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Abstract

For Johnson & Johnson (J&J), a healthcare industry leader, speed to market is a valuable component of
any New Product Development (NPD). This is especially so in its Medical Devices (MD) franchise-
increased saleable lifetime, first mover advantage, customer loyalty, and company reputation for
innovation are just some of the reasons that accelerating the pace of development is a priority at J&J.
Despite the incentives to speed up the development process, a typical MD product introduction takes three
years from initial prototyping to full launch. Over this period, the product is repeatedly refined,
prototyped, and tested for reliability and safety prior to production at high volume to meet expected
demand. Throughout this process, J&J has historically favored proven manufacturing techniques such as
machining and injection molding, which are well understood by the company's designers and
manufacturing engineers but lead to long development cycles and high costs when used iteratively, as in
NPD. Because new products can improve patient care-which is at the core of J&J's Credo-the
company is currently investigating methods to accelerate the NPD process. One way to accelerate
development that is being explored is enabled by the burgeoning field of additive manufacturing, or 3D
Printing. Traditionally used only for early prototyping and development, innovation in 3D Printing over
the past decade and recent FDA guidance on the subject opens the opportunity for its use in late-stage
development, tooling, and even end production healthcare products. The scope of this effort was to
investigate how MD can use 3D Printing to shorten NPD time from early prototyping through launch,
with a target of two months acceleration.

Through literature review, expert interviews, and close work with three project teams at J&J over the six-

month duration of this effort, a portfolio of technical and organizational improvements were identified to

improve New Product Development speed in Medical Devices. The use of 3D Printing was found to have

a positive impact on all phases of development, ranging from initial design through high-volume
manufacturing, with a cumulative effect of over 8 weeks of project-dependent improvement. An
organizational structure was proposed to speed adoption of any new technology by using a twofold
approach, which focuses on improving both organizational knowledge and internal processes to optimize
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company value. Additional proposals for using 3D Printing to reduce time to market include: using Direct
Metal Laser Sintering (DMLS) for improved injection molding tooling; increasing developer access to
local 3D Printing technologies; establishing decision rules to determine appropriate investment in new
technology; using polymer 3D Printed injection molds for improved prototyping; increasing minor design
iterations to minimize major reliability tests; improving availability of cutting-edge high-volume additive
manufacturing technologies; and developing Design for Additive Manufacturing (DFAM) guidelines to
decrease the learning curve for engineers. In compilation, these proposals show significant potential to
increase the rate of organizational learning around 3D Printing and accelerate the pace of NPD in MD. 3D
Printing therefore has the ability to benefit not only J&J's financial position, but also the patients it serves
through new products and improved clinical outcomes.

Thesis Supervisor: Steven Spear
Title: Senior Lecturer, MIT School of Management

Thesis Supervisor: Brian Anthony
Title: Principal Research Scientist, MIT Department of Mechanical Engineering
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1 Introduction

1.1 Purpose of Project
Speed to market is a critical component for any New Product Development (NPD), but especially so in

medical devices-improved product designs delivered with speed can significantly benefit patient

outcomes, which is a top priority for Johnson & Johnson (J&J) [1]. Additionally, increased saleable

lifetime, first mover advantage, customer loyalty, and company reputation for innovation are some of the

other reasons that accelerating the pace of development is important to the company. One possible way to

accelerate development is the field of additive manufacturing, or 3D Printing. Initially used only for early

prototyping and development, innovation in 3D Printing over the past decade and recent FDA guidance

on the subject opens the opportunity for its expanded use in product development [2]. 3D Printing has

potential advantages not only for the products themselves, but also for the tooling and fixtures that

produce them [3]. This project aims to improve J&J's strategy for using 3D Printing throughout the

development cycle, which minimizes time-to-market. The strategy includes identifying a portfolio of

potential technologies and techniques to use in development; recommendations for process improvements

enabling teams to better use 3D technologies; an assessment of current internal and external capabilities

and potential improvement areas; and recommendations on organizational changes that will facilitate

quicker adoption of new technology.

1.2 Problem Statement
Despite J&J's depth of knowledge and advanced capabilities in the space, there remain widely different

ranges of 3D Printing implementation across teams and projects, with potentially millions of dollars in

uncaptured value [4]. Interviews show that some pockets within R&D groups have used advanced 3D

Printing methods to successfully speed project developments, while others consistently resort to less

efficient and more costly traditional methods of prototyping [5]. Additionally, investigative work as part

of several project teams has shown sub-optimal utilization of both internal equipment and expertise

between J&J franchise companies; where some teams have access to extensive resources, others do not.

Uneven distribution of knowledge and capabilities is not unique to 3D Printing among rapidly evolving

technologies at J&J-management interviews revealed this to be a widespread challenge when

implementing new technology. While the company has had success developing advanced technical

expertise in confined "Centers of Excellence", diffusion of this expertise to the practitioner level is too

slow, according to management.

In order to accelerate the time-to-launch of new products, J&J could benefit from a strategy where both

technological and organizational changes capture the benefits of 3D Printing. Due to the nature of its
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products, which are seen to provide a fertile testbed for additive manufacturing in healthcare, the Medical

Devices (MD) segment of J&J was selected to pilot and test an enhanced strategy.

1.3 Project Goals
3D Printing has been studied for a wide variety of applications, and shows promise in many industries.

The technology has the potential to drive tremendous value in the healthcare industry, through several

mechanisms as outlined in Table 1.

Customization

Ability to
easily
produce
patient-
specific
products such
as orthopedic
implants.

Improved
Design

Reduced cost
of iterations
allows for
increased
design
refinement
and higher
quality end
products.

Reduction in
Supply Chain

Risk

Non-specialized
tooling allows
for supplier
diversification
and
decentralized
manufacturing.

Improved Part
Characteristics

Layer-by-layer
production
allows
designers
almost infinite
geometric
freedom, with
fewer
manufacturing
constraints.

Speed to Market

Enhanced
prototyping
speed and
potential to
improve capital
equipment can
accelerate
product
launches.

Table 1: Potential benefits of 3D Printing in the healthcare industry

The goal of this project was to improve J&J's processes involving 3D Printing and generate at least two

months of time savings in typical 36-month MD NPD cycles. The intended outcome of this project is to

maximize the return on investment from any proposed solution-therefore the value of time or project

costs saved needs to outweigh the cost of any process improvements or capital expenses.

This project was based on experiences with three different project teams within J&J's Medical Devices

franchise; two with Ethicon Endo-surgery in Cincinnati, OH, and one with Ethicon, Inc., in Somerville,

NJ. The success of the effort was based on a comparison between project schedules before and after the

improvement process took place.

14 Project History and Approach
The original hypothesis that motivated this project was that if NPD teams had access to the latest 3D

Printing technologies, they could launch products faster and provide value to J&J. After working within
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several project teams, this hypothesis evolved to include not just the access to the technology, but also to

the organizational learning required to use it effectively. This was the result of observations showing that

despite J&J having an excellent ability to develop knowledge and capabilities in high-level research, these

investments are slow to diffuse to the project level where value is captured. For example, if one of the

company's corporate-level research labs works with a 3D Printing company to pilot a new material, it

may be several years before an engineer in Medical Devices is made aware of the advancement.

It became clear over the course of this project that organizational structure is equally, if not more

important, than access to equipment when predicting the implementation success of a rapidly evolving

technology. Using the Value-Capabilities-Assets-Processes (VCAP) operations strategy framework, this

idea is expressed in the following equation:

Value = Capabilities * (Assets + Processes) (1)

In this equation, value is expressed as a function of three organizational characteristics: Capabilities,

which are an organization's ability to manage effectively and accomplish tasks; Assets, which are its

physical equipment and human capital; and Processes, which are paths formed by a network of activities

that transform inputs to outputs [6]. Applying this methodology to the introduction of a new technology,

like 3D Printing, it is clear that value captured depends on more than just capital investment. Developing

processes and learning to manage organizational impacts are also critical to an effective implementation

strategy. In the past, J&J has had difficulty capturing value from new technology at the project level,

despite pockets of advanced internal capabilities-perhaps a lack of focus on process development is the

explanation.

Ultimately, the project objective evolved to the following: "Develop a 3D Printing implementation

strategy, which provides project teams with enhanced technical knowledge, improved access to 3D

Printing capabilities, and streamlined 3D Printing manufacturing processes that significantly accelerates

NPD cycles and provides value for J&J." To meet this objective, an approach was developed that

involved five phases, as outlined in Figure 1. Because NPD projects within J&J Medical Devices

typically occur over a period of several years, and this project's duration was roughly six months, this

approach was needed to accelerate the learning process. Figure 1 outlines the project phases.
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Figure I. Project approach/fbr research and inplenentation

.1.4.1 Linderstand organizationand technology
The first phase was broken down into two components: technology understanding and organization

understanding. Technology research identified new types of 3D Printing and new techniques enabled by

it that had not seen widespread use at J&J. This project was conducted by attending a 3D Printing

focused convention, interviewing technology experts, benchmarking industry leaders, and completing an

extensive literature review. Additionally, trips to several J&J sites provided data on both technologies

available to engineers and their current applications in development projects.

improved

market

D 3D Printing
KnowledgeI01

improved
Optimal quality and

utilization of design

3D Prining -

apabilities

Development

Figure 2: H igh-levelframework./or determnining 3D Printing capabilities

Throughout this process, data on J&J's organizational structure was collected-this included learning

about the functions of various groups and the relationships between them. To synthesize both the

technology and organizational data, the framework shown in Figure 2 and expanded upon in Appendix

Section 6.1 was developed to help understand the current and potentially improved states of a 3D Printing

strategy. Collecting data on available technologies and the organization's structure formed an

understanding of 3D Printing's current role in the organization, and helped to identify opportunities where

that role may change in the future.
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1.4.2 Nvork within projects to prove value
The second phase shown in Figure 1 was meant to implement many of the immediate opportunities

identified in the first phase and test their efficacy. Three projects, which were at various stages but still

relatively early in development, were chosen to pilot many of these techniques for practicality. Each New

Product Development project team included six to ten members consisting of a product manager, several

engineers or designers, and manufacturing experts. Project scope depended largely on how far along it

was in the development process; for example, the least developed project had greater input from R&D

than the most mature project. Conversely, the most mature project had more input from supply chain than

the least developed project. This dynamic is discussed in detail in Section 2.2.1.1. The goal of working

with these teams was to identify organizational or technological improvements that could significantly

reduce NPD cycle time.

1.4.3 Design structure for implementation strategy
Based on experience with the three pilot projects, the next step shown in Figure 1 was to develop an

implementation strategy for use across J&J Medical Devices. This step included refining the techniques

used in Phase 2 and designing an organizational structure to ensure an effective rollout of the process.

Developing a strategy that would capture benefits from the new technologies required careful

consideration of the existing organizational structure of the franchise; details of the developed proposal

are outlined in the following sections.

1.4.4 TVest and refine implementation strategy through simulation
Because the duration of this project was significantly shorter than the duration of the NPD projects on

which were focused, it was impossible to experimentally evaluate the impact of the improvements

proposed. For this reason, the next phase involved modelling the proposed structure to determine critical

variables and provide recommendations for implementation. This simulation resulted in general

recommendations for the implementation strategy and provides a framework for further refinement once

the value of 3D Printing in New Product Development is more thoroughly evaluated.

1-4.5 Transition process to sustaining organization
The final step in this project's approach sought to transition the process to an organization within J&J that

will be responsible for implementation of the recommendations developed. This involved not only

identifying appropriate roles and responsibilities for the organization, but also securing leadership support

for the initiative. To capture the potential opportunities identified in this effort, it is important for J&J to

transition and sustain the process improvements. Given the value proposition identified in the previous

phases, doing so will benefit future NPD projects.
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1.5 Thesis Overview
Chapter 2, "Background", provides context for the project and discusses the relevant industry

environment. It discusses the general process of medical device development and the specific process

used by J&J.

Chapter 3, "Additive Manufacturing Technologies and Capabilities", discusses the current state of the 3D

Printing industry and its applications within medical devices. This section also highlights the inherent

advantages and disadvantages of each technology. It provides a brief description of their use at J&J.

Finally, this section discusses emerging technologies that may be useful for product development in the

near future.

Chapter 4, "Developing an Improved Strategy for using 3D Printing in NPD", details the process taken in

this project to develop recommendations to improve J&J's strategy of using the technology. This section

also provides frameworks for change based on this project, and discusses a model that can be modified to

estimate the value of similar programs in J&J's Consumer Products and Pharmaceutical franchises.

Chapter 5, "Recommendations and Conclusions", provides a summary of the findings from this project,

and discusses the overall value of an improved 3D Printing strategy.
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2 Background
The following chapter provides an overview of the medical devices industry, including some typical

products and the several advantages of speed in this market. J&J's Medical Devices franchise and its

New Product Development organizational structure are discussed, which provide specific context for this

project within the company.

2.1 Industry Overview
The medical devices industry is competitive, fast moving, and strictly regulated. New products are

developed every year based on feedback from surgeons and patients that are meant to give an advantage

over the competition. The medical devices industry encompasses thousands of products and treatment

areas. The products created by medical devices companies also have a wide range of complexity-some

are as simple as a contact lens, where others are as complex as a multi-axis surgical robot. Regardless of

their form, medical devices are designed to improve patient quality of life, procedural outcomes, or cost-

effectiveness.

The estimated global revenue from sales of medical devices was $330B in 2016, with orthopedics

composing the largest share, at 14% of the total. This market is geographically concentrated; roughly 80%

of revenues come from just ten countries, with the United States alone accounting for 39% of the total.

Despite increasing revenues, new cost and pricing pressures come from a push for value-based care [7].

Table 2 shows the top companies in the medical devices industry, ranked according to their 2015 revenue

from devices.

Company 2015 Sales from Medical Devices

J&J $25.14B [8]

Medtronic $20.26B* [9]

GE Healthcare $17.64B [10]

Siemens $12.93B [11]

Philips $11.60B** [12]

*In 2016, Medtronic merged with Covidien for combined revenues of $28.8B

**Converted from Euros to Dollars using exchange rate of 16:$1.06

Table 2: Top five medical devices companies by 2015 revenue

In the United States, the US Food and Drug Administration (FDA) regulates medical devices companies

under Code of Federal Regulation (CFR) 21 Part 807 [13]. This code dictates the process for registering

new devices prior to sale. An important characteristic of this code is that it classifies medical devices as
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Class I, II, or III based on the level of control deemed necessary to ensure the safety and efficacy of the

product. Class I devices, such as a wheelchair or orthodontic bracket, pose the lowest risk to patients and

have the least strict filing requirements. Class II products, such as special surgical tools, pose a greater

risk to the patient. Class III products, such as replacement heart valves, involve the most risk to the

patient and require premarket approval [14]. The products analyzed in this project largely fall under

Class II regulations.

The medical devices industry, and more broadly the healthcare industry, is subject to pressure from both

payers and legislators to reduce the cost of treatment. Increased attention from these institutions and

several highly publicized cases of price increases, such as drug maker Mylan's 2016 price hike of EpiPen,

have resulted in a more difficult environment for healthcare companies [15]. Increased pressure on top-

line revenue drives a focus on cost cutting, innovation, and new product differentiation to preserve profits.

L. . Typical Piroduct Profike
As discussed previously, medical devices come in a wide range of sizes and functions-in fact, the FDA

has classified approximately 1,700 different types of medical devices [16]. Despite this, the vast majority

of unit sales in the industry share many characteristics. For example, a device that is implanted or used in

surgery needs to undergo a sterilization process. The materials used, therefore, need validation that they

can withstand the degrading side effects of gamma radiation, steam, or ethylene oxide. Additionally,

there are a limited number of biocompatible materials that can be used in medical devices [17]. Because

of these constraints, manufacturers are limited to a certain set of materials that provide both the quality

and the durability needed. Common plastics used in the industry include polyethylene, polypropylene,

and polycarbonate; common metals include stainless steel and titanium [18]. An example of a medical

device that uses several of these materials is shown in Figure 3 below, which uses titanium, stainless

steel, and several polymers [19].

Figure 3: DePuy Synthes Corail Hip System [19]
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With this breadth of products in mind, this project focused on narrowing scope to a manageable subset of

devices that are representative of a large part of the total industry. The subset chosen was hand-held

surgical tools. These products were chosen because they presented significant engineering and

scheduling challenges through complex components, high quality requirements, material variety, and

manufacturing method diversity. The devices in focus are made of materials such as stainless steel,

polycarbonate, or bio-absorbable polymers that are typical in the devices industry.

Examples shown below are J&J products that fall under the description above. Surgeons or patients use

these products regularly, with volumes of at least 500,000 per year and ranging up to several million per

year. These products are used by hospitals around the world and represent the leading edge of surgical

technology. Despite only analyzing a narrow subsection of medical devices, the techniques learned

through this project apply to many more products across the industry and J&J's portfolio of businesses.

Figure 4: Ethicon Enseal for cutting and sealing tissue [20]

Figure 5: Ethicon Securestrap Open,/fbr implanting a hernia mesh [21]
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2.1.2 Benefits of Speed to Market in Medical Devices
Speed to market is critical to the success any company. The ability to market a product sooner can enable

increased sales life, surgeon or patient loyalty, and new-treatment pricing power. Additionally,

developing and producing products faster gives the manufacturing organization valuable production

experience, potentially resulting in reduced costs compared to competitors. When analyzing the

opportunity cost of lost revenue alone, one month of development time can easily reach several million

dollars for a new medical device based on J&J analysis.

Product development overruns, and conversely development accelerations, can be broken down into three

categories: The first case arises when demand for a product is inelastic, and a company's lost value is

simply the time value of money over the delay. The second and more severe case involves products with

some substitutes, where later market entry results in lower peak sales. The third and worst case, which

addresses products that become part of other systems, occurs when a development delay causes severe

and continuing reduction in sales over a product's lifetime. Because of extensive training needed for use,

surgeon loyalty, and switching costs, medical devices typically fall into the third and most severely

affected category [22].

Because it is difficult to quantify the effect of speed on expected sales over time, competitor behavior,

and customer loyalty, J&J's finance team recommended excluding these factors from this project's

analysis. Doing so led to the conservative approach that values an accelerated project schedule as only

the net present value of earlier revenue. In other words, despite medical devices falling into the worst-

case scenario described above, any analysis performed in this project treats demand as inelastic, with the

value of speed determined only by the time value of revenue of the expected schedule truncation. This

choice was based on the relatively small change expected resulting from this work-the finance team

determined that truncating a 36-month timeline by two months is not likely to have a significant effect on

the shape or amplitude of a sales curve.

2.2 Johnson & Johnson
Johnson & Johnson (J&J) first incorporated in 1887, and today is one of the largest and most diverse

healthcare companies in the world with over $70B annual revenue and 127,000 employees. The company

has three different segments grouped by type of product produced: Pharmaceuticals, Medical Devices,

and Consumer Products [8].

This project focuses specifically on the Medical Devices (MD) segment, which is further broken down

into a portfolio of operating companies that provide orthopedic, surgery, cardiovascular, diabetes, and

vision care products. The Medical Devices segment saw revenues decrease by 8.7% from 2014 to 2015,
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with sales reduction across each business resulting largely from currency impacts. Spend on R&D within

the MD segment remains steady at an average of 6.2% of sales over the past three years [8].

Within the MD segment, this thesis is largely based on work completed with Cincinnati, Ohio based

Ethicon Endo-Surgery, Inc. (EES) and Somerville, New Jersey based Ethicon Inc. EES produces a

variety of surgical tools, which include advanced harmonic cutters, laparoscopic staplers, and trocars.

Ethicon, Inc. focuses largely on wound closure solutions, which include sutures, hemostat patches, topical

skin adhesives, and hernia meshes.

2.2.1 New Product Development at J&J Medical Devices
J&J Medical Devices develops new products each year through its surgery, orthopedic, cardiovascular,

and specialty businesses. At any time, there are several dozen new products under development across

these segments. The following section discusses the structure of J&J's New Product Development (NPD)

organization, and follows with a description of the typical process used to bring a product to market.

2.2. 1. 1 Ne Product Development organizational structure

The structure of J&J's Medical Devices development organization is a "Triad", with Global Strategic

Marketing (GSM), Research and Development (R&D), and Product Management (PM) making up the

three main groups. GSM is tasked with developing the commercialization strategy, which involves

capturing voice of customer, pricing data, expected sales volumes, and regional sales specifics. R&D is

responsible for developing a product design which can meet customer requirements, applicable

regulations, and cost targets. Finally, PM is tasked with developing a supply chain strategy to ensure

adequate customer service, while optimizing costs [23].
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Figure 6: New Product Development "Triad" [23]

Figure 6 also illustrates how the interactions between these groups are critical to a successful new product

launch. GSM feeds customer data to R&D, which develops an initial concept. PM and R&D then work

closely to develop a final product that optimizes cost and value through Design for Manufacturing

(DFM), Design for Assembly (DFA), and Design to Cost (DTC). As PM works to finalize the supply

chain for launch, it is working closely with GSM to refine sales volumes and ensure adequate capacity.

This process is generically outlined in Figure 7, for a typical Medical Device New Product Development.
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Housed within the Medical Devices PM group, J&J maintains both Metals and Plastics Centers of

Excellence, which are centralized groups of manufacturing experts who provide component-level

recommendations to project teams. These groups specialize in traditional high-volume manufacturing

techniques, such as injection molding and extruding plastics, or stamping, Metal Injection Molding

(MIM), or machining metals. Both groups are routinely involved throughout the NPD process, and have

built a strong reputation among the R&D teams and Product Managers for meeting both quality and cost

constraints.

2.2.1.2 Typical New Product Development Process

J&J Medical Devices uses a Stage Gate process for New Product Development. Both R&D and GSM are

heavily involved in the first several stages, where a market need is developed into a tangible prototype.

During these early stages, several iterations of product concepts are revised based on customer feedback.

When the team has reached a viable concept prototype, the business commits to producing it and a

manufacturing site is selected. The next several stages involve further refining the product, ensuring

supply chain readiness, and regulatory submission. Once a product is ready for sale, it can be marketed in

one of two different ways: it can be rolled out via a limited launch or a full launch. A limited launch

occurs if there is question to the strategic commercial value of a product. Finally, a product reaches the

final stage once all New Product Development activities conclude [24].

A typical product development in the MD segment involves several common tasks that define the

project's critical path. The "Front End" of NPD involves Concept Generation and Design Selection; these

steps are highly iterative and often use 3D Printing to build both touch-and-feel and functional prototypes.

After Design Selection, there are several rounds of "Engineering Builds"; these low-volume production

runs build units for reliability testing. The number of Engineering Builds depends on the complexity of

the product and the ability of the team to reach a point where it is comfortable with the design's form and

function.

Production Line Development, which is the process of preparing the manufacturing line to deliver the

expected volume of units, occurs in parallel to the Engineering Builds. Despite not having a finalized

design upon starting this process, developing the production line in parallel with product design allows

for a significantly shorter critical path, and is common practice at J&J MD. Typically, Production Line

Development is completed soon after Regulatory Approval, as shown in Figure 8 below. It is important

to note that most Class II NPD projects schedules are structured such that Regulatory Approval does not

fall on the critical path. After the team meets these prerequisites, the product is then ready to market.
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Figure 8 shows an overview of this process; any given project can vary slightly from this template, but in

general, this model is consistent for the focus areas of this thesis.

Current Project Time/ine

Design Design/ProcessConcept Generation S.Lcigon Optimization

ES 1 E f1 Testing E8 2 EB2 Testing Regulatory Approval

Production Line Deveicpmant

*EB is an abbreviation for "Engineering Build"

Figure 8: Typical Medical Devices NPD critical path (-36 nonths total)
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3 Additive Manufacturing Technologies and Capabilities
The 3D Printing industry is experiencing exponential growth in both size and available technologies.

From the first commercial stereolithography machines pioneered by 3D Systems in 1987, the industry has

expanded to many dozens of manufacturers producing a variety of machines with capabilities ranging

from desktop prototyping to stainless steel production line work [25]. According to PwC, two out of three

companies surveyed in 2014 were using 3D Printing in some capacity [26]. Of those that are using 3D

Printing, over 60% reported they were experimenting with using the technology beyond strictly

prototyping. Between 2003 and 2015, the industry's Compound Annual Growth Rate of revenue was 21%

[10]. Additionally, new technologies include novel capabilities such as printing in carbon fiber composite

and ceramic materials. 3D Printing has proven to be a valuable technology that can provide both time and

cost savings during development and beyond.

This chapter provides a brief summary of current available technologies and discusses applications to the

medical devices industry.

3.1 Additive Manufacturing Overiew

Additive manufacturing has applications to many different industries for its ability to produce rapid, low-

cost parts. Figure 9 shows the current distribution of total 3D Printing revenue based on industry, with

medical and dental applications providing an important part of the total.

Share of 3D Printing Industry Demand by
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Figure 9: 2015 share of total 3D Printing industry demand by end-use industry [27]
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Within the companies that use 3D Printing, there is a wide range of end uses for the technology. The

diversity of application shows that 3D Printing is no longer confined to touch-and-feel prototyping-in

fact fully one-third of all 3D Printing currently produces functional parts, as shown in Figure 10.

Figure 10: Breakdown of 3D Printing demand by end-use application [27]

3.1.1 Classes of available 3D Printing Technology
The wide range of end-use applications is a result of the ddiversity of technology options from which to

choose. Depending on desired characteristics such as cost, speed, material, strength, and surface finish,

part production can be optimized for the specific application. To categorize the various technologies, ISO

and ASTM developed several classes through ISO/ASTM 52900, which are used to group by general

process [28]. Each class is discussed briefly in the sections below [27].

3.1.. Material Extrusion

Printers in this group of technologies selectively dispense material through a nozzle. Material Extrusion

is commonly used because it is inexpensive, relatively easy to operate, and compatible with a wide range

of materials. This class of technologies is the most commonly used type of 3D Printing. A specific

example technology is Fused Deposition Modeling (FDM) [27]. Because these printers can print in

engineering materials such as acrylonitrile butadiene styrene (ABS) or Ultem, as opposed to UV-unstable

resins only suitable for prototyping, they can be used to make end-use parts, though there are some
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limitations on surface finish [29]. Figure 11 shows a production component that produced using FDM

Material Extrusion technology.

Figure 11: Production component printed in Ultem [30]

3.1.1.2 MAfaferial Jetting

This growing segment of printers uses ink-jet nozzles to dispense droplets of photopolymers, which are

cured by UV light [27]. These systems can print at high rates of speed and with very high quality surface

finishes. Due to UV sensitivity of the parts they create, Material Jetting is often not suitable for long-term

end-use parts. An example technology is PolyJet, by Stratasys [31].

3.1.1.3 Binder Jetting

Originally developed at MIT [32], this class of technologies uses alternating layers of powder and liquid

bonding agent. This is a versatile technology that can use any powdered material for builds, though post-

print sintering may be required. HP's Multi Jet Fusion technology, which promises high quality and very

high print speeds, is an example of Binder Jetting and is currently in to process of commercialization.

3.1.1.4 Sheet Lamination

This group of technologies uses sheets of paper or other thin material, cuts each layer to shape, and

adheres them together to create a 3D model. This class is not commonly used in the medical devices

industry, but has among the lowest material costs of any 3D Printers.

3.1.1.5 [lat Phtopolymerization

This class of printers uses light to sequentially cure layers from a vat of liquid photopolymer resin. First

commercialized in 1988 as Stereolithography (SLA), Vat Photopolymerization remains a popular choice

for engineers because of its large variety of available materials and good surface finish [27]. New

technologies in this class, such as Continuous Liquid Interface Production (CLIP), improve on the

original concept by delaying the chemical reaction to create fully homogeneous parts [33].
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Figure 12: Complex part produced using Stereolithography [34]

3.1.1.6 Powder Bed Fusion

This versatile class of technologies has wide prototyping and production applications, with available

materials such as Nylon and stainless steel. In this process, directed thermal energy is used to fuse select

regions of a powder bed. Industrial giants such as GE have already used Powder Bed Fusion to reduce

weight and increase reliability in several critical jet engine parts [35]. Two popular example technologies

in this class are Electron Beam Melting (EBM) and Direct Metal Laser Sintering (DMLS) [27].

3. 1.1. Directed Energy Depos ithi

This class of technologies is limited to very large machines that use a laser or an electron beam to melt a

continuous stream of powder [36]. These machines are used for industrial-focused applications such as

pipe cladding, and typically have multi-material and five-axis capabilities [27].

3.13 1.8 Considerations when choosing a specific technology

Figure 13 and Figure 14 provide a breakdown of each technology based on critical characteristics for

metallic and polymer materials, respectively [28]. A basic understanding of available technologies is

critical to selecting the best one for a specific application. For example, parts made with a powder bed

technique will have significantly different mechanical properties than those made with an extrusion

technique, even while using same material. The process steps used by different technologies controls the

suitability of parts produced for a particular application, and project teams can use the figures below as a

starting point to isolate potential candidate techniques.
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3.1.2 Available Post-Processing Options to Improve Printed Parts

In addition to the available 3D Printing technologies, there are a large number of post-processing options

that can alter and improve the final properties of a printed part. Despite adding time, complexity, and cost

to builds, these processes can greatly enhance the range of practical uses for 3D Printing while still

remaining faster and cheaper than alternative manufacturing methods. While this thesis will not discuss
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all available post-processing options, several characteristics these processes seek to improve are discussed

below [27]:

Surface finish: A limitation of 3D Printers is often that they cannot achieve a comparable

surface finish to injection molding, stamping, or other methods. This can be overcome by finish

machining, grinding, polishing, coating, micro-machining, or sanding. These processes often

involve adding material to the initial model, such that the finishing step brings the part to the

specified dimension [27].

Color: Some 3D Printing technologies have limited color options. This drawback can be

overcome through computational hydrographic printing, coating, or painting [37].

Material: Innovative techniques have been developed to coat plastic parts with a metal coating,

such as Nanovate, which provides for a compelling alternative to Metal Injection Molding (MIM)

[38]. Additionally, 3D Printing can be used to make injection molds, as discussed in Section

4.4.1.5.

Strength: The strength of binder-jetted parts can be improved through a process called

infiltration, which also makes the parts impermeable to liquids [39]. Metal parts can easily be

heat-treated to improve their properties, through a three-step process involving stress relieving,

hot isostatic pressing, and precipitation hardening [27].

Understanding the advantages and limitations of each technology is critical to capturing value from it-

despite a wide variety of available technologies and post-processing techniques, 3D Printing is not

suitable for every application. 3D Printing is a rapidly evolving class of technologies, and it necessitates

continuous learning. It is critical that product developers have access to adequate training materials and

expertise; this concept is explored in detail in Chapter 4.

3.1.3 Advantages of Additive Manufacturing
3D Printing technologies are fundamentally different that traditional manufacturing technologies, and

these differences result in significant opportunities to capture value. Deloitte published a framework for

understanding paths to value through 3D Printing, which identifies four key segments where companies

can benefit [40]. This framework is shown in Figure 15.
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Figure 15: Deloitteframeworkfor understanding AM paths and potential value [40]

The capabilities described in Figure 15 are the result of 3D Printing's flexibility-the fact that a part is

built layer by layer gives a designer geometric freedom to include complex features not possible using

subtractive methods [41]. Additionally, 3D Printing requires no tool changes, no part-specific setups, and

only a small footprint. Different technologies offer a wide variety of working materials, and post-

processing can help to meet even the most strict dimensional specifications.

Several current processes at J&J fall into Paths I and III, which shows that the company has started to see

the benefits that 3D Printing can bring to products. In the "Path I" quadrant shown in Figure 15,

developers routinely use AM for prototyping, and teams have begun to use it to improve the quality of

production tooling. In the "Path III" quadrant, J&J now offers low-volume customized cutting guides for

knee replacement surgery through its TruMatch platform; despite requiring manual input to design each

guide, this system adds value through time savings in the operating room and more successful surgical
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outcomes [42]. These successes are driven by highly valuable applications and have led J&J to develop

an excellent 3D Printing knowledge base.

Despite some success with using 3D Printing in products, J&J has not yet developed processes in Path II

or Path IV. These quadrants require the company to develop end-to-end processes for mass customization

and point-of-use manufacturing. As costs decrease, materials improve, processes are developed, and as-

printed quality comes in line with traditional manufacturing, 3D Printing will become more viable for

end-use products and J&J will begin to exploit this technology in its supply chain.

3.1.4 Drawbacks and limitations of current technologies
3D Printing technologies continue to improve, but their performance has fallen well short of early

expectations across various industries [43]. This is due to limitations of manufacturing products one layer

at a time-high material cost, layer stratification, poorly understood mechanical properties, and slow

build speed have prevented 3D Printing from having a larger impact on global supply chains [27].

Because each technology is slightly different, 3D Printers often print using proprietary materials.

Manufacturers thus far have exploited this fact through a printers-and-ink model; typical 3D Printing

polymers range from $18-114 per pound, where traditional polymers for injection molding fall between

$0.45-0.90 per pound. In addition, despite a more fluid market for metals 3D Printing materials, the large

energy requirements for powder production lead to significantly higher costs than traditional materials

[27]. Despite costs remaining significantly higher than traditional materials, the average cost of 3D

Printed parts has continued to decrease; between 2001 and 2011, the cost of 3D Printing dropped by 51%

after adjusting for inflation [44]. Under increasing pressure from payers and regulators to reduce cost of

care, medical device companies will be carefully monitoring this trend and assessing cost-saving

opportunities as the price of 3D Printing materials continues to fall.

Layer stratification, and more generally poor surface finish, has also been a barrier to adoption for 3D

Printing. Despite higher resolutions than ever, many 3D Printed parts still suffer from "steps" in their

surface finish from printing finite layers. While these imperfections may be acceptable for prototype

parts, they are rarely up to the production standards of a medical devices company like J&J. Another

concern resulting from the printing process is that closed geometries often present a significant challenge.

Technology classes such as Powder Bed Fusion or Vat Photopolymerization, for example, require an open

path from which unused support material can be emptied. Companies using additive manufacturing

should incorporate these constraints as part of Design for Additive Manufacturing training for designers.
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Work is underway to classify the material properties of 3D Printed parts, but the infinite array of

materials, technologies, and printing parameters make this a daunting process [45]. Several

characteristics of 3D Printing further complicate this task. First, many of the photo-cured polymers used

by Vat Polymerization or Binder Jetting techniques quickly degrade under UV exposure, changing their

mechanical properties over time [45]. Next, 3D Printed parts tend to have non-isotropic qualities caused

by sequential fusing of layers-parts can have significantly different mechanical properties in the X-Y

axis versus the Z-axis. Research is underway in each of these areas to both improve the existing

technologies and to best inform users of the properties of printed parts [27]. Fully understanding material

properties is critical for the medical devices industry-products need to be dimensionally stable, be able

to stand up to sterilization, and be highly reliable to ensure the best patient care [46].

Another drawback to 3D Printing is slow build speed. Despite new technologies that have drastically

improved speeds [47], most are still too slow for mass manufacturing. For example, the fastest polymer

systems can produce small parts in about fifteen minutes, which is several orders of magnitude faster than

previous technologies [48]. In comparison, though, injection-molding operations can produce similar

parts in just seconds [49]. Despite avoiding development time for capital tooling, it is clear to see given

these figures that 3D Printing is not yet competitive in high-volume applications.

The final drawback to 3D Printing identified in this project is somewhat limited material availability.

While subtractive manufacturing or injection molding techniques can produce parts in almost any

material, each current 3D Printing technology is limited to a comparatively narrow material selection.

Many of the products J&J produces are made from proprietary bio-absorbable polymers that are not

available for use in any 3D Printer. 3D Printers require finely tuned parameters and well-understood

material properties to accurately deposit material in the right location-this requires months of

experimentation, and prohibits many materials from ever seeing use in certain technologies. Despite

these challenges, manufacturers are diligently expanding the available portfolio of materials for 3D

Printing. With the recent availability of elastomeric polymers, silicone, tool steel, and carbon fiber,

material selection is becoming less of a barrier to 3D Printing.

3.1.5 Emnerging Technologies
Several developments are worth highlighting that may increase the penetration of 3D Printing in product

development at J&J. The first of these is a relatively new class of technologies called Continuous Liquid

Interface Production (CLIP). CLIP technology is similar to Vat Photopolymerization, but utilizes an

oxygen-permeable membrane to retard curing and generate a gradient of semi-cured polymer called a

"Dead Zone". This gradient eliminates layer stratification, resulting in parts that rival the quality and
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appearance of injection molding. In addition to higher quality, CLIP technology can print at speeds

approaching 1 cm/min because it is not limited by a stepwise process. The architecture of this process is

shown in Figure 16 below.

Because of its speed and print quality, CLIP technology can potentially change the economics of 3D

Printing polymers. Because they do not require expensive molds, past 3D Printing technologies are less

costly than injection molding for volumes of up to approximately 100 units [44]. Discussions with

experts in the field suggest that CLIP technology could increase this figure by up to two orders of

magnitude depending on part specifications. Because of its ability to print high quality parts at higher

volumes than previous technologies, CLIP may have medium-volume applications (<10,000 parts per

year), such as clinical trials. Therefore, clinical trials that require injection-molded devices may benefit

from the responsiveness of 3D Printing and the cost savings from avoiding capital tooling.

Continuous Elevation

Plate
Part -
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Window

Figure 16: Basic process of Continuous Liquid Interface Production (CLIP) [48]

One of the pioneers in CLIP technology, Carbon Inc. (Carbon), has introduced several new materials that

increase the breadth of applications for its products. Of particular interest for the healthcare industry are

the company's Elastomeric Polyurethane (EP) and Cyanate Ester (CE). EP allows high-resolution

printing in an elastic, resilient material, where CE prints in similar quality but with high strength,

stiffhess, and temperature resistance [50]. In fact, CE parts can be steam-sterilized, which opens their use

into surgical applications [51].
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Another technology that has the potential to disrupt the economics of injection molding is HP's Multi Jet

Fusion, which is reportedly up to ten times faster than any existing 3D Printing technology [47]. This

layer-based process uses existing high-speed HP technology to deposit layers of resin and powder to build

a semi-cured part, which is then sintered to achieve its final properties. The novelty of this technology

comes from the ability to print in both "Fusing" and "Detailing" resins; these allow for both fast and high-

quality part production. Additionally, the process allows for additional "Transforming Agents", which

modify properties such as strength, opacity, color, or electrical conductivity. As with CLIP, the speed and

quality of HP's technology may enable 3D Printing for low to medium-volume applications. While

details of Multi Jet Fusion's full capabilities have yet to be released, this technology may also be capable

of producing advanced parts, such as those with integrated circuits, which may have greater value to J&J

Medical Devices [52].

The main challenge addressed by both of these technologies is economics. Each uses a different method

to increase 3D Printing's cost competitiveness. As manufacturers continue to invest in new techniques

and materials, and all technologies benefit from improved economies of scale, 3D Printing will continue

its path to becoming a desirable alternative to traditional manufacturing. Maintaining awareness of these

trends is critical to capturing value from this rapidly evolving space.

3.2 Use of Additive Manufacturing in Medical Devices
3D Printing has become an important tool in the Medical Devices industry, and its role continues to

change. The following sections discuss overall trends in the industry regarding this technology, along

with several key developments and focus areas that signal continued growth.

3.2.1 Industry trends
The use of 3D Printing in the medical devices industry has steadily increased since 2010. While its use

for prototyping and testing continues to expand, companies have also begun experimenting with the

technology for end-use part production. Figure 17 shows the number of FDA approved medical devices

launched in each year that are manufactured using 3D Printing [53].
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Figure /7: Quantity of 3D Printed medical devices with FD/I approval [531

Research performed at Stanford helped to gauge the worldwide use of 3D Printing in medical devices

through systematic literature review [54]. In total, 352 papers written between 2010 and 2014 were

identified that describe devices in various stages of development, but which were ultimately to be

produced using additive manufacturing. This data was then broken down by country of origin; the United

States lead development with 67 publications, followed by China (51), Germany (19), and the United

Kingdom (19). The data was further broken down by technology, with 15.9% of projects utilizing FDM

technology, followed by SLS (13.4%), SLA (10.2%), and Powder Bed Fusion (10.2%). Interestingly,

DMLS was used in only 2.8% of the research. The vast majority of all publications focused on devices

falling under FDA Class II requirements. Despite over 1700 different FDA classifications, the 352

different devices identified in this research fell into just 30 categories, illustrating that 3D Printing has not

yet become pervasive across the industry [54].

3.2.2 Key competitor behavior
One of J&J's competitors in the Medical Devices space showed strong commitment to 3D Printing in

2016. Stryker announced an investment upwards of $400M in an advanced 3D Printing facility in Cork,

Ireland, to use the technology to develop new and innovative devices [55]. The company has already

launched a 3D Printed tibial baseplate, which uses porous titanium to enable bone fixation, and recently

received FDA clearance for a 3D Printed lumbar cage, which uses proprietary titanium developed

specifically for additive manufacturing [56] [57].
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3.2.3 Key industry focus area: scan-to-print
Apart from accelerating product development and reducing cost, healthcare companies such as Stryker

and J&J are looking to 3D Printing for customization. Many applications in the industry benefit from

patient-specific geometry, such as orthopedic implants. Producing these products first involves imaging

the patient using Computed Tomography (CT), Magnetic Resonance Imaging (MRI), or Cone-Beam

Computed Tomography (CBCT). The patient geometry from the scan is then used to create a digital

model of the device, which is then printed [58]. This process is shown in Figure 18 below.
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Figure 18: Process ofproducingphysical models fiom medical imaging [58]

The ability to create patient-specific devices has many benefits. First, there is opportunity for improved

patient outcomes; instead of using a standard size and geometry, a surgeon can use a device that is

tailored to the specific application. This application creates increased value for the patient, and can

potentially drive business growth. The next benefit is cost reduction; typically a surgeon takes several

sizes of implants into the operating room, in case they experience fit issues. A customized implant

eliminates this issue and saves on excess inventory, sterilization, and logistics expenses in addition to

time in the operating room. The FDA has released technical guidance on patient-matched devices, and

specifies that these devices can begin with a standard template, which is then altered as necessary by the

clinical staff or by a third party [2]. These types of devices, while patient-specific, are not considered

"customized" devices under the Custom Device Exemptions guidance [59].

Use of 3D Printing in medical devices will continue to grow, for the reasons outlined in Table 1. Whether

it is used for device customization by advanced manufacturers, or for low-cost prototypes at academic

institutions, 3D Printing will continue to change the medical devices industry [3].
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3.2.4 FDA Guidance
The increased activity surrounding 3D Printing in the medical devices industry motivated the FDA to

release guidance on its use in 2016. The document, titled "Technical Considerations for Additive

Manufactured Devices", provides recommendation on device design, software workflow, material

control, post processing, validation, and quality consideration for new devices. Additionally, it discusses

materials, sterilization, and biocompatibility concerns that need to be addressed prior to device approval.

Official guidance on additive manufacturing helps device makers on future development projects by

highlighting FDA focus areas concerning the new class of technology. It is an important step towards

wider implementation of 3D Printing for end-use applications that will enable future guidance on point-

of-care manufacturing or other significant developments [60].

3.3 Use of Additive Manufacturing at J&J
3D Printing has been used at J&J in some capacity for over fifteen years. In this time, the organization

has developed significant expertise and procured advanced additive manufacturing equipment. Despite

this, in most cases the use of 3D Printing at J&J is limited to early prototyping during the concept

generation phase of development. The following chapter describes the current state of each of the focus

areas in J&J, which are further detailed in Appendix Section 6.1: 3D Printing expertise, organizational

learning, external and internal capabilities, processes, and business commitment. Additionally, this

section concludes with a brief discussion of where J&J is currently generating value from the technology.
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3.3.1 3D Printing Expertise
Separately from the Medical Devices franchise and the NPD organizational structure detailed in Section

2.2.1.1, J&J supports a 3D Printing Center of Excellence called the "3D Printing & Netshape Technology

Center" (3DP & NSTC). This group serves as an enterprise-wide body of knowledge on additive

manufacturing, with a stated purpose to mature and implement 3D Printing technology, develop a pilot

roadmap, and grow strategic partnerships to maximize value. This group has had success proving several

additive manufacturing techniques, including the use of DMLS for production tooling and prototype

injection molding through PolyJet. This group has significantly increased the body of 3D Printing

knowledge within the business, despite having relatively low headcount and a core team of just seven

members.

In addition to coordinating internal research and application, the 3DP & NSTC has also established over

50 strategic partnerships with equipment manufacturers, academic institutions, and government entities

[61]. These partnerships help to keep the company either on or close to the cutting edge of the

technology.

Where the 3DP & NSTC acts as a centralized body of knowledge, various labs across J&J are also

available for consultation. Because 3D Printing has been in use for well over a decade in certain parts of

the company, these labs have developed additive manufacturing expertise; as it has been developed over

time and through experimentation, this practical knowledge is somewhat confined to the J&J locations

that have the advantage of 3D Printing capabilities.

3.3.2 Organizational learning around 3D Printing at J&J
The 3DP & NSTC is also tasked with procuring and coordinating use of new technologies, such as CLIP.

It keeps good working relationships with the various labs across J&J and maintains a comprehensive list

of internal capabilities as described in Section 3.3.3.

Figure 19 illustrates the relationships between groups influential in the adoption of 3D Printing

technologies at the start of this project. Because there is high-level governance on activities to pursue, the

3DP & NSTC has no official obligation to individual project teams; piloting of new technologies is

coordinated on an ad-hoc basis, and consulting services are arranged per request. The same is true

between the project teams and the 3D Printing Service Providers; furthermore, observations and

interviews have shown an inconsistent link between these groups, especially if they are not collocated.
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Figure 19: Relationships of groups injluential in use of 3D Printing at the start qf this project

The result of this organizational structure is a strong core body of knowledge and significant internal 3D

Printing capabilities, but inconsistent utilization at a project level. Some project teams, which are often

under the direction of an enthusiastic engineering fellow or Product Manager, have significantly higher

levels of experience with-and value captured from--3D Printing than others. In some cases, even if

project teams pursue the use of additive manufacturing, they are unaware of internal capabilities and

instead turn to outside vendors, who can be slower and are significantly costlier.

3.3.3 Internal Capabilities
J&J maintains a portfolio of 3D Printing technologies. The most pervasive technologies across its

business are extrusion, specifically FDM, and binder jetting, such as Stratasys's PolyJet. These machines

are excellent for early prototyping, which fits with the overall pattern of use across the business. In

addition, J&J also has metals 3D Printing capability for building prototype parts. It regularly updates a

list of available equipment, along with the responsible owner, and shares it on the company's intranet.

Despite publishing this list of internal resources, interviews with project teams and analysis of lab order

history revealed limited use of equipment between sites; Figure 20 shows an example of the lack of

diversity of incoming orders for a specific lab. In the example, all operating companies are collocated

with the exception of the "other" and the "Trauma" categories, despite advanced and unique capabilities

at this particular site. This shows that even if a lab has advanced resources, collocation-and awareness

of capabilities-is still important for project teams.
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Figure 20: Orders by operating conpanvfbr one J&J lab

The 3D Printers at J&J are operated in one of two different ways, either in a lab or by a functional group.

If the machine is in a lab setting, it becomes part of a portfolio of technologies, and is shared across

functional groups. An experienced operator, who can consult on projects to determine the best

technology for the application, runs a 3D Printing lab. While the labs typically use a first-in-first-out

system, the lab operator can choose to move parts up in the queue if they are considered business critical.

This structure has the advantage of high machine utilization, but often results in significant queue times

due to high volumes. Queue times at one lab typically run 2-3 days for polymer parts, and 1-2 weeks for

metal parts.

If owned by a functional group, the opposite is true; fewer parts produced leads to greater responsiveness,

but also more idle time. Functional group ownership also presents the challenge of true responsibility-

one designer interviewed stated that in his group, three members were forced to become "gatekeepers" of

the machine to control material costs and coordinate efficient use of the equipment. This presented a

burden of roughly an hour a day on three senior level design engineers, which he stated was clearly an

inefficient use of their time [5].

In addition to the portfolio of machines available for daily use, J&J also collaborates with equipment

manufacturers to pilot new technologies through the 3DP & NSTC. This allows the company to stay on
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the leading edge of industry trends, and it exposes engineers to potentially new applications. Use of these

machines is performed on an ad-hoc basis through a 3DP & NSTC contact.

3.3.4 External Capabilities
When project teams choose to have 3D Printed parts, fixtures, or tooling made externally they typically

use national prototyping shops, such as Proto Labs, Inc. These shops have relatively fast turnaround time

for parts; in most cases polymer parts are delivered within one week, and metal parts are delivered within

two weeks. One advantage of using a prototype shop is that they typically have advanced capabilities and

expertise. These capabilities include a variety of available technologies and advanced simulation

software, coupled with many post-processing techniques. Advanced capabilities come at a cost-these

shops charge a premium for their services, with estimates at roughly four times the cost of producing parts

internally. Despite the cost of parts, working with external vendors remains a good option when J&J is

missing either the equipment or expertise needed to perform a job internally.

3.3.5 Current Process for producing 3D Printed parts
The process of ordering 3D Printed parts at J&J differs significantly depending on both individual

location and whether a lab, a functional group, or the 3DP & NSTC own the machine. Because there is

no standard process, project teams have difficulty in several areas: they have no way of identifying the

most efficient resource and they are unfamiliar with process for ordering parts. For this reason, teams

tend to favor familiar collocated resources, even if there may be a better technology for their application

at a different site.

Another option teams have is to get assistance from the 3DP & NSTC. In this case, an engineering fellow

consults with the project team to identify the most efficient resource, who then works with a coordinator

to produce the parts. Figure 21 shows this process, and is based on experience working with one of the

three pilot project teams.

At least one lab at J&J maintains a digital ordering system for relatively simple part production. It

describes useful information such as suggested technology, expected cost, current queue time, and past

order history. As shown in Figure 20, the current use of this system is largely limited to collocated

operating companies.
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Figure 21: Pathway for internallv producing parts at J.&J

3.3.6 Business Commitment to 3D Printing
J&J's leadership has shown strong commitment to 3D Printing through advocacy and investment. The

company has formed a 3D Printing Center of Excellence through the 3DP & NSTC, and continuously

invests in new technologies. In the summer of 2016, J&J hosted a 3D Printing summit with leaders in the

industry from the top manufacturers and academic institutions. This summit drew several hundred

attendees from all segments of J&J. In addition, much of the leadership interviewed during this project

has 3D Printing related annual goals. Company leadership recognizes that the technology will have a

significant benefit to both design and supply chain, and it has done an excellent job fostering a culture of

curiosity among all segments.

On the project level, commitment to 3D Printing is more variable and depends on the project and the

project manager. If use of a new technology poses significant risk to either the project schedule or

quality, then it is likely that it will not be investigated. Additionally, experience with the technology was

an indicator of future support; those who had used 3D Printing successfully were much more likely to

advocate for it. Overall, interviews with project-level engineers found that project leadership is generally

supportive of using 3D Printing, and adequately balances the risk of using a new technology with the

potential reward of project acceleration or design improvement [5], [62].

3.3.7 Value Generation from AM
Currently, value driven from 3D Printing at J&J is largely limited to time and cost savings in the R&D

stage. Several recent applications of the technology have begun to expand its value proposition; J&J now
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uses it for development tooling, fixtures, and production tooling on a relatively small scale. The 3DP &

NSTC coordinates these niche applications on an ad-hoc basis, and their use is not yet regular among

project teams. Thus far, 3D Printing is not used for end production on a large scale due to quality

concerns and high costs. One product that is produced using additive manufacturing is the TruMatch

cutting guide, which leverages 3D Printing's infinite customizability to improve patient outcomes in knee

replacement surgeries.
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4 Developing an Improved Strategy for using 3D Printing in NPD

4.1 Introduction
The first line of J&J's Credo, which is the document that has defined the company's principles for over a

century, states, "We believe our first responsibility is to the doctors, nurses and patients, to mothers and

fathers and all others who use our products and services." The company uses this idea to guide its

product development, with the goal of each project to best serve the patient. Therefore, it sees value in

any innovation that can bring improved products to the patient in less time; 3D Printing is being explored

for just this reason.

While 3D Printing is currently used for prototyping in the early stages of development, it has not been

widely used over the remainder of the New Product Development (NPD) process at J&J. To test the

technology's value proposition in New Product Development, this project involved a cross-functional

approach that coordinated the efforts of three NPD project teams, internal technology experts, company-

wide equipment owners, and external vendors, with a goal of reducing cycle time by 5-10%. The

research focus was not limited to technological improvements. I learned that organizational structure

plays a critical role for enabling successful implementation of any new technology.

This project focused on product development only in the Medical Devices segment. Ultimately, the

improvements recommended by this work are intended for the Consumer Products and Pharmaceutical

segments of J&J as well, where applicable. The following sections first describe the process taken to

identify improvement opportunities. Next, organizational recommendations are proposed that will enable

an efficient and learning-focused structure that maximizes benefit from both resources and expertise. To

complement these organizational enhancements, possible new technologies or techniques that can speed

development are discussed. Finally, several company-specific considerations are discussed that may

affect the successful implementation of the improved strategy.

4.2 Opportunity Identification and Analysis
Several project schedules were analyzed to begin to understand where there might be opportunity to

shorten development time for new products. Within the Medical Device franchise's schedules, projects

contain two types of events: those with fixed duration and those with variable duration. Fixed duration

events, such as accelerated aging tests, biocompatibility tests, or regulatory submissions, are dictated by

predetermined factors and are not affected by project team performance. Variable duration events are

those such as Engineering Builds, validations, and tooling orders that are under a project team's control.

This work focuses on influencing the variable duration events, as these present the best opportunities to

accelerate product launches.
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Product Managers at J&J generally provide both "most optimistic" and "most probable" schedules-the

former allowing essentially no room for error and the latter based largely off past NPD performance.

Comparing the two versions gives insight into expected pain points where teams have struggled in the

past and there exists a significant amount of uncertainty. The pain points identified through this analysis

are described below:

Total number of Engineering Builds: The number of Engineering Builds, which are meant to test

the reliability and tune the overall design of a product, is uncertain at the start of a project. In most

"optimal" cases there are two planned builds, where in most "probable" cases there are three or

more. A worst-case scenario is when the project team cannot meet business requirements after

several Engineering Builds, and the project is cancelled. An additional Engineering Build

represents approximately three months of development work, and a significant opportunity for 3D

Printing. Increasing the total number of iterations prior to Engineering Builds will increase the

likelihood of landing on a successful design earlier in the process, and may lead to fewer

Engineering Builds overall.

Production tooling lead-time and modification: Production tooling is on or near the critical path

for a typical Medical Devices project. A typical lead-time estimate ranges from eleven to fourteen

months, depending on any design changes to the tooling during development and the vendor's

overall speed. Additionally, the "most probable" scenarios allow time for tooling modification; this

is a period where the tool is modified, or "groomed", to meet design specifications. The uncertainty

posed by both lead-time and modification account for a potential timesaving opportunity of roughly

six months of development. A solution that captures some of this opportunity could significantly

affect the success of a new product launch.

Duration of Engineering Builds: Though somewhat less impactful than the number of

Engineering Builds, their individual duration also brings uncertainty to a project schedule. The

durations of these builds are heavily influenced by the type and lead-time of prototype tooling

utilized-"soft" tooling, which is a prototype precursor to production tooling, can have a lead-time

of up to eight weeks. Increasing the options available to engineers and designers in this phase is

important-especially because the iterative nature of these builds multiplies the impact any

improvement effort. Furthermore, advanced 3D Printing capabilities can help a project team be

more responsive overall, adapting to design changes, test failures, or scope creep with ease, as

opposed to major time and expense spent on traditional prototype tooling.
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Duration of R&D work: Schedules in this phase of development are not tracked as rigorously as

later stages, but may carry greater importance. This early work, referred to as the "Fuzzy Front

End", often involves years of background investigation, proving new technology, and early concept

development [22]. This work is also highly iterative as engineers experiment with different designs

and materials on a daily basis. While managers may put less emphasis on schedule in a project's

early stages, time saved in this portion of development is equally important to time saved later on.

Providing R&D teams with the best tools could have significant benefit to the overall duration of

NPD projects and the frequency of their launches across the business.

An important factor to consider in the project schedule analysis is that as a project approaches launch, the

number of parallel path activities increase. For example, during the early R&D phases, speeding up a

design iteration will almost certainly impact the critical path, because there is very little support activity

occurring in parallel. Conversely, reducing the lead-time for capital tooling has a lower chance of

affecting the launch time, because it occurs in parallel with reliability testing, survival studies, and

regulatory submission. In either case, feedback from J&J management stated that shortening any activity

is beneficial to the project because it allows reallocation of resources to the most impactful tasks and

reduces risk by shortening the duration of activities near the critical path-therefore even if an activity

does not directly impact a project's critical path, allowing dedication of resources to other activities may

still impact the overall project schedule. With this in mind, this project did not have a bias against

opportunities at the end of the NPD cycle; it sought to identify areas where 3D Printing could save time or

cost across all development, even if the targeted activity did not fall directly on a project's critical path.

In addition to analyzing project schedules to identify where 3D Printing may provide opportunity,

interaction with NPD project teams further clarified the current state of the NPD process at J&J. It is

highly iterative, and most project teams already use either 3D Printing or a speed-focused prototyping

shop, such as Proto Labs, in some capacity. For the teams that use 3D Printing, commonly used polymer

technologies include FDM and PolyJet, while somewhat less commonly used are metals technologies

such as DMLS. Currently 3D Printing is largely confined to the very early development stages, before

engineers turn to higher volume production-oriented technologies. Additionally, 3D Printing is often

bypassed for perceived shortcomings in quality, convenience, or material availability. Figure 22 shows a

composite of quotes from various J&J employees gathered over the course of this project-each

represents an observation that can be used to improve upon J&J's current 3D Printing strategy.
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"The surface finish can't meet our needs": This quote identifies a common theme expressed by

several project teams at various sites. The engineers brought up valid concerns-each 3D Printing

technology has its limitations, whether it is layer stratification, roughness, or inability to produce

glossy finishes. Further research in this area identified many different methods to improve these

drawbacks, including proper technology selection and various post-processing techniques.

"We've been using 3D Printing for 16 years": This quote was meant to question the value of

further research into the area, and showed that parts of the organization had an outdated view of the

capabilities of modem 3D Printing technology. 3D Printing is in fact experiencing exponential

growth with the proliferation of technology options, and J&J needs to develop a system that keeps

its project teams on the cutting edge to capture the most value from new technologies [27]. Several

new technologies have shifted economic production volumes of 3D Printing, as described in

Section 3.1.5, and maintaining awareness of these trends through continued research is critical to

the successful implementation of 3D Printing.

"I had no idea that resource was available to our team": Despite maintaining a cutting-edge

3D Printing Center of Excellence, teams at the project level often did not have good visibility into

available resources or technologies. There were several instances where a slower, more expensive

external vendor was utilized instead of an internal resource. This phenomenon was especially

apparent between sites; several key labs at J&J were underutilized by other sites due to a lack of

awareness. For J&J to maximize benefit from its vast internal resources, it needs to design a

process that increases the chance of using the best available resource on every development project.
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"It's not set up for easy ordering. I can't afford to wait on my job for someone else's job":

Even when all the right conditions were in place for a project team to use a 3D Printing resource,

there still remained reasons for them to choose either a different technology or a sub-optimal

resource. A concern that was raised several times was the issue of lead-time; when design time,

queue time, post-processing time, and inefficiencies were added to print time, it became

advantageous to turn elsewhere for prototyping. This signaled that there may be potential the

capture more value from 3D Printing through operational or organizational improvements.

"3D Printing has allowed us to iterate faster, at lower cost, which leads to a higher quality

product": This quote showed that above all, the organization saw the potential of 3D Printing and

was willing to explore new technologies. Capturing these success stories and making them known

to different parts of the organization will be critical to the continued expansion of 3D Printing at

J&J.

It was clear from the quotes cited above that no single change could vastly shorten NPD cycles at J&J-

the topic needed to be approached from both a technological and organizational perspective. The

following sections take these observations as inputs to help develop an improved strategy through

identification of promising new technologies, new techniques, or organizational changes. This strategy

will ultimately help to drive value from 3D Printing through improved development speed, among other

benefits.

4.3 Improving Organizational 3D Printing Knowledge to Speed New Product

Development
This section discusses adjustments to J&J's organizational structure that will facilitate a greater learning

rate around 3D Printing and begin to address the concerns identified in Section 4.2. It first details the

high-level design of the proposed structure, then discusses its practical implementation at J&J MD, and

concludes with discussion of a model that was built to refine it. The recommendations in this section are

meant to capture significant value with little up-front cost to the business.

4.3.1 Designing an organization to facilitate 3D Printing learning

As described in "The High Velocity Edge", an organization's ability to capture value depends on

understanding where knowledge is needed, generating new knowledge, and sharing that knowledge such

that an individual's expertise is combined with the expertise of the whole [63]. In an industry which uses

technology such as 3D Printing, where new gains are made every year and the proliferation of technology

options is exponential, it is important to structure a development organization to not only learn new

information, but also to maximize the potential value of the technology. Take for example two
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extremes-constant learning and no learning. The first extreme, where an organization devotes every

working hour to understanding the benefits of a new and evolving technology, it has an enormous

opportunity cost from the lost time that could have been focused on product development. In the second

extreme, if an organization affords no time to learning cutting-edge technology, it is impossible to capture

value from it. Between these two extremes lies an optimal strategy of time and resources dedicated to

technological understanding and practical implementation.

Building on the current organizational structure of groups involved in New Product Development at J&J,

as outlined in Section 2.2.1.1, a realigned structure is proposed which changes roles and responsibilities.

This structure, shown in Figure 23, establishes the roles of "Pioneer", which advances the new

technology, "Service Provider", which makes it available and provides project-level expertise, and

"Developer", which implements it on projects. In the case of J&J Medical Devices, these roles would

largely be filled by the 3DP & NSTC, the PM Metals and Plastics COEs, and the project teams,

respectively.

Experience at Toyota during its period of globalization provides evidence to support this structure-

despite involvement in very different industries, significant parallels are visible. During the 1980's when

Toyota surmised it could no longer rely on exports for growth, the company began to open factories in its

major markets. During this period of expansion, it realized that exporting managers to run factories in the

United States was not a sustainable practice. Instead, it successfully developed a system to train

American managers and export its management philosophy instead of its cars [63]. Similarly, this model

can be applied to J&J-the 3DP & NSTC can move from a model of project-level involvement to a more

sustainable model of training members of the existing NPD organizations to be experts in 3D Printing

technologies, thereby multiplying its efforts.
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Knowledge Sharing

Figure 23: Proposed organizational structure to maximize value from 3D Printing technologies

It is important to note that there is an ascending number for resources from the Pioneers to the

Developers, as depicted in Figure 24. The Pioneers, which in J&J's case will be the 3DP & NSTC, will

be a tight core group of np experts, which the segments share. It will not only collect and share

information between franchises, but it will also work with outside vendors, send representation to

industry conferences, and produce practical training.

Moving out from the Pioneers, the Service Providers, under the Product Management groups at J&J MD,

will be specific to their franchise but will maintain awareness of and need-based communication with the

other segments. Another reason for segmenting the Service Providers is incentives; their primary goal

should be generating successful outcomes for their segment. While the Pioneers may advocate for a

technology that is risky because it has wide-ranging benefits, the Service Providers will act as a check to

ensure that any technology used is in the best interest of the project. This structure will enable each

franchise's Service Providers to focus largely on its specific segments projects, while providing access to

company-wide resources as needed. The number of Service Providers, ns, will be larger than the core

group of the Pioneers (ns > no).

Finally, the Developers, which are largely made up of individual project teams, are both more numerous

and more segmented than the previous two groups. The vast majority time spent by an engineer or
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designer in this group will be focused on project-specific development. The quantity of Developers, nd,

is larger than both the Service Providers and the Pioneers (nd > n, > np).

Medical Devices

L

Consumer

Pharmaceutical

111
Iz

- Pioneers, np

- Service Providers, n, > n,

- Developers, nd> n,

-- - Little interaction

-- - - As-needed interaction

Figure 24: Ascending volume of resources from Pioneers to Developers

The result of this new structure should be more efficient dissemination of knowledge through the

organization. Instead of experienced engineering fellows from the 3DP & NSTC coordinating builds for

multiple projects using well understood processes, they are free to research and push boundaries through

select pilot projects and vendor interaction. Furthermore, the project teams would no longer be tasked

with reaching out to the appropriate vendor based on a limited knowledge of additive manufacturing-

they would instead communicate their needs to a knowledgeable intermediary with whom there is an

existing relationship, who directs them to the most effective resource. At the core of this model is a

balance between training efficiency and advancement of technology understanding.

Figure 25 illustrates the dissemination of 3D Printing knowledge over the three key groups under the

proposed organizational structure. It shows near continuous learning for the Pioneers, regular learning for

the Service Providers, and as-necessary learning for the Developers. This structure is meant to reduce the

organizational effort dedicated to learning a new technology, while maximizing value from it. This

model is further explored in Section 4.3.3 using Monte-Carlo simulation to optimize the cost-benefit of

these relationships.
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An important step to facilitate organizational learnig is to incorporate built-in-tests [63]. This structure

will allow for this, with a minor adjustment-each interaction between the groups should include time

dedicated to learning and capturing knowledge developed since the previous interaction; for example, if a

Pioneer recommends a new technology to a Service Provider, there should be an update on its

implementation at the next meeting. This way, knowledge can grow continuously and be shared across

the business. In addition to knowledge flowing down from the Pioneers to the Developers, there will also

be a flow of knowledge up resulting from application experience. The Developers will feed back success

stories, failures, and business needs, which can then be researched or piloted at the Pioneer level and

shared across the enterprise.

4.3.2 Practical iiplementation of the new organizational structure at J&J
At the core of the structure proposed in Section 4.3.1 is the idea that there is a balance between the effort

spent on training a workforce in a new technology, and the value captured from the u se upatechnolgy.

While effort is spent at the Pioneer, Service Provider, and Developer levels, value is only captured if

implemented on projects at the Developer level. Keeping this in mind, the following recommendations

provide a platform that is tunable to optimize the value captured from using 3D Printing at J&J.

4.3.2. Intcgrate3D Printagervice providrgaizithoP sCOrue

The first organizational change needed to facilitate the proposed structure is for the PM Metals and

Plastics COEs to assume the responsibilities of the 3D Printing Service Providers. The reasoning for this
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change is that there is already an established and regular relationship between the COEs and the project

teams, enabling 3D Printing to become another tool in an already successful portfolio. 3D Printing, with

few exceptions, can naturally be broken down into the existing COE groups by technology; either metal,

such as DMLS, or plastic, such as FDM, SLA, etc. This change will allow 3D Printing technologies to be

used where appropriate, as soon as a need is identified, and compared fairly against traditional

technologies.

The COE's will also evaluate the risk of using a new technology and communicate it to the project team;

many teams cannot tolerate risk, so relying on 3D Printing would not be an option. If this is the case,

additional resources would be required to increase the Technology Readiness Level (TRL) prior to use on

a project. This process, developed by NASA, is currently used at J&J to measure the technical maturity

of a new technology on a one through nine scale [64]. For example, an unproved benchtop idea is

considered TRL 1, where successfully implemented and field-proven techniques are considered TRL 9

[64]. One way in which this is currently handled at J&J is for the 3DP & NSTC to study and perfect the

process independent of a specific project. Another method is to "Parallel Path" 3D Printing with

traditional manufacturing if risk is a concern. For example, a critical path Engineering Build could

produce 3D Printed parts, but still order a traditional injection mold. If the 3D Printed parts are

unacceptable, the cost to the project is small compared to increased schedule duration-this method

significantly reduces the risk of using an unproven technology. Both of these methods improve the

organization's body of knowledge, with the hope that project teams will eventually be able to use 3D

Printing without additional risk to the project schedule.

In addition to providing greater 3D Printing expertise at the project level, integration of the PM Metals

and Plastics groups with the current 3D Printing service providers will streamline the process of

producing 3D Printed parts, depicted in Figure 26. In the proposed scenario, the PM groups assume

ownership and responsibility for the development-focused 3D Printing labs across J&J-reducing the

number of handoffs needed to take parts from idea to delivery. Compared to the current process shown in

Figure 21, the proposed process is simplified and should reduce order-to-delivery times. It should be

noted that research-focused labs across J&J, which are those used to study new technologies and increase

their TRL levels, would remain under the direction on the 3DP & NSTC. Additionally, future

production-focused 3D Printing facilities will remain under J&J's "Make" organization, which is

responsible for post-launch production.
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Figure 26: Pathway ftr internal production of 3D Printed parts under proposed s/ncture

Work with project teams suggests that increasing the speed of 3D Printing services would both increase

the number of design iterations, resulting in higher quality final products, and decrease the use of external

vendors, resulting in cost savings [5]. Ultimately, J&J should work to reduce its time from idea

generation to delivery from the current state, described in Section 3.3.3, to as close as possible to

"entitlement," or the physical print time for each technology. This is especially true for applications

where responsiveness is a key driver of value from 3D Printing, such as prototyping. Figure 27 shows

that there is significant room for improvement as 3D Printing becomes more important in New Product

Development, especially with DMLS and CLIP technologies. Closing this gap through continuous

process improvement will help J&J drive significantly more value from 3D Printing in New Product

Development.

I 5' - S C St

3D Printing Technology

Direct Metal Laser
Sintering

Fuse Deposition
Modeling
Selective Laser Sintering

Continuous Liquid
interface Production

Polyjet Printing

Approximate Entitlement

24-72 hours

6-24 hours

3-12 hours

1-2 hours

1-3 hours

Actual Time-to-delivery

14-21 days (includes post-
processing and heat
treating)

2-4 days

2-3 days

>2 weeks

Same day

Figure 27: Entitlement vs. actual Time-to-Delivery for various 3D Printing technologies in MD
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4.3.2.2 Provide initial training to Service Providers

If the PM Metals and Plastics COEs take on the role of "Service Provider", as outlined above, providing

this group initial training will be critical to the success of the proposed strategy. The value from the

training program will be adversely affected by "overtraining", which arises when the individual project

teams have a deeper knowledge of 3D Printing than the Service Providers, who are supposed to be

bringing expertise. When this situation occurs, cost is spent on the training sessions, with little to no

value added. To avoid this phenomenon, initial in-depth training for the Service Providers is important to

avoid investing in low-value training-it ensures that the PM COEs are indeed "experts" compared to the

project teams. This recommendation is further examined through simulation in Section 4.3.4.

4.3.2.3 Set a regular training cadence between 3DP & NSTC and the PA CO Es

In order to equip the PM COEs with sufficient knowledge to act as project-level consultants, they will

require an appropriate level of training and exposure to 3D Printing. To accomplish this, the proposed

organizational changes must include regular training sessions facilitated by the 3DP & NSTC, which

update the Service providers on the current body of knowledge. While the Service Providers need not

have the cutting-edge expertise of the Pioneers, they should have a practical working knowledge of the

technology, such as swrface finish capabilities, available materials, and drawbacks of each type of 3D

Printing. One variable that was explored in this project is balancing the cost of this training with the

value gained from it. The optimal cadence for these training sessions is further explored through

simulation in Section 4.3.3.

4.3.2.4 Provide as-needed training to project teams through "Blitzes" and design reviews

Lastly, the proposed organizational structure requires coordinated interaction between the three groups at

the project level. Experience working as part of project teams repeatedly showed that the most effective

training method to capture value from 3D Printing was project-specific application-instead of providing

generic training with little context, such as information about various printers and materials, training

should be applied at the project level by analyzing parts of the specific product. This is accomplished by

performing a part-by-part analysis of a representative portion of the product, as shown through the

process in Appendix Section 6.3. Facilitated by the Service Providers, these training sessions tailor the

training materials to focus on driving real value from 3D Printing by determining which technologies to

use and connecting project teams with specific Service Providers that can execute the plan. Figure 28

shows the critical stages during a typical J&J Medical Devices NPD cycle where 3D Printing is expected

to create value, and where the technical opportunities described in Section 4.4 can be applied.
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Figure 28: Key proposed interactions between Service Providers and Developers during NPD cycle

(Contrast to Figure 8 on page 28)

This format again focuses on the value-centric idea that 3D Printing training should be relevant to the

project, and should be delivered only when necessary. Point 1 in Figure 28 refers to base-level training

delivered prior to the start of a project; this could involve introductory 3D Printing training, or it may be

as simple as distribution of an updated Service Provider capabilities document. The Service Provider

should optimize this training based on the current knowledge level of the team and the type of product

being developed. The main purpose of the initial training should be to bring the developer to a level at

which they have a general understanding of available technologies and also are aware of Service

Providers with whom they can seek guidance.

Point 2 in Figure 28 is the approximate location of the "3D Printing Blitz", outlined in more detail

through the SIPOC Diagram in Appendix Section 6.3. This training session should occur once the project

team has an understanding what the final product launch will entail, but before making major design

decisions or equipment purchases. This session will require a short amount of time-roughly four hours

for each project was effective in practice-where the majority of the project team and a sector Service

Provider are fully dedicated to training on 3D Printing.
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Over the course of this project, a 3D Printing Blitz was completed with each of the three pilot project

teams. These sessions saw varying degrees of success-anywhere from almost no timesaving potential to

eight weeks of timesaving potential were identified through the use of 3D Printing. The degree of success

seen from the Blitzes was largely the result of two factors: timing and leadership support.

These three sessions showed that it is critically important to approach project teams very early in the

development phase. The first reason for this is that during this stage of the development process, the new

product is undergoing rapid, low-volume iterations, which is fertile ground for 3D Printing. Second,

major design decisions have yet to been made at this point-characteristics such as material choice,

fundamental design, or manufacturing process are still being experimented with. These decisions, made

early on in the development process, have a huge impact on overall cost and development time. For

example, making a decision to machine a gear versus using an injection-molded version of a similar

design would later add significant cost. If the designers can experiment with a variety of polymer

materials through 3D Printing to determine if a plastic version is strong enough, then they can quickly

make a decision and drive value for the organization without impacting schedule.

The above example also illustrates the value of project-specific training. For the project teams to capture

value from a Blitz, the product would need at least an initial idea for the end product-the fact that the

hypothetical team above knew that they were going to need, for example, a gear is important to drive

valuable discussion with 3D Printing experts. With a wide variety of available vendors, resources,

materials, and technologies available, high-level training may not be adequate to seize opportunities

enabled by 3D Printing. An important component of the Blitz process should be to deliver actionable

recommendations; that is, the Service Provider recommendations coming out of a Blitz should be in the

form of a specific material for a specific part to be produced by a specific resource on a specific machine.

This allows Developers to not only have a clear pathway to prototype parts, but also develop relationships

with vendors and gain highly practical experience to supplement any technology training.

As previously mentioned, leadership support of 3D Printing is an important factor for success coming out

of a Blitz. The three pilot projects showed varying degrees of leadership support, which ranged from

general aversion to new technologies to embracing them as a valuable tool. Without a doubt, project

leadership set the tone for the Blitz sessions, and it was reflected by either support or hesitation from the

project teams. One method of ensuring supportive leadership is to provide both detailed explanation of

the benefits, as detailed further in Section 4.4.1.3, and case studies of success stories prior to the Blitz

session. This two-pronged approach addresses both risk and reward; it mitigates the perceived risk of a

new technology by showing proven past examples, and it increases awareness of the potential benefits of
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speed enabled through 3D Printing. Decisions coming out of a Blitz should have support of both the

Developers and the Service Providers; they should strive to strike a balance between minimizing risk to

the project and capturing benefit from the new technology. If value is identified but risk is a concern, one

of the methods described in Section 4.3.2.1 may be used.

While the Blitz, shown in Point 2 of Figure 28, is likely the most important interaction between the

Developers and the Service Providers, it is important that the remaining major decisions are evaluated

individually prior to proceeding. Points 3-5 show that each activity on the critical path presents a

significant time or cost savings opportunity. A similar format to the Blitz is recommended for these

reviews, but with increased focus on the upcoming activity. Because a typical NPD cycle is over

approximately three years, these sessions will also serve to update the project teams on any new advances

in the 3D Printing industry that may have applications to other parts of the project.

Finally, Point 6 in Figure 28 outlines a post-launch review of how successful 3D Printing was for each

application. This information is critical to advancing the organization's body of knowledge on the

subject, and will help other teams in future technology selection.

4.3.3 Refining Organization Structure through Optimization Model
A model was developed to better understand the impact of the proposed organizational structure on the

dispersion of technical knowledge and determine an optimal structure that will best capture value from

3D Printing. The model builds off previous research showing that 3D Printing will positively impact

development speed, and thus result in cost savings for the business. It is structured to reflect the theory

recommended is section 4.3.1, with the three groups including "Pioneers", who work to advance

technology, "Service Providers", who have practical expertise, and "Developers", who are project-

focused.

4.3.3.1 Structure of the model

The model seeks to find a balance between training cost and savings opportunity, and assumes that the

savings gained from 3D Printing is proportional to the level of knowledge applied to projects at the

Developer level. "Knowledge" in this model is the cumulative experience and understanding of

materials, capabilities, resources, applications, techniques, costs, and lead times; essentially, it can be seen

as the ability to practically implement 3D Printing in a way that provides opportunity for the business.

Observations and analysis show a positive correlation between the level of knowledge among the

developers and their value captured from the technology; therefore, it is appropriate to model it as a linear

relationship to savings. Key model inputs include cadence and duration of 3D Printing focused training

sessions. The key model output is the estimated aggregate savings resulting from the training program
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over the one-year duration of the simulation. Model inputs and outputs are detailed in Appendix Section

6.4. These inputs should be revised as the training program evolves to ensure an accurate estimate of

program value. Figure 29 shows the output of one iteration of the model over the 365-day simulation.

The full results from four 1000-iteration simulations are shown in Appendix Section 6.4.4
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and the available opportunity for savings. These outputs are discussed in greater detail in the following

sections.

This simulation was performed in Excel, using the @Risk simulation package [65]. This package was

selected for its ability to incorporate Monte-Carlo capability and produce detailed sensitivity analyses.

For each variable input, a uniform distribution was used over a range specified in Section 6.4.1. Each

individual trial consisted of 1000 simulations. The sensitivity analyses presented in Section 4.3.4

consisted of 42 trials of 1000 simulations; one trial for each of the six @Risk inputs held constant at 1%,

5%, 25%, 50%, 75%, 95%, and 99% of its specified range. Each simulation is iterative over 365 days,

with the Knowledge Levels, Costs, and Savings modeled as cumulative functions.

Each group is assigned an Initial Knowledge Level, kC,o, koo, and kp,o, for the Developers, Service

Providers, and Pioneers, respectively. k is set to a reference value of 1000, which can be considered

the highest level of practical industry knowledge at the start of the simulation; this was done so based on

the observation that J&J has cutting-edge industry experts in-house, regularly sends representatives to

industry conventions, and partners with a wide variety of both vendors and academic institutions. The

initial values for kd,o, and kPoe, which are some fraction of kv,0 , are varied through experimentation as
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shown in Appendix Section 6.4.2.2 to simulate project teams or segment COEs with varying levels of 3D

Printing experience.

4.3.3.2 Modeling organizational learning under the proposed structure

An important feature of the model developed is that there are two different learning rates for each group.

The first learning rate, called the "Normal Learning Rate", is determined by the fraction of time dedicated

to independent research on 3D Printing and a group-dependent constant. For example, the Pioneers, who

spend the majority of their time dedicated to advancing 3D technologies and learn through time-

consuming experimentation, have a significantly different Normal Learning Rate than the Developers,

who are generally focused on product development but have access to useful training materials developed

by the Pioneers. The Normal Learning Rate for the Pioneers, Service Providers, and Developers, are

shown through the following equations:

kdN - mdN * Dd (2)

ksN s= mN * D, (3)

k,N = mpN * Dp (4)

where k',N, sN, and AN are the Normal Learning Rates of the Developers, Service Providers, and

Pioneers, respectively as functions of the Normal Learning Abilities, mdN, msN, and mpN, and the

Fraction of Dedicated Time, Dd, Ds, and D.. In the model, the Fraction of Dedicated Time for the

Pioneers is set to one, given this group is the set of dedicated experts. Dd and Ds become the first

decision variables, which are analyzed based on their effects on the Aggregate Savings, which is detailed

in Appendix Section 6.4.

To determine an appropriate range for mpN, the assumption was made that the 3D Printing Pioneers

would add roughly 10-20% new knowledge over the course of the year. This was seen to be a good

estimate, given the growth of the industry and the enthusiasm for 3D Printing within J&J. With kpO set

to 1000, mPN then falls within the range of 0.27-0.55; that is, the Knowledge Level of the Pioneers at the

end of the 365-day simulation falls in the range of 1100-1200 without additional learning from interaction

with the Service Providers. For the purposes of the simulation, mpN follows a uniform distribution as

described in Appendix Section 6.4.1.2.
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Because the Normal Learning Rates of the Service Providers and the Developers are rendered less

important by D, and Dd, respectively, msN and mdN are not varied for analysis as with m.N. Instead,

these values are fixed as shown in Appendix Section 6.4.2.1.

Equations (2)-(4) describe the speed at which each of these groups learn during normal daily activity-the

alternate of which is the rate at which each accumulates 3D Printing knowledge during dedicated learning

sessions.

Under the new organizational structure shown in Figure 23, there will be two interactions which will

diffuse knowledge across the organization and encourage learning to flow both down to and up from the

Developers. The first of these interactions is between the top-level Pioneers and the second level Service

Providers called a "Knowledge Transfer Session." These training sessions are meant to inform Service

Providers from across the company of not just new industry advances, but also internal enhancements to

capabilities and external partnerships. For example, a Service Provider from the Consumer Products

franchise would rely on these regular training sessions for information about new capabilities within the

Medical Devices franchise that are available for use. Interviews have shown that there is minimal

knowledge and subsequent utilization of internal 3D Printing capabilities outside of one's own segment

[25], and the Knowledge Transfer Sessions would serve to use the central 3DP & NSTC to mitigate this

issue.

As opposed to Equations (3) and (4), which are proportional to time dedicated to the effort, the Learning

Rates during the Knowledge Transfer Sessions do not include such a term, because full effort is expected.

In other words, Dd and D, are equal to one. During a Knowledge Transfer Session, the Learning Rate of

the Developers remains unchanged, and the Learning Rate of the Pioneers and the Service Providers is as

follows:

ks,K =msK (5)

ki,K = mPK (6)

where msK and mpK are the Knowledge Accumulation Rates of the Service Providers and the Pioneers,

respectively. The model has been designed with the assumption that during these sessions, learning will

occur in both directions; the Service Providers will learn at a faster rate, but the Pioneers will also gain

from the experiences and project-level interaction that the Service Providers offer. Values for each of
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these inputs are outlined in Appendix Section 6.4.2.1. The total amount of knowledge acquired during a

Knowledge Transfer Session on Day (i) is as follows:

ks(i) = k',K * tK (7)

kP(i) = kK * tK (8)

where tK is the amount of time, in days, dedicated to the session. tK becomes the next decision variable

in the model, where the cost spent on extending the training session is optimized against the benefit

gained from additional training. Feedback from the COEs at J&J and input from the 3DP & NSTC

specified that practically, these sessions would be no shorter than half a day and no longer than one and a

half days. For this reason, these are the boundaries of the input distribution as detailed in Appendix

Section 6.4.1.1.

Given they are not tied to project-level milestones, it is assumed that a regular cadence will be developed

for Knowledge Transfer Sessions. This cadence, CAD, is the third decision variable for which the model

tests. Practically, these sessions would not occur more frequently than once a month or less than once a

year, so this is the distribution which was tested for its effect on the Aggregate Savings. This distribution

is further outlined in Appendix Section 6.4.1.

The second interaction facilitated by the structure outlined in Figure 23 is a "Project Blitz" between the

Service Providers and the Developers, which is similar to the Knowledge Transfer Session described

above. These intense project-specific sessions bring knowledge down to the Developers through

application. This process is further detailed in Appendix Section 6.3, and was proven effective among the

pilot projects. The Project Blitzes are meant to prepare the project teams for major decisions that both

drive the direction of the project and present major savings opportunities through application of 3D

Printing. These sessions would correspond to the points detailed in Figure 28, and represent events such

as the purchase of injection molding equipment or the product's final material selection. As opposed to

Equations (2) and (3), which are proportional to time dedicated to the effort, the Learning Rates during

the Blitz do not include such a term, because full effort is expected. In other words, Dd and D, are equal

to one. Thus, the Blitz Learning rates are described as follows:

kB = MdB (9)

kB sB (10)
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where mdB and mB are the Blitz Knowledge Accumulations Rates for the Developers and the Service

Providers, respectively. As with the Knowledge Transfer Sessions, the Blitzes are modeled such that

learning occurs for both parties involved. The total knowledge gained for each party on a Blitz day is

calculated using the following equations:

kd(i) = k'B * tB (11)

ks(i) = k' B* tB (12)

where tB is the amount of time, in days, spent during a Blitz. As with the value for tK, input from

various groups helped to develop bounds for the range of this decision variable, which are detailed in

Appendix Section 6.4.1.1.

Because the Blitzes are directly tied to project milestones, as shown in Figure 28, their timing was not

modeled as an even cadence, as with the Knowledge Transfer Sessions. Instead, the Blitzes were timed

randomly, with an average occurrence of two per year. This was seen as reasonable, because there are

five key milestones outlined over a project length of approximately three years.

An important feature of the model developed is that Equations (2)-(12) only hold true if a knowledge gap

exists and there is "room to learn". For example, a constraint is built into the model such that the Service

Providers cannot have a greater level of expertise than the Pioneers, which in practice will be true if the

Pioneers are on the cutting edge and the Service providers rely on training materials developed by them.

Similarly, because in this model the Developers rely on the Service Providers for expertise, the

Developers are constrained to a maximum level of knowledge equal to that of the Service Providers. This

constraint raises the possibility of "overtraining"-a situation where time and cost are spent on learning

about 3D Printing, but no new knowledge is absorbed because the information was learned previously.

Appendix 6.4.3.2 provides detailed explanations of the formulas developed in this section.

4.3.3.3 Mfodeling cost under the proposed organihational structure

Cost is a modeled as a function of the total man-hours each group dedicates to the advancement of 3D

Printing, and its corresponding opportunity cost. The estimated opportunity cost for each group, L, is

based on their value when not spent focusing on 3D Printing. For example, the Developers have

dedicated projects that are generally high-priority, so this group has a high opportunity cost. On the other

hand, the Pioneers sole responsibility is to develop 3D Printing expertise, so this group's opportunity cost
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is essentially the cumulative salaries of those involved. Official opportunity costs for each group were

difficult to determine, and warrant further investigation to increase the model's accuracy. The detailed

estimates are outlined in Appendix Section 6.4.2.1. Given the estimates for opportunity costs, L, the

Fraction of Dedicated Time, D, and the headcount of each group, n, the rate of cost accumulated through

the strategy on a normal day is calculated by the following:

cN = L * Dd *n (13)

CsN = LS * D* ns (14)

CN = LP * D* np (15)

As described in Figure 24, nd > n, > np. The values input to the model are based on interviews with

leaders in J&J, estimates of the average project team size, and the number of active projects in the

Medical Devices franchise.

Equations (13)-(15) are modified slightly during either Blitz Sessions or Knowledge Transfer Sessions, as

D for each group reaches unity under the expectation of full time commitment. For the Blitz Sessions

involving the Service Providers and the Developers, the following equations are used:

CdB = Ld * tB * nd (16)

CS,B s * t * fs (17)

Similarly for the Knowledge Transfer Sessions between the Pioneers and the Service Providers, rate of

cost accrual is calculated using the following:

CsK = LS * tK * ns (18)

CIK = LP * tK * np (19)

The cumulative cost at the conclusion of the 365-day simulation is tracked as an @Risk output for

analysis, which is discussed further in Section 4.3.3.5. Detailed explanation of the cost calculations can

be found in Appendix Section 6.4.3.2.
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4.3.3.4 Modeling savings under the proposed orgunizational structure

Under the proposed structure, value is captured at the Developer level through application. It is important

to note that, despite effort and cost spent training the Service Providers and Pioneers, those groups do not

contribute to overall savings. There are two prerequisites to capture savings through this strategy: the

opportunity to save, and the knowledge to act on that opportunity.

The magnitude of any savings opportunity is modeled as a function of the potential number of days saved,

and the value of each day of acceleration. Data collected from current MD projects suggests that a

reasonable value for project acceleration is on the order of $1M/month, or roughly $30,000/day. The

model couples this estimate with a function that randomizes both the date and the weight of events that

can present savings opportunities.

Savings opportunities are broken down into two main categories: Major Decisions, and Minor Decisions.

Relating back to the events outlined in Figure 28, Major Decisions are those which are planned for, and

are large enough to warrant a special Blitz; for example, ordering capital tooling or preparation for an

Engineering Build. Minor Decisions, on the other hand, are unplanned or are not large enough to

necessitate a Blitz; these might include an extra iteration to refine a design, or a last minute fixture that

will be used to test a prototype. While both of these decisions carry weight, Major Decisions have a

much larger effect per event. On the other hand, Minor Decisions occur much more frequently. This

structure is based off interaction with project teams, and represents the flow of decision making on a

typical Medical Devices Project. Appendix Section 6.4.3.2 further details the methods used to develop

both the weight and the frequency of Major and Minor Decisions.

The total opportunity for savings for the 365-day simulation was tuned to approximately two months,

which is the estimated savings potential based on interaction with the project teams, given input from 3D

Printing experts. There are, on average, two Major Decisions, and five Minor Decisions modeled per

calendar year. For the purposes of the simulation, Major Decisions present either 15-day or 25-day

opportunities, and Minor Decisions carry a weight between one and 10 days. These values represent an

order-of-magnitude estimate for time-saving opportunities enabled by 3D Printing, based on experience

with pilot teams in Medical Devices. They present an estimate which can later be adjusted to better fit the

other franchises.

With the Potential Savings, PS, established, the Savings on each day is calculated using the following

equation:
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s(i) = PS(i) * [(kd(i)/kp,o) - (kd,o/kp,o)] * n(0

Equation (20) is structured to capture just the savings resulting from the enhanced 3D Printing Strategy; it

is referenced against the base value of kd,o to account for previous knowledge that the Developers already

have. This equation also assumes that given full industry knowledge, which the Pioneers are modeled to

have at the start of the simulation, the Developers could capture the entire savings potential presented on

any given day.

To develop an estimate for the total value proposition of the new 3D Printing strategy, the "Cost" column

is subtracted from the "Savings" column to develop the "Aggregate Benefit" column, as shown in Table

8. The cumulative Aggregate Benefit is tracked as an @Risk output, and is referenced against the @Risk

input variables to develop sensitivities.

4.3.3.5 Md ficatdon ofjcritical variables in training opuinization

The value of additional training and focus on 3D Printing is strongly dependent on the initial knowledge

levels of both the instructor and the instructed. For example, a fresh engineer has much to learn from a

seasoned expert, especially on a niche topic like additive manufacturing. On the other hand, knowledge

flow is limited between two peers that have nearly the same understanding of capabilities. With this in

mind, an experiment was run using the model described in this section. Table 3, also shown in Appendix

Section 6.4.2.2, details the experimental values assigned to kd,o and k,O, keeping in mind that the

reference value is set at 1000, which equals the maximum available practical 3D Printing industry

knowledge on the first day of the simulation.

Developer Service Provider

Hi/Lo Value Hi/Lo Value

High 650 Low 650

Low 300 High 850

High 650 High 850

Low 300 Low 650

Table 3: Experimental values for Initial Knowledge Levels
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This experiment was designed to better understand the effect of initial knowledge on the overall value of

the program. Research with project teams showed widely varying levels of understanding between sites,

and even between co-located project teams. Additionally, the groups that have been identified to take on

the Service Provider role also have varying levels of expertise; some with no more knowledge of 3D

Printing than the Developers with whom they will be working with.

The value of each input is based off experience with the three pilot project teams-in this initial estimate,

Developers have approximately one-third to two-thirds the Knowledge Level of the Pioneers. The

engineers on whom this estimate is based had a good understanding of the fundamentals and knew of

some service bureaus, but lacked knowledge of internal capabilities and some very applicable techniques.

The Service Providers, on the other hand, had a more detailed understanding of available techniques and

resources, but lacked much of the cutting-edge expertise of the Pioneers in the 3DP & NSTC. The values

in Table 3 provide a reasonable estimated range based on interaction with project teams, and allow for a

directionally accurate analysis of the program's value. These inputs can be specifically tailored to

different segments should this model be used to develop strategy in the future at J&J.

Section 4.3.4 discusses the results of this simulation, as well as some of the recommendations that can be

made based off the generated data.

4.3.4 Discussion of Results and Recommendations from Simulation Data
The following discussion is based largely on the data generated by the simulation, which are shown in

Appendix Section 6.4.4. The simulation and the accompanying sensitivity analyses show that the

proposed strategy needs to be carefully designed in order to be successful. The Decision Variables, which

J&J can control, are Dd, Ds, tB, tK, and CAD; the results show that several of the variables clearly

dominate the effectiveness of the training program, which is a useful insight for its design.

The insights below were developed from analysis of the simulation results, and provide direction for the

optimal strategy:

The value proposition of a training program is highly dependent on the Initial Knowledge Levels:

Figure 30, which is shown again in Appendix Section 6.4.4, compares the Aggregate Benefit from each

simulation. It illustrates the impact that the Initial Knowledge Level of each group involved has on the

value that can be effectively captured through an improved strategy. This figure shows that a

combination of high Developer Initial Knowledge and low Service Provider Initial Knowledge will

severely damper the value proposition. Furthermore, as shown in Simulation 3 below, it shows that even

a small gap in the Initial Knowledge Levels will allow for significant value generation.
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Effect of Initial Knowledge on Benefit of Training
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Figure 30: Impact ofinitial Knowledge on Aggregate Benefit ofproposed slrategv

Two main recommendations can be made from this information: First, if a development team has a very

high proficiency in 3D Printing, then it may not immediately benefit from this strategy. Second, it is

critical for the Service Providers to have a high knowledge level at the onset of the training program. For

example, despite a modest difference between k,,o in Simulations 1 and 3, there is roughly a fourfold

increase in program value.

Time Dedicated to Blitzes is the most important decision variable, and should be maximized: As

shown in Figure 55, Figure 58, Figure 61, and Figure 64, the simulation results are dominated by tB. This

is logical, because much more knowledge transfer to the Developers occurs during a Blitz than during a

non-Blitz. The ramification of this result is that J&J needs to schedule ample time for the Blitzes, and

avoid the temptation to "get back to work" too soon. These sessions are the cornerstone of the entire

strategy; they are critical in capturing value from the ongoing work of the Pioneers. As shown in Figure

54, Figure 57, Figure 60, and Figure 63, the optimal range for tB was beyond the maximum input range of

three days-this result shows conclusively that the Blitzes should not be compressed into just a few

hours. Despite being the dominant variable in each of the four simulations, the impact of tB only

increases with the gap in kdo and kso, as shown in Figure 31.
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Effect of Initial Knowledge Gap on Sensitivity to tB
600.00 ............. $........ ...... ....... 6,000,000.00

500.00 ....... S..... .......... 5,000,000.00

300.00 $3.0,0 00 .. ...i..da al l d to B s)'Ma

100.00 . ... ..... .. .... $1,000,000.00

-e-esiiyof Mean Aggregate
.................... .... Benrefitto tB(Right Axis, of

1 2 3 4 berefitday allocated toBlitzes)

SImuleten Number

Figure 31: Inportance of tB with respect to initial knowledge gap

Apart from ensuring enough time for knowledge transfer through the Blitzes, this information can also

potentially be used to reduce cost over time. After the first year, when the gap between the three groups

closes substantially, J&J may benefit from reevaluating the time spent on Blitzes. While Blitzes will

remain an important part of the overall strategy as the program reaches steady-state, effort may be better

spent on one of the other levers such as increasing the frequency of the Knowledge Transfer Sessions.

Developers and Service Providers should leverage interaction with other groups for knowledge

when possible: As shown by Figure 55, Figure 58, Figure 61, and Figure 64, increasing the value of

either Dd or Ds, which are the fraction of time dedicated to independent study of 3D Printing for the

Developers and Service Providers, respectively, has an adverse effect on the overall program value. This

is a result of both interaction between the groups and project-specific recommendations leading to

significantly higher learning rates during Blitzes and Knowledge Transfer Sessions than during normal

periods. The 3D Printing strategy can benefit from this information; it should leverage the high-value

interaction between groups instead of encouraging excessive independent study. For example, if

individual Developer teams identify a need, it benefits the organization if they involve either the Pioneers

or the Service Providers-doing so increases both the speed at which they can solve their problem and the

overall learning of the organization. This type of interaction needs to be encouraged by company

leadership and ultimately become part of the company culture. Blitzes and Knowledge Transfer Sessions

are an effective way to identify issues, solve them, and share the results across the segments.

The importance of training Service Providers increases over time: As time goes on in the simulation,

the levels of knowledge between the three groups tend to converge. Additionally, as stated earlier, the

overall program value increases dramatically with the knowledge gap between the Developers and the

Service Providers. Given these two characteristics of the results, it can be shown that as time goes on,
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J&J will need give more focus to training Service Providers. Doing so will help to prevent "over

training" of the Developers-a situation that occurs when the Service Providers cannot offer new

knowledge to the Developers during a Blitz. This situation destroys value by increasing cost while

providing minimal benefit. Practically speaking, it may be useful for the 3DP & NSTC to develop a

metric for knowledge of each project team and Service Provider group, which can be used to determine if

there is the potential for an over training scenario. While this project did not attempt to develop a detailed

metric, a potential framework for doing so is outlined in Appendix Section 6.1. While this situation is

unlikely to happen initially-especially if initial training of Service Providers is effective-it is

increasingly likely to happen over time as the Developers get more experienced.

The importance of the Pioneer Learning Rate also increases over time: Building on the previous

observation, it can be shown that the importance of the Normal Learning Rate for the Pioneers also

increases over time because of the convergence trend. The Pioneers determine the ultimate "Ceiling" of

knowledge, and thus dictate the maximum level of knowledge in the system at all times. Initially the

Pioneer Normal Learning Rate has little effect on overall value, as demonstrated by the tornado chart in

Figure 64, which is based on a plausible scenario for the early stages of a training initiative. Eventually,

though, its importance rises as shown in Figure 61, which is based on elevated Initial Knowledge Levels

for both the Service Providers and the Developers. An extreme situation is shown in Figure 32 below.

This scenario models total convergence of knowledge, with the Initial Knowledge Level of all three

groups set to 1000. In this case, the Pioneer Learning Rate becomes the most important decision variable,

and the mean program value drops below zero.

Sensitivity Tornado
Knowledge acumulation rate for Pioneers

during non

Ds Decision Variables C3

Dd / Decision Variables C2

CAD/ Decision Variables C4

tB/ Decision Variables C5

tK MDecision Variables C6

0 0 0 00 0 0 0 0
0) 0 0 00 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0to 14 N 0 00 r4 E

Mean of Cost and Savings - Aggregate

Figure 32: Extreme case illuistrating the importance of'the Pioneer Learning Rate over time
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To compound this observation, the Pioneers' Learning Rate will likely plateau as the technology matures,

which will further negatively affect the overall value of the strategy. This example shows that as the

technology plateaus and the Service Providers and Developers close the knowledge gap on the Pioneers,

J&J's 3D Printing strategy will require significant changes. Fortunately, for the near future, 3D Printing

is experiencing exponential growth and this problem should not arise.

4.4 Improving Organizational 31) Printing Capabilities to Speed New Product

Development
While Section 4.3 focused on improving organizational knowledge, this section focuses on improvements

that can be made to J&J's 3D Printing Capabilities, as outlined in Appendix Section 6.1. These

recommendations generally involve improving the tools with which engineers can use during a

development project. This section discusses new technologies, new techniques, and process

improvements that J&J can use to capture significant value from 3D Printing technologies. These

improved capabilities will multiply the value captured from increased organizational knowledge alone.

4.4.1 3D Printing Technologies, Techniques, or Process Improvements to Enable NPI)
Acceleration

The following sections detail specific improvement areas that will help J&J reduce NPD cycle time.

Some of these recommendations would require significant up-front investment, while others are process

improvements with little capital cost. Each of these recommendations addresses one or more of the

concerns identified in Section 4.2.

4.4.1.1 Increase use of con formal cooling for production tooling

A very promising technique for accelerating New Product Development at J&J is using DMLS to build

production injection molds. Using heat-treatable maraging steel, production molds can be made quickly,

cost-competitively, and with very advantageous design enabled by 3D Printing. 3D Printing not only

allows for potentially shorter lead times, but it also enables the use of conformal cooling lines. The

process involves embedding a production mold with cooling lines that are contoured to the mold cavity.

Advanced analysis can be coupled with the technique to tune the final geometry of parts and decrease

production cycle time.

This process, originally developed at MIT in the early 2000's, has been significantly improved through

the application of computer modeling and automated design [41] [66]. Several companies, including

Linear AMS in Livonia, MI, are very capable vendors for conformal cooling and have been employed by

J&J on a limited number of applications. Despite in-house DMLS capability, J&J has not yet

experimented with manufacturing its own conformally cooled injection molds.
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The process for designing conformally cooled molds is somewhat different from designing a traditional

mold, and requires knowledge of the potential post-processing techniques required. All the limitations

involved with DMLS printing apply, so characteristics such as potential shrinkage and surface finish need

to be accounted for. For example, depending on the surface finish required, between 0.008" and 0.03"

extra material should be designed into the mold cavity to allow for finishing operations [67].

The benefits of manufacturing injection molds with this process are numerous, and go beyond the

potential for improving speed-to-market. Production part cycle-time reduction estimates range from 15-

60%, depending on the part geometry. Additionally, one case study reported a scrap rate reduction of

97%, due to improved cooling characteristics and more predictable shrinkage [68]. With respect to this

analysis though, conformal cooling presents a significant opportunity over traditionally machined molds;

the enhanced dimensional stability resulting from predictable cooling can significantly reduce the total

time of order-to-delivery.

The process of manufacturing a traditional mold begins with selecting a vendor and transferring the part

design. A typical lead time from this point is 14 weeks until test parts are produced-these parts are often

out of specification, and require several iterations of "grooming", where the mold is modified to meet

specification. In the best case, grooming involves removing material from the existing cavity. In the

worst case, it involves an additional step of welding in inserts, which add back material before finishing.

Conservative estimates for the grooming process range from six to eight weeks, with thousands of

scrapped parts produced along the way. An additional problem posed if grooming is necessary is that

there becomes a "Nominal" mold design, and an "As-Built" mold design. Without careful document

control, this can lead to issues later in the product lifecycle when it comes to tool replacement [69].

Utilizing 3D Printing to make production tooling circumvents these issues. By taking advantage of

conformal cooling's greatly enhanced dimensional stability and advanced modeling, the grooming

process can be eliminated. Several company trials at J&J have shown similar order-to-test part times for

conformally cooled molds, but with an overall reduction in development time of eight weeks.

Additionally, these trials have shown 34-50% cycle time reduction and reduced warpage [70].

To better understand the process of designing a conformally cooled mold, part of this project involved

working with Linear AMS to analyze a specific part as a candidate for this process. The specific purpose

of the analysis was to determine the benefits of a 3D Printed injection mold over a traditionally machined

one. To do so, Moldex 3D industrial finite-element simulation software was used to simulate two

different scenarios: one employing a traditional cooling channel design, and another using a conformally
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cooled design. The results of which were then analyzed to estimate the resultant cycle time and warpage

under each scenario. Figure 33 shows the product geometry, along with the associated sprue, gate, and

runner. As shown, the part modeled is thin-walled and relatively simple. The mold is designed as having

two cavities for larger throughput.

Figure 33: Cavity, spute, gate, and runner desigI for sample part

The next step was to model the traditional cooling channel design. Linear AMS performed this work

under contract of J&J. As shown in Figure 34, there are 15 cooling channels designed into the injection

mold insert. These cooling lines, constrained by traditional drilling and machining, run in a planar pattern

that approximates the contour of the part.

Figure 34: Sample part shown with traditionally machined cooling channels
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Separately, another simulation was built incorporating conformal cooling lines. Linear AMS is also

credited for this design. Instead of being constrained to traditional machining, 3D Printing allowed for

near total freedom of cooling channel design, which enabled them to follow the true contour of the part.

Figure 35 shows the redesigned mold, with 13 conformal cooling channels.

Figure 35: Sample part shown with confornal cooling channels

With the sample part modeled with both traditional and conformal cooling lines, two analyses were

completed for each: a cooling analysis, and a warpage analysis. The purpose of the cooling analysis was

to compare the expected production cycle times of each mold, and the purpose of the warpage analysis

was to identify potential issues where grooming may be needed to bring a mold into specification-the

former affects profitability after product launch, where the latter affects time-to-launch.

Figure 36 and Figure 37 show the results of the cooling analysis for the conventional and conformal

molds, respectively. As shown, the functional part component in each case freezes in less than a second,

due to its thin wall. In each scenario, the gate is the last region to freeze.
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Figure 36: Cooling analysis Jbr conventionally cooled mold (total cooling time 29.4 seconds)
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Figure 37: Cooling analysis for conformally cooled mold (total cooling time 23.6 seconds)

The cooling analyses for this component demonstrates a 19.7% reduction in cycle time-within the

estimates provided in literature review. The thin-wall nature of this design seems to be the reason that

this particular part is near the lower bound of the estimate range, but nonetheless the improvement is
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significant. Assuming this part is produced at a volume of one million per year, the modified mold design

saves roughly 800 machine-hours per year compared to the conventional design.

The warpage analyses were performed to predict the necessity of grooming the mold after the first

iteration. The more deflection present, the more difficult it becomes for the mold manufacturer to predict

and design the mold such that it produces in-specification parts without modification. Even if the

manufacturer designs the mold to counteract predicted deflection, this practice generally introduces

unwanted internal stresses into the production parts. Minimizing predicted deflection is thus a valuable

mold characteristic, as it reduces the likelihood of grooming and produces higher quality final parts.

Figure 38 and Figure 39 show the results of the warpage analyses, and are presented in terms of absolute

deflection from nominal. These results show a 22.5% reduction in peak deflection using conformal

cooling versus traditional cooling lines. As with the cooling analysis, conformal cooling enables

significantly improved mold performance, which may be enough to eliminate the grooming process.

Modexsyd

Figure 38: Warpage analvsisfor con ventionally cooled mold ('max deflection 1.87mm)
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Figure 39: Waipage analysis for conjfrmally cooled mold (max deflection 1.45mm)

Conformal cooling has been successfully experimented with at J&J and elsewhere, and its use is expected

to continue growing. The molds can be produced with roughly the same cost and lead-time of traditional

molds, while producing superior parts that are much more likely to meet quality requirements without

mold modification. Additionally, these molds have shown near comparable durability to traditionally

machined steel injection molds using a variety of materials including glass-filled polycarbonate and glass-

filled nylon [71]. These qualities have the ability to significantly reduce New Product Development time

by shortening the effective lead-time for capital tooling.

Conformal cooling may have applications beyond plastic injection molding; another promising

application is Metal Injection Molding (MIM), which is a manufacturing process frequently used by J&J

to produce complex metal parts. The MIM process involves injecting a mixture of metal powder and

binder into a mold, and sintering the resultant "green" part to produce a net-shape metal part [72].

Several experiments have shown that utilizing conformal cooling can significantly reduce both cycle time

and part defects. In these experiments, the manufacturer saw 60% cycle time reduction, defect and void

reduction, improved runout control, and acceptable tool life when using DMLS to produce a conformally

cooled MIM mold [73].

Together these applications show that conformal cooling is a highly valuable technique enabled by 3D

Printing. J&J Medical Devices, along with the other two segments of J&J, produces many injection-
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molded and MIM parts that could benefit from this technology, making it a potentially impactful tool that

should be available to all project teams.

Several barriers exist that have prevented wider use of conformally cooled molds. The first is that few

tooling vendors have both the expertise and equipment required to produce them-developing these skills

across the industry will take time, collaboration, and experimentation. Another barrier is the development

process itself-at J&J, engineers typically use the later Engineering Builds to fine-tune their designs for

production tooling. This presents a challenge because to support a conformally cooled production mold,

prototype injection molds would ideally also use this technology. This process may add significant cost

and complexity to the current development cycle, and would need to be weighed against the benefits of

using the technology. Time and wider use of conformal cooling will decrease both of these barriers, but

for the time being implementation of this technology remains limited to a few projects across the

company.

4.4.1.2 Increase access to local 3D Printing technology

When asked what were some of the barriers to increased use of 3D Printing, feedback from project teams

often centered around limited local access to a variety of technologies. Many sites at J&J have 3D

Printing capabilities-in fact the 3DP & NSTC maintains a list of each with the contact information of the

owner-but few sites have access beyond FDM and PolyJet. During fast-paced design iterations, this

presents a problem for the project teams, who want to leverage the speed of 3D Printing and have parts

made in same-day or next-day timeframes.

Solving this problem without purchasing additional capital tooling can take two forms: by improving

internal speed or by creating partnerships with external vendors. Leveraging external partners is an

excellent short-term solution for several reasons; no capital appropriation is necessary, new technologies

can be tested prior to purchase, and services come with a service bureau's expertise [74]. Gartner

suggests considering a range of variables prior to choosing a service bureau: price, finished part quality,

delivery time, material range, available services, and post-processing options. Furthermore, Gartner

recommends choosing between a local provider and a national company; in 55% of companies surveyed,

working with a local provider was preferred over working with either a national or global organization

[75].

If the business chooses to use an outside vendor instead of producing parts internally, there are excellent

resources available to help choose which one will be the most effective. When choosing a vendor based

on specific technical abilities, it is useful to consult Wohlers Associates' Annual Report, which provides a
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detailed and comprehensive comparison of various 3D Printing technologies and their working materials,

tolerances, printable features, surface finishes, and limitations [27]. Additionally, Gartner publishes a list

of reputable 3D Printing service bureaus along with a brief description of each one's capabilities [74].

Because of deep experience and strong competition for customers, these companies offer fast turnaround

and excellent customer service that may be difficult to achieve at an internal site. Ensuring that project

teams have access to-and are aware of-a variety of accessible 3D Printing options will help to speed

product development.

Of course, adding capital tooling and developing on-site 3D Printing capability is also an option; but this

route is capital-intensive and not likely to get approval at every site. However, J&J has successfully

developed significant 3D Printing capabilities at several of its sites. Data was not available to perform an

in-depth value analysis of these labs, but estimates from leadership are that the marginal cost of producing

stainless steel DMLS parts internally is roughly 25% that of using an external vendor. Producing parts in-

house has the potential improve both speed and cost, but should be carefully considered given the high

capital costs of new tooling and the pace of advances in the industry. Several tools used to justify

potential capital tooling orders are discussed in Section 4.4.1.3.

4.4.1.3 Develop process fir establishing "Decision Rules "fir in vestment

A useful process to justify investment in a design or process improvement during product development,

such as adding 3D Printing capabilities, is creating "decision rules" for investment. The goal of creating

decision rules is to enable management to make educated decisions regarding investment in better tooling,

design changes, additional resources, etc. These rules are based on the logic that the additional benefit of

investment must outweigh the additional cost [22].

The hypothesis on which much of this thesis is based is that speed to market is often more valuable than

most project teams estimate. For example, input from one team was that a recent project was delayed by

more than six months to add a minor feature to the final design-the additional feature turned out to be

nearly worthless from a marketing perspective, but cost the project team in both development effort and

lost revenue. While trying to tweak the final design to perfection, this project team failed to understand

the value of speed to the business. The same idea holds when considering investment in process

improvement-the sticker shock of an additional 3D Printer may quickly fade with a clear understanding

of the value of saving just a few weeks of development time.

To begin the process of creating decision rules, it is important to break down the underlying reasons for

why speed is important for new products. Each product is different, so a new rule will need to be
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developed at the start of each project. The factors that affect the top-line value of speed include longer

sales life, customer loyalty, and pricing power. From a cost perspective, reducing development time

saves on labor, equipment, and overhead. Advanced scenarios also involve product cannibalization,

changes in the shape of market uptake curves, and shifts in competitor decision-making [22]. Developing

an accurate model is a complex challenge involving input from strategy, marketing, and finance teams;

ultimately this is beyond the level of complexity that NPD teams should be expected to take on.

While working with one project team, a collaborative approach was used to develop a decision rule; J&J

supports a business intelligence group called Global Business Insights (GBI), which was leveraged for the

analysis. Because this group is already responsible for developing similar models, the request of creating

a valuation for time involved minimal additional effort; given this result, future development teams

should utilize the GBI group for developing decision rules for investment.

Given the specific product, the market conditions, the expected sales curve, and the presence of existing

products on the market, GBI was able to develop a simple Net Present Value for speed: accelerating that

particular product's launch date by one quarter would result in an NPV of roughly $3 million to the

business. This dollar amount opened the possibility of valuing time along with any other project

expense-valuing process or design changes that would accelerate development could be easily analyzed

against their expected cost.

One critical area where J&J can use this information is in the decision of whether or not to expand a 3D

Printing lab. There are several labs with significant capabilities across J&J, which are available to

produce parts for any segment. Despite a cheaper marginal cost than external vendors, these labs have a

high utilization and often have significant queue times; the administrator of J&J's largest 3D Printing lab

cited a queue time of one to two weeks for DMLS printed parts [76]. To determine the value of investing

in additional capacity, J&J can use the cumulative value of speed determined by GBI across projects

using the lab with the G/G/N Queuing Model, outlined below [77]:

p22(N+1) 24 c2 (21)
L = x

1 - p 2

where L is the average queue length in number of projects, p is the capacity utilization of the printers, CA

is the coefficient of variation for the timing of new orders, CB is the coefficient of variation for print

times, and N is the number of printers. Furthermore p can be calculated using the following:

(22)
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where A is the average rate of new orders and pt is the maximum service rate of one printer. Once L is

determined, Little's Law can be used to calculate the average wait time in the queue, W:

L (23)

Equations (21)-(23) can be combined with average project value of speed developed by GBI, V, into the

average cost per project of not expanding the 3D Printing labs. The average queue cost per project, cq, in

dollars, is calculated using the following equation:

Cq = V x Wq (24)

Finally, the organization's total cost of the queue, which is expressed in dollars per day, can be calculated

through Equation (25):

Cq = L x Vs (25)

Equations (21)-(25) only hold true if the time spent in the queue impacts project critical path. But

because prototyping, and subsequent use of internal 3D Printing labs, typically occurs early in the

development process, there is a strong probability of this being the case. Insufficient data prevented a full

analysis from being performed at J&J, but using this method to justify expansion of labs is a valuable

opportunity that is worthy of additional research. For example, assuming an average queue length of five

projects, an average value of speed at $3 Million/quarter, and roughly half the prints falling on critical

path, the queue cost at just one of J&J's 3D Printing labs approaches $85,000 per day. It is easy to see in

this case that an additional investment of several million dollars in new capacity would be a wise

decision.

4.4. 1.4 Establish f/rannl process for developing 3D Printing value streams

An important step in improving J&J's body of 3D Printing knowledge is the process it has for cultivating

value streams from new technology. In practice, there are two ways of identifying opportunities through

3D Printing: "Technology Driven" or "Top-Down" improvements, which arise from industry

advancements, and "Application Driven" or "Bottom-Up" improvements, which are developed for

specific project needs. Figure 40 describes a proposed process for assigning development responsibility

for each of these two cases. This process assumes that Pioneers drive the Technology Driven

improvements, where Developers identify the Application Driven needs.

Two development portfolios arise from this process. The first contains those opportunities that are

managed by the Service Providers; these developments will be specific to the J&J segment, and will have

a relatively small scope. An example would be to determine if DMLS gears will have the required
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tolerances for a new product. In this case, the scope is manageable and very application-specific. The

second portfolio is that which is managed by the Pioneers and contains both widely valuable

developments and "overflow" developments when the Service Providers have insufficient resources. An

example of a development project in this portfolio would be the introduction of CLIP technology as an

alternative to injection molding-this requires significant resources and has broad implications on value.

Another potential scenario is when the development idea is managed by both the Service Providers and

the Pioneers. This case would arise when both the project and the business see value in developing a

technology. In this scenario, resources from both parties would contribute to the project-level application

and the results would be quickly shared across the other segments.

This decision making process allows for efficient prioritization of development projects. Valuable

developments will reach the appropriate level of the organization; either the Service Providers or the

Pioneers will manage the research depending on the scope and potential organizational value.

Additionally, keeping manageable technology development under the Service Providers allows for

immediate benefit to the project team and fosters continuous idea generation from the Developers.
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Figure 40: Decision process for cultivating value streams

4.4. L.5 Usie 3D Printed Polymner Injection M~ols fojr low-vo~lumtenmaterial-sVpecijic partsv

One of the challenges 3D Printing has faced in the past, which has somewhat limited its growth for late-

stage prototyping, is that there is a finite number of materials with which to print. Despite an expanding

number of options, there remain important engineering materials that either cannot be directly printed

using available technologies, or have different mechanical properties resulting from the process-

examples include patented bio-absorbable or glass-filled polymers that are often found in medical devices

[78]. For this reason, designers and engineers have often chosen machining as the preferred prototyping

method, because it offers the ability to produce parts quickly and in the final material.
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An issue that arises with machining is cost-because it is resource-intensive, machining a simple part out

of polycarbonate can be between $400 and $1000 if produced by an outside vendor, as reported by one of

the three pilot project teams. On the other hand, maintaining an internal machine shop for prototyping

would involve purchasing millions of dollars of equipment, and staffing it with highly trained machinists.

This presents an opportunity for 3D Printing-instead of directly printing plastic parts, 3D Printing can be

used to produce a prototype injection mold, called Rapid Tooling (RT). This process enables low

volumes of prototype parts to be produced with very fine detail, often at a fraction of the cost of

machining. Additionally, the parts are produced using a similar process to production, with the exact

same material. Using 3D Printing for molds fills a gap that traditionally existed between machining and

injection molding with "soft" tooling. "Soft" tooling is steel or aluminum tooling that is not built to

production specifications, but is lower cost and has a reduced lead time of roughly $6000 and six weeks,

respectively, according to estimates from several project teams.

Several studies, including two by J&J, have confirmed both the viability of RT molds and their resultant

reductions in cost and lead-time of 50-90% versus other methods of prototyping [31]. Plastic parts have

been successfully printed on both PolyJet technology and SLA technology with similar results. Figure 41

illustrates the types of materials for which this process is a good candidate, and the number of good-

quality parts that can be expected from the life of each mold.
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There are several notable limitations to injection molding with RT. The first of which is that the cycle

time for producing parts is significantly longer than traditional molds. For example, because the mold

temperature needs to be carefully controlled, the individual part cycle time can be as high as five minutes

to allow the mold to completely cool [79]. Additionally, some heat-concentrating geometry, such as

sharp points, can be difficult or impossible to produce because the low thermal conductivity of the mold

material results in melting. These drawbacks can generally be overcome by cooling fans or metal inserts,

but with additional cost and complexity as well. Stratasys, the vendor for PolyJet printing equipment, has

published several guides to help engineers and designers overcome some of these limitations to produce

high quality prototype parts.

Despite the potential drawbacks, injection molding with RT molds fills a gap that can potentially save

multiple weeks of development time per design iteration. At roughly $500 per mold, it also represents

significant cost savings over both machining and steel injection molding in the 5-100 part volume range.

Additionally, some research aims to improve the technique and expand its useful range beyond 100 parts.

An area of investigation is using different materials to print the molds; two experiments completed during

this project at J&J took this approach. Carbon's Cyanate Ester material, which is a temperature resistant

thermoset, and a metal polymer blend were experimented with [50].

In the first experiment using Carbon's Cyanate Ester material, the results showed conclusively that this

was not an acceptable process. Despite this material's high heat deflection temperature of 426F, the

experiment did not reach the point of producing viable prototypes [50]. The thick sections of the mold

inserts cracked during the post-print heat-treating process, rendering them unusable. Feedback from

several vendors has stated that wall thicknesses of over 10mm can lead to heat-related distortion and

cracking, as was observed [80]. Given this design constraint, future attempts to make mold inserts with

this material are unlikely. Figure 42 shows several failed trials from this experiment.
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Figure 42: Attempt to create 3D Printed injection mold inserts using Carbon's cyanate ester

The second experiment used SLS technology with a metal-polymer blend to test for its feasibility as a

mold material, and compare its performance to a previously tested PolyJet material. Despite the relatively

low melting point of the polymer used, the hypothesis of this experiment was that the increased thermal

conductivity of the metal powder would improve the mold's durability compared to PolyJet molds.

Figure 43 shows the experimental setup, with the experimental mold insert in the top half of the Master

Unit Die (MUD) fixture. Figure 44 shows the control setup mounted in the injection-molding machine,

prior to any trials. Between each trial, the molds were cooled for approximately five minutes, until they

reached room temperature.

Figure 43: Experimental setup with metal-polymer blend injection-mold inserts
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Figure 44: Control setup with Poly Jet injection-mold inserts

The experiment aimed to qualitatively analyze the potential of the metal-polymer blend as a prototyping

tool; this is reflected by the largely observational nature of the following results. The characteristics of

each mold that were recorded over the trials included the following: presence of flash, surface finish, and

mold deformation or damage. As shown in the previous figures, the molded part is roughly 2"x 2" and

has a largely hemispherical shape, with a narrow cavity through its center. For each trial, the melt

temperature was set to the lowest end of polycarbonate's working range. The injection volume was

adjusted over the course of each trial to compensate for either excessive flash or short shots.
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Final trial

Figure 45: Exp.)erlimental proloty)e paits Jr both setups

Figure 45 shows the parts produced using each mold setup. The qualitative observations and future

potential research areas are as follows:

Presence of flash: The PolyJet mold produced significantly less flash than the experimental mold. The

metal-polymer blend produced a rough surface finish and most likely did not create a good sealing surface

between the mold halves under clamping, resulting in flash. Figure 45 shows significantly more flash

present in the first trial, which was most likely caused by overfilling. Despite adjusting the injection

volume to correct this, this mold continued to produce flash, especially around the gate as shown in

Figure 46. The PolyJet mold produced parts with almost no flash. In future trials, the mating surface of

metal-polymer blend molds should be milled to a smooth surface finish after printing. This would

involve additional steps by adding material to the mold design and machining off after printing, but may

add significant value through higher-quality prototype parts.
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Figure 46: Example part produced using the experimental mold (lefi) and PolvJet (right)

Surface finish: The PolyJet mold consistently produced a high quality, glossy finish on the prototype

parts. The experimental mold showed a relatively consistent, but rough surface finish over the trials.

Certain areas of these parts, however, contained mold material that had melted and flaked off during the

injection operation. For this particular part, which did not have strict specifications on surface finish for

prototypes, the project engineer judged the surface finish of all prototypes acceptable over the range of

the trials.

Mold deformation or damage: Each mold tested had a different failure mode; the experimental mold

gradually degraded, while the PolyJet mold remained consistent up to its catastrophic failure, as shown in

Figure 47. Even after just the first shot, there was visible degradation of the experimental mold in the

form of melting at points of concentrated heat. It was evident that despite minimizing the injection

temperature of the polycarbonate, the polymer present in the experimental mold was also experiencing

melting. Figure 46 also shows that portions of the experimental insert feature remained with the

prototype parts; this resulted in the experimental mold failing to accurately mold this feature in any of the

trials. The PolyJet mold was more predictable up to the point where the feature shown in Figure 47 broke

off completely as a result of both thermal and mechanical stresses.

Despite both materials showing significant potential for producing low-cost, fast lead-time prototype

parts, the challenging geometry limited the PolyJet mold's life to four acceptable parts, while the

experimental mold did not produce any acceptable parts. Given a part geometry without heat-

concentrating features, this experiment suggests both molds would have been substantially more

successful given the remaining mold features were in excellent condition at the end of the trials.
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Figure 47: Failure modes of metal-polymer blend mold (left) and PolyJet mold (right)

Despite the possibility of producing acceptable parts with some modification, this study showed little

reason to believe that the experimental mold material has advantages over PolyJet for RT molds; superior

surface finish, reduced flash, and better consistency are all reasons that PolyJet appears to be the better

material. An area of future research would be to replace heat-concentrating geometry with machined

metal inserts; this could allow for significantly more parts to be produced on a prototype mold.

Additionally, one study successfully used RT to produce 1250 prototype parts through the integration of

conformal cooling lines [81].

Even with its disadvantages, the use of 3D Printed Rapid Tooling provides an important solution for the

concept generation phase of development. Despite internal case studies proving its value, many of the

engineers and designers interviewed at J&J were unaware of this technique. For New Product

Development projects in the early design phase, this technique has the ability to provide both significant

time and cost savings over traditional manufacturing methods. Stratasys has published a variety of useful

guides that should be consulted if Rapid Tooling is considered for an application, which can significantly

decrease its learning curve. Figure 50 in Appendix Section 6.2 provides high-level parameters that can

help to determine if a part under consideration is a good candidate for production via RT.

4.4.1.6 hnprove prototyping ability to reduce engineering builds

A significant way that 3D Printing could accelerate New Product Development is through reducing the

total number of engineering builds. These builds represent several months of development time and

account for a significant portion of a project's development budget. Each engineering build represents a

major iteration in the product's design-typically two such builds are planned into an "optimal" schedule,

where often three or more are eventually needed. Many aspects of the design potentially change for each
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iteration, including material selection, design, and product features. Refining the product design through

engineering builds is critically important to producing a quality product, and this process usually lies on a

project's critical path.

3D Printing may help to reduce the total number of engineering builds through smaller, more frequent

design iterations between builds. In the past, design revisions have warranted the procurement of "soft

tooling", or prototype injection molds to produce functional parts out of the production material. Using

multi-material technologies, such as SLS or CLIP, or using 3D Printed polymer injection molds, as

described in Section 4.4.1.5, shorter iterations can be achieved with similar results. For example, one

project team at J&J used a polymer injection mold to test a minor design change, which led to a higher

quality product; this process was completed in a matter of days, compared to an expected cycle time of

six weeks with a traditional mold. Replicated several times, similar successes may cumulatively reduce

the need for major iterations, and significantly shorten total development time.

3D Printing will not replace prototype molds completely-while these technologies are excellent for

testing design changes, they provide no insight for the final production process. Engineers typically use

the late-stage engineering builds to test their designs for manufacturability and tune in various parameters

to ensure a high quality product. Therefore, it is important to use a prototype manufacturing process that

is similar to the production manufacturing process. Until 3D Printing becomes economical at much

higher volumes, project teams will rely on traditional tooling for late-stage engineering builds.

4.4.1.7 Increase availabilitr of CLIP or MIultiJet Fusion Technologies

To capture the most value from 3D Printing, J&J needs to continuously monitor the industry for emerging

technologies. Two such technologies that have shown promise are Carbon's CLIP and HP's Multi Jet

Fusion, which can both quickly print high quality, low cost parts that can be used for design iterations as

discussed in Section 4.4.1.6. Because these technologies are so new, access is somewhat limited and

needs to be coordinated through the 3DP & NSTC-J&J should continue to evaluate each technology's

value and expand access to them where applicable.

4.4.1.8 Develop Design frr ldditive M.Ianufacturing guideliies

J&J has developed traditional manufacturing expertise over decades of trial and error, research, and

consultation. As a result, its engineers and designers are well aware of best practices for subtractive

manufacturing. The same cannot be said, however, for additive manufacturing-this fundamentally

different process has unique design challenges, limitations, and capabilities as outlined in Section 3.1,

which must be learned to fully exploit its benefits.
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J&J does not currently have Design for Additive Manufacturing (DFAM) guidelines or training. Without

adequate training resources, engineers and designers are at risk of either not capturing 3D Printing's

benefits, or succumbing to some of its pitfalls. Areas that should be covered in DFAM training should

include the following: Avoidance of enclosed hollow volumes, selection of proper clearances, minimum

feature sizes, consideration of surface finishes, proper selection of materials, consideration of the

maximum working volume, and build cost and time [82].

DFAM can enable manufacturing of parts with more desirable properties. For example, lightweight parts

can be produced using a process called topology optimization, which removes all unnecessary material

from an existing design, and can only be manufactured using 3D Printing. Another example of improved

properties enabled by DFAM is fluid flow-designs that optimize fluid dynamics, but cannot be produced

using subtractive manufacturing, may be easily produced through 3D Printing [27].

Several methods of DFAM have been proposed, the most recent of which is the Axiomatic Design

Method. This method discusses a framework that supports optimal design from the concept development

phase. This method first maps customer needs, which are then translated to functional requirements.

From these functional requirements, design parameters are developed, finally followed by process

variables. Throughout this process, two domains are identified: the "Functional Domain", which contains

all of the desired product properties, and the "Physical Domain", which identifies the methods used to

achieve them. This process takes advantage of the geometric freedoms enabled by 3D Printing, and

attempts to separate design from the traditional limitations of manufacturing. Instead of simply educating

engineers on use of the various available technologies, this method changes the entire design process to

support 3D Printing [82].

A practical approach to implementing DFAM would be to make guidelines that are technology-specific.

Several companies, such as EOS, have developed a series of tutorials that walk users through real-world

examples using a specific machine. These tutorials describe capabilities and limitations in terms of

features such as lettering, round pins, wall thicknesses, gaps, and holes. Other companies that have

published useful design guidelines include Stratasys, Materialise, and NIST. To complement these

materials, outside vendors, such as Wohlers Associates, offer DFAM courses to corporations, which are

tailored to specific customer needs [27].

There are some limitations to the benefits of developing DFAM guidelines. Because J&J typically

produces parts in volumes that exceed the current economic feasibility range of 3D Printing, these parts

will still need to be designed with traditional manufacturing in mind. For example, even if a designer
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could prototype a geometrically complex part on a 3D Printer, he will still need to consider its

manufacturability for launch. Despite this reality, the volume of parts that can be economically 3D

Printed continues to increase. Given this trend, developing a set of DFAM guidelines will prepare J&J

for when the technology sees wider use for end production.

4.4.2 Discussion of Results
The improvement opportunities outlined in Section 4.4.1 can be used to significantly increase

development speed at J&J. While each of these improvements may not be applicable to every NPD

project, empowering engineers with a suite of capabilities is very likely to have a positive effect. The

following sections discuss the general applicability of each capability improvement, and its potential

benefit at the project level. The discussion is broken down into two parts: near-term improvements,

which can be implemented given current technologies, and future improvements, which are enabled only

by advancements in the 3D Printing industry.

4.4.2.1 Near-term improvement possibilities

Use of conformally cooled production molds is one of the most promising techniques enabled by 3D

Printing. This practice is technically proven, economical, and poses little schedule risk. As more vendors

learn how to build these molds, these advantageous characteristics will only improve. Conformal cooling

is applicable to a wide range of projects at J&J-any product with either injection molded or MIM parts,

which is the vast majority of those at J&J MD, can benefit from this technique. As discussed in Section

4.4.1.1, one of the key benefits of this technology is the ability to shorten the total time from order

placement to the production of parts. In some cases, use of conformal cooling can save up to two months

on production tooling alone when compared to the process of procuring traditional molds. This time is on

or near the critical path for most projects-thus this is a highly valuable technique that should be used

whenever possible.

Increased access to local 3D Printing also has the ability to shorten a project's critical path, but typically

in the early phases. Because this stage of development typically involves many iteration cycles and has

flexibility for both quality and material selection, 3D Printing is a natural choice for almost every NPD

project. The main benefit of increased access to local vendors in this phase is speed; shaving even one

day per iteration can accelerate a product launch by two weeks or more, depending on how many design

revisions are needed. An important quality of early development is that despite much less schedule

pressure from leadership, this phase almost always lies on a project's critical path. With this in mind, J&J

could see significant benefit from expanding access to local 3D Printing resources, whether internal or

external.
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If it is determined internal resources are potentially valuable, using the decision rules discussed in Section

4.4.1.3 would allow J&J to justify capital purchases to upper management. Given that J&J's largest 3D

Printing lab has queue times for certain machines of roughly two weeks, it is likely that additional

capacity would benefit the organization. Again, the majorities of parts built on these machines are for

early development, and thus have a high probability of lying on a project's critical path. For those

projects affected by an internal lab's queue time, adding capacity would provide significant value-

approximately one to two weeks savings per iteration for metal parts, and one to three days for plastic

parts.

Quantifying the value of establishing a formal process for developing 3D Printing value streams depends

largely on how innovative the business is. The main benefit of this process is to ensure that any

innovation developed by one part of the organization is shared with all other parts of the organization,

where applicable. For example, if a project team at DePuy Synthes successfully uses a new scan-to-print

technique, they will share their findings with the 3DP & NSTC, which can then provide training on the

subject to engineers at Ethicon. This process will improve organizational learning and uneven

distribution of knowledge across the segments-it has applicability to a wide range of projects, and even

other technologies.

Using 3D Printed polymer injection molds can accelerate a project through the early phases of

development. This technique is especially valuable when special materials are required, such as

proprietary bio-absorbable plastics. In these applications, use of rapid prototype molds can save several

weeks per iteration, in addition to reducing costs. As shown through research and experimentation, this

technique is not applicable to high-volume production, but it can produce acceptable parts for early

development. These parts may not meet design specifications for tight tolerances, but they can provide

valuable direction to project teams, which would have previously required expensive and time-consuming

soft tooling. This technique is applicable to any project that is rapidly iterating injection-molded parts.

The advantage of both CLIP and MultiJet Fusion are that they produce higher quality parts than previous

technologies, while at a faster pace. Because they have shifted out the number of parts that can be

economically produced, these technologies open the possibility of using 3D Printing deeper into the

development cycle. These machines have applicability on projects where several hundred units of a

product are needed for early voice-of-customer research. One challenge they face is that they are both

currently limited to a small number of materials. Additionally, because they are not yet suitable for end-

production, using these technologies does not help manufacturing engineers come down the product-

learning curve. Because of these challenges, CLIP and MultiJet Fusion currently provide only

99



incremental value to project teams in MD-but as each technology improves it could potentially be used

for engineering builds or low-volume end production.

Finally, developing DFAM guidelines would provide immediate value for project teams. For example, an

experiment performed by one of the pilot projects resulted in failure due to material thickness; the

secondary curing process caused cracking due to thermal stresses. In this case, the engineer did not

properly design his part to be printed, because he was unaware of the technology's constraint. In the

future, DFAM guidelines could prevent this type of error, saving both time and cost. These guidelines are

especially important as the role of 3D Printing grows and engineers are learning how to use each new

type. Guidelines will not provide direct time savings, but they will enable the improvements described

above and facilitate efficient technology adoption.

4.4.2.2 Future linproveinent possibilities

Technology improvement will enable even greater benefit from 3D Printing in product development. One

scenario where this may be the case if for a limited launch; in this case, a product is marketed at low

production volumes well before the full launch. 3D Printing could enable this by eliminating capital

tooling requirements associated with a full launch.

Figure 48 shows a typical product launch scenario in medical devices. In general, adoption of new

products takes time. For at least the first year, new products typically sell at only a fraction of their peak

volume. This is not unique to medical devices; in fact, most industries experience a very similar uptake

for new products [22]. The shape of this curve presents an opportunity for 3D Printing; because volumes

are initially low and 3D Printing does not require customized production tooling, it may enable

significantly shorter times to launch. In the example below, if Q* represents the volume of parts that can

be economically produced using 3D Printing, T* represents potential acceleration to market. The shaded

area is the total quantity of products that are produced using 3D Printing-beyond T*, J&J would then

switch over to traditional manufacturing techniques as sales volumes increase.
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Figure 48: Typical market adoption curve showing potentialfor 3D Printed limited launch

There are several concerns to this approach that are preventing its adoption. The first is that this model

assumes that capital-tooling procurement is on a project's critical path. In many cases it is, but other

activities are also occurring in parallel for portions of its duration. Given this information, J&J would be

able to capture some, but not all, of the potential time savings from the process. Second, 3D Printing does

not yet offer the material selection or the quality necessary for final part production. Despite advances

such as CLIP technology, no type of 3D Printing yet offers the surface finish of injection-molded parts.

Because quality is a key differentiator for J&J, the company cannot yet offer mass-produced 3D Printed

products for most applications. Third, the regulatory environment surrounding medical devices makes

this process challenging. The FDA requires that products used for device validation are produced on

equipment that is similar to production-therefore performing a limited launch using 3D Printed products

would require nearly twice the regulatory effort of a traditional development. Finally, and most

importantly, this model introduces risk into the supply chain. If forecasts underestimate initial demand,

then this model will likely present a capacity constraint soon after launch. Additionally, the period of

transition from 3D Printing to traditional methods could take longer than expected, leaving capacity well

short during the Product Adoption phase shown in Figure 48.

Despite the challenges with a 3D Printed limited launch, it still presents a compelling opportunity. In a

less regulated environment, the idea may still have merit and become feasible as 3D Printing technology

continues to improve.
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4.5 Cultural Impacts
Capturing value from the proposed organizational and capabilities improvements requires cultural change.

Because 3D Printing is evolving quickly, it is essential that J&J foster a learning culture to avoid uneven

distribution of knowledge. Two key elements needed to successfully implement the structure proposed in

Section 4.3 are communication between functional groups and identification of learning experiences.

Communication should consist of both a "push" and a "pull" of information from the Developers, Service

Providers, and Pioneers. If one group identifies an area where 3D Printing can benefit the organization, it

is their responsibility to push the findings to the other groups such that knowledge is shared. On the other

hand, if a need comes up during development, they need to feel comfortable engaging the other groups for

help. As identified in Section 4.3.4, the proposed structure functions much more efficiently if groups

leverage interaction over independent research. Formalizing much of this communication will help,

through Blitzes and design reviews, but building day-to-day relationships will be even more valuable.

The more frequent interactions become, the better knowledge will be shared, and the faster products will

be developed.

Additionally, individual projects should be seen as learning opportunities. Currently project managers are

risk-averse towards new technologies, because they have little incentive to do otherwise. While this

generally benefits the project team, it does little to improve organizational knowledge. For example, if a

project could potentially benefit from using a new 3D Printed technology, but doing so might require

additional resources to perform in parallel with more proven methods, then the learning opportunity

should be elevated to the 3D Printing Service Providers. This may not only benefit the team, but also

others in a different segment of J&J. Instead of shutting down ideas because they involve some risk, the

organization should foster experimentation and have a process in place to do so.

4.6 Applications of Research to Other Areas of J&J
This section is broken down into two parts. The first discusses application of the 3D Printing

opportunities identified to J&J's Pharmaceutical and Consumer Products franchises. The discussion then

moves to potential application of these findings to technologies other than 3D Printing.

4.6.1 Applications of 3D Printing research
Both the Pharmaceutical and Consumer Products segments of J&J can benefit from the 3D Printing

opportunities identified in this project. Despite operating on different timescales than Medical Devices,

speed is still critical to the success of any product launch. To capture the most value from these

techniques, it is important to create a similar organizational structure to that which is proposed in Section

4.3. Medical Devices is conveniently organized, such that the Service Provider role can be assumed by
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the Metals and Plastics COEs. The other segments, however, currently do not contain these functions.

With that in mind, it will be necessary to form teams and carefully assign responsibilities in these

segments.

For the Pharmaceutical franchise, there is opportunity in the Devices group. Many new drugs require

drug-specific injectors, which are somewhat similar to those in the Medical Devices segment. In this

case, almost all of the opportunities identified can carry over seamlessly. In addition, particular interest

has been shown for clinical research-these low-volume trials may be well served by 3D Printed Devices.

The pharmaceutical industry is subject to even more stringent regulatory requirements than the medical

devices industry, so further research is required to investigate its effects.

While the Consumer Products segment is subject to less stringent regulatory requirements, it produces in

volumes that are generally prohibitive to 3D Printing products. The largest benefit seen by this segment

will most likely come from the tooling, gauges, and fixtures that facilitate the manufacturing process.

Conformal cooling, for example, can be applied to a mold for packaging to speed launch. Additionally,

3D Printed polymer molds can be used to test new bottle designs. The best way for management to

discover new applications for 3D Printing is to equip engineers in each segment with the appropriate

knowledge and resources-through this exposure and the leamings shared from the other segments, these

engineers will undoubtedly find new ways to speed development.

4.6.2 Applications of organizational structure research
Aside from the 3D Printing-specific opportunities identified in this project, another important application

could be to other quickly evolving technologies. Section 4.3 outlines a framework that can increase the

learning capability of an organization, regardless of technology studied. Modeling this structure shows

that an organization can benefit from giving careful attention to its technology transfer process. Creating

a centralized body of knowledge, which is connected to the project level by knowledgeable

intermediaries, serves as an efficient structure that can collect and disperse knowledge across a wide

organization. This structure allows for both a "push" and a "pull" of ideas between groups, while

allowing experts to focus largely on research and project engineers to focus largely on product

development.

An example where this structure could be implemented is in the field of data analytics. This field is

evolving quickly, with new software packages and statistical methods continuously developed. In this

case, project-level employees will not have the bandwidth to keep up with the state-of-the-art. Segment

level "Service Providers", who maintain a good knowledge of the field and have access to software

licenses, can offer consulting advice to projects as necessary. If new applications are needed that are
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outside the realm of the Service Providers, a corporate-level group of Operations Researchers can be

brought in solve outstanding issues. Subsequently their learnings will be shared to other segments.

Similarly, frequent training can be administered to Service Providers and as-needed training can be given

to Developers.

This example shows that the model developed in this project has applications beyond 3D Printing, and

may provide significant benefits when applied to other new technologies. It provides a solution that

enables a large, segmented company like J&J to leverage its size to become a fast-learning organization.
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5 Recommendations and Conclusions
Based on literature review, 3D Printing expert interviews, and work with three pilot projects in J&J's

Medical Devices segment, evidence suggests that 3D Printing can significantly accelerate product

development. Additionally, this project suggests that a well-implemented 3D Printing program can also

increase product quality while reducing cost and supply chain risk. Because the field of 3D Printing is

rapidly evolving, success of such a program relies not just on enhancing an organization's technological

capabilities, but also requires an organizational design to facilitate continuous learning.

At J&J Medical Devices, the implementation of methods described in this body of work is expected to

reduce New Product Development cycle time by at least two months. Some of these methods involve

capital expenditures, but many do not-realigning responsibilities to promote problem identification,

solution building, and knowledge sharing could be the single biggest driver of value identified. In

addition to organizational recommendations, eight focus areas are highlighted that can give project teams

enhanced tools to accelerate product development and improve quality. While largely unsuccessful, this

project included exploration of new materials to extend the usable life of 3D Printed polymer injection

molds. It also briefly explored the efficacy of 3D Printed conformal cooling through Finite Element

Analysis. While many techniques identified in this work focus on using 3D Printing early in the product

development cycle, several techniques and applications are identified that expand the use of 3D Printing

all the way to production. While it has been successfully used for low-volume end products, future

advances in the industry will enable even greater use of the technology for production parts.

In addition to facilitating the use of 3D Printing in New Product Development, the proposed

organizational structure can potentially be applied to other new technologies. A Monte-Carlo simulation

developed in this project can be used as a framework to determine the optimal organizational

characteristics that maximize the overall benefit to the company. This model provides insight into

training cadences, resource allocation, and potential strategy changes as the technology matures.

In conclusion, this work has shown that 3D Printing can significantly accelerate product development in

the medical devices industry. The acceleration enabled by this technology has benefits including

increased revenue, first-mover pricing advantage, and improved reputation, in addition to enhanced

patient outcomes. This project has shown that the benefits of an enhanced 3D Printing strategy outweigh

the costs, and will continue to do so as the technology evolves. 3D Printing's abilities to speed product

development, enable custom solutions, and reduce costs create significant value for patients; for all of

these reasons, it will be an important technology for years to come.
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6 Appendix

6.1 3D Printing Utilization Assessment Framework

Knoaedge oflstate-ofthe-art technoly

Knov4edge of innovative 3D9 3pplications
Affiliation with research institutions/OEM

Understanding of intemal capability (cost and lead time)

Understanding of extrnal capability(cost and le*te)

Avalabity of training

use of training materials
Functional relaticonship witv-1DP&N5TC

Capturing and reporting of Lessons Learned

Vendor relationships

Understanding of cost andtime

Vadistrtechnahlgy

Machine availability-

Level ,f 30 prindig Expertise

tuild effirsency and queue tine

30P opportvnity assessmenmt proes

Project team knowledge of resources

Ease of ordeing

Established procurement decision process
(internalVexternal)

3D Printing Sped
Knwedge Smrkto

improved
Optimnal quality and

utilization of design
3DP

3D Printing Development
Capilities Isc cost
Capabilities reduction

Dedication of leadership with clear responsib-iu.

Wilingness to invest to improve capabilities

Culture of innovation
Process for fostering new ideas

Supportiveness F leadership and crty of visimn

Figure 49: Frameworkfor determining 3D Printing capabilities
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6.2 Best Fit Parameters for 3D Printed Rapid Tooling

PolyJet molds are a best fit for the application when

working with:

Thermoplastics:
- Reasonable molding temperatures < 300* C (570* F)

" Good flow behavior

- Candidates:

- Polyethylene (PE)

- Polypropylene (PP)

- Polystyrene (PS)

-Acrylonitrile Butadiene Styrene (ABS)

-Thermoplastic elastomer (TPE)

- Polyamide (PA)

- Polyoxymethylene or Acetal (POM)

- Polycarbonate - ABS blend (PC-ABS)

- Glass-filled resins

Quantity:
- Low quantities (5 to 100)

Size:
* Mid-sized parts <165 cm3 (10 in3)

* 50 to 80-ton molding machines

* Manual hand presses can also be used.

Design:
- Multiple design iterations are required.

Testing:
- Functionality confirmation is required.

- Compliance testing (e.g., UL or CE) is required.

Figure 50: Best fit parameters for using 3D Printed (PolyJet) Rapid Tooling [83]
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6.3 SIPOC Analysis for 3D Printing Blitzes

6.3.1 high-level diagram
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Figure 51: SIPOC diagramfor 3D Printing Blitzes
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6.3.2 Detailed explanation of SIPOC analysis
Suppliers

3DP & NSTC: This group brings up-to-date industry expertise, knowledge of vendors, internal and

external resource connections, and case studies of successful 3DP implementation at J&J.

Project teams: This group is composed of the engineers, designers, and managers responsible for

the product under investigation. They should understand the processes planned for manufacture, the

critical components, and the expected materials.

Metals group: This group can add additional input on manufacturing plans for metal components.

Plastics group: This group can add additional input on manufacturing plans for plastic components.

Internal 3DP experts: These will be technology experts within J&J that have direct access to 3DP

resources and experience using the technology.

Knowledgeable facilitator: This person will direct the discussion, and must have at least a

moderate understanding of different 3DP technologies and how they have been used at J&J.

Inputs

Product designs: Supplied by the project teams, the product designs should be in a state where the

general form of the final product is known, but questions may still remain about final materials,

form, manufacturing process, etc.

3DP resources: These include both internal and external resources that can be available to the

project teams. Ideally these will include a wide variety of metals and plastics capabilities.

Training documents: These documents will provide a basic understanding of available

technologies, strengths, weaknesses, and materials.

Project schedule: It is important to have an understanding of the project schedule to evaluate the

benefit of various opportunities to the project critical path.

Cost and lead time estimates: Understanding rough estimates of cost and lead time for comparison

to new technologies.

Proven examples of technology use at J&J: General risk-aversion among teams necessitates

success stories and proven trials of new technologies at J&J.
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Process

(-Half-day session with project teams)

Critical or representative part selection: Facilitator, project team

- Select at least one part of each material family (plastic, metal, silicone, etc.) which will be

analyzed by the group over the four-hour opportunity identification session

- Include parts that are especially unique, or have provided challenges to the team thus far

- It is important to limit the number of selections to 4-5 parts total. This will allow for enough time

to analyze each part in depth

Current state manufacturing plan analysis: Facilitator, project team, metals and plastics

groups

- Walk through the development process of each of the parts selected, one at a time (i.e.

Development, EB 1, EB2, Production).

- Understand and capture the purpose, lead time, and cost of each development step.

- Capture the expected manufacturing process, and critical qualities of the components including

tolerances, surface finish, materials, etc.

- Also consider critical tooling and fixtures of each process step.

Project-relevant 3DP and resource availability training: 3DP & NSTC, internal 3DP expert

- Provide overview training on various relevant 3DP technologies. Include specific examples of

strengths and weaknesses involved in each technology.

- Include case studies to show where specific technologies have been successfully used at J&J.

- Provide equipment directory, contact list, and recommendation for various 3DP resources both

internally and externally.

- Highlight the cost and lead time associated with each technology.

Opportunity identification and capture: Facilitator, 3DP & NSTC, project teams, internal 3DP

expert, metals and plastics groups
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- Walk through each part selected, and identify potential areas for improvement in various process

steps.

- Identify and capture improvements in cost, quality, or lead time.

- Also capture the reason why this improvement had not been considered in the past, to identify

improvement opportunities

- Provide recommendations and contact information of potential resources for follow up after the

session

(Beyond session with project teams)

Cost/time benefit and feasibility analysis: Project teams, 3DP & NSTC, 3DP equipment

operators

- Select internal or external resources and work with vendor to ensure tolerances, necessary speed,

surface finish, etc. will be acceptable.

- Perform schedule analysis to understand opportunity effect on project critical path.

- If necessary, work with Global Business Insight to determine the value of estimated time savings

to justify any additional cost or necessary investment.

Opportunity execution and benefit confirmation: Project teams, 3DP & NSTC, 3DP equipment

operators

- Carry out feasible opportunity improvements.

- Capture observations on actual vs. estimated cost and lead times, and feed back to 3DP & NSTC

for future use.

- If improvement was new to business, add to training materials

- Continually update information on vendor performance.

Outputs

Reduced cost prototypes: This will typically come as a result of reduction in machining, soft

tooling, and other expensive prototyping methods.
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Reduced lead time on capital equipment: Additively manufactured tooling can be produced faster

and can provide more accurate parts with fewer iterations.

Faster iteration in early development: 3D Printing allows for rapid, low-cost prototyping early in

development. Traditional (direct part print) and non-traditional (3D Printed injection molds) have

distinct advantages and will both provide benefits.

Improved awareness of internal capability: Forming a connection and fostering a lasting

relationship between project teams and 3D Printing resources increases equipment utilization,

provides access to expertise, and can drastically lower costs.

Customers

Product development teams: The ultimate goal is to enable project teams with better tools to

develop products faster, with higher quality, and lower cost.

Requirements

Project involvement prior to major design decisions: Timing of intervention is critical. The

product should be at a stage where the final form is roughly understood, but not yet detailed. This

typically occurs prior to the first Engineering Build, before any capital-intensive decisions have been

made.

Project leadership support: The project team leaders set the tone for the acceptance of new

technology. They should encourage experimentation and be willing to take calculated risks.

Availability of critical project team members: The Lead R&D engineer, designer, and PM are

important to provide insight from within the project team.

Efficient ordering process for 3DP parts: Once opportunities have been identified, there needs to

be an established and efficient ordering process to ensure value is not lost. Most of the value seen

from 3D Printing comes from speed, thus an efficient connection between the technology and project

teams is very important.
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6.4 Simulation Details

6.4.1 @tRisk Model Inputs

6.4.1.1 @Risk decision variables

@RISK Model Inputs
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Table 4: @2Risk decision variables

6.4.1.2 Other i;.ivsk iputs

For mpN, an @Risk distribution was implemented to enable in-depth analysis after simulation. mpN

dictates the "Ceiling" of the organization's Knowledge Level, so it was important to track the effect of

mpN on the Aggregate Savings.

Knowledge accumulation rate

for Pioneers during non-Blitz

Uniform between

0.27-0.55

The available Learning Kate lor tMe

Pioneers during normal periods. This

number is an estimate based on the

growth rate of the industry, so an

@Risk output is assigned to enable a

113

mpN

I_ 1_ [10-20% learning rate per year.

Table 5: Non-decision variables utilizing @aRisk distributions



6.4.2 Non @Risk Model Inputs

6.4.2.1 Fixed non4dRisk inputs

The inputs shown in Table 9, which continues through page 116, are fixed over the course of individual

simulations and are not changed for different experimental runs.

Total number of days in analysis 365 Analysis over one year

Approximate number of engineers and

nd Number of developers 200 designers working on new projects

Approximate number of engineers in the

ns number of service providers 40 PM Metals and Plastics COEs

Approximate headcount in the 3DP &

np number of pioneers 15 NSTC

Fraction of pioneer time

dedicated to 3D training when Full dedication expected from 3DP &

Dp not on Knowledge Transfer 1 NSTC

Opportunity cost of developer Estimated daily opportunity cost of a New

Ld time ($/day) 1000 Product Engineer

Opportunity cost of service Estimated daily opportunity cost of a

Ls provider time ($/day) 600 manufacturing engineer in the PM group

Opportunity cost of pioneer time Estimated daily opportunity cost of an

Lp ($/day) 274.0 engineering fellow ($100,000/365)

Roughly 2-4X the Learning Rate available

Knowledge accumulation rate for as the Pioneers, given higher gap to state-

mdN developers during non-Blitz 1 of-the art and available training materials.

Roughly 1.5-3X the Learning Rate

Knowledge accumulation rate for available as the Pioneers, given higher gap

service providers during non- to state-of-the art and available training

msN Blitz 0.75 materials.

Knowledge accumulation rate for Assume -8% of practical industry

mdB developers during Blitz 80 knowledge can be accumulated in one
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day's time of intense and focused study.

Assume Service Provider rate of learning

Knowledge accumulation rate for at 25% that of Developers during Blitz due

msB service providers during Blitz 20 to experience sharing.

Similar learning rate to Developers during

Knowledge accumulation rate for a Blitz, but adjusted to compensate for a

service providers during smaller gap between the Service Providers

msK knowledge transfer 60 and the Pioneers

Knowledge accumulation rate for Assume half the reverse-learning flow of a

Pioneers during Knowledge Blitz section, as there is a smaller amount

mpK transfer 10 of knowledge to be learned

Set at 1000 as a reference point. A

knowledge level of 1000 is seen as the

highest attainable practical 3D Printing

Initial knowledge level of knowledge level at the start of the

kp0 pioneers 1000 simulation.

These are decisions that are planned for,

and thus prompt a Blitz session to occur

Average number of major or between the Developers and the Service

mid-level decisions made during Providers. Examples would be capital

#B a project each year 2 tooling orders or initial design.

These are decisions which are of less

magnitude, but occur with significantly

higher frequency than major design

decisions. These decisions are not

planned for. An example would be an

Average frequency of minor additional design iteration or a tooling

#dd design decisions (days between) 70 fixture.
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Pioneer time dedicated to

training materials between

service providers and pioneers

(assuming 2 days spent

developing materials per

knowledge transfer) 0.02

This factor adjusts the Pioneer learning

rate to account for 2 days work of

developing training materials for each

Knowledge Transfer Session. This

number goes up or down depending on the

CAD input.

For this simulation, all projects are

pp Fraction of effected projects 1 assumed effected.

Estimated that there are roughly 10

dT Developers per team 10 Developers to each project

TP Total number of projects. 20 Calculated by dividing nd by dT

Estimated savings per I quarter $ Based on NPV value estimated for project

S of project acceleration 3,000,000.00 launch acceleration of 3 months.

Estimated savings per day $

s accelerated 32,876.71 Daily savings rate based on S.

Weight, in days of time savings potential,

from mid-level decisions. These decisions

Savings potential of a mid-level are planned for a prepared for with a Blitz

SPM planned decision 15 or review session.

Weight, in days of time savings potential,

from major-level decisions. These

Savings potential of a major- decisions are planned for a prepared for

SPM level planned decision 25 with a Blitz or review session.

Table 6: Fixed non-@Risk model inputs
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6.4.2.2 Variable non-@Risk inputs

These inputs remain fixed over the course of individual simulations but are changed for different

experimental runs.

Hi/Lo Value Hi/Lo Value

High 650 Low 650

Low 300 High 850

High 650 High 850

Low 300 Low 650

Table 7: Experimental values frbi Initial Knowledge Levels

6.4.3 Calculation Details

6.4.3.1 Calculation section fimn optimization model

Table 8 shows the Calculations section of the optimization model, with detailed explanation for each

column in Table 9. The simulation in the optimization model continues through Day 365.
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Table 8: A bridged calculations page from optinization workbook

6.4.3.2 Delailed expinaion a.d r Ls <ot optini uion model

Table 9, which continues through page 123, provides explanation for the columns in Table 8. The index

value (i) refers to the day of the simulation, as shown in the "Day" column. For several columns, the

initial row contains a different formula than the following rows, which is outlined below.
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=[Day(i-1)]+1
This column initializes at zero and
counts the day of the simulation

This column inserts a random number
between a range of 1 through lOX the
frequency between minor design
decisions as specified in the inputs. It is

Random Mior =RANDBETWEEN(1,[#dd used to randomly assign both a weight
vars design ]*10) (in days of potential savings per project

decision of range 1 through 10) and a timing to
minor design decisions. See the
"Potential Savings" explanation for
further detail.

This column inserts a random number
which dictates if there is a major or mid-
level design decision, based on the

Major =RANDBETWEEN(1,365/ frequency described in the inputs. It is
design [#B]*2) used to randomly assign both a weight
decision (in days of potential savings per project)

of either 15 days or 25 days and timing
of the decisions. See the "Potential
Savings" explanation for further detail.
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=IF([Random vars, Minor
design
decision(i)]<l 1,[Random
vars, Minor design
decision(i)],0)+IF([Random
vars, Major design
decision(i)]=[SPm],
[Random vars, Major
design
decision(i)],0)+IF([Random
vars, Major design
decision(i)]=[SPm],[Rando
n vars, Major design
decision(i)],0)

=IF([Knowledge transfer?,
Random var to start(i-
l)]=[CAD],1, [Knowledge
transfer?, Random var to
start(i-1)]+1)

I- t 1-

=IF([Knowledge transfer?,
Random var to start(i-
1)]=[CAD],"yes","no")

Iis column determines, based on the
previously discussed random variables,
if there is the potential to save time on
this day. The first IF statement checks if
the Minor Design Decision column is
between 1 and 10; if it is, then this value
is added to the total sum. The frequency
of this occurrence is based on #dd. The
next two IF statements check to see if
the Major Design Decision equals either
15 or 25, which are the weights
specified in the inputs for mid-level and
major-level design decisions. The
chance of this occurring is based on #B.
If it is determined that a major or mid-
level design decision occurs, the weight
is added to the total sum. The
cumulative sum of this column (which is
dependent on #B and #dd), has been
tuned to average approximately 60 days,
which is the number of days research
suggests for potential acceleration
opportunity given full team knowledge
of the state-of-the-art in practical 3D
Printing expertise.

The purpose of this column is to
determine if a Knowledge Transfer
Session occurs on this day. The first
row initiates a random variable between
1 and CAD-1, which allows for the first
Knowledge Transfer Session to occur
any day between the first day and up to
CAD days into the simulation. Beyond
day 0, the simulation determines if a
Knowledge Transfer Session occurred
on the previous day, and if so resets to 1.

The purpose of this column is to indicate
if a Knowledge Transfer Session has
occurred by showing "yes" or no.
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=IF([Knowledge level,
Developers(i-
1)]+IF(Random vars, Major
design
decision(i)]=[SPM],[tB]*[m
dB],IF([Random vars,
Major design
decision(i)]=[SPm],[tB]*[m
dB],([Day(i)]-[Day(i-
1)])*[mdN]*[Dd]))<[Know
ledge level, Service
Providers(i)],[Knowledge
level, Developers(i-
1)]+IF(Random vars, Major
design
decision(i)]=[SPM],[tB]*[m
dB],IF([Random vars,
Major design
decision(i)]=[SPm],[tB]*[m
dB],([Day(i)]-[Day(i-
1)])*[mdN]*[Dd])),[Knowl
edge level, Service
Providers(i)])

This column calculates the Knowledge
Level of the Developers for each day in
the simulation. It is initialized at the
Initial Knowledge Level, and then
becomes cumulative; that is, knowledge
is only gained over the year. The top-
level IF statement determines if the
calculated Knowledge Level is below
that of the Service Providers: if it is not,
then the Developers' Knowledge Level
equals that of the Service Providers'.
The second-level IF statements
determine if a major or mi-level design
decision occurs: in this case the added
knowledge is dictated by the time spent
on a Blitz and the Blitz Learning Rate.
Finally, if it is determined that there is
no Blitz, the additional knowledge is
calculated based on the Normal
Learning Rate and the Fraction of
Dedicated Time.
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=IF([Knowledge level,
Service Providers(i-
1)]+IF([Knowledge
transfer?,
yes/no(i)]="yes",[tK]*[msK
],IF([Random vars, Major
design
decision(i)]=[SPM],[tB]*[m
sB],IF([Random vars,
Major design
decision(i)]=[SPm],[tB]*[m
sB],[msN]*(1)*[Ds])))<[Kn
owledge level,
Pioneers(i)],[Knowledge
level, Service Providers(i-
1)]+IF([Knowledge
transfer?,
yes/no(i)]="yes",[tK] *[msK
],IF([Random vars, Major
design
decision(i)]=[SPM],[tB]*[m
sB],IF([Random vars,
Major design
decision(i)]=[SPm],[tB]*[m
sB],[msN]*(1)*[Ds]))),[Kn
owledge level, Pioneers(i)])

=[Knowledge level,
Pioneers(i-
1)]+IF([Knowledge
transfer?,
yes/no(i)]="yes",[tK] *[mp
K],0)+IF([Knowledge
transfer?,
yes/no(i)]="no", I*[mpN]*(
[Dp]-[tdt]),0)

This column calculates the Knowledge
Level of the Service Providers for each
day in the simulations. The top-level IF
statement ensures that this level never
exceeds that of the Pioneers. The
second-level IF statements determine if
there is a Knowledge Transfer Session
or a Blitz. In either case, the additional
knowledge for that day is a function of
the length of time spent during the
learning session times the specified
learning rate for each situation. If it is
determined that no learning session
occurs, then the cell defaults to the
normal calculation, which is a function
of fraction of dedicated time and the
normal knowledge accumulation rate.

This column initializes the Pioneer
Knowledge Level at 1000, and then
determines if there is a Knowledge
Transfer Session. If there is, then the
additional knowledge accumulated is a
function of the time spent on the session
and the learning rate during the session.
If there is no Knowledge Transfer
Session with the Service Providers, then
the additional knowledge accumulated
remains a function of the normal
knowledge accumulation rate.
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=[Cost, Developers(i-
1)]+IF([Random vars,
Major design
decision(i)]=[SPM],
[tB]*[Ld]*[nd],
IF([Random vars, Major
design decision(i)]=[SPm],
[tB]*[Ld]*[nd],[Dd]*1*[Ld
]*[nd]))

=[Cost, Service Providers(i-
1)]+IF([Random vars,
Major design
decision(i)]=[SPM],
[tB]*[Ls]*[ns], IF([Random
vars, Major design
decision(i)]=[SPm],
[tB]*[Ls]*[ns],[Ds]*1*[Ls]
*[ns]))+IF([Knowledge
transfer?, yes/no(i)]="yes",
[tK]*[ns]*[Ls],O)

This column calculates the cumulative
cost of the 3D Printing strategy with
respect to the Developers. The IF
statements determine if there is a major
or mid-level design decision made,
which indicates a Blitz occurs. In this
case, the Developers are fully dedicated
to learning new 3D Printing knowledge
for the specified time period and their
costs go up accordingly. If there is no
Blitz, the cost is a function of their
opportunity cost, their Fraction of
Dedicated Time, and the total number of
Developers.

This column calculates the cumulative
cost of the 3D Printing strategy for the
Service Providers. The first set of IF
statements determine if a Blitz occurs,
and if so the Fraction of Dedicated Time
Ds is increased to 1 for the specified
time tB. The next IF statement
determines if there is a Knowledge
Transfer Session, and similarly modifies
the equation. If there is no special
learning session, the cell defaults to cost
as a function of the Fraction of
Dedicated time, the Opportunity Cost,
and the total number of Service
Providers.

=[Cost, Pioneers(i- Because the Pioneers are fully dedicated

Pion- 1)]+IF([Knowledge to advancing 3D Printing knowledge,
Pirs =0 transfer?, yes/no(i)]="yes", their cost is essentially linearly
eers [tK]*[np]*[Lp], dependent on their opportunity cost and

[Dp]*1*[np]*[Lp]) the number of Pioneers.

=SUM([Cost,
Developers(i)],[Cost,
Service Providers(i)J, [Cost,
Pioneers(i)])

This column shows the total cumulative
cost of implementing the 3D Printing
strategy through the current simulation
day.
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Develop 0
-ers I

=[Savings, Developers(i-
1)]+[Potential
Savings(i)]*([Knowledge
level, Developers(i)]/[kpO]-
[kdO]/[kpO])*[TP]*[s]

The Savings columns only factors in
project-level acceleration opportunities:
therefore only the Developers are
factored in. These cells look at the
opportunity for acceleration on any
given day, and the ability of the
Developers to act on it. Savings are
measured as relative to those which
would have been captured had no 3D
Printing strategy been implemented: for
example, there is more to gain if the
Initial Knowledge Level of the
Developers is low compared to if it is
high. Because the estimated total
opportunity is based off the current
knowledge of the 3DP & NSTC, the
ability to capture value is calculated as
the fraction of the Pioneers' Initial
Knowledge Level that the Developers
have on any given day.

=[Cost, Aggregate(i]- This column determines the overall

Aggre- [Savings, Developers(i)] benefit of the 3D Printing strategy as a

gate function of its cost and savings
generated.

Table 9: Detailed explanation of calculations from optinization model
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6.4.4 Simulation results

Effect of Initial Knowledge on Benefit of Training
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Figure 52: Impact of Initial Knowledge on Aggregate Benefit ofproposed strategy

124



6.4.4.1 Detailed resultsftr Simulation I
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Figure 53: Probability distribution ofAggregate Benefit for Simulation 1
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Figure 55: Ranking of input variable impact on program value over specified range for Simulation 1

6.4.4.2 Detailed results for Simulation 2
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Figure 56: Probability distribution of*Aggregate Benefit for Simulation 2
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Figure 57: Sensitivity ofAggregate Benefit to various input ranges/fbr Simulation 2
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Figure 58: Ranking of input variable impact on program value over specifled range for Simulation 2

6.4.4.3 Dedailed results 'fr Siulation 3
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Figure 59: Probability distribution of Aggregate Benefitfbr Simulation 3
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Figure 60: Sensitivity of Aggregate Benefit to various input ranges Jbr Simulation 3
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Figure 61: Ranking of input variable impact on program value over specified range Ibr Simulation 3
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Figure 62: Probability distribution ofAggregate Benefit for Simulation 4
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Figure 63: Sensitivity ofAggregate Benefit to various input ranges fbr Simulation 4
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6.4.4.4 Detailed results for Simulation 4
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Figure 64: Ranking of input variable impact on program value over specified range for Simulation 4
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