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Abstract
Design complexity (DC) is a decisive factor for a feasible and cost-effective
product development. As product complexity increases, product development becomes
more costly given the impact of complexity in the development time, manufacturing
processes and development environment. The more complex the product, the more
information will be needed and generated to develop it, and a longer development time is
expected. The demands on manufacturing processes also increase with a greater number
of manufacturing steps, components and interactions. The development environment is
also impacted, in general, with a higher cost of patents.
Greater implications of product complexity are observed in the development
environment of highly regulated products. This is the case for medical devices that are
regulated by the Food and Drug Administration (FDA) in the Unites States, and hence
medical devices are chosen as the focus. The FDA regulation requirements have a strong
influence in the overall landscape of medical device development, with control over the
development process, manufacturing and surveillance of medical devices in the market.
DC issues cannot be addressed without the proper measures to understand and
quantify complexity. The literature has paid particular attention to the complexity of
products, systems and systems of systems. Complexity metrics have been developed for
multiple applications that include the development of products, software, trajectory
selection, electrical components and assemblies. Although many of these complexity
metrics were developed to reduce product complexity, existing metrics are not
necessarily easy to implement or appropriate for any scenario. Therefore, this research
takes a step back to perform a comprehensive analysis on the implementation of selected
DC metrics for medical devices.
Assessing selected complexity metrics provides a better appraisal of complexity
to reduce the development time and cost. As part of this implementation, existing metrics
are first filtered to down-select from a much larger set using the following as criteria: 1)
ease of use, 2) data requirements, 3) development stages impacted, and 4) overall
applicability to medical devices. Three metrics were selected as per this filtering to assess
the complexity of medical devices for a set of FDA cleared hip devices that are currently
in the market. The impact of product complexity on the FDA’s decision time of approval
is also tested as assessed the three metrics chosen.
This research’s findings show that current metrics are focused on different aspects
of complexity, such as functions, components and their interactions. Supporting this, the
statistical analysis of hip devices show few correlations between the complexity metrics
found to be applicable for medical devices. Accordingly, a more standardized and
generalized metrics should be developed to integrate all the complexity aspects in one
iii

measure. On the other hand, this research shows a relationship between product
complexity and the development environment, where a combination of the complexity
metrics explain FDA’s decision time for similar devices with the same risk classification.
Overall, product complexity metrics can aid medical device development to increase an
understanding about the design and its implications in the development time, cost and
environment. Furthermore, decreasing design complexity should be considered to make
design upgrades easier, and reduce the development time and cost.
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Chapter 1
Introduction

Complexity is a topic of common concern involving multiple domains. The
literature has paid particular attention to the complexity of products, systems and systems
of systems and seeks how to define and solve complexity problems. The ability to handle
complex systems and products depends on the level of experience, knowledge and ability
to learn (Xing and Manning, 2005). For the development of new and innovative products,
designers must acquire knowledge and skills relevant for a particular product
development. As a result, the development time is impacted by the design team's learning
curve as learning relates to managing complex product designs (Xing and Manning,
2005). The more complex the product, the more information will be needed and
generated to develop it, where a longer development time is expected. For example, in
the case of medical devices evidence shows that the time-to-market is affected by the
experience of the development team (Lucke et al., 2009).
Product complexity is part of the challenge for developing cost-effective designs.
Although some designers think that more complex/expensive designs provide better
solutions (Novak and Eppinger, 2001), this approach is not always fruitful. Measuring
complexity in early design stages of the development can avoid unnecessary investments
in complex product concepts that may not be relevant to the intended use. A design that is
developed without complexity considerations may result in redundancy, which may
include unnecessary components, extra processes and unnecessary testing (Rodriguez
1

Toro et al., 2002). However, complexity issues cannot be addressed without the proper
measures to understand and quantify complexity.
Complexity metrics have been developed for multiple applications that include
the development of products (Mathieson et al., 2011; Bashir and Thompson, 1999;
Rodriguez-Toro et al., 2003), software (Zhang et al., 2010; McCabe and Butler, 1989;
McFadyen and Chen, 2003), trajectory selection (vanPaasen et al., 2010; Wang et al.,
2011), electrical components (Keating, 2000) and assemblies (Rodriguez-Toro, 2004).
Some of these approaches included considerations of the product’s size, number of
assembled parts, and time required to manufacture components.
Many of the complexity metrics in the literature metrics were developed to reduce
product complexity, and hence decrease the development time and cost. This is justified
given that the product cost increases with its complexity, which should be minimized
with the implementation of metrics and lean manufacturing (Roy et al., 2011). However,
existing metrics are not necessarily easy to implement or appropriate for any scenario.
Therefore, we investigate the appropriateness of selected metrics through a
comprehensive analysis of their implementation for medical devices. Assessing such
metrics will result in a better appraisal of complexity to reduce the development time and
cost.
While complex products are more expensive given the design and manufacturing
challenges (Banker et al., 1990), their cost is also impacted by the development
environment. This might be the result of patents, whose cost ranges between five and
fifteen thousand dollars depending on the complexity of the product (Quinn, 2011). Table
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1 includes examples of patent costs for different inventions with different levels of
complexity. For example, patenting an extremely simple product, e.g., paper clip, costs
between five and seven thousand dollars, while the patent for a highly complex product,
e.g., MRI scanner, can cost more than fifteen thousand dollars. Meanwhile, a greater
impact of product complexity is observed in the development environment of highly
regulated products (Antoniou et al., 1999). This is the case for medical devices that are
regulated by government agencies worldwide. Therefore, domain of application is
specifically chosen to be medical devices so that the impact of complexity on device
approval can be studied.
Table 1. Patent cost per innovation complexity – Adopted from Quinn (2011)

The Food and Drug Administration (FDA) is the government agency within the
Unites States with absolute power in the marketing of medical devices. The FDA
regulation requirements impact the development process starting from design to the
manufacturing and surveillance of medical devices in the market. While complying with
these regulations could be challenging, the safety of medical devices is a major concern
given that errors in their use can cause devices to malfunction, break or cause injuries
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(Feigal et al., 2003). During the development process clinical trials are used to
demonstrate the safety and effectiveness of these products. Meanwhile, Good
Manufacturing Practices (GMPs) and the Quality Systems (QS) regulation impose
requirements on the design and manufacturing of medical devices (Medina et al., 2011a).
For example, in the development of implantable medical devices, biocompatibility and
sterilization of materials must be considered.
While compliance with design requirements must be considered at the time of
submission

for FDA clearance/approval

into the market,

conformance with

manufacturing requirements is necessary throughout the lifecycle of the product.
Accordingly, FDA procedures include quality audits visits to manufacturing plants
(without notice) to verify that devices are manufactured in compliance with the GMPs
and QS requirements. The regulations also include post-market studies and surveillance
requirements to monitor the performance of medical devices in the market. This is
necessary given that their complete safety is not guaranteed until devices are marketed
and used clinically. Therefore, recalls are issued to address problems with products that
are already in the market.
While the development environment of medical devices is complex, the term
medical device is very broad and covers a wide range of products based on FDA’s (2009)
definition, which states that a medical device is “an instrument, apparatus, implement,
machine, contrivance, implant, in vitro reagent, or other similar or related article,
including a component part, or accessory”. Therefore, an understanding of the complexity
of medical devices at the product level is a necessary step towards assessing the
complexity of developing, manufacturing and marketing medical devices. However, the
4

literature to date does not provide the development or implementation of complexity
metrics for medical devices. Medina et al. (2011b) discussed this problem and used two
examples to address this issue. They identified that current studies in the medical device
field have measured complexity with: (1) a simple ranking of complexity (Lucke et al.,
2000) using a 1-3 Likert scale, and (2) classification of complexity in four categories: a)
minor upgrade, b) major upgrade, c) new-product existing technology, and d) newproduct new-technology (Brown et al., 2008). Medina et al. (2011b) concluded that these
measures are neither complete nor appropriate.
Quantifying the complexity of medical devices at the product level would
increase an understanding about the development, manufacturing and marketing
processes. In addition, complexity metrics can benefit from a stakeholders perspective,
such as manufacturers, physicians and patients. For example, if the manufacturer reduces
the product complexity, physicians may learn to use the product faster, efficiently and
safer. With these motivations, the complexity of medical devices is addressed to
contribute in the understanding of development concerns such as safety, time and cost.
The objective of this research is to understand and analyze the product complexity for
medical devices. Complexity metrics in the literature are evaluated to measure the
complexity for medical devices. The following research questions are studied in the
assessment of existing metrics:
Are the existing complexity metrics easy to implement? How much data is required to
implement the complexity metric? At what stage of the development process should
the complexity metric be applied? Can existing complexity metrics be implemented
for medical devices?
5

The assessment of product complexity is expected to improve the development of
medical devices with the establishment of better goals and expectations for complexity,
and how it might be reduced. Regulatory agencies may use this measure to improve their
procedures to develop complexity based classifications of risks and to assure that safety
and documentation requirements consider the product complexity as part of the process
approval. Likewise, unnecessary complexity can be eliminated from design. Decreasing
the complexity of medical devices is expected to help making design upgrades easier,
reducing the development time and cost, and increasing the efficiency and safety of
designs.
This thesis is organized as follows. Chapter 2 reviews the relevant literature on
complexity, with a focus on the design metrics. This review includes a discussion of the
definitions for complexity from multiple sources. Publications describing DC are
summarized in terms of their contributions and applicability to different applications. The
final section of this chapter explains the different complexity metrics that have been
developed, with details of their algorithms, variables and equations. Chapter 3 describes
the methodology followed in this research to understand and analyze product complexity
for medical devices. Complexity metrics identified from the literature are compared in
detail in order to identify the most appropriate metrics for medical devices. Chapter 4
provides a case study of the selected metrics using hip devices. A metric assessment and
validation procedure is followed to verify the relevance of the complexity metrics to
FDA’s decision time for submissions. Finally, Chapter 5 provides a discussion of
conclusions and future work, with the identification of the requirements for a better
complexity metric for medical devices.
6

Chapter 2
Literature Review

2.1 Introduction
This chapter reviews the relevant literature to understand the meaning and types
of complexity. Design Complexity (DC) is discussed in detail, with a comparison of
multiple publications addressing DC for various objectives. For example, a portion of the
literature is focused on how to minimize the complexity of various applications. Finally,
the complexity metrics are explained. Overall, this literature review describes the
different approaches followed in analyzing complexity in design along with similarities
and differences of these approaches.

2.2 Definition
Complexity is a term that is very common in design; however, it is a term that is
difficult to define. The word “complex” originates from the Latin word complexus, which
is defined as entwined, twisted together, or an aggregate of parts (Ireland, 2007). This
term is usually explained with very diverse definitions that are applied depending on the
context of the problem under study. In this research, we evaluate different definitions
found in the literature to explain this term in the context of design (Table 2).

7

Table 2. Review of definitions for complexity
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An analysis of the repeating words in the various definitions shows that
complexity represents a challenge or difficulty for the design of interest, or inherent, or
presented by the design. These definitions define complexity consistently as a function of
components or objects. Rodriguez-Toro (2004) defined complexity as a “property of the
object” that includes the number of parts and their interconnections. The IEEE explained
complexity as the difficulty to understand and verify the components or the system. This
term is also described as the quality of an object with many interwoven elements and
attributes which make the whole object difficult to understand (Ameri et al., 2008; Shah
and Runger, 2011).
In addition to the evident impact of components in the meaning of complexity,
multiple authors relate this term to the interconnections between components (Edmonds
1999; McCabe, 1976; Halford et al., 1998; Bieri, 1955; Ameri et al., 2008; Bashir and
Thompson, 1999 and Rodriguez-Toro, 2004). Furthermore, some authors relate these
interconnections to the hierarchical integration of components (Summers and Shah, 2010;
Keating 2010 and Rodriguez Toro, 2003). This hierarchic approach, which is discussed
with more detail in Section 2.1, is commonly used in the development of metrics.
Besides the importance of number of components and interconnections,
researchers also agree on the fact that the term complexity is associated with a “lack of
understanding” between the functions of the object and the interconnections between
components. For instance, Grassberger (1988) and Zhang et al. (2010) use the word
“difficulty” to describe the complexity of different problems and contexts. Complexity is
further defined mathematically as a measure of uncertainty in achieving a set of specific
functions or functional requirements (Suh, 1999). Dr. Nam Suh, a recognized leader in
9

this area of research from MIT, used a mathematical approach to define complexity using
vectors. He divided complexity into four types: (1) time-independent real complexity –
“measurement of the complexity that occurs when the system range is not inside the
design range”, (2) time-independent imaginary complexity – “considered as the not real
complexity because it is related to the lack of knowledge on a design”, (3) timedependent combinatorial complexity – “when the system changes as function of time, this
can move out of the design range”, and (4) time-dependent periodic complexity – “when
after a certain time the complexity reinitializes at the beginning of each period”.
Types of complexity are also defined based on the different fields of
study/application. For example, Rodriguez Toro et al. (2002) created five different
definitions for different applications. These definitions are: (1) Arithmetic – as related to
the number of arithmetic operations required for the mathematical computation; (2)
Entropy – as defined as the rate with which predictability disappears; (3) Games – as
based on the detailed information needed to develop a game strategy; (4) Information – as
defined as the complexity of a collection of patterns by using an information algorithm;
and (5) Software – as related to the gap on the planning process related to the highest
level of the software tool used by the designer.
In summary, complexity can be summarized as being impacted by (1)
components, (2) interconnections, (3) functionality (Bashir and Thompson, 1999), and (4)
a lack of understanding of the design. Although these seem to be independent, increasing
the number of components and interconnections will further increase the lack of
understanding of the design. However, the complexity will also depend on the designer
or the observer (Casti, 1992).

This further means that to define complexity, it is
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important to relate it to the amount of knowledge and experience that the observer
possesses. Furthermore, to decrease the lack of understanding in any design it is
necessary to increase the amount of knowledge in the designer.
For this study, the complexity of medical devices is evaluated. For this particular
application, complexity is defined as the difficulty to understand the functionality and the
requirements of a medical device and the interconnection of its components. This
definition can be further defined with the involvement of the elements of the medical
device industry, which include: regulations, patents, product, patient, and the users
(doctors, nurses, and et cetera).

2.3 Design Complexity (DC)
Researchers are continuously developing methods to address the complexities of
product design. Metrics, theorems and new methodologies are proposed with the aim to
reduce product complexity and facilitate its handling during the design process. For
instance, Suh (1999) uses Axiomatic Design to support, reduce and understand the
complexity of processes. The analysis of DC also depends on the type of applications
evaluated; the DC literature mostly focuses on the study of complexity for products or
software applications. Table 3 summarizes the DC literature, with the specification of: (1)
type of the evaluated product, (2) aspect of complexity evaluated, (3) methodology
followed, (4) metrics developed, (5) metric’s objective, and (6) additional notes.
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Table 3. Comparison of DC publications
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Table 3. Comparison of DC publications (continued)
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Table 3. Comparison of DC publications (continued)

14

The comparison of the DC literature shows several consistencies in terms of the
applications and metrics development. In many cases, this topic is addressed with an
objective to minimize the complexity with the development of metrics and their
validation with actual products. This is the case for software development with the use of
graphs or hierarchy arrangements (Zhang et al., 2010; McCabe and Butler, 1989;
McFadyen and Chen, 2003; Card and Agresti, 1988).
Zhang et al. (2010) measured the DC of an ontology based on quality control.
McCabe and Butler (1989) adapted a mathematical approach into a design metric using
cyclomatic complexity and intuitive knowledge to minimize the DC. The complexity of
software applications was also minimized by Card and Agresti (1988) through the
development of complexity measures for the front-end of the design process. They
defined the total complexity as the summation of structural and local complexity. As a
result, complexity is minimized with the optimization of these two types of complexity.
Their analysis included: (1) structural mappings to understand the relationship between
the variables and other components in the software, and (2) input/output (I/O) variables
and interaction of modules to eliminate redundancy of variables.
DC metrics are also created to quantify the complexity of products. Few
publications were found to follow very particular approaches to address DC. Zhao et al.
(1995) used an approach to minimize the geometric complexity of an object (die) through
backward deformation. The objective was to release the contacting nodes on a die design.
On the other hand, Varma and Trachtenberg (1990) suggested using simple logic
estimators to minimize DC. Other examples are shown by Rodriguez-Toro et al. (2004),
who used interconnection diagrams approach to develop a metric that would help reduce
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the complexity of product assemblies during the product development process. To
accomplish this, Rodriguez-Toro et al. (2004) also developed a weighting system that
assigned importance of the interconnections in order to determine the most critical areas
of the design. On a previous publication, they also developed metrics focused on the
product design criteria of assemblies’ geometries and shapes (Rodriguez-Toro et al.,
2004).
In addition to product assemblies, minimizing the complexity of parts has been a
common topic among researchers. Claasen (2003) used a platform based design approach
to minimize the DC required to build chips, such as memory processors. This platform
depended on three factors: (1) speed of the bus, (2) design, and (3) special requirements
to use on one particular bus. Likewise, Keating (2000) decreased the DC of chip
developments; however, in this case through the creation of a new metric with a
hierarchy approach in combination with intuitive measures (experience) and modules.
This study also increased the quality on chip development.
A functional decomposition metric (Bashir and Thompson, 1999) and size
complexity metric (Ameri et al., 2008) were also developed with the objective of
evaluating and minimizing DC. Bashir and Thompson (1999) measured the complexity
using a functional tree of the product (functional decomposition) with weighting factors.
They also conducted an empirical validation. Meanwhile, the study by Ameri et al.
(2008) included bi-partite, connectivity and parametric associativity graphs. They
performed validation with statistical representations.
In summary, the majority of the studies have developed or used some kind of a
metric to measure and further reduce DC. This review also suggests the importance of
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using some kind of graphical representation to describe and reduce complexity. For
example, although Dromey (2005) and Hong et al. (2004) do not use the same
applications; both studies show the importance of using hierarchy diagrams and block
diagrams to address DC.

2.4 Metrics
Researchers developed different types of metrics with the objective of minimizing
the complexity of designs and systems. Mathieson et al. (2011) classified the complexity
metrics in four groups: 1) size, 2) interconnection, 3) centrality, 4) decomposition. These
different types of metrics have been developed for various applications of design
complexity such as software, products and path decisions. Table 4 summarizes the
metrics found in the literature based on their application in the different design phases
and the type of application.
Subramanyam and Krishnan (2003) reviewed existing metrics for software
applications for the development of a complexity metric that combines object oriented
(OO) and Chidamber and Kemerer (1991) metrics, also known as CK metrics. They also
incorporated defect detection as part of the verification of the complexity metric. Table 5
summarizes previous studies addressing CK metrics. Their metric, summarized in Table
5, includes three of the CK's parameters (WMC, CBO and DIT) from the original list of
six parameters.

17

Table 4. Comparison between metrics
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Table 4. Comparison between metrics (continued)
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Table 5. Summary of Chidamber and Kemerer (CK) metrics - Adopted from
Subramanyam and Krishnan (2003)

The list of parameters in CK approach includes:


Weighted Methods per Class (WMC): Weighted sum of all the methods in a class.



Coupling between Object Classes (CBO): Number of other classes to which a
given class is coupled. This addresses the dependency of one class on other
classes in the design.
20



Depth of the Inheritance Tree (DIT): Length of the longest path from a given class
to the root class in the hierarchy.



Number of Children (NOC): Number of immediate child classes from previous
classes.



Response for a Class (RFC): Count of the methods that can be potentially invoked
in response to a message received by an object of a particular class.



Lack of Cohesion of Methods (LCOM): Number of methods with similar pairs
less the number of methods without similar pairs.
Zhang et al. (2010) used ontology design to develop a metric for software

applications. This metric included the amount of vocabulary, the node edge ratio, and an
entropy measure of the ontology graph. Meanwhile, McCabe and Butler (1989) used
geometric design to develop a metric that quantifies the complexity with modules and
hierarchical representations. On the other hand, Yadav and Khan (2009) used a similar
approach, to quantify the complexity by taking into consideration the modules and the
classes in the design. The approach used to quantify the complexity is called the inherited
method. Although the metrics developed for software applications differ in terms of their
objective and parameters, these are all applied at the Detailed Design stage.
Other complexity metrics are used to manufacture products. Ameri et al. (2008),
Mathieson et al. (2011) and Bashir and Thompson (1999) used a decomposition method
in order to solve the coupling complexity in the design. The product decomposition is
seen as one of the facts that induce coupling (Eppinger, 1991). Ameri et al. (2008) also
implemented Axiomatic Design to minimize the complexity through the reduction of the
information content.
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Roy et al. (2011) used a new approach to quantify the complexity. In their
approach they relate complexity to the ratio of the demand which means that higher
demand will add complexity to the product. Meanwhile, Bashir and Thompson (1999)
developed a quantitative function to measure the complexity of product assemblies
through an analysis of the product hierarchy. Rodriguez-Toro (2002) followed a similar
approach to minimize the complexity of product assemblies considering the geometry of
each part; however, he does not provide a quantitative measure for complexity. Some
researchers have focused on reducing the complexity of specific products. For instance,
complexity metrics were developed to minimize the size of buffers and registers for
global and local pipelines (Hong et al., 2004).
Path and reroute decisions are another use of complexity metrics. These metrics
have various applications, with studies focusing on the development of guidelines to
select the best path with collision avoidance in the case of aircrafts (van Paassen et al.,
2010) and robotic systems (Wang et al., 2011). The success of the metric developed for
the aircraft system is impacted by the number of aircrafts in the system. For the robotic
systems, an algorithm was developed to construct the shortest path to specific viewpoints.
The execution of this algorithm was impacted by the interconnection between robots and
the objective of covering an area of patches.
Other applications found in the literature include the use of complexity metric for
electronics components. Keating (2000) used complexity metrics to incorporate them into
the electronic chips design. He also created a metric to quantify and compare the
complexity between two different designs. This allows the designer to choose between
more or less complex designs. In addition, he showed in the literature that by choosing a
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less complex design, it is possible to increase the quality of the product. Also, this helps
the designers to make future modifications and upgrades.
In summary, complexity metrics are developed with the use of equations,
diagrams and algorithms to measure different aspects of the design. Some of these
metrics only focus on measuring the size of the system. However, these metrics neglect to
consider the complexity generated from the interactions between components. For
instance, they are missing the complexity aspects of assemblies. Metrics are also
developed with a sole focus on the interconnection between components (Zhang et al.,
2010; McCabe and Butler, 1989). However, these metrics do not consider the topology of
the interrelationships. In general, the application of most of these metrics requires
designing some kind of a network diagram. McCabe and Butler (1989) focused on these
interconnections using dot diagrams to calculate the complexity. In their metric, they
quantified the vertices and the number of components connected to each component.
Studies have also combined considerations of the components’ size and their
interactions in the development of complexity metrics for different applications, where
network diagrams are used to represent the different components and levels (Keating
2000; Summers and Shah, 2010; and Rodriguez-Toro, 2003). Moreover, the metrics that
use various aspects of complexity are expected to be more precise measures (Chidamber
and Kemerer, 1994). In conclusion, the ideal metric will be the one that measures the size
of the system, the size of each component forming the system and the interactions
between these. Furthermore, each link and component should contain a weight value in
order to quantify the complexity, such as giving higher weights to components and links
at the high levels (Subramanyam and Krishnan, 2003). Other guidelines that can be added
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may include: (1) components at the same category but with different input and output
requiring different weights, and (2) redundancy of components is allocated a lower
weight. However, weights must be chosen carefully to avoid potential subjectivities.

2.5 Summary
This chapter summarized the literature on DC metrics. Through an analysis of
definitions in the literature, it can be concluded that complexity is associated with a lack
of understanding in the functions, components and interactions between components.
However, metrics in the literature do not necessarily include all of these factors in the
assessment of complexity. Accordingly, this chapter discussed similarities and
differences of these approaches. While complexity metrics have been developed for a
wide variety of applications, the comparison of these metrics showed that some of the
approaches are very common. For example, most studies used hierarchal diagrams to
decompose the design in different levels and components. This decomposition was
necessary to characterize large systems in order to understand them and solve their
problems.
Complexity metrics have been developed for the most part to minimize
complexity, and therefore decrease the development time and cost. However, an
assessment of existing metrics is necessary before they can be used further as an indicator
of complexity for medical devices. With these motivations, the objective of this research
is to quantify and assess the complexity of medical devices for which there is no
approach found to date.
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Chapter 3
Methodology

3.1 Introduction
Complexity metrics are used to quantify the complexity of products and systems
across different fields. However, complexity metric applications found in the literature do
not address medical devices.

Nowadays, the complexity of medical devices is a big

concern with the increasing number of patents with more than 9,000 issued in 2003 by
the Unites States Patent and Trademark Office (USPTO) (AdvaMed, 2004). Medical
products represent an important part of the healthcare industry. The complexity of these
products can affect the development process and their use in multiple ways starting with
the intellectual property, regulation approval and manufacturing to their implementation
and functionality. Accordingly, this work investigates the complexity of medical devices
with the use of existing metrics published in the literature for different products. This
section explains the method followed for the selection, implementation and validation of
these metrics.

3.2 Flow of the Methodology Steps
Figure 1 illustrates a flow chart of the methodology steps. First, relevant metrics
are identified based on their relevance to measure the complexity of medical devices.
Then, the three most applicable metrics are chosen from the subset of the relevant
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metrics. Upon their selection, these metrics are implemented to measure the complexity
of twenty hip replacement devices. These devices are selected given that hip replacement
surgeries are considered among the most important advances of the last century with
more that 193,000 of these surgeries performed each year in the US (AAOS, 2009).
Accordingly, the data for this study consists of FDA approved hip replacement devices.
After implementing complexity metrics for hip devices, a correlation analysis is
performed to eliminate redundant metrics. The final stage of this methodology is to
validate the uncorrelated metrics to investigate their impact on FDA’s decision time.

Figure 1: Flow of the methodology
3.2.1 Identification and Selection of Metrics
The complexity metrics to implement are narrowed down from the literature.
These metrics are divided in three levels that explain the filtering process (Figure 2). The
initially reviewed fourteen metrics (Table 4) are reduced to ten, with the elimination of
metrics that do not provide a formal mathematical formulation (vanPaasen et al., 2010);
Wang et al. (2010); Summers and Shah, 2010; and Mathieson et al., 2011).
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Figure 2: Filtering process
After identifying the relevant metrics, additional filtering was performed to select
the most applicable metrics to medical devices. The selection criteria were based on a
detailed analysis of the parameters and data requirements for a feasible implementation.
The filtering of complexity metrics included that the complexity should be quantifiable
with an exact number. In addition, the availability of data requirements to implement the
metrics was verified, e.g. product data sheets, Bill of Materials (BOMs) and surgical
procedure. For instance, the complexity metrics developed for software are not used due
to a lack of applicability of their parameters (Subramanyam and Krishman, 2003; Zhang
et al., 2010; McCabe and Butler, 1989; Yadav and Khan, 2009). Likewise, Hong et al.’s
(2004) complexity metric does not apply given that it is very specific to the performance
of buffers and registers. Although Ameri et al. (2008) developed a metric for products,
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their metric includes probability values outside the scope of this analysis. On the other
hand, Rodriguez-Toro (2004) used a hierarchical approach as an initial mapping to
understand the components and their interactions. As a second step, this hierarchical map
is converted to a matrix, where values describe the interactions between components
based on the number of components, assembly, geometry, and tolerances. In addition to
the matrix representation, Rodriguez-Toro (2004) attempted to develop a weighting
method to differentiate the complexity between interfaces (Equation 1). However,
Rodriguez-Toro (2004), did not complete this metric given that it is still a “rough and
generalized mathematical representation” that requires further development. In addition,
the development of such a metric was outside the scope of his paper which intention was
to provide insights about how product complexity can be quantified (Rodriguez-Toro,
2004). Accordingly, this research did found this metric as a feasible option to quantify the
complexity of medical devices. More work will be required to determine if all the factors,
in Equation 1 (Rodriguez-Toro, 2004), contribute to complexity. His approach provides
insights for the development of a new metric. These insights are related to the product
geometry, manufacture, and tolerances.
Interface weight = Geometrical shape * adjacency type
* kinematic constraint * (tolerance value)

Equation 1

-1 * other values

As a result from this analysis, three metrics were selected for implementation.
These metrics, summarized in Table 6, provide a broad consideration of complexity
aspects.
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Table 6. Metrics evaluation

Most of the metrics shown in Table 6 address the complexity based on the product
size. However, Bashir and Thompson (1999)’s metric is based on the functionality of the
device. They developed a complexity metric using a hierarchal approach. This required
the decomposition of all product functions, starting from the most basic to the most
advance. Equation 2 provides their formulation to quantify complexity, which increases
with the number of functions and levels. The impact of functions has a linear relationship
with the levels, where functions at higher levels have more impact than those at basic
levels. Although Bashir and Thompson (1999) improved the complexity metric with the
consideration of weighted product functionalities, they neglected to consider the number
of parts and assemblies. Other complexity metrics consider these parameters but not
functionality.
PC =

Equation 2

where,
F j is the number of functions at level j
l is the number of levels
k j is the weight for level j, where k1 = 1, k2 = 2, and et cetera.
PC is the product complexity
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Roy et al. (2011) developed a complexity metric to address product variants and
demand. This metric was inspired by Galsworth (1994) who measured the complexity as
the sum of product variants and the product parts. Equations 3 and 4 illustrate et al.'s
(2011) approach to measure complexity with the design ratio for each variant of a part
type and the demand ratio. Even though Roy et al. (2011) had an innovative point of
view, this metric (demand ratio) can only be implemented by a company developing the
product given that they have access to the data on product variants and demand.
Accordingly, this research implements the design ratio for hip replacements based on
data found in relevant bill of materials (BOM). The implementation of this metric
included the calculation of the number of possible product combinations.

Design ratio (i) = ni/n

Equation 3

where,
ni = number of product variants that use part variant i
n = total number of product variants
Demand ratio ("Off take") = di/d
where,
di =demand for all product variants that use part variant i
d = total demand for all product variants

Equation 4

On the other hand, Keating (2000) quantified the complexity based on the number
of modules and their interactions. Modules are generated to diminish the impact of the
coupling. The motivation of Keating (2000) was to quantify the complexity of electronics
chips in order to improve the design quality in the early stages. The first step to use this
metric is to create a mapping of the modules and their interactions. Equation 5 illustrates
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the complexity metric, which includes variables relevant to number of modules and
interfaces.
C = M2 + I2

Equation 5

where,
C is the complexity
M is the number of modules
I is the number of interfaces between the modules

The modules are the components use in the mapping diagram. Consequently, the
interface is related to the interactions between two or more modules. On the other hand,
they do not consider the effects of failures or breaking interaction between the
components ( I = 0).

3.2.2 Validation
Validation, in this context, means that the metric successfully reflects the various
facets of complexity, and when used for a set of product the metric values vary based on
the design differences. Accordingly, the validation procedure adopted has a basis in the
meaning of design complexity. The analysis from the literature showed that design
complexity may result from a lack of understanding of the design (Summers and Shah,
2010). Increasing the number of components and interconnections will further increase
this lack of understanding (Bashir and Thompson, 1999). Increasing the amount of
knowledge should decrease the lack of understanding; however, it may come at a price as
the need of more knowledge and information relevant to design will increase the time
required to develop complex products. For the medical device development domain, the
development time may also be affected due to the required compliance with regulations.
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This additional time required for clearance/approval by the regulatory agency (e.g., FDA)
is to screen products prior to their release to the market. As part of this validation, it is
assumed that complexity of medical devices should affect the evaluation time of
submissions for approval as a result of the complexity of a medical device product.
Indeed, relevant work hypothesized this above mentioned relationship. For
example, Medina (2011) studied the influence of various factors in FDA's decision time
for submissions. Although, they did not include complexity as one of the influencing
factors, they hypothesized that the unexplained variability in FDA's decision time is the
result of product complexity. Accordingly, the research presented in this thesis expands
their work by investigating the validity of three complexity metrics with the assumption
that FDA's decision time of submissions is affected by the complexity of the product.
Various statistical methods are employed to accomplish this. First, an Exploratory Data
Analysis (EDA) is performed to understand how the devices in the data set are
categorized based on FDA’s risk classifications and submission types. The EDA includes
the analysis of Box-plots that help identify potential outliers that could impact the results.
Given the small size of the data set, with 21 devices, eliminating outliers is essential to
assure a more homogeneous data set where no one data point is driving the results. After
eliminating outliers, an analysis of correlations is performed to explain which metrics are
correlated with one another and their relationship with indicators of complexity, e.g.
number of combinations, components, and their interactions. Finally, a regression
analysis is performed to determine if complexity metrics can explain FDA’s decision
time.
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Chapter 4
Results

4.1 Introduction
This chapter demonstrates the implementation and assessment of complexity
metrics for 21 hip replacement devices. While complexity metrics were tested in the
literature with the comparison of different product types, such as robots and airplanes,
this study opts to compare similar products in order to show the sensitivity of these
metrics. The metrics implemented include the set of three by Bashir and Thompson
(1999), Roy et al. (2011), and Keating (2000). In the following sections, we first explain
how these metrics are implemented and then present the comparison and validation
analyses.
The procedure to apply these metrics is explained in detail for the case of a
specific hip replacement system (Bipolar Head) manufactured by Medacta. This same
procedure is replicated to generate the results of the other 20 hip replacements. Table 7
introduces the bill of materials (BOM) of this example along with variants of certain
components of the Bipolar Head. This device has seven components: multifunction
handle, adapters for the bipolar head, femoral trial, impactor adapter, bipolar head, two
types of femoral heads and three femoral head sizers. From these components, the bipolar
head and the femoral head have ten and two variations, respectively. This information is
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important to guarantee a correct and consistent implementation of the complexity metrics
across the different products.
The explanation of the procedure shows the ease of use and data requirements for
each of the three metrics included in this research. Implementation of these metrics
required the development of diagrams, which were done consistently for all the
implementations across the 21 products included. Statistical analyses are performed to
explain the similarity between complexity metrics as well as their correlation with two
factors: 1) number of components for each product in the sample, and 2) the number of
interactions for each product. Furthermore, the validity of the complexity metrics is
evaluated in the context of the regulations through the study of their relationship with
FDA’s decision time.
Table 7. Bipolar components- Adapted from Medacta (2010)
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4.2 Bashir and Thompson’s Complexity Metric
Bashir and Thompson’s (1999) metric was developed to quantify complexity
focusing on product functions with the analysis of their hierarchical decomposition.
Equation 6 defines their complexity metric, PC, as the summation of the number of
functions across all levels in the hierarchical decomposition.
PC =

Equation 6

where,
F j is the number of functions at level j
l is the number of levels
k j is the weight for level j, where k1 = 1, k2 = 2, and et cetera.
PC is the product complexity

While implementing it in this study, this complexity metric is slightly modified.
According to the functional decomposition steps provided in Figure 3, functions that can
be matched with an existing component should not be included in the function tree
diagram. However, components are the major differentiator factor between hip
replacement systems. The components of these devices have a direct impact on
functionality with a one-to-one relationship between functions and components. For
instance, an important function of most hip replacement devices is to replace the femoral
head due to bone damage. This function would be satisfied with the implantation of one
of the part/component variants of the Trial Bipolar Head shown in Table 7.
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Figure 3. Functional decomposition steps – Modified from Bashir and Thomson (1999)
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Bashir and Thompson’s (1999) PC metric is implemented through the evaluation
of components and their functionality as they relate to the anatomic functions of the hip
joint (Figure 4). Accordingly, a Function Tree diagram (Figure 5) of all the possible
functions for the most complex scenario is developed. This diagram is used as a reference
for consistency in the decomposition of functions for the measurement of PC for the
twenty hip replacement devices. For instance, if a device does not include a particular
component then the related functions in Figure 5 should not be included for the particular
device. If the device does not include the femoral stem then the bone fixation function in
Figure 5 would not apply along with its sub-functions of bone alignment, support weight
and body stability. In fact this is the case of the example implemented in the following
discussion.

Figure 4. Functional decomposition steps – Adopted from AAOS (2009)
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Figure 5. Function tree for hip replacement systems
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The implementation of PC for Medacta’s Bipolar Head is described by the
following steps with the development of the function tree in Figure 6:
Step 1: Generate the first level (j = 1) of the tree diagram based on the base
function which is the main purpose of the product. In Bashir and Thompson’s 1999)
example the base function of the power supply (product) is to supply the DC power. For
Medacta’s Bipolar Head the base function is to replace the joint.
Step 2: Decompose the base function into sub-functions for the second level (j =
2). In Bashir and Thompson’s (1999) example, the sub-functions of the base function
(supply DC power) are: (1) assemble components, (2) protect device, (3) convert power
and (4) provide interface. For Medacta’s Bipolar Head the sub-functions of replacing the
joint are: (1) assemble components, (2) replace femoral head and (3) connect the femur
with the femoral head.
Step 3: Decompose the sub-functions identified in the prior step into further subfunctions. Repeat until no more functions can be generated.
Step 4: Calculate the product complexity with Equation 6. For Medacta’s Bipolar
Head this calculation is shown by Equation 7. The first term represents the number of
functions for the particular level. According to the functional decomposition diagram, the
first level (j = 1) has only one function, which generates the term 1*1. The second level (j
= 2) consists of three sub-functions from the first level for which the second term of the
equation is 3*2. Meanwhile, the third level (j = 3) has two sub-functions, which result in
the term 2*3. The summation of these terms provides a PC value of 13.
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Figure 6. Function tree for Medacta Bipolar Head device

PC =

PC = (1)(1) + (2)(3) + (3)(2) = 1 + 6 + 6 = 13

Equation 7

The results show that multiple functions in the same level add complexity in the
design, and lower levels have a higher impact in the complexity. Overall, this metric can
be interpreted such that a higher PC value means that the product is more complex.
While this metric focused on product functions (referred as Bashir and Thomson
(1999) (function)), this metric was also pursued from the point of view of the surgical
procedure (referred as Bashir and Thomson (1999) (surgery)). This second approach is
implemented providing weights to the surgical procedure steps based on their function,
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inside or outside the body. The surgical steps executed inside the body have more weight
(second level of the function tree) than the parts that go inside the body (firs level of the
function tree). For example, for hip replacement some assemblies of components are
performed outside the body after their implantation. Here, the assembly of components
outside the body is in the first level and the implantation step is in the second level of the
function tree. This approach is simpler to calculate with a two level function tree that is
created from the surgical steps in the Appendix based on their classification between
inside or outside the body. After this classification, Equation 7 is applied.

4.3 Roy et al.’s Complexity Metric
Roy et al.’s (2011) proposes, the design ratio, as a metric that can be used as an
indicator of complexity based on part variants. However, the design ratio is by definition
a measure of commonality for each part variant. A low design ratio is interpreted as an
increase in complexity, meaning that there is less commonality and therefore more
variation. This metric is implemented by calculating the design ratio for each part variant.
As a result, this metric does not provide a single design ratio per product but instead a
value per product variant. This is better explained by Equation 8 that shows that design
ratio is related to the number of product and part variants. The number of product
variants, (n), explains how many part combinations can be converted into final products.
Meanwhile, the number of product variants that use part variant i (ni) refer to how many
final products can be generated from the particular part variant.

41

Design ratio (i) = ni/n

Equation 8

where,
ni = number of product variants that use part variant i
n = total number of product variants
Given that this metric provides a design ratio for each part variant i, the design
ratio is calculated for the case to convey the highest complexity in the product is selected.
In other words, the lowest design ratio (lowest commonality) is selected as an indicator of
complexity for the whole product. Given the inversely proportional relationship between
design ratio and complexity, an adjustment can be made to make the interpretation easier.
Given that the maximum design ratio is one, the design ratio value is subtracted from one
(1) to represent complexity.
To implement this metric, the information is gathered from the BOM (Table 7) in
order to be consistent in the assessment of different metrics. Table 8 shows the design
ratio results for each part variant based on the BOM. The steps describing how these
results were generated are described below:
Step 1: Quantify the total number of variants (n), which is calculated using the
BOM of the product.
Step 2: For each part variant i, calculate the number of product variants that use
part variant i (ni).
Step 3: Calculate the design ratio using Equation 8 for each part variant i.
Step 4: Determine the design ratio for the product by selecting the minimum
value from the design ratios among all the part variants.
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Step 5: Subtract the design ratio calculated for the product from one.
From Table 8 it is observed that there are two part types with multiple variations.
These components are the Trial Bipolar Head and the Femoral Head Sizer with ten and
three variations, respectively. This means that there are 30 product combinations (n). In
terms of the number of product variants used by each part variant i (ni), there are only
two scenarios. Each Trial Bipolar Head can be used in three ways given the three options
of Femoral Head Sizers. In contrast, each Femoral Head Sizer can be used in ten different
ways given the ten options of Trial Bipolar Head. From the design variants results, the
minimum value,

(0.1), is selected as the design variant for the product. In order to

correctly represent the relationship between design variant and complexity,
aforementioned subtraction is done to yield 0.9 (1-0.1).
Table 8. Results from Roy et al.’s metric
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While the approach described above includes the selection of a particular design
ratio, two additional approaches are defined to provide an aggregated measure of all the
design rations. This is necessary given that Roy et al. (2011) did not define this metric as
a direct assessment of complexity, but as an indicator of complexity based on
commonality. These two additional approaches include a summation (Equation 9) and
multiplication (Equation 10) of the values obtained for each part variant (from Table 8).
Equation 9

Equation 10

4.4 Keating’s Complexity Metric
Keating's (2000) complexity metric was originally developed to quantify the
relevant complexity due to the number of modules and interactions. However, for the
purpose of this study the definition of modules is relaxed where they are considered to be
components. This is necessary due to the characteristics of hip replacements. Keating's
(2000) complexity metric is easy to implement as seen from Equation 11, where the
complexity depends on the number of modules (in this thesis components) and the
number of interactions between modules. However, the major challenge is to quantify the
number of components and interactions from the point of view of the surgical procedure.
A connectivity graph is created to represent the interactions between components.
C = M2 + I2

Equation 11

where,
C is the complexity
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M is the number of modules
I is the number of interfaces/interactions between the modules

The application of this metric is explain as follows:
Step 1: Create a connection diagram of components and their interactions.
Step 2: Calculated the number of components.
Step 3: Calculated the number of interactions.
Step 4: Calculated the complexity using Equation 11.

Based on the data from Medacta Bipolar Head’s BOM, a diagram of the
components and their interaction is generated (Figure 7). The components include: Short
Multifunction Handle, Impactor Adapter, Extractor Key, Trial Bipolar Head, Femoral
Head Sizer, Femoral Trial (which is not include in the BOM), and the Adapter for Trial
Bipolar Head. The Femoral Trial is included given that it is specified as part of the
surgical procedure. As a result, there are seven components. On the other hand the
number of interaction is determined from the surgical procedure obtain from the
company's website. For this example, the surgical procedure explained below is obtained
from Medacta (2010).
1. Use an Extractor Key in case that a Bipolar Head needs to be removed.
2. Use a Head Sizer to determine the Bipolar Head Size.
3. Mount the Adapter for Trial Bipolar on the multifunction handle.
4. Placed Trial Bipolar Head to the Femoral Trial.
5. Use the Impactor Adaptor and the handle for final implant impaction.
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Figure 7. Components and interactions for Keating's metric

In summary, there are seven components and six interactions, which result in a
complexity value of 85. The calculation for this value is explained by Equation 12.
C = M2+I2
M=7 and I = 6

Equation 12

C = 72+62 = 49 + 36 = 85
A second approach to calculate this metric is pursued from the point of view of
the main product instead of the surgical procedure. This second approach, referred as
Keating (2000) (main product), limits to the information found in the product data sheet
to define the components and their interactions. To calculate this value, the steps
described above still apply, where the only change is the data being considered. This data
is shown in Appendix.
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4.5 Metric Implementation Results
Table 9 describes the notation used for the remaining of the chapter to describe
the complexity metrics used. The results from the implementation of the complexity
metrics described above are included in Tables 10 - 12. Table 10 shows the device name,
company and product information for the 21 devices that serve as the sample for this
research. These products were selected randomly from the FDA database, with the
constraint that the manufacture datasheet must include the BOM and surgical procedure.
The Appendix provides detailed information of the data for each device used in this
research.
Table 9. Results for product characteristics

Notation
B & T - Bashir and Thompson (1999)
R - Roy et al. (2011)
K - Keating (2000)
dr - design ratio
S - Standardized

The product information includes indicators of complexity that were part of the
implementation of the product complexity metrics. There are two different calculations
for the number of components and interactions in order to satisfy the two approaches
used for Keating’s (2000) complexity metric. The first approach is from the point of view
of the surgery, where the number of components and interactions are associated to all the
requirements specified in the surgical procedure. Meanwhile, these values are also
calculated with a limited focus on the main product referring to only components and
interactions in the product design.
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Table 10. Results for product characteristics
Product Information
Number of
Number of Number of Number of
Number of
Components Interactions Components Interactions
Combinations

ID

Device

Company

(surgery)

(surgery)

1

MEDACATA BIPOLAR HEAD

MEDACTA
INTERNATIONAL, SA

30

7

8

7

8

2

R3 CONSTRAINED LINER

SMITH & NEPHEW, INC.

256

8

10

4

6

3

TRILOGY LONGEVITY CONSTRAINED
LINER

ZIMMER, INC.

10752

11

13

6

7

4

RECAP HA PRESS-FIT FEMORAL

BIOMET, INC.

756084736

10

12

9

4

5

NOVATION CERAMIC ARTICULATION

EXACTECH, INC.

1347637500

7

8

9

10

6

CONSERVE PLUS TOTAL RESURFACING

WRIGHT MEDICAL
TECHNOLOGY, INC.

5760

21

23

12

12

7

REGENERX RINGLOC + MODULAR
ACETABULAR SHELLS

BIOMET, INC.

172800

10

12

7

6

8

ECHO-HIP SYSTEM

9

(main product) (main product)

1938816

16

21

12

12

ZIMMER-NATURAL HIP

BIOMET
MANUFACTURING
CORP.
ZIMMER, INC.

10080000

21

25

10

12

10

BIO-MOORE MODULAR PROSTHESIS

BIOMET, INC.

8640

19

20

9

8

11

PLATFORM HIP STEM

SMITH & NEPHEW, INC.

1

20

22

13

14

12

EXETER V40

HOWMEDICA
OSTEONICS CORP.

3696

12

13

12

14

13

U1 HIP SYSTEM - BIPOLAR

UNITED ORTHOPEDIC
CORP.

111720

8

8

8

8

14

U2 HIP SYSTEM - BIPOLAR

UNITED ORTHOPEDIC
82657935360
CORP.

27

28

14

14

15

BI-METRIC HIP REPLACMENT

BIOMET, INC.

120666000

18

19

6

5

16

TAPER-FIT TOTAL HIP SYSTEM

CORIN U.S.A.

7776

13

14

4

3

17

EXCIA TOTAL HIP SYSTEM LATERAL
OFFSET

AESCULAP, INC.

42134400

12

14

4

4

SMITH ANTHOLOGY

SMITH & NEPHEW, INC.

842112

15

15

4

5

MEDACTA TOTAL HIP PROSTHESIS
SYSTEM - QUADRA H AND R FEMORAL
STEMS
BIOPRO PC FEMORAL HIP

MEDACTA
INTERNATIONAL, SA

1071

12

12

4

5

BIOPRO, INC.

9072000000

19

22

10

9

ZIMMER, INC.

260

28

30

4

4

18
19
20
21

ZIMMER M/L TAPER HIP PROSTHESIS
WITH KINECTIV TECHNOLOGY SYSTEM

B & T - Bashir and Thompson (1999); R - Roy et al. (2011); K - Keating (2000);
dr - design ratio; S - Standardized

Table 11 provides the results for the three complexity metrics and their variations.
These variations include complexity metrics with two approaches for Bashir and
Thomson’s (1999), three for Roy et al. (2011) and two for Keating (2000). While two of
these metrics (Bashir and Thompson, 1999; Keating, 2000) are used as proposed by the
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authors to consider the complexity of the design and the surgical procedure, the metric
developed by Roy et al. (2011) is adapted to become an indicator of complexity.

Table 11. Results for complexity metrics implementation
Complexity Metrics
ID

Device

B&T

B&T

R

R

R

(functions) (surgery) (1-Min(dr)) (summation) (multiplicative)

K

K

(surgery)

(main product)

1

MEDACATA BIPOLAR HEAD

13

15

0.9000

6.0000

3.7037E-12

85

113

2

R3 CONSTRAINED LINER

11

21

0.8750

1.2500

0.00390625

164

80

3

TRILOGY LONGEVITY CONSTRAINED
LINER

13

26

0.9375

1.7173

9.3006E-05

290

85

4

RECAP HA PRESS-FIT FEMORAL

19

18

0.9780

0.8587

1.3212E-09

244

13

5

NOVATION CERAMIC ARTICULATION

8

22

0.9545

2.1451

7.4204E-10

113

181

6

CONSERVE PLUS TOTAL RESURFACING

24

27

0.9583

0.7250

0.00017361

970

288

7

REGENERX RINGLOC + MODULAR
ACETABULAR SHELLS

8

16

0.9667

1.6861

1.929E-07

244

85

8

ECHO-HIP SYSTEM

24

21

0.9545

1.1459

5.1578E-07

697

288

9

ZIMMER-NATURAL HIP

24

21

0.9750

1.7364

9.9206E-08

1066

244

10

BIO-MOORE MODULAR PROSTHESIS

24

23

0.9667

0.1583

0.00011574

18

145

11

PLATFORM HIP STEM

19

24

1.0000

1.0000

1

884

365

12

EXETER V40

12

15

0.9580

0.2040

0.00027056

313

340

13

U1 HIP SYSTEM - BIPOLAR

24

15

0.0526

1.2003

8.9509E-06

128

128

14

U2 HIP SYSTEM - BIPOLAR

24

28

0.9850

1.2298

1.2099E-11

1513

392

15

BI-METRIC HIP REPLACMENT

24

22

0.9846

0.3798

8.2873E-09

685

61

16

TAPER-FIT TOTAL HIP SYSTEM

16

16

0.9877

0.2540

0.00010288

365

25

17

EXCIA TOTAL HIP SYSTEM LATERAL
OFFSET

19

15

0.9688

0.3391

2.3734E-08

340

32

18

SMITH ANTHOLOGY

19

21

0.9800

0.1446

1.1875E-06

450

41

24

18

0.9412

0.3128

0.00093371

288

41

24

26

0.9750

0.4893

1.1023E-10

845

181

14

14

0.9850

0.2654

0.00384615

1684

32

19
20
21

MEDACTA TOTAL HIP PROSTHESIS
SYSTEM - QUADRA H AND R FEMORAL
STEMS
BIOPRO PC FEMORAL HIP
ZIMMER M/L TAPER HIP PROSTHESIS
WITH KINECTIV TECHNOLOGY SYSTEM

B & T - Bashir and Thompson (1999); R - Roy et al. (2011); K - Keating (2000);
dr - design ratio; S - Standardized
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Roy et al. (2011) explained that their metric can be used to understand the
complexity of products through the quantification of parts and products variants;
however, they measure the commonality of part variants and argue that products with less
commonality in part variants are more complex. Furthermore, their metric provides a
value per part or component. Various approaches are followed to convert the
part/component result to an assessment of the overall product. These approaches included
the (1) selection of a design ratio indicating the highest complexity (least commonality),
(2) the summation of all the design ratios, and (3) product of all the design ratios.
Table 12 provides the standardized version of the complexity metrics in Table 11.
This standardization was necessary in order to be able to compare all the metrics with the
same scale. The standardization required dividing each complexity value by the
maximum value for the same metric. This provides a value between zero and one, where
the greater the number, the more complex the device is.
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Table 12. Results for standardized complexity metrics
Standardized Complexity Metrics
ID

Device

SB&T

SB&T

SR

(functions)

(surgery)

(1-Min(dr))

SR

SR

(summation) (multiplicative)

SK

SK

(surgery)

(main product)

1

MEDACATA BIPOLAR HEAD

0.5417

0.5357

0.9000

1.0000

3.7037E-12

0.0505

0.2883

2

R3 CONSTRAINED LINER

0.4583

0.7500

0.8750

0.2083

0.00390625

0.0974

0.2041

3

TRILOGY LONGEVITY CONSTRAINED
LINER

0.5417

0.9286

0.9375

0.2862

9.3006E-05

0.1722

0.2168

4

RECAP HA PRESS-FIT FEMORAL

0.7917

0.6429

0.9780

0.1431

1.3212E-09

0.1449

0.0332

5

NOVATION CERAMIC ARTICULATION

0.3333

0.7857

0.9545

0.3575

7.4204E-10

0.0671

0.4617

6

CONSERVE PLUS TOTAL RESURFACING

1.0000

0.9643

0.9583

0.1208

0.00017361

0.5760

0.7347

7

REGENERX RINGLOC + MODULAR
ACETABULAR SHELLS

0.3333

0.5714

0.9667

0.2810

1.929E-07

0.1449

0.2168

8

ECHO-HIP SYSTEM

1.0000

0.7500

0.9545

0.1910

5.1578E-07

0.4139

0.7347

9

ZIMMER-NATURAL HIP

1.0000

0.7500

0.9750

0.2894

9.9206E-08

0.6330

0.6224

10

BIO-MOORE MODULAR PROSTHESIS

1.0000

0.8214

0.9667

0.0264

0.00011574

0.0107

0.3699

11

PLATFORM HIP STEM

0.7917

0.8571

1.0000

0.1667

1

0.5249

0.9311

12

EXETER V40

0.5000

0.5357

0.9580

0.0340

0.00027056

0.1859

0.8673

13

U1 HIP SYSTEM - BIPOLAR

1.0000

0.5357

0.0526

0.2000

8.9509E-06

0.0760

0.3265

14

U2 HIP SYSTEM - BIPOLAR

1.0000

1.0000

0.9850

0.2050

1.2099E-11

0.8985

1.0000

15

BI-METRIC HIP REPLACMENT

1.0000

0.7857

0.9846

0.0633

8.2873E-09

0.4068

0.1556

16

TAPER-FIT TOTAL HIP SYSTEM

0.6667

0.5714

0.9877

0.0423

0.00010288

0.2167

0.0638

17

EXCIA TOTAL HIP SYSTEM LATERAL
OFFSET

0.7917

0.5357

0.9688

0.0565

2.3734E-08

0.2019

0.0816

SMITH ANTHOLOGY

0.7917

0.7500

0.9800

0.0241

1.1875E-06

0.2672

0.1046

1.0000

0.6429

0.9412

0.0521

0.00093371

0.1710

0.1046

1.0000

0.9286

0.9750

0.0815

1.1023E-10

0.5018

0.4617

0.5833

0.5000

0.9850

0.0442

0.00384615

1.0000

0.0816

18
19
20
21

MEDACTA TOTAL HIP PROSTHESIS
SYSTEM - QUADRA H AND R FEMORAL
STEMS
BIOPRO PC FEMORAL HIP
ZIMMER M/L TAPER HIP PROSTHESIS
WITH KINECTIV TECHNOLOGY SYSTEM

B & T - Bashir and Thompson (1999); R - Roy et al. (2011); K - Keating (2000);
dr - design ratio; S - Standardized
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4.6 Analysis
Complexity metrics are analyzed to understand their relationships and relevance
with FDA. Table 13 summarizes the FDA information that characterizes the approval
process in terms of decision time, submission types and risk classifications. At this stage
one of the devices (ID 9) is eliminated from the data set for consistency given that related
FDA information is not available.
In this analysis, an exploratory data analysis (EDA) is used to understand how the
data is grouped in terms of FDA’s classifications and approval processes. Then, an
analysis of correlations is performed to explain the relationship between complexity
metrics (Table 11) and the product information (Table 11). Finally, a regression analysis
is completed to evaluate to what extent, if at all, complexity metrics can explain the
variation in FDA’s decision time.

4.6.1 Exploratory Data Analysis
The standardized complexity metrics from Table 13 are used to compare the
values of the different metrics along with their characteristics for FDA’s submission
types and risk classifications. Figures 8 – 13 summarize this analysis with a series of boxplots. A comparison of the complexity metrics (Figure 8) shows very diverse results.
Both approaches used to calculate Bashir and Thomson (1999) have standardized value
between 0.6 and 1. On the other hand, the results for Keating’s (2000) standardized
metrics are between 0.1 and 0.6. For Roy et al. (2011), the three approaches show very
different results in terms of their values and variance. An analysis of correlations is
necessary to explain if there is a relationship between these metrics.
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In addition to comparing the metrics with one another, this analysis includes an
evaluation of their values for different FDA submission types and risk classifications.
Figure 9 -11 illustrate the behavior of the complexity metrics based on FDA information.
Figure 9 shows that for all cases, with the exception of Roy et al.’s (2011) metrics, the
Pre-Market Approval (PMA) submission type has a higher complexity in comparison to
the Pre-market Notification (510(k)). This result helps infer about the validity of these
metrics given that PMA is the strictest pathway of FDA approval for medical devices
(Medina et al., 2011a). However, this result is more indicative than conclusive given the
small sample size with only one case of PMA (device with ID 6 from Table 13).
Likewise, Figure 10 shows the same result where original PMA (which means that it is
not a supplement) has high complexity. This figure also compares the different types of
510(k)s, which shows no clear difference in the complexity of the devices for the
different types of 510(k).
Figure 11 demonstrates the difference in complexity for the two FDA risk
classifications. This data set only included two out of the three risk classifications
specified by FDA as I, II and III. Devices that are class III represent the highest risk and
have the more strict requirements, while devices that are class I are exempt of most
requirements (Medina et al., 2011c). While for most of the metrics there does not seem to
be a difference between the risk classifications II and III, Keating’s (2000) complexity
metric calculated based on the surgical procedure shows a very clear difference with no
overlap between them. Keating’s (2000) complexity metric (surgery) has values between
0.15 and 0.35 for class II devices, and between 0.4 and 1 for class 3 devices. This result is
reasonable given that FDA looks at the application of the device in the surgical procedure
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with requirements of instructions to the physician in the market introduction process
(Medina et al., 2011a; Medina et al., 2011c). Yet, this result is not conclusive due to the
small sample size of three devices in class III.
Table 13. FDA information
FDA Information
Decision
Submission Submission
Risk
Time
Type
Sub-Type Classification
(days)
Traditional
244
510(k)
2
510(k)

ID

Device

1

MEDACATA BIPOLAR HEAD

7/1/2009

3/2/2010

2

R3 CONSTRAINED LINER

12/3/2008

3/3/2009

90

510(k)

Traditional
510(k)

2

3

TRILOGY LONGEVITY CONSTRAINED
LINER

6/22/2007

7/13/2007

21

510(k)

Traditional
510(k)

2

4

RECAP HA PRESS-FIT FEMORAL

4/13/2007

6/29/2007

77

510(k)

Special
510(k)

2

5

NOVATION CERAMIC ARTICULATION

10/31/2006 11/29/2006

29

510(k)

Special
510(k)

2

6

CONSERVE PLUS TOTAL RESURFACING

9/30/2003

11/3/2009

2226

PMA

Original
PMA

3

7

REGENERX RINGLOC + MODULAR
ACETABULAR SHELLS

2/8/2007

3/9/2007

29

510(k)

Special
510(k)

2

8

ECHO-HIP SYSTEM

1/29/2007

4/3/2007

64

510(k)

Special
510(k)

3

9

ZIMMER-NATURAL HIP

10

BIO-MOORE MODULAR PROSTHESIS

11

Submission Decision
Date
Date

No Information Available
11/12/1998 1/19/1999

68

510(k)

Traditional
510(k)

2

PLATFORM HIP STEM

8/22/2005

12/7/2005

107

510(k)

Abbreviated
510(k)

2

12

EXETER V40

5/25/2001

6/15/2001

21

510(k)

Special
510(k)

2

13

U1 HIP SYSTEM - BIPOLAR

4/20/2005

8/29/2005

131

510(k)

Traditional
510(k)

2

14

U2 HIP SYSTEM - BIPOLAR

6/14/2010

10/8/2010

116

510(k)

Traditional
510(k)

2

15

BI-METRIC HIP REPLACMENT

1/6/2003

8/11/2003

217

510(k)

Traditional
510(k)

2

16

TAPER-FIT TOTAL HIP SYSTEM

11/28/2000

2/8/2001

72

510(k)

Traditional
510(k)

2

17

EXCIA TOTAL HIP SYSTEM LATERAL
OFFSET

5/15/2006

8/2/2006

79

510(k)

Special
510(k)

2

18

SMITH ANTHOLOGY

10/3/2005

10/7/2005

4

510(k)

Special
510(k)

2

9/23/2008 12/29/2008

97

510(k)

Special
510(k)

2

5/23/1988

8/29/1988

98

510(k)

Traditional
510(k)

2

4/8/2008

5/6/2008

28

510(k)

Special
510(k)

3

19
20
21

MEDACTA TOTAL HIP PROSTHESIS
SYSTEM - QUADRA H AND R FEMORAL
STEMS
BIOPRO PC FEMORAL HIP
ZIMMER M/L TAPER HIP PROSTHESIS
WITH KINECTIV TECHNOLOGY SYSTEM
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Boxplot of standardized complexity metrics
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Figure 8. Box-plot of standardized complexity metrics

Boxplot of Standardized Complexity Metrics vs Submission Type
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Figure 9. Box-plot of standardized complexity metrics versus submission type
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Boxplot of Standardized Complexity Metrics vs Submission Sub-type
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Figure 10. Box-plot of standardized complexity metrics versus submission sub-type
Boxplot of Standardized Complexity Metrics vs Risk Classification
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Figure 11. Box-plot of standardized complexity metrics versus risk classification
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FDA’s decision time for the clearance/approval of these devices is used to
measure the performance of these metrics and study further their relationship with the
regulations. Figures 12 – 14 verify what other factors should be included in the analysis
as control variables to explain the significance of the complexity metrics. Figures 12 – 13
show that the PMA is the only case with a clear difference for the decision time;
however, there is only one case of PMA versus the other nineteen devices that are
510(k)s. On the other hand, Figure 14 shows that the variability of FDA’s decision time
for class II devices is very small in comparison to the class III devices. However, this
result is associated with the device submission as a PMA (ID 6 – from Table 13). In the
data set only three devices are of class III (IDs 6, 8 and 21 from Table 13) versus 17 are
of class II. Given the available sample size, the data set of class III devices ((IDs 6, 8 and
21) is eliminated from further consideration in the analysis of correlations (Section 4.6.2)
and regression (Section 4.6.3).

Boxplot of Decision Time (days) vs Submission Type
2500

Decision Time (days)

2000

1500

1000

500

0
510(k)

PMA
Submission Type

Figure 12. Box-plot of decision time versus submission type
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Boxplot of Decision Time (days) vs Submission Sub-Type
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Figure 13. Box-plot of decision time versus submission sub-type
Boxplot of Decision Time (days) vs Risk Classification
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Figure 14. Box-plot of decision time versus risk classification
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4.6.2 Analysis of Correlations
An analysis of correlations is performed for the 17 hip devices with a risk
classification II. This analysis helps understand the relationships between the complexity
metrics in addition to the product information with the Pearson correlation measure. The
Pearson correlation is a goodness of fit statistic that evaluates the strength of the linear
relationships between two variables (Minitab, 2003). The correlation result is a value
between zero and one, where the higher the value, the higher the correlation. Table 14
shows the correlation results for all pairs of variables indicating the Pearson correlation
(top cell) and corresponding p-values (bottom cell). The correlation considered
significant with a confidence level of 95% (p-value < 0.05, highlighted with darker
color). The significant correlations at a confidence level of 90% (p-value between 0.05
and 0.10) are also highlighted in the table for illustration purposes.
From the results in Table 14, three pairs of metrics show strong correlation
values: (1) the surgery metrics for Bashir and Thomson (1999) and Keating (2000) (pvalue 0.008), (2) Roy et al. (2011) (multiplicative) and Keating (2000) (main product) (pvalue 0.047), and (3) both of Keating (2000) metrics (p-value 0.013). These relationships
represent 14% of the pair-wise comparisons between complexity metrics. The
relationship between Keating’s (2000) approaches means that, for the most part, the
components and interactions of the main product are the major elements of the surgical
procedure. Both of Keating’s approaches have strong correlations with the number of
combinations, components (surgery and main product) and interactions (surgery). On the
other hand, the correlation between the surgery-based metrics (Bashir and Thomson,
1999; Keating, 2000) is associated to their focus on the surgical procedure and that both
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are also correlated with the number of combinations, components (surgery) and
interactions (surgery).
Table 14. Analysis of correlations results
Factors/Factors

B & T (function)

B & T (surgery)

R (1-Min(dr))

R (summation)

B & T (surgery)

0.279
0.278

R (1-Min(dr))

-0.208
0.424

0.321
0.209

R (summation)

-0.429
0.086

-0.162
0.535

-0.09
0.731

R (multiplicative)

0.056
0.832

0.231
0.373

0.108
0.68

-0.026
0.922

K (surgery)

0.437
0.08

0.617
0.008

0.263
0.307

-0.22
0.397

K (main product)

0.045
0.863

0.408
0.104

0.05
0.85

0.029
0.913

Num of Combinations

0.3
0.242

0.504
0.039

0.102
0.698

0.006
0.982

Num of Componets (surgery)

0.628
0.007

0.67
0.003

0.337
0.186

-0.409
0.103

Num of Interactions (surgery)

0.577
0.015

0.698
0.002

0.386
0.126

-0.395
0.116

Num of Componets (main product)

0.133
0.61

0.399
0.112

0.026
0.92

0.042
0.873

Num of Interactions (main product)

-0.023
0.93

0.387
0.125

-0.007
0.98

0.126
0.63

Decision Time

0.368
0.146

-0.077
0.768

-0.193
0.458

0.486
0.048

Cell Contents:

Pearson Correlation
P-Value
Pearson Correlation with P-Value < 0.05
Pearson Correlation with P-Value between 0.05 and 0.10

B & T - Bashir and Thompson (1999); R - Roy et al. (2011); K - Keating (2000);
dr - design ratio
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Table 14. Analysis of correlations results (Continued)
Factors/Factors

R (multiplicative)

K (surgery)

K (main product)

Num of Combinations

K (surgery)

0.322
0.208

K (main product)

0.487
0.047

0.588
0.013

Num of Combinations

-0.072
0.785

0.781
0

0.556
0.02

Num of Componets (surgery)

0.306
0.233

0.846
0

0.537
0.026

0.657
0.004

Num of Interactions (surgery)

0.33
0.195

0.852
0

0.535
0.027

0.636
0.006

Num of Componets (main product)

0.42
0.094

0.532
0.028

0.896
0

0.524
0.031

Num of Interactions (main product)

0.458
0.064

0.474
0.055

0.982
0

0.47
0.057

Decision Time

0.074
0.777

0.164
0.529

-0.005
0.985

0.111
0.672

Num of Componets
(surgery)
0.989
0

Num of Interactions
(surgery)

Num of Componets
(main product)

Num of Interactions
(main product)

Num of Componets (main product)

0.515
0.034

0.532
0.028

Num of Interactions (main product)

0.419
0.094

0.417
0.096

0.886
0

Decision Time

0.094
0.719

0.079
0.762

0.028
0.914

Cell Contents:

Pearson Correlation
P-Value
Pearson Correlation with P-Value < 0.05
Pearson Correlation with P-Value between 0.05 and 0.10

Factors/Factors
Num of Interactions (surgery)

-0.013
0.961

Cell Contents:

Pearson Correlation
P-Value
Pearson Correlation with P-Value < 0.05
Pearson Correlation with P-Value between 0.05 and 0.10

B & T - Bashir and Thompson (1999); R - Roy et al. (2011); K - Keating (2000);
dr - design ratio
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Although Roy et al.’s (2011) (multiplicative) metric was not clear given that they
did not develop it to measure complexity directly (but as an indirect indicator), its strong
correlation with Keating’s (2000) (main product) metric shows that the proposed
adaptation of it in this thesis measures complexity. Further analysis, with a larger data
set, will be required to better understand the proposed adaptations of Roy et al.’s (2011)
metric.
Other important correlations are the ones observed with the product information.
These variables are used to calculate some of the metrics and also serve as indicators of
complexity. In addition to the relationships described above, Bashir and Thomson's
(1999) (function) is correlated with the number of components (p-value 0.007) and
interactions (p-value 0.015) for the surgery. Meanwhile, there are also correlations
between the different variables providing product information: (1) number of
combinations with number of components (surgery) (p-value 0.004), interactions
(surgery) (p-value 0.006), and components (main product) (0.031); (2) number of
components (surgery) with number of interactions (p-value 0.000) and components (main
product) (p-value 0.034); (3) number of interactions (surgery) with number of
components (main product) (p-value 0.028); and (4) number of components (main
product) with number of interactions (main product) (0.000). These relationships are as
expected given the nature of these values. For example, the number of interactions
depends on the number of components.
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4.6.3 Regression Analysis
The analysis of correlations is used as a guideline for the regression analysis,
where correlated variables should not be included together in a regression model. This
analysis started with the combination of all the variables to further show the impact of
including correlated variables which is called the multi-collinearity problem. Moreover,
this analysis demonstrates the model selection process in which this problem is
eliminated. Multi-collinearity means that two or more variables are highly correlated in a
multiple regression. This should be avoided given that it causes instability in the
estimates, where coefficients change dramatically in response to small changes in the
variables.
The use of variance inflation factors (VIF) is a formal and widely accepted
method to detect multi-collinearity problems, where variables with VIF values greater
than ten should be eliminated to solve it (Kutner et al., 2005). VIF is further explained
with Equation 13. Table 15 illustrates the iterative process followed with twelve
regression analyses performed. The procedure consisted of first eliminating the multicollinearity problem and then eliminating the variables with higher p-values. The end
result (Analysis 11) shows that two complexity metrics, with low VIF and no correlation
(from the analysis of correlations in Section 4.6.2) explain 64% (R2) of the variability in
FDA’s decision time. These complexity metrics are: Bashir and Thomson's (1999)
(function) metric and Roy et al.'s (2011) (summation) metric. The significance of their
interaction was verified (Analysis 12), but was not significant. Equation 14 provides the
regression model that result from this analysis. As part of the data limitation, this model
could not be validated given the small sample size. However, this proves that Bashir and
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Thomson's (1999) (function) and Roy et al.'s (2011) (summation) complexity metrics
have the sensitivity to explain FDA’s decision time for devices with the same overall
function and risk classification. Likewise, this also shows the impact of complexity in the
regulations.

VIF 

1
1 R2

Equation 13
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Table 15. Regression analysis results
Factor
B & T (functions)
B & T (surgery)
R (1-Min(dr))
R (summation)
R (multiplicative)
K (surgery)
K (main product)
Number of Combinations
Number of Components (surgery)
Number of Interactions (surgery)
Number of Components (main product)
Number of Interactions (main product)
ANOVA P-Value

Analysis 1
0.086
0.421
0.807
0.018
0.268
0.456
0.15
0.161
0.976
0.672
0.991
0.157

/
/
/
/
/
/
/
/
/
/
/
/

6.9
6.9
2.9
3.1
4.2
7.7
351.9
11.9
95.7
107.8
7.6
284.2

P-value / VIF
Analysis 2
Analysis 3
/
/
/
/
/
/

3.6
2.1
2.6
1.6
2.5
7.2

Analysis 4

0.246
0.449
0.916
0.031
0.858
0.483

/
/
/
/
/
/

5.0
2.3
2.7
1.7
2.5
7.6

0.163
0.411
0.885
0.015
0.828
0.407

0.043
0.395
0.979
0.007
0.849
0.29

/
/
/
/
/
/

2.1
1.8
1.6
1.4
2.4
6.2

0.567
0.887
0.828
0.833
0.965

/
/
/
/
/

6.8
95.0
90.7
7.4
8.2

0.449 / 5.7

0.432 / 5.5

0.796 / 11.9
0.856 / 5.9
0.973 / 6.2

0.893 / 5.5
0.975 / 6.2

R

0.266
85.6%

0.405
74.3%

0.261
74.2%

0.156
73.8%

R2 (Adj)

42.5%

17.7%

31.1%

40.2%

2

Factor
B & T (functions)
B & T (surgery)
R (1-Min(dr))
R (summation)
R (multiplicative)
K (surgery)
K (main product)
Number of Combinations
Number of Components (surgery)
Number of Interactions (surgery)
Number of Components (main product)
Number of Interactions (main product)
ANOVA P-Value

Analysis 5

P-value / VIF
Analysis 6
Analysis 7

Analysis 8

0.017 / 1.6
0.344 / 1.7

0.008 / 1.5
0.309 / 1.6

0.005 / 1.5
0.278 / 1.6

0.003 / 1.4
0.236 / 1.6

0.004 / 1.4
0.838 / 2.4
0.231 / 5.6

0.002 / 1.4
0.813 / 2.3
0.2 / 5.6

0.001 / 1.4

0.001 / 1.3

0.142 / 3.7

0.145 / 3.6

0.392 / 5.4

0.354 / 5.3

0.274 / 2.9

0.221 / 2.8

0.887 / 5.4
0.966 / 5.7

0.759 /

0.61 / 1.5

2

R

0.082
73.8%

0.038
73.8%

0.016
73.7%

0.007
72.9%

R2 (Adj)

47.7%

53.5%

57.9%

60.6%

2

B & T - Bashir and Thompson (1999); R - Roy et al. (2011); K - Keating (2000); dr - design ratio; S - Standardized
Multi-collinearity problem (VIF > 10) Significant (P-Value < 0.05 )
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Table 15. Regression analysis results (Continued)
Factor
B & T (functions)
B & T (surgery)
R (1-Min(dr))
R (summation)
R (multiplicative)
K (surgery)
K (main product)
Number of Combinations
Number of Components (surgery)
Number of Interactions (surgery)
Number of Components (main product)
Number of Interactions (main product)
B & T (functions)*R (summation)

P-value / VIF
Analysis 10
Analysis 11

Analysis 12

0.003 / 1.4

0.002 / 1.4

0.001 / 1.2

0.007 / 1.5

0.001 / 1.3

0.001 / 1.3

0.001 / 1.2

0.322 / 7.4

Analysis 9

0.267 / 3.1
0.204 / 2.8

0.503 / 1.1

2

0.005
69.1%

0.002
65.6%

0.001
64.3%

0.002
66.2%

2

58.8%

57.6%

59.2%

58.4%

ANOVA P-Value
R

R (Adj)

0.413 / 6.3

B & T - Bashir and Thompson (1999); R - Roy et al. (2011); K - Keating (2000); dr - design ratio; S - Standardized
Multi-collinearity problem (VIF > 10) Significant (P-Value < 0.05 )

Decision Time (days) = - 91.8 + 7.80 B & T (functions)
+ 36.8 R (summation)

Equation 14
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Chapter 5
Conclusions

This research presented a multi-metric analysis to quantify and assess product
design complexity (DC). Complexity is associated to a lack of understanding, which
increases the amount of effort required to develop products and systems. A review of the
literature on complexity showed that this problem has been addressed with the
development of metrics for multiple applications, e.g. software, electronics, path
trajectories, and different stages of the development process. DC metrics were proposed
to increase an understanding of product’s functions, components and interactions
between components. Most of these metrics were developed to decrease complexity, and
therefore decrease the development time and cost. However, the performance of DC
metrics was not assessed. Therefore, this research study selected DC metrics from the
literature to provide an understanding of their usability, data requirements and
relationships with one another.
While studies in the literature have addressed complexity for multiple
applications, the case of medical devices was not explored. This research used current
complexity metrics for medical devices in the case of 21 hip replacements. The
complexity metric used included the ones developed by: Bashir and Thompson (1999),
Keating (2000) and Roy et al.’s (2011). Bashir and Thompson (1999) used the product
function decomposition to measure the complexity, and Keating (2000) only considered
the components and their interactions.

However, Roy et al. (2011) measured DC
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indirectly with the analysis of product and part variants. In addition to implementing the
complexity metrics based on the product characteristics, these metrics were adapted to
consider the product use - the surgical procedure for hip replacements.
The assessment of complexity metrics for medical devices included the analysis
of their relationship with the development environment, more specifically the regulations.
This analysis involved the evaluation of box-plots, correlations and regression. The
performance measure used was FDA’s decision time of submissions given that this is a
required step for medical devices to get clearance/approval into the market. A regression
analysis showed that a combination of these metrics is a potential predictor of FDA's
decision time. The metrics that had strong significance with FDA’s decision time were
Bashir and Thomson’s (1999) original metric focused on product functions and the
adaptation of Roy et al. (2011) with the summation of the results for part variants. This
result provided validation of the relevance of these metrics to medical device
development, while also gave insight of other factors of the regulation that must be
considered, e.g. risk classification and type of submissions.
This research is intended to increase designers’ awareness on complexity to
develop improved and cost/effective products. Complexity metrics can be used as tools to
improve the design of medical products by understanding, detecting, and reducing the
complexity. To reduce the complexity of medical devices designers may have to reduce
the number of components and their interactions. However, for medical devices the
complexity problem is also affected by the development environment, the regulations,
and the intended use that involves a surgical procedure. Accordingly, for medical devices
and product development in general a more holistic view of complexity is necessary.
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To start the discussion about the development of new complexity metrics, a
discussion is provided. Using a similar approach to existing metrics, a standardized and
generalized metric could be developed. First, the number of components and their
interaction should be included given that this was a common factor correlated with most
of the metrics in this study. Meanwhile, additional parameters will be necessary to
quantify the complexity of other sources that were not addressed in the literature.
Equation 15 illustrates current developments for a proposed metric.

Complexity = Geometry + Material + New Product
+ Product Intended Use + Number of Components
+Number of Interactions Between Components

Equation 15

where ,
Geometry =

Material = Machining Complexity +Availability of the material
New Product =
Product Intended Use =

The first parameter in Equation 15 is the geometry of the product. Hip
replacement devices require very tight tolerances which make the manufacturing process
(casting, molds and machining) more tedious. This means that angles and curves
(chamfers and fillets) are harder to create. Also, special finishes are commonly added to
manufacturing process, which is not considered in existing metrics. Other parameters that
influence complexity are the material and the innovation. Harder materials might require
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more manufacturing time and special tooling. In order to assign values for complexity
this study proposes the assignment of weights to different materials. However, if the
same part has different materials different weights should be considered.
The machining complexity parameter is a value which will depend on different
factors that include job shop experience of the operators, machine capabilities (computer
numerical control CNC machines, lathes, and et cetera), tooling, maintenance and setups.
However, these will be hard to measure if the manufacturer information is not available.
On the other hand, the new product parameter is proposed as an increasing factor of
complexity. This should be a binary variable with a value of 1 if the product is new and 0
if the product is an upgrade to an existing one. The inclusion of such a parameter is
inspired from learning curves theories (Xing and Manning, 2005), where the
development of new products will require more effort than an upgrade of an existing
product. Supporting this, studies in the literature have shown the importance of
experience for medical device development. Likewise, a binary variable is used to
quantify the product's intended use. The products that are used inside of the body are
more complex to develop with more specifications and regulatory requirements. This
parameter is specifically related to medical devices to make this metric more complete.
Further study is required to continue developing and testing this metric.
Validation of this metric will be limited to the information available in the public domain
or depending on contact with manufacturers.
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Appendix
1. Medacta - Bipolar - This information was gathered from: Bipolar Head/Medacta 2010.
Retrieved from < http://www.medacta.com/europe/products/orthopaedics-jointreplacement/hip/primary/heads/bipolar-head >. Accessed on September 9, 2011.
1.1 Bill Of Materials

1.2 Surgical Procedure
Steps
Place the femoral head on the
multifunction handle.

Pictures
N/A

Mount the adapter for trial bipolar head on
the multifunction handle and
screw the assembly into the trial
bipolar head.

Place the trial bipolar head on the trial
head positioned.

Place the Bipolar Head on the head.
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Use the multifunction to screw on the
impaction.

Removed a bipolar head.
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2. Conserve Plus Total Resurfacing Hip System - This information was gathered from:
Conserve Plus Total Resurfacing/Wright Medical Technology 2010. Retrieved from <
http://www.wmt.com/conserveplus/ >. Accessed on November 11, 2011.
2.1 Bill Of Materials
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2.2 Surgical Procedure
Steps
Make Hip Incision

Pictures

Divide the fascia lateralis and then,
separate the gluteus maximus fibers.

Release the capsules in order to deliver
the head and allow insertion of the
Neck Elevator.
Insert the Pin-Centering Guide

N/A

Insert the Reamers using three reamers
and the last reamer used has to be one
size larger than the final template.

Check the cavity size by using the ring
gages
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Use the inserter to check that impacts
until it is firmly seated

Proceed with the acetubular
implantation.

Remove all debris so that the Tower
Alignment
Guide is positioned flush with the top
of the cut-off guide and rotated until
snug.
Use the Stem Drill to center the final
hole for the tapered metaphyseal stem

A final check of the femoral head shape
is made by rotating the Femoral Head
Trial

Prepare for the final femoral
preparation, cement mantle, and
alignment prior to final implantation of
the implant.
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Prepared femoral head with a sharp
curette and burr and additional fixation
holes made in both the dome and the
non-porous chamfered areas.

82

3. Trilogy Longevity Constrained - This information was gathered from: Trilogy
Longevity Constrained/Zimmer 2007. Retrieved from < http://www.zimmer.com
/web/enUS/pdf/ Trilogy_Longevity_ Constrained_Liner_SurgicaL_Technique_97-6334002-00_05_2009.pdf >. Accessed on September 17, 2011.
3.1 Bill Of Materials
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3.2 External Parts
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3.3 Surgical Procedure
Steps
Liner Removal.

Pictures
N/A

Insert the shell to inner hole (locking
ring).

Insert a new ring by inserting the tabs of
the ring into the locking ring window.

Screw Fixation before performing a trial
reduction.

Liner Position by correct vertical
alignment

Use the anti rotational slots in order to
achieve the complete congruency.

For the initial trial range of motion, one of
the constraining fingers of the
appropriate-sized trial insert is placed at
approximately 1:00 for a left hip or 11:00
for a right hip.
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Trial insertion.

Positioning the center of the constraining
fingers, using the engraved line, is noted
on the acetabular shell.

Remove the liner provisional and place
the trilogy longevity.

Use the impactor to seat the liner within
the shell.

Assembly the Trilogy Longevity
Constrained Liner.

Start femoral head reduction.

Reduce the appropriately femoral head
into the Trilogy Longevity Constrained
Liner.
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Align the finger of the metal ring with the
finger of the polyethylene.

Insert the pots of the Ring Impactor into
the holes of the Constrained Ring.

Use the Impactor to seat the Ring onto the
Inserter.

Verify the Ring is Fully Inserter.

87

4. Natural Hip Replacement - This information was gathered from: Natural-Hip_System_Surgical/Zimmer 2005. Retrieved from
< http://www.zimmer.com/content/pdf/en-US/Natural-Hip_System_Surgical_Technique_%281001-22033_Rev_1%29_%2801_2006%29.pdf>. Accessed on November 13, 2011.
4.1 Bill Of Materials
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4.2 Surgical Procedure
Steps

Picture

Measure and align the Universal Femoral
Neck Osteotomy with femur.

Use an oscillating saw to start the femoral
neck cut through the slot.

Make a cut parallel to the femoral shaft.

Position the reamer in neutral position.

Ream until the reamer automatically stops.

Orient the broach laterally toward the
greater trochanter in an anteverted
position.
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Align the posterior face of the broach
parallel
to the posterior cortex of the femoral neck.

Broach Holder and align it to the patient’s
posterior ankle/foot to obtain
approximately 15° of anteversion.

Used for final seating or removal of the
Natural-Hip Broach from the femoral
canal.

Position the Natural-Hip Calcar Planer
over the trunnion of the broach.

Select the appropriate Femoral Head
Provisional size with the correct offset and
seat it on the Head/Neck Adapter.

Attach the correct stem to the Natural-Hip
Implant Holder.
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Impact the stem into the femoral canal.

Attach the Universal Implant Slaphammer
Tool and adapter to the rod.

Attach the largest possible Universal
Distal Sizer Tip to the end of the
Universal Distal Sizer Handle.

Assembly the Universal Distal Sizer
Handle/Tip into the canal until the calcar
stop contacts the calcar.

Attach the stem to the Implant Holder.
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Position stem laterally toward the greater
trochanter in an anteverted position by
aligning the posterior face of the stem
parallel to the posterior cortex of the
femoral neck.

Place the selected femoral head onto the
taper and secure it firmly by twisting it
and striking it once with the Impactor
assembly.
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5. Anthology Hip System - This information was gathered from: NaturalHip_System_Surgical/Smith & Nephew 2006. Retrieved from < http://www.auragroup.cz/pdf/Anthology %20 Surgical%20Technique.pdf >. Accessed on November 21,
2011.
5.1 Bill of Material

5.2 Extra Parts
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5.3 Stem Configuration

5.4 Surgical Procedure
Steps

Pictures

Femoral Osteotomy

Femoral Canal Preparation

Starter Broach Assembly/Disassembly

Broach Assembly/Disassembly

94

Femoral Broaching

Calcar Preparation

Stem Insertion for Non-Rigid Insertion

Trial Reduction

Final Trial Reduction

95

6. Exeter V40 - This information was gathered from: Exeter V40/ Howmedica Osteonics
2002. Retrieved from < http://www.stryker.com.br/arquivos/ExeterV40 SellBook.pdf >.
Accessed on November 18, 2011.
6.1 Bill Of Materials

96

97

6.2 Surgical Procedure
Steps:
Pre-operative Planning
Neck Resection
Acetabular Preparation
Acetabular Cementing
Cup Insertion
Femoral Preparation
Trial Reduction
Plug Introduction
Femoral Cementing
Stem Introduction

98

7. Recap HA Press-Fit Femoral - This information was gathered from: Recap hip
replacement/Biomet 2004. Retrieved from < http://www.biomet.com/orthopedics/
getFile.cfm?id=1165&rt=inline >. Accessed on November 15, 2011.
7.1 Bill Of Materials

99

100

101

7.2 Surgical Procedure

102

8. Echo Hip System - This information was gathered from: Echo Hip System/Biomet
2008. Retrieved from < http://www.biomet.fi/resource/11657/BiMetric%20Brochure.pdf
>. Accessed on November 13, 2011.
8.1 Bill Of Materials

103

104

8.2 Surgical Procedure
Steps

Pictures

Resect the Femoral Head.

Gauge Acetabulum.

Open the femoral Cana.

Reamer the Distal femur.

Broaching the Proximal Femur

105

Planing the Calcar.

Assembly the Trial and the Trial Head.

Insert the Stem.

Final trial Reduction.

106

9. Novation - This information was gathered from: Novation Hip System/Exactech 2008.
Retrieved from < http://www.exac.com/products/operative-technique-library/hip/711-6730 >. Accessed on November 15, 2011.
9.1 Bill Of Materials

107

108

109

110

9.2 Surgical Procedure
Step

Picture

Acetubular Reaming.

Place the Shell trial Placement.

Assembly of Ceramic Shell.

Shell Impaction.

Drill the hole screw.

Measurement of Pilot Hole for Screw
Selection.

Screw Placement

Trial Reduction

111

Ceramic Liner Assembly

Insert the Liner.

Secure using the impactor.

112

10. Regenerx Ringloc + Modular Acetubular Shells - This information was gathered
from: Regenerx Ringloc/Biomet 2007. Retrieved from < http://www.biomet.com/
orthopedics/getFile.cfm?id=2054&rt=inline >. Accessed on November 12, 2011.
10.1 Bill Of Materials

113

114

115

10.2 Surgical Procedure
Steps

Procedure

Prepare the Acetubulum using the
reamer and maintaining the
appropriate amount of anterversion
and abduction.

Thread the inserter into the apical
hole of the implant and impact it
into the acetabulum.

Drill and insert a 6.5mm screw.

Verify ring alignment.

Insert the liner to complete the trial
reduction.

116

11. Bio-Moore Modular Prosthesis - This information was gathered from: New BioMoore hip replacement /Biomet 2001. Retrieved from < http://www.biomet.com/
orthopedics/getFile.cfm?id=98&rt=inline >. Accessed on November 14, 2011.
11.1 Bill Of Materials

117

11.2 Surgical Procedure
Steps

Pictures

Use a template to resecting the
femoral head.

Sizing of the acetabulum by using
provisional shells.

Introduce the chisel to the trochanteric
fossa.

Broach the Proximal femur.

Start the Trial Reduction.

Insert the Femoral Cement and Stem.

Perform the final Trial Reduction.

118

Use the mullet to seat the stem and the
trail.

Insert and secure the uni-polar head.

119

12. Taper-Fit Total Hip System - This information was gathered from: Taper-Fit/Corin
2003. Retrieved from < http://www.biosintese.com/catalogos/quadril/Taper-Fit.pdf >.
Accessed on November 11, 2011.
12.1 Bill Of Materials

120

12.2 Surgical Procedure
Steps

Picture

Start Femoral Preparation.

Open the medullary canal.

Rasp the Femoral Canal.

Placed the trial neck.

Insertion of head shell.

121

Use the Rasp Handle and the Hammer
for final insertion.

122

13. Biopro PC Femoral Hip - This information was gathered from: Biopro PC Femoral
hip replacement/Biopro 2006. Retrieved from < http://www.bioproimplants.com
/downloads/ psl_surgical_technique.pdf >. Accessed on November 23, 2011.
13.1 Bill Of Materials

123

124

125

13.2 Surgical Procedure
Steps

Pictures

Cut the bone.

Acetubular Preparetion.

Insert the femoral stem.

Insert the Trial Axle Stem.

126

Place the plane of the platform
precisely parallel to the plane of the
cortical arc and provide a flush fit at
the platform-bone interface.

Impact the trial stem with a punch.

127

14. Quadra H and R Femoral - This information was gathered from: Quadra H-R hip
system/Medacta 2003. Retrieved from < www.medacta.com /usa/files/SurgicalTechnique
_QuadraR.pdf >. Accessed on November 10, 2011.
14.1 Bill Of Materials

128

14.2 Surgical Procedure
Steps
Prepare the Bone.
Insert the stem.
Broaches of increasing sizes are
introduced until complete locking.

Pictures

Insert the femoral trial.

Place the femoral Head.

Impact the femoral Head.

129

15. R3 Constrained Liner - This information was gathered from: R3 Constrained
Liner/Smith & Nephew 2010. Retrieved from < http://global.smith-nephew.com/cps/rde
/xbcr/smithnephewls /71381486_R3_Constrained_ Liner_ST_LoRes%281%29.pdf >.
Accessed on November 5, 2011.
15.1 Bill Of Materials

15.2 Surgical Procedure
Steps
Prepare the shell.

Pictures

Insert the Acetubular Screw.

Insert the Constrined Liner.

Impact the ring until it has engaged
in the shell.

Lock the Femoral Head.

130

Apply Hip Reduction.

131

16. U2 hip System - This information was gathered from: U2 Constrained Liner/United
Orthopedic 2011. Retrieved from < http://cht.uoc.com.tw/Archieve/download/2011 U2
Hip Sp.pdf >. Accessed on November 5, 2011.
16.1 Bill Of Materials

132

133

134

16.2 Surgical Procedure
Steps

Picturres

Osteotomy of the Femoral Neck.

Attach the Cup Reamer to the Cup
Reamer Handle for Acetabular
preparation.
Determine the Cup Size.

Insert the Acetubular Cup.

Insert the screw.

Execute the proper femoral
Preparation.

135

Trial Reduction.

Insert the Acetabular Liner Cup.

Insert and Secure the Femoral Stem.

Placed and secure the Femoral Head.

136

17. U1 Hip System - This information was gathered from: U1 Constrained Liner/United
Orthopedic 2006. Retrieved from < http://www.uoc.com.tw/products
/index.php?pid=2pdf >. Accessed on November 12, 2011.
17.1 Bill Of Materials

137

138

18. Platform Hip Replacement - This information was gathered from: U1 Constrained
Liner/Smith & Nephew 2006. Retrieved from < http://www.bonerepmedical.com
/main_site/surgical_techniques/platform.pdf >. Accessed on November 15, 2011.
18.1 Bill Of Materials

139

140

18.2 Assembly Procedure
Steps

Picture

Femoral Osteotomy.

Femoral Canal Preparation.

141

Femoral Canal Preparation.

Assembly the Broach.

Perform Femoral Broaching.

Start Trial Reduction.

142

Impact the Assembly.

Insert the Stem.

Insert the Femoral head Assembly.

143

19. Excia Total Hip System Lateral Offset - This information was gathered from: Excia
Total Hip System Lateral Offset /Aesculap 2007. Retrieved from < http://www.
aesculapimplantsystems .com/assets /base /doc/DOC564,Rev.A-ExciaBrochure.pdf >.
Accessed on December 05, 2011.

19.1 Bill Of Materials

144

145

146

19.2 Assembly Procedure
Steps

Pictures

Prepare the Osteotomy angle at 55°.

Open the Medullary Canal.

Start the Trial Reduction by using the
rasp.

Executed the Excia Cemented
Implantation.

147

Implement the Stem after the trial
reduction.

148

20. Bi-Metric Hip Replacement - This information was gathered from: Bi-Metric Hip
Replacement/Biomet 1998. Retrieved from < http://www.biomet.fi/resource
/11657/BiMetric% 20Brochure.pdf >. Accessed on November 19, 2011.
20.1 Bill Of Materials

149

Part Number

3

4

Manufacturer Part
Number
162340
162341
162342
162343
162344
162345
162346
162347
162348
162349
162350
162351
162352
162353
162354
162355
162356
162357
162358
162359
162360
162361
162362
162363
162364
162365
162366
162367
162368
162369
12-162580
12-162581
12-162582
12-162583
12-162584
12-162585
12-162574
12-162575
12-162586
12-162587
12-162588
12-162589
12-162590

Description

Size

Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Collared Long Stem Prosthesis
Neck prosthesis 250mm
Neck prosthesis 250mm
Neck prosthesis 250mm
Neck prosthesis 250mm
Neck prosthesis 250mm
Neck prosthesis 250mm
Neck prosthesis 250mm
Neck prosthesis 250mm
Neck prosthesis 250mm
Neck prosthesis 250mm
Neck prosthesis 250mm
Neck prosthesis 250mm
Neck prosthesis 250mm

200
200
200
200
200
200
200
200
200
200
250
250
250
250
250
250
250
250
250
250
300
300
300
300
300
300
300
300
300
300
9.0mm
9.0mm
11.0mm
11.0mm
13.0mm
13.0mm
15.0mm
15.0mm
9.0mm
9.0mm
11.0mm
11.0mm
13.0mm

150

151

20.2 Surgical Procedure
Steps

Pictures

Resection of the Femoral Head by
using the Femoral Template.

Start reaming the Distal Femur.

Enlarge the Femoral Canal.

152

Broach the Proximal Femur 2 or 3mm
smaller than last size reamer.

Select head/ necks for trial reduction.

Insert a Porous Component.

153

21. Zimmer M/L Taper Hip Prosthesis - This information was gathered from: Zimmer M/L/Zimmer 2006. Retrieved from
http://www .biomet .fi/ resource /11657/BiMetric% 20Brochure.pdf >. Accessed on November 24, 2011.

<

21.1 Bill Of Materials-Table of Materials

154

21.2 Surgical Procedure
Steps

Pictures

Perform Osteotomy of the Femoral
Head.

Remove the medial portion of the
greater trochanter.

Open the Medullary Canal.

Insert the Rasp to begin the rasping.

Insert a Femoral Stem.

155

Seat the prosthesis by impact it with
the mullet.

The prosthesis should be seated
until the most proximal part of the
porous surface is level with the
osteotomy line.

156

