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Abstract

Without the design, development, and implementation of new technologies, companies
that are currently innovative will be quickly surpassed by their competitors. Company A,
a large aerospace company with a long history of introducing new technologies, is
aiming to improve its new technology implementation process to continue to be
successful in a competitive industry. While generally successful when implementing
new technologies, Company A frequently faces unexpected challenges during
implementation.

The ability to effectively implement technologies in production environments will
increase the likelihood that the business case for a new technology will be realized.
Company A is in the process of implementing an automated fabrication solution for
Component 1 that could eliminate risks associated with ergonomics and potential
production volume increases.

The goal of this project was not only to create a plan to aid the implementation of the
automated fabrication technology for Component 1, but to broadly research technology
implementation to determine how industrial companies can turn implementation into a
competitive advantage. While creating multiple plans to implement the automated
fabrication technology, research was performed about risk management, available tools
to aid the implementation process, and lessons learned from past implementations.

A significant part of new technology implementation involves identifying, prioritizing, and
mitigating risk associated with the technology and the production system. There are
many general and company-specific tools that aim to aid this process, but most of these
tools focus on the technology, not the production system.

The theory of Operational Readiness was developed as a way to combine the
advantages of numerous design maturity assessment tools. Operational Readiness
involves confirming that the new technology satisfies its requirements, is
manufacturable, and fits within the overall product system. Operational Readiness also
ensures that the production system is ready to accept the new technology.
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By utilizing Operational Readiness, cross-functional design, development, and
implementation teams will be forced to take a system-wide view of the new technology
implementation. This rigorous assessment process will be challenging and time-
consuming, but the results will generate significant benefits to companies that are willing
and able to use the theory of Operational Readiness.

Thomas Roemer, Ph.D.
Thesis Supervisor, Senior Lecturer in Operations Management
Executive Director of the Leaders for Global Operations Program

David Hardt, Ph.D.
Thesis Supervisor, Professor of Mechanical Engineering
Ralph E. and Eloise F. Cross Professor in Manufacturing
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1.0 Introduction

This introduction details the motivation for this thesis and explains how a Massachusetts

Institute of Technology (MIT) Leaders for Global Operations (LGO) program graduate

fellowship at Company A provided a unique environment for researching the

implementation of new technologies in active production environments. Specifically, this

thesis arose from challenges pertaining to the transition of a manual process to an

automated process. This introduction also details the approach used to arrive at the

major findings. Lastly, a short summary of this document is provided.

1.1 Project Motivation

"There are many once-mighty companies that believed their history of success would

inevitably protect them from technological change, only to be done in by their

complacency" (The 2020 Group, 2017). This comment comes from the 2020 Group, a

group within the New York Times tasked with determining how the New York Times will

operate in the future. While the New York Times is not a manufacturing company, its

realization that technological change and innovation are necessary for companies to

survive and thrive is highly accurate.

Developing new technologies is extremely important for the long-term viability of a

company, especially an industrial company with manufacturing at its core. A company

will not survive very long without process or product innovation in the form of new

technologies. Whether the new technology is an airplane, an automobile component, a

process to manufacture water bottles, or a machine to make shoes, the challenge of

introducing new products and processes cannot be overlooked. Unfortunately, the

introduction of new technologies is not complete after design and development. One of

the most important aspects of introducing a new technology is implementation into

production, whether this means creating a new production environment or inserting the
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technology into an active production environment. Without the successful

implementation of new technologies, a world-class engineering company or a world-

class manufacturing company will struggle to realize its full potential.

According to the United States Bureau of Labor Statistics, there are approximately 4.9

million fewer manufacturing jobs in the United States in 2016 compared to 1994

("Bureau of Labor Statistics Data," n.d.). While there are many possible reasons for this

decline, the inefficient implementation of new technologies in production environments

is not a way to stop the loss of manufacturing jobs in the United States. A United States

Government Accountability Office document explains that "billions of dollars in cost

growth occur as programs transition from development to production and unit-cost

increases are common after production begins. Several factors contribute to these

problems including inattention to manufacturing during planning and design, poor

supplier management, and a deficit in manufacturing knowledge" (Government

Accountability Office, 2010).

As an engineer at Company A, a large aerospace company, stated, "the road to

technical advancement is strewn with the wreckage of failed implementation" (Arch,

2016). This comment confirms both the importance of implementation and the

challenges of it. Due to the challenges of implementing new technologies into

production environments, companies that strive to make new technology

implementation (NTI) a core competency will have more manufacturing location options,

the ability to gain a first-mover advantage, and an increased chance of achieving

financial success. Engineer A also frequently referred to "de-risking" the NTI process to

ensure successful implementation (Arch, 2016).

While many tools exist to aid the technology development process, no tools exist to

guide the new technology implementation process. For example, the Technology

Readiness Level (TRL) assessment tool is frequently used to manage technology
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development risk and the Manufacturing Readiness Levels (MRL) assessment tool is

used to mitigate manufacturing risk. While these tools are helpful and have improved

the technology design and development process, they are not thorough enough to help

companies manage the risks associated with implementing new technologies into

production. The lack of a proper tool to aid the entire NTI process, along with the

importance of seamless and efficient implementation, provided the motivation to

research instances where new technologies were implemented in active production

environments, analyze tools that could aid the implementation, and create

recommendations to improve the NTI process.

1.2 Project Objective

The primary research environment for this thesis was a new manufacturing plant,

Factory 1, at a large aerospace company, Company A. Factory 1 fabricates

components for a new product, Product 1, and the factory could see a significant

production volume increase over the next decade, depending on the market demand for

Product 1. To achieve this increase, Company A is developing an automated solution

for manufacturing a specific component, Component 1, for Product 1. Due to a variety of

development decisions, the automated solution will have to be inserted into the active

production environment.

The production system transition from manual fabrication to automated fabrication for

Component 1 provides numerous risks that need to be mitigated in order for the

automated solution to be successfully implemented. To recognize and solve these

potential problems, multiple plans, based on a variety of scenarios, were created to map

out the steps required to successfully implement the automated solution. The goal of the

implementation plans was to increase the likelihood of successfully implementing the

new technology. The plans included the following items: readiness level assessments,

assumptions to verify, questions to explore, documents to create, estimated completion
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dates, etc. The plans also aligned with aspects of Company A's design maturity

assessment tools and formed the beginning of this thesis.

1.3 Thesis Objective

The manual to automated production transition and the plans to guide the

implementation provide an opportunity to test various hypotheses related to new

technology implementation, including whether increased production implementation

rigor could begin to change Company A's culture of implementing new technologies.

Due to the challenges of implementing new technologies into active production

environments, it was also hypothesized that design maturity tools like TRLs and MRLs,

which are traditionally used to mitigate risk and guide the technology design and

development process, are individually inadequate to guide the new technology

implementation process. The objective of this thesis is to present a set of principles that

will help companies, especially industrial companies that manufacture tangible products,

improve the implementation of new technologies in active production environments. The

principles will help stakeholders from a variety of functional groups understand the

challenges of implementation in production and what is necessary to improve the

implementation process.

By adding production implementation to the technology development and design

process, the implementation issues that have plagued industrial companies for decades

can be proactively mitigated. Early discussion of the challenges associated with

introducing a technology into production will increase the likelihood of successful

implementation, which includes benefits like adhering to the development schedule and

realizing the proposed business case. Over time, this will allow companies to create a

culture of successful new technology implementation that will eventually become a core

competency. Companies with a new technology implementation core competency will

become more adept at proactively making choices like what new technologies to
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develop, when to introduce them, and where to manufacture, which will allow them to

become more competitive in their markets. This thesis is particularly important to

Company A as it aims to continue to be an industry-leading aerospace company.

1.4 Project Approach

To begin the process of creating plans to aid the implementation of the new fabrication

technology, design maturity assessment tools like Technology Readiness Levels and

Manufacturing Readiness Levels were analyzed. Some of these tools were used

throughout Company A and a detailed understanding of them was necessary to learn

about the company's design and development process.

Once the design maturity assessment tools were understood, new technology

implementation case studies at Company A (a large aerospace company) and

Company B (a large manufacturer of energy technologies) were analyzed. These case

studies resulted in numerous lessons learned that became inputs to the implementation

plans for the automated technology to fabricate Component 1.

It was determined that the automated technology implementation plan needed four

scenarios to cover the possible outcomes from Company A's attempt to implement the

new technology in an active production environment. Because the automated

technology is already under development, the implementation plan did not include any

aspects of the technology development process. Instead, the four scenarios were

forward-looking and primarily focused on implementation in production. The plans for

the following scenarios will increase the likelihood of a successful implementation.

1. The automated technology works for 100% of the Component 1 parts

2. The automated technology does not work for any of the Component 1 parts

3. The automated technology only works for a portion of the Component 1 parts

4. The automated technology implementation is delayed
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The implementation plan and case study lessons learned were then used along with

design maturity assessment tools like Technology Readiness Levels and Manufacturing

Readiness Levels to create a set of recommendations to improve the new technology

implementation process at Company A and at other industrial companies. By comparing

various design maturity assessment tools and focusing on risk management, guidelines

were created to help companies realize the desired business cases for new

technologies.

1.5 Major Findings

After researching risk management, analyzing multiple design maturity assessment

tools, and exploring past new technology implementations to gather lessons learned,

the theory of Operational Readiness was created. This idea combines aspects of many

commonly used design maturity assessment tools (Technology Readiness Levels,

Manufacturing Readiness Levels, Integration Readiness Levels, etc.) with the benefits

of thorough risk management. By focusing on a new technology's technical readiness,

manufacturing readiness, fit within an overall product system (i.e. how an automobile

component fits within the overall automobile), and the readiness of the production

system to accept the new technology, the implementation of new technologies in

production environments can be improved. Production system readiness is frequently

overlooked during new technology implementation and ensuring production system

readiness is a leading indicator of successful implementations.

The goal of Operational Readiness is to ensure that the expected benefits associated

with a new technology are realized. Over time, many successful new technology

implementations will lead to the creation of culture where new technology

implementation is viewed as a competitive advantage.
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1.6 Thesis Overview

Chapter 2 of this thesis provides a background of Company A, Product 1, Component 1

and an automated fabrication technology for Component 1. Chapter 3 offers a

discussion about risk management and why proper risk management is so important in

the new technology implementation process. Chapter 4 contains summaries, including

advantages and disadvantages, of a variety of industry-wide and company-specific

design maturity assessment tools that can be used to aid the new technology design,

development, and implementation process. Chapter 5 summarizes lessons learned from

numerous case studies throughout Company A and Company B. Chapter 6 introduces

the theory of Operational Readiness and includes a discussion of the organizational

characteristics that need to be present to aid the implementation of a new technology in

an active production environment. Finally, Chapter 7 applies the fundamentals of

Operational Readiness to the automated Component 1 fabrication technology that is

being implemented at Company A.
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2.0 Background

Chapter 2 provides more context for the thesis. Because the primary research

environment was Company A, this chapter briefly summarizes Company A's history,

including a discussion of Product 1, Factory 1, and Component 1.

2.1 Company A and Product 1

Company A is an aerospace corporation that produces a variety of aircraft for

commercial and military purposes. Company A's long and successful history includes

designing and fabricating dozens of aircraft that have influenced a number of world

events and moved global aviation forward. Product 1, Company A's most recent

product, aims to revolutionize the aerospace industry by creating a product with

performance characteristics that no competitor's product can match. Product 1's

performance advantages will be made possible due to the improvement of many of

Company A's fabrication capabilities.

2.2 New Fabrication Facility for Product 1

Company A opened Factory 1 to fabricate components for Product 1 a few years ago.

The components for Product 1 will be made with a combination of manual and

automated processes and, depending on the market demand for Product 1, production

in the factory could increase by up to 600% over the next decade. The current, manual

process for fabricating Component 1 could be replaced by an automated process. Along

with increasing capacity, the automated process would aid the potential production

volume increase by eliminating costly ergonomic concerns. This unique facility and

production system transition served as the main research environment for the project

that led to the creation of this thesis.
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While this thesis was being written, construction and early equipment, tooling, and part

qualifications were actively occurring in Factory 1. This created numerous challenges

while working to create robust implementation plans to aid the transition from manual

production to automated production for Component 1. Because Factory 1 was not fully

operational and Component 1 was new to Company A, much of the factory and

production planning, including industrial engineering analyses like capacity utilization,

was based on assumptions. Since there were so many assumptions, decisions like

factory layout were made based on assumptions of assumptions. While decisions can

only be made with the information available, this created risks when considering the

impact of implementing new technologies in the active production environment. For

example, the proposed factory layout was based on unit hour assumptions for the

processes used to fabricate Component 1. This is risky because the factory layout might

have to change if the unit hour assumptions are incorrect and the factory needs a

different number of machines for a process.

The culture of the Product 1 program also added to the unique environment to research

implementing new technologies in active production environments. The cultural pillars of

the Product 1 program included: a collaborative culture where decisions are made

based on facts and data, the proactive voicing and mitigating of challenges and risks,

and the formation of teams that have a bias for action and results. Due to the cross-

functional challenges of implementing new technologies in production, this culture

increased the likelihood for success at all levels of the Product 1 program, including the

automated technology implementation.

2.3 Fabrication of Component 1

Component 1 is tens of feet long, has complex geometries, and can be very challenging

to fabricate. Component 1 is manufactured by combining four individual subcomponents

into a final good. In the manual process, the subcomponents are created by hand
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through a slow, labor-intensive process. The subcomponents are then assembled using

an assembly jig. Unfortunately, the labor-intensive process poses numerous ergonomic

risks associated with repetitive motion and forceful exertion.

In the automated process, the individual subcomponents are created using automation.

The first two subcomponents are created using an automated version of the manual

process. The other two subcomponents are created in a two-step process in which the

subcomponents are fabricated flat and then bent into the desired shape. Once the four

subcomponents are complete, they are assembled using the same jig as the manual

process. The automated process was designed to eliminate the ergonomic risks

associated with the manual process to avoid the costs of ergonomic injuries and lost

production.

2.4 History of the Component 1 Automated Fabrication Technology

While Company A has been working on Product 1 for a few years, the automated

technology to fabricate Component 1 did not begin development until more recently. As

Product 1 reached the program phase, which signified that the product and associated

processes met all requirements and were ready for implementation, a gap arose from a

technology assessment of the Component 1 manufacturing process. To eliminate this

gap between the expected technology readiness and the actual technology readiness,

multiple options were pursued to mitigate the risks associated with incorporating an

immature Component 1 fabrication process into the Product 1 production system.

After about six months of evaluating alternatives, an automated solution was chosen

that would satisfy the ergonomic and production rate requirements of Product 1. Since

the baseline Component 1 fabrication technique was manual, the Product 1 program

had to determine the point in time when the production of Component 1 would transition

to the automated process. This decision to begin production with a manual process and
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implement the automated technology in an active production environment created

numerous risks that needed to be mitigated.

While the research for this thesis was being performed, the automated technology for

fabricating Component 1 was installed in Factory 1. This installation provided an

opportunity to further develop the technology within Company A's production system.

The machine was operational during this time, but it had not yet passed the technology

assessment that would confirm that the technology was successful in a production-

relevant environment. This meant that the implementation plans for the automated

technology primarily focused on the end of the development cycle for the machine and

the implementation of the machine in a production environment.

During this industry-based research project, the team that was focused on the

development and implementation of the automated machine faced numerous resource

challenges in Factory 1. Because the machine would not be fabricating production parts

for a few years, Factory 1 had to prioritize current problems over future problems to

ensure that the Product 1 program remained on schedule. These resource constraints

made the future implementation of the automated technology riskier and more

challenging.
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3.0 Literature Review about New Technology Implementation

New technologies are inherently risky. Risk is involved in every decision regarding the

design, development, and implementation of a new technology in a production

environment. Risk that is poorly managed can derail the design and development of a

technology. Risk can also cause implementation to fail, which could create a situation in

which a technology does not yield its potential benefits. This chapter discusses why risk

management is important and what can be done to improve the risk management

process.

3.1 Risk Management Case Study

Even though most companies know that risk associated with new technologies needs to

be managed, risks still frequently derail new technologies. Unfortunately, risk

management is "comprised of often mechanically performed activities" that are blindly

followed (Kutsch, Browning, & Hall, 2017).

The traditional risk management process involves the following steps. These steps are

typically repeated over and over, yet new technology implementations continue to face

unexpected challenges.

1. Identify Risks

2. Determine Importance and Potential Consequences of Risks

3. Mitigate Risks

To learn more about risk management, Kutsch, Browning, and Hall decided to study

204 risks associated with 19 projects that involved a deviation from the planned design,

development, and implementation process. According to Kutsch, Browning, and Hall,

risk management is often ineffective for two reasons: 1) the lack of cross-functional

teams involved with risk mitigation and 2) the avoidance of certain risks, either

25



purposefully or unknowingly (Kutsch et al., 2017). It's one thing to be unaware of a risk,

but this possibility is decreased if a cross-functional team is involved in the risk

identification process. It is also possible that risks were missed because past lessons

learned were not applied to future projects. The idea that most risks are known is

supported by Kutsch, Browning, and Hall because they found that 98% of the risks they

studied were knowable (Kutsch et al., 2017). This means that gaps exist in the

traditional risk management process.

In their study, Kutsch, Browning, and Hall found that 12 of the 204 risks that were

studied were missed because they were truly unknown (Kutsch et al., 2017). This

means that 192 of the initially identified risks were knowable. The 12 risks were missed

because the teams performing risk management focused primarily on risks that were

familiar to them, instead of brainstorming all possible sources of risk. Kutsch, Browning,

and Hall found that risks are typically identified by teams that are focused on where the

risk might occur (Kutsch et al., 2017). This idea further supports the need for cross-

functional risk identification so multiple possible risk locations can be identified.

During the time when the importance of and consequences associated with risks were

analyzed, Kutsch, Browning, and Hall found that 34 of the remaining 192 knowable risks

were not considered (Kutsch et al., 2017). This means that 158 of the risks were known

and considered by the project teams. The risks that were not considered tended to be

more ambiguous and did not have defined consequences (Kutsch et al., 2017). This

meant that the cross-functional risk mitigation team focused on quantifiable risks and

did not treat the risks that were harder to quantify as seriously.

Kutsch, Browning, and Hall then found that 44 of the 158 knowable and quantifiable

risks were not sufficiently mitigated (Kutsch et al., 2017). On some occasions, the

design, development, and implementation team did not voice certain risks because they

did not want the project to seem too risky and get cancelled. On other occasions, risks
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were not mitigated because they had not occurred yet. Unfortunately, there are some

people and organizations that do not view risks as real until they occur, even though it is

too late to effectively mitigate these risks. These people and organizations see risk

mitigation as a wasteful activity. Lastly, some of the known and quantifiable risks were

not mitigated because the risk mitigation teams did not think they had the resources to

effectively manage the risks (Kutsch et al., 2017).

In summary, 28% of the knowable and quantifiable risks that led to challenging

implementations did not end up with mitigation plans (Kutsch et al., 2017). This study

demonstrates the difficulty and importance of properly managing risk associated with

new technology implementation since many risks that are identified are not effectively

mitigated.

3.2 Successful Risk Mitigation

A particularly helpful engineer at Company A frequently referred to "de-risking

implementation" when he was describing the implementation of new technologies in

production environments (Arch, 2016). This engineer has experienced multiple new

technology implementations and spent most of his career at Company A bridging the

gap between the technology developers (i.e. design engineers) and the technology

users (i.e. the operations team using or manufacturing a new technology). According to

this engineer, "de-risking" implementation will increase the likelihood of a successful

new technology implementation (Arch, 2016).

While risk mitigation is traditionally discussed in reference to the new technology design

and development process, it also needs to be considered when discussing the

implementation of new technologies. In his article about managing risk, Preston Smith

explains that there are two principles to improve risk management: 1) start at the

beginning of the project and 2) go above and beyond the technical aspects of the new
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technology to try to identify the risks adjacent to the technical development (Smith,

1999).

These principles of successful risk management are especially important given the

trends of trying to design, develop, and implement new technologies as fast and as

cheaply as possible. Because a company could gain a first-mover advantage by being

the first to market or could save significant manufacturing costs by seamlessly

implementing a new technology, the benefits associated with NTI have never been

greater.

The decreased time frame for design, development, and implementation can sometimes

lead to the elimination or reduction in time spent trying to manage risk. In fact, the

opposite should occur. A compressed design, development, and implementation time

frame should lead to more time spent on risk management because changes to the new

technology or issues with implementation have the possibility of being even more

disruptive. As Smith explains in his article, risk mitigation must begin from the moment

the project begins (Smith, 1999). Also, effective risk mitigation should ensure that the

responsibility of managing risk does not fall solely on the technology developer. Instead,

all of the functions associated with the design, development, and implementation

process need to be involved in risk mitigation (Smith, 1999). Without this early rigor, the

teams involved in the new technology implementation process will become susceptible

to numerous technological, implementation, and market risks. These other risks,

especially implementation risks, are important because they are often the root causes of

failed new technologies.

Smith also discusses proactive risk management, which involves "methodically driving

down the likelihood of occurrence throughout the project" (Smith, 1999). Even though

risk will never be eliminated, working to become aware of and mitigate risk at all stages
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of the new technology implementation process will provide the best results (Smith,

1999).

According to Smith, "true, cross-functional teams" are integral to successful

implementations (Smith, 1999). Smith also draws attention to the point that engineers

have a tendency to look at risk from a narrow, technology-focused point of view. The

use of cross-functional teams throughout the entire design, development, and

implementation process will help avoid this common pitfall (Smith, 1999). These cross-

functional teams will help identify the major risks associated with implementation so the

overall likelihood of a successful implementation will be increased. The cross-functional

teams tasked with managing risk must also be creative, look for non-traditional risks,

and be comfortable with pursuing a mitigation plan for a risk that is unquantifiable or

challenging to quantify (Kutsch et al., 2017).

While risks need to be identified and mitigated early in the design, development, and

implementation process, the risk mitigation process is iterative. Risks always need to be

revisited to ensure that the previously developed mitigation plans are still valid and new

risks are identified. An ongoing and cross-functional risk mitigation process will aid NTI

by "de-risking" the overall implementation process.

29



This page has been intentionally left blank.

30



4.0 Analysis of Design Maturity Readiness Levels

Numerous tools exist to "de-risk" and guide the design, development, and

implementation of new technologies. This chapter begins the discussion of these

assessment tools. Various technology assessment tools have been created by groups

like the National Aeronautics and Space Administration (NASA) and the United States

Department of Defense (DOD), including tools like Technology Readiness Levels,

Manufacturing Readiness Levels, and Integration Readiness Levels (IRL). This chapter

discusses the advantages and disadvantages of each tool, including the NASA TRLs,

two versions of Company A's TRLs, DOD MRLs, IRLs, two Company A-specific tools,

and Company A's MRLs.

4.1 Readiness Assessments

As discussed earlier, the design and development of new technologies is full of

challenges and risks. The tools that exist to aid new technology implementation are all

based on the Technology Assessment (TA) process, in which opinions are formed on

certain aspects of new technologies by cross-functional teams ("U.S. GAO - Technology

Assessment," n.d.). Technology Readiness Assessments (TRAs), one specific type of

Technology Assessment, can be used to assess the maturity and risk of a new

technology (Director, Office, & Office of the Director, 2009). Initially developed by the

United States Department of Defense, the Technology Readiness Assessment process

was created to evaluate critical contracts in the military and Department of Defense.

Another Technology Assessment is a Manufacturing Readiness Assessment (MRA),

which analyzes the maturity and risk associated with the manufacturing of a new

technology (Defense Acquisition University, 2009).

The importance of readiness assessments is evident in the costs associated with

discovering issues with design, development, or implementation. If these issues are
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found while a new technology is being designed, they are often relatively easy and

cheap to fix. Unfortunately, most issues are found after the design process. The costs of

fixing issues with new technologies increases exponentially as the new technology

progresses through the design, development, and implementation process. This idea is

supported by a study that analyzed the cost associated with repairing a defect in a

software environment. According to Gregory Tassey, issues discovered during software

implementation can cost 30 times more to repair than issues discovered during the

design phase (Tassey, 2002).

Readiness Assessments, including TRAs and MRAs, are designed to help companies

identify aspects of new technology development or implementation that have not been

addressed and create plans to eliminate or accept the risks associated with these gaps.

These assessment processes are typically paired with more-specific tools like

Technology Readiness Levels and Manufacturing Readiness Levels to evaluate specific

aspects of new technologies. For example, a TRA is the analysis of whether or not a

new technology meets all of its requirements and an MRA is the analysis of whether or

not a new technology can be manufactured. During an assessment, the TRA governs

the technology evaluation process and TRLs provide a framework and specific criteria

to aid the evaluation process.

During a readiness assessment, criteria that are thought to impact the readiness of the

technology are used with a design maturity assessment tool to track readiness as a

technology progresses from a basic idea, through the development and refinement

process, to a final product. The criteria that are deemed important will be used at each

maturity level to ensure that the development team is aware of the potential challenges

and risks of the new technology. This iterative evaluation framework of using the same

criteria at each design maturity level ensures that the development team has a common

understanding of the risks that are impacting a new technology. The framework also
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ensures that an initial assessment of a new technology is created so subsequent

reviews have a baseline for comparison.

All readiness assessments have some similarities, regardless of the criteria or

technologies that are being evaluated. All readiness assessments should be performed

by a cross-functional team that includes a project manager and subject matter experts

(SME). It is also recommended that non-advocate SMEs be included in TRAs and

MRAs to ensure that the analysis is fair and unbiased. While the goal of a readiness

assessment is to make data-driven decisions, the evaluation process will most likely

have a large subjective aspect to it. Because of this, most readiness assessments

contain an aspect of tailoring to guide the alteration of the tool to fit the situation.

4.2 NASA Technology Readiness Levels

While readiness assessments explain the process for evaluating technologies in

environments with numerous cross-functional stakeholders, they lack specific criteria for

evaluating requirements and capabilities of new technologies. Fortunately, numerous

design maturity assessment tools exist to ensure that the design and development of a

new technology is progressing from idea generation to design completion to

implementation. The most popular design maturity assessment, Technology Readiness

Levels, are a technology-focused tool to aid the design and development of new

technologies. TRLs were originally developed by NASA in 1974 to ensure that new

technologies were capable of accomplishing their missions (Banke, 2010). There were

initially seven levels to track technology development and the tool was eventually

expanded to nine levels which are summarized in Table 1.
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Table 1 - NASA TRLs

(Mankins, 1995)

NASA TRL NASA TRL Explanation

1 Basic principles observed and reported

2 Technology concept and/or application formulated

Analytical and experimental critical function and/or characteristic proof of
3

concept

4 Component and/or breadboard validation in a laboratory environment

5 Component and/or breadboard validation in a relevant environment

6 System/subsystem model or prototype demonstration in a relevant

environment

System prototype demonstration in an operational environment (required to
7

start Low Rate Initial Production (LRIP))

8 Actual system completed and qualified through test and demonstration

9 Actual system proven through successful mission operations

To further the influence of the TRLs, multiple organizations began endorsing the use of

TRLs. In 1999, the United States General Accounting Office (GAO) released a report

that compared the development of new technologies in the Department of Defense, who

did not use TRLs, to organizations that used TRLs. The GAO report concluded that the

use of poorly developed or immature technologies increased a variety of schedule and

business case risks. The GAO recommended the use of the NASA TRLs to mitigate

these risks and increase the chance of a successful technology introduction (United

States General Accounting Office, 1999).
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4.2.1 Advantages of NASA Technology Readiness Levels

The goal of the NASA Technology Readiness Levels is to aid the evaluation of the

design and development of technologies. While one of many tools that are needed to

manage the research and development of a technology, TRL use is very common and

TRLs provide a common language to evaluate and discuss technical maturity. The

continued use of the TRL framework will help companies create a culture of designing

and developing robust technologies. TRLs can also be used to help make decisions,

including whether certain technologies should be funded, because they aid the process

of narrowing down many ideas to one.

4.2.2 Disadvantages of NASA Technology Readiness Levels

The NASA TRLs also have a few shortcomings. TRLs were created by NASA to aid the

new technology research and development process. The volume of products that NASA

manufactures is much lower than the volume of products that other companies

manufacture and this disconnect means that TRLs were not designed with high-volume

manufacturing in mind. Because requirements of high-volume manufacturing differ from

low-volume manufacturing, the fact that the NASA TRLs do not mention

manufacturability or implementation of a new technology in production can create future

challenges if these requirements are not satisfied during the new technology

assessment.

Another disadvantage of the NASA TRLs involves the lack of standard use across

industries and companies. Because the definition of a successfully developed and

implemented technology is different in each situation, this subjectivity can lead to

immature or poorly developed technologies passing the TRL evaluation process. It can

also lead to the confusion of technology readiness and technology appropriateness.

TRLs can aid the analysis of whether or not a technology has been properly designed
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and developed, but they cannot aid whether or not that technology is appropriate for the

application. This pertains to the lack of a manufacturing focus of TRLs because

readiness is a function of a technology's appropriateness for its environment. Without

the proper understanding of a technology and the environment that it will enter, TRLs

can lead companies down the path of poorly implementing a technology or

implementing the wrong technology.

4.3 Version 2 of Company A's Technology Readiness Levels

There are numerous versions of the original TRLs, including versions from the United

States Department of Defense, the European Space Agency, the European

Commission, specific industries (i.e. the Oil and Gas industry), and individual

companies, including Company A. About a decade ago, Company A updated its

company-specific version of the Technology Readiness Levels. Version 2 of the

Company A TRLs, which superseded Version 11, was further tailored to Company A's

design and development process and its production systems. In Version 2, the definition

of technology included finished products, components, processes, machines, hardware,

software, etc. This definition of technology was included to ensure that Version 2 was

applicable throughout all functions within the company, including engineering and

manufacturing.

The Company A TRL's were created to ensure that various development and

implementation risks were identified and mitigated and that technologies and their

applications were ready to be used when they were adopted. To do this, Company A

1 Version 2 superseded Version 1 after only a few years of use. Version 2 provided only slight clarification

improvements over Version 1 and still had the same advantages and disadvantages as discussed in this

chapter.
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grouped the NASA TRLs into four maturity stages: Phase 1, Phase 2, Phase 3, and

Phase 42. These categories, summarized in Table 2, show the desired transition from

discovering ideas to determining if the technology is feasible, practical, and

implementable. The table also shows the alignment between Company A's stages of

technological maturity and the NASA TRLs. Company A considered the addition of a

fifth stage that focused on the production aspect of a new technology, but this was

specifically left out of Version 2 of the Company A TRLs.

Table 2 - Version 2 of Company A's Technology Readiness Levels

Company A NASA
NASA TRL Explanation

Maturity Stage TRL

1 Basic principles observed and reported

2 Technology concept and/or application formulated
Stage 1

Analytical and experimental critical function and/or characteristic proof of
3

concept

4 Component and/or breadboard validation in a laboratory environment

Stage 2
5 Component and/or breadboard validation in a relevant environment

System/subsystem model or prototype demonstration in a relevant

environment

System prototype demonstration in an operational environment (required to
7

start Low Rate Initial Production (LRIP))

Stage 4
8 Actual system completed and qualified through test and demonstration

9 Actual system proven through successful mission operations

2 The Company A Maturity Stage names were changed from their original names.
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Stage 1 involved using different principles or technologies to develop a concept that

might solve one of Company A's problems or provide the opportunity to improve a

product or production system. Stage 2 involved testing the new technology concept in a

series of environments with increasing rigor.

Company A defined the end of the Stage 3 (NASA TRL 6) as the time when the

technology was ready for a production environment. At NASA TRL6, the technology

achieved "Technology Readiness", which meant that the business case and risks

associated with the technology could be evaluated. "Technology Readiness" also

implied that the technology was ready to be implemented in a Company A product or

process.

The end of Stage 4 (NASA TRL9) signified that the technology was ready for its

production application. This designation implied that the technology met all the

production, process performance, production yield, rate requirements, etc. The

technology's business case also had to be satisfied in order for the technology to

compete Stage 4. For a technology to complete the Company A TRL process, plans for

the production implementation were required and the requirements for a potential

production increase needed to be accepted by all stakeholders.

Lastly, the Version 2 of the Company A TRLs built on the NASA TRLs and listed nine

categories that could be used to evaluate new technologies throughout the four maturity

stages. The following evaluation guidelines were developed to attempt to standardize

the technology evaluation and risk mitigation processes. These categories are

summarized in Table 3.
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Table 3 - Evaluation Categories from Version 2 of Company A's TRLs

Company A TRL Evaluation Criteria Company A TRL Evaluation Criteria Explanation

An analysis of if the new technology consistent with
Consistency with strategies

business and operations strategies

Technical validity and regulatory An analysis of a new technology's design and compliance

compliance with regulations

Cost, benefit, and risk assessment An analysis of a technology's potential costs, benefits,

and risks

Competitive technology assessment An analysis of competing technologies

An analysis to determine if the new technology is scalable
Technology scalability for production use

for full scale production use

Collateral impact of technology An analysis of the collateral impact of the new technology

An analysis of the people and organization and their
People and organizational readiness

readiness to accept the new technology

Technology user endorsement A frequent endorsement check with the technology user

Intellectual property protection A plan to ensure intellectual property protection

4.3.1 Advantages of Version 2 of Company A's TRLs

Version 2 of Company A's TRLs were

development process. By grouping the

aligned to the Company A design and

NASA TRLs into the Company A technology

maturity stages, Company A was able to reduce the number of major Technical

Readiness Assessment evaluations from nine to four. While all the NASA TRLs were

covered in the Company A process, the intermediate requirements were handled by the

smaller team that was responsible for designing and developing the new technology.

Version 2 of Company A's TRLs also contained evaluation criteria and a scorecard that
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guided the cross-functional assessment team as it identified and mitigated the risks

associated with new technologies.

Another advantage of Version 2 of Company A's TRLs involved the designation of the

assessment process owner. Version 2 of the TRLs specifically mentioned that the

assessors of the technology needed to include both users and developers of the new

technology. To ensure a thorough assessment, the technology developer needed to

reach an agreement with the technology user to ensure that the technology would

satisfy the requirements of the end user. This requirement that the developer and user

to work together was a great first step to ensuring that production requirements were

incorporated into the technology.

A third advantage of Version 2 of the Company A TRLs was centered on the evaluation

guidelines that were provided. Although production readiness was ignored in this

version of the TRLs, production readiness was implied throughout the criteria. Version 2

of the TRLs guided the assessment team to investigate if the technology was

progressing based on requirements for implementation to the production system. This

guideline was supposed to help the assessment team understand that any new

technology has multiple interdependencies and no technology evaluation is complete

without understanding them. Organizational readiness was also discussed, which

helped the evaluators understand the support that would be needed to implement the

new technology.

4.3.2 Disadvantages of Version 2 of Company A's TRLs

The creation of the second version of the Company A-specific TRLs should have

allowed Company A to mitigate significant risk associated with designing, developing,

and implementing new technologies. Unfortunately, Company A did not explicitly

highlight the production aspect of the new technology development process. Version 2
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of the TRLs put the responsibility of preparing a new technology for use in a production

environment on the technology user, even though the technology was being developed

by a different group. Version 2 of Company A's TRLs mentioned that it was the

responsibility of the technology developer to engage the technology user. Ideally, the

technology user and developer would reach a written agreement to ensure that this

ownership transition occurs. While it makes sense for the technology developer to own

the design and development process through most of the TRLs, there was no guarantee

that the technology user would be sufficiently engaged early enough in the TRL process

to ensure successful implementation.

The omission of the production stage in Version 2 of the TRLs is also interesting

because there are frequent mentions of preparation for production throughout the TRL

evaluation criteria. Version 2 of the TRLs broached the topic of preparing a technology

for a production environment, but it did not go far enough to create a culture where

implementation in active production environments was seen as a necessary task in the

new technology design and development process. Version 2 treated new technology

implementation as a final process step that did not carry significant risk. By doing this,

Company A was actually creating a culture where implementation in production was an

afterthought.

4.4 Version 3 of Company A's Technology Readiness Levels

A few years after Company A released Version 2 of its TRLs, it improved its internal

version of the TRLs and released Version 3. Version 3 of the TRLs added Stage 5 and

TRL10 to increase focus on preparing a technology for production. In Version 3, TRL10

is achieved when a technology has been completely validated for use in a full-scale

production environment. TRL10 cannot be satisfied unless a production system is in

place that can support full-rate production. Table 4 summarizes Version 3 of the

Company A Technology Readiness Levels.
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Table 4 - Version 3 of Company A's Technology Readiness Levels

Company A NASA
NASA TRL Explanation

Maturity Stage TRL

1 Basic principles observed and reported

Stage 1 2 Technology concept and/or application formulated

Analytical and experimental critical function and/or characteristic
3

proof of concept

Component and/or breadboard validation in a laboratory
4

environment
Stage 2

Component and/or breadboard validation in a relevant
5

environment

Stage 3 6 System/subsystem model or prototype demonstration in a

relevant environment

7 System prototype demonstration in an operational environment

(required to start Low Rate Initial Production)

Stage 4 8 Actual system completed and qualified through test and
demonstration

9 Actual system proven through successful mission operations

Stage 5 10 Demonstrated full-scale production

4.4.1 Advantages of Version 3 of Company A's TRLs

Version 3 of the Company A TRLs improves on Version 2 because of the inclusion of

Stage 5 and TRL1 0. Even though Version 3 does not completely align with the NASA

TRLs, Company A realized that its products are fundamentally different than the

products that NASA produces. Because Company A manufactures products at higher
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volumes than NASA, the assessment of a new technology's readiness for

implementation in production cannot be the same.

Version 3 of the Company A TRLs includes a thorough summary of the roles and

responsibilities of the participants in the technology assessments. Version 3 expands on

Version 2 by explaining that the technology developers are responsible for tasks like

gathering data, evaluating technologies, and preparing for the technology assessments.

The technology users are responsible for providing requirements for the new

technologies, participating in assessments, and staying engaged throughout the entire

design, development, and implementation in production processes.

4.4.2 Disadvantages of Version 3 of Company A's TRLs

While production readiness was added to Version 3 of the Company A TRLs, it only

shows up as the last stage in the technology assessment process. Until Stage 5, the

technology readiness evaluation guidelines remained unchanged from the previous

version. The addition of the production readiness aspect at the end of the TRLs seems

like an afterthought. Implementation in production cannot be an afterthought if industrial

companies want to ensure that new technologies can be designed, developed, and

implemented effectively. Ideally, production readiness would be prioritized throughout

the readiness levels.

4.5 DOD Manufacturing Readiness Levels

The successful design, development, and implementation of a new technology depends

on a variety of factors. An industrial company must ensure that the new technology

meets its requirements, satisfies a business case, can be supplied to its customer, etc.

To do this, companies must manage risk associated with immature technological and

manufacturing capabilities. While many companies utilize the Technology Readiness

Levels to ensure that new technologies are introduced properly, TRLs are not the best

43



design maturity assessment tool in all situations. According to Ashton Carter,

Technology Readiness Assessments "should focus only on technology maturity, as

opposed to engineering and integration risk" (Ashton B. Carter, 2011). This means that

other assessments are needed, depending on the characteristics being evaluated.

Manufacturing Readiness Levels, which are similar to the Technology Readiness

Levels, provide the framework for determining a new technology's manufacturing

readiness by identifying and mitigating gaps that arise during technology development

and implementation. Developed by the United States Department of Defense,

Manufacturing Readiness Levels provide a common language to measure,

communicate, and mitigate the risk associated with manufacturing a new technology

(OSD Manufacturing Technology Program, 2015). The goal of MRLs is to provide a

roadmap to ensure that mature manufacturing capabilities are developed. Unfortunately,

during the 1990s, evaluations of manufacturing risk became less frequent and this led to

a rise in manufacturing-related impacts on cost and schedule (OSD Manufacturing

Technology Program, 2015). Studies by the United States Government Accountability

Office have shown that cost increases and schedule shifts with some military projects

can be linked to the lack of manufacturing knowledge (Government Accountability

Office, 2010). The same GAO report stated that "programs did not identify and resolve

manufacturing risks early in development, but carried risks into production where they

emerged as significant problems" (Government Accountability Office, 2010).

To avoid the problems that lead to unrealized business cases and missed performance

requirements, the DOD MRLs are being used more frequently to manage manufacturing

risk. The DOD MRLs have ten levels that evaluate a technology from its initial

manufacturing implications all the way through the creation of a full-rate production

system (OSD Manufacturing Technology Program, 2015). Table 5 summarizes the DOD

MRLs.
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Table 5 - DOD Manufacturing Readiness Levels

(OSD Manufacturing Technology Program, 2015)

DOD MRL DOD MRL Explanation

1 Basic manufacturing implications identified

2 Manufacturing concepts identified

3 Manufacturing proof of concept developed

4 Capability to produce the technology in a laboratory

Capability to produce prototype components in a production relevant
5

environment

Capability to produce a prototype system or subsystem in a
6

production relevant environment

Capability to produce systems, subsystems, or components in a
7

production representative environment

Pilot line capability demonstrated; Ready to begin Low Rate Initial
8

Production

Low rate production demonstrated; Capability in place to begin Full
9

Rate Production

Full Rate Production demonstrated and lean production practices in
10

place

Like TRLs, the DOD MRLs contain a list of criteria to consider when evaluating the

manufacturing readiness and risk of new technologies. These criteria were created to

ensure that new technologies are manufacturable and producible. Manufacturability

considers characteristics like process capability, machine flexibility, manufacturing cost,

and quality during the design and development process. Producibility is a measure of
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the amount of work required to produce a new technology that meets the safety, quality,

engineering, production, and cost requirements. Table 6 summarizes these guidelines.

Table 6 - Evaluation Categories from DOD MRLs

(OSD Manufacturing Technology Program, 2015)

DOD MRL Criteria DOD MRL Evaluation Criteria Explanation

Analysis of the capability of the technology and industrial base to
Technology and the

support the design, development, and implementation of the new
Industrial Base

technology

Design An understanding of the evolving design

An analysis of the cost and funding required to achieve
Cost and Funding

manufacturing readiness

Materials An analysis of the risk associated with the various materials

included in the new technology's design

An analysis of the risks associated with production to ensure that
Process Capability and

the manufacturing process is capable of outputting the desired
Control

design

An analysis of the quality risks associated with the new design
Quality Management

and manufacturing the new technology

Manufacturing Workforce An analysis of the skills required to manufacturing the new

(Engineering/Production) technology

Facilities An analysis of the facilities and capabilities required to

manufacture the new technology

Manufacturing An analysis of the management required to operate the system

Management required to manufacture the new technology
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The DOD MRLs offer suggestions for evaluating a new technology's manufacturing

readiness. Like other readiness assessments, cross-functional teams should evaluate

the manufacturing readiness of new technologies based on quantifiable data. The

assessment teams should consist of a variety of subject matter experts and include

non-advocates. This will create an environment where judgment can be used to tailor

the MRLs if necessary.

4.5.1 Advantages of DOD Manufacturing Readiness Levels

There are many advantages to the DOD MRLs. The primary advantage involves the

increased focus on manufacturing, full-rate production, and the risk associated with

manufacturability and producibility. This is especially important in companies where a

significant amount of customer value is added during the manufacturing process.

The DOD MRLs align to the NASA TRLs quite well. This is advantageous because most

industrial companies speak the TRL language and understand the meaning of each

TRL. Because MRLs are aligned with TRLs, the readiness assessment teams will have

a better understanding of the new technology design and development status when

evaluating risks associated with manufacturability and producibility. Table 7 shows the

alignment between the NASA TRLs and DOD MRLs.
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Table 7 - Alignment between NASA TRLs and DOD MRLs

NASA DOD
NASA TRL Description TRL MRL DOD MRL Description

Basic manufacturing implications
Basic principles observed/reported 1 1

identified

Technology concept and/or
2 2 Manufacturing concepts identified

application formulated

Analytical and experimental critical
Manufacturing proof of concept

function and/or characteristic proof of 3 3develoe
developed

concept

Component and/or breadboard Capability to produce the technology in a
4 4

validation in a laboratory environment laboratory

Component and/or breadboard Capability to produce prototype

validation in a relevant environment 5 5 components in production relevant

environment

System/subsystem model or Capability to produce a prototype system

prototype demonstration in a relevant 6 6 or subsystem in a production relevant

environment environment

Capability to produce systems,

System prototype demonstration in an 7 subsystems, or components in a

operational environment (required to 7 production representative environment

start Low Rate Initial Production) 8 Pilot line capability demonstrated; Ready

to begin Low Rate Initial Production

Actual system completed and
Low rate production demonstrated;

qualified through test and 8 9
d otra ti n d Capability shown to begin Full Production

demonstration

Actual system proven through Full Rate Production demonstrated and
9 10

successful mission operations lean production practices in place
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Another advantage of the DOD MRLs involves the current momentum surrounding

MRLs. The DOD, GAO, and United States Congress have all been pushing for the

increased use of MRLs to increase the likelihood that new technologies are successfully

introduced.

4.5.2 Disadvantages of DOD Manufacturing Readiness Levels

While the DOD MRLs bring manufacturing and production into the new technology

readiness conversation, they do not cover all of the risks that can arise when creating

new technologies. MRLs, along with TRLs, do not address the risk associated with

implementation in a production system. There is still significant risk associated with

implementing a new technology that is manufacturable and producible.

Another disadvantage of MRLs revolves around the popularity of TRLs. Since most

companies utilize TRLs, the use of a second design maturity assessment is often seen

as a burden.

4.6 Integration Readiness Levels

Another design maturity tool, Integration Readiness Levels (IRLs), exists to analyze the

interfaces between various integration points associated with new technologies. For

example, IRLs could help users determine the integration risk involved in incorporating

a new technology into a system. Integration Readiness Levels can be used to analyze

anything from the design of a new computer to integrating a new machine into a work

cell in a manufacturing factory. Table 8 summarizes the IRLs.
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Table 8 - Integration Readiness Levels

(Sauser, Long, Forbes, & McGrory, 2009)

IRL
Integration Readiness Level Explanation

Number

1 An interface between technologies has been identified

2 There is some level of specificity to the interface between technologies to

categorize the interaction between technologies

There is compatibility between technologies to orderly and efficiently
3

integrate and interact

There is sufficient detail in the quality and assurance of the integration
4

between technologies

5 There is sufficient control between technologies to establish, manage, and

terminate the integration

6 The integrating technologies can accept, translate, and structure

information for the intended application

The integration of technologies has been verified and validated with

sufficient detail to be actionable

8 Actual integration completed and qualified through test and demonstration in

system environment

9 Integration is proven through successful mission operations

4.6.1 Advantages of Integration Readiness Levels

Integration Readiness Levels are advantageous because they attempt to highlight a

challenging aspect of the design, development, and implementation process for new

technologies. By focusing on these interfaces, IRLs focus on an overlooked aspect of

the new technology implementation process and attempt to fill gaps that arise with other
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design maturity assessments. IRLs easily relate to manufacturing and production. In a

production environment, IRLs attempt to ensure that the new technology will fit within

the production system. IRLs take a system-wide approach to implementation in order to

increase the likelihood that new technologies are implemented on time and on budget.

Another advantage of the Integration Readiness Levels is that they easily align with

other popular design maturity assessments. Table 9 and Table 10 summarize the

relationship among the TRLs, MRLs, and IRLs.
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Table 9 - Alignment between NASA TRLs and IRLs

NASA TRL Description TRL IRL IRL Explanation

Basic principles observed and An interface between technologies has
1 1

reported been identified

Technology concept and/or There is some level of specificity to the
2 2

application formulated interface between technologies

Analytical and experimental critical There is compatibility between

function and/or characteristic proof of 3 3 technologies to orderly and efficiently

concept integrate and interact

Component and/or breadboard There is sufficient detail in the quality

validation in a laboratory environment 4 4 and assurance of the integration

between technologies

There is sufficient control between
Component and/or breadboard

validation in a relevant environment 5 5 technologies to establish, manage, and

terminate the integration

System/subsystem model or The integrating technologies can

prototype demonstration in a relevant 6 6 accept, translate, and structure

environment information for the intended application

System prototype demonstration in an The integration of technologies has

operational environment (required to 7 7 been verified and validated with

start Low Rate Initial Production) sufficient detail to be actionable

Actual system completed and Actual integration completed and

qualified through test and 8 8 qualified through test and

demonstration demonstration in system environment

Actual system proven through

successful mission operations
9 9

Integration is proven through successful

mission operations
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Table 10 - Alignment between DOD MRLs and IRLs

DOD MRL Description _MRL IRL IRL Explanation

Basic manufacturing implications An interface between technologies has

identified been identified

Manufacturing concepts identified 2 2 There is some level of specificity to the

interface between technologies

Manufacturing proof of concept There is compatibility between

developed 3 3 technologies to orderly and efficiently

integrate and interact

There is sufficient detail in the quality
Capability to produce the technology 44adasrneo h nerto

na brary4 4 and assurance of the integration

between technologies

Capability to produce prototype There is sufficient control between

components in a production relevant 5 5 technologies to establish, manage, and

environment terminate the integration

Capability to produce a prototype The integrating technologies can

system or subsystem in a production 6 6 accept, translate, and structure

relevant environment information for the intended application

Capability to produce systems or

components in a production
7 The integration of technologies has

representative environment
7 been verified and validated with

Pilot line capability demonstrated; 8 sufficient detail to be actionable

Ready to begin LRIP

Low rate production demonstrated; Actual integration completed and

Capability in place to begin Full Rate 9 8 qualified through test and

Production demonstration in system environment

Full Rate Production demonstrated 10 9 Integration is proven through successful

and lean production practices in place mission operations
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4.6.2 Disadvantages of Integration Readiness Levels

The main disadvantage of Integration Readiness Levels is related to the main

disadvantage of the TRLs and MRLs. IRLs do not focus on implementing new

technologies in production environments. They can help ensure that technologies will

integrate with an active production environment, but IRLs do not guide the new

technology developers through implementation. For example, the preparation of the

active production environment for the implementation is not covered by IRLs. IRLs,

while relatively unknown, also add yet another design maturity assessment to the new

technology implementation toolkit.

4.7 Company A's Large Project Implementation Handbook3

Through numerous new technology implementations, Company A learned that the

production system cannot be ignored. While it is obvious that the new technology needs

to be mature and risks associated with the new technology need to be mitigated, the

same rigor needs to be applied to the recipient of the new technology, the production

system. One Company A site attempted to eliminate this gap by creating the Large

Project Implementation Handbook (LPIH). This site-specific and program-specific tool

was designed to reduce risk and increase the ease of implementing innovative

technologies in the production system at one Company A site. The tool was designed to

aid significant production system changes, including the creation of a new production

system or a change that requires a lot of cross-functional cooperation. The tool was also

designed to be applicable to a site-wide or program-wide change that could be broken

up into a series of large projects. The tool's goals included determining the best solution

3 The name of this Company A tool has been changed.
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to an implementation problem, successfully implementing the new technology, and

sharing lessons learned from each implementation.

The Large Project Implementation Handbook included more information about the

process of implementing a new technology in a production environment than the

traditional design maturity assessment tools like TRLs and MRLs. The LPIH

summarized seven phases of implementation that allowed numerous ideas to be

evaluated and funneled down to a single idea. Table 11 summarizes the seven phases

that are detailed in Company A's Large Project Implementation Handbook.

55



Table 11 - Company A's Large Project Implementation Handbook

Large Project Large Project
andbPook Hadboo Phset Large Project Implementation Handbook
Handbook Handbook Phase

Phase Name' Phase Explanation

Assess potential opportunities to
Investigate

Phase 1 improve/transform the current supply chain;

Create initial production system requirements

Develop Production Develop production system concepts based on

Phase 2 e oinitial opportunities and requirements; Begin trade
System Concepts

studies comparing opportunities

Create more robust production system
PhaseEarly Design ofPhaseProduction System requirements; Evaluate most promising

production system possibilities

Phase 4 Final Design of Create final production system requirements;

Production System Evaluate final production system design

Ensure all stakeholders agree on production
Production System

Phase 5 system design; Create plan to implement new

production system

Phase 6 Implementation Implement production system changes

Phase 7 Transition and Control Turn new production system over to production

and ramp up to full-rate production

The Large Project Implementation Handbook phase names have been changed.
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While Company A's LPIH was valuable to the site that created it, the handbook itself

was never adopted company-wide due to its complexity and specificity to a single site

and program. Some aspects of the handbook were incorporated into future Company A-

specific tools, but the handbook itself remains useful only to the site and program that

created it.

4.7.1 Advantages of the Large Project Implementation Handbook

Company A's Large Project Implementation Handbook has numerous advantages. The

handbook focuses more on what is needed to actually implement a lasting change in a

production system than other design maturity tools that have been developed. This is

primarily due to the specificity of the handbook. Because the tool is for one program at

one site, the handbook can be extremely detailed because the implementation

environment is not likely to change overnight.

Company A's LPIH lists some of the functional groups that need to be involved in a

successful new technology implementation and production system creation or transition.

These groups include operations, quality, manufacturing engineering, industrial

engineering, the technology developer group, environmental health and safety, finance,

etc. This basic list of functions details how complex new technology implementation can

be and why a cross-functional team is required for successful implementation.

The need for multiple functional groups to be involved in the new technology

implementation process is partially based on the need for a variety of skills. Company

A's Large Project Implementation Handbook explains some of the skills that are needed

when implementing new technologies. By gathering people with skills like production

system analysis, technology development, project management, systems engineering,

risk management, and continuous improvement, the ability to create or change

production systems will be improved.
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Documentation is another important aspect that is addressed in the LPIH. While every

new technology implementation will be different, there are a variety of documents, or

artifacts, that are needed for a successful implementation. Technology and production

system requirements, key performance indicators (KPIs), plans to design the

technology, plans to build the technology, plans to operate the production system

(before, during, and after the implementation), plans to purchase items for the

production system, business cases, and quality plans are just a few of the items that are

needed when a new technology is implemented in a production system.

Company A's Large Project Implementation Handbook provides a roadmap to creating

a culture of successful new technology implementation. The handbook focuses on the

production system, which is traditionally ignored by commonly-used design maturity

assessments like Technology Readiness Levels. While each program, site, or

company's "Large Project Implementation Handbook" will be different, questions

involving functions that need to be involved, documents that need to be created, and

necessary skills will always have to be answered to successfully implement a new

technology.

4.7.2 Disadvantages of the Large Project Implementation Handbook

There are a few disadvantages associated with Company A's Large Project

Implementation Handbook. The handbook is designed as a series of phases that guide

the development of a production system design by creating requirements and narrowing

down ideas. The issue with these process phases arises when companies that develop

new technologies are also using design maturity assessments with levels. Because the

LPIH does not align with known and understood design maturity assessment levels, the

barrier to use the handbook is very high.
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Another disadvantage of Company A's LPIH is that it is focused primarily on the

production system. While the production system is extremely important and cannot be

overlooked, there still needs to be a focus on developing the technology. Ideally,

production system and technology development would occur simultaneously to ensure

that the entire system works as intended and satisfies the original requirements for the

technology. In theory, a tool that focuses on the production system could be aligned

with a tool that focuses on the technology, but the LPIH does not align with traditional

technology-focused tools very well. This means that the handbook will have to be used

with another design maturity assessment tool with which it does not easily align.

Lastly, Company A's Large Project Implementation Handbook is extremely specific. It

was developed by a cross-functional team at one Company A site working on one

program. The handbook should be used as a guide to develop more general tools

instead of as a plug-and-play solution to aid new technology implementation.

4.8 Company A's Production System Readiness Assessment5

Around the time of the creation of Version 3 of the Company A TRLs, Company A was

working on another internal readiness assessment tool. Company A held a workshop

and invited subject matter experts from around the organization to discuss the use of

TRLs, MRLs, and other design and development related processes. The goal of this

workshop was to begin creating a tool that would eliminate the gaps that existed

between the traditionally-used design maturity assessment tools that were supposed to

aid new technology implementation and the actual results of implementations

5 The name of this Company A tool has been changed.
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throughout Company A. During this workshop, Company A determined that a tool to

analyze production system readiness was needed.

Company A's Production System Readiness Assessment (PSRA) was a tool that was

designed to mitigate risk associated with implementing change in a production system.

Instead of focusing on a single process or technology like TRLs and MRLs, the tool took

a system wide approach to ensuring production system readiness. The tool was

designed to increase the likelihood that a new production system would be successfully

created or an active production system would be seamlessly and efficiently improved.

With the Production System Readiness Assessment, Company A took a different

approach and aligned the tool with the Company's overall product development process

instead of commonly used tools like TRLs and MRLs. This resulted in a twelve-step

process, of which only nine steps had actionable milestones. Table 12 summarizes

Company A's Production System Readiness Assessment.
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Company A's Production System Readiness Assessment

Production
Development Production System Readiness Level

Phase 6  System Readiness
Phase6 Description

Level

1 Approval to Pursue Change
Phase 1

2 Solution Concept Down Select

3 Production System Baseline

Production System Preliminary Design
4

Review

5 Not Applicable
Phase 2

6 Not Applicable

7 Production System Firm Configuration

Production System Conceptual Design
8

Review

9 Production System Ready

10 Production System Monitor and Control
Phase 3

11 Not Applicable

12 Capable Production

The Production System Readiness Assessment development phase names of this tool were changed.
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The Production System Readiness Assessment was also divided into three phases. At

the end of Phase 1, the concepts were being narrowed down so the new or updated

production system could be designed during the second phase. Phase 2 involved

carefully developing the new production system. Phase 3 involved the actual production

system change.

Company A's PSRA provided a list of functions that must be involved with the

evaluation of a production system. This list provides a glimpse into how challenging and

complex it is to implement a new technology. A change that impacts the production

system will touch numerous functions and cannot occur in a bubble. Table 13

summarizes the functions that must be involved with implementing a new technology in

a production system.

Table 13 - Summary of Functions Impacted by Production System Changes

Leadership

Finance

Process Capability and Control

Production System Design

Supply Chain

Quality

EHS

Workforce and Training

Facilities

Equipment and Tooling
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Company A eventually stopped developing the PSRA due to a strategic pivot to the

Company A-specific Manufacturing Readiness Levels. Even though it was never used,

the PSRA was particularly interesting because the tool was piloted in Factory 1. The

decision to pilot the tool on the Product 1 program further supported the idea that the

culture of the Product 1 program is not only conducive to product changes, but also

open to implementation process changes.

4.8.1 Advantages of the Production System Readiness Assessment

Company A's Production System Readiness Assessment was designed to fill the gaps

created by all of the other readiness assessment tools. The tool focused on the

production system, which is often overlooked when a new technology implementation

fails. The tool was also aligned with the Company A's overall product design and

development process. This alignment ensured that the production system was

considered throughout the entire design and development process.

The PSRA provided a framework to evaluate complex interactions and it had a built-in

feedback loop to gather lessons learned from new technology implementations. These

lessons would have become very beneficial as Company A began its journey to creating

a culture of successful new technology implementation.

4.8.2 Disadvantages of the Production System Readiness Assessment

Company A's PSRA was designed to focus of the readiness of the production system.

While this is important, a tool to aid the implementation of new technologies in

production system also needs to focus on the technology. The alignment of Version 3 of

Company A's TRLs, which have a technology focus, to the PSRA is very confusing.

Table 14 summarizes this alignment.
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Table 14 - Alignment between Company A's TRLs and Production
Assessment

Explanation of Version 3 of Company A s TRLs Compn
A's TRLs

Basic principles observed and reported 1

Technology concept and/or application formulated 2

Analytical and experimental critical function and/or
3

characteristic proof of concept

Component and/or breadboard validation in a lab environment 4

Component validation in a relevant environment 5

System/subsystem model or prototype demonstration in a 6
relevant environment

System prototype demonstration in an operational
7

environment (required to start Low Rate Initial Production)

System completed and qualified through test/demonstration 8

Actual system proven through successful mission operations 9

Demonstrated full-scale production 10

System Readiness

Company Company A's PSRA

A's PSRA Explanation

1 Approval to Pursue

Change

Solution Concept Down
2

Select

3 Production System

Baseline

Production System

4 Preliminary Design

Review

5 Not Applicable

6 Not Applicable

Production System Firm
7

Configuration

Production System
8

Conceptual Review

9 Production System Ready

Production System
10

Monitor and Control

11 Not Applicable

12 Capable Production
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The alignment between the Production System Readiness Assessment and the

Company A TRLs was not as simple as the alignment between some of the other

design maturity assessment tools. This created adoption challenges because Company

A has traditionally used TRLs to assess technologies. Because these tools did not align

well, the barrier to begin using the PSRA would have been very large.

Another disadvantage of Company A's Production System Readiness Assessment

came from its confusing steps. The tool had 12 steps, but only nine of them are

actionable. While this makes sense in reference to the Company A design and

development process, it is another reason why the tool was not user friendly

4.9 Company A's Manufacturing Readiness Levels

In late 2016, Company A released its own version of the DOD Manufacturing Readiness

Levels. These MRLs were created because Company A started to focus on its

production system. Due to a lack of focus on manufacturing during the design and

development process and the creation of designs that are not manufacturable and

producible, many of Company A's recent new technologies have experienced cost

increases and schedule slides. The Company A MRLs are one aspect of Company A's

push away from reactively fighting manufacturing-related implementation issues to

proactively fighting them. The MRLs increase the up-front rigor associated with design,

developing, and implementing new technologies in production environments.

The goal of Company A's MRLs is to help new technologies be designed, developed,

and implemented on time and within budget by managing risk associated with

implementing in production environments. The creation of Company A's MRLs began

with the collection of almost 100 documents pertaining to the readiness of a new

technology. Company A then created a gap analysis matrix based on the various design

maturity assessments. Company A also evaluated its past new technology
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implementations to analyze negative outcomes like schedule slides and cost overruns.

The commonalities and differences among the different design maturity tools were then

compared to the challenges that arose in the past to determine how the challenges,

risks, and issues could have been identified and mitigated. Company A also

benchmarked its maturity assessment and risk evaluation processes against other

companies. All of this research led to the creation of the Company A Manufacturing

Readiness Levels.

The Company A MRLs were created to help manage known risks and discover

unknown risks so that a new technology can be implemented as seamlessly as

possible. By applying the Company A MRLs to any new technology, Company A is

beginning to create a culture that ensures that technological maturity, production system

maturity, and risk mitigation are considered throughout the entire design, development,

and implementation process.

Just like the DOD MRLs and other readiness assessments, the Company A MRLs aim

to ensure that new technologies are designed, developed, and implemented in a way

that creates a competitive advantage for Company A. Readiness Assessments in

general aim to identify and mitigate unexpected challenges early in the process and

prior to the beginning of production. The Company A MRLs provide a standardized

framework that supports production so the product can be produced at cost within

scheduled timelines. This process provides a common language that can be used

throughout the production system. Table 15 summarizes the Company A MRLs, which

are almost identical to the DOD MRLs in their wording.
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Table 15 - Company A's MRLs

Company A
MRL Maturity CompaCompany A MRL Explanation

A MRL
Stage'

1 Basic manufacturing implications identified

Stage 1 2 Manufacturing concepts identified

3 Manufacturing proof of concept developed

4 Capability to produce the technology in a laboratory

Capability to produce prototype components in a
5

Stage 2 production relevant environment

Capability to produce a prototype system or subsystem in
6

a production relevant environment

Capability to produce systems, subsystems, or
7

components in a production representative environment
Stage 3

Initial Production (Pilot line) capability demonstrated;
8

Ready to begin Low Rate Initial Production

Low rate production demonstrated; Ready to begin Full
9

Rate Production
Stage 4

Full Rate Production demonstrated and lean production
10

practices in place

The Company A MRL stage names have been changed.
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The Company A MRLs build on the DOD MRLs by adding four maturity stages. During

Stage 1, a variety of concepts are being refined in order to arrive at a single concept to

pursue. A concept becomes a technology and the technology development process

begins during Stage 2. Stage 3 involves further engineering and manufacturing

development, which is when a significant portion of the risk associated with

manufacturing needs to be mitigated. Stage 4 ensures that a new technology has been

implemented successfully in a production environment. By the end of Stage 4, all of the

design, development, and implementation risks need to already be eliminated or

mitigated as this point to ensure that the new technology has been implemented on time

and on budget. An unforeseen issue at this point could become devastating to the

schedule and budget of a new technology.

The Company A MRLs also have a list of evaluation criteria for use throughout the MRL

stages. The Company A MRL evaluation criteria build on the DOD MRL criteria by

adding criteria for EHS, Integration, and Technology Readiness. These criteria provide

a glimpse into the necessary functions that must be involved in order to successfully

implement a new technology. Table 16 explains the recommended criteria for use when

evaluating the manufacturing readiness of a new technology within Company A.
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Evaluation Categories from Company A's MRLs

Company A MRL
Company A MRL Evaluation Category Explanation

Evaluation Category

Technology and the Analysis of the capability of the technology and industrial base to

Industrial Base support the new technology

Design An understanding of the evolving design

An analysis of the cost and funding required to achieve
Finance

manufacturing readiness

Materials An analysis of the risk associated with the various materials

included in the new technology's design

Process Capability and An analysis of the risks associated with production to ensure that

Control manufacturing is capable of creating the design

An analysis of the quality risks associated with manufacturing the
Quality Management

new design

An analysis of the functions required to manufacture the new
Manufacturing Personnel

technology

An analysis of the facilities and capabilities required to
Facilities

manufacture the new design

Manufacturing An analysis of the management required to operate the system

Management that will manufacture the new technology

Environmental Health and An analysis of any environmental health and safety issues with

Safety the new technology

An analysis of the production system as a whole with the addition
Integration

of the new technology

A system-wide, thorough analysis of if the technology is ready for
Technology Readiness

its intended use and is manufacturable
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The Company A MRL document is a detailed explanation of the actual MRLs and how

they should be applied in order to avoid technology implementation issues. The

Company A MRL process closely follows the generic Readiness Assessment process.

First a new technology is chosen for evaluation. This is typically already known, but the

Company A MRLs define a new technology broadly enough to include anything new to

the company.

Once the new technology has been identified, the assessment scope needs to be

determined and the MRL assessment teams need to be created. Similar to other

readiness level assessment teams, the cross-functional teams that assess a

technology's manufacturing readiness need to consist of a variety of subject matter

experts and as many non-advocates as possible. This will ensure that technologies are

being evaluated based on their maturity and risk, not on politics associated with the new

technology.

4.9.1 Advantages of Company A's Manufacturing Readiness Levels

The Company A MRLs were the first design maturity assessment where Company A

combined aspects of TRLs, MRLs, and IRLs. The Company A MRLs also built on the

Production System Readiness Assessment. The MRLs include a lengthy discussion of

the DOD MRLs, a short explanation of the generic IRLs, and frequent mentions of the

TRLs. The main advantage of the Company A MRLs is that the tool recognizes that a

new technology will have to be inserted in a new or active production environment at

some point in time. This idea is not necessarily ground-breaking, but it signifies how far

Company A has come in the realization that a competitive company cannot survive by

just designing great products, but it must also implement new products into the

production system and produce great products. The Company A MRLs discuss the

introduction of a new technology in a production system, which shows that the
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Company A MRLs mitigate one of the main issues with other design maturity

assessments - the necessity of considering the production system.

The Company A MRLs were also designed with a numbering system similar to the

Company A TRLs. The MRLs can be followed along with the TRLs to ensure that

technologies that cannot be manufactured or inserted into production systems will not

be created. Table 17 summarizes the relationship between Company A's TRLs and

MRLs.
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Table 17 - Alignment between Company A's TRLs and Company A's MRLs

TRL MRL
STaI Company A TRL Explanation TRIL MRL Company A MRL Explanation MRL

Stage Stage

Basic principles observed and Basic manufacturing implications
1 1

reported identified

Technology concept and/or
2 2 Manufacturing concepts identified

Stage application formulated Stage

11

Analytical and experimental critical

function and/or characteristic proof 3 3 M nvegpn

of concept

Component and/or breadboard
Com dp on n ad r adboao r 44 Capability to produce the technology in
validation in a laboratory 4 4 albrtr

Stage environment

Component and/or breadboard Capability to produce prototype Stage
5 5 components in a production relevant

validation in a relevant environment 2
environment

Stage System/subsystem model or Capability to produce a prototype

prototype demonstration in a 6 6 system or subsystem in a production
3

relevant environment relevant environment

System prototype demonstration in Capability to produce systems,

an operational environment (required 7 7 subsystems, or components in a

to start Low Rate Initial Production) production representative environment Stage

Stage Actual system completed and Initial Production (Pilot line) capability 3

4 qualified through test and 8 8 demonstrated; Ready to begin Low

demonstration Rate Initial Production

Actual system proven through 9 Low rate production demonstrated;

successful mission operations Ready to begin Full Rate Production Stage

Stage Full Rate Production demonstrated 4

5 1 1 and lean production practices in place
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The Company A MRLs also explain the makeup of a good assessment team and why a

cross-functional assessment team is advantageous. The creation of a cross-function

assessment team with at least one non-advocate SME will add credibility to each

assessment. It will result in gaining alternative views from a variety of engineering and

manufacturing functions, as well as opinions from non-advocate SMEs that might not

typically be associated with the type of project being assessed. Lastly, the inclusion of

non-advocate SMEs will result in knowledge and information sharing across company

borders that are not typically crossed. This could result in even more lessons learned

and future implementation improvements due to the significant information sharing that

will occur when the non-advocates travel back to their programs and functions.

Another positive aspect of the Company A MRL document is the discussion of MRL

assessment tailoring. Tailoring is the process of modifying the given MRL process and

evaluation criteria to fit a specific scenario. While any design maturity assessment can

be tailored, the Company A MRL document explains the pros and cons of tailoring and

who should be involved in order to ensure that the assessment is properly tailored. The

process of creating a custom MRL assessment allows the assessment team to fine-tune

some of the evaluation criteria, skip some of the process, or add important items to the

assessment process. Tailoring can ensure that the true intent of the evaluation is met. It

can also result in a shorter and more accurate assessment process by removing any

non-value added aspects of the assessment. The ability to tailor an MRL assessment

allows Company A to have standard Manufacturing Readiness Levels that can apply to

any new technology. By allowing the assessment team to tailor the evaluation, all

functions of the assessment team immediately become involved, which will lead to a

more engaged assessment team and a more thorough evaluation of manufacturing

maturity and risk.

The Company A MRLs also begin to highlight ways to prepare for the production

implementation of new technologies. While this idea is not fully developed in the
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Company A MRLs, the MRLs broach the subject of documentation. The importance of

documentation in production environments, especially before a new technology is

introduced, cannot be overlooked due to the fast pace and complexity of manufacturing

environments.

4.9.2 Disadvantages of Company A's Manufacturing Readiness Levels

While the Company A Manufacturing Readiness Levels begin to solve many of the

issues that the other design maturity assessments do not, there are still some

disadvantages of solely using the tool. The main disadvantage of the MRLs is that they

will only help Company A evaluate the manufacturing readiness of a technology.

Company A will still have to use at least one more design maturity assessment to

ensure technology readiness.

The MRLs also focus primarily on the technology aspect of implementation in

production. While the new technology must be designed properly and it must be able to

be implemented in a production environment, the MRLs do not evaluate if the entire

production system is able to accept the new technology. The Company A MRLs only

touch the surface of the entire system's readiness for a new technology.

Another issue with the Company A MRLs lies in the suggested order in which the

assessment should be completed. The Company A MRLs recommend that the new

technology be identified, the manufacturing readiness assessment be scoped, and then

the assessment team be created. Creating the cross-functional evaluation team after

scoping could lead to the omission of important aspects of the new technology

implementation assessment. A cross-functional team of all the potentially impacted

functions should be assembled before the scoping and any unnecessary functions for

the implementation can be excused from the assessment team once the team as a

whole determines that they will not be impacted. By including the cross-functional team
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from the beginning, technology assessment risks associated with incorrectly scoping or

tailoring the assessment will be mitigated.

4.10 Summary of Design Maturity Assessments at Company A

This chapter analyzed eight tools that were created to evaluate the technological or

manufacturing maturity and risk of new technologies. Table 18 summarizes the pros

and cons of each tool discussed in this chapter.

Table 18 - Summary of Advantages and Disadvantages of Various Design Maturity
Assessment Tools

Design Maturiy
Advantages Disadvantages

Assessment Tool

common; many companies 0 Designed for low-volume production

NASA TRLs speak the TRL language 0 Subjective

* Provide process for evaluating * Do not mention manufacturability
technologies

* Tailored to Company A design 0 Ignore the production aspect of

process technology development

Version 2 of Company e Stages decrease number of in-

A TRLs depth reviews

* Contain technology evaluation

guidelines

* Contain readiness level for * Production readiness only appears in

production readiness (TRL10) the last readiness level (TRL10)
Version 3 of Company

A TRLs * Detailed explanation of process

ownership throughout

development

75



Table 18 - Summary of Advantages and Disadvantages of Various Design Maturity

Assessment Tools (continued)

Design Maturity
Advantages Disadvantages

Assessment Tool

* Focus on manufacturability * Ignore risks associated with

DOD MRLs 0 Align with NASA TRLs implementing a technology in

a production environment
" Gaining momentum within industry

" Highlight the challenges associated with * Do not focus on the

integration challenges of implementing a

" Relate to manufacturing/production new technology in a

IRLs production environment
* Discuss technology fit within a larger

system

* Align with TRLs and MRLs

* Discusses what is necessary to * Does not align with tools like
Company A's Large implement a technology in a production TRLs and MRLs

Project environment
* Does not focus on

Implementation
Hanbok 0 Details function groups and skills technology readiness
Handbook

necessary for implementation * Specific to one program/site

Company A's 0 Designed to fill gaps in other assessment 0 Does not align with Company

Production System tools A TRLs

Readiness
R Mentions the production system 0 Confusing

Assessment

* Combine aspects of TRLs, MRLs, and 0 Must be used with TRLs to

IRLs ensure technology readiness

* Focuses on manufacturing and production * Does not discuss evaluating
Company A MRLs 0 Align with Company A TRLs if the production system is

ready for a new technology
* Discuss how the MRLs can be tailored to

a specific situation
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Company A has traditionally utilized Technology Readiness Levels to evaluate

technological maturity and risk and Company A even created its own version of the

TRLs. By utilizing its own version of the TRLs, Company A has been able to standardize

the design and development process for new technologies like full products,

components of products, processes, and machines. This has allowed Company A to

improve its proficiency in assessing the technological maturity of its products.

Unfortunately, TRLs by themselves cannot help Company A implement a new

technology in production environments. They also do not help Company A determine if

the chosen technology is the correct option to meet the desired requirements. Lastly,

TRLs do not assess if a new technology can be scaled up into a system. This is

particularly true in environments where new technologies are frequently part of

manufacturing systems. The oversight to ignore the system-wide implications of

technological implementation led Company A to attempt to create its own maturity

assessments.

When Company A realized that the TRLs and its company-specific tools were

insufficient to implement new technologies in production environments, it created its

own version of the Manufacturing Readiness Levels. The Company A MRLs were

aligned with the Company a TRLs for multiple reasons, including the fact that engineers

at Company A understood the TRLs and the TRLs were still necessary to ensure

technological maturity and decrease technological risk. The MRLs solve some of the

problems that are missed by the TRLs, including evaluating if a new technology is ready

for production. Unfortunately, Company A now needs to use two risk and maturity

assessment tools.

By using the Company A TRLs and MRLs simultaneously, Company A will be able to

determine the operational readiness of a technology. By focusing on the entire design,

development, and implementation processes for new technologies, Company A will be

taking a systems-thinking approach to ensuring the readiness of new technologies.
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5.0 New Technology Implementation Case Studies

The objective of the project that began this industry-based thesis was to create a set of

implementation plans to aid the transition of Component 1 fabrication from a manual

process to an automated process. To learn more about new technology implementation

at Company A and to improve the usefulness of the implementation plans, lessons

learned were gathered from other new technology implementations at Company A and

Company B. By incorporating these lessons learned into the implementation plans, the

manual to automated fabrication process change will be more efficient because

Company A will be able to avoid some of the pitfalls that have impacted new technology

implementations in the past. The following case studies discuss a variety of projects

where new technologies were being introduced and implemented.

5.1 Company A's Automated Drilling and Filling Technology

One of the most similar new technology implementations at Company A to the

Component 1 situation involved the implementation of an automated drilling and filling

technology to mitigate ergonomic concerns. The new technology was supposed to

reduce the labor cost associated with various products due to the reduction of direct

labor needed to complete the drilling and filling operations. Company A also expected

that the overall product quality and throughput would increase because automation was

involved. Lastly, the automated drilling and filling technology would eliminate some

ergonomic concerns.

The plan for the automated drilling and filling process involves designing, developing,

and implementing the automated technology on one product and then using the

technology on another. This plan will allow Company A to eliminate some of the issues

with the technology before it is implemented on a second product.
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Unfortunately, the implementation of the automated drilling and filling technology has

been challenging. The technology is more complicated than expected and it has taken

much longer than anticipated to realize the technology's full benefit.

During the development of the automated drilling and filling technology, Company A

created multiple requirements based on what was needed, not necessarily what was

feasible. While the creation of aggressive targets for the new technology was probably a

good idea and could have led to an improved design, these requirements were never

revisited. For example, Company A decided that the automated technology needed to

be capable of drilling and filling holes at "x" rate. This rate was based on a desired

improvement over the current rate. Unfortunately, the actual drill and fill rate is currently

a fraction of what was expected. The expected rate could still be reached, but there

appear to be limitations with the new technology when comparing the expected rate and

the actual rate. Because the business requirements and possible results were not

aligned, much of the planned benefit for the technology is going to be extremely difficult

to realize. Looking back, these legacy production system requirements should have

been reevaluated multiple times throughout the design, development, and

implementation process to ensure that they were reasonable and achievable.

Some sub-optimal decisions were also made during the design and development of the

technology. While this can never be avoided, it provided a great case study in the

challenges that can be faced when poor decisions become integrated in a process and

it is too late or too costly to change them. This can frequently occur when decisions are

based on assumptions that need to be verified at a later date. These bad assumptions

or poor decisions can be caught and changed, but only if the cross-functional teams that

are developing and using a new technology are frequently evaluating their progress

compared to a baseline assessment of the new technology.
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The automated drilling and filling process was a new technology that was going to be

placed in a new building. By using a "greenfield" site, Company A had opportunities and

added challenges. The ability to implement a new technology in a new site will eliminate

some of the cultural challenges associated with implementing new technologies. On the

other hand, a "greenfield" site does not offer a full understanding of a production

system's inputs and outputs, which adds uncertainty and ambiguity.

To try to solve some of the challenges associated with the "greenfield" site, Company A

created a model of the production system. As it turns out, the process of creating the

model was just as important as the output from the model. These early learnings about

product flow, cycle times, capacities, bottlenecks, etc. were integral in the creation of

the production system for the automated drilling and filling technology and the absence

of these learnings would have led to a much more challenging implementation.

Some challenges also arose during the implementation of the automated drilling and

filling process. The technology was not achieving the desired quality or rate results, so

Company A was forced to work on technology development at some points during the

day and run production during others. This meant that an unstable and constantly

changing system was being used for production products, which led to quality issues

and significant rework.

After talking to some of the engineers that worked on the new technology, it was

determined that many of the quality issues arose from the system's complexity and

inconsistent inputs. On many occasions, it is assumed that an automated technology

will have better quality than a manual system. Unfortunately, the quality of a production

system also depends on the system's inputs. This means that an automated technology

will not be repeatable if the inputs vary significantly. The collateral impact of a new

technology needs to be considering during implementation to ensure that the entire

system can produce parts that meet the design requirements.

81



5.1.1 Lessons Learned from Company A's Drilling and Filling Technology

Table 19 summarizes the lessons that Company A learned from the design,

development, and implementation of its automated drilling and filling technology. Many

of these lessons were referenced throughout the development of the automated

fabrication technology for Component 1.

Table 19 - Lessons Learned from the Automated Drilling and Filling Technology

Requirements must be realistic from the business and technology perspectives.

Requirements and assumptions must be continually evaluated for accuracy.

"Greenfield" sites provide opportunities and challenges in new technology implementation

situations.

The knowledge gained from creating a model is just as important from the knowledge gained

from the output of a model.

Production and development cannot occur simultaneously on a new technology.

Automation alone will not solve all of a production system's issues. Product quality is only as

good as the inputs to the system.

5.2 Company A's Product 2

Another case study about new technology implementation comes from the Company A

Product 2 program. Product 2 is similar to Product 1 and the creation of Product 2 laid

the groundwork for the Product 1 program. A few years ago, Company A was designing

and developing a derivative of Product 2. This product was going to have numerous

improvements over the previous version, including being lighter.
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From the very beginning of the Product 2 program, Company A had planned on

implementing numerous improvements in the updated version of Product 2 by

incorporating many smaller improvements all at once. This method of implementing new

technologies is advantageous because each new technology is slightly disruptive to

production. By grouping new technologies together, the overall disruption to the

production system can be minimized. The change management process in this scenario

is interesting because it results in a situation where the program has already committed

to achieving specific results, but the program had not realized any benefit yet.

This case study, the Product 2 program promised a specific weight savings to Company

A. This put pressure on the design and development team to ensure that enough small

improvements were implemented on Product 2 because failed projects would result in a

product that was too heavy. This case study also provides an example of the

importance of mitigating risks when implementing new technologies. If an individual

weight-reduction project failed, the program would need a backup plan to achieve the

required savings. While changing the technology implementation plan on the Product 2

program could be achieved early in the design and development process, any changes

near the program deadline could be too difficult or costly to implement.

Unfortunately, the desired improvements from many of the Product 2 projects were not

realized. The following examples discuss a set of new technologies, including

configuration changes, material changes, and supplier changes, that needed to be

implemented simultaneously to achieve the desired product updates. These

technologies all reached TRL9 (based on Version 2 of Company A's TRLs), but still

faced implementation issues. Table 20 provides a summary of the new technologies

that were not able to be fully implemented on Company A's Product 2 and the result

from the failed implementation.
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Table 20 - Summary of Failed New Technology Implementations on Product 2

Issue Result

Assumptions were made when creating part families for testing during a potential
Partial

material change. The families were not sufficient and the entire design space Savings

was not covered.

The design of a component was changed to reduce weight. Unfortunately, the No

tooling to fabricate the component wasn't changed. Savings

Company A attempted to switch materials and use a new manufacturing No
process. The process was promising for a few parts, but it turned out that the

manufacturing process was not stable.

A design change was made that would have required a supplier to change its No

scope of work. The supplier refused to change. Savings

The implementation challenges associated with Product 2 arose because the readiness

of the individual technologies was not aligned with the readiness of Product 2. In this

situation, Product 2 was much more mature than many of the new technologies that

were being implemented in the product, so the technologies could not be implemented

on time or on budget. This misalignment led to failed implementations and to missed

configuration and weight targets. While it is reasonable to plan for some projects to not

yield their expected benefit, robust new technology implementation processes should be

in place to ensure that paths exist to design, develop, and implement new technologies

that achieve the required and expected results.

One positive thing resulted from the failed implementations on Company A's Product 2.

Due to the poor implementation rate and missed weight reduction target, Company A

updated its TRLs from Version 2 to Version 3. This TRL update included the addition of
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Stage 5, which introduced preparation for production into the TRL process. This addition

was important because it eventually led to the realization that the production system is

important for a successful new technology implementation.

5.2.1 Lessons Learned from Company A's Product 2

Table 21 summarizes the lessons that Company A learned from the attempted

implementation of a group of new technologies on Product 2 in order to create a product

that was lighter than the previous version.

Table 21 - Lessons Learned from Company A's Product 2

Increased planning rigor and the creation of backup plans will increase the chance of

success. Even technologies that are TRL9 can still have implementation issues.

Cross-functional teams are imperative to the new technology implementation process to

ensure that possible challenges, risks, and issues are mitigated or eliminated.

Collaborate and work cross-functionally instead of a designing and developing a new

technology or production system and "throwing it over the fence." The end user of a new

technology must be continually engaged and involved in the design, development, and

implementation process.

Always follow a detailed technology design, development, and implementation process.

Changes to a new technology that impact production are best implemented in groups.

5.3 Company A's Component 2 Fabrication Technology

Another new technology implementation at Company A occurred when Company A

attempted to insource the fabrication of Component 2 for Product 3. Component 2 is an

extremely important aspect of Product 3 that can provide significant performance

increases depending on the component's design. Because Component 2 had the
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potential to become a competitive advantage for Company A, the decision was made to

bring the fabrication into the company from an external supplier. This move would allow

the design and fabrication to occur within the same company.

Similar to the plan behind Company A's Component 1 strategy, the plan to insource

Component 2 involved beginning production with a manual process and then

transitioning to an automated process. This decision was made because the manual

process had numerous safety concerns and would not have achieved the required rate

of production in the future.

An outside supplier was initially contracted to develop the automated technology for

fabricating Component 2. To mitigate risk associated with the automated technology

multiple rounds of testing were performed at the supplier site. Unfortunately, some

unresolved issues were found at the supplier, but Company A decided that the issues

could be resolved once the automated technology was shipped to its final location. After

talking to some of the people involved with this project, it was determined that the

technology should never have been accepted with the known issues and a person from

Company A should have been working from the supplier site to facilitate issue resolution

from the beginning of the project.

Another challenging aspect of the implementation of the automated technology to

fabricate Component 2 involved the number of tests performed at the suppler site.

Unfortunately, Component 2 is a very expensive component and a limited number of

tests were run before the automated machine was accepted. This led to the acceptance

of a technology that had unknown issues.

After reflecting on the challenging implementation for the new automated Component 2

technology, many of the employees involved in the process commented about the lack

of defined requirements for the new technology. By creating poorly defined

requirements, the supplier did not know what was truly important to the automated
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technology's output and Company A did not know how to measure the products that

were being manufactured. This was one of the causes for the machine shipping to

Company A with known and unknown issues.

Company A also used a production-like model and a digital twin to learn more about

how the automated technology would operate in the final production system. This aided

the implementation process by highlighting issues around machine capacity, material

flow, staffing levels, etc. By modeling the system ahead of time, many of the issues that

would have arisen after the beginning of production were addressed ahead of time.

Lastly, a lesson was learned when Company A tried to implement the automated

technology in the production environment. Company A implemented a practice period

so that the automated technology could be operated as if it was in actual production,

even though it was in a test period. This practice period allowed Company A to quickly

move down the fabrication time learning curve and allowed many production-related

issues to be solved. Unfortunately, the automated technology failed because it could not

achieve the required rate, but the practice period was a helpful way to aid the attempted

implementation of the technology in the production system.

5.3.1 Lessons Learned from the Component 2 Fabrication Technology

Table 22 summarizes the lessons learned after the failed implementation of Company

A's Component 2.
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Table 22 - Lessons Learned from Company A's Component 2

Do not accept a technology with unsolved issues. Solve them before the technology is

brought into the factory or create a detailed and robust mitigation plan.

Putting a person from the company that is receiving the technology at the company that is

developing the technology can facilitate issue resolution. This might be expensive up front,
but time and money will be saved by mitigating issues before the acceptance of a new

technology.

Regardless of cost, find creative ways to perform enough tests of new technologies to ensure

robust design and function.

Properly defining requirements for a new technology will aid the developer in the creation of

the new technology. Detailed requirements also allow the technology user to properly

measure the new technology.

Practice periods, production models, and digital twins will surface many production-related

issues before production begins and provide opportunities to mitigate issues without the

pressure of actual production. Iterating on these models, especially early in the design,

development, and implementation process, is also valuable.

5.4 New Product Introduction at Company B

While this research-based thesis was based at Company A, the author spent seven

years working at Company B before entering the MIT LGO Program. The author spent

time working in multiple manufacturing facilities, but most recently worked in a factory

that manufactured components for the power industry on CNC machines. This factory

managed at least one new product introduction each year, which involved implementing

a new group of products in the factory's active production environment. These products

would be designed at one Company B site and fabricated a factory a few hours away.
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The new product introduction process at Company B was not as simple and efficient as

possible. The technology developers and the technology manufacturers were located at

different sites and did not have a collaborative working arrangement. New product

introductions typically occurred when the technology developers sent a group of new

drawings to the technology manufacturers. This non-collaborative arrangement meant

that the technology manufacturer was unable to influence the manufacturability of the

new products. This lack of communication led to slower implementation and poor

product quality during the early stages of many new product introductions.

A lesson learned from new product introductions at Company B involved the best

location for solving issues with new products. Even though the new technologies that

were being developed were not being manufactured in the same location as

development, the development site and manufacturing site were a short drive apart.

This proximity allowed the technology developers and the technology manufacturers to

meet in person, often at the machines where the products were being made, to solve

production-related issues. These in-person meetings frequently led to improved designs

because the technology manufacturers were able to physically show the developers the

issues they were having. These interactions also led to better working relationships and

improved designs because the technology developers became more aware of the

capabilities of the technology manufacturer.

Another lesson learned involved solving production-related issues with new products at

the beginning of actual production. In one specific situation, the first few dozen new

parts were defective and a large backlog of work for the design engineers, quality

engineers, and manufacturing engineers quickly developed. While the entire team

continued to focus on solving the root cause of the issue, more and more defective

parts were being produced. Eventually, the team slowed the manufacturing process

down (to a speed that would not meet rate) to temporarily improve quality. The team

also created a disposition process to analyze and approve the defective products.
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Unfortunately, since the root cause of the problem was attacked from the beginning and

the short-term, temporary solution was not implemented immediately, it took months to

clear out the backlog of defective products. After reflecting on this situation, the team

should have focused on a short-term fix immediately, then tackled the root cause of the

issue. The team should have then implemented a process to ensure that a similar issue

never occurred again.

5.4.1 Lessons Learned from New Product Introduction at Company B

Table 23 summarizes lessons learned from new product introductions at Company B.

Table 23 - Lessons Learned from New Product Introductions at Company B

Technology manufacturers need to be engaged in the technology development process to

ensure that past manufacturing experience is utilized during design.

Solving problems with cross-functional teams at the site of the issues (i.e. a machine or

production system) will yield better results and improved working relationships.

When issues arise, quickly put a shot-term fix in place to ensure that production does not

spiral out of control. Then focus on solving the root cause of the issue for a long-term fix.

5.5 Company A's In-Process Implementation of the Automated

Component 1 Fabrication Technology

Even though it is still in development, the automated technology for fabricating

Company A's Component 1 provided numerous lessons learned, a few of which built on

and confirmed lessons that were already discussed in this chapter. While confirmation

of success based on these lessons learned cannot be determined until the technology is

fully implemented, these lessons are based on events that led to positive outcomes

during the design and development process so far.
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The automated technology for fabricating Component 1 was designed and developed

overseas. Because of this, Company A was able to implement one of the lessons

learned from the automated technology development for the fabrication of Component

2. By placing a highly-qualified and knowledgeable employee from Company A at the

technology developer's site at all times, Company A was able to stay aware of any

development issues and quickly mitigate problems as they arose. This was particularly

useful as the technology developer progressed through multiple iterations of the new

technology, each of which was more refined, functional, production-ready, and closer to

accomplishing the desired requirements. Without a Company A engineer at the

technology developer's site, the overall development process would have taken much

longer and potentially resulted in a technology that did not satisfy the desired

requirements or had more issues that would have had to be solved at the Company A

site.

Another lesson learned from the current implementation of the automated technology

for fabricating Component 1, involves preparing for implementation. The production

system was being developed at the same time as the automated fabrication technology,

but the presence of the Company A employee at the technology developer helped

ensure that decisions related to the new technology were not made that would prevent

implementation. To ensure that one production system-related decision did not

negatively impact another group or decision, Company A also had a weekly meeting to

discuss production system changes. The goal of these meetings was to ensure that all

functional groups associated with production system development were aware of

decisions, changes, and issues so that decisions were not made that would negatively

impact another aspect of the production system or technology development process.

Another lesson learned from the implementation of the automated fabrication

technology for Component 1 involved adding rigor to the design and development

process by brainstorming issues and challenges that could arise as implementation
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progressed. By identifying and mitigating challenges up front, the chance for a

successful implementation is significantly increased. In the case of the Component 1

fabrication technology, thinking about possible issues ahead of time surfaced many

production system issues that would have delayed the technology's implementation,

which would have delayed Product 1.

5.5.1 Lessons Learned from In-Process Implementation of Component 1
Fabrication Technology

Table 24 summarizes the lessons learned from Company A's implementation of the

Component 1 fabrication technology.

Table 24 - Lessons Learned from In-Process Implementation of Component 1

Fabrication Technology

Creating a method for effective communication and collaboration between the

technology and the technology developer can result in more well-designed and

developed new technologies.

Throughout many iterations of the design and development process, continuously

think about the production system for the new technology.

When developing a production system, periodic cross-functional meetings to discuss

production system changes and developments will ensure one decision does not

negatively impact another decision.

Once the concept for a new technology is identified, immediately begin brainstorming

possible implementation outcomes and preparing for implementation.
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6.0 Recommendations

The combination of research about risk management and design maturity assessment

tools, the exploration of case studies from Company A and Company B, and the

experience during a research-based internship that served as the motivation for this

thesis all support the need for an improved new technology implementation process.

Because the benefits of proper implementation and the consequences of poor

implementation are so significant, there is value in developing new technology

implementation into a competitive advantage. This chapter discusses what it takes to

create a new technology that has Operational Readiness. This chapter also discusses

an ideal design maturity assessment tool that could aid new technology

implementations in active production environments.

6.1 Operational Readiness

What is new technology implementation? Breaking down the phrase into the individual

words helps to define the phrase in the context of manufacturing at industrial

companies. A new technology is anything that is new to the company. As described

earlier, a new technology can be a product, a component, a machine, or a process, but

all that matters is that the technology or implementation are new to the company.

Implementation refers to inserting the new technology in a production environment. This

environment could be brand new to the company or it could already exist and need to

be altered to accept the new technology.

Operational Readiness is required for successful new technology implementation.

Operational Readiness refers to a combination of technology readiness, production

system readiness, manufacturing readiness, and product system readiness. Operational

Readiness is achieved when risks associated with these categories are identified,

assessed, and mitigated. Figure 1 shows how operational readiness can only be
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achieved when the risk and readiness of the technology and production system have

been assessed and mitigated.

Figure 1 - Visual Description of Operational Readiness8

Operational Readiness

Risk As
TRL Technology
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6.2 Operational Readiness and Design Maturity Assessments

Figure 1 details how Operational Readiness can be achieved through the use of

multiple design maturity tools. Since Operational Readiness is a combination of

technology, production system, manufacturing, and product system readiness, many of

the commonly used, and previously discussed, design maturity assessments can be

used to aid the implementation of new technologies in active production environments.

8 This figure was created by the author to depict Operational Readiness.
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As discussed in Chapter 4, the Technology Readiness Level assessment tool is a

technology-focused tool that traditionally aids the design and development of a new

technology. While TRLs do not focus on the production system or any interfaces

associated with new technologies, they ensure that the new technologies are robustly

developed. This is a major part of the new technology implementation process because

a poorly designed or developed technology would not be able to be implemented in a

production environment safely, on time, and on budget.

The DOD Manufacturing Readiness Level assessment is a technology-focused tool that

focuses on the manufacturability of a new technology. By ensuring that a technology

can be manufactured, the MRLs aid the new technology implementation process by

ensuring that a technology is not overly designed to a point where it cannot be

economically manufactured. Unfortunately, the MRLs and TRLs need to be used

together to aid the new technology implementation process.

The Integration Readiness Level assessment tool, a third technology-focused design

maturity assessment tool, takes a system-wide view of a new technology. This tool is

frequently used in applications similar to computer architecture where a new technology

must successfully interface with all of the surrounding technologies. For example, a new

computer motherboard could be designed, but the design would be worthless unless it

was able to interface correctly with existing hard drives, graphics cards, memory, etc.

While the goal of IRLs is to ensure that new technologies work well with everything

around them, they are still focused on the new technology. To be completely beneficial,

IRLs would need to guide the analysis of the production system to ensure that the

implementation of a new technology is possible given the constraints associated with

the new or modified production system.

The three tools that were briefly discussed here (and analyzed in depth in Chapter 4)

are technology-focused. Until recently, it was thought that a focus on the technology
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was the primary driver in successfully implementing a new technology in a production

environment. This makes sense at a high-level and is even driven by many of the

"Design for x" principles that are taught in almost every engineering, design, and

product development class at universities and companies. Unfortunately, it takes more

than just a focus on technology to successfully implement a new technology in a

production environment. This is why design maturity tools that analyze the production

system are so valuable.

Company A realized that the production system is extremely important when

implementing new technologies. Without a thorough analysis of a new, existing, or

modified production system, there is no way to easily implement a new technology. This

is why many companies, including Company A, have tried to create design maturity

assessment tools to ensure the readiness of the production system.

Operational Readiness can only be achieved when the technology is designed well, the

technology is manufacturable, the production system can accept the new technology,

and the interfaces within the product system can accept the new technology. While tools

exist to mitigate the individual risks associated with each of these concerns, at least

three separate design maturity tools are needed to ensure a proper implementation.

While possible, this would create an excessive amount of work for the cross-functional

teams that are working to quickly implement new technologies in active production

environments.

New technologies will be able to be efficiently implemented when the new technology

evaluation process analyzes the technology and the production system throughout the

design, development, and implementation processes. The assessment of a new

technology cannot just focus on the technology at the beginning and the production

system at the end. A proper new technology implementation evaluation to ensure

Operational Readiness must simultaneously focus on the technology and the production
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system as soon as a challenge needs to be solved or an idea is proposed. This will

ensure that newly designed and developed technologies are not just "thrown over the

fence" by the technology developers to the technology users. This simultaneous focus

will allow industrial companies to create cultures of successful NTI.

6.3 Benefits of Operational Readiness

Companies will realize numerous benefits by ensuring the Operational Readiness of a

new technology and the associated production system. By improving the process to

implement new technologies, companies will increase the chance that the expected

business case is realized. The benefits from a new technology could include safety

improvements, cost reductions, performance gains, etc., but the most important thing is

that the expected results are realized in a timely manner. Successful new technology

implementations will create a culture where implementations become easier and new

technology implementation becomes a competitive advantage.

Designing and developing new technologies with Operational Readiness will allow

companies to identify issues related to implementation before they are costly to resolve.

As discussed previously, changes to a new technology's design become increasingly

more difficult and costly as the designs are finalized. By considering the technology and

the production system from the beginning of the design and development process,

these issues can be discovered and mitigated while changes can easily be made. This

will result in cheaper implementations, which could result in being able to pass cost

reductions to the end customer.

Operational Readiness will help a company become more technologically advanced.

Every company has a finite amount of new technology development and implementation

resources like time, labor, and money, so easier and faster implementations will allow a

97



company to implement more technologies with the same resources. Over time, this

could allow companies to differentiate themselves from their competition.

Implementing new technologies with Operational Readiness can also lead to higher

hourly and salaried employee morale due to fewer issues occurring during development

and implementation. Employees with an improved morale will be more willing to tackle

future challenges associated with new technologies, which will create a reinforcing loop

and create a culture of efficient new technology implementation.

Finally, successful new technology implementation will create options for the future.

This benefit is extremely valuable because it provides the opportunity for future

technologies to build on past technologies. For example, if a new process is developed

to manufacture a component, it might provide design engineers the opportunity to

design future products to further utilize the new manufacturing capability. Although

these options are difficult to quantify, they provide one of the most important benefits to

an industrial company because they can move a company forward and aid

technological iteration.

6.4 Important Aspects of Operational Readiness

Even though there are a number of tools that can be combined to ensure Operational

Readiness, there are a few items that are required for successful implementation.

Fortunately, the following items are required regardless of which design maturity

assessment tool is used and regardless of if the technology or the production system is

the focus of the assessment. These items include understanding the baseline

technology capability, creating requirements for the new technology, metrics, validating

assumptions, understanding the capital commitment process, artifacts, understanding

process ownership transition, and understanding the limitations of a new technology.

98



6.4.1 Understanding the Baseline Technology Capability

A new technology cannot be developed without an understanding of the current

technology. While not every new technology will be a direct replacement of a baseline

technology, a new technology will always be replacing or building on something. A

detailed understanding of the capabilities that the new technology needs to have will

provide an excellent beginning to the new technology design, development, and

implementation process.

By understanding the strengths and weaknesses of the baseline technology, detailed

requirements for the new technology can be created. This will ensure that a new

technology improves on the baseline option. Without understanding of the baseline, a

new technology that does not offer enough benefit to cover the development time and

cost might be created. This simple task will ensure that a company's resources are

being used wisely.

6.4.2 New Technology Requirements

Once the baseline technology is understood, requirements for the new technology can

be created. As discussed earlier, successful new technology implementation requires

Operational Readiness, which includes technology and production system readiness.

This means that requirements for the new technology and production system need to be

created at the beginning of the design and development process.

The creation of requirements for the technology and production system easily aligns

with many of the design maturity assessments that exist to aid new technology

implementation. All of these assessments funnel multiple ideas down to a single

concept, which is then developed. The down-selecting of many ideas to a single

concept needs to be based on criteria that are critical to the new technology's

productivity. The items that are critical to productivity are the high-level requirements
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that will dictate the design, development, and implementation of a new technology. Over

time, as ideas are refined into a single concept, the high-level requirements will be

refined into more objective criteria that must be satisfied in order for implementation to

be successful.

6.4.3 Metrics

Along with detailed requirements for the new technology and production system, metrics

must be in place to gather data. Without metrics, it will be impossible to determine if a

new technology implementation is successful and if the new technology improves on the

baseline. Also, just like the requirements, the metrics can be refined over time once a

single concept is chosen.

For example, traditional metrics for production environments include ways to measure

safety, quality, production and cost. These metrics could be sufficient initially, but

eventually they will have to be refined so that specific measurement criteria can be used

to understand the health of the technology and the production system. Safety could be

measured by an injury rate or days away from work. Quality could be measured by

defects per million opportunities, scrap rate, or scrap amount. Production could be

measured by throughout. Cost could be measured based on cost per part, cost per

operation, or total cost. Technology and production system metrics must be created

when a concept is selected, sufficiently detailed to allow the company to gain insight

from them, and aligned with the requirements for the new technology.

6.4.4 The Value and Risk of Assumptions

Any new technology will involve assumptions due to the nature of technology design

and development process. Assumptions can aid the design and development process

by allowing work to continue without the immediate need to verify something. One of the

advantages of the traditional design maturity assessments is that they allow ideas to be
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filtered down to a concept, which is then tested in a series of increasingly more

production-like environments. This process and the changing test environments allows

the assumptions to be verified.

On the other hand, assumptions are risky. They can be wrong or they can provide a

false sense of hope that a technology will achieve its expected results. To avoid these

pitfalls, a plan needs to be created and followed to verify assumptions as early as

possible in the design, development, and implementation process as possible.

6.4.5 Understanding the Capital Commitment Process

The process of receiving money for capital investment must also be understood to

ensure that new technologies can be successfully implemented. This is especially

important in large companies that might have lengthy processes to request and receive

money to purchase capital equipment. The understanding of this process, especially the

timeline, is important because money might need to be requested months before it is

actually needed. This means that an estimate will need to be made about how much

money will be required.

A detailed understanding of who is involved and how long the process takes to receive

approval for capital could shorten the time that the process actually takes. This could

allow a more informed decision to be made with regard to how much money to request.

An understanding of this process will also be useful if requirements and metrics for the

new technology and production system have been created because the technology

developer could be able to paint the most accurate picture of what will be needed to

successful design, develop, and implement a new technology.

Without a detailed understanding of this process, too little or too much money could be

requested or the length of time required to get approval could be underestimated. These

outcomes could result in a more challenging or even failed implementation.
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6.4.6 Artifacts

An important part of any new technology design, development, and implementation

process involves the creation of documentation, or artifacts, to aid the process. An

artifact is any documentation that contains information about the technology or

production system that is required to analyze, use, or manufacture the new technology.

Examples of artifacts include documents that explain how to manufacture a new

technology or how the production system works.

Without artifacts, it will be impossible to create a standard process to manufacture or

use a new technology. The challenge with artifacts involves determining which artifacts

are needed and who needs to create them. Artifacts also have to be user-friendly

because people from multiple functions will be using them. Table 25 provides a list of

artifacts that might be needed for implementing a new technology in an active

production environment.

Table 25 - Sample Artifacts for New Technology Implementation

Artifact Purpose of Artifact

Technology Technology requirements should be written down so everyone working on the

Requirements NTI is aware of what defines a successful implementation.

Production System The production system requirements should be written down so everyone

Requirements working on the NTI is aware of what defines a successful implementation.

Recorded test data can be used to make decisions. Details of the data should
Test Data

be recorded so future conversations can reference and understand the data.

Metrics should be written down so that the cross-functional team implementing
Surnmary of Metrics

a new technology understands what is being measured.

Process Capability Process capability assessments should be recorded with sufficient information

Assessments so they can be referenced and discussed in the future.
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Table 25 - Sample Artifacts for New Technology Implementation (continued)

Artifact Purpose of Artifact

Machine or Process Machine and process parameters should be recorded to track machine and

Parameters process changes. This data can be used when employees are trained to

operate or manufacture the new technology.

Inspection Plan An inspection plan should be written down to ensure that a new machine or

part is inspected properly to ensure sufficient quality.

Concept of The concept of operations for the use of or manufacture of a new technology

Operations needs to be written down so employees can be trained effectively.

Construction and A machine construction and installation plan will ensure that the cross-

Installation Plan functional team impacted by a new technology is aware of any construction or

installation disruptions to the production system.

A qualification plan will create a roadmap to allow a new machine or part to be

Qualification Plan qualified for use in full-scale production. Qualifications can be lengthy, so a

plan is necessary to ensure that qualifications are completed on time.

Factory Layout A factory layout is necessary so everyone impacted by a production system

change can visually see the change.

Industrial Industrial engineering analyses need to be recorded so they can be used and

Engineering Analysis referenced to make decisions associated capacity planning, scheduled, etc.

Simulations should be created to understand the production system as a

Simulation Analysis whole. The parameters for the simulation and outputs from the simulation

should be recorded for decision making purposes.

Failure Modes and A failure modes and effects analysis should be conducted by a cross-

functional team and recorded to identify failure modes associated with the new

technology before it is too late to implement changes.

Risk analysis should be performed by a cross-functional team to identify and
Risk Analysis

mitigate risks that could cause a technology implementation to fail.

Equipment An equipment maintenance plan should be created to ensure that machines

Maintenance Plan are properly maintained.
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6.4.7 Process Ownership Transition

Another important aspect of new technology implementation involves the owner of the

process. While there are many functions involved in the design, development, and

implementation of new technologies, the technology developer and the technology user

are the groups that must own the process. This becomes confusing when trying to

determine when each group should own the process.

There are two ways that a project to develop a new technology can begin. The first

involves a discovery within a lab environment where the technology developer creates

or finds something that can aid a technology user. In this situation, the technology

developer owns the design, development, and implementation process until the new

technology is ready to be transferred to the technology user. The other way that the

process can begin is when the technology user asks for a technology to solve a

problem. In this situation, the technology user poses a problem and then the technology

developer takes ownership of the process of brainstorming ideas, filtering ideas down to

a single concept, and then fully developing the concept. Regardless of who owns this

process, both the technology developer and technology user must be involved at all

times to ensure that the final version of the new technology is able to be successfully

implemented in a production environment. Figure 2 details how the overall process

ownership needs to transition from the technology developer to the technology user as

ideas are filtered to a concept and then the concept is developed into a technology.
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Figure 2 - Simple Chart Detailing Process Ownership Transition

Implementation
Process

Ownership

Technology Development Time
(from ideas to completed technology)

- Technology Developer - Technology User

The challenging aspect of the process ownership transition is determining when this

should occur. Once defined requirements for the technology have been created, the

technology developer needs to manage the process based on input from the technology

user and the rest of the cross-functional team of stakeholders. Once the new technology

has been developed and proven out in successively more rigorous environments, there

is a point in time when the technology user needs to become the owner of the

implementation process. Because the technology user will be in charge of the

production of or use of the new technology, the implementation process will be

improved if the user pulls the new technology from the developer.

Since many companies are familiar with Technology Readiness Levels, this process

transition typically occurs just after TRL6. At this point, the new technology has been

proven out in a relevant environment and the next step is to incorporate the technology

in the actual production environment to see how it performs. Since the technology user

owns the actual production environment, it makes sense that this is the inflection point

that will trigger the beginning of the process ownership change. During this time, it is

extremely important that both groups stay involved and work together to transition

process ownership. One engineer at Company A defined the time between TRL6 and
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TRL9 as the "valley of death" because so much can go wrong during this time. Many of

these risks and challenges can be eliminated if the technology user is actively pulling

the new technology from the technology developer.

6.4.8 Understanding the Limitations of a New Technology

Another important milestone occurs in the gap between TRL6 and TRL9. Since a

concept has become a new technology by TRL6, the technology developer and user

can begin to analyze the technology for its limitations. Because this is the first time that

the technology is in the production environment, this time presents an opportunity to

ensure that the technology actually satisfies its requirements and solves the intended

problem.

A new technology with limitations does not mean that the technology cannot or should

not be implemented. By understanding a technology's limitations, mitigation plans can

be created to ensure that the new technology still accomplishes the expected and

desired requirements. By analyzing a new technology's limitations as soon as it is

placed in the production environment, the technology developer and user could still

make changes and improvements to eliminate issues that would have shown up later.

An early understanding of a technology's limitations could also lead to the cancellation

of the design, development, and implementation program. While not ideal, it would be

much better to stop the program before more resources are sunk into a technology that

might never achieve the necessary results.

6.5 Creation of a New Technology Implementation Culture

Companies should aim to develop a culture of successful new technology

implementation and create a competitive advantage. The combination of design

maturity assessment tools and the theory of Operational Readiness provide a roadmap
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for successfully implementing new technologies in active production environments.

Because the goal is to develop the capability to quickly, efficiently, and seamlessly

implement new technologies every time, a culture of new technology implementation

cannot be created without numerous successful implementations.

Unfortunately, design maturity assessment tools and Operational Readiness cannot

guarantee successful implementations. Along with the specific things that were

discussed previously in this chapter, there are a few less quantifiable characteristics

that a company needs to exhibit to create a culture of successful new technology

implementation, including communication and teamwork, rigorous planning, continuous

improvement, assessment consistency, and leadership support and buy-in for the

process.

Communication and teamwork, while obvious, are extremely important. One of the

challenges associated with new technology implementation revolves around the fact

that new technologies are frequently implemented in production environments that

already exist. This means that many of the people in charge of implementing new

technologies are also tasked with ensuring that the production system is still

manufacturing products. This means that the people in charge of implementation cannot

spend all of their time preparing for implementation. Because of this, communication

and teamwork are paramount to ensure that new technologies are not treated as less

important than the items already in production.

The creation of a culture of new technology implementation can be aided through the

use of rigorous planning. Completing work early in the implementation process will allow

the cross-functional team to spend time on emerging issues and challenges. Rigorous

planning will also aid the creation of an implementation culture because potential issues

could be caught ahead of time, when it is easier and cheaper to fix them.
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Continuous improvement is important for the creation of a new technology

implementation culture because a culture is not created until multiple new technologies

have been successfully implemented. In order to do this, lessons learned from each

implementation, even if they were not successful, will have to be applied to future

implementations.

It is also important to create a culture where new technologies and production systems

are assessed consistently. This will allow cross-functional teams to always know what a

technology's assessment level really means. Without assessment consistency, the

ability to implement new technologies will be much more challenging due to the inability

to know how rigorously or consistently a technology or production system was analyzed

and assessed.

Lastly, a culture of new technology implementation cannot be created without significant

leadership support and buy-in to the process. Implementing a new technology is

challenging and time-consuming. Without top-down leadership support for following the

process, even a tailored process, a culture of successful implementation will never be

created because corners will be cut. Leadership must create a work environment where

following the new process and putting in the time and effort early in the process is

rewarded. Leadership also needs to also support the cross-functional assessment

teams so the political aspect of major decision can be minimized or eliminated. Lastly,

leadership should be comfortable with and supportive of the NTI process so that risk

identification is rewarded and not viewed as a non-value added activity.

6.6 Operational Readiness Assessment Tool

Without a standard tool to aid the process, new technologies would not be able to be

designed, developed, and implemented consistently. As discussed earlier, new

technologies need to be assessed for Operational Readiness to ensure that the
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technology is ready to be implemented, the technology is manufacturable, the

technology integrates into its larger system, and the production system is ready to

accept the technology. After researching numerous design maturity assessments, it was

determined that Company A's version of the Manufacturing Readiness Levels was the

tool that included the most aspects of Operational Readiness. Company A's MRLs

include guidelines to ensure the readiness of the technology, the manufacturability of

the technology, and the interface of the technology within the product system. The only

aspect of Operational Readiness that is lacking in the Company A MRLs is the

production system readiness focus. By focusing on the production system from the

beginning of the design, development, and implementation process for new

technologies, the chance of successful implementation will be significantly increased.

While design maturity assessment tools are useful guidelines, they must be used by

cross-functional assessment teams with a variety of subject matter experts and non-

advocates. An assessment tool itself will not guarantee implementation. It will take

sound judgement and diverse experiences, along with an assessment tool, to guide the

implementation of a new technology.

While not all-encompassing, the Company A MRLs served as a great guideline for the

following design maturity assessment tool which incorporates the principles of

Operational Readiness. Table 26 summarizes the technology and production system

focuses of the four implementation phases and ten readiness levels of an ideal new

technology implementation assessment tool.
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Table 26 - Summary of Operational Readiness Assessment

Technology-Focus: Technology-Focus: Technology-Focus: Production
Phase Level Technology Manufacturing Product System System

Readiness Readiness Readiness Readiness

Basic principles Manufacturing Basic interfaces Manufacturing
1 observed and implications implications

Phase 1: reported identified identified

Discover 2 Technology concept Manufacturing Specificity added to Manufacturing

and ___formulated concepts identified interfaces concepts identified

Create Technology proof of Manufacturing proof Confirmation that Production system
3 concept created of concept interfaces are proof of concept

developed compatible developed

Component and/or Basic production Interfaces are still Basic production
4 breadboard validation proven in a lab compatible (based on system created in

in a lab environment environment new information) lab environment
Phase 2:

Component and/or Basic productionDe ep 5: CBasic production Interfaces are still
Develop 5 ire lvan proven in a relevant compatible (based on

in areleantrelevantand r environment new information)
Ensure environment environment

Practicality Prototype Prototype production Interfaces are still Prototype

6 demonstration in a proven in relevant compatible (based on production system
created in relevant

relevant environment environment new information) environment

Prototype Prototype
demonstration in an Prototype production Interfaces are still production system

7 operational proven in operational compatible (based on created in
environment (required environment new information) operational

Produce to start LRIP) environment
and

Ensure Actual system Actual production Interfaces are still Actual production

Applicability 8 qualed ru proven in operational compatible (based on system created in
qualified through test eoperational
and demonstration environment new information) environment

Production system
Actual system proven Low rate production Interfaces are still validated in actual

9 through multiple proven in operational compatible (based on opratinal
Phase 4: successful operations environment new information) environet

Implement Controls are in place Full-rate
and Control Demonstrated full- Full-rate production to ensure that production

10 scale production. proven in operational interfaces remain achieved; control
environment compatible in place
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An advantage of the Company A MRLs involves the division of the levels into phases.

These phases can be used to limit the number of time-consuming project reviews. By

having four main assessments of a new technology with all of the cross-functional

stakeholders, the Operational Readiness assessment will be streamlined. This does not

mean that the new technology will not be evaluated at each readiness level. Instead, it

means that the team that is directly involved with developing and using the new

technology will be in charge of ensuring progress through each of the intermediate

readiness levels. The broad team of all of the stakeholders will then ensure that the new

technology is progressing appropriately at each of the larger phase reviews at readiness

levels 3, 6, 8, and 10.

The Company A MRLs also served as a guideline for Operational Readiness levels

because they align with the DOD MRLs. This alignment and general understanding of

purpose and intent of each readiness level provides an opportunity to ease the adoption

and use of the Operational Readiness assessment tool. The addition of readiness level

10 is also advantageous because it provides an opportunity for a readiness assessment

review of the controls put in place for the new technology. This review will ensure that

the new technology implementation will remain in place after the implementation team

moves on to the next project.

The levels for Operational Readiness in Table 26 are a set of guidelines to aid the

implementation of a new technology in a production environment. The levels are not set

in stone and should be tailored by the cross-functional assessment team when

necessary. The assessment reviews should also not be so harsh that a technology that

fails an assessment should be thrown out. As explained by an engineer at Company A,

passing a technology to the next readiness level with a few action items is perfectly

acceptable (Arch, 2016). The goal should be to base these decisions on facts and data,

not on emotions. The ability to pass with actions should help alleviate some of the risk

aversion associated with implementing new technologies.
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6.6.1 Detailed Explanation of Phase 1: Discover and Create

The main goal of Phase 1 of the Operational Readiness Assessment is to end up with a

single concept to design, develop, and implement. Phase 1 involves brainstorming or

discovering ideas for a new technology and narrowing the ideas down to a single

concept. At the same time, production systems are brainstormed so a production

system can be created along with a new technology.

The main drawback of most design maturity assessment tools is that they focus

primarily on the new technology. While this is important, the technology cannot be the

sole focus. This is why the production system needs to be considered at the very

beginning of the new technology design and development process.

Phase 1 also begins with the creation of requirements for the new technology. Initially,

the requirements can be high-level concepts that have not fully been developed.

Metrics, many of which will be associated with the requirements, will also need to be

considered. These requirements and metrics will guide the new technology process

through implementation, so it is very important that they are created early in the

process. Examples of high-level metrics involve categories like safety, quality,

production, and cost. Over time, these metrics will be refined to become specific and

measurable.

The requirements and metrics developed in Phase 1 could be created from a baseline

assessment of a technology that will be replaced or improved. This understanding of the

baseline will aid the design and development process to ensure that the new technology

is better than the old technology.

Phase 1 should be owned and managed by the technology developer. In many

situations, the technology user will ask the technology developer for a technology to

solve an issue or challenge and the technology user should be actively involved in the
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creation of the requirements and metrics so the developer knows what functions or

features of a new technology are critical. Once the requirements are received, the

technology developer will drive the process into Phase 2.

Phase 1 also involves the creation of the team that will develop and assess the new

technology. This will involve determining which functions need to be included in the new

technology assessment and bringing the group together to begin the new technology

design, development, and implementation process.

6.6.2 Detailed Explanation of Phase 2: Develop and Ensure Feasibility

Phase 2 continues to analyze the new technology and the production system. The goal

of this phase is to develop and test the technology in a series of increasingly more

production-like environments. At the same time, the production system needs to

continue to be considered.

Phase 2 should still be owned and managed by the technology developer. The

technology user needs to be actively involved, but the technology developer is still in

charge and should move the process forward through readiness levels 4, 5, and 6.

Since Phase 2 involves testing the new technology in a variety of environments, more

detailed metrics and requirements are needed to ensure that the technology can

achieve the expected results. These metrics, requirements, and test results need to be

documented as artifacts for use in all of the intermediate and major phase assessment

reviews. Phase 2 is also when many of the assumptions that were previously made can

begin to be verified.

Phase 2 is also when numerous other artifacts begin to be created. These range from

build plans and concepts of operations to capability assessments and simulations (i.e.

dynamic and discrete event simulations). Phase 2 is still more about the design and

113



development of the new technology than the implementation, so the artifacts can be

changed and updated over time. Phase 2 is also a great time to create or update the

business case associated with the new technology. While still early in the

implementation process, a detailed business case analysis will be very useful to ensure

that the new technology is viable.

By the end of Phase 2, the new technology concept should have been tested enough to

consider its limitations. Limitations are not necessarily a bad thing and don't mean that

the project should be cancelled. Instead, limitations mean that the new technology is

truly understood and the limitations can either be designed out or mitigated through the

rest of the design, development, and implementation process.

6.6.3 Detailed Explanation of Phase 3: Produce and Ensure Practicality

Phase 3 involves transitioning the new technology from a relevant environment into an

operational environment. This involves testing the technology and production system

under the conditions that will be seen in full production.

Phase 3 triggers the process ownership transition from the technology developer to the

technology user. While the process ownership transition will not occur overnight, the

end of Phase 3 should result in the technology user managing the process. Even with

the transition, the technology developer still needs to remain engaged through

implementation due to the technology developer's detailed understanding of the

technology. Continuing to be involved will also allow the technology developer to learn

about the implementation process so this knowledge can be applied to the development

of future new technologies.

By the time the new technology is in Phase 3, the requirements and metrics need to be

frozen. Phase 3 involves testing the new technology in an operational environment,

which requires a fully designed and developed technology and production system. By
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changing the requirements or metrics, the technology developers would be trying to hit

a moving target, which increases the risk associated with the overall project. The

operational environment also provides a great opportunity to verify the assumptions that

were made during the early stages of the design and development process.

Almost all of the necessary artifacts will have to be created by the end of Phase 3. This

includes items like detailed industrial engineering analyses, qualification plans,

maintenance plans, inspection plans, etc. Phase 3 will also require another assessment

of the technology's limitations to ensure that the desired requirements can still be

achieved if the technology has any limitations. Lastly, a detailed update of the business

case is necessary to ensure that the process should continue to move into the final

phase.

6.6.4 Detailed Explanation of Phase 4: Implement and Control

Phase 4 is the end of the Operational Readiness Assessment process. Phase 4

involves implementing the new technology and production system and ramping up to

full-rate production. It also involves implementing controls throughout the process to

ensure that the new technology can be manufactured or can operate without detailed

oversight from the team that implemented it. Lastly, Phase 4 concludes with a review of

the new technology implementation process to ensure that any lessons learned are

applied to future new technology implementations.

6.7 Implementation of Operational Readiness

The implementation of the Operational Readiness assessment will be challenging. This

is partially alleviated because the tool is well-aligned to commonly used design maturity

assessments like TRLs, but it will take time to be adopted.
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A shift toward assessing technologies for Operational Readiness will take time and can

actually be aided by the principles of the Operational Readiness assessment process.

By creating diverse, cross-functional teams with representation for each impacted

function, the process will naturally be followed because each stakeholder will have

specific concerns about the functions necessary for implementation. By mitigating these

concerns, both the technology and production system will be design and developed in a

way that will aid implementation.

The Operational Readiness assessment process should be piloted on a few projects to

ensure that it works. This will also provide opportunities to tailor the process to make it

company-specific. Over time, Operational Readiness could become a tool that aids

companies in the creation of a new technology implementation competitive advantage.
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7.0 In-Process Assessment of Company A's Automated

Component 1 Fabrication Technology

Company A's Component 2 (Chapter 5.3) was the most similar case study to the

automated Component 1 fabrication technology scenario. Because this implementation

failed and Company A is now pursuing the manual fabrication technique, the theory of

Operational Readiness must be applied to the automated Component 1 implementation.

This chapter provides a high-level Operational Readiness assessment of Company A's

automated Component 1 fabrication technology.

7.1 Operational Readiness Assessment

The idea behind Operational Readiness is to ensure that the technology meets the

desired requirements, the technology is manufacturable, the product system is ready for

the technology, and the technology will fit in the product system. In the case of the

automated Component 1 fabrication technology, there are actually two new

technologies being implemented - the design of Component 1 and the machine to

fabricate Component 1. This means that the technology and the production system

need to be defined. Since the new technology is an automated solution to fabricate

Component 1, the technology is a machine. In this situation, the production system

refers to the environment in which the machine will be implemented. In reference to the

Component 1 fabrication machine, Operational Readiness refers to the fabrication

technology meeting its requirements, the machine being manufacturable, and the

production system being ready for the new technology.

7.1.1 Technology Readiness

The automated fabrication machine for Component 1 is currently through Operational

Readiness Level 6. This means that the technology has been validated in a production-
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relevant environment and the next step is to validate the machine in an operational

environment. The technology was developed at a supplier and passed numerous tests

before it was allowed to be shipped to Company A, where it was placed in an

operational environment for further testing within an environment that closely resembles

the final production environment.

7.1.2 Manufacturing Readiness

The manufacturing readiness of the automated fabrication technology is an interesting

characteristic to analyze because it refers to the manufacturability of the machine. This

aspect of Operational Readiness requires a bit of tailoring because the goal is to ensure

that future machines can be created. In the case of the automated fabrication

technology, the machine was designed with as many common, off-the-shelf

components as possible. This means that the machine itself is manufacturable. Future

tests of the machine in the operational environment will ensure that it's design and

construction are robust and future machines will be able to be manufactured.

7.1.3 Product System Readiness

In this example, the product system component of Operational Readiness is actually the

same as the production system readiness. When the new technology is a machine, the

system-wide evaluation of the technology occurs when analysis is performed to ensure

that the machine will fit within the overall production system. This means that

Operational Readiness needs to be tailored to put more focus on the production system.

If the technology being implemented referred to the physical Component 1, both the

overall product system in which the component would be implemented (i.e. Product 1)

and the production system for the component would have to be analyzed.
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7.1.4 Production System Readiness

The production system is traditionally ignored in new technology implementation. This is

unfortunate because production system readiness is one of the aspects of

implementation with a significant amount of risk. In the case of the automated

fabrication technology, the production system is brand new and is currently through

Operational Readiness Level 4. The production system that will include the automated

technology is still in its very early stages and cannot be considered a relevant

environment yet. The production system is also very basic because the inputs to the

automated fabrication technology have not been fully developed and qualified. This

Operational Readiness gap between the technology-focused aspect of the assessment

(the Operational Readiness of the technology is level 6) and the production-system

aspect of the assessment (the Operational Readiness of the production systems is level

4) is concerning and will need to be addressed to ensure that the Component 1

fabrication technology will be able to be implemented according to the technology's

master implementation schedule.

7.1.5 Other Aspects of Operational Readiness

There are quite a few other aspects of Operational Readiness that are required for the

successful design, development, and implementation of a new technology. Company A

has done a great job baselining the manual process which has led Company A to create

requirements for the automated technology that are associated with safety, ergonomics,

quality, production rate, and cost. Company A has also created a factory-wide set of

metrics what will apply to all production in the factory. The technology developer has a

detailed understanding of the process to receive capital, which will continue to be

beneficial if the technology becomes operationally ready and more machines are

ordered. Company A has started to create numerous artifacts that will be helpful

through the remainder of the implementation process. Lastly, the cross-functional team
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implementing the technology has communicated effectively and the technology has

significant leadership support.

There are a few areas where Company A can improve to aid the implementation

process. The cross-functional team needs to begin the process of verifying key

assumptions that have served as inputs to many of the capacity planning and industrial

engineering analyses. The team also needs to begin the process of transitioning

ownership of the implementation process from the technology developer to the

technology user. Lastly, the limitations of the technology will have to be determined to

ensure that any issues are either acceptable or mitigated so that the business case for

the technology is realized.

7.2 Summary of Assessment of Component 1 Fabrication Technology

In summary, the technology-focused aspects of the Component 1 fabrication technology

have passed Operational Readiness Level 6 and the production system-focused

aspects have passed Operational Readiness Level 4. This means that there is a gap

between the technology readiness and production system readiness that needs to be

addressed. The major sources of risk involve the production system and these risks

could slow implementation if not quickly eliminated or mitigated. Luckily, the new

technology design, development, and implementation process has followed many of the

unquantifiable principles of Operational Readiness, including baselining of the manual

process, creating requirements and metrics, developing artifacts, and ensuring cross-

functional communication and teamwork. Lastly, the automated technology has

significant leadership support, which will aid the cross-functional team as it progresses

toward a successful implementation. Overall, while there are numerous risks and

challenges associated with implementation, Company A is on the path toward

successfully implementing the automated Component 1 fabrication technology.
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8.0 Conclusion

New technologies can be developed on their own or they can arise from the outcomes

of other new technology implementations. In the case of the automated Component 1

fabrication technology, another new technology arose during this research project due

to struggles with the Component 1 assembly process. This resulted in a situation where

multiple new technology implementations were occurring simultaneously in adjacent

processes. A situation like this does not necessarily mean that the implementations will

fail; instead, it demonstrates how often new technologies need to be implemented and

the importance of a thorough implementation process.

As discussed in this thesis, new technology implementation is extremely important to

the long-term success and competitiveness of a company. Without the implementation

of new technologies, slower companies with older technologies will be surpassed by

younger, faster, and more agile companies with technologically advanced product

portfolios. Luckily, the creation of a culture of successful new technology

implementation can dramatically reduce the time and effort needed to implement a new

technology, which will reduce the entire life cycle cost of a product and help the

company realize the new technology's expected benefits.

Unfortunately, implementing new technologies is challenging and very few industrial

firms frequently succeed at new technology implementation. Because of these

challenges, new technologies should be designed, developed, and implemented using

the theory of Operational Readiness which will ensure that the technology is ready for

implementation and the production system is ready for the new technology. Operational

Readiness will also lead to more successful implementations, and thus to more

successful companies.
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