evolved from the comments. These included information clarity, tool length and
volume of information, differentiation of information, and use of an electronic format. Some
suggested the reporting clarity was concise and clear while others stated it could be confusing
and needed explanations and specific examples. Others commented that the terminology and
content was “geared towards educated individuals™ and ““not friendly at all”> and more easily
understood by ergonomic or HF specialists. Similarly, some participants commented on the need
for more clear section divisions and that some users may have “trouble differentiating the
different score categories.” The volume of information was considered daunting and long and
that future versions of the tool should consider an electronic format.

7.3.3. Field testing results

Sixteen documented dedicated meetings or informal conversations were held on the HFIT in the
partner company. Five functions, with six total subject matter expert participants, were able to
be tested in the field (Environmental, Health & Safety, Medical Services & Claims Management,
Product/Service Design, Marketing/External Communications/Advertising/Retail/Sales, and
Human Resource Management) with researcher participation in three of the sessions. Attempts
made to test other functions were unsuccessful due to resource and personnel constraints in the
company. Comments from the interactions are clustered into three key themes representing the

need for the tool, the reaction to the HFIT, and tool design issues.

7.3.3.1. The need to measure HF across an organization:

The need for a method to assess ergonomics in an organization was evident from participant
comments. After an exercise of rating the organization’s HF level of integration, one engineer
commented “I would like to get to 10 and | don’t know what 10 looks like and that is why we
need your help.” An engineering director commented in a separate meeting on the desire to be

able to show how the impact of multiple human factors projects could be demonstrated to their
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leadership team - “[We] can demonstrate why we're doing things.... We can say this is why
we're choosing this project. There [are] benefits for it but we also have to grow in this area.

This is an area we are weak in.”

7.3.3.2. The reaction to the HFIT

The introduction of the tool to the HF group was positive, and appeared to fill a need and be
appropriate in scope. One HF specialist stated “I would love to see this applied...across our
entire organization...it's just going to keep moving, in terms of overall, the evolution of
ergonomics.” Another HF specialist believed “any tool where [you] can ask pertinent questions
to introduce [people] to ergonomics is good....I find the information is fine.....I think it's general
enough where the person using it can make some adjustments for the work that's being done in
your place.” Similarly, an engineering director was also supportive “...1 like it. | think the

grades are good...[it] is a great evaluation tool for me.”

An HF specialist highlighted the challenge with this being applied in other industries where there
is “still heavy injury focus with most people”, though they thought that in large manufacturing
(e.g. automotive assembly) HF is seen differently so the tool may apply there sooner. The HF
specialist believed that the tool would not be picked up and used by just anyone, especially if
they did not see the value “in human factors as a whole” and make the connection to their work
“if it wasn't related to anything that helped them make their job easier or quantify stuff or
improve, whatever their service or product was.” They believed this was in part due to the
complexity of HF, people’s general knowledge of HF and not completely a fault of the tool.
Even for those with some familiarity of ergonomics they might not understand the connection
with human factors. Two HF specialists commented that even the term ergonomics would be
more well-known than human factors in their organization with one of them stating that there
would be a need to “be sure that people have a good foundation of understanding of what human
factors is and what this is designed to accomplish to make sure that they receive the results.....1
can see the context might be misinterpreted.” As a result, one HF specialist believed that in its
current form the tool is best used by ergonomists, in part because “...I have difficulty
[explaining] ergonomics to people other than injury prevention....I think most people understand
the physicality of work.....looking at it from a productivity standpoint they don't....grasp that
because | don't think in their mind they are able to measure that kind of thing.” The tool was
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also highlighted to have benefits beyond the case organization as a tool for consultants proposing
work, shown when one HF specialist commented *...as a consultant it would be an extremely
beneficial tool. To be able to go in and say ‘Look. As part of our services we will do a

survey....an audit up front and when we're done you should have X% improvement’.”

7.3.3.3. Application and benefits of the tool

Different stakeholders envisioned different applications of the tool. One engineering director
thought its application could be similar to lean assessments, where effectiveness is evaluated
across industries and organizations. HF specialists saw application in understanding the current
state of HF in the organization, developing conversations around HF, and planning projects to
further develop HF capability in the organization. When establishing the current state of HF, one
specialist thought the tool could help to change the culture of HF beyond focussing solely on
well-being “to talk about human performance and efficiency” as the company transitioned to a
more lean workforce. This specialist had found it “hard for me to push [the performance
agenda] up the line” but that “ultimately if we can show the company that integrating human
factors and getting everybody to four, that's where you're going to have your most success in
eliminating the conditions that would prevent people from performing.” In this way, it was
possible to use the tool to develop conversations with groups in the organization who the HF
specialists were “not sure how much they see the relation [to HF].” The view of an HF
specialist was that they were “for the most part...on the outside looking in” but with the tool they
now have a “means to quantify where that is for us”, giving other stakeholders “some incentive”

to change, as well as provide a means for the HF group of selling their services.

Regardless of the score from the tool, the HF group perceived there was good output. One HF
specialist illustrated the benefit when they commented “We would benefit from this in some way
whether it's the actual score, [or] whether it's ...having those discussions.” With experience, the
one HF specialist “started to figure out how to use [the tool].”” They recognized that “each one
of these [spreadsheet] tabs...in themselves...is a project” and began to plan projects to improve
the HF capability as they started to realize “there were deficiencies and/or good things coming
out of the tool and understanding that this is where we want to go from an ergonomics program
perspective that helped shape it into a project.” Building on this perspective they commented
how the results inspire projects that are guided by the information within the levels of maturity of

114



the HF elements and enable discussions to move HF forward; ““I feel like the questions itself are
enough to say ‘Okay. You're at this level. You know you want to go to this level. Here are some
metrics to show you the difference and these are the things that we're going to do to get you
there’... as opposed to now where we don't even know where that is and how to get to the next
point.” In this case, the tool would also help to assess and audit their change progress through
the levels of maturity. The scores and the statements on HF maturity could also help to provide a
guide to change and a method to quantify that change. This had been previously unavailable at

the organization level.

7.3.3.4. Tool design issues

Development ideas were shared with the industrial partner during stages of development for
feedback. Issues on the choice of elements, clarity of language in the document, layout, the
addition of information to capture knowledge workers, and the addition of an IT function were
highlights of the views on the tool. Design issues were not always consistent among
stakeholders. For example, though an engineering director wanted more specificity to statements
on frequency (e.g. specific definitions of rarely and occasionally), an HF specialist was
comfortable with the frequency terms as they were because they used their professional
experience from creating physical demands description reports as the basis for how they

interpreted frequency.

Discussion with stakeholders about the concepts and the idea for the tool led to an initial version
far different from what is currently in place. The adoption of functions and HF elements with
multiple levels reflecting HF maturity coincided with comments of an engineering director to put
more thought into the basic contributing elements used in the initial version of the tool. The
resulting large document created, understandably, a concerned reaction amongst HF specialists
that was similar to the workshop participants. The tool appeared to be received as more
manageable when the components of the document were broken down into short sections (i.e. the
individual functions) which could be completed in 30-60 minutes each. Even when working
with the individual functions, the tool layout was considered “clunky” since the HF specialists
had to switch between pages for definitions and descriptions. The creation of a digital version,

both pdf and an automatically tabulating Excel based version, addressed this deficiency.
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A “large chasm” between the two highest maturity levels was perceived by one HF specialist
though a value between three and four was not considered a solution. They believed that users
need to “complete that [level] to get to the next level” and that “[People] are going to have to
read the question to be able to understand...what it would take.” In their opinion, providing
guidance on making the transition between levels, such as the “No, Some, All but minor, All but
major, All in major” within the tool, would prevent users from unrealistically choosing the

higher number.

Further development suggestions focused around improving support information as well as
improving the clarity of the language in certain elements. This included the need for a thorough
explanation of what HF is and its relation to the person being interviewed. In elements tested in
the field, it was evident that this tool may not be straightforward enough to be used by non-HF
specialists, or even in different industries. Improving the ability for people to “conceptualize and
understand” the tool and “figure out how it would be applied” was highlighted in order to “get
that ramp up quicker” to be able to move forward. One stakeholder that was interviewed for a
function commented on the need to “make it as simple as possible. Dumb it down. Do whatever
you can” because they had been simultaneously figuring out the tool and recounting earlier
answers as the discussion moved along. Use by non-HF specialists could be potentially
addressed by providing more support documentation to educate the user, while, as suggested by
an HF specialist, plainly explaining the benefits to the company and perhaps supporting the

benefits with cost savings and statistical information could help to improve interest.

7.4. Discussion

The Human Factors Integration Tool (HFIT) has been developed to allow users to better
understand the HF-related capabilities existing in their organization and the level of integration
and maturity of these capabilities relative to a defined world class ideal. The tool does not
specifically prescribe what should be done in an organization, but instead provides guiding HF
elements as defined by subject matter experts using a consensus-based approach. These guiding
principles are expected to benefit employee well-being and organizational performance. In the
Authors’ view, this principle approach, and the use of functions instead of departments, allows
the flexibility to apply the tool in organizations of different sizes, and perhaps transfer to

industries beyond manufacturing as well. Though not an audit, the tool provides a
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comprehensive assessment of HF performance execution and process knowledge in an
organization, which makes this unique when compared to other HF tools which provide

knowledge of performance outcomes (for example Takala, et al., 2010).

Although the attempted comprehensiveness of the HFIT makes for a large document which was
of some concern to Stakeholders, the review time of 30-60 minutes per function and total
estimated review time of 8-16 hours is comparable to occupational health and safety
management audits reviewed by Robson et al. (2012). Regardless of concerns, HF specialists
working with the tool highlighted its ability to initiate conversations with other organization
stakeholders, a similar finding in engineering tool adaptation by Village, et al. (2014b) and also
speaks to the boundary spanning needs within HF identified by Garrety and Badham (1999).
These conversations can help to demonstrate that HF extends beyond health and safety and
connects to the performance of the whole organization, both in short term performance
disruptions and in the loss of expertise from long term injuries (Rose, et al., 2013). In this case,
the tool could support the organization spanning work of macroergonomics as described by
Kleiner (2004), the integration of HF as identified by Dul and Neumann (2009), and the
development of the HF discipline (Dul, et al., 2012; Norros, 2014). The conversations within the
organization can also help HF specialists to better appreciate how their knowledge is, and can be,
integrated in other domains in the organization, such as Village, et al. (2013a) found with the use
of cognitive mapping. This appreciation of HF in the organization allowed the HF group in our
case study to better focus future program changes, education outreach and prioritize resources
accordingly. Further, the associated challenge to increase the HF score, along with the non-
prescriptive, guiding criteria to move to a higher score, creates a target goal for the organization.
The use of goal setting has been shown to affect performance across a range of environments
with the setting of specific goals potentially providing improved performance (Latham and Yukl,
1975; Doran, 1981; Latham and Locke, 2007). Hierarchically arranging goals, as the maturity
levels within the HF elements and the HF elements themselves create for the function, creates a
short term feedback on progress while simultaneously extending the user’s vision to the future
(Zimmerman, 2008).

The tool development by consensus approach has been demonstrated in the development of

standards, performance management systems, and organizational assessments. For example, the
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International Organization for Standardization (ISO) (International Organization for
Standardization, 2013) and Canadian Standards Association (CSA) (Canadian Standards
Association Group, 2015) utilize a panel of subject matter experts to develop their standards.
Similarly, Kaplan and Norton (1996) and the European Foundation for Quality Management
(2015) are examples of a management system and organizational assessment, respectively, that

convened panels business experts for development.

Field testing of this tool facilitated development of a stakeholder approved and usable approach
while simultaneously developing understanding of the potential use of the tool in the field. Style
suggestions for the tool mostly focused on language clarity, managing the volume of
information, and improving ease of data entry. For example, definitions were added alongside
each of the HF elements in the Excel version to prevent page switching, while the addition of
comment boxes for each element in a function allowed the user to provide context to the scoring
and document key information, such as HF practices in place, for future comparison. In its
current form, the tool would appear to score well with respect to applicable key HF tool factors
(e.g. time to use, cost, training needs, difficulty to use, flexibility, usefulness relative to needs,
and report usefulness) highlighted by Perez and Neumann (2015) in their examination of virtual
HF tools. Further testing of the predictive validity of the tool with respect to organizational HF
and performance outcomes, meaning the ability for the scores to predict future organization
performance (Trochim and Donnelly, 2007), remains a task for future research and will be

important to help support future implementation and use of the tool in organization processes.

7.4.1. Limitations

While those functions tested had positive results, the size of the document, volume of
information, and time for the workshops limited a complete testing of content validity and HF
maturity. The testing of the functions in the case field trial was conducted at the discretion of the
industry partner. Resource constraints, organization restructuring and personal choice resulted in
the testing of five functions. The current tool may show a manufacturing bias to HF due to the
industry partner focus and common experience of some of the research team. Caution may need
to be exerted when applying the tool at face value in other industries. Adding comment sections
for each element potentially mitigates some of the concern when applying the tool outside of

manufacturing as the user is able to describe the context in which they interpreted the individual
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element. The added consideration in the tool for knowledge employees alongside front line
workers, a company suggested revision, further improves transferability of the tool and also
demonstrates how the framework can extend to meet other needs, such as the inclusion of an IT
function or further adaptation for organizations in other sectors. Regardless of the preceding tool
additions, broader testing of the tool is needed with more users and organizations. Currently, the
use of the tool in the field was primarily from the perspective of one person, in a case
organization that was supported by one or two subject matter experts in the field. Without
broader testing it is not possible to provide comments on both transferability to other

organization sectors (e.g. service) or on the inter-rater reliability of the current format of the tool.

7.5. Conclusion

This chapter has presented the development and preliminary testing of a novel tool to assess the
human factors (HF) capability and integration across an organization, an ability that has not been
available with other HF tools. The creation of the Human Factors Integration Tool (HFIT)
allows the user to score the integration and capability of HF in a number of supporting HF
elements across five levels of maturity for up to 16 functions within an organization. Consensus-
based development combined research and industry experience to develop and field test the tool
while subject matter expert workshops contributed to face and content validity testing. The
partnered design approach identified opportunities to improve tool content and usability which
were implemented and reviewed. Industry participants expressed a need for this type of
assessment tool and an appreciation and interest in what was developed. Workshop participants
had a statistically significant non-neutral, supporting level of agreement with statements on the
need for the tool and appropriateness of contents, definitions and reporting format. Scoring HF in
the partner organization allowed HF specialists to better appreciate the level of understanding of
HF in the organization as well as the effectiveness of HF programs. The ability of the tool to
develop meaningful discussions with other organizational stakeholders about the contribution of
HF in organizational performance simultaneous to employee well-being was a highlighted
benefit of the use of the tool. Specialists saw the tool as supporting HF-related development
projects that could be guided, with progress scored, by the tool. The tool is ready for broader
validity testing across different organizations.
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Chapter 8

Discussion, future work, and conclusion

8. Discussion and future work

8.1. Case and methods approach

This dissertation presents views on metrics within the case organization and considers issues for
HF metrics development (Chapter 3). The development of two HF tools demonstrates methods
for assessing HF at the level of the workstation (Chapter 4) and the organization (Chapter 7).
These also demonstrate approaches for developing new tools collaboratively with the user and
their organization (Chapters 6 and 7). The limitation of this dissertation research is that it is
from the case perspective. Case studies have been seen as limited in their study rigor and the
ability to generate generalizable research (Yin, 2009). However, because of their specific focus,
case studies have been lauded for their more in-depth investigations of single, complex
phenomena (Yin, 2009). Though the findings from this research can be applied elsewhere in
some instances and used to initiate further inquiry, future work is needed to confirm if similar
results can be expected from other manufacturing organizations or completely different
organizations such as health care.

As a whole, this dissertation used mixed methods research. The type of research method and
data gathering depended on the approach necessary to understand the research questions.

Though qualitative data was most common to address the research questions, quantitative results,
such as in the testing of the workstation efficiency evaluator tool (Chapter 5) were more
appropriate in some cases. The overarching action research (AR) approach in this dissertation, is
used infrequently in HF research (Neumann, et al., 2012). AR has been promoted as means to
generate better understanding of the implications of HF interventions (Rosecrance and Cook,
2000; Neumann, et al., 2012; Neumann and Village, 2012). The use of an AR based approach is

advantageous in that it embeds the researcher within the change process to generate
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understanding from within as opposed to only observing from the outside (McTaggart, 1991;
Ottosson, 2003). However, AR has been dismissed as soft science due to its lack of
methodological rigour compared to hypothesis testing (Pasmore, 2001; Neumann, et al., 2012).
Using AR in this dissertation provided an effective means to understand the functions of an
organization and the implications of HF from a perspective within the organization. It
complemented the user-centred development of tools and approaches and allowed the
researchers to seek out collaborators while adjusting to an organization tasked with near
continual restructuring for most of the project. Hypothesis based testing or case-control research
would not have been able to adapt as well to the changes because of the rigid structure of those
methods. The less rigid, more organic approach to exploratory research that AR affords could

raise concern for results repeatability as the research evolved unscripted.

8.2. Addressing the three objectives
This dissertation strove to improve the understanding of HF metrics within a production
organization by targeting three objectives. Each objective is discussed specifically in the

following sections.

Objective 1: Determine the company stakeholder views of HF metrics, metrics development and
HF application

The first objective in the study, presented in Chapter 3, found that engineers were more familiar
with metrics in the case organization compared to HF specialists. The HF specialists had a
health focus to their work and measurements that was consistent with Canadian HF specialist and
ergonomist work (Theberge and Neumann, 2013). The relationship of HF metrics to the
organization demonstrated the existence of HF in the “‘ergonomics sidecar’, meaning HF is a
personnel related health concern of human resources (HR) and health and safety (H&S), and HF
being disconnected with design decisions (Jensen, 2002; Neumann, et al., 2009). Updating the
framework illustrated in Figure 1, the weighting of the arrows representing HF metrics have been
adjusted to reflect a greater number of reactive metrics compared to the non-existent predictive
HF metrics (Figure 22).
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Figure 22. Updated framework from Figure 1 to illustrate the number of HF metrics observed in the case
organization. Thicker arrows represent more metrics observed. Note that no predictive HF metrics were
initially identified.

The HF focus on the human and system interaction in their environment means the potential
exists for HF to move beyond HR and H&S and span organizational boundaries (Dul, et al.,
2012). Moving HF throughout an organization and away from an organization mindset of HF
providing a health only benefit is substantial organizational change. Organizational change is a
lengthy process with a low rate of success (Smith, 2003). Similarly, organizational initiatives
like performance measurement system implementation are not always successful either
(McCunn, 1998; Bourne et al., 1999; Hudson, et al., 2001).

Part of making the shift of HF in the organization is providing value to the new audience, an

audience that may not be familiar with the contributions of HF beyond H&S. For example,
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improving the integration of HF metrics into the design of the production systems in the case
organization would require addressing gaps between engineering and HF specialists. Engineers
were not fully aware of the contributions of HF to worker performance and work quality and HF
specialists in the organization did not have the tool capability to generate metrics that related to

the leading, status, lagging, and response themes of engineering metrics that were observed.

The lack of HF measures and indicators as a whole demonstrated a lack of metrics to create
metrics sets and an HF metrics system. A lack of HF metrics limits the ability of HF information
to contribute to engineering and management processes. Performance measurement systems
focus on financial information, customer satisfaction, among others, but show little evidence for
HF beyond employee engagement or typical H&S metrics such as lost time injuries. Ina
management through measurement mindset, the contributions of HF can get left behind if the HF
measures are disconnected. Neely, et al. (1995) have commented on the need for performance
measures to be “positioned in a strategic context” since the result of measurement is more than
quantification — it stimulates action. Connection to the organization and supporting the
organization were two factors important for metric development observed in this case study.
Understanding whether the absence of HF in performance measurement is due to ingrained
thinking of managers and directors, a lack of awareness of the HF contribution, or lack of HF
metrics could also be an avenue of future research to explore. Steps were taken to improve HF
metrics through development of HF assessment and prediction capabilities in the organization,
including adapting engineering tools (see Village, et al., 2014b), developing a workstation
assessment tool (Chapter 4), and developing an organization assessment tool (Chapter 7). The
organization assessment tool aside, these tools provided information predominantly for
production system design in the case organization. More work is needed in the organization
though to develop tools that provide information that contributes to product design and the
associated performance metrics. Research in other organizations is also needed to better
understand the types of organization critical metrics to which the HF discipline needs to
contribute if HF tools are to be used by engineering and management teams. Further, research is
needed to determine if the factors key to developing metrics are unique to the case organization
or transferable to other organizations as well. It is also worth considering in future research the
context of HF information required to improve HF integration in other engineering functions, or

beyond engineering into business and strategy focussed functions within an organization. With

123



improved understanding of HF metrics needs in this case and other organizations, the methods
and tools to create a base of HF metrics can be established. These base HF metrics can be
potentially used to create HF metrics sets and systems. Research can then be pursued to develop
understanding of the needs for HF metric sets and systems and the integration of the sets and
systems throughout an organization which can then help to get a better understanding of how HF

contributes to performance and quality.
Obijective 2: Develop a workstation level HF assessment tool for light assembly work

The workstation efficiency evaluator (WEE) tool developed and tested as described in Chapters
4 to 6, addressed the need in the case organization to assess the effect of light assembly
workstation design on the worker and work system. Other assessment tools that were available
to the HF specialists in the organization (e.g. RULA (McAtamney and Corlett, 1993), REBA
(Hignett and McAtamney, 2000), ACGIH HAL-TLV (American Congress of Governmental
Industrial Hygienists, 2001; Marras and Karwowski, 2006)) were observation based, requiring a
work system or workstation to be present to use the tools. These tools were not design oriented
and did not allow for an assessment of health risks of light assembly workstation at the design
stage, a gap noted by one HF specialist. The WEE tool addressed this gap and incorporated time
prediction capabilities to improve its relevance to design decisions and estimating system time
requirements. Though virtual HF tools were also commercially available to the organization,
those tools are aimed primarily at manual material handling and heavy manufacturing, are more
expensive and require specialized users (Lockett, et al., 2005; Lamkull et al., 2009; Perez and
Neumann, 2015).

Important to the WEE tool design was the input from users and managers targeting specific
information and a style of information to assist their operations (Chapter 6). These discussions
contributed to the type of information collected and guided the results presentation format.
Achieving this goal necessitated a participatory ergonomics or user-centred design approach,
both known to improve design and adoption of new products and processes (Haims and Caryon,
1998; Mannonen and Nieminen, 2006). The range of stakeholders involved in the tool
development in the case organization demonstrated top down and bottom up approaches to tool
development. In the top down approach managers, for example, guided the focus of the tool,

whereas in the bottom up approach the usability of the tool was more of a focus. The inclusion

124



of engineers, managers and directors into the review and development of the tool highlighted
how presentation of HF information needs to be better considered in HF tool development. For
example, raw data should be summarized with the three most important issues highlighted at the
top of the output information summary. More research is needed to better understand the HF
connection to other organization interests since the context of HF information needs to contribute
beyond health and safety concerns and address the dual HF goals of performance and well-being.
Productivity and quality were important considerations by managers and directors for HF tool
development (Village, et al., 2014b). Health information was also important to the managers and
directors as a complement to the system information, highlighting the business and health
alignment need suggested by Dul and Neumann (2009). This may mean that future HF tools
need to have less focus on reporting about tissue loads, which do not relate as well, nor is the
importance understood as well, to those without an extensive HF background. As an example in
the WEE tool, the use of a simplified net shoulder moment prediction model may seem less valid
to biomechanists. A truly realistic shoulder model would provide information on all principal
shoulder movement axes. Outside of the comparison of two design options (A to B comparison),
however, three-dimensional shoulder information has little context for most people. In part this
is due to the complexity of the shoulder joint, the lack of appropriate load and moment threshold
values and limited training of decision makers. Until more research is completed to fill this gap
this simplified tool provides a “good enough” function that provides information to support

conversations on implications of design choices.

Too often the researcher’s focus on scientific precision and validity in a practitioner tool inhibits
them from achieving a functional, usable ‘good enough’ tool which some practitioner’s desire.
Buckle (2011) has commented that the “perfect is the enemy of the good’ as it pertains to
ergonomics research, where researcher goals and publishing requirements are disconnected from
practitioner needs. A similar search for perfection of measures has been said about the
development of metrics. Melnyk, et al. (2004) have noted that managers searching for quick,
useful information are often satisfied with a measure that is ‘good enough’. With this mindset,
managers are demonstrating their satisfaction with measures that are sufficient to guide
decisions, even when a given measure is not optimal, which is a decision process referred to as
‘satisficing” (Simon, 1956; Simon, 1997). Applying this logic to tool development leads the
developer towards ‘satisficing’ the tool requirements, meaning creating something satisfactory
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instead of optimized (Simon, 1956; Simon, 1997). With this in mind, further research should
perhaps examine the ‘good enough’ threshold for tools. It is possible that there is precision-
utility trade-off, where the threshold is related to the accuracy of the output information the

audience requires.

With respect to the WEE tool, future work should investigate its use in more extensive field
trials. A better understanding of factors contributing to the tool usability can be obtained from a
more directed study of its use in other organizations. Future development of the tool capabilities
could include the integration of a more mechanically complex shoulder load prediction model
that also included a greater range of hand loads, with the caveat that a simultaneous investigation
of the effective presentation of the outputs is needed. Other musculoskeletal risk factors could
be included in the tool, such as gaze and head angles and improved fatigue prediction. Further,
with the increased adoption of sit/stand workstations the tool could be adapted to work in these
scenarios and tested for utility. To improve the tool relevance to system output, a comparison
between predicted time and actual time in light assembly could be completed to provide
commentary on the tool time prediction accuracy. Lastly, an investigation into the addition of
human error prediction as an outcome, with similar logic as Givi et al. (2015) have used for dual-
resource constrained system modelling, could further strengthen the tool contributions to system

outcomes.

Obijective 3: Create a tool that reports the level of HF integration and maturity in an

organization

Chapter 7 described the creation and testing of an approach to assess HF at the organization
level. The application of the tool allows the tool user to gain an appreciation of the level of HF

integration in the organization. This type of approach has not yet been available.

Testing in the case organization and in workshops demonstrated a desire from participants for
this type of tool. The tool facilitates thinking of HF throughout the organization beyond the
more common HF involvement at the workstation level. The macro-focussed tool thus
contributes to moving HF thinking from the micro, workstation level, to the macro, organization
level. When HF is thought of at a macro level, as with macroergonomics, HF is seen in its

organizational context (Hendrick and Kleiner, 2001; Kleiner, 2006).
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User suggested modifications to the tool ensured that the assessment captured more than health
benefits to a frontline worker. The assessments of knowledge worker activities and the
capability of worker improvement along with physical and psychosocial risk factors were added
based on the interactions and expressed needs of tool users. These modifications develop the
potential for the tool to provide a more complete macroergonomic assessment and potentially

look at the HF contributions an organization creates beyond the organizational boundaries.

Future research with the tool could investigate how well an organization’s score relates to the
employee satisfaction at work and outside of work. Perhaps more pressing research for the tool
is to determine how outcome scores relate to organizational performance and how the approach
developed in the case organization transfers to organizations with a different focus. Direct
testing in other organizations is required to determine tool transferability to organizations beyond
the case. Workshop participants, who were not members of the case organization, expressed an
interest for the tool and commented on its relevance to their particular organizations. Changes
implemented from workshop feedback means the transferability of the tool is better than if the
tool had only been reviewed with the case organization. One last point for research to consider
in the short term is an investigation into the importance of the different HF elements to
organizational performance. Knowing more of how individual HF elements directly contribute
to organization and worker performance would have two substantial benefits to future versions
of the tool. The knowledge would provide guidance with respect to weighting of the scoring and

which elements to target first in HF continuous improvement initiatives.

8.3. General discussion and future work

The findings of this exploratory case research provide a basis for further investigation and
reflection on HF measurement and reporting in organizations. Combined, the results
demonstrated that the full impact of HF is still not well known and that HF metrics do not merge
well with organization metrics in their current form. Common though, in all of the results, is that
HF metrics, measures, and reporting needs HF approaches in their development. These
approaches include participative ergonomics, user involvement, and user-centered design, where
the requirements and interests of users and target audiences are considered during development.
Participative approaches, such as participative ergonomics and user-centred design, have been

shown to benefit development and uptake of organizational process (Haims and Caryon, 1998;
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Mannonen and Nieminen, 2006). These approaches are not without challenges due to
techniques used, personnel involved, or resource constraints (Eason, 1995; Mankin et al., 1997;
Garrety and Badham, 1999; Cole et al., 2009; Driessen, et al., 2010; van Eerd, et al., 2010). In
this dissertation, a project manager developing new performance metrics found a range of
different ideas related to the specific interests of stakeholders. Garrety and Badham (1999) have
noted something similar in technology development. Development challenges in their case
examination were not due to HF methodologies but were a function of individual stakeholder
power and personal interest and the political process necessary for sociotechnical change. Even
with these identified challenges, new HF tools should ideally be developed in collaboration with
potential users so that researchers can better understand the design needs. This includes
understanding the necessity of precision and accuracy in the reporting of tool outputs that is
needed for making business decisions.

The collaborative development of the two tools in this dissertation demonstrated a researcher-
practitioner partnership, addressing gaps in measurement and reporting but also allowed the
investigation of design requirements from the user’s perspective. Even with this information,
more work is needed to better understand the requirements of effective HF tool design across a
broader audience of organizations. Feedback from engineers and practitioners in this dissertation
assisted with creating more relevant tools and hopefully increased the potential for tool adoption.
The benefits of user-centered design to improve product and process design are well documented
(for example, Kujala, 2003; Abras et al., 2004). Little research has been done though into the
process of designing HF tools “in vivo”. This work has highlighted the need for HF reporting to
better combine performance and well-being in tool design. Previous HF tools have not
effectively addressed this issue and instead often focused only on reporting on musculoskeletal
disorder risk factors. This was evident in the case organization as the HF specialists did not have
the ability to provide other forms of HF information beyond a commentary on health risk. It was
not that the information being reported was the wrong information, there was no other option
available to present another type of HF information. The HF specialists were left with piecemeal
measures to assess workstation designs and waiting until work structures were in place to review
the layout and apply the existing HF guidelines. Though the available tools were valid, they
limited the application of HF and the capability to move HF beyond health and safety concerns

and into design decisions.
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Tools are needed to better connect HF to the organization without losing employee well-being as
a consideration. These types of HF tools and measures are not a change of thinking since HF is
promoted as benefiting performance and well-being (Dul, et al., 2012; International Ergonomics
Association, 2014). New research needs to include light assembly tool development that
includes prediction for well-being and performance outcomes in a format that is affordable for all
practitioners. More work is also needed to improve the assessment of HF capability across the
organization. Few in the case organization understood the performance benefits of HF
consideration in assembly operations and even fewer participants understood the implications of
HF to organization functions like human resources, finance or sales. Practitioner development of
new tools is possible though development success may be dependent on time available. The
focus on day-to-day operations that deliver value to the customer makes tool development by
practitioners in the field difficult. Tool creation should also not be left solely to researchers. As
evident by the tools that exist, the focus of research-based tools are primarily on health risk
factors and have little connection to employee performance. Further, some tools have great
precision, biological relevance, and are no doubt valid and reliable, but lack a context for non-HF
specialists. Collaborative tool creation by researchers and practitioners would appear to be ideal.
This arrangement is not easy. More work is required to understand how best to foster these

interactions for tool development.

Tool designers are not solely to blame though on their lack of performance reporting measures.
HF research is increasingly demonstrating the connection between quality and other measures of
performance (for example: Helander and Burri, 1995; Drury, 2000; Meerding, et al., 2005; Yeow
and Sen, 2006; Erdinc and VVayvay, 2008b; Falck, et al., 2010). Connecting design decisions to
both HF risk and worker performance in the short or long term is still not well developed. Even
with the increasing amount of evidence of the connection between HF and system performance,
research is needed to better understand the direct impact on worker performance from poor HF
application (i.e. a worker health risk ‘X’ leads to quality deficit of magnitude “Y”). As found in
the case experience, the precision and detail of these connections need not be perfect but should
provide a means of generating discussions on the impact of design decisions on worker
performance and well-being. The ability to better quantify the financial impact of HF will be
greatly improved once the HF-performance relationship is better understood. This improvement
opens the door to increased interest in HF and, ultimately, more HF integration throughout
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organizations. With improved HF integration, employee performance and well-being should

increase.

This dissertation highlighted the need for more work to improve basic HF measures in order to
generate HF metrics. Moving beyond HF metrics to integrating within the different aspects of an
organization provides room for further exploration. Researchers have called for HF to be a part
of strategy decisions (for example: Jensen, 2002; Dul and Neumann, 2009; Dul, et al., 2012),
while others have promoted the value of stakeholders in strategic decisions (for example:
Freeman, 1994; Freeman et al., 2004). Involving many stakeholders in strategic decisions
highlights the importance of actor network theory, where a complex network of actors all
contribute to organisational change efforts (Kaghan and Bowker, 2001).

HF integrated as a part of strategy begs the question of how HF metrics would integrate in the
reporting structure at the strategic level of an organization. HF currently has more reporting
capabilities at the workstation level. More leading, design metrics necessitate a move up the
organization structure, with strategy metrics even further up from the workstation level. How

HF measures fit and interact at the different levels within this hierarchy requires further research.

Organizational scorecards provide an overview of subordinate groups, as do metric sets (Melnyk,
et al., 2004). Conceivably scorecards of higher levels are supported by lower level scorecards
(Huwe, 2010). The tiered formation funnels aggregated lower level information up the hierarchy
of the organization. Aligning metrics in organizations from top to bottom is challenging because
of the noise created and the aggregation required of metrics (Melnyk, et al., 2005). Conceivably
HF information would need to be similarly aggregated which requires further research to how
this is done effectively. HF reporting and impact on higher level scorecards will be challenged
even if there is an understanding of HF information aggregation. One point for investigation is
how HF competes for scorecard space at higher levels, since 15-20 metrics are considered near
the threshold for a person to manage (Brown, 2007). A second point is that if HF is a means to
an end then will HF impact be built within other reporting measures, leaving it a non-measured,
non-managed contribution at the upper organization levels. This system aspect of HF metrics

warrants further research.
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8.4.Contributions

The findings from this dissertation contribute to the industry partner, practitioners and the
research community. The contributions from each objective and the dissertation as a whole are

as follows:
Objective 1: Stakeholder views of HF metrics, metrics development and HF application.

- This dissertation has improved the understanding of HF metrics in the case organization
with suggestions for future metrics and tool development.

- HF metrics in the case organization have been identified as reactive, health supporting
information that is of a different focus compared to the four identified engineering metric
categories of leading, status, lagging, and response.

- Evidence has been provided in the case organization that HF and engineering metrics are
disconnected, in part due to a lack of predictive tools, an HF focus on health outcomes,
and operation silos that reinforce HF stereotypes.

- Five important issues have been identified for developing HF metrics — knowledge,
connection, support, resources, and communication.

- Practical advice has been created for HF practitioners interested in developing HF

metrics.
Obijective 2: Developing a workstation level HF assessment tool for light assembly work.

- Anovel virtual HF tool for light assembly workstation assessment was created that
improves assessment capabilities of HF practitioners and engineers. The tool enables the
simultaneous assessment of worker risk and system outputs, which is uncommon in most
HF tools.

- Testing of the tool showed that there is a low impact of measurement input error on tool
outputs of movement time and shoulder load.

- The application of the tool allows layout prediction and workflow planning from light
assembly worker and system information, which can be completed at the design stage
using design information. The tool is an improvement over existing observational
methods, as was demonstrated using a Swedish electronics assembly system case

example found in the scientific literature.
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- It was demonstrated within this dissertation how a user-centered design approach to HF
tool development can improve the design of the tool and the relevance and display of

output information.

Obijective 3: Creating a tool reporting the level of HF integration and maturity in an

organization.

- A novel macroergonomic assessment tool has been developed that has demonstrated
good face and content validity. The tool, which was expressed as needed by subject
matter experts, provides an organization level assessment capability of HF integration
and maturity that has been previously unavailable for practitioners, especially when
assessing HF integration beyond health and safety.

- The tool provides a mechanism to facilitate dialogue about the impact of HF on
organization performance and worker well-being throughout an organization, as evident
from the process of trialing the tool in the case organization. This dialogue furthered the
awareness of HF and educated people that were unfamiliar with HF, while
simultaneously providing a venue to capture and score the integration and maturity of HF
in different functions of the organization.

- The workshops to assess validity provided exposure to the tool beyond the case
organization which improved the transferability of the tool to other organizations.

- The development process of the tool provided a demonstration of how a consensus and
participative approach to tool design helps to develop a valid tool and enhance the

relevance of the tool to future users.
Overarching contribution of the dissertation:

- Taken as a whole, this dissertation provides evidence that HF metrics and tools
development need HF principles applied in their development in order to create HF
information that is relevant and applicable to engineers and other organization decision
makers. Further, this dissertation provides two examples, one from a micro HF
perspective and the other from a macro HF perspective, of how to develop new metrics

and tools with input from those who collect and use the information.
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8.5. Conclusion

This dissertation takes an exploratory look at HF metrics within a product and production design
electronics organization. From this case investigation, a better understanding of the requirements
for HF metric development and HF measurement and reporting needs in the organization was
created. Engineers were more familiar with the idea of metrics than HF practitioners. HF
metrics identified did not match with all of the established engineering metrics categories. No
leading HF metrics existed for design and most HF metrics were lagging and health focused. In
part, this was due to HF metrics focussing more on health and safety measures and activities
being completed. The differences pointed to further gaps in the understanding of HF
contributions and the need for new HF tools to generate reporting measures. Stakeholder
interactions highlighted five key points to the development of HF metrics. These included
knowledge, communication, resources, connection, and support. Two approaches to generating
new HF metrics were developed and tested. A workstation efficiency evaluator tool was one tool
created. It allowed assessment of seated light assembly workstations in the design stage and
reported on employee health risk factors along with predicted performance time. The tool
performed well in a comparison to an observation-based analysis and also demonstrated
tolerance to input errors on workstation outcomes. Development of the tool was guided by a
collaborative user-centered design approach which helped determine data of interest and
effective communication of output variables. A second tool that was developed allowed for the
assessment of the maturity of HF capability and integration in the organization. The consensus-
based tool received positive review in the case organization and, as one of its benefits, provided a
means for the human factors specialist to initiate dialogue about the contribution of HF within
the organization. Field testing and workshop-based review tested face and content validity.
Workshop participant ratings showed a statistically significant agreement with statements on the
need for the tool, and the appropriateness of contents, definitions, and reporting format. The two
developed tools created new means to measure and report HF and also demonstrated approaches
to the development of future HF tools. As a whole, these dissertation findings illustrate the need
for more HF metric work, especially the development of HF measures that can contribute to
organizational outcomes. This dissertation also illustrates that any development of HF measures
and processes need HF in the development, meaning a collaborative approach that designs for
the user and encapsulates the dual HF goals of performance and well-being.
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Appendices

Appendix A. Example of data input tables for WEE tool.

Table A. Example of hand location and element MTM-1 classification input data to tool.

Left Hand Right Hand
Element # Description Right/Left Fwd/Bkwd Up/Down Right/Left Fwd/Bkwd Up/Down

1 Handling Board/frame (get frame) -40 -20 -21.7 20 17.2 0

2 Place frame -20 17.2 0 20 17.2 0

3 Handling Board/frame (get board) -40 -20 -21.7 20 17.2 0

4 Framing activity -20 17.2 0 20 17.2 0

5 Reach component 1 -40 8 4.5 20 17.2 0

6 Place component -15 17.2 0 -15 17.2 0

7 Reach component 2 -37 18 4.5 -15 17.2 0
40 Handling Board/frame (asiding) 20 0 0 40 -20 -21.7
41 Transport (spin/move) 20 0 0 40 11.8 7.8

Left Hand
Element # Description 3D Distance Reach/Move Grasp or Release (R) Class of Fit

1 Handling Board/frame (get frame) 0.00 Reach G- very small, flat on surface (n/a)

2 Place frame 47.48 Move R-normal release Close - Light Press. - NS-E
3 Handling Board/frame (get board) 47.48 Reach G- very small, flat on surface (n/a)

4 Framing activity 47.48 Move R - normal release Close - Light Press. - NS-E
5 Reach component 1 22.47 Reach G- interference - diameter > 1/2" (n/a)

6 Place component 27.02 Move R- normal release Exact - Heavy Press. - NS-E
7 Reach component 2 22.47 Reach G- interference - diameter>1/2" (n/a)

40 Handling Board/frame (asiding) 43.54 Move R - normal release Loose - No Press. - SS-E
41 Transport (spin/move) 0.00 Reach (n/a) (n/a)
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Appendix B. Coefficients for models with different ranges.

Data presented in Table B1 and B2 provide the coefficients for the following equations:

Net Shoulder Moment (Nm)
= Intercept + X Coef ficient X x(hand ) — shouldery,)) + Y Coefficient

X y(hand i,y — shouldery)

Net %MV C (%)
= (Intercept + X Coefficient X x(handgy,) — shouldery,)) + Y Coefficient

X y(hand ) — shoulder(y))) * 100%

Where: x(handm-shoulderm) is the forward/backward hand location with respect to the shoulder joint
and y(handm-shoulderm) is the hand location distance from the shoulder in the up/down direction.

Table B1. Set of equations and R? values for Full Range developed shoulder model. Where, X and Y
Coefficients are for horizontal and vertical components of the equation, respectively.

Data Set R? Intercept X Coefficient Y Coefficient
5%ile Female 0.84 0.321 8.437 1.709
50%ile Female 0.84 0.426 10.702 2.117
Net Shoulder 95%ile Female 0.84 0.678 14.608 2.886
Moment (Nm) 5%ile Male 0.85 0.416 10.883 2.053
50%ile Male 0.85 0.590 14.489 2.724
95%ile Male 0.86 0.858 19.167 3.592
5%ile Female 0.81 0.009 0.288 0.080
50%ile Female 0.82 0.012 0.365 0.099
Net %MVC 95%ile Female 0.81 0.021 0.494 0.136
(%) 5%ile Male 0.81 0.006 0.180 0.053
50%ile Male 0.81 0.009 0.239 0.071
95%ile Male 0.82 0.013 0.316 0.094




Table B2. Set of equations and R? values for Below Shoulder developed shoulder model. Where, X and
Y Coefficients are for the horizontal and vertical components of the equation, respectively.

Data Set R? Intercept X Coefficient Y Coefficient
5%ile Female 0.91 -1.658 11.717 -1.691
Net Shoulder 95%ile Female 0.91 -3.525 20.492 -2.960
Moment (Nm) 5%ile Male 0.92 -2.184 14.726 -1.925
50%ile Male 0.92 -3.120 19.573 -2.645
95%ile Male 0.92 -4.477 25.861 -3.470
5%ile Female 0.85 -0.059 0.395 -0.047
50%ile Female 0.85 -0.083 0.496 -0.058
Net %MVC 95%ile Female 0.85 -0.127 0.691 -0.083
(%) 5%ile Male 0.84 -0.035 0.234 -0.019
50%ile Male 0.84 -0.050 0.310 -0.025
95%ile Male 0.84 -0.071 0.410 -0.033
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Appendix C. R? values and equation coefficients for additional models
created.

Data presented in Table C1 provide the coefficients for the following equations:
Load Specific Models — for a given hand load

Net Shoulder Moment (Nm)
= Intercept + X Coef ficient X x(hand ) — shouldery,)) + Y Coefficient

X y(hand i,y — shouldery)

Net %MV C (%)
= (Intercept + X Coefficient X x( handgy,) — shouldery,)) + Y Coefficient
X y(hand g,y — shoulder(y,))) * 100%

General Load Models — Hand load as an input

Net Shoulder Moment (Nm)
= Intercept + X Coef ficient X x(hand(m) - shoulder(m)) + Y Coefficient

X y(hand(m) — shoulder(m)) + Load Coefficient X (hand load4))

Net %MV C (%)
= (Intercept + X Coefficient X x( handgy,) — shouldery,)) + Y Coefficient

X y(hand(m) - shoulder(m)) + Load Coefficient X (hand load4)) X 100%

Where: x(hand-shoulder) is the forward/backward hand location (m) with respect to the shoulder joint,
y(hand-shoulder) is the hand location distance (m) from the shoulder in the up/down direction and hand
load is the hand load (g) lifted.
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Table C1. Set of equations and R? values for 25 g hand load specific shoulder models. Where, X and Y
Coefficients are for horizontal and vertical components of the equation, respectively.

X Y

Data Set R? Intercept Coefficient ~ Coefficient
5%ile Female 0.86 0.656 8.109 2.380
Net 50%ile Female 0.86 0.871 10.188 2.925
Shoulder 95%ile Female 0.86 1.295 13.857 3.887
Moment 5%ile Male 0.87 0.855 10.395 2.811
(Nm) 50%ile Male 0.88 1.169 13.820 3.755
95%ile Male 0.88 1.659 18.329 4.964
5%ile Female 0.83 0.019 0.276 0.099
50%ile Female 0.83 0.027 0.344 0.124
” ',:'/Ie\t/C 95%sile Femle 0.81 0.042 0.464 0.166
(%) 5%ile Male 0.81 0.013 0.169 0.064
50%ile Male 0.82 0.019 0.224 0.085
95%ile Male 0.82 0.027 0.295 0.112

Table C2. Set of equations and R? values for 50 g hand load specific shoulder models. Where, X and Y
Coefficients are for horizontal and vertical components of the equation, respectively.

X Y

Data Set R? Intercept Coefficient  Coefficient
5%ile Female 0.87 0.609 8.452 2.356
Net 50%ile Female 0.87 0.868 10.398 2.946
Shoulder 95%ile Female 0.86 1.235 14.214 3.881
Moment 5%ile Male 0.88 0.803 10.757 2.784
(Nm) 50%ile Male 0.88 1.188 14.070 3.732
95%ile Male 0.88 1.696 18.495 4,961
5%ile Female 0.83 0.019 0.284 0.100
50%ile Female 0.83 0.027 0.353 0.125
” ,’:‘Ae\t/C 95%ile Female 0.81 0.042 0.472 0.167
(%) 5%ile Male 0.81 0.013 0.173 0.064
50%ile Male 0.82 0.019 0.228 0.085
95%ile Male 0.82 0.027 0.299 0.113
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Table C3. Set of equations and R? values for 100 g hand load specific shoulder models. Where, X and Y
Coefficients are for horizontal and vertical components of the equation, respectively.

X Y

Data Set R2 Intercept Coefficient ~ Coefficient
5%ile Female 0.89 0.590 9.022 2.319
Net 50%ile Female 0.88 0.858 10.937 2.914
Shoulder 95%ile Female 0.87 1.300 14,574 3.911
Moment 5%ile Male 0.89 0.878 11.053 2.823
(Nm) 50%ile Male 0.89 1.152 14.605 3.744
95%ile Male 0.88 1.673 19.002 4,923
5%ile Female 0.84 0.019 0.301 0.101
50%ile Female 0.83 0.027 0.370 0.126
% 'ltl/le\t/c 95%iile Female 0.82 0.042 0.489 0.168
(%) 5%ile Male 0.82 0.013 0.181 0.065
50%ile Male 0.82 0.018 0.237 0.086
95%ile Male 0.82 0.027 0.307 0.113

Table C4. Set of equations and R? values for 200 g hand load specific shoulder models. Where, X and Y
Coefficients are for horizontal and vertical components of the equation, respectively.

X Y

Data Set R? Intercept Coefficient  Coefficient
5%ile Female 0.89 0.646 9.817 2.358
Net 50%ile Female 0.89 0.848 11.945 2.940
Shoulder 95%ile Female 0.88 1.263 15.665 3.836
Moment 5%ile Male 0.90 0.837 12.123 2.814
(Nm) 50%ile Male 0.90 1.154 15.585 3.746
95%ile Male 0.89 1.691 19.923 4,954
5%ile Female 0.85 0.018 0.335 0.103
50%ile Female 0.84 0.026 0.404 0.128
” ,’:‘Ae\tlc 95%ile Female 0.82 0.041 0.522 0.170
(%) 5%ile Male 0.83 0.013 0.197 0.066
50%ile Male 0.83 0.018 0.253 0.087
95%ile Male 0.83 0.027 0.323 0.115
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Table C5. Set of equations and R? values for 400 g hand load specific shoulder models. Where, X and Y
Coefficients are for horizontal and vertical components of the equation, respectively.

X Y

Data Set R2 Intercept Coefficient ~ Coefficient
5%ile Female 0.92 0.601 11.933 2.313
Net 50%ile Female 0.91 0.859 13.903 2.956
Shoulder 95%ile Female 0.89 1.285 17.501 3.881
Moment 5%ile Male 0.92 0.808 14.202 2.799
(Nm) 50%ile Male 0.91 1.125 17.583 3.728
95%ile Male 0.90 1.679 21.951 4,954
5%ile Female 0.86 0.017 0.403 0.108
50%ile Female 0.86 0.024 0.472 0.133
" ,'?'/Ie\t/C 95%sile Femle 0.84 0.039 0.589 0.174
(%) 5%ile Male 0.84 0.012 0.230 0.069
50%ile Male 0.84 0.017 0.286 0.090
95%ile Male 0.84 0.026 0.356 0.118

Table A6. Set of equations and R? values for 700 g hand load specific shoulder models. Where, X and Y
Coefficients are for horizontal and vertical components of the equation, respectively.

X Y

Data Set R? Intercept Coefficient  Coefficient
5%ile Female 0.94 0.593 14.913 2.293
Net 50%ile Female 0.93 0.891 16.771 3.009
Shoulder 95%ile Female 0.91 1.266 20.447 3.789
Moment 5%ile Male 0.94 0.850 17.034 2.858
(Nm) 50%ile Male 0.93 1.153 20.460 3.688
95%ile Male 0.92 1.726 24.808 4.979
5%ile Female 0.88 0.015 0.505 0.115
50%ile Female 0.87 0.022 0.573 0.140
% Rl/ﬁt/c 95%i.le Female 0.85 0.037 0.688 0.180
(%) 5%ile Male 0.85 0.011 0.279 0.074
50%ile Male 0.85 0.016 0.334 0.094
95%ile Male 0.85 0.025 0.405 0.123
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Table C7. Set of equations and R? values for 1000 g hand load specific shoulder models. Where, X and Y
Coefficients are for horizontal and vertical components of the equation, respectively.

X Y

Data Set R2 Intercept Coefficient ~ Coefficient
5%ile Female 0.96 0.654 17.649 2.348
Net 50%ile Female 0.95 0.878 19.715 2.911
Shoulder 95%ile Female 0.92 1.236 23.359 3.719
Moment 5%ile Male 0.95 0.802 20.073 2.820
(Nm) 50%ile Male 0.94 1.174 23.370 3.726
95%ile Male 0.93 1.715 27.757 4,973
5%ile Female 0.89 0.013 0.607 0.122
50%ile Female 0.89 0.020 0.675 0.147
%kl/le\t/c 95%i.le Female 0.86 0.035 0.788 0.186
(%) 5%ile Male 0.86 0.010 0.327 0.079
50%ile Male 0.86 0.016 0.382 0.100
95%ile Male 0.85 0.024 0.454 0.128

Table C8. Set of equations and R? values for general hand load shoulder models. Where, X and Y
Coefficients are for horizontal and vertical components of the equation, respectively, and Load
Coefficient is for the hand load being lifted.

X Y

Data Set R? Intercept Coefficient  Coefficient Load Coefficient
5%ile Female 0.90 -0.330 10.972 2.341 0.00308
Net 50%ile Female 0.89 -0.204 12.979 2.941 0.00346
Shoulder 95%ile Female 0.88 0.109 16.667 3.843 0.00374
Moment 5%ile Male 0.90 -0.236 13.232 2.815 0.00345
(Nm) 50%ile Male 0.90 0.027 16.636 3.734 0.00366
95%ile Male 0.90 0.454 21.028 4.962 0.00401
5%ile Female 0.85 -0.012 0.372 0.106 0.00010
50%ile Female 0.84 -0.009 0.441 0.131 0.00011
%hNA%C 95%ile Female 0.83 0.003 0.559 0.172 0.00012
(%) 5%ile Male 0.83 -0.004 0.215 0.068 0.00005
50%ile Male 0.83 0.001 0.270 0.089 0.00006
95%ile Male 0.83 0.008 0.341 0.117 0.00006
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Appendix D. Example of Training function scoring.

The following shows the scoring approach for the Training function. A summary scoring
checklist precedes the rubrics for the 15 associated HF elements. Elements with an “N/A’ label
in the checklist denotes those elements deemed not applicable in this iteration of tool
development.
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Training Scoring Checklist

Human Factors Element Score | Human Factors Element Score
HF f inj
or p.erformance not only injury Continuous review of process
prevention
Cost of injuri bl lated t
ost of injuries/problem related to N/A Review as early as possible N/A
source
Total HF cost considered
Multipl le input N/A
(direct and indirect) uffiple people Inpu /
Application reason (e.g. legislated or Level of subject matter expert need
culture)
Justification for change HF two-way communication N/A
HF Guidelines Reactive results tracking N/A
HF specific training Lessons learned are logged and acted N/A
upon
HF training timeline and repetition Feed forward of information N/A
Employee development HF relevant metrics
HF in experience delivery (employee’s HF connection to traditional metrics
. N/A
work deliverables) understood
HF mcIude? physical and psychosocial Strategy integration
(employee’s workplace)
Con.trol and adjustability of work N/A HE culture
environment
Maintenance for HF problem prevention N/A HF as value promotion N/A
Feedback ti i thati tigat . . .
Hie ack questionnaires that Investigate Celebrated - project promotion and ideal N/A
HF review process HF considerate hiring and development
e N/A N/A
(for HF specific improvement) package
HF review process applied N/A

(outcome measure)

Column Total

Column Total
Grand Total

% World Class (100 * Grand Total / 64)
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HF for performance not only injury prevention (#1):

Level of Human Factors Maturity

Score

No consideration of HF for performance in the function of Training — only related to injury

HF rarely considered for performance in the function of Training

HF occasionally considered for performance in the function of Training

HF frequently considered for performance in the function of Training

HF considerations in the function of Training always considered for maximising individual
performance and minimising injury risk

BN WIiN i

Comments:

Total HF cost considered (direct and indirect) (#3):

Level of Human Factors Maturity

Score

HF consideration in Training does not include cost of poor HF

HF consideration in Training occasionally includes direct costs(injury related) of HF
No consideration of indirect costs

HF consideration in Training always includes direct costs.
No consideration of indirect costs.

HF consideration in Training occasionally includes indirect costs and always includes direct
costs

HF consideration in Training always includes direct and indirect costs

Comments:

Application reason (e.g. legislated or culture) (#4):

Level of Human Factors Maturity

Score

No HF applied.

HF should only be applied based on legislative requirements.

HF should only be applied solely for injury prevention.

HF applied for injury prevention and occasionally performance improvement.

HF applied as part of culture of organization — maximize employee performance and well-
being.

) WIiN i

Comments:
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Justification for change (#5):

Level of Human Factors Maturity Score
HF justification for change occurring within Training is at a level required by legislation.

HF justification for change as promoted within Training content is at a level required by 0
legislation.

HF justification for change occurring within Training is at a level that occasionally exceeds

legislation requirements (injury risk).

HF justification for change promoted within Training is at a level that occasionally exceeds

legislation requirements (injury risk).

HF justification for change occurring within Training is at a level that frequently exceeds

legislation requirements and considers human performance. 5
HF justification for change promoted within Training is at a level that frequently exceeds

legislation requirements and considers human performance.

HF justification for change occurring within Training is at a level that always exceeds

legislation requirements and occasionally includes cost-benefit/return on investment. 3
HF justification for change promoted within Training is at a level that always exceeds

legislation requirements and occasionally includes cost-benefit/return on investment.

HF justification for change occurring within Training is at a level that always exceeds

legislation requirements and non-injury, cost-benefit/return on investment. 4
HF justification for change promoted within Training is at a level that always exceeds

legislation requirements and non-injury, cost-benefit/return on investment.

Comments:

HF Guidelines (#6):

Level of Human Factors Maturity Score
HF training does not include HF guidelines. 0
HF training occasionally includes generic HF guidelines. 1
HF training frequently includes generic HF guidelines. 2
HF training occasionally includes organization specific HF guidelines. 3
HF training frequently includes organization specific HF guidelines. 4
Comments:

HF specific training (#7):

Level of Human Factors Maturity Score
No component of training considers HF. 0
Generic HF component exists within health and safety. 1
Designated HF component to training that is injury focused. 2
HF training component includes performance and well-being and content has one of 3
organization or function specific examples.

HF training component includes performance and well-being and content has organization 4

and multiple function specific examples.

Comments:
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HF training timeline and repetition (#8):

Level of Human Factors Maturity

Score

No HF related training completed.

HF related training completed after first year.
HF training is rarely refreshed.

HF training is completed within first year.
HF training is occasionally refreshed.

HF training is completed prior to first required use.
HF training is refreshed every other year.

HF training is completed as part of introductory training.
HF training is refreshed regularly or as new HF related information is available.

Comments:

Employee Development (#9):

Level of Human Factors Maturity

Score

No technical and personnel development or space for creativity.

Employee development rarely extends beyond personal work focus and rarely improves
capability and understanding in other aspects of work and life.

Creative space allows employee to think beyond prescribed work for continuous
improvement.

Employee development occasionally extends beyond personal work focus and occasionally
improves capability and understanding in other aspects of work and life.

Creative space allows employee to think beyond prescribed work for continuous
improvement.

Employee development frequently extends beyond personal work focus and frequently
improves capability and understanding in other aspects of work and life.

Creative space allows employee to think beyond prescribed work for continuous
improvement.

Employee development always extends beyond personal work focus and always improves
capability and understanding in other aspects of work and life.

Creative space allows employee to think beyond prescribed work for continuous
improvement.

Comments:

HF in experience delivery (employee’s work deliverables) (#10):

Level of Human Factors Maturity

Score

Employee’s work has no consideration of internal/external customer experience.

Employee’s work rarely considers internal/external customer experience.

Employee’s work occasionally considers internal/external customer experience.

Employee’s work frequently considers internal/external customer experience.

Employee’s work always considers internal/external customer experience.

PIWINIER

Comments:
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HF includes physical and psychosocial (employee’s workplace) (#11)

Level of Human Factors Maturity Score
HF consideration for the employee includes only some physical aspects and no psychosocial 0
considerations.

HF consideration for the employee includes many physical aspects and few psychosocial 1
considerations.

HF consideration for the employee includes physical and psychosocial aspects with 5
psychosocial findings considered of little value.

HF consideration for the employee includes physical and psychosocial aspects with 3
psychosocial considerations considered significant in majority of cases.

HF consideration for the employee includes physical and psychosocial considerations 4
equally.

Comments:

Feedback questionnaires that investigate HF (#14):

Level of Human Factors Maturity Score
No HF questionnaires review HF training content, procedures and outcomes. 0
Questionnaires rarely review HF training content, procedures and outcomes. 1
Questionnaires occasionally review HF training content, procedures and outcomes. 2
Questionnaires frequently review HF training content, procedures and outcomes. 3
Questionnaires always review HF training content, procedures and outcomes. 4
Comments:

Continuous review of process (#17):

Level of Human Factors Maturity Score
HF component of training is established and not reviewed. 0
HF component of training is rarely reviewed for improvement. 1
HF component of training is occasionally reviewed for improvement. 2
HF component of training is frequently reviewed for improvement. 3
HF component of training is always reviewed for improvement. 4
Comments:

Level of subject matter expert need (#20):

Level of Human Factors Maturity Score
HF component of training is completed by external subject matter expert. 0
HF component of training is completed jointly by external and internal subject matter 1
expert.

HF component of training is completed primarily by internal subject matter expert with 5
external expert recruited as required.

HF component of training completed by internal subject matter expert. 3
HF component of training facilitated by internal subject matter expert as needed. 4

Comments:
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HF relevant metrics (#25):

Level of Human Factors Maturity Score
No HF relevant metrics exist in Training. 0
HF Training completion is tracked and not presented. 1
HF Training completion is tracked and is presented. 2
HF Training completion rate is tracked and not presented. 3
HF Training completed is tracked by organization function and not presented.

HF Training completion rate is tracked and is presented. 4
HF Training completed is tracked by organization function and is presented.

Comments:

Strategy integration (#27):

Level of Human Factors Maturity Score
No connection of HF to organization strategy.

No communicated connection of HF to organization strategy. 0
No HF training connects HF to strategy.

HF rarely connected to organization strategy.

Communications occasionally connects HF to organization strategy. 1
HF training occasionally connects HF to organization strategy.

HF occasionally connected to organization strategy.

Communications frequently connects HF to organization strategy. 2
HF training frequently connects HF to organization strategy.

HF frequently connected to organization strategy.

Communications connects HF in strategy decisions to a generic organization outcome. 3
HF training always connects HF to organization strategy with examples of strategy decisions

to generic organization outcomes.

HF always connected to organization strategy.

Communications connects HF in strategy decisions to organization specific outcomes. 4

HF training always connects HF to organization strategy with examples of strategy decisions
to organization specific outcomes.

Comments:
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HF culture (#28):

Level of Human Factors Maturity

Score

HF impact in Training is unknown and not applied.
HF of suppliers and external partners or contractors are not considered important or
relevant.

HF impact in Training is understood by few, rarely applied, and only when mandated.
HF of suppliers and external partners or contractors are rarely considered important or
relevant.

HF impact in Training is understood by some, moderately applied, and only when mandated.

HF of suppliers and external partners or contractors are occasionally considered important
or relevant.

HF impact in Training is understood by most and frequently applied when mandated.
HF of suppliers and external partners or contractors are frequently considered important or
relevant.

HF impact in Training is understood by all and applied without being mandated.
HF of suppliers and external partners or contractors are always considered important or
relevant.

Comments:
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