
 

 

ABSTRACT 

HAUSER, MARGARET MARY. On Adopting Additive Manufacturing for the Mass 

Customization of Orthopedic Implants. (Under the direction of Dr. Russell King & Dr. Richard 

Wysk). 

 

Personalized orthopedic medicine has previously been reserved for specialty cases but, 

with the advent of additive manufacturing (AM), volume production of personalized orthopedic 

implants is highly anticipated. The objective of this research is to characterize the medical 

necessity and production considerations of orthopedic implants produced with AM. Surgeons 

and medical device manufacturers are the most influential stakeholders in the adoption of AM 

for the mass customization of implants. Other stakeholders such as third-party payers and 

regulatory bodies will play a significant role in the acceptance or rejection of these implants. 

Hospitals and patients have limited parts in the uptake of AM for customization but stand to have 

significant gains in quality-of-life improvement and reduced operating costs, respectively.   

The primary factors that drive the use of uniquely customized implants are improving 

patient outcomes and reducing episode cost of care. A Markov model is constructed to evaluate 

the cost-effectiveness requirements for use of customized total hip replacement based on patient 

and reference implant characteristics. Young, female patients are presently the best candidates 

for customized implants. However, all patients meet the standard cost-effectiveness requirements 

when considering the quality-of-life benefits over a 15-year time horizon demonstrating the 

strong potential for a cost-effective improvement in the standard of care. The cost-effectiveness 

of customized implants is significantly influenced by the cost of pre-operative planning and the 

cost of the prosthesis itself. Implant selection and resource planning are essential for the practical 

production of customized implants with AM. 

Selection considerations for orthopedic implant families (both made-to-stock and 

customized) are constructed into a framework to evaluate the suitability of AM implant designs 

for production. Orthopedic implant production characteristics such as availability of AM material 

and a high waste stream using conventional manufacturing can warrant consideration of AM 

production. These characteristics are formulated as criteria to determine the suitability prosthesis 

types for volume production using AM. If an implant design is suitable for AM production, 

characteristics of the patient population are used to establish the economy based on the expected 

benefits of implant customization. The selection framework is constructed in a stage-gate manner 



 

 

for the user with basic AM knowledge. The framework is illustrated with the components of a 

total hip replacement to be produced with electron beam melting technology. 

Current standards for additive and subtractive manufacturing are used to develop the 

production model for orthopedic implants to estimate key personnel and equipment requirements 

as a function of production parameter estimates. The ease of design change and absence of 

specific tooling in AM allows for the production of custom and standard pieces in tandem. The 

production model begins with patient diagnosis for a personalized or standard implant and ends 

with implantation with an emphasis on the design and manufacturing portion. The production 

model is implemented into simulation software to capture system details (such as batching 

methods and work schedules). Resource planning is also done using a queuing model for rapid 

systems analysis, which provides an effective approximation of requirements. 

The underlying motivation for this research is the improvement of orthopedic patient 

outcomes via the enhancement of the prosthesis. This research is intended to provide medical 

device manufacturers and policy makers tools to analyze decisions surrounding customized 

orthopedic implant production with AM. 
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INTRODUCTION 

Systems analysis is the investigation of a process or procedure to ascertain the method(s) 

to achieve an objective most efficiently. Systems analysis is effective in the world of medicine 

from the timing of a total joint replacement to the supply chain of medical devices. The need for 

orthopedic surgery is increasing in demand with the general population living longer and the 

population’s increasing expectations for physical functionality. Orthopedic medicine is the 

treatment of bones and muscles including joints, ligaments, tendons, and nerves. Orthopedic 

medicine supports the daily function and mobility of the human body, an imperative element of 

quality of life. Most orthopedic implants are produced using traditional manufacturing (TM) 

methods such as forging, machining, or casting. Additive manufacturing (AM), also known as 

3D printing or rapid prototyping, provides an alternative production path to TM. AM builds parts 

layer by layer, which allows for a freedom of design complexity. Changing the limitations on 

device design and construction can lead to an alternative product that may outperform current 

implants and improve patient results. The theme of this dissertation is to utilize systems analysis 

to investigate the use of AM in medical device production and the implications for patient health. 

The next chapter (Chapter 1) performs a stakeholder analysis on the adoption of mass 

customization for orthopedic implants using AM for direct fabrication. A general overview of the 

motivating case, joint replacement, is also described. The utilization of AM to produce 

orthopedic implants and a depiction of different perspectives of the use of this technology 

provides context for the entrance of AM in the medical device manufacturing industry. Chapter 2 

evaluates the cost-effectiveness requirements for use of a customized hip implant. The Markov 

model presented is used to explore patient identifiers that are considered good candidates for use 

of a customized prothesis.  

Chapter 3 presents an implant selection process for the AM production of orthopedic 

implants. The selection framework evaluates types of orthopedic implants on their geometry and 

material characteristics as well as the need of the patient population to justify production using 

AM. Chapter 4 defines resource planning for orthopedic implant production with electron beam 

melting technology using a simulation model and queuing model. This dissertation seeks to 

reduce the knowledge barrier to the adoption of AM for orthopedic implant production, 

specifically to the mass customization of implants. The mass customization of implants will 

revolutionize the world of personalized orthopedic medicine.  
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CHAPTER 1: STAKEHOLDER ANALYSIS FOR ADDITIVE MANUFACTURING OF 

THE MASS CUSTOMIZATION OF JOINT ARTHROPLASTY IMPLANTS 

Abstract 

Uniquely customized orthopedic implants have the potential to decrease patient risk, 

reduce medical costs, and improve patient outcomes. Previously, customized prostheses have 

been reserved for specialty cases because of the high production cost using traditional 

manufacturing methods. With the advent of additive manufacturing, uniquely customized 

orthopedic implants should be significantly more economic to produce for a larger portion of the 

patient population. However, a transition to an unfamiliar manufacturing technology and new 

production procedure should be approached with caution without supporting long-term clinical 

studies. Additional costs associated with implant customization must be compensated by the 

benefits experienced by the patient. It is hypothesized that mass customization of orthopedic 

implants would elevate the standard of patient care. The methodology of this work is review 

existing literature to analyze the perspectives of major stakeholders in a transition to mass 

customization of orthopedic implants. The stakeholders analyzed are patients, surgeons, 

hospitals, third-party payers, manufacturers, and regulatory bodies. This chapter presents a 

description of the requirements for the engineering and medical activities necessary to bring this 

concept to fruition. 

1.1 Introduction 

The objective of this chapter is to investigate the potential and limitations of customized 

orthopedic implants using additive manufacturing (AM) from the perspectives of six 

stakeholders: patients, surgeons, hospitals, third-party payers (TPPs, such as a private insurer or 

Medicare), medical device manufacturers, and regulatory bodies. The perspectives are utilized to 

identify drivers and hurdles of the adoption and management of AM for the mass customization 

in orthopedic implant production. The motivation for this work is described in the remainder of 

this section. In Section 1.2, the background information is presented on joint arthroplasty 

procedures including the economic impact and recent innovations toward personalization. 

Section 1.3 presents the stakeholder analysis. The implications and necessary activities of the 

mass customization of orthopedic implants are presented in Section 1.4. 

Joint arthroplasties are relatively safe and commonly performed major surgical procedure 

that can relieve pain, improve function, and restore mobility. The demand for joint arthroplasties 
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is increasing as a result of the general population living longer and the increased expectations for 

physical functionality. Knees and hips are the most common joints replaced, with annual 

procedural volumes that rank in the top four inpatient procedures in the United States [1]. The 

U.S. annual demand for total hip arthroplasty (THA) and total knee arthroplasty (TKA) is 

projected to reach 635,000 and 1.26 million by 2030 (a 71% and 85% increase from the 2014 

value) [2]. If a joint replacement fails, then the failed implant must be surgically removed and a 

new prosthesis implanted in a revision surgical procedure. Revision operations are financially 

costly, are more complex, have higher rates of complications, require longer post-operative 

rehabilitation, and can negatively impact patient quality of life. Revision arthroplasties are an 

additional major surgery for the patient with a lower rate of success than primary operations. For 

a male patient of 65 years, the lifetime risk of revision for THA and TKA is 15.5% and 12.0% 

(9.8% and 6.0% for females) [3]. 

Joint arthroplasty patient volume is expanding in combination with a decreasing average 

patient age. This patient demographic shift indicates that younger patients are finding joint 

replacements an attractive option to increase their physical function and quality of life. Patients 

under 65 years of age are projected to account for more than half of the patient population for 

TKA and THA by 2030, with the fastest growing segment of patients between 45 and 54 years of 

age [4]. The lifetime risk of revision for male patients aged 50 to 55 years is 29.6% for THA and 

35.0% for TKA (17.1% and 19.5% for females) representing a three-fold risk increase in some 

cases compared to a patient that is 65 years old [3]. 

Typically, joint prostheses are offered in several sizes and set geometries, but mass 

customization could propel orthopedics into the world of personalized medicine. Customized 

implants have traditionally been reserved for special cases due to the high cost of customization 

with conventional manufacturing methods such as forging, machining, or casting. Additive 

manufacturing (AM) presents an alternative production method that has the potential to produce 

customized implants on a large scale in an economically feasible manner. Certain AM processes 

have proved to be more energy efficient [5] as well as material and cost-efficient [6] than 

machining for production of complex, customized parts. AM builds parts layer by layer from a 

computer model, which affords AM the advantages of design freedom and increased complexity 

compared to traditional manufacturing (TM) [7]; AM has the ability to create complex parts that 

are simply not feasible to produce with conventional methods [8].  
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AM can be used for the direct or indirect fabrication of customized implants. Indirect AM 

is presently used to fabricate a custom mold and then the implant is produced using conventional 

casting [9]. This work focuses on the direct fabrication of orthopedic implants so that additional 

benefits such as design complexity (e.g., lattice structures) and the use of porous materials can be 

realized. AM processes can reduce material waste, consolidate assembly, and create custom 

surface finishes, textures, and porosities to improve implant fixation [10] [11]. The selection of 

AM technology depends on the material, design, and implant requirements (such as mechanical 

standards and surface finish). Presently, there is a high cost associated with AM implant 

production in addition to other challenges such as supplementary finishing requirements, a 

possible limitation on build volume, and high energy consumption [10].  

1.2 Background 

In joint arthroplasty, portions of bone in a damaged joint are resected and replaced with 

metal alloys, polyethylene, and/or ceramic prostheses to mimic the function of a healthy joint. 

The most common joints replaced are knees and hips although replacements for shoulders, 

elbows, ankles, and other joints are increasing. Osteoarthritis is the overwhelming indication for 

joint replacements apart from elbow arthroplasty for which the most common indication is 

fracture and inflammatory arthritis [12]. Joint arthroplasty can be either a partial or total joint 

arthroplasty as well as resurfacing procedures. 

1.2.1 Joint Arthroplasty Registries to Record Incidence and Revision 

It is difficult to track the exact number of joint replacements but some countries, 

particularly those with nationalized medicine, have had relative success in recording the volume 

of arthroplasties across the country using joint registries. A joint registry is useful to evaluate 

relationships between implant characteristics, patient characteristics, and prosthesis outcomes. 

Two of the largest joint registries are the National Joint Registry (NJR) [12] (which collects data 

from patients in England, Wales, Northern Ireland, the Isle of Man, and the States of Guernsey) 

and the Australian Orthopaedic Association National Joint Replacement Registry (AOANJRR) 

[13]. The United States has a joint registry (the American Joint Replacement Registry, or AJRR) 

but there is limited participation nationwide and the annual report includes only hip and knee 

arthroplasties [14]. There are other databases that allow the estimation of incidence rates for 

arthroplasty. The National Inpatient Sample (NIS) is an inpatient healthcare database designed to 

produce estimates of inpatient utilization [1]. Other U.S.-based orthopedic databases exist such 
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as the Medicare Provider Analysis and Review [15] in addition to other private databases that are 

not available to the public. 

1.2.2 Revision Joint Replacement 

Joint revision is a key measure of arthroplasty failure. The cumulative risk of joint 

revision (i.e., the proportion of the population that has a joint revision) is shown in Table 1.1 

stratified by the registry source, afflicted joint, and number of years after primary surgery. 

 

Table 1.1: Volume and cumulative risk of revision for joint replacements 

  Years since Primary Surgery 

Source Joint 1 3 5 7 10 15 

NJR [12] Hip 0.81 1.52 2.24 - 4.56 7.53 

AOANJRR [13] THA 1.8 2.8 3.7 - 6.3 9.4 

NJR [12] Knee 0.50 1.82 2.65 - 4.34 6.36 

AOANJRR [13] TKA* 1.0 2.7 3.5 - 5.2 7.3 

NJR [12] Ankle 0.73 3.56 6.38 8.18 - - 

AOANJRR [16] TAA* 2.5 6.5 9.8 12.0 16.2 - 

NJR [12] Elbow 1.30 4.27 6.40 - - - 

AOANJRR [17] TEA* 3.6 9.8 13.1 16.3 20.6 - 

NJR [12] Shoulder 1.39 3.38 4.70 6.03 - - 

AOANJRR [13] TSA* 2.6 4.5 6.0 10.1 - - 

TAA = total ankle arthroplasty, TEA = total elbow arthroplasty, TSA = total shoulder 

arthroplasty 

 

Hip and knee arthroplasty have the lowest cumulative risk of revision. The less 

commonly replaced joints (shoulders, ankles, and elbows) have greater risks of revision and 

insufficient data to determine reliable cumulative risks at 15 years. The total volume of wrist 

arthroplasties (total, partial, and revision) in the AOANJRR is 639 since the inception in 2008 

and wrist arthroplasty is not presented in the NJR [17]. 

The most common indication for a joint revision is aseptic loosening or failure of fixation 

of the implant to bone. Infection, instability/dislocation, and soft tissue insufficiency are also 

common causes [12] [13]. Infection and dislocation are typical causes in the first several years 

post-operatively while loosening becomes the most dominant indication over time [13] [18]. 

Septic revisions (those due to infection) occur in approximately 2% of all arthroplasties 

performed, with the exception of revision TEA which has rate of infection of over 3% [18]. 

Revisions due to infection present a higher risk to patients than aseptic revisions and often 

require a two-stage reconstruction. The most extreme treatments for failed joints (typically 
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caused by repeated joint replacement failures) are prosthesis removal without replacement, joint 

fusion, and amputation; these interventions are used when no other joint reconstruction is viable. 

Revision operations are not only an additional major surgery for the patient, but these 

procedures often have a higher risk of failure than primary operations with infection accounting 

for a greater proportion of the re-revision population [18]. Evidence shows that revision for 

infection has a greater risk of re-revision than revision for aseptic indications [12]. The 

cumulative risk of re-revision for hips and knees is shown in Table 1.2; these joints are 

highlighted due to volume and information available. 

 

Table 1.2: Cumulative risk of re-revision 

Source Joint 

Years since first revision 

1 3 5 10 13 15 

NJR [12] Hip 5.39 9.54 11.92 16.80 20.29 22.62* 

AOANJRR 

[13] 

Hip** 
8.0 12.3 14.5 19.8 - 25.0 

NJR [12] Knee 3.52 9.32 12.44 16.77 19.38 21.73* 

AOANJRR 

[13] 

Knee** 
5.0 11.7 15.5 20.9 - 25.6 

*Estimate was made with fewer than 250 cases 

**For revisions where primary diagnosis is osteoarthritis, excludes first revisions for infection 

 

Revision operations have a higher risk of complications and are less successful than 

primary operations [19] [20]. The additional risk and prolonged period of immobility for the 

patient are two of the key reasons that revision risk mitigation/prevention is a focus of orthopedic 

research. It is hypothesized that leading causes of revision such as aseptic loosening and 

instability could be reduced with better-fitting prostheses. Risk of infection may also be reduced 

with a more accurate fitting prosthesis, especially if the improved fit results in a reduction in 

operation time [18] [21]. Another reason that revision mitigation is a focus of orthopedic 

research is the economic impact. 

1.2.3 Financial Burden of Joint Arthroplasty and Revision 

The rising cost of medicine is at the forefront of health care policy. In addition to the high 

cost of joint arthroplasty, there is a large variation in the cost across the United States. Blue 

Cross Blue Shield (BCBS) published a report citing three- and four-fold increases in costs of 

TKA and THA within and between geographic markets [22]. The average total inpatient hospital 
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cost for joint arthroplasty is summarized in Table 1.3. Primary joint arthroplasties with higher 

procedural volumes have demonstrated a lower hospital cost [23]. A significant cost driver of 

joint arthroplasties is medical and surgical supplies, specifically implant cost. There is a high 

variability of implant purchase cost [23], much of which cannot be contributed to patient or 

hospital characteristics [24]. 

 

Table 1.3: Average total inpatient hospital cost for joint arthroplasty 

Procedure Cost Ratio to TKA [23] Cost Cost* 

  2013 USD 2019 USD 

TKA 1 $29,838 [20] $34,982 

THA 1.07 $31,927** $37,430 

TSA 1.33 $39,685** $46,526 

RSA 1.48 $44,160** $51,773 

TEA 1.65 $49,233** $57,720 

TAA 1.48 $44,160** $51,773 

THA - $30,798 [20] $36,107 

rTKA - $35,621 [20] $41,762 

rTHA - $40,469 [20] $47,445 

*Conversion to 2019 U.S. dollars (USD) with consumer price index for medical care [25] 

** Calculated using the average total inpatient hospital cost for TKA [20] and cost ratio [23] 

RSA = Reverse shoulder arthroplasty 

 

Revision arthroplasties are more expensive due to the complexity; septic revisions are 

typically at the higher end of that range. Septic revision arthroplasty, which commonly requires a 

two-stage procedure and long-term intravenous antibiotics can cost three- to six-times as much 

as primary arthroplasty [18]. Revision joint arthroplasties also have increased patient length of 

stay (LOS) in the hospital and higher rates of complications, two significant cost drivers. LOS 

for primary arthroplasty varies, with some operations performed as outpatient procedures (i.e., 

patients return home the day of surgery). One study found the average LOS for primary TKA 

and THA to be approximately five days while the average LOS for revision TKA (rTKA) and 

revision THA (rTHA) to be six days [20]. Another study found that rTHA and rTKA due to 

infection resulted in the longest LOS for patients and significantly higher cost than any other 

diagnosis (except periprosthetic fracture) [26]. Measuring the cost of complications within 90 

days of joint arthroplasty provides varied results: one group found that the average cost of 

readmission due to complications of THA and TKA was $44,515 (range, $5,616 to $122,859) 

[27] while another group found the average cost of readmission to be $12,206 for THA/TKA and 
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$18,910 for rTHA/rTKA [20] (costs are updated to the 2019 U.S. dollars, or USD, for 

comparison).  

Postoperative care, or postacute care is another cost driver. After joint arthroplasty, 

patients are functionally limited and, depending on the post-operative status, may be discharged 

to their home under self-care (usually with the assistance of friends or family), their home with 

home health services, a skilled nursing facility, or other inpatient rehabilitation/short-term 

hospital. These services increase the cost of joint arthroplasty anywhere from $1,800 to $14,000 

for primary operations and $2,000 to $20,000 for revision procedures (costs updated to 2019 

USD) [20]. 

Joint arthroplasty is the focus of this research due to the prevalence and high-cost nature 

of the intervention. Increased LOS, complications, readmission, and revision can present a 

substantial financial burden in addition to the immediate negative impact on quality of life for 

the patient. The purpose of a customized implant is to provide a more accurate anatomic fitting 

prosthesis for the patient in an effort to reduce risks and improve the quality of patient care. In 

theory, a more anatomic fit should reduce the risk of loosening, instability, and infection (by 

reducing surgical time [18] [21]). Customized implants have the potential to reduce medical care 

costs, but strong clinical evidence to support these claims is not currently available. 

1.2.4 Value-Based Payment Models for Joint Arthroplasty 

In an attempt to circumvent rising medical costs, TPPs such as the Center for Medicare 

and Medicaid Services (CMS) are testing value-based payment models for joint arthroplasty (in 

lieu of the traditional fee-for-service models). In a value-based payment model, the medical care 

facility receives payment based on the quality of care the patient receives; this model is intended 

to reward high-quality and low-cost care. In 2016, CMS initiated the comprehensive care for 

joint replacements (CJR) program; CJR utilizes a bundled payment for a 90-day episode of care, 

which incorporates adjustments for hospital complications (from a regional baseline). One 

critique of bundled payments is that cost savings cannot be realized without compromising care 

when patients have complications [28]. Regardless, early results have been promising with one 

study citing 20% reductions in expenditures for TKA and THA for episodes without 

complications and a 67% decrease in LOS without an increase in patient morbidity or 

readmission rates [29]. Approximately half of the hospital savings came from internal cost 

reductions while the other half came from reductions in postacute care spending [29]. The 



 

9 

 

average postacute care expenditures declined 27% when bundles included financial 

responsibility for it; most postacute care cost savings came from reductions in inpatient 

rehabilitation and skilled nursing facilities [29]. The largest proportion of savings in a bundled 

payment environment came from reductions in implant cost (reduced an average of 29%) [29]. 

CMS encourages private insurers to shift to similar value-based payment models. BCBS of North 

Carolina intends to have all ‘Blue Premier’ members on value-based contracts by 2024 [30]. 

However, Sullivan et al. states that bundled payments “may be an answer but not the entire 

answer to better comprehensive patient-centered care” [28]. 

1.2.5 Innovations in Joint Arthroplasty 

Personalized joint arthroplasty has increased in popularity in the form of 3D pre-

operative planning tools, custom alignment cutting guides, and patient-specific instrumentation 

based on a patients pre-operative imaging. Computer navigation (or computer guided surgery) 

and robot-assisted surgery are also used increasingly to improve accuracy. Customized tools and 

instrumentation as well as computer or robot assisted arthroplasties are intended to improve the 

precision of bone resection, prosthesis positioning, and anatomical alignment of implants, which 

in turn should improve patient outcomes and quality of life. 

Preoperative patient imaging can be used to develop a surgical plan, determine implant 

size, and design patient-specific surgical guides in the form of cutting blocks or pin guides with 

custom jigs to aid in precise bone resection and implant alignment [31]. Patient imaging used for 

customization (typically computed tomography, or CT, scans) is not required for standard 

procedures. Virtual surgical planning using patient imaging is becoming more widely used and is 

especially useful in cases of patients with complex anatomy or severe deformity [9] [32]. 

Clinical studies that evaluate surgical guides (cutting and positioning guides) and models 

for surgical planning (either physical or computer software) are most often associated with knee 

arthroplasty [33]. The clinical evidence on surgical guides for joint arthroplasty is conflicting 

with some positive, negative, and neutral results reported. Evidence shows that surgical guides 

do reduce the number of surgical instrument trays needed and tend to reduce operating room 

time with greater reductions as surgeons become familiar with the custom surgical guide 

procedure [33]. However, the literature suggests that custom surgical guides are not cost-

effective [33]. The AOANJRR reports a higher risk of revision when image derived 

instrumentation is used compared to when it is not, with an increased proportion of aseptic 
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loosening indications; this statistic is based on more than 40,000 primary TKA that have used 

image derived instrumentation [13]. Further, time saved in the operating room may not be worth 

the additional time consumed in patient imaging, custom instrumentation production, and 

preoperative planning [33] [34]. 

Computer navigation (with or without a robotic component) has shown improved implant 

positioning, reduced patient blood loss, and lower rates of revision, although results in literature 

are varied [35]. There is no evidence that computer navigation impacts complication rates, 

patient LOS, or patient satisfaction, but evidence shows that the average operation time increases 

(estimated 15 to 20 minutes) with computer assistance [35]. According to the AOANJRR, there 

have been more than 4,000 robotically assisted unicompartmental knee arthroplasties (UKAs), 

with a lower rate of revisions compared to UKA without robotic assistance (but an increased 

proportion for septic revisions) [13]. There have been more than 150,000 TKAs recorded in the 

AOANJRR that used computer navigation, which has yielded a reduction in the rate of revision 

for loosening [13]. Computer navigation may be useful in minimally invasive techniques which 

are associated with reduced blood loss, shorter patient LOS, and improved patient outcomes. 

Custom surgical guides were intended as a more cost-effective alternative to computer 

navigation. Computer navigation techniques have the benefit of intraoperative visual feedback of 

preoperative images, a benefit surgical guides lack [32]. Overall, computer navigation seems to 

provide consistent alignment with fewer outliers, although monetary patient benefits have not 

been realized [35]. 

This work is focused on the mass customization of the joint replacements. The 

customization of the joint replacement prostheses encourages (and likely requires) the use of 

custom cutting and alignment guides, which can allow for reduced bone loss, lower risks of 

transfusion, decreased pain, and improved patient outcomes. The patient imaging and prostheses 

CAD model that are necessary inputs to the custom implant production can automatically be 

used in the additional production of the custom templating, guides, and instrumentation. 

1.2.6 Customized Orthopedic Implants in Practice 

There are many terms used for prostheses designed to fit the patient including 

customized, patient specific, individualized, and personalized. There is not a common consensus 

on the definitions and differences in these terms in literature nor the retail market. In this chapter, 

the term “customized” is used to refer to any implant that is altered to fit a patient’s anatomy 
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based on imaging (e.g., CT scan). A patient-specific implant or uniquely customized implant is 

defined as an implant that is designed completely based on patient imaging. The terms 

individualized or personalized are used to refer to an implant that is altered from a base design to 

incorporate the patient’s unique anatomy based on patient imaging. The use of a base design is 

known as parametric modeling, which uses a specific number of design points on patient 

imaging to alter an existing implant model (typically within a design envelope for regulatory 

purposes) to fit the patient’s unique anatomy. These definitions are intended to serve as a guide 

to unify future research. 

A major limitation in the investigation of customized implants is the lack of substantial, 

long-term clinical results. In most medical studies, a long-term result can be obtained within 

several years whereas in orthopedics, specifically joint arthroplasty, long-term results are 

typically 15 to 25 years. One study in France has produced long-term results on THA patients 

less than 50 years old with custom hip stems performed between 1990 and 2002 [36]. The study 

shows the efficacy of custom hip stems, specifically for young, active patients who are likely to 

suffer higher rates of loosening and osteolysis; the 20-year survivorship is reported as 78% with 

revision for any reason as the end point [36]. Comparatively, the NJR estimates THA 

survivorship at 15 years of 87% to 89% for THA patients less than 55 years [12]; a study on 

patient outcomes of THA for young patients who received a standard hip implant reports a 20-

year survivorship of 61% [37]. A major draw of custom hip stems is the potential to reduce 

loosening; the custom hip stem study found a 20-year survivorship of 96.8% using revision for 

aseptic loosening as the end point [36]. The customized stems were produced with conventional 

manufacturing methods. 

The literature more frequently has addressed commercially available customized knee 

prostheses, although only short- to mid-term results are available. There is a limited ability to 

accommodate knee size variations and evidence suggest that a greater degree of customization 

may result in less soft tissue releases and bone resections [38]. In TKA, oversized knee 

prostheses increase the likelihood of residual pain, restricted range of motion, and functional 

limitations, while undersized knee protheses can increase bleeding and laxity [38]. A suspected 

source of dissatisfaction in knee arthroplasty is the release or sacrifice of the anterior cruciate 

ligament (ACL) and posterior cruciate ligament (PCL). In standard implants, the ACL is always 

sacrificed but the PCL is retained in some cases. A partial knee replacement (bicompartmental 
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knee arthroplasty – BiKA, or UKA) retains some of the natural bearing surface within the knee 

and reduces the amount of bone resected compared to TKA. A study of patient-specific UKA 

found better implant coverage and improved survivorship compared to a standard implant; 

survivorship was 97% at 37 months for the patient-specific UKA compared to 85% at 32 months 

for the standard UKA [39]. A patient-specific BiKA (which retained the ACL and PCL) had 

survivorship of 98% and 92% at two and five years in a young patient population [40]. The 

patients that underwent revision in the study benefited from the bone stock preservation of the 

patient-specific BiKA [40]. 

Patient-specific TKA prostheses in combination with custom cutting guides have been 

shown to reduce bone resection by 10-50% compared to standard implants [41]. Comparative 

studies have also shown patient-specific TKA prostheses have improved fit and alignment [42] 

[43], improved knee kinematics [44], reduced transfusion and adverse event rates (at no 

additional hospital cost) [45], and decreased patient LOS (with no effect on operation time) [46] 

compared to standard TKA implants. However, several of these studies have a relatively small 

patient population and statistically significant differences in patient characteristics (such as age, 

body mass index, and comorbidity status) between the standard implant cohort and the 

customized implant cohort; results should be considered in the context of the limitations of the 

studies. The results show some statistical significance and should be further investigated by long-

term, multi-institutional, randomized controlled studies with a large patient population. The 

clinical results by Culler and colleagues [45] with patient-specific TKAs has been projected to 

decrease the expected overall episode of care (encompassing one year) cost by more than $1,000 

when compared to a standard TKA due to the reduction of risk [47]. A simulation of the 

economic impact of customized TKA prosthesis adoption resulted in reduction in readmissions 

and revision operations as well as cost savings for hospitals and surgeons on procedure time and 

a reduction in cumulative healthcare costs by approximately $38 billion [48]. All patient-specific 

UKA, BiKA, and TKA prostheses referenced above were produced by Conformis Inc. 

(Conformis Inc, Burlington, MA) and utilized custom instrumentation. The production 

methodology of the implants cited is indirect fabrication. 

1.3 Stakeholder Analysis 

Producing unique parts with TM methods on a large scale is not economically feasible 

causing most companies to limit customized implants to cases with challenging anatomy, 
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deformity, or severe bone loss. Healthcare costs are at the forefront of policy discussion and 

current research seeks solutions that improve patient outcomes while reducing cost. It is essential 

to consider not only the initial cost of treatment, but also the long-run economics. Joint 

arthroplasties typically have a long-run benefit, but poor outcomes for younger patient 

populations. A significant portion of joint arthroplasty cost is due to implant costs [23]. Medical 

devices, specifically orthopedic devices, must be durable, effective, and are expected to last 

decades – ideally through the end of a patient’s life. The introduction of mass customization for 

orthopedic implants requires the integration of medical design and manufacturing innovation to 

meet the needs of patients in a way that is economical and implementable for surgeons and 

medical facilities.  

Six perspectives on the production and adoption of mass customization are explored 

below. Stakeholder analysis is typically pursued in the context of a project however, the analysis 

framework is useful to understand the activities necessary for the adoption of mass 

customization. Each stakeholder is identified as either key or primary. Key stakeholders are 

those that have the most influence and power in the adoption process and are vital to the success 

of the adoption. Primary stakeholders are significantly affected by the adoption with less 

influence than the key stakeholders. Further, the stakeholders are mapped on an interest-

influence classification plot. Finally, the necessary activities for successful adoption of the mass 

customization of orthopedic implants is discussed. 

1.3.1 Patients 

Patients are the prime benefactor of a successful joint replacement or must suffer the 

consequences of poor outcomes. Elective joint arthroplasty is only used in patients for which 

conservative treatment has been exhausted. The decision to undergo joint arthroplasty balances 

many factors such as a patient’s lifestyle and expectations, their overall health/comorbidity 

status, available support at home, and the patient’s ability to commit to post-operative 

rehabilitation. A well-informed decision made jointly by the patient and physician is vital. Not 

all patients will be good candidates for a customized orthopedic implant due to the increased 

initial cost. The decision to select a customized or standard implant is one that must be made by 

the surgeon and patient to best meet the patient’s needs. Generally, a patient’s central objective 

for joint arthroplasty is to regain function and reduce pain. The patient may also be concerned 

with reducing costs. 
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It is hypothesized that customized or patient-specific implants will likely benefit the 

following patient populations the most: patients with large/petite extremes of body habitus, those 

with atypical anatomy related to congenital dysplasia, altered joint anatomy secondary to trauma 

or prior surgery, or bone-loss secondary to infection or tumor. For all patients, customized 

implants have the potential to decrease the duration of the procedure, blood loss, risk of 

infection, and complication rate. Early results of customized knee protheses show that 

customization can reduce complication and readmission rates. There is inherent risk with any 

procedure, including anesthetic risks but a sufficient reduction of risk can warrant the increased 

costs of a customized implant (either to the TPP or the patient).  

In the long-term, customized implants have the potential to reduce residual pain and 

increase implant longevity. Numerous studies and registry populations have found correlations 

between implant survival (i.e., no revision) and patient characteristics such as age, gender, 

activity level, and underlying diagnosis [3] [12] [13] [37]. Other studies have shown that poor 

functional ability prior to arthroplasty result in worse outcomes (lower activity levels and 

increased functional impairment) [49] [50] indicating that joint arthroplasty should not 

postponed until the patient has severe end stage disease progression. Young patients, though, are 

encouraged to postpone joint arthroplasty due to the finite lifespan of an implant and 

implications of revision arthroplasty. Young patients, especially those patients with higher 

activity level, typically receive “premium” technology since they are at a higher risk of revision 

than the rest of the population [4]. If customization leads to improved long-term results, joint 

arthroplasty may be a more attractive option to restore functional ability for young patients prior 

to severe disease progression. The correlation of patient characteristics and patient outcomes is 

limited by the variables that are measured (e.g., functional scores, comorbidity status, age, etc.), 

particularly for the small, customized population at present. 

Despite the potential benefits, customized implants will likely not be cost-effective for all 

patients due to the increased implant cost. Customized implants will have a larger initial cost 

compared to standard implants due to required patient imaging for customization and the implant 

cost itself; additional costs may not be covered by current TPP reimbursement resulting in out-

of-pocket costs to the patient. There is also a time cost associated with customization. Patients 

choosing a customized knee replacement typically wait four to six weeks for implant design, 

production, and delivery. Elective joint arthroplasty is often planned weeks to months in advance 



 

15 

 

so the timing may not be a critical factor for the majority of cases. Patients prepared to receive a 

customized implant are likely to have mixed emotions about the new technology. A patient may 

be anxious because of the limited history and outcome uncertainty associated with a uniquely 

customized implant. Conversely, the patient may feel they are receiving the best care as the 

implant is designed specifically to fit their anatomical geometry. Regardless, patient satisfaction 

will be based on the outcome of the operation. The outcomes of the patient population are used 

to interpret the risks of future patients, placing value on the records of the current customized 

implant population. If results are positive, patients will seek out surgeons who will provide them 

a customized implant, presenting a driver for mass customization adoption. 

Patients are a primary stakeholder in the adoption of mass customization. Although they 

represent the actual demand for customized implants, patients’ interest is driven by advice from 

medical professionals, market availability, and cost. 

1.3.2 Surgeons 

The decision to undergo joint arthroplasty is typically a joint decision by patient and 

surgeon, balancing the patient characteristics and lifestyle after conservative treatment has failed. 

Part of a surgeon’s role is to provide the patient with necessary information for decision making, 

which is complicated by the decision of a customized or standard implant. There is evidence of 

the benefits of customized TKA, but study cohorts are small and the results are marginal 

compared to standard implants. The savings associated with reduction of risks is currently 

difficult to quantify and changes based on patient characteristics. There is additional cost 

associated with customization and the surgeon must consider the financial burden to the patient 

and hospital. 

For customized arthroplasties, surgeons will be well supported with customized 

instrumentation, patient-specific cutting guides, and training models for complex operations if 

needed. However, the use of a customized implant increases the amount of preoperative planning 

for the surgeon [33]. Depending on the methodology of customization, the surgeon may have to 

work with a technician and/or medical engineer over the course of weeks to months to develop 

the customized implant [31]. Alternatively, if the surgeon has little or no control on the implant 

design, they may be uncomfortable with limited input in decisions that affect their patients’ 

outcomes [34]. 



 

16 

 

As with new technology, surgeons and surgical staff will require additional time and 

training to become familiar with the procedure for customized implants. Learning curves have 

been documented for other customized applications in orthopedics [33]. Unfortunately, the 

learning curve will likely result in longer surgery times initially. Additionally, a single 

customized implant does not allow for intraoperative flexibility and standard implants may need 

to be kept on hand in the instance the surgeon deems the customized implant insufficient [32]. 

The customized nature of the implant may provide physicians with new tools to treat 

patients. Custom implants are likely to decrease operating room time (particularly in conjunction 

with custom surgical guides) [33]. Decreasing operation time decreases analgesic requirements, 

reduces risk of infection, and possibly decreases the need for antibiotics [34]. Increased surgery 

time and allogeneic blood transfusion are associated with an increased risk of infection [18]. 

Surgeons are a key stakeholder in the mass customization of orthopedic implants as they 

must identify the need for customization and assess the value for their patients. Surgeons will 

play a vital role in the design and represent a necessary driver for customized implants. Although 

there will be a learning curve and additional preoperative labor, if the benefits of customization 

are true then surgeons will be equipped with tools to better help their patients. 

1.3.3 Hospitals and Medical Facilities 

A medical facility (i.e., hospital or surgery center) strives to treat each patient while 

balancing resources such as staff, physicians, space, and financial capacity. The hospital also has 

a duty to follow regulations set forth by local, state, and federal governing bodies as well as 

comply with legally binding contracts. In terms of the adoption of mass customization, hospitals 

will be excited to offer a new, customized treatment option with the hope of improved patient 

outcomes; however, the medical facility may also be concerned about the learning curve, 

additional costs, and legal issues. 

Hospitals typically store and sterilize the necessary implants and supporting 

instrumentation for joint arthroplasty. Rather than storing several sizes of multiple implants and 

the instrumentation associated with each size, the hospital could realize reduced inventory and 

sterilization costs with a single package for a customized implant [45]. Specifically for a TKA, 

surgical trays were reduced from six to one [51]. Beyond the reduction in inventory and 

sterilization costs, the hospital may also be able to improve operating room efficiencies because 

customized procedures will have a shorter set-up time (less equipment), shorter operative time 
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(particularly supported by patient-specific cutting guides), and reduced postoperative sterilization 

(disposable equipment and reduced blood loss) [51]. There is an additional up-front cost 

associated with the adoption of customized implants at medical facilities. There may be 

additional training for the surgeon and supporting staff, which may not be feasible for a hospital 

that perceives a low volume for customized procedures. 

The purpose of customized joint implants is to improve patient outcomes. However, 

medical facilities may be hesitant to embrace customized implants if they are not reimbursed by 

the TPP. In theory, customized implants will reduce adverse event rates, transfusion rates, 

complication rates, and readmission rates, but the challenge is for hospitals to realize these short-

term cost savings. In a bundled payment environment, for example, there are major costs 

associated with complications so a reduction in complication rate would prove valuable [27]; 

however, in such environments, costs savings have more typically been achieved through 

implant cost reduction [29]. If customized implants are reimbursed by the TPP at the same 

bundled payment level as standard implants, the medical facility will only be incentivized to use 

a higher cost implant if it can reduce the total episode of care costs and postacute costs.  

Hospitals and medical facilities are likely to be facilitators of the adoption of mass 

customization; these facilities are unlikely to push the use of customized implants, but they could 

impede the use of such implants. Hospitals are a primary stakeholder of mass-customized 

implant adoption. 

1.3.4 Third-Party Payers (TPPs) 

TPPs include government agencies (such as the CMS), insurance companies, and health 

maintenance organizations. The responsibility of a TPP is to pay medical claims on behalf of 

insured patients. TPPs do not have unlimited resources and therefore, patients must have a 

justified need for medical intervention and often must work within coverage restrictions such as 

medical services and practitioners in a network or protocols for treatment. TPPs typically 

reimburse cost-effective and necessary treatment options. Generally, arthroplasties are expensive 

interventions and have long-term benefits, a time horizon not always considered by TPPs. It has 

been suggested that since the median time an individual remains with one insurance company is 

four years, insurance companies are unwilling to invest in costly interventions that do not yield 

profits until after four years [52]. A time horizon of four years is too short to capture any long-
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term benefits of improved prosthesis fit. Long-term benefits of joint replacement implants are on 

the order of 10 to 20 years. 

TPPs are not incentivized to cover new technologies with higher initial costs, such as 

customized implants, until said technology has proven efficacy with clinical results. TPPs are 

slow adopters because early adoption may lead to higher costs in the long run if patient outcomes 

are negative. For example, metal-on-metal bearing surfaces rose in popularity during the early 

2000’s for THA but utilization dropped after a higher risk of revision was correlated to these 

metal-on-metal devices [12]. Private payers rely on proprietary and/or publicly available 

evidenced-based technology assessments on which to base their payment policies [52].  

For implants with an uncommon production method, such as AM, a TPP may be hesitant 

to reimburse a less-tested product. This is evidenced by the corporate policy of BCBS of North 

Carolina, which states that 3D printed orthopedic implants are covered only “for patients with a 

bone or joint deformity” and when “considered medically necessary” [53]. If customized 

implants are not reimbursed, then only patients with the financial stability and motivation will 

adopt. If TPPs do not reimburse additional costs for customization, medical facilities may be 

hesitant to encourage custom implants without proof of a short-term cost reduction or the patient 

will be responsible for the cost difference. 

TPPs must be risk adverse to manage financial assets properly and afford medically 

necessary treatments and interventions for its beneficiaries. In order for a TPP to be motivated to 

insure 3D printed, customized implants, the following need to be proven with sufficient clinical 

results: 

• Safety of the device. 

• Short-term benefits – such as lower rates of adverse events (e.g., blood transfusion), 

reduced operation costs (via reduced operating room time, equipment, and sterilization), 

lower rates of readmissions and emergency room visits within 30- and 90- days 

(depending on the bundle-type), reduced patient LOS, or reduced postacute care costs 

relative to standard implants. 

• Long-term benefits – such as lower revision rates, reduced long-term treatment costs (for 

pain management, physical therapy, etc.), or extended implant longevity. 

In short, additional costs of the implant should be offset by the benefits with the time 

frame of those cost savings clearly identified. The burden of proof for efficacy and cost-
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effectiveness of customized implants falls on the medical device manufacturers. TPPs are 

identified as a key stakeholder. Unlike surgeons, TPPs will not drive the adoption of customized 

implants, they are in a faciliatory role in the adoption process. TPPs have the ability to severely 

limit the use of customized implants if the devices do not meet the standards set by TPPs in 

terms of safety and medical necessity. 

1.3.5 Medical Device Manufacturers 

A medical device manufacturer may make the strategic decision to customized 

orthopedic implants in an effort to capture a segment of the market and improve patient care. The 

benefits of mass customization for a medical device manufacturer depend on the AM technology 

used. The selection of AM process depends on the implant design, material, and desired implant 

characteristics. Generally, AM of customized implants is expected to reduce material waste 

compared to conventional manufacturing methods. The pull nature of the supply chain will 

essentially eliminate finished good inventory. AM capabilities allow for custom fit, custom 

surface topology, and custom materials, but the cost of AM is considered one of the largest 

barriers to adoption [11]. Investment in new technology is financially costly and time consuming 

with design/re-design iterations, proof of concept, and clinical testing contributing to the time to 

market (a critical factor for business success). Medical device manufacturers are responsible and, 

in some cases, liable for the patient outcomes. Though mass customization could improve 

patient-benefits, the decision to make a major investment in a currently unproven technology 

should be approached with caution. Further, without sufficient evidence of improvement, TPPs 

are not motivated to reimburse the additional cost of customized devices, a huge barrier to wide-

spread adoption. It is evident that medical device manufacturers are a key stakeholder because 

realization of customized implants relies on the effective and economical production. 

The general production process will begin with the customized implant computer-aided 

design (CAD) model generation, either by parametric modeling or building the implant model 

from scratch. Parametric modeling is likely due to regulatory measures and speed of implant 

design. After implant model generation, the file is converted to the appropriate language for the 

machine and fabricated. After fabrication, the implant may require post-processing such as 

finishing, washing, or thermal treatments to obtain the necessary mechanical and material 

characteristics. The implant will undergo quality assurance before it is packaged and individually 

transported to the medical facility for implantation. As mentioned in Section 1.2.5, the implant 
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will likely be accompanied by custom instrumentation and cutting guides. Further, total joint 

arthroplasty requires additional nonmetallic portions of the implants, such as polyethylene cups, 

tray, a linear or ceramic femoral head that will have to be produced as well. These are additional 

components are not considered a significant hurdle to the adoption of mass customization using 

AM. 

The three main consideration areas for medical device manufacturers are the implant 

design, the material selection, and the specific AM methodology selected. An overview of these 

areas is provided to understand the complexity of the manufacturer perspective on mass 

customization. 

1.3.5.1 Implant Design 

In mass customization, the implant size and/or geometry can be altered to better mimic 

the patient’s anatomy. More importantly, AM allows for implant redesign due to the ease of 

design change. Changing the limitations on device design and construction can lead to an 

alternative product that may outperform current implants and improve patient results. Design for 

AM, especially as the printing technology evolves, is still in its infancy. One of the most crucial 

emphases of AM design and part selection articles are that parts should be redesigned without 

the limitations of TM to leverage AM strengths [11] [54]. Redesign of implants without the 

limitations of TM can allow for the consolidation of parts, use of lattice structures, and the direct 

production of assemblies [54]. For example, a lattice structure can be used in a hip stem to 

promote bone ingrowth and better match mechanical properties of bone (e.g., Young’s modulus 

and ductility) [55]. Unlike TM, AM can produce lattice structures and trusses which can provide 

specific mechanical properties (such as stress distribution and strength) and serve biological 

functions (such as osseointegration) [11]. Other redesign features could include methods of drug 

delivery (such as antibiotics) and soft tissue retention, such as bicruciate ligament (ACL and 

PCL) retention for knee arthroplasty.  

A major benefit of AM is the ability to create a porous structure and complex geometries 

for orthopedic implants [56]. A porous structure can mimic the internal bone structure and 

promote the transport of nutrients and oxygen, facilitate cell adhesion, and promote 

vascularization [57]. A porous structure on the exterior of the implant promotes osseointegration 

and strengthens the bond between implant and bone [58]. Porous coatings on TM implants are a 

costly additional production step, but AM technologies (specifically powder bed fusion) can 
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create porous bone ingrowth surfaces directly on the implant [59]. There is also the benefit of 

decreased stress shielding and a more natural pattern of bone remodeling surrounding an implant 

[58]. Implant stiffness, material weight, and stress distribution can be simultaneously adjusted 

with topology optimization to better match the patient’s anatomy [11]. Finite element analysis 

(FEA) or finite element simulation can be used to evaluate the mechanical stability of the 

implant design [55] [60]. 

There are significant potential benefits in implant design, but the challenge is the ability 

to realize these benefits. The implant design requires detailed knowledge of the human anatomy 

and function as well as the AM technology that produces the implant; this will redefine roles of 

designers and manufacturers [10] [11]. For example, part orientation in the AM machine impacts 

the material usage and production by impacting the number of implants in a single production 

cycle and the amount of supporting structures required. Further, the part orientation also impacts 

surface finish, overall build quality, and the material properties due to the nature of the layer-by-

layer adhesion. It is rarely possible to simultaneously optimize the part orientation in the 

machine to optimize material usage, production cost, and material/part properties [11]. Current 

approaches to balance considerations and select part orientation are genetic algorithms, multi-

objective optimization, and multi-attribute decision making. Fabricated implants may also 

require post-processing so designs must be conceptualized with the “machinability” of the 

implant in mind (e.g., jigs for machining) [57]. 

The effects of the AM technology on the finished part must be considered at the implant 

design level in order to produce customized implants at the necessary standard. The regulations 

surrounding implant approval must also be factored into the design development [61]. Further, 

the material selection is crucial feature for which the implant design must account. 

1.3.5.2 Implant Material 

Implant design and material selection are intertwined in the realm of AM production. 

Ideal characteristics for orthopedic implants are biocompatibility, mechanical properties of the 

host bone, and macro- and micro-porosity to improve osseointegration [57] [58]. Metallic 

scaffolds have limitations such as the lack of biological recognition on the material surface, the 

possible release of toxic material from the surface, and the possible stress-shielding [58]. A 

major concern with 3D printed implants is the biocompatibility. The material must be conducive 

to biological growth. There is also concern for loose powder not removed from the implant to be 
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absorbed over time causing an adverse systemic reaction. The material should support normal 

cellular activity, be non-immunogenic, and not result in any local or systemic toxic effects. A 

major concern is the possible release of toxic metallic particles (via wear or corrosion) that can 

lead to inflammatory responses and osteolysis (the pathological loss or destruction of bone). 

Mechanical biocompatibilities such as Young’s modulus, tensile strength, and ductility similar to 

the host bone are another consideration for material selection. One challenge of printing metals 

(either by powder bed fusion, binder jetting, or direct metal deposition) is that the parts can have 

different mechanical properties when produced with AM technology as compared to TM 

methods such as forging. Extensive testing is required to ensure printed material meets or 

exceeds the standards necessary for implantable devices and mimics mechanical properties of the 

host bone. 

Common metals used in orthopedic implants are stainless steel, cobalt-chromium alloys, 

titanium alloys, and tantalum [58]. Stainless steel implants are highly corrosive resistant and are 

relatively low cost, but the stiffness of stainless-steel implants makes them inferior to titanium 

implants [58]. Cobalt chromium alloys are commonly used for joint replacements (particularly 

knee prostheses) due to the good biocompatibility, mechanical durability, and corrosive 

resistance; however, porous coatings on cobalt chromium alloys have shown minimal bone 

ingrowth which will hinder long-term fixation [57] [58]. One study found that electron beam 

melting (EBM) produced cobalt chromium (Co-Cr-Mo) has comparable and in some instances 

superior microstructural and mechanical properties to those found in TM materials presently 

[62]. Titanium alloys are corrosive resistant, biocompatible, and high specific strength with low 

weight [58]. However, titanium alloys are expensive and have a lower corrosive resistance than 

cobalt chromium alloys. Titanium alloys are preferred for THA due to the low stiffness, which 

reduces stress shielding [57]. Multiple studies have produced results that support the 

biocompatibility [63] [64] and osseointegration [65] of EBM printed titanium alloy. Another 

study compared a titanium alloy (Ti-6Al-4V) produced with EBM and selective laser melting 

(SLM) to wrought and cast titanium alloy and determined the AM material met or surpassed the 

TM material standards [59]. The mechanical properties of EBM and SLM stainless steel, 

titanium alloy, and cobalt chromium alloy have been reviewed thoroughly in literature [66]. 

Tantalum is not often used for implants due the high cost but does present good compatibility 

and mechanical properties similar to that of the host bone [57] [58]. 
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A significant impediment to the adoption of AM for mass customization is the material 

cost. Presently orthopedic implant grade titanium alloy powder is expensive and there are 

limitations on transportation which restrict large scale production. There are additional 

precautions when handling powdered metal (the feedstock for powder bed fusion technology 

such as EBM and SLM). Potential cost reductions for AM could come from the reuse of 

material, reduction in feedstock material cost (possibly by using alternative powders), and the 

reduction of scrap material (e.g., support structures) [56]. The recycling of powder can reduce 

waste but there is concern in the AM community that powder reuse can alter the structural 

behavior and compromise the material integrity of the implant.  

An advantage of AM is the opportunity to create custom alloys and composite materials 

due to the nature of the feedstock. With a custom alloy or standard material, it may be possible to 

achieve a desired porosity, a specific microstructure, or meet specific material properties via the 

choice of material, process parameters, and build orientation [11]. The reduction of support 

material required for production increases the amount of material that is available for reuse 

(which can decrease costs further). The implant’s material is selected based on the implant 

design, desired mechanical and biological properties, and the type of AM technology used to 

produce the implants. 

1.3.5.3 Production 

AM technologies differ in several ways including: form and type of raw material used, 

methodology to deposit layers, and the mechanism used to combine the layers [7]. Possible 

technologies for direct fabrication include powder bed fusion (such as SLM, selective laser 

sintering – SLS, and EBM) and directed energy deposition – DED; however, the current cost of 

these technologies make them uncompetitive with TM for standard implant production [56]. In 

powder bed fusion processes, the metallic powder is raked over the build plate in a very thin 

layer and a laser or electron beam sinters or melts the selected cross-sectional area. Laser based 

technologies are point-wise systems while EBM is a layer-wise system (completes adhesion of 

the layer all at once, not point by point). DED uses a focused energy beam (such as a laser) to 

simultaneously heat the feedstock and melt the material where the feedstock is deposited; DED 

differs from powder bed fusion technologies because it melts the feedstock as it is being 

deposited rather than melting a pre-laid layer. A future avenue of study is binder jetting, which is 
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a less expensive metal printing technology (due to the low energy and temperature). However, 

the entire implant would have to be sintered after production via binder jetting [9].  

Depending on the technology, support structures may be required for areas of overhang, 

which leads to more material waste. SLS does not require support structures. SLM is preferred to 

SLS and EBM for improved surface quality. However, EBM has a shorter build time than SLM. 

Layer-wise melting provides EBM the advantage over SLM and other pointwise systems. 

Considering SLS and EBM, the deposition rates are on the order of 10’s of grams per hour while 

conventional manufacturing (machining or injection molding) has a process rate on the order of 

hundreds of kilograms per hour [67]. In order to achieve mass customization levels, the 

technology will likely have to improve on processing rates. 

Powder bed fusion technologies can process all metal biomaterials that can be converted 

into powder [57]. The size and shape of the powder, in combination with the layer thickness 

impact the quality of the finished implant [57]. Additionally, the build orientation, support 

strategies, and machine parameters (e.g., energy level, scan rate, scan pattern, etc.) have a 

significant effect on the finished product any AM process fabricates [11] [59]. AM production 

requires improvement in the realm of standardization and consistency [11]. Medical devices are 

held to a high standard with strict tolerances for material properties and surface finish meaning 

that implants will likely require post-processing (an additional production step) to meet standards 

for implantation. Surface modifications of implants can be used to improve biological 

performance such as chemically roughening the surface, coating (e.g., hydroxyapatite coating), 

and mechanical methods (e.g., shot peening) [57]. The rougher surface areas produced by AM 

can be advantageous for osseointegration however, some surfaces must be smooth (where bone 

ingrowth is not desired). Typically, smooth surface finishes can be achieved by some sort of 

post-processing such as machining. 

The combination of additive and subtractive manufacturing, also referred to as hybrid 

manufacturing, can be achieved with something such as the Digital Additive Subtractive Hybrid 

(DASH) process [68]. A DASH system would automatically design the part with additional 

sacrificial fixtures to allow for computer numerical control (CNC) milling which should reduce 

post processing time and cost. As AM technology is better integrated into the production 

environment, more hybrid AM processes will emerge and automation can reduce production lead 

times, a significant barrier to adoption of AM for mass customization [11]. 
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1.3.6 Regulatory Bodies 

The regulatory body considered in the mass adoption of customization is the Food and 

Drug Administration (FDA). A medical device manufacturer must gain approval by the FDA for 

each implant design before bringing the implant to market. There are several ways to gain FDA 

approval, which are dependent on the risk of the device and the implants likeness to other 

devices presently on the market. Customized orthopedic implants are likely to be considered 

Class III devices [69], the most restrictive class in terms of gaining market approval. Class III 

devices require approval of a premarket notification application (PMA) prior to entering the 

market. PMA approval often requires clinical testing, which requires an investigative device 

exemption (IDE), to give reasonable assurance of safety and effectiveness [70]. For devices with 

relatively low levels of incidence (< 8,000 per year), there is a humanitarian device exemption 

(HDE) which expedites the approval process with additional regulation on the profit margins of 

the implant [71]. Low volume arthroplasties such as ankle, elbow, and wrist may be eligible to 

utilize HDE to gain market approval. 

Orthopedic implants are reduced to a Class II device if there is a “substantial equivalent” 

to the specific implant already on the market. A “substantial equivalent” means the new device 

must have the same use as the existing device, must have a similar enough design, and must have 

been demonstrated to be as safe and effective as the existing device [69]. In the case that a 

“substantial equivalent” does exist, the manufacturers can perform a 510(k) submission, to notify 

and demonstrate to the FDA prior to market entry that the device is a “substantially equivalent” 

to a legally marketed device [72]. The time required to bring a device to market in the U.S. can 

be reduced by nearly half if the 510(k) submission is successful and clinical trials are foregone 

[73]. However, there is a call for stricter regulatory measures on medical devices, asserting that 

the definition of “substantial equivalent” provides too much latitude [52]. 

The customization process and design evaluation are essential to the market approval 

process, regardless of the pathway [74]; the methods must be clearly outlined, possible 

dimensions must be defined (i.e., a design envelope), and the mechanism for evaluation must be 

proven to provide reasonable assurance for safety and effectiveness. For example, Morrison et al. 

utilize a parametric model to create uniquely customized tracheobronchial splints [75]; design 

inputs derived from the patient CT scan are entered into a computer program to generate the 

design output as an STL file. The design verification is performed virtually over a 3D model of 
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the patient’s throat and the mechanical performance verification is checked using FEA [75]. In 

the literature, implant design validation has been addressed with FEA; Wong and colleagues use 

FEA to validate a customized pelvic implant after tumor resection [76]. A customized implant 

must have a design envelope, over which the most extreme dimensions have shown sufficient 

mechanical properties. In 2017, the FDA released industry guidance for medical devices 

produced with AM providing considerations for device design, material controls, post-

processing, validation, testing, and more [74]. 

The preclinical development (build-test-redesign) has shown to take two to three years 

and cost $10 to $20 million USD [73]. This development is used to obtain an IDE to perform 

clinical trials. The duration and complexity of clinical trials depends on the nature of the device 

and its proposed use. For example, an ongoing clinical trial for a total hip replacement system 

tracks patient outcomes for 24 months post-operatively and the study is projected to take place 

from August 2017 to August 2026 [77]. Review from the FDA and CMS takes an additional year 

(approximately). In short, obtaining approval of PMA can take approximately six years or more 

to bring a medical device to market. A 510(k) submission can reduce the time to market to one to 

three years (accounting for the pre-clinical development, the possibility of some clinical data, 

and FDA review). 

It is the responsibility of the FDA to ensure that implants brought to market meet 

requirements for safety and effectiveness. Regulatory bodies act as the gatekeeper for adoption 

of mass customization of orthopedic implants and are therefore considered a key stakeholder (in 

the same light as TPPs). The timing and financial cost to prove safety and effectiveness is a 

significant hurdle for mass customization. 

1.4 Discussion 

AM is a disruptive technology in medical device manufacturing with incredible potential 

to revolutionize orthopedic medicine. The possibilities do not come without challenges and 

limitations. Two of the most significant hurdles for mass customization is the limited long-term 

clinical outcome data and the lack of AM expertise and maturity among medical device 

manufacturers. Tracking and measuring patient outcomes is vital to obtain clinical evidence of 

safety and effectiveness of customized implants. Data collection will take several years, but 

validation of the claims not currently supported by numerical evidence is essential [33]. The 

adoption of mass customization of orthopedic implants will be directly driven by surgeons with 
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hospitals, TPPs, and regulatory bodies either facilitating or blocking adoption. It is the 

responsibility of medical device manufacturers to inform surgeons, medical facilities, and TPPs 

on the benefits and risks of customized implants. The management of AM technology is a 

significant challenge for medical device manufacturers. However, this challenge is worth 

undertaking by virtue of the strong potential to improve patient care with mass customization. 

1.4.1 Stakeholder Mapping 

The key and primary stakeholders are mapped in Figure 1.1 with a dashed line 

differentiating key and primary stakeholders. The primary stakeholders have a low level of 

influence in the adoption of mass-customized implants. Hospitals have more influence in the use 

of customized implants than patients due to the hospitals’ involvement with procurement 

contracts for medical devices and supplies. Regulators and TPPs have an interesting role in the 

adoption of mass-customized implants because they do not drive adoption, but each can deter the 

use. As such, these entities have somewhat significant influence but a low to moderate level of 

interest. TPPs have more interest than regulators because of the possibilities of cost-savings 

associated with customized implant use. Surgeons and manufacturers have the greatest influence 

and interest in customized implants. Surgeons are ranked with the highest interest due to their 

input on the design side, their expertise on implant requirements, and the fact that surgeons will 

create the demand for customized implants. Manufacturers have more influence than surgeons as 

they actually produce the device. 

 

 
Figure 1.1: Interest-influence mapping of stakeholders in the adoption of mass customized 

orthopedic implants. 
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1.4.2 Measuring Patient Outcomes 

On the medical side, measuring patient outcomes is necessary to evaluate the 

performance of joint replacements. Patient outcomes can be measured in several ways such as 

surgical complication rates, readmission rates, functionality scores, revision rates, and quality of 

life. Any patient outcome measurements, especially revision rates and other mid- to long-term 

metrics, can be difficult to accurately track as patients can be lost to follow-up. Joint registries 

such as the NJR and AOANJRR have proved significantly valuable in the evaluation of joint 

replacement efficacy as well as a useful tool for patients in joint arthroplasty decision making. 

Increased participation in the AJRR or similar U.S. joint registry will allow for comparison of 

U.S. patient outcomes with different implants (standard and custom). The joint registry should 

track revisions and complications as well as functionality scores and quality of life. Functionality 

scores (which rate the mobility and function of the joint) may identify improved joint function 

resulting from a more anatomic fitting prosthesis. The AOANJRR has launched a pilot program 

to track and report patient reported outcome measures (PROMs) in addition to the revision status 

of the joint replacement [78]. The PROMs program is still in the development phase, but it is the 

largest movement to collect patient data such as joint functionality measures, pain scales, and 

satisfaction measures. 

An increasing popular outcome measure is patient quality of life (also referred to as 

health-related quality of life – HRQoL). Measuring HRQoL is not exact but quantifying quality 

before and after intervention allows for a numerical appraisal to assess the value the intervention. 

The most common way to quantify a patient’s HRQoL is to administer a health-related survey 

and use the results to calculate a measure such as a quality-adjusted life year (QALY). A QALY 

typically ranges from zero, which is equivalent to death, to one, which is equivalent to one year 

lived in perfect health.  

For example, to the authors knowledge, the largest U.S. study of QALYs associated with 

hip and knee arthritis determined QALY values of 0.6 and 0.63 [79], respectively, meaning one 

year lived with osteoarthritis is an equivalent value to just over seven months (0.6 of a year) 

lived in perfect health. In contrast, five years after primary THA and TKA, the associated QALY 

is 0.81 and 0.79, respectively [79]. A HRQoL metric is correlated to a monetary value in order to 

perform cost analyses of medical interventions. In the U.S., a patient’s willingness-to-pay for one 

QALY (i.e., a patient's willingness-to-pay for one additional year of perfect health) has been 
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estimated as $62,000 [80]; most medical decision-making models use values of $50,000 and 

$100,000 for sensitivity. The value of an intervention can be measured over the lifetime of the 

patient and QALYs in the future are typically discounted at a rate of 3.2% (like the time-value of 

money) [80]. Using $62,000 for a patient’s willingness-to-pay and discounting QALYs at a rate 

of 3.2%, a patient that expects to maintain QALY values for 20 years will gain just over three 

QALYs from THA as compared to living with hip osteoarthritis. If a customized implant can 

provide a QALY of 0.85 (as opposed to 0.81 associated with standard implants), then the patient 

would be willing to pay an additional $36,223 for a customized implant rather than a standard 

implant; this increased value is dependent on the number of years taken into consideration. The 

calculations are summarized in Table 1.4; the customized THA QALY value of 0.85 is merely a 

value selected to illustrate a cost calculation using QALY. 

 

Table 1.4: QALY comparison for hip osteoarthritis, standard THA, and custom THA 

 Hip 

Osteoarthritis 

Standard 

THA 

Customized 

THA 

Annual QALY value 0.6 0.81 0.85* 

Total QALYs gained (20 years) 8.76 11.83 12.42 

QALYs gained (base hip OA) - 3.07 3.65 

QALYs gained (base standard THA) - - 0.58 

Willingness-to-pay (base hip OA) - $190,171 $226,394 

Willingness-to-pay (base standard THA) - - $36,223 

OA = osteoarthritis, base refers to comparison value 

* QALY for custom THA is the author’s prediction 

 

Measuring patient outcomes is essential in any intervention; in customization, this is 

important because a perfect fit should theoretically provide the patient with the best outcome for 

the intervention, but claims must be validated with clinical evidence. In addition to complication 

and revision rates, HRQoL provides an avenue to measure patient outcomes made by 

customization. A large patient pool is necessary to accurately estimate corresponding HRQoL 

metrics; this is not possible in the short-term but should be a long-term goal for medical device 

firms. 

1.4.3 Medical Tools 

Surgeons and hospitals are responsible for measuring patient outcomes and reporting, an 

important element in the evaluation of safety and effectiveness of customized implants. If 
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reporting to a joint registry, patient consent is required. The U.S. does not have an effective joint 

registry to measure these outcomes however, after implementations of the Affordable Care Act, 

many surgeons and medical facilities feel their time is not being used efficiently by maintaining 

electronic health records. The ease of use and efficiency of patient outcome records maintenance 

in a registry is critical to participation. Narra and colleagues stated that “the push for using AM 

has to be led by the surgeons and, more specifically, through their interest in customizable 

implants” [56]. Surgeons and hospitals need to be educated on the design concepts and use of 

customized implants; they in turn, are responsible for educating medical device manufacturers on 

their needs in terms of logistics, operating room requirements, and patient treatment.  

A systematic approach and consistent guidelines for the clinical evaluation of customized 

implants and customized instrumentation are still lacking [31]. TPPs will be a hurdle for the 

introduction of mass customization but again, surgeons and hospitals providing clinical evidence 

of effectiveness reduces that burden. Based on early studies of customized TKA, Namin and 

colleagues predict a massive savings to the entire healthcare system with the adoption of mass 

customization [48]. 

Patients and surgeons should have a decision tool that supports the choice for a 

customized or standard implant. The tool should account for additional costs associated with 

patient imaging and implant production, risks due to the new technology, and potential benefits 

for the patient physically and financially. As patient outcomes are better understood (via a joint 

registry or large clinical studies), the decision tool can provide patient-specific risk assessments 

and projections to better inform the patient and physician prior to the decision for customized 

joint arthroplasty. 

1.4.4 Management of Technology 

The effective management of AM as a disruptive technology in medical device 

manufacturing is pivotal. It is the responsibility of management and strategic decision makers to 

incorporate the multitude of perspectives in an effort to improve patient care. One of the largest 

impediments of adoption is the lack of expertise of AM technology and the AM supply chain. In 

generating a production portfolio, a manufacturer may struggle with the variability of AM, the 

design features, the printed implant properties, and difficulty with a different supply chain [10]. 

The technology of AM is relatively new compared to TM and improvements are made 

regularly. The lack of AM knowledge in the medical device manufacturing industry and the 
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high-quality standards for prostheses have spurred further niches within the AM orthopedic 

market. There are markets for implant design, fabrication, thermal treatments of medical devices, 

post-processing (subtractive manufacturing), and packaging/sterilization. Arguably one of the 

most experienced companies filling these niches, Amplify Additive, is described by their CEO as 

“… the bridge between two very different disciplines – orthopedic surgeons and design 

engineers” [81]. Early adopters of AM for orthopedic implant production are focusing on the 

integration of medical requirements and manufacturing. The implementation of mass 

customization with AM is a manufacturing and logistics challenge, especially if services are 

contracted out. Contracting out services may lead to additional production challenges and 

instability in the supply chain. The correct selection of implants and the AM technology to 

produce them is essential. 

In literature, decision considerations are available for the selection of AM technology 

[82] and for part designs [54] [57], but at present, guidelines for mass customization of 

orthopedic implants are lacking. The main components in the decision-making process will be 

the purpose (who/what joint is the implant designed to fit and how should it work?), the material, 

the current state of available AM technology, and production lead time. For example, the balance 

of print time and post-processing requirements is a decision for the manufacturer; EBM 

machines have a shorter print time than SLM, but SLM has finer surface tolerances. It is 

essential to identify the competitive edge [11]. A thorough cost-benefit analysis needs to 

consider not only the resources required (Chapter 4), but also the energy efficiency [5], accurate 

measures of production build time [7], and balance the trade-offs in the life-cycle analysis [83]. 

With the current state of AM, large production volumes can be challenging, but economies of 

scale can be achieved with AM [67]. A thorough cost model is important [84] and potential for 

collaborations and hybrid supply chains is possible. Management must also take into 

consideration the regulatory measures including the identification of the pathway and 

incorporation of the costs to bring the implant to market. The speed to market is critical for 

implant and manufacturer success. 

AM does present some positives for supply chain management. For example, the 

reduction of tooling associated with AM does reduce front end fixed costs associated with the 

introduction of new products, which promotes innovation [67]. For a manufacturer producing 

only customized implants, inventory can be eliminated. For current medical device 
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manufacturers looking to supplement standard implants with customization, inventory 

management can be significantly reduced by meeting a portion of demand with customized 

implants. Detailed forecasting of demand will be difficult due to its subjective nature, but 

accuracy is important for AM economic assessment and production planning (Chapter 4). The 

manufacturers need to produce implants that are actually in demand and meet patient needs; 

these implants must be produced efficiently and lead to a profit for the manufacturing firm. 

Improvement of AM technology itself will make adoption significantly more attractive. 

Reductions in production lead times and improvement in consistency will increase the 

competitiveness of AM technology. A possible avenue for processing time reduction is the use of 

layer-wise processes as opposed to point-wise process. The reduction of necessary post-

processing procedures would also reduce production lead time. There are necessary supporting 

instrumentation and cutting guides that will also be required to support customized implants that 

must also be considered. With the implementation of AM, manufacturers have the ease of 

production of non-joint metallic implants and implants for specialty cases; these additional 

markets should be considered by the decision maker. For companies considering a transition to 

AM, it is believed a 30-40% monetary gain is necessary to make the transition appealing [85]; 

this value added may be achieved through operating cost reductions and market share increase. 

1.5 Conclusion 

The mass customization of orthopedic implants offers great potential to improve patient 

outcomes with personalized care but the implementation of AM production to achieve 

economically feasible mass customization is a significant challenge. The cost of AM compared 

to TM has limited its application primarily to revision procedures [56], but leveraging AM could 

yield significant benefits for the primary patient population. Further, manufacturers may be 

hesitant to invest in the research and development of anatomic joint replacements if there is a 

lack of sufficient demand due to higher initial costs without proven cost reductions elsewhere. A 

possible avenue of future research is the development of a tool that provides a way to effectively 

evaluate implant designs pre-clinically, taking into consideration the specific joint mechanics, 

available material, the AM technology, and the regulatory limitations. 

Another avenue for possible research is the identification of efficient ways to support 

clinical evidence gathering. As customized joint arthroplasty becomes increasingly more 

popular, it is vital that the advantages and disadvantages are well-documented with clinical 
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evidence and studies capable of providing statistically significant results (e.g., large cohorts, 

multi-institutional studies, joint registries, etc.). The efficacy and outcomes need to be measured 

and large data samples must exist to properly evaluate customed joint protheses. Additional costs 

of customization must see the equivalent or increased benefits to the patient. A cost-benefit 

analysis by patient characteristics (such as age, activity level, etc.) is imperative to provide a 

numerical argument and portray realistically achievable outcomes for surgeons, medical 

facilities, and TPPs. Medical decision-making research is essential to identify population 

outcomes and influence potential policy changes. 

The main stakeholders in the adoption of customized orthopedic implants are patients, 

surgeons, hospitals, TPPs, manufacturers, and regulatory bodies. There are secondary 

stakeholders that were not considered in the analysis in order the provide a detailed examination 

of the perspectives of the main stakeholders. Secondary stakeholders include manufacturers of 

AM machines, researchers, material suppliers, and auxiliary contractors (i.e., contractors who 

provide services such as material processing, sterilization and packaging, logistical support, 

secondary processing needs such as machining or heat treatments, biomedical consulting, etc.). 

Many of the general views of the secondary stakeholders are included under the umbrella of a 

key or primary stakeholder. 

As is the case with any emerging technology, the consideration and weighting of 

numerous perspectives is essential. It is important to understand stakeholders and their 

motivations while maintaining objectivity of the situation. It is important to resist being biased 

by the excitement and potential of new technology, but also avoid being wholly risk-averse and 

miss the opportunity to progress orthopedic medicine and patient care. Systems analysis is 

essential in each part of the process from survey to implementation and retrospective study. 
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CHAPTER 2: CAUSALITY FOR USE OF A CUSTOMIZED ORTHOPEDIC IMPLANT 

USING A MARKOV MODEL 

Abstract 

Total hip arthroplasty has proven a cost-effective treatment that is relatively safe and 

improves the patient’s quality of life. A customized implant has the potential to further improve 

patient outcomes however, there is an expected increase of cost. The aim of this research is to 

evaluate the cost-effectiveness requirements of customized implants based on population data 

(specifically patient and implant characteristics). This chapter seeks to determine patient 

identifiers of good candidates for customized implants and define expected benefits that would 

justify the use the customized implants. A non-stationary, discrete-time Markov chain is used to 

evaluate the patient experience after total hip arthroplasty; a cost-effectiveness ratio is 

determined for each unique combination of patient characteristics. The impact of the expected 

benefits of customization are measured by the response of cost-effectiveness. 

2.1 Introduction 

Joint replacement procedures are increasingly common in the United States and can 

improve a person’s mobility, functionality, and quality of life. Total hip arthroplasty (THA), also 

called hip replacement, has proven to be a cost-effective treatment option for patients suffering 

osteoarthritis and other hip joint related diseases [86]. Customized implants have previously been 

reserved for specialty cases, but with innovations in medical device manufacturing (such as 

additive manufacturing), joint replacement prostheses that are uniquely customized to fit patient 

geometry may be feasible for a significant portion of the population. The use of customized total 

knee arthroplasty (TKA) prosthesis is increasing and clinical results are beginning to be 

published. Small studies have shown the benefit of customized joint prostheses in long-term 

outcomes for young THA patients [36], episode costs and risks of surgical complications for 

TKA patients [45], and improved survivorship from the standard implant at three years for a 

partial knee replacement [39]. 

Additive manufacturing is a recent technology when it comes to direct fabrication of end-

use medical parts. Investing in new technology is expensive and the most significant motivator 

for medical device production with AM would be patients’ need for customized implants. The 

objective of this chapter is to estimate the cost-effectiveness requirements of customized 
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implants dependent on patient characteristics and a defined set of expected benefits. The 

framework developed in this chapter seeks to help identify patient need for customized implants. 

2.2 Background 

THA implants can be categorized by the bearing surface material and fixation method. 

The bearing surface material describes the material of the femoral head and acetabular linear (see 

Figure 2.1). The femoral head is typically metal or ceramic while the acetabular linear is most 

commonly polyethylene (although it can be ceramic or metal as well). 

 

 
Figure 2.1: Components of a THA implant (left) and the assembled prothesis in the body (right). 

 

There are several methods to “fix” an orthopedic implant in the human body. For a THA 

prosthesis, bone cement can be used to fix the acetabular component in the pelvis and the 

femoral stem into the femur (referred to as a cemented THA implant). Alternatively, the implants 

can be “press-fit” meaning that the acetabular and femoral components rely on osseointegration 

(bone ingrowth) to bond the implant and the bone; a rough surface is added to the medial portion 

of the femoral stem and the outside of the acetabular cup (shown in Figure 2.1). Press-fit 

implants are also referred to as uncemented or cementless. A hybrid THA implant is a 

combination of a cemented femoral stem and uncemented acetabular cup; the converse is 

referred to as a reverse hybrid implant. 

Cemented implants are typically the least costly option while hybrid implants have been 

shown to be the most cost-effective when considering patient outcomes; the improvements of 
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health outcomes associated with cementless have not been shown to offset the additional costs 

[87]. Pennington et al. used the National Joint Registry (NJR, a joint registry based in the United 

Kingdom) to compare the cost-effectiveness of different fixation methods for THA [87]. The 

research used a Markov model with a cycle length of one year, costs in euros, quality of life 

based on the EQ-5D-3L (primarily a European health survey), and incremental cost-effectiveness 

ratios (ICERs) to compare treatment methods.  

Incremental cost-effectiveness ratios (ICERs) compare the difference in costs (in the 

numerator) to the difference in benefits (in the denominator) of two competing interventions. The 

benefits are typically expressed in a quality-of-life metric and the ICER is compared to a 

patient’s willingness-to-pay (WTP) for one unit of the quality-of-life measure. A Markov model 

with a time unit of one year was also used by Koenig et al. to estimate the societal benefits 

(impact on earning potential) and ICERs of THA compared to nonsurgical treatment for patients 

with osteoarthritis [88]. The Australian Orthopaedic Association National Joint Replacement 

Registry was used to estimate the risk of revision. The authors estimated all costs using Medicare 

payments converted to all payer rates where applicable; ICERs of THA compared to the non-

surgical option were favorable to THA intervention [88]. 

ICERs for U.S.-based studies range from $4,012 to $41,484 in comparing THA to non-

surgical intervention [86]. The cost-effectiveness of THA is reduced for older, more infirm 

patients; although an ICER of $7,439 was reported for THA patients over 80 years [86]. Many 

argue that for younger patients, THA should be delayed in order to reduce the risk of revision 

however, Agarwal et al. found that costs saved by postponing THA are most often outweighed 

by the QALYs lost due to delaying surgery [86]. Further, it was concluded that in young patients, 

more expensive treatments could be offset by the potential QALY gained. For example, in 

younger patients cementless devices showed to be more cost-effective than other fixation 

methods; hybrid or cemented devices remained the most cost-effective treatment for older 

patients. The systematic review of cost-effectiveness analyses also determined that THA is the 

gold-standard of treatment for hip osteoarthritis [86]. 

The use of customized implants is increasing and some economic studies of the use of 

customized implants have been published. One study used a simulation model to determine that 

with the adoption of customized TKA implants, healthcare costs would be reduced by 

approximately $38 billion in the United States by reducing the rates of readmission and revision 
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associated with TKA [48]. Another study analyzed existing Medicare patient data to evaluate the 

budget impact of customized TKA prostheses resulting in a statistically significant $1,695 

decrease in TKA episode of care costs relative to standard implants [47]. One study used a 

Markov model to find that 3D printed, customized acetabular components were cost-effective for 

revision hip arthroplasty [89]. This work seeks to identify cost-effectiveness requirements of 

customized THA prostheses for primary procedures.  

2.3 Model Description 

A Markov chain is used to simulate the patient experience after THA. The expected costs 

and benefits (defined by quality of life and decreased risks) are determined for each unique 

combination of patient characteristics. The standard of care (a standard THA) is the reference 

case and a custom THA implant is the alternative intervention for an ICER comparison. There 

are not sufficient clinical results for customized implants so theoretical improvements such as a 

decreased risk of surgical complications, a decreased risk of revision, and increased quality of 

life after THA are tested to evaluate the impact on the cost-effectiveness (i.e., ICER). 

2.3.1 Markov Chain and Transition Probabilities 

A non-stationary, discrete-time Markov model is used to explore the patient experience 

of THA for a 15-year time horizon. The unit of time spent in each state is one year. A simplified 

diagram of the Markov chain is shown in Figure 2.2. A patient undergoing primary THA (shown 

in blue in Figure 2.2) is distinguished by age at the time of THA, gender, implant fixation 

method, and implant bearing surface material. Primary THA is blue because it is the starting 

point of the Markov chain and the first transition (which occurs at time 0) is out of this state. 

From primary THA, the patient can enter the post-THA state (shown in Figure 2.2 in green), 

immediately undergo revision THA, or die from surgical complications. Similar states are 

possible to enter from the second surgical state: revision THA (shown in orange in Figure 2.2). It 

is assumed there is a maximum of two revisions possible. Therefore, from the last surgical state, 

re-revision THA, the patient can only transition to post re-revision THA or death. Death is an 

absorbing state (shown in grey in Figure 2.2). 
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Figure 2.2: A simplified Markov chain for a patient undergoing THA. 

 

A simplified Markov chain is shown to demonstrate the pattern of the patient experience 

in Figure 2.2. The actual Markov chain (shown in Figure 2.3) is more complex but follows the 

same general pattern. The Markov chain is nonstationary; the probabilities of revision and 

natural death are time dependent. The notation is defined in Appendix A. If a revision does 

occur, the type of revision (or re-revision) is either septic (i.e., due to infection) or aseptic (i.e., 

non-infectious). Further, the risk of re-revision is dependent on the number of years between the 

primary and revision procedure (y), so the post-revision state is separated into states that spcify 

the indication for revision and the number of years after primary THA that the revision occurred; 

this results in 28 different states (defined as states 5, 6, …, 32 in Figure 2.3). The full Markov 

chain has 36 states. The remaining eight states are primary THA (state 1), post THA (state 2), 

septic revision (state 3), aseptic revision (state 4), septic re-revision (state 33), aseptic re-revision 

(state 34), post re-revision (state 35), and death (state 36); the states are explicitly detailed in 

Appendix B. Let the state of the model at time t by defined as Xt; Therefore X0 = 1 indicates that 

at time zero, the model is in the primary THA state. 
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Figure 2.3: Full Markov chain (showing septic and aseptic revision options and differentiated 

post-revision states) for a patient undergoing THA. 

 

The probability of transitioning from state i to state j for the tth year is defined as T(i,j),t. 

The matrix of transition probabilities, Tt, is used to determine the probability of transitioning to a 

given state for the tth year after primary THA. For example, T1 is the transition probability matrix 

describing the probability of spending the first year (from time zero to time one) in a given state. 

The probability of being in a state n years after primary THA is shown below in Equation 2.1 

(derived from the Chapman-Kolmogorov equations). 

 �̅�𝑛 = (((𝐓1 ∙ 𝐓2) ∙ 𝐓3) ∙ ⋯ ) ∙ 𝐓𝑛  2.1 

The probability of being in a state n years after primary THA can be derived from the 

row of matrix �̅�𝑛 corresponding to primary THA. 

2.3.2 Costs and Benefits of Total Hip Arthroplasty (THA) 

The costs associated with THA and subsequent care are calculated from the third-party 

payer’s perspective. The benefits of THA are measured by quantifying the patient quality of life 
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using a quality-adjusted life year (QALY). A QALY ranges from zero (death) to one (one year 

lived in perfect health). The expected QALYs earned by year t since primary THA (Qt) are 

calculated by taking the product of the first row (corresponding to primary THA) of the 

transition probability matrix after n steps (equivalent to t years) and the vector of corresponding 

QALY values (qn); this is shown in Equation 2.2. The expected cost by year t since primary THA 

(Ct) is determined in a similar manner using a vector corresponding to the costs in year n (cn), 

shown in Equation 2.3. 

 
𝐸[𝑄𝑡] = ∑ ∑ �̅�1,𝑗

𝑛  𝑞𝑗,𝑛

36

𝑗=1

𝑡

𝑛=1

 2.2 

 
𝐸[𝐶𝑡] = ∑ ∑ �̅�1,𝑗

𝑛  𝑐𝑗,𝑛
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𝑗=1

𝑡

𝑛=1

 2.3 

There is a cost for the primary surgery, which includes the cost of the implant and any 

preoperative planning. There is also an annual cost of post-operative treatment dependent on the 

patient’s QALY value; a lower QALY indicates a higher cost of treatment. Future costs and 

QALYs are discounted at a rate of 3.2% to reflect the time-value [80]. 

2.3.3 Customized Implant Improvements 

The use of customized implants is expected to increase the cost of pre-operative planning 

(due to patient imaging which is required to create a model of the customized prosthesis) and the 

cost of the implant itself relative to the use of standard implants. Customized implants are 

expected to have the following benefits relative to standard implants: 

1) improved post-operative outcomes realized by a reduced risk of readmission and an 

improved discharge disposition (i.e., reduced postacute care costs); 

2) a reduction in the risk of revision; and  

3) an increased QALY in the post-THA state. 

The improvements are compared to the standard of care, a standard THA, using an ICER 

defined in Equation 2.4. Let the subscript C denote a customized implant and the subscript S 

denote a standard implant. 

 
𝐼𝐶𝐸𝑅 =

E[𝐶𝐶
15] − 𝐸[𝐶𝑆

15]

E[𝑄𝐶
15] − 𝐸[𝑄𝑆

15]
 2.4 

The ICER is measured against the patient WTP. An ICER for the first improvement is not 

possible since the QALYs earned for the custom and standard implant will be equivalent; a direct 
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cost comparison is used for improvement one. The second improvement is evaluated including 

improvement one. The third improvement is evaluated including improvements one and two. 

ICERs are used for the second and third improvements. 

2.4 Model Data 

The 2020 NJR Annual Report (NJRAR) is used to construct patient characteristics as 

well as revision and mortality risks [12]. The NJR Centre is regarded as one of the largest, most 

complete joint replacement registries in the world. The NJR claims 95% compliance of public 

and private hospitals performing joint operations in England, Wales, Northern Ireland, the Isle of 

Man, and the States of Guernsey. The NJRAR data tables are stratified by implant and patient 

characteristics such as implant fixation method, patient age at the time of primary THA, and 

gender. The QALY value and costs associated with states of THA are derived from U.S.-based 

studies. 

2.4.1 State Transition Probabilities 

All state transition probabilities (T(i,j),t) are derived from one or multiple tables in the 

NJRAR [12]. The following subsections describes the source and manipulation of data. 

2.4.1.1 Probability of Revision Total Hip Arthroplasty 

The proportion of the patient population that has undergone revision by year t (i.e., the 

cumulative risk of revision at year t) after primary THA is stratified by the patient’s gender (g), 

the patient’s age at time of primary surgery (a), the implant’s fixation method (f), and the 

implant’s bearing surface material (b). The cumulative risks of revision are based on Kaplan-

Meier survival curves and are presented for one, three, five, 10, 13, and 15 years (where 

sufficient data is available) [12]. Estimates were not provided for patient groups that had less 

than 10 patients since reliable data could not be generated with the small population. There are 

three types of incomplete data that is handled in the following ways: 

1) The cumulative risk of revision is not presented for a patient with fixation method f, 

bearing surface material b, gender g, and age at time of primary a. 

Solution (if possible): The cumulative risk of revision is averaged over all bearing 

surface materials for the fixation method f, patient gender g, and patient age at time of 

primary a. 
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Solution (if previous solution fails): The cumulative risk of revision is averaged over 

all fixation methods and bearing surface materials for patient gender g and patient age 

a. This includes the unknown fixation category. 

2) The cumulative risk of revision is presented for a maximum of five years for patient 

with fixation method f, bearing surface material b, gender g, and age at time of 

primary a.  

Solution: The cumulative risk of revision is averaged over all bearing surface 

materials for the fixation method f, patient gender g, and patient age at time of 

primary a. 

3) The cumulative risk of revision is presented for years up to 10 or 13 for a patient with 

fixation method f, bearing surface material b, gender g, and age at time of primary a. 

Solution: The rate of revision at the last year presented is determined from the 

cumulative risk presented and used to predict the risk of revision for the remaining 

years. 

Linear interpolation is used to determine the cumulative risk of revision for years two, 

four, six, seven, eight, nine, 11, 12, and 14. The risk of revision for year t after primary THA is 

calculated by subtracting the cumulative risk of revision for year t – 1 from the cumulative risk 

of revision for year t. The notation for the risk (or probability) of revision in year t is P(y = t | a, 

g, f, b). 

An alternative method to calculate the risk of revision for year t is to convert the 

additional risk since the previously reported year to a rate; this rate is used to calculate the 

appropriate risk for each year of the time gap (conversion equations described in Appendix C). 

For example, the cumulative risk of year 10 less the cumulative risk reported in year five is 

converted to rate of revision. This rate is converted to a probability of risk for years six, seven, 

eight, nine, and 10. This method produces approximately the same risk of revision value as the 

previous method. 

The probability of transitioning to a revision state is partitioned into the risk of septic 

revision and the risk of aseptic revision. The probability of septic revision is determined by 

multiplying the probability of revision in year t by the probability that the revision is septic 

(which is conditional on the year t, fixation method f, and bearing surface material b). The 
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probability of aseptic revision is determined by multiplying the probability of revision by the 

probability that the revision is aseptic (which is one minus the probability the revision is septic). 

The NJRAR presents the rates of revision, or incidence rates, stratified by indication 

(cause) for revision defined as prosthesis time incidence rates (PTIRs) per 1,000 years of 

prosthesis life [12]. The PTIRs are further stratified in two ways: by fixation method and bearing 

surface material combinations (f & b) and the number of years since primary THA that the 

revision occurs (y). Since the risk of revision is known, the comparison of PTIRs is used to 

provide the probability distribution for the indications for revision. There are 12 indications for 

revision in the NJRAR however, they are simplified into either septic or aseptic. There are two 

sets of PTIRs presented which lead to the following two conditional probabilities: the probability 

of a revision indication given the fixation method f and bearing surface material b (e.g., P(Xy = 3 

| f, b)), and the probability of a revision indication given the revision occurs t years after primary 

THA, (e.g., P(Xt = 3 | y = t)). The integration of probabilities is described in Appendix C. The 

integrated probability of septic revision is given in Equation 2.5. The probabilities are 

normalized over all indication values. The probability of aseptic revision is calculated in a 

similar way. 

 
P(𝑋𝑡 = 3|𝑦 = 𝑡, 𝑓, 𝑏) =

P(𝑋𝑡 = 3|𝑦 = 𝑡) P(𝑋𝑦 = 3|𝑓, 𝑏)

P(𝑋𝑦 = 3)
 
P(𝑓, 𝑏) P(𝑦 = 𝑡)

P(𝑦 = 𝑡, 𝑓, 𝑏)
 2.5 

The patient age and gender are not presented for indications so conditioning the 

probability of the indication is superfluous. The state transition probability from primary THA 

and post-THA (states 1 and 2 respectively) are given by Equation 2.6. 

 𝑇(𝑘,3),𝑡 = P(𝑋𝑡 = 3, 𝑦 = 𝑡|𝑋𝑡−1 = 𝑘, 𝑎, 𝑔, 𝑓, 𝑏)

= P(𝑦 = 𝑡|𝑎, 𝑔, 𝑓, 𝑏) P(𝑋𝑡 = 3|𝑦 = 𝑡, 𝑎, 𝑔, 𝑓, 𝑏)

= P(𝑦 = 𝑡|𝑎, 𝑔, 𝑓, 𝑏) P(𝑋𝑡 = 3|𝑦 = 𝑡, 𝑓, 𝑏) 

2.6 

2.4.1.2 Risk of Re-Revision Total Hip Arthroplasty 

In this model, it is assumed there is a maximum of two revisions possible. The NJRAR 

provides the cumulative risk of re-revision given the number of years between primary surgery 

and the first revision for each year following the first revision up to 10 years (e.g., P(x = t – y | 

y)). The NJRAR also lists the cumulative risk of re-revision for a given fixation method and 

bearing surface material combination (of the primary implant) for each year following the first 

revision up to 10 years (e.g., P(x = t – y | f, b)). The cumulative risk of re-revision is reported for 
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years one, three, five, seven, and 10. The rate of re-revision at year 10 is found (based on the 

probability of revision between years seven and 10) and the risk of re-revision is determined up 

to year 14 (to cover the 15-year time horizon since the earliest revision is at year one). Linear 

interpolation is used to estimate the cumulative risk of revision for the unreported years (two, 

four, six, eight, and nine) and the additional years (11 through 13). The annual risk of re-revision 

is calculated by subtracting the previous year’s cumulative risk of re-revision for the given year’s 

cumulative risk of re-revision. 

Using the annual risk of re-revision, the integrated probability is calculated given the 

primary implant fixation method f and bearing surface material b, the first revision occurred y 

years after the primary operation, and the current year t is x years since the first revision (i.e., x = 

t – y). The derivation is shown in Equation 2.7. The risk of re-revision (Equation 2.8) is 

normalized with the probability there is not a second revision operation in that year (x ≠ t – y); 

the summation of the two probabilities is set equal to unity to normalize the risk of re-revision. 

 
P(𝑥 = 𝑡 − 𝑦|𝑦, 𝑓, 𝑏) =

P(𝑥 = 𝑡 − 𝑦|𝑦) P(𝑥 = 𝑡 − 𝑦|𝑓, 𝑏)

P(𝑥 = 𝑡 − 𝑦)
 
P(𝑦) P(𝑓, 𝑏)

P(𝑦, 𝑓, 𝑏)
 2.7 

 P(𝑥 ≠ 𝑡 − 𝑦|𝑦, 𝑓, 𝑏)

=
(1 − P(𝑥 = 𝑡 − 𝑦|𝑦))(1 − P(𝑥 = 𝑡 − 𝑦|𝑓, 𝑏))

1 − P(𝑥 = 𝑡 − 𝑦)
 
P(𝑦) P(𝑓, 𝑏)

P(𝑦, 𝑓, 𝑏)
 

2.8 

The risk of re-revision also integrated with the indication for the first revision (either Xy = 

3 for septic revision, or Xy = 4 for aseptic revision). The NJRAR presents linked first revisions 

and re-revisions by indication; it is assumed that this linkage occurs over the time horizon (h) of 

15 years (e.g., P(x ≤ h – y | Xy = 3)). The integrated probability of re-revision (Equation 2.9) is 

normalized with the probability of no revision (Equation 2.10). 

 
P(𝑥 = 𝑡 − 𝑦|𝑋𝑦 = 3, 𝑦, 𝑓, 𝑏) =

P(𝑥 = 𝑡 − 𝑦|𝑦, 𝑓, 𝑏) P(𝑋𝑦 = 3|𝑥 = 𝑡 − 𝑦, 𝑦, 𝑓, 𝑏)

P(𝑋𝑦 = 3|𝑦, 𝑓, 𝑏)

=
P(𝑥 = 𝑡 − 𝑦|𝑦, 𝑓, 𝑏) P(𝑋𝑦 = 3|𝑥 ≤ 𝑡 − 𝑦)

P(𝑋𝑦 = 3)

=
P(𝑥 = 𝑡 − 𝑦|𝑦, 𝑓, 𝑏) P(𝑥 ≤ 𝑡 − 𝑦|𝑋𝑦 = 3)

P(𝑥 ≤ 𝑡 − 𝑦)
 

2.9 

 P(𝑥 ≠ 𝑡 − 𝑦|𝑋𝑦 = 3, 𝑦, 𝑓, 𝑏)

=
(1 − P(𝑥 = 𝑡 − 𝑦|𝑦, 𝑓, 𝑏)) (1 − P(𝑥 ≤ 𝑡 − 𝑦|𝑋𝑦 = 3))

1 − P(𝑥 ≤ 𝑡 − 𝑦)
 

2.10 
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The probability of a septic or aseptic re-revision is determined in a similar manner to the 

risk of septic vs. aseptic revision: the probability of re-revision (normalized Equation 2.9) is 

separated into septic (or aseptic) based on the probability of that re-revision type. Septic re-

revisions account for approximately 25% of all re-revisions in the NJRAR. However, it is known 

that there is a time-dependent trend in the risk of septic revision. Most septic revision 

replacements occur in the first two years after surgery [18]. The time-dependency is not 

presented for re-revisions in the NJRAR, so it is assumed that the time-dependent trend for septic 

re-revisions follows the trend of septic revisions. The trend of septic revisions is tracked by year 

after primary surgery. The proportion of all septic revisions that occur are distributed by year 

(i.e., P(y = t | Xt = 3) which is assumed to be equivalent to P(y | x = t – y, Xt = 33). The same is 

done for aseptic revisions. Therefore the probability a re-revision is septic, P(Xt = 33 | x = t – y, 

y) is calculated using Equation 2.11. 

 
P(𝑋𝑡 = 33|𝑥 = 𝑡 − 𝑦, 𝑦) =

P(𝑦|𝑥 = 𝑡 − 𝑦, 𝑋𝑡 = 33) P(𝑋𝑡 = 33|𝑥 = 𝑡 − 𝑦)

𝑃(𝑦|𝑥 = 𝑡 − 𝑦)
 2.11 

2.4.1.3 Risk of Death 

The NJRAR provides a risk of mortality based on gender, age at the time of primary 

THA, and years since primary THA. The risk does not consider the effect of a revision operation. 

The cause of mortality is also not considered. The cumulative risk of mortality is reported for 30 

days, 90 days, one year, five years, 10 years, and 15 years. The risk of mortality within 30 days 

defines the risk of surgical mortality for a patient with gender g and age a at time of primary. The 

cumulative risk at 90 days is not used. Linear interpolation is used to find the cumulative risk of 

mortality for the omitted years. The probability of death in year t after primary surgery is 

determined by subtracting the cumulative risk of mortality for year t – 1 from the cumulative risk 

of mortality for year t. 

For the primary surgery, the risk of death is set to the risk of surgical death. For all 

revision and re-revision states, the risk of death equates to the risk of surgical death plus the risk 

of natural death in that year. For non-surgical states, the risk of death is as defined above. 

2.4.1.4 Healthy State Transitions 

The transition to post-THA (state 2), post-revision (states 5 – 32), and post-re-revision 

(state 35) is calculated as one less the probability of revision, surgical death, and natural death 

from surgical states. The probability of remaining in the healthy state is one less the probability 

of revision and natural death. 
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2.4.2 Patient Quality Adjusted Life-Year (QALY) by Model State 

The QALYs earned by spending a year in a given state is also time dependent. Table 2.1 

below defines the average and standard deviation for QALYs earned in each state. The QALYs 

earned in the ‘Post-THA’ depend on the fixation method (resurfacing vs. not-resurfacing).  

 

Table 2.1: QALY values earned annually by state. 

State Time Mean 

Standard 

deviation Source 

Post THA (resurfacing) t ≤ 3 0.82 0.12 

Konopka et al. [79] 

t > 3 0.84 0.12 

Post THA (not resurfacing) t ≤ 3 0.79 0.13 

t > 3 0.81 0.13 

Septic Revision all t 0.64 0.03 

Aseptic Revision all t 0.60 0.12 

Post Septic Revision t ≤ 3 0.69 0.05 

t > 3 0.62 0.05 

Post Aseptic Revision t ≤ 3 0.72 0.14 

t > 3 0.74 0.15 

Septic Re-revision all t 0.54 0.03 

Author’s estimation Aseptic Re-revision all t 0.50 0.12 

Post Re-revision all t 0.59 0.11 

Death all t 0 - QALY definition  

 

As patient age increases, it is assumed the average QALY decreases. To model this, 

patients at age 18 (the minimum age) assume the value of the mean QALY plus one standard 

deviation. Patients at age 99 (the maximum age) assume the value of the mean QALY less one 

standard deviation. Between these two values, there is a linear correlation between age and 

QALY earned in each state. Patient “age” refers to the patient’s age at the time of primary THA. 

The mean, standard deviation, time and fixation dependency, and source of the QALY earned 

annually by state is shown in Table 2.1. QALY values after re-revision consistent with the 

derivation of QALYs from Konopka et al. [79] (i.e., QALYs derived from the short form – six 

dimension, or SF-6D as opposed to other health surveys) are not available. The septic re-revision 

and aseptic re-revision QALY values were calculated as their revision counterpart less 0.10 (as 

an estimate); the corresponding standard deviation was assumed. The post re-revision state was 

estimated by averaging QALY values in post-revision states (both septic and aseptic) less 0.10. 

The standard deviation was determined by taking the square root of the average variance among 
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all four post-revision states (where variance refers to the square of the standard deviation. The 

QALY associated with death is zero, which comes from the definition of a QALY. 

Future QALYs are discounted at a rate of 3.2% [80] to reflect the time-value of future 

quality of life (similar to the concept of the time-value of money). The patient WTP per QALY is 

$62,000 [80]. 

2.4.3 Costs Incurred by Model State 

The costs associated with primary THA incurred by each patient consist of the procedural 

cost, the cost of discharge services, and the expected cost of readmission. The discharge location 

is likely correlated to patient age however, that information is unavailable, so all patients assume 

the same probability distribution. The probability of readmission after primary THA is dependent 

on the patient age. For septic and aseptic revision, the cost of one year of care (including the 

procedure and postacute care) is defined. The cost of re-revision assumes the cost of revision 

because better estimates are not available (although this is likely a conservative estimate). All 

costs used in the model are summarized in Table 2.2. 

 

Table 2.2: Costs associated with procedure states. 

Event Cost* Probability Source 

Primary THA Procedure $36,107.15 1 

Nichols & Vose 

[20] 

Primary THA 
Discharge to home 

under self-care 
$1,817.20 0.431 

Primary THA 
Discharge to home 

with health services 
$3,041.17 0.419 

Primary THA 
Discharge to skilled 

nursing facility 
$7,076.52 0.150 

Primary THA Readmission $13,864.64 

≤ 55 0.109 Cost: Nichols & 

Vose [20] 

Risk: Clement et 

al. [90] 

55 – 65 0.122 

66 – 75 0.150 

≥ 75 0.236 

Septic Revision 

(& Re-revision) 
One year of care $119,253.64 1 if state entered 

Koenig et al. [88] 
Aseptic Revision 

(& Re-revision) 
One year of care $71,157.67 1 if state entered 

*Costs inflated to 2019 U.S. dollars (USD) using the Consumer price index for medical care 

 

Primary THA is the only procedure considered to the level of detail to include the 

discharge status and probability of readmission. The short-term result of primary THA is 
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important because third-party payers such as the Center for Medicare and Medicaid Services 

(CMS) pay a lump sum for a 90-day episode to motivate medical facilities to provide high 

quality care (i.e., minimize the rate of complications and readmissions) at a low cost [27]; the 

medical facility profits if the cost of services provided is less than the reimbursable payment. The 

focus of this research is on the benefits that all patients can have from customization of primary 

THA; while there are certainly benefits of customized revision prostheses [89], these are not the 

focus of this chapter. 

For non-procedure states, the patients likely have check-ups, physical therapy, and other 

rehabilitation costs. The annual cost of care following successful THA is estimated at $15,223.79 

(inflated to 2019 U.S. dollars – USD) [88]. To estimate the cost of different post-procedure states 

(e.g., post septic revision), a linear relationship between QALY and cost of follow-up is 

assumed. For a QALY of one, the cost of medical services is $0 (because a QALY of one 

correlates to perfect health). The cost post-THA of $15,223.79 is assumed to reflect a QALY of 

0.79 (the QALY of post-THA for non-resurfacing implant in the first three years after primary 

THA). The cost of each non-revision state is determined using this linear correlation. Dollars are 

discounted at the same rate as QALYS, 3.2% [80]; this is consistent with previous studies [87] 

[88]. 

2.4.4 Customization Change 

Data supporting the improvements of customized THA prostheses is unavailable. 

Assumptions are made to define the possible expected benefits in order to evaluate cost-

effectiveness requirements of a customized implant. First, the customized implant increases the 

cost associated with primary THA via patient imaging and the customized implant cost itself. 

The national average cost of a CT scan of the hip is $1,150 [91]. A customized knee implant is 

estimated to cost 25% more than its standard counterpart [48]. It is assumed that customized hip 

implants have a similar relationship to standard hip prostheses and that a standard implant cost is 

$12,000. Therefore, the cost increase of a custom implant is $3,000. There are potential savings 

from the reduction of surgical trays and procedure time; the procedure time is difficult to 

estimate without clinical evidence however, the cost savings by the reduction of surgical trays is 

estimated at $600 [51]. The cost of primary THA with a customized implant is $3,550 more than 

primary THA with a standard implant. 

The benefits of customization are realized as the following: 
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1) improved post-operative outcomes: increased probability of discharge to home under 

self-care (+0.05), decreased probability of discharge to skilled nursing facility (-0.05), 

and a 10% decrease in the risk of readmission; 

2) reduction in the risk of revision: all risk of revision is reduced by 5% (i.e., the risk of 

revision with a customized implant is 95% of the risk with a standard implant; and 

3) increased QALY in the post-THA state: annual QALY earned in the post-THA state 

is increased by 0.01. 

The probability of patient discharge location is changed by 0.05 for all categories, 

increasing the probability of discharge location of the two lower cost options (home under self-

care and home with home health services) and decreasing the probability of discharge location of 

the two higher cost options (home with home health services and skilled nursing facility). This 

leads to a net zero change in the probability of discharge to home with home health services. 

2.5 Results 

An ICER is not calculated for the post-operative outcome improvements because there is 

not an expected QALY gain, only the direct costs of the episode of care (approximately 90 days) 

are evaluated. All patient combinations had a net increase in cost with customization. Given the 

defined improvements in the probability in discharge location (), the minimum reduction in 

readmission risk () to achieve a net zero cost difference (i.e., a breakeven cost increase) is 

shown in Table 2.3. The breakeven cost is the cost increase of the implant and pre-operative 

planning associated with customization that is offset by the cost savings of reduced risk. 

 

Table 2.3: Minimum reduction in readmission risk () as a function of the probability change of 

discharge location () to achieve net zero cost difference. 

Patient age 

Reduced risk of readmission () 

 = 0.01  = 0.05  = 0.10  = 0.15 

≤ 55 231.4% 217.5% 200.1% 182.7% 

55 – 65  206.8% 194.3% 178.8% 163.2% 

65 – 75  168.2% 158.1% 145.4% 132.8% 

≥ 75 106.9% 100.5% 92.4% 84.4% 

 

With a cost increase of $3,550, there must be significant reductions in the risk of 

readmission and changes in the probability of discharge location to achieve a breakeven cost for 
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customized implants. This is only viewed within the context of the 90-day episode of care and 

without considering reduction in revision risk and improvements to quality of life. 

The ICER summary statistics for all 4,264 patient characteristics combinations are 

presented in Table 2.4. Let ICER2 represent the ICERs for improvement two – the reduction of 

revision risk by 5%. Similarly, let ICER3 represent the ICERs for improvement three – the 

improved QALY in the post-THA state. The expected costs and benefits of the customized 

implant is compared to the standard implant. If the ICER is less than the patient’s WTP per 

QALY, then the customized implant is deemed cost-effective. 

 

Table 2.4: ICERs for customized implants relative to standard implants. 

Statistics ICER2 ICER3 

Minimum $12,115 -$56,178 

Median $810,390 -$46,360 

Maximum $3,895,000 -$31,520 

Interquartile range $911,720 $7,428 

Mean $1,017,700 -$43,625 

Standard deviation $718,380 $5,790 

No. ≤ $62,000 37 4,264 

No. ≤ $100,000 74 4,264 

 

When considering the QALYs gained in the post-THA (ICER3), a customized implant is 

a cost-effective treatment for all patient characteristic combinations. ICER3 is negative for all 

patient characteristic combinations meaning it is cost-effective because it is less costly to use a 

customized implant over the time horizon. ICER3 includes the increased QALYs in the post-

THA state and the reduced risk of revision. The increased QALY value also reduces the cost of 

postacute care because the cost is directly correlated to patient quality of life. 

Only a 5% reduction in the risk of revision is included in the ICER2. When considering a 

WTP value of $62,000, only female patients less than age 55 and reverse hybrid fixation method 

(with the ‘Other’ bearing surface category) at the time of primary surgery have an ICER2 less 

than the WTP. This patient group had the highest risk of revision reported in the NJRAR (a 

cumulative risk of revision of 43.29% at 10 years). WTP values are often varied between 

$50,000 and $100,000 for sensitivity analyses. Using a WTP value of $100,000 (the last row in 

Table 2.4), there are 74 patient characteristic combinations that demonstrate cost-effectiveness of 

a customized implant. The additional 37 combinations are also young (less than 55 years of age) 
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females; the reference implant characteristics are uncemented fixation method and metal-on-

metal bearing surface material. It is known that metal-on-metal bearing surfaces has a higher risk 

of revision when compared to other bearing surface materials. The cumulative risk of revision 

for young females with these implant characteristics is approximately 24% by year 15. There are 

several other patient characteristic combinations (most of which also have metal-on-metal 

bearing surfaces) with higher cumulative risks of revision at 15 years. Young females, however, 

have the lowest risk of mortality of primary THA which translates to a maximized realization of 

the benefits of customization. All patients with high ICER2 values have ages greater than 70 

indicating that age is a significant factor in the realization of benefits of customized THA. 

2.6 Conclusions 

The purpose of this chapter is to investigate the cost-effectiveness requirements for a 

customized THA implant given a defined set of expected benefits. The cost-effectiveness is 

dependent on the patient and reference implant characteristics. Young (less than 55 years of age), 

female patients are good candidates for customization due to their higher risk of revision 

(relative to older patients) and their longer expected lifespan (relative to males). Generally, age 

seems to be a significant factor for the realization of benefits of a customized implant. Further, 

reference implants with metal-on-metal bearing surfaces are good candidates for replacement. It 

is unlikely for customized implants to see a net zero cost difference for the 90-day episode of 

care for patients with a low risk of readmission. The cost increase of customization would have 

to be low to be offset with reductions in operation equipment and post-operative patient risk. 

The results of this chapter are limited in that the expected additional cost due to 

customization and expected benefits are estimated and do not result from clinical data. The data 

related to the use of customized TKA prostheses is presented in the literature however, the 

studies are small and at present, there are not definitive results for the entire patient population. 

Customized hip prostheses are available on the market (Conformis Inc, Burlington, MA), but the 

clinical results are not published and the number of patients is unknown. Further, the utility of 

the joint registries, such as the NJR, is the large patient population from which to derive 

statistics. A customized implant database with comparable data will take decades to develop.  

Future work should include a thorough sensitivity analysis of the input parameters in the 

model due to the estimated nature of the key components of the cost-effectiveness analysis (e.g., 

additional cost, additional QALYs, etc.). The model itself can be further improved by connecting 
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patient characteristics such as age and severity of illness to the probability of discharge location 

and the risk of readmissions. The cost of the THA procedure will increase if complications arise 

during the operation, a component not included in this cost derivation. The model can also be 

improved by including more patient characteristics such as the severity of illness, comorbidity 

status, and activity level. These factors were not included in this model because of the lack of 

access to patient outcome measures (such as risk of revision or quality of life) correlated to these 

values. Patient factors that further measure the quality of life pre- and post-operatively would 

improve the strength of results and recommendations from the model. This model is limited by 

the availability of the input data. 

In addition, this model is limited by the 15-year time horizon. The data available in the 

NJRAR only extends to year 15; a complete model from a patient/physician perspective would 

consider the patients entire lifespan. This model uses a limited time horizon even though the 

risks at 15 years could be assumed for all remaining years of life because the risk of revision 

likely increases with age. The incidence of revision plotted over time is approximately bimodal 

with the first spike in incidence within the first five years of the implant lifespan and the second 

spike around the 20-year mark. The second spike is not captured in joint registries with limited 

time horizons. Another consideration from the medical device manufacturer perspective is to 

establish cost-effectiveness over a shorter time horizon, such as four or five years; most third-

party payers consider a short time horizon for reimbursement policies. 

The use of customized implants should demonstrate significant post-operative benefits, 

improved post-operative quality of life, and a reduced risk of revision to achieve cost-

effectiveness compared to the current standard of care, a standard-sized THA implant. 
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CHAPTER 3: METALLIC IMPLANT SELECTION FOR DIRECT FABRICATION 

WITH ADDITIVE MANUFACTURING 

Abstract 

The use of additive manufacturing to support medical device manufacturing is increasing. 

Additive manufacturing opens the possibilities for economically feasible customized and 

redesigned orthopedic implants. This chapter characterizes the considerations for implant 

selection for direct fabrication with additive manufacturing. Selection criteria is grouped in two 

categories: implant characteristics which represent the manufacturing considerations and patient 

population characteristics to evaluate the consumer demand for the implant. The considerations 

are constructed in a stage-gate decision process to evaluate additional costs of implants in a 

production setting. The decision framework is illustrated with a case study on total hip 

arthroplasty prostheses produced using electron beam melting technology. 

3.1 Introduction 

Part selection for additive manufacturing (AM) production is a focus with an industrial 

emphasis, but there is a gap in the research relating to the specific medical constraints. The high-

quality expectations and lack of expertise make adoption of AM difficult for medical device 

manufacturing. AM allows the opportunity for orthopedic implants to be uniquely customized to 

fit the patient; the projected benefits of customized medical implants are significant. Unlike 

traditional methods, AM allows both custom and made-to-stock implants to be produced without 

increasing the manufacturing equipment required. Not all orthopedic implants are good 

candidates to be produced with AM because of the nature of the production method, material 

properties, and new limitations introduced by the technology. In addition, not all custom, 3D 

printed orthopedic applications will meet the medical requirements for timing and urgency. 

Medical device manufacturers have a complex decision in debating the addition or transition to 

AM for production.  

This chapter provides decision criteria to identify metallic orthopedic implants that can be 

feasibly and directly fabricated with AM to meet patient needs. The objective of the selection 

process is to define a production portfolio of implant designs that are good candidates for AM to 

aid medical device manufacturers in expansion or replacement production analysis. The selection 

process is illustrated with a case study of total hip arthroplasty (THA) prostheses fabricated with 

electron beam melting (EBM) technology. The novelty of this selection framework is the 
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inclusion of medical considerations with manufacturing constraints and the ease of use for users 

with basic AM knowledge. 

3.2 Background 

The process of direct fabrication of orthopedic implants with AM, particularly that of 

custom and made-to-stock is outlined below to provide a foundation for the manufacturing 

context. This is followed by a review of part selection literature, a description of the gap in the 

literature, and the contribution of this work. 

3.2.1 Production of Orthopedic Implants with Additive Manufacturing (AM) 

Most orthopedic implants are produced in standard sizes and geometries. Traditional 

manufacturing (TM) methods require specific tooling for each implant in the standard stock. 

These methods (including forging and machining from stock) do not allow for economically 

feasible customization. AM production allows for freedom in design change at essentially no 

additional fabrication cost, a benefit that opens possibilities for redesign of any orthopedic 

implant. To leverage the benefits of AM, the part as well as its interfaces and functionalities 

should be considered in the implant design rather than looking at the part the way it is currently 

manufactured [54]. Part redesign may include suppression of assemblies and usage of AM 

geometries (e.g., replacing a solid, block portion with a lattice structure). The opportunity for 

implant redesign without the limitations of TM methods can lead to better anatomic fit and 

improved patient outcomes [51]. AM provides an alternative production method for the 

fabrication of both custom and made-to-stock implants with the same equipment. Possible 

technologies for direct fabrication of orthopedic implants include powder bed fusion (PBF), 

directed energy deposition (DED), laser engineered net shaping (LENS), and binder jetting, 

though the current state of these technologies present their own challenges. 

Though there are not set regulations presently, the FDA has produced guidelines for 

implants produced with AM [74]. Gaining FDA clearance to market requires the definition of a 

design envelope, meaning the exact dimensions are not prescribed but the range of the 

dimensions is predetermined. Orthopedic implants are considered class II or class III implants by 

the FDA, which can dictate the necessary steps to obtain market approval. For devices classified 

as class III, the implant design is developed and preliminary prototypes are created. This 

preclinical stage consists of iterations of redesign-build-test with bench and animal testing and 

typically takes several years. Due to the extensive regulations in the U.S., initial clinical device 
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testing is mostly done outside of the U.S. [73]. All phases of clinical testing results are provided 

to the FDA for approval of the premarket application (PMA), which is necessary for most class 

III devices to be legally marketed. In the class II category, orthopedic implants would require an 

approved 510(k) submission to be legally marketed. In the 510(k) submission, bench and animal 

testing would most likely be necessary with the possible addition of clinical data depending on 

the exact implant design. 

Customized implants are a pull-process (i.e., made-to-order); implant production begins 

with a physician prescription for a customized device. The first step toward fabrication is 

generating the implant design computer-aided design (CAD) model based on patient imaging 

(e.g., a computed tomography – CT, scan). The implant CAD model can be individually 

constructed or a parametric model can be used. In a parametric model, a select number of data 

points are marked on patient imaging and their location is processed through a program that can 

determine the specific geometry of the patient’s implant within a design envelope. The implant 

CAD model would undergo further analysis to ensure mechanical stability and AM feasibility. 

For any implants that are made-to-stock, there is a prescribed implant design (i.e., a set geometry 

and dimensions), so modeling is not required for production. The process flow diagram for AM 

production of made-to-stock (standard-size) and made-to-order (customized) orthopedic implants 

is shown in Figure 3.1. 

Made-to-stock implants are a push-process; production is initiated with an inventory 

signal. Implants will likely be printed in batches, depending on device and machine 

characteristics. Both types of implants are fabricated on the same machine but based on current 

practices, it is likely that only one implant type will be printed per batch. After fabrication, the 

implants are processed and finished, which includes some method of excess particle removal, 

adjustment of surface finish as needed, and any heat treatments deemed necessary. After post-

processing, the implants are subjected to quality control measures, sterilization, and packaging. 

The made-to-stock implants are held in inventory while the custom implants are individually 

packaged and shipped to the medical facility for implantation. 

 



 

56 

 

 
Figure 3.1: Process flow diagram for AM production of orthopedic implants. 

 

3.2.2 Additive Manufacturing (AM) Selection in the Literature 

AM selection addresses the selection of the specific AM technology, the selection of 

parts for AM production, and the selection of part designs. The selection of parts can differ from 

the part design selection; in other words, a part may be selected for AM production prior to a 

redesign process. Gibson, Stucker, and Rosen wrote a textbook often referenced for an overview 

of AM [7]. The book has a chapter which details guidelines for AM process selection based on 

the part design and material. There is another chapter that addresses the core design for additive 

manufacturing concepts and objectives, highlighting the unique capabilities of AM: shape 

complexity, hierarchical complexity, functional complexity, and material complexity [7]. The 

specific medical motivations for AM selection are not addressed. 

Gokuldoss et al. provides considerations for selecting the appropriate AM technology 

among binder jetting, selective laser melting (SLM), and EBM given a part with specified 

material properties [82]. The authors define and discuss seven criteria to consider: “the type of 

material to be processed, the technology availability, the properties and service requirements of 

the parts, the application of the parts, the post-processing requirements, the surface quality of the 

parts, and the accuracy of the parts” [82]. However, the design selection was outside the scope of 
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this article. Further, the article discusses these criteria and provides examples, but does not 

define metrics with which to evaluate suitability. 

Wang et al. presents a framework for AM process selection specifically considering the 

judgement of feasibility and suitability [92]. This article focused on the design of the decision 

support system itself rather than the specific considerations for the types of AM technology, an 

interesting detail not addressed in other literature on AM process selection. 

Bikas et al. present a framework to assist users with basic AM knowledge in the uptake 

of AM [93]. The framework presented metrics to decide if AM should be considered, if 

production with AM is possible, and developing the production process (including additive and 

subtractive measures) to produce the part. The framework does not specifically address the 

considerations of medical implant production. 

Lindemann et al. present a methodology for part selection using a trade-off matrix and an 

approach for the redesign of selected parts [54]. The tradeoff matrix evaluates all potential parts 

in a two-segment process. The first segment is the preliminary selection with criteria that rates 

size, complexity, potential for redesign, applicability of AM material, post-processing, and 

potential benefits of AM (i.e., reduced production lead time and reduced material consumption). 

The top three scored parts from the preliminary selection are considered in the final tradeoff 

segment. The second segment takes a more detailed perspective on possible material change, 

material consumption, production lead time, and the economic impact of AM production. The 

second segment compares AM production to milling for these categories. One strength of this 

methodology is that it allows firms with only basic AM knowledge to screen existing parts for 

AM production. The selection methodology aims to present an effective evaluation with limited 

knowledge; however, the methodology is designed for general part selection and does not 

consider medical constraints. 

Bai et al. focuses on the material selection, topology design, and surface modifications of 

orthopedic implants produced with AM [57]. This article covers an in-depth discussion on the 

material selection considerations and comments on AM technology selection. Further, there is a 

detailed presentation on the structural design of the implant, specifically addressing the pore size 

and lattice structure of the implant as well as surface modifications. Due to the exceptional detail 

in this work, extensive knowledge is needed to apply these considerations. Further, the article 

discusses the considerations but does not present selection metrics for decision making. 
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Medina describes a model for medical device development incorporating regulations 

[61]. The design framework does not specifically address the limitations of AM however, it was 

referenced due to its novelty in the incorporation of regulations in the design development. 

3.2.3 Contribution 

The decision to utilize AM for orthopedic implant production is complex and is 

dependent on the production portfolio considered. The selection framework detailed in this 

chapter provides considerations to develop a production portfolio composed of good candidates 

for AM production. The selection process is intended to aid in the definition of AM as an 

alternative to TM by recommending implant designs that are likely to be profitable. Typically, 

firms that transition some or all of their production methods to AM begin with a small number of 

sample parts from their portfolio [54]. The selection process in this chapter also aids in the 

identification of cost-efficient sample parts to initiate AM production. 

The gap in the literature exists in the selection of implant designs considering not only 

the potential manufacturing benefits of AM but also the patient demand for improved solutions. 

This work fills the gap of selection design concepts that may benefit from AM production. 

Further, this chapter is intended to support firms with basic AM knowledge by reducing the 

complexity of the decision framework and identifying nuances of AM. The actual implant design 

guidelines and AM process selection are addressed in existing literature and outside the scope of 

this work. 

3.3 Methodology 

The medical device manufacturing market has a high barrier to entry due to significant 

learning curves, infrastructure, and high investment costs such as obtaining market approval, 

machinery, and litigation. The high barrier to entry presents significant challenges for a firm 

attempting to enter the market therefore, the selection process is developed from the perspective 

of existing medical device manufacturer. The term firm and medical device manufacturer are 

used hereafter interchangeably.  

The selection process is designed to support firms in the decision to supplement or 

transition to AM from TM for orthopedic implant production by identifying implant designs that 

are good candidates for AM production. This framework is presented as a series of criteria where 

a metric is proposed to evaluate each criterion. The underlying approach of this process is to 

analyze each implant design independent of costs shared with other designs to identify implants 
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that are autonomously good candidates for AM production. The framework is flexible in that it 

allows for a cursory or detailed decision analysis, at the discretion of the user. Given an implant 

design and production method, the framework defines criteria to answer the following questions: 

1) Can the implant design be produced with the AM technology? 

2) Is it economically advantageous to produce the implant with AM compared to TM? 

3) Does the current patient population present a sufficient need for the implant design? 

The third question specifically seeks to translate potential benefits of the patient 

population into motivation for the firm to adopt AM. The three questions form the basis for a 

three-phase selection process. This research focuses on the production of the metallic portion of 

the orthopedic implants; there are often ceramic or polyethylene components that contribute to 

the function of these implant families, but they are not considered here. Additionally, the 

production of supporting instrumentation is not included in this determination but would need to 

be produced to match the implant design. 

Implant designs under evaluation are categorized in three ways: a standard implant – a 

made-to-stock implant design that is substantially equivalent to an implant currently on the 

market; a redesigned implant – a made-to-stock implant design that is created for AM 

production; or a customized implant – an anticipated implant design envelope for made-to-order 

implants designed from patient imaging. Each proposed implant design for production using AM 

is denoted with the subscript j and has an associated set of existing product(s) in the firm’s 

portfolio that the implant design j would replace or supplement. The set of existing product(s), or 

defending set, is referred to as (j). All variables are defined in Appendix D. The subscript j is 

used to denote parameters that are specific to AM production, the subscript k is used to denote 

parameters that are specific to TM production, and the subscript n is used to denote parameters 

that include AM and TM production (i.e., implants j and k). 

3.3.1 Selection Phase I: Additive Manufacturing (AM) Feasibility 

Phase I of the selection process identifies if the given implant can be produced with the 

selected AM technology. Table 3.1 describes the two key components of phase I, size and 

material applicability. 
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Table 3.1: Phase I selection criteria, decisions, outcomes, and parameters developed. 

Criteria Decision Outcome Parameters Developed 

Meet size 

requirements? 

dim(j) < dim(build chamber) → Batch size, bj 

 j continues to material applicability Annual demand, Dj 

Applicable 

material? 

j meets material standards → Production process, Tj 

 j continues to Phase II Production cycle time, j 

 

3.3.1.1 Size Requirements 

The first category of consideration is the size of the implant, categorized in three ways: 

dimensional size, batch size, and annual production size (volume). First, the implant dimensions 

are identified: made-to-stock implants have a defined set of sizes while the made-to-order 

implants have a predefined design envelope. If the dimensions of the implant design exceed the 

dimensions of the build chamber, then it is not feasible to print with the selected AM technology. 

In the instance where smaller sizes fit within the build chamber but larger sizes do not, the 

manufacturer should weight the possibilities of limiting sizes available or eliminating the 

possibility of AM production of the design.  

If the implant segment fits within the dimensions of the AM build chamber, then the firm 

needs to estimate the batch size (bj). In the simplest form, an AM packing algorithm can be used 

to estimate the number of implants that fit within the build chamber. In a more thorough analysis, 

there are commercial software programs that simulate AM builds to determine build success of a 

batch size and orientation. Densely packed batches increase the likelihood of melting in lower 

layers, which may cause the build to fail. Large batch sizes may lead to a longer print time, 

increasing the machine operation cost [7]. Small batch sizes will have a higher implant unit cost 

due to the setup costs associated with a fabrication cycle. 

The third size requirement is the forecast of the annual production quantity of each 

implant design j, referred to as Dj. The expected demand of one implant design may be related to 

the production of different designs of the same or similar type of implant. The distribution of 

expected demand may come from market analysis, physician surveys, or academic research 

projections to define the need of a given type of implant. 

3.3.1.2 Material Applicability 

The second category of consideration is the applicability of AM material available. First, 

is there AM material available to produce this implant? The second question is more complex: is 

the available material applicable to medical device production and what secondary processes 
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does the material need to undergo to meet material standards? In other words, the printed and 

treated device must meet the material standards such as modulus, strength, fatigue, surface 

finish, and biocompatibility [74]. Material printed using AM may require processing and 

finishing after fabrication to achieve the desired characteristics. The post-processing 

requirements may include thermal treatments, grinding, polishing, and machining. Different 

post-processing tasks can improve the surface finish, strength, reduce residual stress, etc.; 

however, each additional task can increase the cost of production. Further, the post-processing 

(including any cleaning and sterilization) cannot compromise the integrity of the implant.  

A key factor in the determination of a post-processing procedure is whether the implant 

has bone ingrowth surfaces. Conventionally manufactured implants with bone ingrowth surfaces 

undergo a costly process to create those surfaces. With some types of AM, the bone ingrowth 

area can be manufactured directly on the implant, but any smooth surfaces may require machine 

polishing. Thermal treatments (such as hot isostatic pressing) may be necessary to reduce 

residual stress, increase strength, and improve the balance between ductility and implant stiffness 

for AM medical devices [94]. If a thermal treatment is necessary, the process must be included in 

the production analysis, either in-house or contracted to a facility that handles medical devices. 

In this category, the set of production tasks to manufacture implant n (Tn) is outlined for 

both the proposed AM implant design and its TM counterpart(s). Remember the subscript n is 

used to denote parameters that apply to proposed AM implant designs and TM implants currently 

in the manufacturers production portfolio. The processing time for each production task t (t,n) 

must also be estimated. The total production cycle time for implant n (n) is calculated using 

Equation 3.1, which is the sum of the processing times of all the tasks. 

 Λ𝑛 = ∑ 𝜆𝑡,𝑛

𝑡∈𝑇𝑛

 3.1 

If a given implant design has the appropriate AM material and can meet the necessary 

surface tolerances and stress standards for its intended use, then the implant design should 

continue to phase II. Otherwise, the implant design should not be included in the production 

portfolio because production with AM is not feasible. 

 



 

62 

 

 
Figure 3.2: Flowchart of phase I and phase II selection criteria. 

 

3.3.2 Selection Phase II: Additive Manufacturing (AM) Advantages 

Figure 3.2 portrays a flow chart of the phase I and phase II selection criteria to identify 

AM production feasibility and potential advantages over TM methods, respectively. Phase II 

criteria attempt to identify advantages of AM production over TM by comparing selected cost 

components of each; decision outcomes are described in Table 3.2. Each criterion has a proposed 

metric to compare implant j to its set of defending implants on a per unit basis. The proposed 

metrics are the direct production cost (Un), the value of material waste (Wn), and the inventory 

cost (Hn). Remember that the subscripts j and k are specific to implants produced with AM 

technology and TM, respectively. 

 

Table 3.2: Phase II selection criteria and decision outcomes. 

Criteria Decision Outcomes 

Direct production-cost reduction? Uj ≤ max k in (j) (Uk) → j continues to phase III 

Material waste reduction? Uj + Wj ≤ max k in (j) (Uk + Wk) → j continues to phase III 

Inventory cost reduction? Uj + Wj + Hj ≤ max k in (j) (Uk + Wk + Hk) → 

 j continues to phase III 
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3.3.2.1 Direct Production Cost Reduction 

Implants with long TM production lead times may find a reduction in labor costs with a 

switch to AM production [54]. AM may be able to reduce direct production costs, particularly 

implants that have large AM batch sizes as the setup cost can be distributed among more units. 

The direct production cost (Un) for an implant n is calculated as a per unit estimate. Only 

direct production costs are included in this estimate because a firm with existing infrastructure 

(such as sales, administrative duties, liability protection, etc.) can make the generalization that 

the direct costs associated with a transition in production method is the only difference in 

operating costs. This generalization simplifies the initial analysis so that individual implants can 

be evaluated rather than evaluating all possible implants at once without knowing which 

implants may be more advantageous to produce with AM technology. From the task processing 

times previously, the labor and machine hours for each task t (Lt,n and Mt,n, respectively) can be 

estimated. The cost of labor and machine as hourly rates (CL
t,n and CM

t,n, respectively) can be 

used to estimate the production unit cost for one implant n. Any batch processing should result in 

the distribution of production costs on a unit level (for both labor and machine hourly cost rates). 

The material cost of the implant is also included by multiplying the unit cost of material, Cmp
n, 

by the mass of the implant, mpart
n; material waste should not be included in this cost estimation. 

Equation 3.2 is an estimated production unit cost based on the cycle time of production. 

 𝑈𝑛 = 𝐶𝑛
𝑚𝑝𝑚𝑛

𝑝𝑎𝑟𝑡 + ∑ (𝐿𝑡,𝑛𝐶𝑡,𝑛
𝐿 + 𝑀𝑡,𝑛𝐶𝑡,𝑛

𝑀 )

𝑡∈𝑇𝑛

 3.2 

If the unit production cost associated with AM is less than or equal to the largest unit cost 

for corresponding existing implants, then the implant family segment should move to phase III of 

the selection process. If unit cost is greater for AM, then the implant design should be evaluated 

for a possible reduction in material waste. 

Redesigned implants may be possible to produce with TM however, it is more likely that 

an implant designed without TM limitations would not be possible or economically feasible to 

produce using TM. In a similar light, customized implants would likely not be economically 

feasible to produce using TM because of the high cost of customization associated with TM [6]. 

If an implant design is infeasible to produce with TM, then the segment should move to phase III 

of the selection process. 
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3.3.2.2 Material Waste Reduction 

The next selection consideration addresses defending TM implants that have significant 

waste. AM can potentially reduce waste for implants with a high ratio of total raw material 

volume to finished product volume (often referred to as the buy-to-fly ratio). 

Evaluating the material costs can guide standards for sufficiently high buy-to-fly ratios. 

Equation 3.3 defines the value of material waste for implant n (Wn). The value of material waste 

is the mass of material lost (mloss
n) times the material cost, which includes purchase cost (Cmp

n) 

and disposal cost (Cmd
n). The material loss should include material used for supports for AM 

production and sacrificial fixtures for finishing; however, it should not include material that will 

be recycled. 

 𝑊𝑛 = 𝑚𝑛
𝑙𝑜𝑠𝑠(𝐶𝑛

𝑚𝑝 + 𝐶𝑛
𝑚𝑑) 3.3 

If the value of material waste in Equation 3.3 in addition to the direct production unit cost 

results in a higher value for TM than for AM for a given implant design, then the particular 

implant design should be move to phase III of the selection process (as shown in Table 3.2). If 

the converse is true, then the implant design should be evaluated for a possible reduction in 

inventory costs. 

3.3.2.3 Inventory Cost Reduction 

A reduction in processing time may also result in a decrease in inventory levels (resulting 

in decreased inventory costs). Shifting demand from made-to-stock implants to customization 

can further reduce inventory requirements. The average inventory holding unit cost for implant n 

(Hn) is given in Equation 3.4. For made-to-stock segments, the average inventory level of 

implant n (In) is expected to be a function of the production cycle time (n) and annual demand 

(Dn). The inventory level will be zero for customized segments because they are made-to-order. 

The cost to hold inventory per implant per unit time (CI
n) can be specific to the implant type n or 

may be a generic value for all implants. 

 
𝐻𝑛 =

𝐶𝑛
𝐼  𝐼𝑛(Λ𝑛, 𝐷𝑛)

𝐷𝑛
 3.4 

If the average inventory holding unit cost plus the material waste value and direct 

production unit cost is greater for TM implants than the AM produced implant, then the implant 

design should move to phase III (as shown in Table 3.2). If, however, AM increases the direct 

production cost per unit, material waste, and holding cost relative to the current manufacturing 
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method, then it is assumed that the implant design does not leverage AM benefits and should not 

be considered for production. 

This criterion (or the previous criteria) could differ if the firm deems a threshold of 

inventory savings (or other savings), above which the implant design is deemed potentially 

advantageous with AM and moves to phase III. In other words, if a sufficient level of savings is 

found using AM as the production method in an operating area (e.g., inventory, material waste, 

another area not addressed here), then the implant segment “passes” phase II. An inventory 

savings threshold may be the projected production cost increase associated with AM of all 

similar implant designs (e.g., the culmination of all proposed hip stem designs rather than 

evaluation of the individual hip stem designs). 

3.3.3 Selection Phase III: Patient Criteria for Implant Redesign 

During the third selection phase, the implant designs are evaluated for substantive 

justification for AM production. The decision outcomes of phase III of the selection process are 

described in Table 3.3 and shown in Figure 3.3. The following criterion outline possible 

improvements in patient outcomes and propose methods to measure those improvements to 

provide justification for AM adoption. Phase III, like the previous selection phases, is performed 

in a stage-gate manner. After consideration of the medical timing constraint, each decision 

category proposes a metric that estimates an expected cost to the patient (n) for a given implant 

n. Similar to phase II, the most significant aspect of savings is considered first. If the implant 

design does not “pass” this decision category, then other savings aspects are considered to 

encompass a more complete cost-benefit analysis. The expected patient cost metric captures the 

key costs the patient or a third-party payer will incur with the use of the implant. 

 

Table 3.3: Phase III selection criteria and decision outcomes. 

Criteria Decision Outcome 

Meet medical timing? j < j → j continues to pathway to market 

High risk of revision? min k in (j) R
j,k ≤ 0 → j justified for production 

High cost of postacute care? min k in (j) T
j,k ≤ 0 → j justified for production 

Poor patient outcomes (QoL)? min k in (j) Q
j,k ≤ 0 → j justified for production 

Strategic market decision? yes → j justified for production 

 

The basis for this phase is that a sufficient portion of the patient population should benefit 

from the proposed implant design such that the benefits outweigh additional cost (including 
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production cost and the cost to bring the implant design to market). The valuation of a “sufficient 

portion of the patient population” is dependent on the type of implant and the market demand for 

solutions. Generally, implants with high production costs and market approval costs must also 

have a significant need for improvement in patient outcomes. 

3.3.3.1 Medical Timing Constraint 

The first category in phase III is medical timing constraint, which is aimed at excluding 

the possibility of customized implant designs with short lead times. The medical timing 

constraint is defined as the time between the order for the orthopedic implant (including 

submission of the patient imaging, if necessary) and the arrival of the device for implantation. 

For any made-to-stock implants, the production cycle time does not impact the device delivery 

assuming the implant is stocked. Joint arthroplasty, for example, is often an elective procedure 

that is planned several weeks to months in advance which allows for a longer production cycle 

time. Conversely, emergency orthopedic implants are likely not good candidates for 

customization because the model design and production can take longer than the patient and 

physician are willing to wait for implantation. The patient would require appropriate imaging 

(such as a CT scan) for part of the anatomy that has undergone trauma, which may not be 

feasible or provide sufficient information to build an implant CAD model. In some instances like 

joint trauma, a spacer could be a temporary solution during the production cycle time of the 

customized implant; however, this solution would require two procedures – one for the spacer 

implantation and another for spacer removal and device implantation. There may be specific 

types of trauma cases in which the benefits of a customized implant outweigh the additional wait. 

The expected lead time of implant j (j) is compared to the estimated production cycle 

time from phase I (j). If the expected lead time is less than the estimated production cycle time, 

then the implant should not be considered for mass-customized production with the current state 

of technology. Any made-to-stock implants are expected to hold inventory and as such, the lead 

time availability is not a concern; the implant design should continue to the pathway to market 

evaluation. 
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Figure 3.3: Flow chart of phase III of the selection process. 

 

3.3.3.2 Pathway to Market 

For each implant design, the pathway to market needs to be established in order to 

estimate the cost (monetary and time) to obtain market approval. In this analysis, the proposed 

metric distributes the cost to obtain market approval across all implants within a given time 

horizon. Equation 3.5 defines the distributed unit cost of market approval (j) as the cost 

associated with obtaining market approval of an implant design j shared over the annual demand 

of all implant designs similar to j (defined as set Sj). This section allows for shared cost among 

proposed implants because the cost to bring devices to market can be significant and it may make 

sense to consider the implants jointly, if possible. Let CMA
j be the total projected cost to obtain 

market approval for implant design j. The second term of Equation 3.5 converts a present 

monetary value into an annuity value over N periods given the manufacturer’s minimum 

attractive rate of return (i) according to the firm’s policy. 

 
𝜋𝑗 =

𝐶𝑗
𝑀𝐴

∑ 𝐷𝑛𝑛 ∈ 𝑆𝑗

(
𝑖 (1 + 𝑖)𝑁

(1 + 𝑖)𝑁 − 1
) 3.5 
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From phase II of the selection process, a unit cost is determined for each implant design. 

This unit cost is added to the distributed unit cost for market approval to determine a selling 

price for each implant (Vn); the selling price is defined in Equation 3.6. The selling price is 

lacking the fixed operational costs and profit margin. To simplify the analysis, it is assumed that 

the fixed value of operational costs and profit margin would be constant for AM or TM 

production. 

 
𝑉𝑛 = {

𝑈𝑗 + 𝑊𝑗 + 𝐻𝑗 + 𝜋𝑗 ,  𝑛 = 𝑗

𝑈𝑛 + 𝑊𝑛 + 𝐻𝑛,  𝑛 ∈ Γ(𝑗)
 3.6 

The distributed cost for market approval and the selling price for a given implant design 

is calculated in the pathway to market category. This value is used to realize the difference in 

implant cost (between the proposed implant j and each implant from the defending set k) to the 

patient or third-party payer (j) in the remaining decision components of phase III. 

3.3.3.3 Expected Patient Cost: Risk of Revision 

The next decision criterion estimates the expected patient cost by combining the selling 

price and the expected revision (or re-operation) cost. Re-operation can occur for several reasons 

including infection, liner exchanges, irritation, and failure of part or all a device. Postponing or 

eliminating the need for a secondary (or tertiary) procedure reduces risk to the patient, increases 

the patient’s quality of life (QoL), and reduces medical expenses from treatment prior to, 

including, and after the secondary operation. Customized or redesigned implants may be able to 

reduce the revision or removal rate relative to their standard implant counterparts. If there are 

high revision rates or costly secondary operations, then it may be fiscally reasonable to provide a 

customized or redesigned version of an implant type. 

The proposed measurement of the expected patient cost of revision (R
n) is shown in 

Equation 3.7 and combines the implant n’s selling price with the expected revision/reoperation 

cost (CR
n). The risk of revision can be differentiated based on patient characteristics and types of 

revision, but only a generalized form is shown here. 

 Ω𝑛
𝑅 = 𝑉𝑛 + Ε(𝐶𝑛

𝑅) 3.7 

The probability of a type of re-operation due to a specific implant can be derived from 

literature and can be as specific as the risk of linear exchange or as general as the risk of any re-

operation. Typically, medical device manufacturers retain survivorship records of their implants. 

For proposed implant designs, there are several estimation methods to predict revision rates. In 

literature, small studies describe the revision risks of customized implants. Alternatively, a firm 
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can analyze the current patient population and evaluate the causes of re-operation to determine 

what, if any, solutions the firm itself can provide. For example, re-operation due to infection has 

been a relatively constant occurrence and has been shown to be correlated to the duration of the 

operation. The use of a custom or redesigned implant may reduce surgical time, which will 

reduce the risk of infection. 

Equation 3.8 defines the difference in the expected patient cost of revision from the 

proposed implant design and each implant design in the defending set. 

 ΔΩ𝑗,𝑘
𝑅 = 𝑉𝑗 + Ε(𝐶𝑗

𝑅) − 𝑉𝑘 − Ε(𝐶𝑘
𝑅)   for 𝑘 ∈ Γ(𝑗) 3.8 

Equation 3.8 determines if a decrease in re-operation risk is monetarily worth the possible 

increase in implant selling price. There is an inherent assumption that other treatment costs such 

as postacute care and surgery costs are the same for the compared devices. These assumptions 

are evaluated in the following criteria, if necessary. An alternative approach to the direct revision 

risk estimation could determine what reduction of re-operation risk, if any, is necessary to justify 

the implant for production. The firm could then decide if the reduction could be realized to 

achieve justification for AM.  

If the difference in selling price (proposed implant design j less the implant k from the 

defending set) is less than the savings in potential re-operation cost, then the implant is justified 

for AM production. If Equation 3.8 results in positive values across all implants in the defending 

set, then the expected patient cost of care criteria is evaluated. Defining the revision risk by type 

of revision and predicting the improvement may be difficult; projecting the reduction of risk may 

reduce the sensitivity analysis required. 

3.3.3.4 Expected Patient Cost: Cost of Treatment 

A patient may not require a revision operation, but the patient may have a poor surgical 

outcome that causes functional limitations or pain. Surgical dissatisfaction is often associated 

with increased medical costs to treat the source of dissatisfaction associated with the implant 

even if no re-operation occurs. With the increased utilization of value-based reimbursement 

systems and bundled payments, hospitals and third-party payers may be more inclined to select 

treatment protocols with increased probabilities of better outcomes. A custom or redesigned 

implant has the potential to improve patient outcomes and reduce postacute care costs for 

procedures with historically low satisfaction. Standard designs are likely to produce similar 

patient outcomes. 
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This criterion adds the monetary penalty of poorer outcomes to the expected patient cost. 

This category identifies motivation for a patient or third-party payer to pay an increased selling 

price in order to reduce or mitigate post-operative cost of care (beyond revision). The expected 

patient cost of treatment (T
n) includes the cost of the operation and post-operative care (CT

n) 

(described in Equation 3.9). 

 Ω𝑛
𝑇 = Ω𝑛

𝑅 + Ε(𝐶𝑛
𝑇) 3.9 

The expected cost of post-operative care can be stratified by patient demographics (e.g., 

age, gender, insurer type, comorbidity status, etc.) and medical facility demographics (e.g., 

number of beds, teaching, procedural volume, etc.) depending on the target market. The 

distribution can be derived from clinical trials, academic research, or estimation. Equation 3.10 

defines the difference in expected patient cost of treatment to identifies advantages of the 

proposed implant design, j, and each implant design, k, in the defending set (j). 

 ΔΩ𝑗,𝑘
𝑇 = ΔΩ𝑗,𝑘

𝑅 + Ε(𝐶𝑗
𝑇) − Ε(𝐶𝑘

𝑇)   for 𝑘 ∈ Γ(𝑗) 3.10 

If the difference in expected patient cost of treatment is negative, then the implant 

segment is justified for production. Similar to section 3.3.3.3, an alternative analysis can 

determine what reduction in re-operation risk and expected cost of postacute care, if any, is 

necessary to justify the implant for production. Again, the firm can then decide if the reductions 

can be realized, which would justify the implant design for AM production. 

3.3.3.5 Expected Patient Cost: Patient Quality of Life (QoL) 

In medical decision-making, an individual patient’s QoL and the patient’s willingness-to-

pay (WTP) for an improved QoL outcome is used to evaluate the cost-effectiveness of medical 

interventions. QoL can be measured in several ways; typically, a tabulated score is calculated 

from a survey or questionnaire that can gauge patient pain, mobility, functionality, mental state, 

etc. Some QoL metrics can be specific to a disease or injury while other metrics can encompass 

all components of a patient, including all existing conditions and ailments (comorbidities). The 

expected patient cost can be expanded to account for the patient’s expected QoL improvement 

from the operation (defined as Q
n, shown in Equation 3.11). Let CQ be a patient’s WTP for one 

unit of QoL. Let n be the expected QoL improvement for a given implant n; the QoL 

improvement is subtracted from the expected patient cost of treatment to account for the gained 

value the patient has gained. 

 Ω𝑛
𝑄 = Ω𝑛

𝑇  −  Ε(Θ𝑛) 𝐶𝑄 3.11 
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Equation 3.11 reduces the expected patient cost by the benefit the patient experiences by 

improved QoL. Equation 3.12 defines the difference in expected patient cost with QoL from the 

proposed implant design j and each implant design k in the defending set. 

 ΔΩ𝑗,𝑘
𝑄 = ΔΩ𝑗,𝑘

𝑇 − (Ε(Θ𝑗) − Ε(Θ𝑘)) 𝐶𝑄 3.12 

If the patient’s WTP for an expected improvement in QoL is greater than an increased 

selling price of an implant design, then the implant is justified. The assumption is that a patient 

or third-party payer would be willing to pay an increased selling price initially for a projected 

reduction of total episode of care cost. 

3.3.3.6 Specialty Cases and Patient Population Expansion 

The production cost of specialty implants can be reduced with AM relative to its TM 

counterpart. The production cost reduction in addition to the removal of design limitations can 

make specialty implants a feasible option to a larger patient population. It may be valuable to add 

the production of specialty implants to the target AM production portfolio. An example of a type 

of specialty implant could be prostheses that typically require removal of existing hardware to be 

implanted. Removal of existing hardware can lengthen the surgical time (increasing the risk of 

infection) as well as complicate the procedure and recovery for the patient. Customization could 

provide an alternative to the removal of existing hardware, which would shorten surgery time 

and decrease patient pain associated with the operation. 

Some orthopedic operations, such as joint replacements, are postponed in order to delay 

or mitigate the need for a potential revision surgery in the patient’s lifetime. Joint replacements 

may become a preferred treatment option for younger patients to maintain a high functional level 

if the implant has significant longevity. For patients that are very active with load bearing 

implants (such as a knee or hip replacement), a small malalignment in the implant can be 

exaggerated with strenuous activity and lead to implant failure sooner. Implants that have 

constant and/or rigorous usage may be good candidates for customization to postpone or 

eliminate the need for revision because the fit is more precise than that of a made-to-stock 

implant. An example of this is a shoulder implant for an active tennis player; the implant 

undergoes a wide range of movement regularly, which increases the risk of aseptic loosening if 

malalignment exists. Improved implant design or customization of an implant type can increase 

the firm’s market share by targeting a larger patient population. 
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The decrease cost of specialty implant production and expansion of the patient population 

can motivate a medical device manufacturer to investigate AM production of a particular implant 

type, even if the previous analysis does not identify the possible strategic value. If the firm is 

interested in market expansion or a strategic position of a specific implant, then the implant 

should be considered justified for AM. 

3.3.4 Sensitivity Analysis 

In practice, this analysis of patient risk and patient outcomes requires a significant 

amount of investigation and estimation; sensitivity analyses need to be performed to determine 

the boundaries of the decisions made. Further, a firm must decide if one, some, or all the patient 

outcome metrics will be considered. It is left to the firm how to prioritize and value patient 

outcomes in their decision process and how to include or exclude implant designs from a 

possible AM production portfolio.  

The estimation of AM processing times, cost, and even batch size may be difficult. For 

rough estimations, a sensitivity analysis should be performed to determine the effect of estimate 

variation on the decision criteria. The presented decision categories are intended to provide 

insight and possible avenues of evaluation. 

3.4 Illustration of Selection Process 

The production of the metallic components of a total hip replacement (a hip stem, a 

femoral head, and an acetabular cup) using EBM technology is used to illustrate the selection 

process. The “firm” in this illustration is considering standard and customized designs for each 

implant type as well as a redesigned implant for the hip stem and acetabular cup. Only hip stems 

and acetabular cups are chosen for redesign because of the bone in growth potential on these 

prostheses (the femoral head is smooth). It is assumed the defending set, (j) consists of only one 

TM implant of each respective implant family (hip stem, femoral head, acetabular cup). The 

acetabular cup is assumed to be hemispheric. The femoral stem and acetabular cup are also 

assumed to be cementless (i.e., they have bone ingrowth surface). The redesigned hip stem has a 

lattice structure in the medial portion to better match the patient’s bone stiffness (shown in 

Figure 3.4). The redesigned acetabular cup has a smaller lattice-type structure on the surface to 

promote bone ingrowth (in Figure 3.4). Each of these designs would be incredibly difficult, if not 

impossible, to produce with TM methods. 



   

73 

 

 
Figure 3.4: Redesigned hip stem prosthesis with lattice structure (left) and redesigned 

acetabular cup with trabecular surface (right). 

 

EBM is chosen over other PBF technologies (such as SLM) in this analysis because EBM 

is more time- and cost-efficient than SLM when considering high volume production of large 

parts [82] [95]. EBM has already proven a sufficient method for select orthopedic implants such 

as the standard acetabular cup component of a THA [66] and a customized mandible prosthesis 

[96]. In the illustration that follows, the focus is on the development of characteristics related to 

AM technology. The development of the TM information is outside the focus of this illustration. 

3.4.1 Illustration of Phase I: Production Feasibility 

Table 3.4 defines the proposed implant design, the projected average mass and batch size 

of the production envelope, and the forecasted annual demand. 

 

Table 3.4: Candidate list for EBM implant production and defending sets. 

Implant design description  

j 

Defending Set 

(j) 

Mass 

[g] 

Batch size 

bj 

Demand 

Dj 

Hip stem: standard 1 TM hip stem 150 20 30,000 

Hip stem: redesigned 2 TM hip stem 140 18 20,000 

Hip stem: custom 3 TM hip stem 150 15 40,000 

Femoral head: standard 4 TM femoral head 56 50 50,000 

Femoral head: custom 5 TM femoral head 56 45 40,000 

Acetabular Cup: standard 6 TM acetabular cup 73 108 20,000 

Acetabular Cup: redesigned 7 TM acetabular cup 65 100 30,000 

Acetabular Cup: custom 8 TM acetabular cup 75 95 50,000 
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3.4.1.1 Size Requirements 

The maximum build size of the EBM machine of this analysis is 200 x 200 x 180 mm 

with respect to width, depth, and height, respectively. Each of the eight implants fits within the 

build chamber dimensions. The mass of each implant is derived by averaging dimensions of 

current products on the market. An average is used rather than accounting for each possible size 

for convenience. The EBM batch size of hip stems is estimated to be 15 to 20 [6]. In this 

illustration, the standard implant designs are assumed to have the maximum value and the 

redesigned have a slightly smaller batch size because the redesign may change the orientation. 

For all prostheses, the made-to-stock implants are assumed to have larger batch sizes because the 

batch can be optimized once and then repeatedly printed. The made-to-order designs, on the 

hand, will be unique for each print cycle because of the dynamic nature of the implant design 

leading to smaller batch sizes. Acetabular cups are currently in production using EBM 

technology and have a possible batch size of 108 [97]; this value is assumed to represent 

standard design production. The custom and redesigned acetabular cups are extrapolated from 

this value. The femoral head batch size is assumed to be approximately half of the acetabular 

cups per batch because of the shapes and sizes of the corresponding prostheses. The annual 

demand levels estimated as approximately a quarter of the annual rate of THA presently (which 

will represent a much smaller share of the future market). 

3.4.1.2 Material Applicability 

Hip replacements are typically made of titanium; a suitable material for EBM production 

is the titanium alloy Ti6Al4V [6] [7]. There are a number of studies available that identify the 

fatigue strength and applicability of EBM printed Ti6Al4V for orthopedic implant production 

[55] [98] [99] [100]. The biocompatibility of printed Ti6Al4V has also be evaluated [64] [101]. 

In short, it is concluded that Ti6Al4V is an applicable material for hip stem, acetabular cup, and 

femoral head production. The production tasks are based on previous studies [6] [102]. The 

production tasks, processing times, and production cycle time are given in Table 3.5. 

Modeling time is only required for made-to-order implant designs; further, there is an 

increased build set up time for custom implant designs due to necessary batch aggregation of 

unique CAD models into a build file. The minimum time to setup the EBM machine is required 

for made-to-stock implants because build files would be prescribed. Printing and cool down time 

is the same within implant types but varies slightly between implant types. The variation comes 
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from the density of the builds; denser builds have a longer cool-down time. Post-processing task 

duration is consistent for all implant designs. In this analysis, a system such as Direct Additive 

and Subtractive Hybrid (DASH) manufacturing system is assumed for printing and finishing 

[68]. The DASH system combines both additive and subtractive manufacturing so that parts can 

be “digitally manufactured” to satisfy the required surface tolerances and dimensional accuracy; 

DASH can reduce the cycle time and necessary skill to produce a post-processed part. For those 

implants with a consistent surface finish (e.g., all smooth such as the femoral head), the finishing 

technique after fabrication may be simpler than those with multiple surface finishes [94]. 

Each implant design is deemed feasible to produce with EBM technology. All implant 

designs continue to Phase II. 

 

Table 3.5: Production cycle time calculation (in hours) and resource utilization. 

Implant 

Production Task Processing Time (in hours) Production 

Cycle Time Modeling Build Setup Print Post-process Finishing 

j 1,j 2,j 3,j 4,j 5,j j 

1 - 1.5 45 1.5 5 53 

2 - 1.5 45 1.5 7 55 

3 5 2 45 1.5 9 62.5 

4 - 1.5 40 1.5 7 50 

5 5 2 40 1.5 9 57.5 

6 - 1.5 50 1.5 3 56 

7 - 1.5 50 1.5 3 56 

8 5 2 50 1.5 4 62.5 

pM
t 0.0 1.0 1.0 1.0 0.6  

CM
t - $80 $80 $80 $50 

pL
t 1.0 0.9 0.0 1.0 0.8 

CL
t $120 $80 - $80 $80 

 

3.4.2 Illustration of Phase II: Potential Advantages of Additive Manufacturing (AM) 

In this illustration, it is assumed that the labor, machine, or material cost is constant for 

all implant designs. The machine and labor usage and hourly costs are given in Table 3.5. Using 

the costs and hours defined, the direct production unit cost is calculated (shown in Table 3.6). 

The batch size of the EBM print is used to distribute the EBM build setup, printing, and post-

processing costs among all implants in the batch by dividing the total cost by the batch size. An 

example calculation is shown in Equation 3.13. The material purchase cost (Cmp) for Ti6Al4V is 

estimated to be $180 per kilogram. 
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𝑈3 = ∑ 𝐶𝑡

𝐿 (𝑝𝑡
𝐿 𝜆𝑡,3)

𝑡=1,5

+
1

𝑏3
 ∑ (𝐶𝑡

𝐿 (𝑝𝑡
𝐿 𝜆𝑡,3) +  𝐶𝑡

𝑀(𝑝𝑡
𝑀 𝜆𝑡,3))

𝑡=2,4

+  𝐶5
𝑀 (𝑝5

𝑀 𝜆5,3) +  𝐶𝑚𝑝 𝑚3
𝑝𝑎𝑟𝑡

 

3.13 

The amount of material lost in EBM production is estimated as a percentage of the 

implant weight. In a study by Cronskär et al. where custom hip stems were produced with EBM 

technology, the material loss was 24% with 7% for the milling fixtures and the remaining 17% 

excess powder [6]. This value is adjusted to show a greater powder loss for the redesigned hip 

stem and less for the standard. Values are extrapolated to the femoral head and acetabular cup. 

The cost of material disposal (Cmd) is assumed to be $50 per kilogram because of the hazardous 

nature of the metallic powder. Powder recycling is not considered. 

 

Table 3.6: Candidate phase II parameter results. 

Implant Production Cost Material Loss Value of Waste Average Inventory Cost 

j Uj mloss
j Wj Hj 

1 $701.30 20% $7.13 $7.01 

2 $909.20 27% $8.69 $9.09 

3 $1,749.27 24% $8.28 - 

4 $741.44 25% $3.22 $7.41 

5 $1,539.28 25% $3.22 - 

6 $336.51 16% $2.69 $3.37 

7 $338.38 21% $3.14 $3.38 

8 $1,037.33 21% $3.62 - 

 

Custom and redesigned implant segments (j = 2, 3, 5, 7, 8) would have an understood 

advantage in direct production unit cost and value of material waste because of the infeasibility 

of design and/or high cost to produce the unique designs with TM. The average inventory 

holding unit cost is also evaluated. The inventory level is assumed to be 5% of the annual 

demand value and the annual inventory carrying cost rate is assumed to be 0.2 $/$ inventory; the 

holding cost is calculated using the direct production unit cost. 

The parameter estimation and selection process are generalized; rough estimates of costs, 

time, and usage are used for efficiency. This illustration is limited to the parameter estimation of 

EBM implant designs; the comparison to the TM set of defending implant designs is omitted. 

Therefore, all implant designs are evaluated in phase III to determine if sufficient need exists in 

the patient population for the EBM produced implants. 
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3.4.3 Illustration Phase III: Patient Need for Implant Redesign 

3.4.3.1 Medical Timing Constraint 

THA is typically an elective surgery meaning that in most cases, the planning period is at 

least four to six weeks to allow for physical evaluations from the patient’s other providers such 

as a cardiologist to confirm the safety of the procedure for the patient. The production lead time 

for the implants, even with customization, quality assurance measures, testing, packaging, and 

transportation, is approximately two weeks [102]. 

3.4.3.2 Pathway to Market 

In this illustration, it is assumed that the custom implant designs are modeled from the 

standard design and can be grouped together for obtaining market approval. The redesigned 

implants, however, are assumed to have to gain PMA approval independently. The minimum 

attractive rate of return is assumed to be 10% and the time horizon for return on investment is 

five years. The distributed unit cost to bring to market and selling prices are given in Table 3.7 

using a cost of market approval (CMA) of $15 million. 

 

Table 3.7: Candidate distributed cost to bring to market and selling price. 

Implant Distributed Unit Cost Selling Price 

j j Vj 

1 $56.53 $757.83 

2 $197.85 $1,107.05 

3 $56.53 $1,805.79 

4 $43.97 $785.41 

5 $43.97 $1,583.25 

6 $65.95 $402.46 

7 $131.90 $470.28 

8 $65.95 $1,103.28 

 

3.4.3.3 Expected Patient Cost: Risk of Revision 

Multiple studies have shown that revision and re-operation levels for THA are correlated 

to patient age at the time of intervention, patient gender, the underlying diagnosis, and the device 

characteristics. A firm can investigate databases, such as the National Joint Registry (NJR) [12] 

to gather information on patient outcomes although, the firm likely maintains records of 

performance of each current implant design. In this illustration, a U.S. population study is used 

to determine incidence rates and associated costs of different types of revision procedures [103]; 
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a U.K. population study is used to determine the risk of revision based on patient age at the time 

of intervention, patient gender, and the number of years after surgery [3]. These studies are 

combined to calculate the expected revision cost associated with patient age and gender. Only 

revisions are considered in the re-operation criteria for this illustration. Revision procedures are 

delineated into seven groups based on procedure codes used for billing; the revision types and 

affected components of a THA are shown in Table 3.8. It is assumed that a revision operation 

that removes a part of the hip prosthesis is caused by failure of that part. For example, all 

component revision removes all parts of the hip prothesis, so it is assumed that all components 

failed. If the femoral component is replaced, then the hip stem and femoral head are the failed 

components. 

 

Table 3.8: Revision types and affected components. 

Revision Type Description Component affected 

r  Hip stem Femoral head Acetabular cup 

1 All-component X X X 

2 Acetabular component   X 

3 Femoral component X X  

4 Isolated head/liner  X  

5 Arthrotomy/removal of device X X X 

6 Not otherwise specified X X X 

7 Other X X X 

 

The expected value of revision is calculated using Equation 3.14 which evaluates the risk 

of revision each year (y) after THA for the given time horizon, h. The time horizon is selected be 

estimating the time horizon that the payer (patient or third-party) will consider in their decision 

making. The time horizon of five years is used in this illustration because this is typically the 

time frame that most third-party payers consider when approving treatment options (although a 

patient generally considers more of their lifetime in the decision process). Due to the relatively 

short time horizon, the time-value of money is ignored. The risk of re-operation is stratified by 

patient demographic (d, specified by age at the time of primary THA and gender). 

 

Ε(𝐶𝑘,𝑑
𝑅 ) = ∑ 𝐶𝑟

𝑅 ∑ 𝜌𝑟,𝑦,𝑘,𝑑
𝑅

ℎ

𝑦=1

7

𝑟=1

 3.14 

Figure 3.5 shows the resulting expected revision cost in 2019 USD stratified by patient 

age at time of THA, gender, and type of implant for a five-year time horizon. This is an estimate 
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based on all variations of a given implant (the entire market for hip stems, acetabular cups, and 

femoral heads) from a combination of a U.S. and U.K. population. The five-year time horizon 

leads to an expected revision cost between $800 and $1,900. 

In general, males have a higher risk of revision leading to increased expected cost of 

revision. The differentiation of the patient type may be useful if the medical device manufacturer 

has a target population. Only patients of 50 years or more are included in this analysis due to the 

availability of information. 

 
Figure 3.5: The expected cost of revision stratified by age, gender, and implant type. 

 

Although there is not a direct comparison of the expected patient cost of revision, the 

reduction in revision probability (r,y,j,d) can be inserted in Equation 3.8 to estimate the necessary 

reduction in expected revision cost to justify production of implant design j. The reduction in 

revision probability is defined in Equation 3.15. The reduction can be specific to revision type r, 

y years after surgery, and patient demographic d. 

 𝜌𝑟,𝑦,𝑗,𝑑
𝑅 = (1 − 𝜉𝑟,𝑦,𝑗,𝑑) 𝜌𝑟,𝑦,𝑘,𝑑

𝑅  3.15 

In this illustration, a generic reduction in revision probability (j,d) is used for all types of 

revisions and for each year in the time horizon for a given implant type. If the inequality in 

Equation 3.16 holds, then the EBM implant design is justified for production. Equation 3.16 

applies to the custom and redesigned segments; the standard implants have the same expected 

revision cost as their TM counterpart, so the comparison evaluates the selling prices. 

 

ΔΩ𝑗,𝑘,𝑑
𝑅 = 𝑉𝑗 − 𝑉𝑘 − 𝜉𝑗,𝑑 ∑ 𝐶𝑟

𝑅 ∑ 𝜌𝑟,𝑦,𝑘,𝑑
𝑅

5

𝑦=1

7

𝑟=1

≤ 0 3.16 
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The expected patient cost of treatment results are and discussion of the expected patient 

cost analysis are presented in Section 3.4.4. 

3.4.3.4 Expected Patient Cost: Cost of Treatment 

The annual treatment cost and QoL improvement are derived using the risk of revision. A 

quality-adjusted life year (QALY) is the QoL metric used in this illustration to calculate the cost 

of post-operative treatment and the QoL improvement. A QALY typically ranges from zero 

(death) to one (one year lived in perfect health); a QALY value is assigned to a health state based 

on the perceived QoL. The health states associated with THA in this analysis are hip 

osteoarthritis (prior to THA), after primary THA, prior to revision THA, and after a revision 

THA. The corresponding annual QALY values and annual cost of care are given in Table 3.9. 

The QALY values are derived from literature [79] and the annual cost of care is derived by linear 

interpolation using a QALY equal to one having zero cost of care to hip osteoarthritis (QALY = 

0.62) requiring $15,959 for annual care [88]. 

 

Table 3.9: Annual QALY and cost of care by health state. 

Health State QALY [79] Annual Cost of Care 

After primary THA 0.83 $7,185 

After revision THA 0.69 $12,711 

Hip osteoarthritis 0.62 $15,959 

Prior to revision THA 0.59 $16,995 

 

There are several simplifying assumptions made in order to calculate the expected QALY 

outcome after surgery. First, a patient either has a successful THA (defined as no revision in the 

given time horizon) or the patient needs a revision within the given time horizon. It is assumed 

that a patient can only have one revision. If a patient has a successful THA, then the ‘after 

primary THA’ QALY value is assumed for the given time horizon. If a revision is needed, then 

the patient assumes the ‘prior to revision’ QALY value for each year until revision and assumes 

the ‘after revision THA’ QALY for all remaining years in the time horizon. The outcome () 

descriptions, total QALYs over the given time horizon (q), and the total cost of treatment 

including primary surgery (CT
) are defined in Table 3.10. The option of no THA and living with 

hip osteoarthritis for five years is also shown. 
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Table 3.10: QALYs and total cost of care for patient outcomes. 

Outcomes Total QALY, q 

5 year horizon 

Total Cost, CT
 

2019 USD  Description 

1 THA, no revision 4.13 $77,262 

2 THA, revision at year 1 3.36 $103,653 

3 THA, revision at year 2 3.26 $107,936 

4 THA, revision at year 3 3.16 $112,219 

5 THA, revision at year 4 3.05 $116,502 

6 THA, revision at year 5 2.95 $120,785 

7 THA, death 0 $- 

* No THA, Hip Osteoarthritis 3.08 $79,793 

 

The calculation of the expected cost of treatment for the defending implant k is defined in 

Equation 3.17; the expected cost is stratified by patient demographics. Let D be the probability 

of death from THA ( = 7) which is a constant value of 0.001 for all patient demographics and 

implant types [104]. 

 

Ε(𝐶𝑘,𝑑
𝑇 ) = (1 − 𝜌𝐷 − ∑ ∑ 𝜌𝑟,𝑦,𝑘,𝑑

𝑅

7

𝑟=1

5

𝑦=1

) 𝐶1
𝑇 + ∑ 𝐶𝜎

𝑇  ∑ 𝜌𝑟,(𝜎−1),𝑘,𝑑
𝑅

7

𝑟=1

6

𝜎=2

 3.17 

Like the previous section, the difference in the expected patient cost of treatment between 

the proposed EBM implant and its TM counterpart is not included. However, the reduction in 

revision probability (j,d) can be used in the comparison equation to identify decision boundaries, 

as shown in Equation 3.18 in the expected patient cost of treatment. It is assumed that the cost of 

the operation is the same for the implant design j (produced with EBM technology) and its TM 

defender, implant k. 

 

ΔΩ𝑗,𝑘,𝑑
𝑇 = ΔΩ𝑗,𝑘,𝑑

𝑅 + 𝜉𝑗,𝑑 (∑(𝐶1
𝑇 − 𝐶𝜎

𝑇) ∑ 𝜌𝑟,(𝜎−1),𝑘,𝑑
𝑅

7

𝑟=1

6

𝜎=2

) ≤ 0 3.18 

3.4.3.5 Expected Patient Cost: Quality-of-Life (QoL) Improvement 

The patient QoL is dictated by the revision risk like the cost of treatment above. The 

expected QoL improvement is defined in Equation 3.19 and is stratified by patient 

demographics. To evaluate the improved QoL experienced by the patient, the total QALYs for 

the given time period was compared to the QALYs experienced if the patient lived the given 

time horizon with hip osteoarthritis. Let q* be the total QALYs associated with living five years 

(the time horizon) with hip osteoarthritis. 
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Ε(Θ𝑘,𝑑) = (1 − 𝜌𝐷 − ∑ ∑ 𝜌𝑟,𝑦,𝑘,𝑑
𝑅

7
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𝑦=1

) 𝑞1 + ∑ 𝑞𝜎 ∑ 𝜌𝑟,(𝜎−1),𝑘,𝑑
𝑅

7

𝑟=1

6

𝜎=2

− 𝑞∗ 3.19 

Using Equation 3.19 and the reduction in risk of revision, the decision metric for the 

comparison of expected patient cost with QoL can be transformed. The benefit the patient 

experiences from THA as defined by the QALYs gained and the standard WTP is calculated 

from the projected QALY earned in Table 3.10. The WTP value used is $62,000 per QALY 

gained [80]. Monetary values and QALYs are not discounted by time since the time horizon is 

only five years. If Equation 3.20 holds, then implant design 𝑗 is justified for production with 

EBM technology. 

 

ΔΩ𝑗,𝑘,𝑑
𝑄 = ΔΩ𝑗,𝑘,𝑑

𝑇 − 𝐶𝑄 𝜉𝑗,𝑑 (∑(𝑞1 − 𝑞𝜎) ∑ 𝜌𝑟,(𝜎−1),𝑘,𝑑
𝑅

7

𝑟=1

6

𝜎=2

) ≤ 0 3.20 

Since the treatment cost and patient QoL are derived from risks of revision, a minimum 

reduction of revision risk (*
j,d) can be used to identify the decision boundary for each patient 

demographic; the minimum reduction of revision risk (shown in Equation 3.21) is derived by 

setting the left-hand side of Equation 3.20 to zero and solving for j,d. The relative selling price 

increase is presented as the percent difference in selling prices between the EBM proposed 

implant j and the implant in the defending set, k, because the selling price of implant k is not 

calculated in this analysis. 

 
𝜉𝑗,𝑑

∗ =
𝑉𝑗 − 𝑉𝑘

Ε(𝐶𝑘,𝑑
𝑅 ) + ∑ (𝐶𝜎

𝑇 − 𝐶1
𝑇 + 𝐶𝑄(𝑞1 − 𝑞𝜎)) ∑ 𝜌𝑟,(𝜎−1),𝑘,𝑑
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𝑟=1

6
𝜎=2

= (
𝑉𝑗 − 𝑉𝑘

𝑉𝑗
)

𝑉𝑗

Ε(𝐶𝑘,𝑑
𝑅 ) + ∑ (𝐶𝜎

𝑇 − 𝐶1
𝑇 + 𝐶𝑄(𝑞1 − 𝑞𝜎)) ∑ 𝜌𝑟,(𝜎−1),𝑘,𝑑

𝑅7
𝑟=1

6
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3.21 

3.4.4 Results and Discussion 

3.4.4.1 Minimum Reduction of Risk and Relative Selling Price Increase 

Given a minimum reduction in risk of revision, *
j,d, a maximum relative selling price 

increase is determined. The relative selling price increase is averaged over all patient 

demographics and is shown in Table 3.11 as 
j (with all demographics equally weighted, the 

individual demographic results are provided in Appendix E). The percentages presented in the 

table represent the maximum relative difference between selling prices of implant j (proposed 

EBM design) and implant k (current prostheses on market) if the reduction of risk, 
j, is 

realized. 
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As higher reductions in risk of revisions can be realized (the italicized values in the 

second row of Table 3.11), the maximum relative difference in selling price increases linearly. 

The customized hip stem (j = 3) shows the smallest change in selling price allowable with 72.1% 

selling price increase for a 50% reduction of revision risk for the proposed customized implant. 

Large relative selling price increases indicate the implant designs with greater need relative to 

the cost to produce the implant. 

 

Table 3.11: Maximum relative selling price increase for given reductions in risk of revision. 

Implant  Relative Selling Price Increase, (Vj – Vk) / Vj 

j *
j 0.01 0.02 0.05 0.10 0.20 0.50 

2  2.3% 4.6% 11.5% 23.1% 46.1% 115.3% 

3  1.4% 2.9% 7.2% 14.4% 28.8% 72.1% 

5  1.8% 3.6% 9.0% 17.9% 35.8% 89.5% 

7  5.3% 10.7% 26.7% 53.4% 106.7% 266.9% 

8  2.3% 4.6% 11.6% 23.2% 46.3% 115.8% 

 

The redesigned implants (j = 2, 7) and the acetabular cups (j = 7, 8) allow for the largest 

maximum relative selling price difference for implants justified for EBM production (i.e., 

Equation 3.20 holds). The proposed redesigned acetabular cup has the highest allowable selling 

price difference. Redesigned implants carry the distributed cost of market approval independent 

of other implants where custom implants share the cost of market approval with the standard 

implants. Custom implants require additional costs for modeling as well as smaller batches for 

the EBM machine build and slightly longer processing times generally. The results indicate that 

the distributed cost of market approval is not nearly as influential in the overall direct production 

unit cost.  

In Figure 3.5, the expected cost of revision is similar to other types of implants, but the 

expected revision cost associated with the acetabular cup does not exceed the femoral head or 

hip stem in any category. This would indicate that although the demand is not high relative to the 

other implants, the production cost is low so it is feasible. Acetabular cups have the highest batch 

size, which distribute EBM machine production costs over more pieces. 

3.4.4.2 Expected Patient Cost 

The expected patient cost () for each category in Phase III are shown in Table 3.12; the 

selection process should compare the expect patient cost values for proposed implant designs to 
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their TM counterparts. The  metrics are calculated without a reduction in revision risk. Values 

for all  metrics are stratified by age and gender in Appendix F but the average (with all patient 

demographics weighted equally) are presented in Table 3.12 for each implant type. 

 

Table 3.12: Expected patient costs for proposed implant types. 

Implant j R
j T

j Q
j 

Standard hip stem 1 $2,060 $79,766 $15,307 

Redesigned hip stem 2 $2,415 $80,121 $15,662 

Custom hip stem 3 $3,095 $80,801 $16,342 

Standard femoral stem 4 $2,243 $80,038 $15,734 

Custom femoral stem 5 $3,026 $80,821 $16,517 

Standard acetabular cup 6 $1,625 $79,319 $14,840 

Redesigned acetabular cup 7 $1,693 $79,387 $14,908 

Custom acetabular cup 8 $2,320 $80,014 $15,535 

 

The custom implants are the most expensive within an implant family, followed by the 

redesigned implant, then the standard implant design. The consistent ranking of expected patient 

cost is due to the direct correlation with the selling price of each implant type. Including the cost 

of postoperative treatment increases the expected patient cost to account for THA-related costs 

the time horizon. Including the expected improvement in QoL over the time horizon decreases 

the cost. 

Each expected patient cost is specific to the implant but does not consider the entire THA 

prosthesis so that each implant can be evaluated independently. In practice, the patient would 

expect to pay the selling price of a hip stem, femoral head, and acetabular cup for a THA but 

would only incur the cost of postacute care once (i.e., one cannot sum the expected patient cost 

across all three implants to predict patient cost). 

3.4.5 Specialty Cases and Patient Population Expansion 

A femoral nail is a typical treatment procedure for a fractured femur. If the patient later 

must undergo THA, the femoral nail is removed so the hip stem can be inserted into the femoral 

medullary cavity. The nail removal is challenging because the bone-implant bond is typically 

strong after several years. It may be possible to design a specialty implant to fit around the 

femoral nail, which would eliminate the need for removal; this would reduce medical costs by 

reducing surgery time, materials, and patient pain. 
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It has been shown that young patients (defined as less than 50 years at time of THA) have 

significantly lower survivorship than patients greater than 50 years [37]. Typically, patients that 

undergo THA prior to 50 years of age have underlying diagnoses such has hip dysplasia rather 

than the common osteoarthritis diagnosis for older patients. This type of congenital disorder can 

impact the success of THA and is certainly worth investigation if custom devices are intended. 

Young patients are excellent candidates for custom devices due to the relatively low survivorship 

presently. 

3.4.6 Alternative Expected Patient Cost with Quality-of-Life (QoL) Analysis 

The reduction in expected cost of post-operative treatment and QoL improvement are 

defined above by risk of revision. However, these metrics could be defined by the probability the 

patient obtains a QoL post-operatively (Q). Let the expected cost of treatment and the expected 

QoL improvement be defined by Equation 3.22 and Equation 3.23, respectively. Let the time 

horizon be h and the QoL metric range from zero to one (like a QALY). The presented equations 

allow for differing QoL levels over different years after THA stratified by implant type k and 

patient demographic d. 

 

Ε(𝐶𝑘,𝑑
𝑇 ) = ∑ ∑ 𝐶𝑞,𝑦

𝑇  𝜌𝑞,𝑦,𝑘,𝑑
𝑄

ℎ

𝑦=1

1

𝑞=0

 3.22 

 

Ε(Θ𝑘,𝑑) = ∑ ∑ 𝑞𝑦 𝜌𝑞,𝑦,𝑘,𝑑
𝑄

ℎ

𝑦=1

1

𝑞=0

 3.23 

The comparison in the proposed implant design for EBM production and the defender 

implant, k, can be defined using q,j,d as shown in Equation 3.24. The difference in probability of 

a QoL level q is stratified by the implant type j and the patient demographic d; it could be further 

stratified by the year (although omitted here). 

 𝛿𝑞,𝑗,𝑑 = 𝜌𝑞,𝑦,𝑗,𝑑
𝑄 − 𝜌𝑞,𝑦,𝑘,𝑑

𝑄
 3.24 

There are two constraints on the value of q,j,d. First, Equation 3.25 states that for a given 

implant design j and patient demographic d, the summation of all differences in probably of a 

QoL measure q must equal zero. This constraint stems from the foundation that the sum of all 

probabilities of a sample space must equal one. Therefore, if the probably of one outcome is 

increased by some value q,j,d, then the probability of other outcomes must be reduced to 

maintain the summation of unity for the probability of all outcomes. Equation 3.26 provides the 

constraint on the magnitude of probability change to maintain feasible probability values. 
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∑ 𝛿𝑞,𝑗,𝑑

1

𝑞=0

= 0     ∀ 𝑗, 𝑑 3.25 

 |𝛿𝑞,𝑗,𝑑| ≤ 1     ∀ 𝑞, 𝑗, 𝑑 3.26 

Using the defined difference in probability of QoL level post-operatively, the expected 

patient cost with QoL can be written as Equation 3.27. This equation assumes that the pre-

operative QoL is equivalent for each implant. If the evaluation were at this stage, then clearly the 

reduction of revision risk is less than the minimum reduction of revision risk (i.e., j,d < *
j,d ). 

 

ΔΩ𝑗,𝑘,𝑑
𝑄 = 𝑉𝑗 − 𝑉𝑘 − 𝜉𝑗,𝑑 ∑ 𝐶𝑟

𝑅 ∑ 𝜌𝑟,𝑦,𝑘,𝑑
𝑅

5

𝑦=1

7

𝑟=1

+ ∑ 𝛿𝑞,𝑗,𝑑  ∑(𝐶𝑞,𝑦
𝑇 − 𝑞𝑦𝐶𝑄)

ℎ

𝑦=1

1

𝑞=0

≤ 0 3.27 

The downside of this analysis (and why it was not used in the illustration) is the necessity 

to determine the altered probability of different QoL outcomes. Even on a scale of “good, okay, 

bad”, establishing the existing probability for a patient of each QoL outcome is difficult. It would 

add complexity, and uncertainty, to then define the expected change in the probability of each 

outcome. Accounting for the difference the expected QoL would be a more accurate measure on 

the impact of QoL however, it is rather impractical to implement with the information presently 

available. 

3.5 Conclusions 

The decision to utilize AM for orthopedic implant production is complex and is 

dependent on the production portfolio considered. The selection framework detailed in this 

chapter provides considerations to develop a production portfolio composed of good candidates 

for AM production. The selection process is intended to aid in the definition of AM as an 

alternative to TM by recommending implant designs that are likely to be profitable. Typically, 

firms that transition some or all of their production methods to AM begin with a small number of 

sample parts from their portfolio [54]. The selection process in this chapter also aids in the 

identification of cost-efficient sample parts to initiate AM production. 

This research focuses on the production of the metallic portion of the orthopedic 

implants; there are often ceramic or polyethylene components that contribute to the function of 

these implant families, but they are not considered here. Additionally, the production of 

supporting instrumentation is not included in this determination but would need to be produced 

to match the implant design. The actual implant design guidelines and AM process selection are 

addressed in existing literature and therefore, outside the scope of this work. However, this 
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framework can address the question of which AM technology to utilize by applying the selection 

framework to each alternative; the comparison may provide insight into the profitability of each 

option. 

A future avenue of research is to investigate the sensitivity of decisions to variation in 

model parameters such as the annual demand, the cost of market approval, patient WTP, and 

time horizon as well as the AM specific estimations of cost, processing times, and batch size. 
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CHAPTER 4: RESOURCE PLANNING FOR DIRECT FABRICATION OF 

CUSTOMIZED ORTHOPEDIC IMPLANTS USING ADDITIVE MANUFACTURING 

Abstract 

Medical innovations and patient expectations are pushing healthcare toward personalized 

medicine. In orthopedics, the concept of patient-specific implants could be economically realized 

with the use of additive manufacturing. Knee and hip replacements are some of the most 

common musculoskeletal procedures performed in the United States. Joint replacement implants 

are typically offered in standard sizes and geometries. The mass customization of theses 

prostheses, however, can improve patient outcomes and reduce medical costs. Mass 

customization is not economically feasible with traditional manufacturing methods because of 

the high fixed tooling costs for each geometry. The freedom of design offered by additive 

manufacturing presents a viable production alternative for unique personal geometry. The 

objective of this paper is to develop two new analytic models that can be used to investigate a 

complex additive manufacturing supply chain. The focus of the model is to provide planning 

tools and a methodology for the direct production of customized orthopedic implants using 

electron beam melting, an additive manufacturing technology. First, a production model for an 

additive manufacturing-based system is created. Next, resource planning for a single customized 

implant system is performed using a simulation model. A queuing model is developed for rapid 

systems analysis. The staffing requirement predictions of the two models align closely for 

production of a singular, customized implant. A detailed systems analysis of an additive 

manufacturing supply chain is conducted to illustrate the use of these models. The queueing 

model is analytically tractable, so it is extended to describe the production of standard and 

customized versions of multiple implant families. 

4.1 Introduction 

Hip and knee arthroplasties (replacements) are the most common in-patient 

musculoskeletal procedures in the United States [1]. Joint replacements are a major surgery to 

relieve severe joint pain and functional limitations after conservative treatment has been 

exhausted. In some patients, the replacement prostheses fail, in which case a revision surgery is 

necessary to remove the failed joint and implant a revision replacement. Revision operations can 

be as much as three times more costly [18] and have increased rates of adverse events, secondary 

revision, infection, and other complications relative to primary operations [105]. A joint can fail 
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for a number of reasons; the most common causes of failure are aseptic loosening (the 

degradation of the bond between bone and device) and infection [106]. Aseptic loosening often 

occurs due to differences in the implant geometry and characteristics of the bone. A good 

solution to mitigate these negative outcomes is to customize a replacement to the specific 

anatomical geometry of the patient. Uniquely customized implants can improve prosthesis-fit, 

better mimic the patient's joint mechanics, and more closely match the characteristics of the host 

bone. A better prosthesis-fit should reduce the amount of bone and tissue resection (in turn 

reducing patient pain and improving recovery) [60], reduce operation times (reducing the risk of 

infection), and increase patient satisfaction [51]. 

Mass customization of large orthopedic implants via traditional manufacturing (TM) 

methods such as forging or machining would be costly due to high waste streams associated with 

unique part production. However, the freedom of design change that is available with additive 

manufacturing (AM) presents a cost-effective alternative production method. AM builds parts 

one cross-sectional layer at a time based on a computer-aided design (CAD) model and does not 

require special tooling for unique parts [6]. A specific type of AM that can produce metal parts, 

electron beam melting (EBM), is currently used to produce select standard sizes of acetabular 

cups [66], but direct fabrication of the mass customization of joint replacements is not presently 

implemented. EBM technology is the focus of this research over other metallic AM systems due 

to its efficiency (i.e., faster build rate) of large implant production relative to laser powder bed 

fusion systems and its accuracy and surface finish compared to directed-energy deposition [107]. 

Further, EBM has existing literature regarding medical implant production (e.g., [6]). 

AM production can challenge the agility of a company and requires process planning in 

order to manage costs effectively [108]. Resource planning for the production of customized 

implants supports decision makers in the evaluation of AM adoption and is a necessary 

component for investment analysis, production planning, and staffing. To the authors knowledge, 

the application of discrete event simulation or queuing is not applied to resource planning for 

AM systems. This paper defines resource planning methodologies for the EBM system to 

produced customized implants. 

4.2 Background 

The production model of customized hip stems, one component of a total hip arthroplasty 

(THA), is shown in Figure 4.1. A hip stem is a good candidate for EBM production due to the 
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large portion of porous surface on the implant (called bone ingrowth surface). The bone ingrowth 

surface is a costly application process for implants produced with TM, but the porous surface can 

be directly fabricated with EBM technology. The hip stem is a good candidate for customization 

because of the prevalence, large size, and integrality to normal daily functions. The production 

process has four major echelons: modeling, fabrication, finishing, and testing/packaging (each 

outlined by a dashed blue line) [102]. The major tasks and resources required to complete those 

tasks are denoted within each echelon in Figure 4.1. The fabrication echelon has two major 

resources (EBM machine and operator) with some shared and some individual tasks. 

 

 
Figure 4.1: The production flow diagram for customized hip stems using EBM technology. 

 

The process is initiated with a patient diagnosis for a custom hip stem. The patient has 

imaging performed on the affected joint (e.g., a computed tomography scan, or CT scan [60]), 

which is delivered electronically to the medical technician. The medical technician imports the 

provided scans into CAD modeling software, designs the patient-specific hip stem, and then 

evaluates the mechanical stability of the design using finite element analysis (FEA) [60] [98]. 

There are different methods of customized design available such as use of a parametric model or 

designing the implant from scratch [75]. A parametric model is where a prescribed number of 

design points are used to construct the CAD model. If a CAD model fails FEA, then the design 

must be remodeled until it meets requirements for mechanical stability. 

After passing FEA, the virtual hip stem file is transferred to the EBM operator who 

aggregates multiple hip stem files to create a batch: the operator orients the parts on the build 

platform and adds additional support material needed for fabrication. The operator prepares the 

EBM machine for printing (i.e., warms up the machine, draws the vacuum, etc.) and begins the 
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build. The operator does not need to be present during the printing process. After the appropriate 

cooling time, the EBM operator performs post-processing duties: extraction of the build plate, 

support material removal, and excess powder removal. The new custom hip stem is labeled and 

each prosthesis moves on to the finishing process individually. 

Finishing can encompass several operations including heat treatments and machining. 

The finishing methods used in a previous study on producing custom hip stems were milling and 

grinding/polishing [6]. The machinists operate computer numerical control (CNC) milling 

machines during the finishing process. After finishing and once quality assurance (QA) 

inspections are complete, the implant is ultrasonically washed, sterilized in an autoclave, and 

packaged by a quality technician. The implant is then distributed to the appropriate medical 

facility for surgical implementation. After the hip stem leaves the manufacturing facility, it is 

shipped directly to the hospital. As the AM hip stems are unique pieces, they will be shipped as 

individual packages. The implant is held in the hospital until the patient undergoes surgery. 

During the operation, a custom hip stem would likely require a custom set of reamers and 

custom cutting guides for implantation performed by a surgeon. Alternatively, a custom hip 

implant could take advantage of robotic surgery since no custom tools are needed and the CAD 

model for the femur and the implant already exist due to the design process [60]. Robotic surgery 

is becoming more popular for hip and knee replacements. 

4.3 Methodology 

The objective of this work is to predict key resource requirements to produce customized 

hip stems using EBM technology and characterize the effect of experimental parameter 

uncertainty on the resource levels. The key resources are those that are expected to comprise 

most of the equipment and production costs that differ from TM methods. The experimental 

parameters are those that have significant effects on the required resource levels as determined 

by previous analysis. The production model is implemented using simulation software to 

evaluate the process with details such as staff work schedules and implant batching. A queuing 

model is derived to provide an initial allocation for the staffing level search in the simulation 

model. The resource level sensitivity in the simulation is quantified by a regression model. The 

queuing model, due to ease of derivation, is extended to test the assumption of a three to one 

ratio for EBM machines and operators. Variable notation for this chapter is defined in Appendix 
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G. A queuing model is derived to provide an initial allocation for the staffing level search in the 

simulation model; the search algorithm is described in Appendix H. 

4.3.1 Simulation model implementation 

The production is implemented in the simulation software Simio 11 [109]. The server and 

resource implementation in Simio has been reorganized to increase computational efficiency 

relative to a previous implementation [102]. In this simulation, patient entities (which represent 

patients who have a prescription for a custom hip stem) enter the system according to a Poisson 

arrival process corresponding to the parameter-defined demand rate (). The patient first 

undergoes a CT scan with a processing time that has a triangular distribution (parameters: 25, 30, 

and 60 minutes). The CT scan server has unlimited capacity and a work schedule of 8:00 am to 

6:00 pm for Monday through Friday. The CT scan server has unlimited capacity because the CT 

scan may come from any medical facility in the country therefore the capacity is not a production 

resource in this analysis. The CT scan server is included in the simulation to provide a more 

realistic arrival process to the modeling echelon. 

A server is used to represent the modeling echelon with a task sequence for CAD 

modeling, FEA, and a probability (fF) that CAD remodeling is undergone (representing a failed 

FEA). If the CAD remodeling task is processed, the entity returns to the FEA task. The 

processing times for CAD modeling (pC), FEA (pF), and CAD remodeling (pU) are defined 

parameters. The server has a finite capacity corresponding to the staffing level of medical 

technicians, which is defined as a resource in the simulation model. The modeling server has a 

standard, 40-hour work week schedule and suspends work when off-shift (as opposed to 

finishing work started before going off-shift). The patient entities then move on to the fabrication 

echelon. 

There are shared tasks between the EBM machine and operator. Therefore, each task in 

the fabrication echelon (batch file generation, machine setup, batch printing, and post-processing 

as shown in Figure 4.1) is represented by its own server with infinite capacity. The EBM 

machines and operators are implemented as two different resources in the simulation model. The 

EBM machine and operator resources each work 24 hours per day, seven days per week. The 

machines and operators work continuously because the cost of allowing an EBM machine to be 

idle is assumed to be greater than the cost of employing shifts of personnel outside of the 
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standard work week. It is also assumed that one operator can manage three machines (since an 

operator need not be present during the print). 

The patient entity arriving from the modeling echelon goes to a combiner, which forms a 

batch of b patient entities (creating a batch entity) before the task of batching begins. One 

operator resource is seized prior to and released after processing batch file generation. An 

operator resource is again seized simultaneously with the seizure of an EBM machine resource 

prior to processing of the EBM machine setup. The release/re-seizure of the operator resource 

between the batch file generation and EBM machine setup servers is due to the recycle after the 

failure of an EBM build. If a build fails (with probability of fE), then the batch entity re-initiates 

the fabrication process at the EBM machine setup server. After processing the machine setup, the 

operator resource is released (the machine resource is not released). The batch entity continues to 

the printing server and then to the post-processing server. At the post-processing server, an 

operator resource is again seized before processing. Both the operator and machine resources are 

released after post-processing. In the instance of a build failure, it is assumed that post-

processing must be completed to remove the failed build and the entire batch must be re-printed 

beginning with machine setup. The processing times for batch file generation (pB), EBM 

machine setup (pX), printing (pE), and post-processing (pY) as well as the probability of build 

failure (fE) are defined as parameters in the simulation. From the post-processing server, batch 

entities either result in a failed build and return to the machine setup server or continue to the 

separator which has infinite capacity and zero processing time to separate the patient entities and 

discard the batch entity. The patient entities (representing the physical individual custom hip 

stems) continue from the separator to the finishing echelon. 

In the finishing echelon, the CNC machine/machinist (a one-to-one ratio is assumed) is 

represented by a single server. The server has two tasks: machine preparation and machining. 

The processing time for machine preparation (pZ) and machining (pM) are defined parameters. 

The server works a standard 40-hour work week and suspends work when going off shift. 

After finishing, the entities undergo QA, washing/sterilization, and packaging; each task 

is represented by a server with infinite capacity and a standard 40-hour work week. The servers 

are included to provide a more accurate estimation of production cycle time but are not a focus 

of this analysis because this part of the process is likely similar to the current TM production 
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process. The testing and packaging echelon also has a low expected cost relative to the upstream 

echelons. 

4.3.2 Queuing model derivation 

The next undertaking was to develop a stochastic analytic model of the system that could 

potentially reduce planning time. Consider a queueing model where the arrival of customers to 

the system and service times of the customers have specified distributions. Let  be the arrival 

rate of customers to the system,  be the service rate per server, and kQ be the number of servers 

in the queuing model. The long-run server utilization () is defined in Equation 4.1; the service 

rate can be estimated as the inverse of the expected service time (t). 

 
𝜌 =

𝜆

𝑘𝑄 𝜇
 =

𝜆 Ε(𝑡)

𝑘𝑄
 4.1 

A queuing model is used to approximate the staffing allocation to initiate the staffing 

level search in the simulation model. In the queuing model, each echelon is considered 

independent of the other echelons in the production process and a Poisson arrival process (with 

demand rate ) is used to describe arrivals. An integer value for the staffing level is found by 

solving Equation 4.1 to find kQ and rounding up. The demand rates and expected service times 

are adjusted in each echelon, as described below. 

The expected service time for a resource R (tR) accounts for the recycle loops in echelons 

where applicable (i.e., FEA failure and build failure) and is provided in hours. The expected 

service time for the medical technicians (denoted by the subscript MT in Equation 4.2), EBM 

machines (denoted by EM in Equation 4.3), EBM machine operators (denoted by OP in Equation 

4.4), and CNC machines (denoted by CM in Equation 4.5) are shown below. 

 
Ε(𝑡𝑀𝑇) = ∑ 𝑓𝐹

(𝑛−1)
(𝑝𝐶 + 𝑛 ⋅ 𝑝𝐹 + (𝑛 − 1) ⋅ Ε(𝑝𝑈))

∞

𝑛=1

= 𝑝𝐶 +
𝑝𝐹

1 − 𝑓𝐹
+

𝑓𝐹  Ε(𝑝𝑈)

1 − 𝑓𝐹
 4.2 

 
Ε(𝑡𝐸𝑀) = ∑ 𝑓𝐸

(𝑛−1)
⋅ 𝑛 ⋅ (1 − 𝑓𝐸)(Ε(𝑝𝑋) + 𝑝𝐸 + Ε(𝑝𝑌))

∞

𝑛=1

=
Ε(𝑝𝑋) + 𝑝𝐸 + Ε(𝑝𝑌)

1 − 𝑓𝐸
 4.3 

 
Ε(𝑡𝑂𝑃) = ∑ 𝑓𝐸

(𝑛−1)(1 − 𝑓𝐸)(Ε(𝑝𝐵) + 𝑛 ⋅ Ε(𝑝𝑋) + 𝑛 ⋅ Ε(𝑝𝑌))

∞

𝑛=1

= Ε(𝑝𝐵) +
Ε(𝑝𝑋) + Ε(𝑝𝑌)

1 − 𝑓𝐸
 

4.4 

 Ε(𝑡𝐶𝑀) = Ε(𝑝𝑍) + 𝑝𝑀 4.5 
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The arrival rate is adjusted to account for work schedules for the modeling and finishing 

echelons. Let  be the arrival rate (or demand rate) per hour. The adjusted rate for the 40-hour 

work schedule is W given in Equation 4.6; this equation takes the total number of arrivals per 

week and distributes them over the 40 hours that are in the work schedule. 

 

𝜆𝑊 =
𝜆 ∙ 24

ℎ𝑜𝑢𝑟𝑠
𝑑𝑎𝑦

∙ 7
𝑑𝑎𝑦𝑠
𝑤𝑒𝑒𝑘

40
 

4.6 

In the fabrication echelon, the arrival rate is adjusted to incorporate batch processing. The 

adjusted rate for batch processing is B given in Equation 4.7; this conversion defines the number 

of batches rather than patients that arrive per hour. 

 
𝜆𝐵 =

𝜆

𝑏
 4.7 

Let kQ,R be the staffing level predicted by the queuing model for a given resource R. The 

staffing level for medical technicians is provided in Equation 4.8including the expected service 

time and appropriate demand rate. A ceiling function is used to provide an integer value for all 

staffing levels. The staffing level of EBM machines (Equation 4.9) is independent of the operator 

staffing level. The operator staffing level (Equation 4.10) is the maximum of the number of 

operators needed to maintain the three EBM machines to one operator ratio and the number of 

operators needed to complete all operator tasks while maintaining the specified utilization. The 

staffing level of CNC machines is provided in Equation 4.11 and includes the appropriate work 

schedule demand rate. The utilization (R) can be specific to the resource R. 

 
𝑘𝑄,𝑀𝑇 = ⌈

𝜆𝑊

𝜌𝑀𝑇
(𝑝𝐶 +

𝑝𝐹

1 − 𝑓𝐹
+

𝑓𝐹  Ε(𝑝𝑈)

1 − 𝑓𝐹
)⌉ 4.8 

 
𝑘𝑄,𝐸𝑀 = ⌈

𝜆𝐵

𝜌𝐸𝑀
(

Ε(𝑝𝑋) + 𝑝𝐸 + Ε(𝑝𝑌)

1 − 𝑓𝐸
)⌉ 4.9 

 
𝑘𝑄,𝑂𝑃 = max (⌈

𝑘𝑄,𝐸𝑀

3
⌉ , ⌈

𝜆𝐵

𝜌𝑂𝑃
(Ε(𝑝𝐵) +

Ε(𝑝𝑋) + Ε(𝑝𝑌)

1 − 𝑓𝐸
)⌉) 4.10 

 
𝑘𝑄,𝐶𝑀 = ⌈

𝜆𝑊

𝜌𝐶𝑀

(Ε(𝑝𝑍) + 𝑝𝑀)⌉ 4.11 

 

4.3.3 Parameters, controls, and performance metrics 

The model parameters, notation, parameter value ranges, and respective echelons are 

provided in. The base estimates were observed or provided by manufacturing experts. In order to 

account for error, the range of these values was extended to study their effects on systems 



   

96 

 

performance. The experimental parameters (denoted by an “E” in Table 4.1) are discrete values 

in the model so they can be varied among scenarios. The non-experimental parameters that are 

processing times are implemented into the simulation as random variables that are Triangularly 

distributed with distribution parameters defined by the minimum, base, and maximum values. 

The probability of FEA failure assumes the base value of 0.05. 

 

Table 4.1: Model parameters with corresponding value ranges and affected echelon. 

 Parameter  Minimum Base Maximum Echelon 

E Interarrival time 1/ 3 min 6.5 min 105 min All 

E CAD modeling processing time pC 0.5 hr 5 hr 10 hr Modeling 

E FEA processing time pF 0.5 hr 2.5 hr 5 hr Modeling 

 Probability of FEA failure fF - 0.05 - Modeling 

 CAD remodeling processing time pU 0.5 hr 2.5 hr 5 hr Modeling 

E EBM machine batch size b 5 13 20 Fabrication 

 Batch file generation time pB 40 min 60 min 80 min Fabrication 

 EBM machine setup time pX 50 min 65 min 90 min Fabrication 

E EBM machine processing time pE 30 hr 45 hr 60 hr Fabrication 

 Post-processing time pY 50 hr 65 hr 90 hr Fabrication 

E Probability of build failure fE 0.01 0.10 0.20 Fabrication 

 Part preparation time pZ 15 min 30 min 45 min Finishing 

E CNC machining time pM 0.5 hr 5 hr 10 hr Finishing 

 

The interarrival time (1/) is defined in Table 4.1 rather than the demand rate (); the 

minimum, base, and maximum interarrival time values correspond to approximate annual 

demand values of 175,000, 81,000, and 5,000, respectively. The annual demand satisfied by a 

single device manufacturer of a customized joint replacement is highly uncertain and impacts all 

echelons of the production process. The minimum annual demand is assumed to be 

approximately 5,000; below this annual value there is an alternative pathway to market that 

exists, which has a significant role for total implant cost [71]. The maximum value predicts the 

maximum output of a single device manufacturer; the number equates to a quarter of the 

projected annual demand for THA in 2030 [2]. 

The modeling echelon has four parameters: the processing times of the three tasks and the 

probability of FEA failure. The CAD modeling time has a wide variation accounting for different 

methods of customization (e.g., parametric model vs. designing from scratch). The FEA and 
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CAD remodeling processing times are also uncertain but assumed to be less than the CAD 

modeling time. 

The fabrication echelon has the most experimental parameters. All task processing times 

are small relative to the EBM machine print time (which includes printing and cool-down time). 

The estimates of the batch size and processing times are based on previous research using an 

Arcam EBM A2 machine [6]. Large batches are more densely packed, which may lead to higher 

rates of build failure. Small builds have a high unit cost due to the fixed costs associated with 

each build cycle (which is spread over fewer implants). The failure rate is estimated based on the 

current state of EBM technology. The CNC processing time captures the potential variation in 

finishing time which could change based on the geometrical variation of the customized implants 

and the finishing requirements. 

The control variables are the staffing and resource levels of medical technicians, EBM 

machines, operators, and CNC machines. The number of EBM machines is defined in the 

simulation model. The operator staffing level is the maximum of the number of operators needed 

to maintain the ratio of machines to operators and the number of operators needed to complete 

operator tasks at the specified utilization. Experiments are composed of different combinations 

of experimental parameters (referred to as scenarios). The objective for each scenario is to 

determine the minimum feasible staffing or resource level (herein after referred to simply as 

“staffing level”) to maximize cost effectiveness. 

The scheduled server utilization measures the percentage of time the server is busy over 

the scheduled work time for the modeling and finishing echelons. The resource utilization is used 

to evaluate the EBM machine and operator utilizations. There are 40 replicates of each scenario 

to assume Normally distributed utilizations. A feasible staffing level is defined as a staffing level 

that maintains system stability and has a mean utilization less than 85%. 

Utilization rates are evaluated during steady state in the simulation model. The simulation 

is run for one week at a time tracking the total number of entities created and destroyed to 

determine the time required for the simulation to reach steady state. The time to reach steady 

state is evaluated at the base level of experimental parameters with unlimited capacity servers to 

provide an estimate of the time to reach steady state in the simulation when the servers have a 

limited capacity. This amount of time (with a 150% margin for error) is used as a warm-up 

period in the experiment meaning utilization rates are not recorded until after the completion of 
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the warm-up period. The time to reach steady state is re-evaluated post-experimentally using the 

associated minimum staffing levels to confirm the warm-up period used is sufficient. 

The difference (error) between the queuing model predicted staffing levels and the 

regression model predicted staffing levels relative to those of the simulation model are evaluated 

to provide insight on the queuing model as an approximation technique. The error (Equation 

4.12) is defined as the difference in queuing model staffing level (kQ,R,) or linear regression 

staffing level (kL,R,) from the simulation determined staffing level (kS,R,) for a given scenario 

resource R and scenario . The absolute percent error in Equation 4.13 scales the magnitude of 

the error to the simulation staffing level. 

 Δ𝑚,𝑅,𝜎 = 𝑘𝑄,𝑅,𝜎 − 𝑘𝑆,𝑅,𝜎 ,     𝑚 ∈ {𝑄, 𝐿} 4.12 

 
Ρ𝑚,𝑅,𝜎 =

|Δ𝑚,𝑅,𝜎|

𝑘𝑆,𝑅,𝜎
× 100% 4.13 

Using the definitions in Equation 4.12 and Equation 4.13, there are seven metrics used to 

evaluate the accuracy of the predicted staffing levels from the queuing model and linear 

regression model. Each metric includes either the error or the absolute percent error summed or 

averaged over all scenarios in which the resource R is the control value determined. The metrics 

are the sum of the error, the sum of the absolute error, the maximum value of absolute error, the 

mean of the error, the mean absolute error, the mean absolute percent error, and the maximum 

absolute percent error. 

4.3.4 Experimental design for resource sensitivity 

The experimental parameters are tested using a three-level, full factorial experiment 

within each echelon; the experimental parameters, three levels, and associated echelons are 

shown in Table 4.1. The demand rate is included as a parameter for every echelon. The staffing 

level determination in the simulation model is a search for the minimum staffing level that does 

not exceed a mean utilization of 85% over the full replicate set. The queuing model provides an 

initial allocation for the simulation staffing level search. A visualization of the experiment is 

provided in Figure 4.2. The simulation staffing level of medical technicians (kS,MT) is determined 

first with all other resources set to unlimited capacity. Unlimited capacity is assumed for all 

downstream echelons because downstream behavior is assumed to have no effect on upstream 

staffing levels. For all subsequent echelons, previously determined staffing levels for the 

upstream echelons (highlighted as “Control value (staffing level) for scenario parameters” in 
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Figure 4.2) are used to find the downstream staffing levels to provide a more realistic estimate 

considering the upstream delays and other system idiosyncrasies. 

 

 
Figure 4.2: Visualization of experimental design to determine control values. 

 

The staffing level for medical technicians is determined in the first 27 scenarios 

encompassing all combinations of experimental parameters in the modeling echelon (labeled as 

“Full factorial of experimental parameters” in Figure 4.2). The staffing level of EBM machines is 

determined next; the base level processing times for CAD modeling and FEA are used in the 

modeling echelon in combination with the appropriate staffing level for medical technicians (in 

Figure 4.2, color coded as “Control value (staffing level) for scenario parameters”). The staffing 

level for operators is determined after EBM machines. The operator staffing levels are 

determined using the appropriate staffing level for EBM machines for a given parameter 

combination; the base level for processing times for CAD modeling and FEA are again used with 

the appropriate medical technician staffing level based on the demand rate. The finishing echelon 

uses base levels for all experimental parameters of upstream echelons and the corresponding 

upstream staffing levels for the scenario parameters.  
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The effect on the staffing requirements by uncertainty in the key input parameters is of 

interest. Therefore, the experimental parameters are varied from their minimum to their 

maximum values (as shown in Table 4.1) and the resulting required staffing levels to achieve a 

utilization of not greater than 85% are determined. Linear regression on the resulting simulation 

staffing levels is used to characterize the relationship between the experimental parameter 

variation and the respective staffing level. For each resource, the experimental parameters of that 

echelon are the independent variables and the staffing level is the dependent variable. The 

demand rate is used in the regression of each staffing level. All interaction terms are included in 

the regression. 

4.3.5 Queuing model extension for operator analysis 

The queuing model is extended to investigate assumptions about the ratio of EBM 

machines to operators. The model used in the sensitivity analysis assumes a ratio of three EBM 

machines to one operator, which is maintained 24 hours a day, seven days a week (i.e., 168 hours 

per week). This operator work schedule is referred to as the “continuous”; although each 

operator works a standard work week, the operators are scheduled such that the ratio to EBM 

machines is maintained continuously. The use of a ratio of three to one was recommended from 

discussions with experts in the field. These assumptions regarding the ratio of machines to 

operators are investigated to improve the cost-effectiveness of the staffing level recommendation 

by measuring the effect of assumption changes on operator utilization. This extension does not 

include comparison to a simulation model result due to the intensive nature of the simulation 

model setup. 

An alternative to the continuous operator work schedule is to maintain the ratio to EBM 

machines with the total number of operators employed. The structure of the 40-hours worked per 

week in this approach must coincide with the initiation and completion of EBM machine builds 

in order to maintain the specified EBM machine utilization and a stable throughput rate; this 

operator work schedule is referred to as “discontinuous”. For a discontinuous schedule, the 

demand rate is transformed using Equation 4.14 to account for a 40-hour workweek and batch 

processing (WB). The discontinuous operator work schedule is implemented while maintaining 

the three to one ratio. 

 
𝜆𝑊𝐵 =

𝜆 ⋅ 24 ⋅ 7

40 ⋅ 𝑏
=

𝜆𝐵 ⋅ 24 ⋅ 7

40
 4.14 
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The operator utilizations in continuous and discontinuous schedules are compared to 

identify the impact of schedule assumption. Additionally, the number of scenarios where the 

ratio to EBM machines is the limiting factor in staffing level determination is also calculated. 

The ratio of EBM machines to operators is also examined. First, the operator staffing 

level is generalized (from Equation 4.10) with the ratio of EBM machines to a single operator , 

as shown in Equation 4.15. 

 
𝑘𝑄,𝑂𝑃 = max (⌈

𝑘𝑄,𝐸𝑀

𝜂
⌉ , ⌈

𝜆𝐵

𝜌𝑂𝑃
(𝑝𝐵 +

𝑝𝑆 + 𝑝𝑃

1 − 𝑓𝐸
)⌉) 4.15 

The boundary where operator utilization becomes the binding factor is determined by 

setting equal the two quantities within the maximum function in Equation 4.15 (and dropping the 

ceiling functions). The definition for the ratio boundary is shown in Equation 4.16 with the 

effective demand rate for EBM machines as EM and for operators OP. Above this boundary 

line, the operator utilization is the binding factor and conversely, below the line the prescribed 

ratio and EBM machine staffing level determine the operator staffing level. The boundary line in 

Equation 4.16 is dependent on two experimental parameters, three non-experimental parameters, 

the target utilizations, and the effective demand rates of each resource. In this extension, the 

operator and machine utilizations are assumed to be equivalent. 

 
𝜂 =

𝜌𝑂𝑃

𝜌𝐸𝑀
(

𝑝𝑋 + 𝑝𝐸 + 𝑝𝑌

𝑝𝐵(1 − 𝑓𝐸) + 𝑝𝑋 + 𝑝𝑌
) 4.16 

A three-level, full factorial experiment over all parameters in the fabrication echelon 

(demand rate, EBM batch size, batch file generation time, EBM machine setup, EBM machine 

print time, post-processing time) is used to compare the operator utilization and ratio boundary; 

the parameter levels are those defined in Table 4.1. 

4.4 Results and Discussion 

For the simulation model with unlimited capacity servers, the time to reach steady state is 

three weeks. Using the minimum resource levels where applicable, the time to reach steady state 

is four weeks. The warm-up period used in the simulation model is eight weeks and the resource 

utilizations are calculated using data from the subsequent four-week period. 

The staffing level of medical technicians ranges from four to 1,525 depending on the 

experimental parameter values. The range of EBM machines begins at two and reaches a 

maximum value of 367. Maintaining the EBM machine to operator level determined the operator 
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staffing level in all instances. The staffing level of CNC machines ranges from five to 1,040. 

Medical technicians and CNC machines have the highest staffing levels. 

4.4.1 Resource sensitivity analysis 

For each echelon, the linear regression models of the experimental parameters account 

for nearly all variance in staffing levels (R2 ≈ 1). The operator staffing level is dictated by the 

staffing level of EBM machines in this model so the regression of operator staffing level is 

omitted. The full regression results are available in Appendix I. 

In the modeling echelon, the only statistically significant terms in the regression are the 

demand rate term and the interaction terms between demand rate and the two processing times 

(CAD modeling and FEA). The interaction terms of the processing times have very similar 

coefficient values. The statistically significant terms are consistent for all significance levels 

between 1e-11 and 0.26. 

In the fabrication echelon, the terms that provide the most accurate regression model are 

the demand rate, the inverse of EBM batch size, the EBM print and cool down time, and the 

inverse of one minus the probability of EBM build failure. Of all 15 terms associated with the 

experimental parameters, eight terms are statistically significant with a significance level of 0.10, 

six terms with a significance level of 0.05, and two terms with a significance level of 0.01. These 

two significant terms are the interaction term including all four experimental parameters and the 

interaction term including all but the print time parameter. The coefficient values for these terms 

are approximately 1.1 and 7.8, respectively. 

 The finishing echelon showed similar results to the modeling echelon. There are only 

two statistically significant terms in the regression: the demand rate and the interaction between 

demand rate and the processing time for finishing. The statistically significant terms are 

consistent for significance levels between 1e-7 and 0.20. 

4.4.2 Queuing sensitivity analysis 

The queuing model staffing level equations are arranged to demonstrate the relationship 

between parameter variation and staffing level. The ceiling function is neglected in the following 

equations for convenience. For all staffing levels, the adjusted demand rates (either for work 

schedules, W, or batch processing, B) have been defined in terms of the demand rate (). The 

utilization is assumed to be 85%. The numerical base value for non-experimental parameters is 

used. 
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The medical technician staffing level defined by experimental parameters is given in 

Equation 4.17. The effects of variation in CAD modeling time and FEA time are amplified by 

changes in the demand rate. The constants approximately have a magnitude of five (with the 

FEA constant being slightly higher). The constant for the main effect of the demand rate 

variation is approximately 12 signifying a substantial effect. 

 𝑘𝑄,𝑀𝑇 = 4.94 𝜆 𝑝𝐶 + 5.20 𝜆 𝑝𝐹 + 12.35 𝜆 4.17 

The effect of the demand rate and batch size are tied together for both the staffing level of 

EBM machines (Equation 4.18) and operator staffing level (Equation 4.19) representing an 

effective demand rate. The effective demand rate also accounts for the recycle loop within the 

echelon for failed implants with the 1 – fE quantity in the denominator. The staffing level of the 

operators is shown independent of the staffing level of EBM machines for future analysis 

although the staffing level of EBM machines was the limiting resource in this experiment. The 

interaction term of demand rate, batch size, and probability of build failure is present in both the 

staffing level of operators and EBM machines. 

 
𝑘𝑄,𝐸𝑀 = 2.55 

𝜆

𝑏 (1 − 𝑓𝐸)
+ 1.18 

𝜆 𝑝𝐸

𝑏 (1 − 𝑓𝐸)
 4.18 

 
𝑘𝑄,𝑂𝑃 = 1.18 

𝜆

𝑏
+ 2.55 

𝜆

𝑏 (1 − 𝑓𝐸)
 4.19 

The staffing level of the CNC machines has only two experimental parameters: demand 

rate and machining time (shown in Equation 4.20). Consistent with Equation 4.17, the processing 

time is amplified by the demand rate and the demand rate also demonstrates a main effect. 

 𝑘𝑄,𝐶𝑀 = 4.94 𝜆 𝑝𝑀 + 2.47 𝜆 4.20 

Table 4.2 shows the error metrics for the queuing model error relative to the simulation 

determined staffing level. The operator staffing level demonstrates no error because the 

previously determined EBM machine staffing level dictated the operator staffing level in all 

cases. The largest mean error appears in the modeling echelon but across all resources, the 

average error is less than one. 
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Table 4.2: Queuing model staffing level error by resource. 

 Resource 

All MT EM OP CM MT, EM, CM 

Sum of Q,R, -42 -23 -14 0 -5 -42 

Mean Q,R, -0.212 -0.852 -0.173 0 -0.556 -0.359 

Sum of |Q,R,| 46 25 16 0 5 46 

Mean |Q,R,| 0.232 0.926 0.198 0 0.556 0.393 

Maximum |Q,R,| 4 4 1 0 2 4 

Mean Q,R, 0.4% 0.5% 0.9% 0% 0.1% 0.7% 

Maximum Q,R, 33.3% 5.9% 33.3% 0% 0.4% 33.3% 

No. Scenarios 198 27 81 81 9 117 

 

The maximum absolute percent error is 33.3%, which occurs for the staffing level of 

EBM machines. In this scenario, the allocation from the queuing model is two and the simulation 

determined staffing level is three. The next highest absolute percent error over all resources is 

25.0%, again in the staffing level determination from EBM machines; the queuing model’s 

allocation is five and the simulation determined level is four. Excluding these two outliers, the 

mean absolute percent error is 0.2% for the EBM machine staffing level. The bias (i.e., the sum 

of the error) shows that the queuing model tends to underestimate the staffing level. The largest 

bias occurs in the medical technician staffing level; however, the magnitude of the medical 

technician level means the absolute percent error is low. 

Due to the nature of the operator allocation, the error is aggregated over the other three 

resources to evaluate the accuracy of the queuing model approximation. The mean error and 

mean absolute percent error are less than one. The largest variation from the simulation 

determined staffing level is four, which occurs at a simulation staffing level for medical 

technicians of 587. 

4.4.3 Sensitivity characterization comparison 

The resource sensitivity to experimental parameter variation can be characterized by the 

linear regression model and the queuing model; the comparison of the error metrics is shown in 

Table 4.3. Overall, the queuing model tends to underestimate staffing levels and the regression 

model tends to overestimate staffing levels relative to the simulation model results. 

In the modeling and finishing echelons, the linear regression model identifies statistically 

significant terms that are present in the queuing model equations. In the modeling echelon, the 

coefficients for all terms except the demand rate term are approximately equal. This difference in 
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the coefficient of the demand rate term leads to a decrease in the total error for the regression 

model (relative to the queuing model) although the mean percent error is similar for each model. 

In the finishing echelon, the linear regression leads to slightly smaller mean error but a larger 

mean percent error. The two models perform similarly in the finishing echelon. 

 

Table 4.3: Uncertainty characterization comparison. 

 Modeling Fabrication Finishing 

 Regression Queuing Regression Queuing Regression Queuing 

Sum of m,R, 13 -23 38 -14 3 -5 

Mean m,R, 0.481 -0.852 0.469 -0.173 0.333 -0.556 

Sum of |m,R,| 15 25 38 16 3 5 

Mean |m,R,| 0.556 0.926 0.469 0.198 0.333 0.556 

Maximum |m,R,| 2 4 1 1 1 2 

Mean m,R, 0.42% 0.47% 5.34% 0.87% 1.09% 0.11% 

Maximum m,R, 4.5% 5.9% 50.0% 33.3% 6.3% 0.4% 

No. Scenarios 27 81 9 

 

In In the fabrication echelon, a significance level of 0.01 identified statistically significant 

terms in the regression model, that coincide with the terms present in the queuing model equation 

(Equation 4.18), although the values of the coefficients differ between the models. The queuing 

model equation is a better predictor of the EBM machine staffing level than the regression model 

as evidenced by the smaller error metrics. The mean error is low for each model, but the queuing 

model has a lower mean absolute percent error. 

4.4.4 Operator analysis 

The results of the queuing analysis comparison of work schedules using operator 

utilization as the key metric is given in Table 4.4. The maximum operator utilization (OP) for 

the continuous work schedule is only 32.9% and the operator tasks never determine the operator 

staffing level in any of the 2,187 scenarios of the experiment (shown as ‘limiting OP’ is 0% in 

Table 4.4). In other words, the resource level of EBM machines determines the operator staffing 

level in all scenarios. In comparison, if the operators have a discontinuous work schedule, the 

operator utilization is the determining factor in the operator staffing level for 22.9% of the 2,187 

scenarios. The average operator utilization is nearly quadrupled to 62.5% over the continuous 

work schedule. The average operator staffing level is very similar at 23 and 24 for the continuous 

and discontinuous work schedules, respectively. An important distinction is that for the 
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discontinuous work schedule, the staffing level represents the total number of operators 

employed whereas for the continuous schedule, the staffing level represents the number of 

operators on duty at any given time (the number of operators employed would be approximately 

four times this amount). 

 

Table 4.4: Comparison of operator utilization by work schedule. 

 Operator Work Schedule 

 Continuous Discontinuous 

Mean OP 16.1% 62.5% 

Maximum OP 32.9% 85.0% 

Minimum OP 5.2% 21.7% 

Limiting OP 0% 22.9% 

Mean kQ,OP 23.0 24.3 

 

The ratio boundary comparison for the two work schedules is shown in Table 4.5. The 

minimum ratio value is approximately 7.6 for the continuous work schedule; the minimum value 

occurs at the minimum values for EBM print time (pE) and failure rate (fE) in combination with 

the maximum value for batching, setup, and post-processing (all denominator processing times). 

Conversely, the maximum ratio value occurs when EBM print time and failure rate are at their 

maximum values and all batching, setup, and post-processing are at their minimum values. 

 

Table 4.5: Machine to operator ratio boundary as an independent variable (). 

 Operator Work Schedule 

 Continuous Discontinuous 

Mean  15.210 3.621 

Median  14.948 3.559 

Maximum  28.030 6.710 

Minimum  7.639 1.819 

Standard Deviation of  4.552 1.034 

 

4.5 Discussion 

The queuing model provides a good estimate for the staffing levels in the single, 

customized hip stem model and can be used to reduce computational requirements. In terms of 

production, a parametric model to produce the customized hip stem is recommended to reduce 

the CAD processing time, which will significantly reduce the number of medical technicians 
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required. Additionally, a parametric model with a defined design envelope may ease the burden 

of FDA approval and the pathway to market for a customized implant.  

Regarding resource requirements in the fabrication echelon, the batches should be 

maximized to reduce the number of EBM machines (and therefore operators) required. The EBM 

processing time (print time and cool down time) does not have a direct linear relationship to the 

number of implants per batch (though there is a direct correlation present); the recommendation 

to maximize batch size still holds due to the marginal increase in machine requirement from an 

increase in EBM processing time. Another positive is that early adoption may be more attractive 

because the EBM machine failure rate does not have a large impact on the staffing level in the 

fabrication echelon with the range of 1% to 20%. Further, in-situ flaw detection can reduce the 

impact of failed builds on the resource utilization [110]. The exact finishing process(es), which 

may include heat treatments, are essential to identify. This model assumes that CNC machining 

is the only finishing operation necessary, which may hold true or fall short of necessary 

standards for certain types of implants. 

The shared tasks of the EBM machine and operator tie the determination of the two 

staffing levels together in the production model. In the fabrication echelon, it is assumed that the 

primary objective is to maximize the EBM machine utilization because it is likely more costly to 

let an EBM machine be idle than employ additional operators. If the EBM machine utilization is 

maximized, then the staffing level of operators should be minimized to decrease costs such that 

the operator staffing level does not affect the EBM machine utilization. The ratio is useful to 

organize operator labor and maintain responsibility for EBM machine utilization and output. 

Future resource planning models would benefit from including the ratio of EBM machines to 

operators as a parameter. 

A customized prosthesis will likely require custom instrumentation and tools (e.g., 

reamers, cutting guides) for surgical implantation or the use of robot-assisted surgery. Custom 

instrumentation and tools will reduce the equipment required for surgery creating savings for the 

hospital via improved operating room time efficiencies and the reduction of cleaning, 

sterilization, and inventory costs for surgical equipment [51]. The combination of a customized 

implant and robot-assisted surgery has the potential for massive improvements in surgical-time 

and patient outcomes. 
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The queuing model showed accuracy in the staffing level prediction for the production 

model of customized hip stems. The simulation requires computation time, which can be on the 

order of several minutes for some experimental parameter combinations for a single replicate of 

one scenario. The queuing model provides a closed form solution that allows for rapid systems 

analysis, which can make complex analyses analytically tractable. A queuing model is derived to 

incorporate the production of other types of prostheses under the assumption that the queuing 

model can be used to accurately predict staffing needs of the production model. The following 

extensions do not include comparison to a simulation model result. 

4.5.1 Custom and Standard Production 

A manufacturer may consider production of the standard version of a mass-customized 

implant. In considering the standard and custom production using EBM technology of a single 

implant type (e.g., a hip stem), a queuing model can provide closed form solutions for staffing 

level requirements. It is assumed that standard implants follow the same production process as 

custom implants with some exceptions. First, standard implants do not undergo any modeling, so 

the entry point to the production process is fabrication. Second, a batch of standard implants is 

assumed to be prescribed so there is not a batch processing time associated with standard 

production. Further, inventory management becomes a factor with the introduction of standard 

implant production. Custom implants are made-to-order whereas standard implants are made-to-

stock. If custom implant batches have significant priority over standard batches and the annual 

demand is such that standard batches are processed infrequently, then standard inventory levels 

may be high (depending on the manufacturer’s aversion to stock-outs). 

Parameters are differentiated for custom (denoted by) and standard (denoted by ) 

implants. For example, let  be the custom demand rate and  be the standard demand rate. For 

the modeling echelon, the expected service time (Equation 4.2) and staffing level (Equation 4.8) 

are consistent with the previous evaluation since standard implants do not require modeling. All 

expected service times for custom implants are consistent with the previous model. For the 

fabrication echelon, the expected service time of the EBM machine for a standard implant is 

consistent with the expected service time for a custom implant (Equation 4.3). The staffing level 

for EBM machines is shown in Equation 4.21. 
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𝑘𝑄,𝐸𝑀 = ⌈
1

𝜌𝐸𝑀
(

𝜆𝐵,𝛾 (Ε(𝑝𝑋,𝛾) + 𝑝𝐸,𝛾 + Ε(𝑝𝑌,𝛾))

1 − 𝑓𝐸,𝛾

+
𝜆𝐵,𝜃 (Ε(𝑝𝑋,𝜃) + 𝑝𝐸,𝜃 + Ε(𝑝𝑌,𝜃))

1 − 𝑓𝐸,𝜃
)⌉ 

4.21 

The expected service time of the EBM machine operator for the standard implant is 

shown in Equation 4.22, which excludes the parameter for batch file generation since the 

standard implant would be prescribed. The generalized operator staffing level is given in 

Equation 4.23 using  for the ratio of EBM machines to operators; the demand rate can be 

adjusted for a work schedule and batch processing but is not shown here. 

 
Ε(𝑡𝑂𝑃,𝛾) = ∑ 𝑓𝐸,𝛾

(𝑛−1)
(1 − 𝑓𝐸,𝛾) ⋅ 𝑛 ⋅ (Ε(𝑝𝑋,𝛾) + Ε(𝑝𝑌,𝛾))

∞

𝑛=1

=
Ε(𝑝𝑋,𝛾) + Ε(𝑝𝑌,𝛾)

1 − 𝑓𝐸,𝛾
 4.22 

 

𝑘𝑄,𝑂𝑃 = max (⌈
𝑘𝑄,𝐸𝑀

𝜂
⌉ , ⌈

1

𝜌𝑂𝑃
(

𝜆𝐵,𝛾 (Ε(𝑝𝑋,𝛾) + Ε(𝑝𝑌,𝛾))

1 − 𝑓𝐸,𝛾
+ 𝜆𝐵,𝜃 ⋅ Ε(𝑝𝐵,𝜃)

+
𝜆𝐵,𝜃 (Ε(𝑝𝑋,𝜃) + Ε(𝑝𝑌,𝜃))

1 − 𝑓𝐸,𝜃
)⌉) 

4.23 

The finishing echelon has a similar analysis. The expected service time is consistent with 

Equation 4.5 and the staffing level for CNC machines is given in Equation 4.24. The finishing 

time for a standard implant would be shorter than for the custom implants because the CNC 

code, jigs, and fixtures for the standard implants will already exist. 

 
𝑘𝑄,𝐶𝑀 = ⌈

1

𝜌𝐶𝑀
(𝜆𝑊,𝛾(Ε(𝑝𝑍,𝛾) + 𝑝𝑀,𝛾) + 𝜆𝑊,𝜃(Ε(𝑝𝑍,𝜃) + 𝑝𝑀,𝜃))⌉ 4.24 

4.5.2 Production of Multiple Types of Implants 

The analysis in the previous section can be further generalized to include multiple 

different types of implants. A manufacturer may produce standard, custom, and redesigned 

implants of multiple types. The staffing levels for each echelon are described below. Let 

 denote the set of implants that require modeling and batching prior to fabrication; let  denote 

the set of all implants (standard, custom, redesigned, etc.). The staffing level for medical 

technicians (Equation 4.25) includes only the processing times for custom implants (set ). 

 
𝑘𝑄,𝑀𝑇 = ⌈

1

𝜌𝑀𝑇
∑ 𝜆𝑊,𝑖 (𝑝𝐶,𝑖 +

𝑝𝐹,𝑖 + 𝑓𝐹,𝑖 ⋅ Ε(𝑝𝑈,𝑖)

1 − 𝑓𝐹,𝑖
)

𝑖∈Θ

⌉ 4.25 
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The staffing level for EBM machines is given in Equation 4.26. The operator staffing 

level (Equation 4.27) is the maximum of the number of operators required to maintain the ratio 

of EBM machines to operators and the number of operators required to perform all tasks 

maintaining the set operator utilization (OP). The processing time for batch file generation (pB,i) 

is included in the second quantity in Equation 4.27 although it is a production step that is only 

necessary for customized (made-to-order) implants; for made-to-stock implants, the batch file 

generation processing time is zero. The staffing level for CNC machines is given in Equation 

4.28. 

 
𝑘𝑄,𝐸𝑀 = ⌈

1

𝜌𝐸𝑀
∑ 𝜆𝐵,𝑖 (

Ε(𝑝𝑋,𝑖) + 𝑝𝐸,𝑖 + Ε(𝑝𝑌,𝑖)

1 − 𝑓𝐸,𝑖
)

𝑖∈Φ

⌉ 4.26 

 
𝑘𝑄,𝑂𝑃 = max (⌈

𝑘𝑄,𝐸𝑀

𝜂
⌉ , ⌈

1

𝜌𝑂𝑃
∑ 𝜆𝐵,𝑖 (Ε(𝑝𝐵,𝑖) +

Ε(𝑝𝑋,𝑖) + Ε(𝑝𝑌,𝑖)

1 − 𝑓𝐸,𝑖
)

𝑖∈Φ

⌉) 4.27 

 
𝑘𝑄,𝐶𝑀 = ⌈

1

𝜌𝐶𝑀
∑ 𝜆𝑊,𝑖(Ε(𝑝𝑍,𝑖) + 𝑝𝑀,𝑖)

𝑖∈Φ

⌉ 4.28 

4.6 Conclusions 

Resource planning for AM systems is not well covered in the literature. The objective of 

this paper is to develop a production model and use the model to predict the required resources to 

produce mass-customized hip stems using EBM technology to reduce knowledge-related barriers 

to adoption. The method of this work is to use a simulation model and a queuing model to 

determine staffing levels and characterize the uncertainty of experimental parameters. The 

queuing model is found to be relatively accurate and extended to describe additional production 

considerations. The uniqueness of this queuing model is the ability to alter levels of a production 

characteristic (e.g., number of implants, work schedule, etc.) and immediately get an estimate of 

the system performance with little computational effort relative to the simulation model. The 

purpose of this work is to create a scalable solution for a larger production portfolio; the next 

step is to incorporate production costs to estimate the economic feasibility of uniquely 

customized orthopedic implants directly fabricated with EBM technology. 
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CONCLUSIONS 

Orthopedic medicine is in increasing demand with the general population living longer. 

Personalized implants can reduce long-term costs and improve patient outcomes of some of the 

most common surgical procedures performed in the United States such as joint arthroplasty. 

Chapter 1 presents a stakeholder analysis on the most significant groups associated with the 

adoption of customized orthopedic implants produced with additive manufacturing (AM): 

patients, surgeons, hospitals, third-party payers, medical device manufacturers, and regulatory 

bodies. Patients and hospitals are not the key drivers in the adoption of customized implants 

despite having the most significant benefits via improved patient outcomes and reduced costs of 

care. Surgeons and medical device manufacturers are the key drivers for the adoption of 

customized implants with AM. The regulatory bodies hold a gate-keeping role as they can either 

approve or deny the use of the AM implants in their jurisdiction. Third-party payers hold a 

similar role using reimbursements to control the use of AM implants by their beneficiaries. 

The Markov model presented in Chapter 2 explores the patient experience from primary 

total hip arthroplasty (THA) for a 15-year time horizon. A customized THA implant is expected 

to improve post-operative outcomes, reduce the risk of revision arthroplasty, and improve the 

patient quality of life relative to a standard sized THA prosthesis. For all patients, a customized 

implant is cost-effective considering the time horizon and improved quality of life if the expected 

benefits can be realized. In particular, young, female patients are particularly good candidates for 

customized THA implants due to their higher risk of revision and longer expected lifespan. 

There is limited data available for increased patient characteristics beyond age and gender 

however, the model could be extended in the instance a more detailed dataset is available. The 

results of Chapter 2 should be viewed within the context of these data limitations.  

The selection of orthopedic implants families for production with AM will be key for the 

successful adoption by medical device manufacturers. A framework is presented in Chapter 3 

which outlines the production considerations and medical motivation for the implant selection. 

The selection process first identifies if the implant can be produced with AM and if there are 

production advantages. The last phase of the selection process identifies the need in the patient 

population for the any increase in production or market approval costs. This selection model is 

unique in that is allows for the selection of individual implant groups (such as a made-to-order 
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hip stem, a redesign made-to-stock acetabular cup, or a traditional made-to-stock design of a 

femoral head) by a user with basic AM knowledge. 

Chapter 4 outlines a production model for orthopedic implants using electron beam 

melting (EBM) technology, a metallic AM system. Resource planning is performed on the 

production model using a simulation model and a queuing model, novel approaches to resource 

planning for high volume production with AM. The simulation model is assumed to provide the 

most realistic representation because it can capture unique system features such as work 

schedules, resource requirements, and batch processing. The queueing model is a steady-state, 

long-run approximation of the system. However, the queuing model showed to effectively 

predict resource requirements for a single, customized implant production system with minimal 

error relative to the simulation model. The strength of the queuing model is the closed-form 

solution that allows for rapid systems analysis. An extension of the queuing model derives 

equations for the resource requirements of a production system for multiple types of implants 

(both made-to-stock and made-to-order). Although the model in Chapter 4 focuses on orthopedic 

implant production, the results are promising for other high-volume production settings with 

AM. 

The adoption of AM for the mass customization of orthopedic implants presents a 

substantial challenge with immense potential benefits. One of the most significant barriers in the 

uptake is the uncertainty and lack of knowledge. Investigation of this topic requires a diverse 

repertoire with both a breadth and depth of knowledge in different areas of manufacturing, AM, 

biomedical design, healthcare settings, regulation, and the human anatomy. This dissertation 

aggregates an array of knowledge and utilizes systems analysis to produce tools to make the 

adoption of AM for orthopedic implant production more approachable.  
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APPENDIX A 

Definition of Chapter 2 Notation 

 : reduction of readmission risk after primary THA (multiplier) 

 : change in the discharge location probability after primary THA (additive) 

a: age of patient at the time of primary THA 

b: reference implant bearing surface material 

C: subscript used to denote a customized THA implant variable 

Ct: cost by year t after primary THA 

cn: vector of costs earned in each state in year n 

f: reference implant fixation method 

g: gender of patient 

ICER2: incremental cost-effectiveness ratio for improvement two – reduced risk of revision 

ICER3: incremental cost-effectiveness ratio for improvement three – improved QALY 

i: indication for revision 

Qt: QALYs earned by year t after primary THA 

qn: vector of QALYs earned in each state in year n 

S: subscript used to denote a standard THA implant variable 

�̅�𝑛: matrix of probabilities of being in each state n years after primary THA 

Tt: matrix of transition probabilities for year t 

T(i,j),t: probability of transitioning from state i to state j in year t 

t: number of years after primary THA 

Xt: state of model at time t 

x: number of years after revision surgery that re-revision occurs 

y: number of years after primary THA that revision occurs 
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APPENDIX B 

Definition of Markov Model States in Chapter 2 

State Number State Description 

1 Primary THA 

2 Post-primary THA 

3 Septic Revision THA 

4 Aseptic Revision THA 

5 Post-Septic Revision in year 1 

6 Post-Septic Revision in year 2 

7 Post-Septic Revision in year 3 

8 Post-Septic Revision in year 4 

9 Post-Septic Revision in year 5 

10 Post-Septic Revision in year 6 

11 Post-Septic Revision in year 7 

12 Post-Septic Revision in year 8 

13 Post-Septic Revision in year 9 

14 Post-Septic Revision in year 10 

15 Post-Septic Revision in year 11 

16 Post-Septic Revision in year 12 

17 Post-Septic Revision in year 13 

18 Post-Septic Revision in year 14 

19 Post-Aseptic Revision in year 1 

20 Post-Aseptic Revision in year 2 

21 Post-Aseptic Revision in year 3 

22 Post-Aseptic Revision in year 4 

23 Post-Aseptic Revision in year 5 

24 Post-Aseptic Revision in year 6 

25 Post-Aseptic Revision in year 7 

26 Post-Aseptic Revision in year 8 

27 Post-Aseptic Revision in year 9 

28 Post-Aseptic Revision in year 10 

29 Post-Aseptic Revision in year 11 

30 Post-Aseptic Revision in year 12 

31 Post-Aseptic Revision in year 13 

32 Post-Aseptic Revision in year 14 

33 Septic Re-revision THA 

34 Aseptic Re-revision THA 

35 Post-Re-revision THA 

36 Death 
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APPENDIX C 

Integrated Probability and Risk-Rate Conversions for Chapter 2 

Bayes Theorem is given in the following Equation C.1. 

 
P(𝐴|𝐵) =

P(𝐵|𝐴) P(𝐴)

P(𝐵)
=

P(𝐴, 𝐵)

P(𝐵)
 C.1 

Integrating conditional probabilities is used to combine risks based on different patient 

characteristics. The integrated probability is derived in Equation C.2. 

 P(𝑥|𝑦, 𝑧)  =
P(𝑦, 𝑧|𝑥) P(𝑥)

P(𝑦, 𝑧)
 C.2 

  
=

P(𝑦|𝑥) P(𝑥) P(𝑧|𝑥) P(𝑥)

P(𝑥) P(𝑦, 𝑧)
 

*conditional independence 

of y and z given x assumed 

  
=

P(𝑦) P(𝑧)

P(𝑦, 𝑧)

P(𝑥|𝑦) P(𝑥|𝑧)

P(𝑥)
 

 

  
∝

P(𝑥|𝑦) P(𝑥|𝑧)

P(𝑥)
 

 

Often the normalization term (P(y) P(z) / P(y, z)) is dropped because the numerator is 

equivalent to the denominator. Integrated probabilities are normalized where needed. The 

integrated probability is normalized (resulting in P̅) using Equation C.3 where X is the set of all 

possible values of x. 

 
P̅(𝑥|𝑦, 𝑧) =

P(𝑥|𝑦, 𝑧)

∑ P(𝑥 = 𝑖|𝑦, 𝑧)𝑖∈𝑋
 C.3 

A probability must be converted to a rate to change the timeframe of that probability. 

Equation C.4 is used to convert a probability p into a rate r for the given time frame of the 

probability t. The rate can then be converted back to a probability for the desired time period 𝑡̅ 

using Equation C.5. 

 
𝑟 =  

− ln(1 − 𝑝)

𝑡
 C.4 

 𝑝 = 1 − exp(−𝑟 ∗ 𝑡)̅ C.5 

Note that the term risk and probability are used interchangeably. 
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APPENDIX D 

Definition of Chapter 3 Notation 

G(j): Set of existing product(s) in a firm’s portfolio that implant design j would 

replace (the set of defending products) 

q,j,d : difference in probability of QoL outcome q for implant j (relative to implant k) for 

patient demographic d (Equation 3.24) 

(r),(y),j,d : reduction in risk of revision for revision type r, in year y, for implant j, and 

patient demographic d (Equation 3.15) 

n : Expected patient QoL improvement from implant n 

n : Production cycle time for implant n (Equation 3.1) 

t,n : Processing time of task t to production implant n 

j : Distributed cost for market approval for implant j (Equation 3.5) 

D : Probability of death following THA 

Q
q,y,n,d : Probability of QoL q in year y for implant n for patient demographic d 

R
r,(y),(),n,d : Probability of re-operation type r in year y for outcome  for implant n and 

patient demographic d 

 : Subscript denoting THA outcome 

j : Expected lead time for implant j 

Q
n : Expected cost to the patient for implant n including implant selling price, risk of 

revision, post-operative care, and benefit of improved QoL (Equation 3.11) 

R
n : Expected cost to the patient for implant n including implant selling price and risk 

of revision (Equation 3.7) 

T
n : Expected cost to the patient for implant n including implant selling price, risk of 

revision, and post-operative care (Equation 3.9) 

bj : Number of implants of design j in one build cycle 

CI
n : Cost to carry inventory per unit time per implant n 

CL
t,n : Hourly cost of labor for task t to produce implant n 

CM
t,n : Hourly cost of machine usage for task t to produce implant n 

CMA
n : Cost to gain market approval for any implant equivalent to implant n 

Cmd
n : Material disposal cost per mass unit for implant n 

Cmp
n : Material purchase cost per mass unit for implant n 

CT
(n),(d),() : Expected cost of post-operative care for implant n and patient demographic d 

with outcome  

CQ : Patient WTP for improvement of one unit of QoL 

CR
(n),(d),(r) : Expected cost of re-operation type r for implant n and patient demographic d 

Dn : Annual production volume (expected demand) of implant n 

d: description of the patient demographic – age at time of THA and gender 

Hn : Inventory holding cost for implant n per unit time (Equation 3.4) 

h: time horizon for patient outcome measures (revision, QoL, postacute care) 

In(n,Dn): Average inventory level of implant n as a function of production cycle time and 

annual demand 
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i: Minimum attractive rate of return 

j: Subscript to denote AM implant design (challenger product) 

k: Subscript to denote a defending implant in set (j) 

Lt,n : Labor hours required to perform task t to produce implant n 

Mt,n : Machine hours required to perform task t to produce implant n 

mloss
n : Mass of material waste in production of implant n 

mpart
n : Average mass of implant n 

N: Time horizon for capital recovery 

n: Subscript to denote an implant design (can be an AM implant design j or a 

defending implant k) 

pL
t : Labor utilization for task t (as a portion of task processing time) 

pM
t : Machine utilization for task t (as a portion of task processing time) 

q : Total QALYs gained over the time horizon for outcome  

q* : Total QALYs gained over the time horizon without intervention 

Sj : Set of implant designs that are similar to implant design j for market approval 

Tn : Set of production tasks t to produce implant n 

Un : Direct production-cost per unit for implant n (Equation 3.2) 

Vn : Assumed selling price for implant n (Equation 3.6) 

Wn : Value of material waste for implant n (Equation 3.3) 

y: subscript denoting the year in a time horizon 
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APPENDIX E 

Chapter 3 Minimum Reduction of Risk and Relative Selling Price Increase by Patient 

Demographics 

 

Table E.1: Minimum reduction of revision risk for female age 50 to 59 at intervention 

Implant  Relative Selling Price Increase, (Vj – Vk) / Vj 

j *
j 0.01 0.02 0.05 0.10 0.20 0.50 

2  1.5% 3.0% 7.5% 14.9% 29.9% 74.6% 

3  0.9% 1.9% 4.7% 9.3% 18.7% 46.7% 

5  1.2% 2.4% 6.1% 12.1% 24.2% 60.5% 

7  3.5% 7.0% 17.5% 35.0% 70.1% 175.2% 

8  1.5% 3.0% 7.6% 15.2% 30.4% 76.0% 

 

Table E.2: Minimum reduction of revision risk for female age 60 to 69 at intervention 

Implant  Relative Selling Price Increase, (Vj – Vk) / Vj 

j *
j 0.01 0.02 0.05 0.10 0.20 0.50 

2  1.0% 2.0% 5.1% 10.2% 20.3% 50.8% 

3  0.6% 1.3% 3.2% 6.4% 12.7% 31.8% 

5  0.8% 1.7% 4.1% 8.3% 16.6% 41.4% 

7  2.3% 4.6% 11.5% 23.1% 46.2% 115.4% 

8  1.0% 2.0% 5.0% 10.0% 20.0% 50.1% 

 

Table E.3: Minimum reduction of revision risk for female age 70 to 79 at intervention 

Implant  Relative Selling Price Increase, (Vj – Vk) / Vj 

j *
j 0.01 0.02 0.05 0.10 0.20 0.50 

2  0.9% 1.8% 4.5% 9.0% 18.0% 45.0% 

3  0.6% 1.1% 2.8% 5.6% 11.3% 28.1% 

5  0.7% 1.4% 3.6% 7.2% 14.3% 35.8% 

7  2.0% 3.9% 9.9% 19.7% 39.4% 98.6% 

8  0.9% 1.7% 4.3% 8.6% 17.1% 42.8% 

 

Table E.4: Minimum reduction of revision risk for female age 80 to 89 at intervention 

Implant  Relative Selling Price Increase, (Vj – Vk) / Vj 

j *
j 0.01 0.02 0.05 0.10 0.20 0.50 

2  0.9% 1.7% 4.3% 8.5% 17.0% 42.5% 

3  0.5% 1.1% 2.7% 5.3% 10.6% 26.6% 

5  0.7% 1.3% 3.3% 6.6% 13.3% 33.2% 

7  1.7% 3.5% 8.7% 17.4% 34.8% 86.9% 

8  0.8% 1.5% 3.8% 7.5% 15.1% 37.7% 
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Table E.5: Minimum reduction of revision risk for male age 50 to 59 at intervention 

Implant  Relative Selling Price Increase, (Vj – Vk) / Vj 

j *
j 0.01 0.02 0.05 0.10 0.20 0.50 

2  1.2% 2.4% 6.1% 12.2% 24.5% 61.2% 

3  0.8% 1.5% 3.8% 7.7% 15.3% 38.3% 

5  1.0% 2.0% 5.0% 10.0% 19.9% 49.8% 

7  2.9% 5.8% 14.4% 28.8% 57.5% 143.8% 

8  1.2% 2.5% 6.2% 12.5% 25.0% 62.4% 

 

Table E.6: Minimum reduction of revision risk for male age 60 to 69 at intervention 

Implant  Relative Selling Price Increase, (Vj – Vk) / Vj 

j *
j 0.01 0.02 0.05 0.10 0.20 0.50 

2  1.3% 2.6% 6.5% 13.1% 26.2% 65.4% 

3  0.8% 1.6% 4.1% 8.2% 16.4% 40.9% 

5  1.1% 2.1% 5.4% 10.7% 21.4% 53.5% 

7  3.0% 6.0% 14.9% 29.9% 59.7% 149.3% 

8  1.3% 2.6% 6.5% 13.0% 25.9% 64.8% 

 

Table E.7: Minimum reduction of revision risk for male age 70 to 79 at intervention 

Implant  Relative Selling Price Increase, (Vj – Vk) / Vj 

j *
j 0.01 0.02 0.05 0.10 0.20 0.50 

2  1.2% 2.3% 5.8% 23.3% 23.3% 58.2% 

3  0.7% 1.5% 3.6% 14.5% 14.5% 36.4% 

5  0.9% 1.9% 4.6% 18.6% 18.6% 46.4% 

7  2.6% 5.2% 12.9% 51.5% 51.5% 128.8% 

8  1.1% 2.2% 5.6% 22.3% 22.3% 55.9% 

 

Table E.8: Minimum reduction of revision risk for male age 80 to 89 at intervention 

Implant  Relative Selling Price Increase, (Vj – Vk) / Vj 

j *
j 0.01 0.02 0.05 0.10 0.20 0.50 

2  1.1% 2.2% 10.8% 21.6% 21.6% 54.0% 

3  0.7% 1.3% 6.7% 13.5% 13.5% 33.7% 

5  0.8% 1.7% 8.5% 16.9% 16.9% 42.3% 

7  2.3% 4.5% 22.5% 45.0% 45.0% 112.6% 

8  1.0% 2.0% 9.8% 19.5% 19.5% 48.8% 
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APPENDIX F 

Chapter 3 Expected Patient Cost by Patient Demographic. 

 

Table F.1. Expected Patient Cost: Risk of Revision by age at intervention and gender. 

Implant 50 to 59 years 60 to 69 years 70 to 79 years 80 to 89 years 

j Female Male Female Male Female Male Female Male 

1 $2,472 $2,168 $1,932 $2,263 $1,800 $2,099 $1,744 $2,003 

2 $2,827 $2,523 $2,286 $2,618 $2,155 $2,453 $2,099 $2,358 

3 $3,507 $3,203 $2,967 $3,298 $2,835 $3,134 $2,779 $3,038 

4 $2,724 $2,383 $2,117 $2,502 $1,938 $2,276 $1,858 $2,146 

5 $3,507 $3,166 $2,900 $3,285 $2,721 $3,059 $2,641 $2,929 

6 $2,094 $1,793 $1,520 $1,846 $1,358 $1,649 $1,247 $1,493 

7 $2,162 $1,861 $1,588 $1,914 $1,427 $1,717 $1,315 $1,561 

8 $2,789 $2,488 $2,215 $2,541 $2,053 $2,344 $1,942 $2,188 

 

Table F.2. Expected Patient Cost: Cost of Treatment by age at intervention and gender. 

Implant 50 to 59 years 60 to 69 years 70 to 79 years 80 to 89 years 

j Female Male Female Male Female Male Female Male 

1 $80,360 $79,917 $79,590 $80,061 $79,400 $79,819 $79,307 $79,671 

2 $80,715 $80,272 $79,945 $80,416 $79,755 $80,174 $79,661 $80,026 

3 $81,395 $80,953 $80,625 $81,096 $80,435 $80,855 $80,342 $80,706 

4 $80,744 $80,241 $79,866 $80,422 $79,601 $80,082 $79,469 $79,880 

5 $81,527 $81,024 $80,649 $81,205 $80,384 $80,865 $80,252 $80,663 

6 $80,003 $79,556 $79,178 $79,642 $78,941 $79,350 $78,767 $79,114 

7 $80,071 $79,624 $79,246 $79,710 $79,010 $79,418 $78,835 $79,183 

8 $80,698 $80,251 $79,873 $80,337 $79,636 $80,045 $79,462 $79,809 

 

Table F.3. Expected Patient Cost: QoL Improvement by age and intervention and gender. 

Implant 50 to 59 years 60 to 69 years 70 to 79 years 80 to 89 years 

j Female Male Female Male Female Male Female Male 

1 $16,214 $15,534 $15,050 $15,758 $14,759 $15,387 $14,604 $15,151 

2 $16,569 $15,889 $15,405 $16,113 $15,114 $15,742 $14,959 $15,506 

3 $17,249 $16,569 $16,085 $16,793 $15,794 $16,422 $15,639 $16,186 

4 $16,824 $16,045 $15,483 $16,330 $15,070 $15,798 $14,850 $15,472 

5 $17,607 $16,828 $16,266 $17,113 $15,853 $16,581 $15,633 $16,255 

6 $15,892 $15,196 $14,636 $15,336 $14,271 $14,884 $13,990 $14,511 

7 $15,961 $15,264 $14,704 $15,405 $14,339 $14,952 $14,059 $14,580 

8 $16,588 $15,891 $15,331 $16,031 $14,966 $15,579 $14,685 $15,206 
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APPENDIX G 

Definition of Chapter 4 Notation 

: Denotes standard implant production 

m,R,: Staffing allocation error for model m, resource R, and scenario  

: Ratio of EBM machines to operators 

: Set of implants that require modeling and batching (i.e., custom implants) 

: Denotes custom implant production 

: Patient arrival rate (demand rate) 

1/: Patient interarrival time 

B: Patient arrival rate adjusted for EBM machine batch size 

W: Patient arrival rate adjusted for a 40-hour work week 

WB: Patient arrival rate adjusted for a 40-hour work week and EBM machine batch size 

: Service rate per server (queuing model) 

m,R,: Absolute percent error in staffing allocation for model m, resource R, and scenario  

R: utilization of resource R 

: Set of all implants being produced 

b: EBM machine batch size 

fE: probability of EBM machine build failure 

fF: probability of FEA failure 

km,R,: staffing level in model m for resource R and scenario  (queuing model) 

pB: batch file generation processing time 

pC: CAD modeling processing time 

pE: EBM machine printing and cool down time 

pF: FEA processing time 

pM: CNC machine processing time 

pU: CAD remodeling processing time 

pX: EBM machine setup time 

pY: Part post-processing time 

pZ: CNC machine preparation processing time 

R: set of key resources, R = {MT, EM, OP, CM} 

tR: Service time of resource R (queuing model) 
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APPENDIX H 

Chapter 4 Search Algorithm Description 

This appendix describes the search algorithm used to find the minimum staffing level for 

the simulation model in Chapter 4. The minimum staffing level is defined as the minimum 

number of servers such that the mean utilization over 40 replicates of the scenario does not 

exceed 85%. The mean utilization curve as a function of the number of servers is monotonically 

decreasing. The general shape is shown in Figure H.1; the slope and exact shape are vary based 

on the parameter combination and resource (i.e., the scenario). 

 

 
Figure H.1: The general shape of the resource utilization curve as a function of resource level. 

 

Due to the decreasing nature of the curve, a search can be performed to find the minimum 

staffing level. The utilization curve is typically 100% for low staffing levels and adopts an 

approximate linear behavior between 95% and 70% (framed by vertical red lines in Figure H.1). 

At utilization rates less than 70%, the rate at which the utilization descends decreases relative to 

the staffing level. The purpose of the search algorithm is to find the minimum staffing level of a 

specific resource given an initial estimate in its neighborhood. The search algorithm can be 

generalized into four steps:  

1) the algorithm evaluates the initial allocation to determine location on the utilization 

curve;  

2) the algorithm finds upper and lower bounds for the minimum staffing level;  



   

134 

 

3) the algorithm estimates the minimum staffing level using a bisection search; 

4) the algorithm confirms the minimum staffing level.  

A simulation experiment with reduced replicates is used for the evaluation of the initial 

allocation, development of the bounds, and the bisection search to decrease computational effort. 

The full 40-replicate simulation experiment is used to confirm the minimum staffing level. The 

outline of the search algorithm is shown in Figure H.2. 

First, the algorithm checks the initial allocation to determine if the utilization is within 

the 70% - 95% range. Let ℓ𝑗 be the allocation of the 𝑗𝑡ℎ iteration and 𝜌𝑗 be the utilization of ℓ𝑗. If 

the utilization of the initial allocation (ℓ0) is not in this range, the allocation level is adjusted 

until the associated utilization is within the given range. A list of all previous allocations is 

maintained (of size 𝐽). If the initial allocation is a gross overestimation of the specific staffing 

level (i.e. the utilization rate is less than 70%), then three-quarters of the previous estimate is 

used as the new allocation until a utilization of greater than 70% is achieved (rounded to the 

nearest integer). There is an exception if the staffing level is one (as the level cannot be reduced 

further). If the initial allocation is a gross underestimation of the specific staffing level (i.e., the 

utilization rate rounds to 1.00), then the previous allocation is doubled until a utilization of 

strictly less than 1.00 is achieved. The first step of the search algorithm is summarized in 

Equation H.1. The magnitude of the estimate adjustment is due to the increased penalty for 

underestimates in terms of system stability and computation time (an overestimated allocation 

more quickly provides better system insight). 

 

 

{
𝑖𝑓 𝜌𝑗 < 0.70, ℓ𝑗+1 = max([0.75 ℓ𝑗], 1)   𝑤ℎ𝑖𝑙𝑒  𝜌𝑗+1 < 0.70

𝑖𝑓 𝜌𝑗 = 1.00, ℓ𝑗+1 =  2 ℓ𝑗   𝑤ℎ𝑖𝑙𝑒  𝜌𝑗+1 = 1.00                         

𝑒𝑙𝑠𝑒                𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑒                                                                  

 H.1 
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Figure H.2: Staffing level search algorithm outline. 
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The second step of the search algorithm generates upper and lower bounds for the 

minimum staffing level; the bounds are the foundation the following bisection. If the minimum 

utilization is greater than 85%, then a new allocation is generated that is 110% of the allocation 

resulting in the minimum utilization until the minimum utilization is less than 85%. If the 

maximum utilization is less than 85%, then a new allocation is generated that is 90% of the 

allocation resulting in the maximum utilization until the maximum utilization is greater than 

85%. The new allocation generated should be rounded to the nearest integer value. Let the 

following hold for each iteration: 

𝑋 =  argmin
𝑗∈𝐽

𝜌𝑗  

𝑌 =  argmax
𝑗∈𝐽

𝜌𝑗 

The development of bounds is summarized in Equation H.2 below. 

 

 

{

𝑖𝑓 𝜌𝑋 > 0.85, ℓ𝐽+1 = max([1.1 ℓ𝑋] , ℓ𝑋 + 1)  𝑤ℎ𝑖𝑙𝑒  𝜌𝐽+1 > 0.85 

𝑖𝑓 𝜌𝑌 < 0.85, ℓ𝐽+1 = min([0.9 ℓ𝑌] , ℓ𝑌 − 1)   𝑤ℎ𝑖𝑙𝑒  𝜌𝐽+1 < 0.85 

𝑒𝑙𝑠𝑒                𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑒                                                                         

 H.2 

 

Special consideration is made for small staffing allocations: if the estimate for the 

staffing level is one and the utilization is less than 85%, obviously one is the minimum staffing 

level and cannot be decreased.  

The third step of the search algorithm performs a bisection search on the range between 

the upper and lower bounds developed above. A bisection search repeatedly halves the search 

interval and uses the resulting subinterval that contains the optimal solution to undergo another 

iteration of the bisection search. In this bisection search, the average of the upper and lower 

bound (ℓ𝑎𝑣𝑔) is rounded to the nearest integer and the corresponding utilization is found. If the 

utilization is greater than 85%, then the average (ℓ𝑎𝑣𝑔) becomes the new upper bound. 

Conversely, if the utilization is less 85%, then the average (ℓ𝑎𝑣𝑔) becomes the new lower bound. 

The bisection search iterates (using integers) until two consecutive allocations where one 

allocation has a utilization greater than 85% and the other has an allocation less than 85%; the 

allocation with utilization of less than 85% is the estimated minimum staffing level.  

After a minimum staffing level is determined using the reduced replicate experiment, the 

resulting level and the level less one is tested using the full 40-replicate experiment. The 
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algorithm continues to test decreasing (or increasing) values accordingly until consecutive 

neighbors that are less than and greater than 85% utilization are found. The search algorithm is 

coded in Matlab 2019a and calls Simio to generate resource utilization using a “CallSimio” 

function1. The search algorithm requires an initial estimate to begin; the initial allocation is 

calculated from a queuing model of the individual echelon (described in Section 4.3.2). 

 

 

 

 

 
1 Dehghanimohammadabadi, Mohammad; Rezaeiahari, Mandana; Keyser, Thomas K (2017) “Simheuristic of 

patient scheduling using a table-experiment approach - Simio and Matlab integration application”, in proceedings of 

Winter Simulation Conference, Las Vegas, Nevada 
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APPENDIX I 

Chapter 4 Staffing Level Regression Results 

The linear regression analysis of the staffing levels is shown in the tables. The linear 

regression equations follow the respective table with the statistically significant terms shown in 

black and the non-statistically significant (i.e., p-value > 0.05) terms are given in red. 

Coefficients in the equations are rounded to the hundredths place in the equations for 

convenience. The regression of operator staffing level is omitted because the operator staffing 

level is completely dependent on the EBM machine staffing level. 

The staffing level regression of medical technicians is shown in Table I.1 and Equation 

I.1. The regression of EBM machines is shown in Table I.2 and Equation I.2. The regression of 

CNC machines is shown in Table I.3 and Equation I.3.  

 

Table I.1: Staffing level regression of Medical Technicians 

 Coefficients Standard Error t Stat P-value 

Intercept 0.6797 0.5865 1.159 0.2608 

 0.6823 4.610 e-2 14.80 6.966 e-12 

pC 3.189e-2 9.077 e-2 0.3513 0.7292 

pF -0.1043 0.1810 -0.5762 0.5713 

 pC  4.945 7.135 e-3 693.1 2.693 e-43 

 pF  5.232 1.423 e-2 367.7 4.570 e-38 

pC pF  -9.501e-3 2.801 e-2 -0.3392 0.7382 

 pC pF  -2.113 e-3 2.202 e-3 -0.9594 0.3494 

F = 1610933.27, Significance F = 1.807e-53, R2 = 0.999998 

 

 𝑘𝐿,𝑀𝑇 = 0.68 + 0.68 𝜆 + 0.03 𝑝𝐶 − 0.10 𝑝𝐹 + 4.95 𝜆 𝑝𝐶 + 5.23 𝜆 𝑝𝐹

− 0.01 𝑝𝐶  𝑝𝐹 − 0.00 𝜆 𝑝𝐶  𝑝𝐹 
I.2 
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Table I.2: Staffing level regression of EBM Machines 

 Coefficients Standard Error t Stat P-value 

Intercept -6.601 5.192 -1.271 0.2081 

 0.8547 0.4081 2.094 4.014e-2 

1/b 32.86 40.87 0.8039 0.4244 

pE 0.1505 0.1113 1.352 0.1811 

1/(1 - fE) 6.547 4.603 1.423 0.1597 

/b -5.613 3.213 -1.747 8.534e-2 

 pE  -1.979e-2 8.751e-3 -2.262 2.705e-2 

 /(1 - fE)  -0.7746 0.3618 -2.141 3.603e-2 

pE/b -0.6031 0.8763 -0.6882 0.4938 

1/(b(1 - fE)) -30.50 36.23 -0.8419 0.4029 

pE/(1 - fE) -0.1376 9.869e-2 -1.394 0.1680 

 pE/b 0.1240 6.888e-2 1.800 7.651e-2 

/(b(1 - fE))  7.815 2.848 2.744 7.832e-3 

 pE/(1 - fE) 1.778e-2 7.758e-3 2.292 2.518e-2 

pE/(b(1 - fE)) 0.5527 0.7769 0.7115 0.4794 

 pE/(b(1 - fE)) 1.065 6.107e-2 17.44 3.282e-26 

F = 293047.19, Significance F = 7.597e-151, R2 = 0.99998 

 

 
𝑘𝐿,𝐸𝑀 = −6.60 + 0.85 𝜆 +

32.86

𝑏
+ 0.15 𝑝𝐸 +

6.55

1 − 𝑓𝐸
−

5.61 𝜆

𝑏
− 0.02 𝜆 𝑝𝐸

−
0.77 𝜆

1 − 𝑓𝐸
−

0.60 𝑝𝐸

𝑏
−

30.50

𝑏 (1 − 𝑓𝐸)
−

0.14 𝑝𝐸

1 − 𝑓𝐸
+

0.12 𝜆 𝑝𝐸

𝑏

+
7.82 𝜆

𝑏 (1 − 𝑓𝐸)
+

0.02 𝜆 𝑝𝐸

1 − 𝑓𝐸
+

0.55 𝑝𝐸

𝑏 (1 − 𝑓𝐸)
+

1.07 𝜆 𝑝𝐸

𝑏 (1 − 𝑓𝐸)
 

I.2 

 

 

Table I.3: Staffing level regression of CNC Machines 

 Coefficients Standard Error t Stat P-value 

Intercept 0.7312 0.4972 1.471 0.2013 

 2.442 3.908e-2 62.50 1.985e-8 

pM -1.073e-2 7.672e-2 -0.1398 0.8942 

 pM  4.953 6.030e-3 821.3 5.080e-14 

F = 1139008.0, Significance F = 5.276e-15, R2 = 0.999999 

 

 𝑘𝐿,𝐶𝑀 = 0.73 + 2.44 𝜆 − 0.01 𝑝𝑀 + 4.95 𝜆 𝑝𝑀 I.3 

 


