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Abstract
Existing energy storage and return (ESR) prosthetic feet are available in a low-
resolution and discrete set of size and stiffness options. While these devices are
reimbursed for thousands of dollars through insurance, the current low-resolution siz-
ing systems may limit the walking performance of many amputees. The design, man-
ufacturing, and provision processes used to create existing prosthetic feet are inher-
ently low resolution; providing amputee-specific personalization with these methods
is either not possible or not commercially viable. The Lower Leg Trajectory Error
(LLTE) design framework provides an oportunity for designing high-performance,
amputee-specific prosthetic feet; however, previous foot prototypes were designed as
experimental prototypes to demonstrate the LLTE theory, not to satisfy the economic,
mechanical, and aesthetic requirements necessary for commercial adoption.

This thesis aims to understand how a personalized, affordable prothetic foot can
be realized for a clinical-commercial setting. First, we evaluate stakeholder needs
and identify the flows of products, capital, and services between prosthetics suppliers,
distributors, prosthetists, amputees, and insurance providers. We elucidate the design
requirements for a personalized prosthetic foot that can be manufactured, distributed,
and clinically provided by Hanger, a current leader in both product distribution and
patient care in orthotics and prosthetics.

Based on material properties and manufacturing process capabilities, we demon-
strate why CNC machining of Nylon 6/6 is an appropriate process for satisfying these
requirements. Although additive manufacturing is often seen as a compelling method
for creating customized products, additively manufactured ESR prosthetic feet would
likely have inferior walking performance, take longer to produce, cost more, and ex-
perience greater manufacturing variability than CNC machined feet. Next, this thesis
presents a novel parametric foot architecture that can be CNC machined, fits within
a commercial foot shell, and can be designed for individual users’ body characteristics
and activity levels. Lastly, we demonstrate that prototypes made using the upgraded
foot design mechanically behave as anticipated and satisfy industry-standard strength
and mechanical performance requirements.
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Chapter 1

Introduction

1.1 Motivation for commercial, amputee-speci�c

personalized prosthetic feet

Existing energy storage and return (ESR) prosthetic feet are available in a discrete

and low-resolution set of size and sti�ness options, which may leave many users with

limited walking performance. Many existing prosthetic foot models are available in

� 5 sti�ness categories in a given foot length [1�5], giving a size-to-size variation in

sti�ness of approximately 10-20% [6�8]. The measured size-to-size sti�ness variation

may not be consistent between foot lengths, models, or manufacturers [6, 8], and it

is greater than both users' sti�ness perception (� 5 � 10% [9]) and repeatability of

sti�ness preference (� 5% [10]) when walking in a variable-sti�ness prosthetic foot.

This suggests that users may reliably make foot preference selection with a higher

resolution than facilitated by existing sizing systems. User sti�ness preference may be

associated with clinically relevant improvements to gait, such as improved symmetry

[11].

Although the existing size and sti�ness categories work well for many users, they

may leave out certain types of users or demographics, who fall outside of height,

weight, and mobility norms, particularly women, children, and military personnel

[12, 13]. Women often use devices primarily designed for men; as a result, they
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may be too large or sti� or not designed to accommodate common female footwear

[12, 14, 15]. Compared with others of the same body size, children and military

personnel may have increased load requirements and thus require prosthetic compo-

nents capable of withstanding the greater loads associated with their higher mobility

activities such as walking on varied terrains, participating in recreational sports, or

carrying heavy loads. The size and sti�ness mismatch between amputees and existing

prosthetic feet results in negative clinical and subjective outcomes due to increased

gait compensation, long-term injuries, and pain [16�18].

Current prosthetic foot design, manufacturing, and provision processes are inher-

ently low-resolution. Providing a greater level of personalization with these techniques

is either not possible or not commercially viable. Existing prosthetic foot design

methods require iteration and extensive user testing [19]. This empirical approach

decreases the potential resolution of ESR foot sizes. Existing sti�ness categories of-

ten informally result from this user testing [10], not from a predictive design process.

Without a deterministic design methodology, it is not possible to design amputee-

speci�c prosthetic feet; designing a prosthetic foot for a speci�c amputee would re-

quire multiple rounds of user testing with that individual. The manufacturing of ESR

feet also limits their potential for personalization. ESR foot manufacturing often uti-

lizes expensive composite materials, such as carbon �ber or �berglass, which require

�xed tooling. Increasing the number of size and sti�ness options requires investing in

additional sets of tooling, directly increasing the manufacturing cost.

Prosthetic foot provision processes have co-evolved with the existing resolution of

size and sti�ness options. Fitting a prosthetic foot can be time-intensive and require

many alignment iterations. To compensate for the low resolution of available sti�ness

options, prosthetists often make small adjustments to foot behavior by iteratively

tuning alignment [20] or interchanging recon�gurable foot components. While these

components, such as heel wedges and bumpers, may allow for adjustability beyond

the coarse foot sizing system, they are still low-resolution. Heel wedges are often

shipped with the prosthetic foot or available as a kit with multiple wedges. These

interchangeable components are often available in "soft" and "�rm" options, as with
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the Fillauer AllPro [21] or "soft", "medium", and "�rm" options. Shipping a higher-

resolution set of components with many heel wedge options would result in wasted

money to produce and ship unused items, and it could increase time requirements on

prosthetists to select appropriate components. Additionally, heel wedges may have

unpredictable, manufacturer-dependent e�ects [6]. The highly manual �tting process

leverages clinical expertise but requires trial-and-error and signi�cant time to converge

on an appropriate prosthesis and alignment. Fully customizing a prosthetic foot

cannot reasonably happen during �tting; additional �tting and alignment iterations

might be perceived as cumbersome. Increasing the per-patient prosthetist time also

comes at a cost; if a prosthetist is able to see fewer patients, they are able to generate

less revenue.

A line of prosthetic feet that o�ers a high resolution set of size and sti�ness op-

tions, designed through amputee-speci�c personalization, could provide clinical value

through improved clinical outcome measures and walking performance. These out-

come measures are often related to restoring functional mobility and quality of life

[22�25], which is often seen as a primary goal of rehabilitation [22�24]. Quantitatively,

improved walking performance can relate to reduced gait asymmetries, which are of-

ten associated with increased gait compensation and increased loading on the intact

leg, which can result in long-term overuse. By reducing gait compensation and the

risks of related long-term overuse injuries such as osteoarthiritis [16, 26], personalized

prosthetic devices also have the potential to provide economic value by reducing the

overall cost of long-term injuries. This is of particular interest in the United States,

where healthcare costs are among the highest in the world [27�30], lifetime prosthetic

care for a unilateral transtibial amputee costs approximately one million USD [31],

and there is a growing desire to reduce costs through evidence-based prescription

practices [32] and amputee-independent metrics [33].

To be commercially viable, a personalized prosthetic foot must balance the clinical

bene�ts of customization with the functional requirements of the clinical-commercial

ecosystem, utilize manufacturing processes which facilitate personalization, and be

designed with a form factor and using a design methodology which satis�es these
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requirements. Despite the promise of personalization, a prosthetic foot which is only

personalizable but not also commercially viable will not gain traction as a commercial

product. Increasing device personalization also increases the complexity of manufac-

turing and distribution, but it need not imply full customization and an in�nite

number of potential foot designs. In�nite customization may be neither clinically

necessary nor commercially advantageous; a �nite, but high-resolution set of variants

may provide su�cient personalization while balancing distribution complexity.

The requirements for a commercially-viable, patient-speci�c prosthetic foot are

unknown. There is a growing desire to use digital manufacturing processes such as

additive manufacturing (AM) to produce patient-speci�c medical devices [34]; how-

ever, existing prosthetic design processes are empirical, iterative [10, 19, 35�37], and

too slow to facilitate customization. AM is certainly a promising solution for creating

personalized medical devices [34] such as prosthetic feet [38�42]; howerver, its process

capabilities, part-to-part variability, and achievable material properties introduce ad-

ditional uncertainty. It is not known whether AM is the most appropriate way to

manufacture personalized prosthetic feet.

1.2 Opportunities and the Lower Leg Trajectory

Error framework

A manufacturing process capable of producing a high-resolution set of prosthetic

foot size and sti�ness options must be paired both with a design methodology which

facilitates personalization and with an appropriate embodiment of foot geometry.

The lower leg trajectory error (LLTE) design framework [43] provides a quantitative

methodology for prosthetic foot design by connecting the mechanical design of a

prosthetic foot with its anticipated biomechanical performance (Fig. 1-1). The LLTE

methodology leverages a parametric model of a prosthetic foot which describes the

foot's geometry, a constitutive model to predict its behavior throughout stance, and

the LLTE metric, which quanti�es how well the prosthetic foot enables an amputee
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to replicate target kinematics when reference loads are applied.

Figure 1-1: Diagram of the LLTE design framework, shown with force and moment
balance analysis in the sagittal plane. The position and orientation of the lower leg
segment is de�ned by the position of the knee(xknee, yknee) and the angle of the lower
leg segment� LL . These coordinates are calculated from the deformed shape of the
prosthetic foot under prescribed loading conditions (GRFx and GRFy at a speci�c
CoP).

Speci�cally, the deformation of the prosthetic foot is used to compute the resulting

lower leg trajectory when target reference loads (ground reaction forces, GRFs, applied

at the corresponding centers of pressure, CoPs) are applied at each individual frame

n (time instance throughout stance) ofN total frames (Fig. 1-1). The LLTE metric

quanti�es the foot's biomechanical performance throughout stance as the average

deviation (i.e. error) between the calculated prosthetic side lower leg trajectory and

the target reference lower leg trajectory:
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LLTE =

2

4 1
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� 2
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� 2

+
� � model

LL ;n � � ref
LL ;n

atan(L lowerleg

L foot
)

� 2
) 3

5

1
2

;

(1.1)

where the superscripts �model� and �ref� correspond to the values computed from

the constitutive model and those from the reference data set, respectively. The de-

viations from each reference variable are normalized by the lower leg lengthL lowerleg

and atan(L lowerleg

L foot
). The lower the LLTE value is, the more closely the prosthetic foot

enables replication of the target walking pattern; the LLTE-optimal design is that

which best enables this replication.

The LLTE metric can be incorporated in an optimization to systematically adjust

the mechanical properties (geometry and sti�ness) of a prosthetic foot, resulting in

foot designs which minimize the LLTE value [43] and yield a desired biomechanical

response [43, 44]. This facilitates amputee-speci�c personalization, or design of a

prosthetic foot based on an individual's body size and activity level [43�47]. In prior

gait testing, LLTE feet were customized for users with a range of body sizes [45,

46], were manufactured from Nylon 6/6, and showed similar or better biomechanical

performance and subjective ratings than commercially-available, carbon �ber ESR

prosthetic feet [45]. The LLTE methodology is also capable of producing prosthetic

feet which meet commercial strength standards such as ISO 10328 [47, 48] and which

survive extended use in rugged conditions [49].

Despite the promise of the LLTE methodology, prior LLTE-designed prosthetic

feet were created to validate the LLTE design framework, not speci�cally to meet

requirements for commercialization. Prior prototypes had simple form factors which

could be fabricated using a waterjet and two-axis milling machine [44�47, 50, 51].

To minimize gait variation due to footwear [52] during biomechanical testing, these

prototypes were designed to be worn overground. As a result, they did not �t within
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commercial foot shells, which is the typical form factor for ESR feet, and the con-

stitutive model of prosthesis behavior did not consider the additional compliance

introduced by a foot shell or shoe.

1.3 Thesis objectives and outline

The overall goal of this thesis is to use the LLTE framework to create commercially

viable, personalized prosthetic feet. The outline of the thesis is as follows:

Chapter 2: Stakeholder needs and design requirements

This chapter elucidates the economic, mechanical, and aesthetic requirements that

must be met for a commercially viable, personalized prosthetic foot. First, key stake-

holders in the manufacturing, distribution, and provision of a custom prosthetic foot

are introduced and related to each other through the �ows of products, services, and

capital. Next, these �ows are used to outline core requirements from each stakeholder

and to justify a set of design requirements for the commercially viable, personalized

prosthetic foot.

Chapter 3: Material and manufacturing process selection

This chapter compares the suitability of candidate materials and manufacturing pro-

cesses for creating personalized prosthetic feet. Materials are evaluated according to

their strength and energy storage potential, and manufacturing processes are assessed

by their estimated production rate, cost, and quality. CNC machining of Nylon 6/6

is identi�ed as the most appropriate material-process combination for satisfying the

design requirements in Chap. 2.

Chapter 4: Foot form: improvements to meet commercial requirements

This chapter presents a novel parametric foot architecture which satis�es commer-

cial economic, mechanical, and aesthetic requirements. The constitutive model and

optimization scheme implementations are also introduced here. The upgraded foot
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geometry is used to design customized prosthetic feet for amputees with a range of

body sizes.

Chapter 5: Mechanical validation

This chapter discusses experimental testing used to demonstrate that the upgraded

foot designs mechanically behave as predicted and satisfy mechanical requirements

outlined in Chap. 2.

Chapter 6: Discussion and conclusions

The results from this thesis are synthesized, and implications of this work are dis-

cussed. This chapter also presents opportunities for future work toward commercial-

ization as well as remaining knowledge gaps for additional research.
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Chapter 2

Stakeholder needs and design

requirements

We identi�ed key stakeholders and their needs through a combination of a review of

technical literature and interactions with our research partner and funder, Hanger.

Hanger is a leading provider of both patient care and product distribution in the

prosthetics industry and is positioned to be a leader in providing amputee-speci�c,

personalized prosthetic feet. By beginning to supply and distribute its own pros-

thetic feet, Hanger could expand on its existing roles in patient care and product

distribution, thereby capturing additional revenue. Our work with Hanger included

discussions with individuals from the business, clinical, and engineering divisions of

the company as well as semi-structured interviews with Hanger prosthetists.

By understanding the �ow of products, services, and capital between stakeholders

in the clinical space (Fig. 2-1), we outlined design requirements for a personalized

prosthetic foot which satis�es core requirements from each stakeholder. While these

requirements are grounded in both literature and our interactions with Hanger, the

literature is viewed within the context of the current product vision, where Hanger

supplies, distributes, and provides the product.
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Figure 2-1: Diagram of the �ow of products, services, and capital between stakehold-
ers in the clinical space. The stakeholders (dark grey) interact with each other to
exchange goods and value (arrows). In the envisioned product, Hanger (light grey)
has a role in the supplier, distributor, and prosthetist segments by manufacturing,
sourcing, and prescribing its own prosthetic feet.

2.1 Overview of key stakeholders

The primary stakeholders in the manufacturing and provision of a personalized pros-

thetic foot include suppliers, distributors, prosthetists, amputees, and insurance providers

(Fig. 2-1). Prosthetics suppliers such as Ottobock, Össur, and Fillauer design and

manufacture a variety of prosthetic components, including prosthetic feet. They sell

these products, with a markup, to distributors such as Southern Prosthetic Supply

(SPS), Hanger's distribution subsidiary and the largest distributor of prosthetic and

orthotic components in the United States [1]. This markup cost generates pro�t for

suppliers and covers operating expenses such as new product development and busi-

ness overhead. Distributors house inventory from a vast array of suppliers and ful�ll

orders for speci�c products from clinics. SPS stocks more than 350,000 unique prod-

ucts, or stock-keeping units, from more than 750 suppliers [1]. In addition to selling

devices, distributors often provide additional value to clinics by o�ering continuing

education courses, which allow clinicians to maintain licensing status. A distributor's

auxiliary role as an educator may enable it to further di�erentiate itself and improve

engagement with clinicians [1].

Prosthetists and other clinical sta� provide devices to amputee patients, interfac-

ing with both distributors and insurance providers. They determine functional abil-

ities and needs, select and �t appropriate prosthetic components, and work closely
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with other members of a patient's clinical team, including physicians, occupational

therapists, and physical therapists. In addition to ordering components from distrib-

utors, prosthetists sometimes return rejected prosthetic feet, which may happen if a

patient has a brief trial period with multiple components [2, 3].

Amputee patients are the eventual end-users of prosthetic feet, and their prefer-

ence is a signi�cant indicator of prosthesis acceptance and commercial success [4].

Incorporating patient needs and values is not only good design practice, but it is also

believed to improve quality of life and prosthesis acceptance [5]. Patient satisfaction is

driven by prosthesis function [6�8] and appearance [6�9], which impact quality of life

[9]. The Prosthesis Evaluation Questionnaire (PEQ) includes a speci�c Appearance

Scale with questions about satisfaction with prosthesis appearance and the ability to

wear shoes and di�erent types of clothing [10]. There is some evidence that satis-

faction with appearance is associated with overall device satisfaction [7], and many

amputees desire a physiologically-realistic visual appearance of their prosthetic limb

[6, 8].

Though amputees play a role in device selection, they do so in concert with their

prosthetists, who play a signi�cant role in translating patient needs to device selection

and prescription. An individual's preference may not always match what is clinically

appropriate, and patients sometimes present con�icting preferences; prosthetists help

map patient needs and perceptions to appropriate prosthetic foot selection and align-

ment modi�cations [11, 12]. In this role, prosthetists act as curators, directing their

patients to a small subset of appropriate potential prosthetic feet based on each user's

speci�c needs. Prosthetic foot catalogs may contain several hundred prosthetic foot

options [13�17]; rather than navigate the entire range of available products for each

patient, many prosthetists will commonly prescribe from a much smaller range of

products (� 5) with which they have prior experience [2, 12]. These devices have

demonstrated their economic value, durability, clinical performance, and patient ac-

ceptance. While prosthetics clinics may keep a small inventory of extra feet, these

are typically previously worn, donated feet which are used for gait training or as a

stop-gap measure if an amputee's foot breaks; in-clinic inventory does not provide a
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su�cient selection to allow for trialing feet. Prosthetists must order individual pros-

thetic feet from distributors, and returning rejected feet is often not practical. As a

result, most amputees only try on one foot [12] when selecting a new prosthetic foot.

All of the stakeholders are constrained by insurance requirements, which classify

both prosthetic feet as well as amputee patients. In the United States, classi�cation

systems are governed by the Center for Medicare and Medicaid Services (CMS), but

private insurance providers often choose to adopt the same coding and reimbursement

mechanisms as federal providers. CMS classi�es prosthetic feet according to L-codes,

which are part of the Healthcare Common Procedure Coding System (HCPCS). This

classi�cation system uses alphanumeric codes to identify durable medical equipment,

such as prosthetic feet, as well as other medical services and procedures. In this sys-

tem, individual prosthetic foot models, such as the Fillauer All-Pro or the Freedom

Highlander, are assigned a speci�c alphanumeric code, which designates a group of

products performing similar functions and is associated with a speci�c insurance re-

imbursement amount. Amputees are grouped by the Medicare K levels, which de�ne

which types of prosthetic components are medically necessary for speci�c patients.

Research-to-date has failed to connect medical condition, functional abilities, or out-

come measures to K levels. CMS maintains that the K level system should not be seen

as a functional classi�cation of amputees, but rather that it should be considered a

classi�cation regarding the intended use of the device. K levels are commonly used in

clinical practice, among other tools, to select appropriate components as they dictate

the types of products for which a patient is eligible [18]. Though all prosthetists gen-

erate income for their clinics through insurance reimbursements for devices, clinics do

not adopt the same philosophy toward distributor cost and reimbursement amount.

Some clinics are driven by top-line revenue and focus on the total amount of sales,

while others favor a bottom-line approach and �xate on net income and operating

margins.

Historically, the requirements for prosthetic feet to receive speci�c L codes have

been based on amputee-independent classi�cation and testing. The American Or-

thotic and Prosthetic Association (AOPA), with input from foot manufacturers and
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clinical researchers, created a set of standardized, mechanical tests for categorizing

prosthetic feet [19]. These tests categorize prosthetic feet according to speci�c me-

chanical properties, such as their energy storage and return capabilities or axial torque

absorption capabilities. The Pricing, Data Analysis and Coding (PDAC) contractor,

the branch of CMS which assigns L codes, does not always accept the results of these

mechanical tests as justi�cation for speci�c L code. Nevertheless, the tests are con-

sidered to be industry-standard functional requirements, and insurance requirements

provide a link between mechanical test standards and the reimbursement price and

manufacturing cost for a design.

To be commercially successful, a new prosthetic foot must satisfy requirements

from each stakeholder, but adoption will be driven by prosthetists. A new product

must be providable through existing distribution and insurance mechanisms, or else

it will not meet the desired market. This means it must meet the basic functional

requirements for insurance reimbursement and satisfy the economic requirements of

suppliers, distributors, and clinicians. The ultimate end-users, amputees, must like

the device and feel that it meets their needs. Building trust in the clinical community

through a straightforward customization process, proven durability, and enhanced

walking performance for users will be necessary for breaking into this smaller subset of

trusted, favorite devices. The commercial acceptance and success of a prosthetic foot

is driven, in part, by prosthetist preference [4] and how frequently it is prescribed by

prosthetists. A prosthetic foot which does not meet core functional requirements and

which is not trusted by prosthetists is unlikely to be sold in the quantities necessary

for commercial success.

2.2 Design requirements

We used our understanding of the customer value chain to de�ne requirements, which

center around the core value of creating a product line of personalized, high perfor-

mance, and rapidly providable prosthetic feet. These design requirements are mo-

tivated by understanding the target user population, providing personalization in a
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way that appeals to prosthetists, and satisfyiing insurance requirements. A full list

of design requirements and speci�cations is enumerated in Table 2.1.

Table 2.1: Core design requirements for a high-performance, commercially viable, and
personalized prosthetic foot

Requirement Measurable Parameter

Customizable for
patient at
point-of-purchase

Heel height � 10 mm

Foot size � size 18-30 cm

User weight � 45-136 kg

Build height � 140+ mm (with adaptor)

Activity level � low/high options

Rapidly providable
Takes� 2 business days from incoming order to outgo-
ing shipment

High performance
Meets Freedom Highlander in subjective rating and clin-
ical outcomes

Lightweight
Weighs� 0.6 kg without cosmetic foot shell (in size 27
cm)

Passive Does not use hydraulic or powered components

Compatible with
L5981 standards

Passes ISO 10328/22675 tests

Passes AOPA dynamic heel and keel tests

Compatible with US
prostheses

Can be attached via standard pyramid adapter

Is worn with existing commercial foot shell

Low-cost to manufac-
ture

Manufacturing cost is below cost target (exact value is
proprietary)

Personalization, or customization, is a core part of our value proposition for a

new prosthetic foot. Some existing prosthetic feet provide a limited amount of post-

purchase adjustability by mixing-and-matching recon�gurable modular components

such as heel wedges or bumpers, and some prosthetists value this adjustability. This

practice may stem from the limited resolution of existing size and sti�ness options,

and it may not re�ect a desire or need for post-purchase adjustability of a person-

alized prosthetic foot. As a result, we focus on point-of-purchase customization, or

personalization that happens when a prosthetist orders a device.
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The foot size and user weight ranges are based both from existing commercial

feet [13�17] and US population data [20]. The prosthetic foot is designed for K3

populations, which drives the heel height and build height requirements. To accom-

modate the heel rise in many shoes, cosmetic foot shells and the prosthetic feet that

are worn within them have an elevated heel, which typically measures 10 mm (3/8")

in K3 feet [13�17]. A prosthetic foot's build height involves a tradeo�: a lower build

height (shorter foot) accommodates a greater range of residual limb lengths, but a

taller build height allows the foot to store and return more energy. To balance this

tradeo�, we selected a minimum build height of 140 mm, which is similar to the build

height of the 6" (152 mm) Fillauer All Pro [13], a device which suppliers sometimes

use as a benchmark for the height of new products.

Any adjustments a prosthetist can make in ordering a personalized prosthetic foot

should be clinically meaningful. The LLTE design framework could allow clinicians

to �ne tune the �activity level� of a patient by specifying the walking activities for

which the foot is designed, such as walking up ramps or walking quickly on �at ground

[21, 22]. Although we have the capability to quantitatively design a prosthetic foot for

a speci�c activity, an in�nite resolution of activity level options is likely unnecessary.

Beyond a certain granularity, adjustments to the target user pro�le may be neither

repeatable nor clinically meaningful.

To operate within existing prosthetist work�ows, another key value is rapid provi-

sion. The required ful�llment time of less than two business days from order receipt

is based o� of the lead time from order receipt to shipment of current products [1].

While prosthetists may be willing to accept a slightly longer lead time in exchange

for a higher degree of amputee-speci�c personalization, increasing the ful�llment time

beyond two days may create a barrier to adoption by disrupting prosthetist work�ows

and potentially straining clinics' cash �ows and �nances [23], and create a barrier to

adoption.

For prosthetists to change their existing behaviors and prescribe a new prosthetic

foot, the new product would need equivalent or better performance than existing

products. We selected the Freedom Highlander as a commercial benchmark due to
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its widespread acceptance and provision in the clinical community.

This prosthetic foot is designed for distribution in the US under L5981, a category

of ESR prosthetic feet commonly prescribed to K3/4 amputees. Traditionally, passing

the AOPA dynamic heel and keel tests has been considered criteria for classi�cation

as an L5981 product. To pass these tests, a prosthetic foot must exceed a given

amount of deformation and energy return e�ciency in representative heel and keel

loading scenarios [19]. To demonstrate strength and durability, particularly for insur-

ance providers, prosthetic feet must also survive both static and cyclic load testing

according to ISO 10328 [24] or 22675 [25]. Satisfying the ISO strength and durability

tests requires that a prosthetic foot be strong enough to withstand both high single-

cycle loads (static proof and ultimate strength) and lower magnitude multi-cycle loads

(fatigue) without plastic deformation [24].

Compatibility with the common ESR prosthetic attachment systems and form

factors in the US is necessary for adoption by prosthetists and acceptance by amputee

patients. To best utilize prosthetists' clinical experience and avoid retraining with

an additional mounting system, a personalized prosthetic foot must attach to the

rest of the prosthesis using a standard pyramid adapter. Many amputees desire a

physiological prosthetic foot appearance [6, 8]; to achieve this appearance with the

walking performance provided by existing ESR feet, L5981 feet are commonly worn

within a commercial foot shell, which is a thin, removable foam enclosure which looks

like a physiological foot and houses the prosthetic foot. Rather than design a new

foot shell for our prosthetic foot, we require that the foot �t within an existing shell.

Our prosthetic foot is also designed to be low-cost to manufacture. To meet this

need, we set an upper cost threshold relative to the minimum reimbursement for the

L5981 code. Reimbursement amounts vary geographically across the United States

and �uctuate over time. In October 2021, the minimum non-rural reimbursement for

L5981 devices was $2994.97 [26]. The speci�c cost threshold cannot be disclosed for

proprietary reasons, but the target is set to be compelling to the supplier-distributor

as well as prosthetists. While a lower cost to manufacture than existing ESR feet does

not reduce insurance reimbursement prices, it positions the supplier-distributor and
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prosthetists to operate with strong bottom-line revenue and high pro�t margins, even

if insurance reimbursements decrease relative to in�ation. Though many prosthetists

commonly utilize a subset of trusted prosthetic feet [2, 12], good clinical performance,

durability and increased revenue to clinic increase the likelihood of them prescribing

a new product.
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Chapter 3

Material and manufacturing

process selection

3.1 Candidate materials

ESR prosthetic feet are able to store and return energy with each step, and they

are strong enough to withstand years of daily use. Instead of focusing on individual

material properties such as elastic modulus, yield strength, or ultimate strength, we

utilized material performance indices [1] which directly relate to the energy storage

and strength requirements of the ISO and AOPA tests (Sec. 2.2, Table 2.1).

The ability of a prosthetic foot to satisfy these requirements relates to both its

material and geometry. In this work, we quantify material performance through

two performance indices, the strain energy density and the relative strength factor

(Fig. 3-1), which quantify the material's energy storage and strength capabilities.

High performing materials on both indices also result in high performing (low LLTE)

prosthetic feet (Sec. 3.4.1); the �rst-order indices in this section allow for rapid

evaluation of many materials instead of performing a foot design optimization for

each material candidate.

Material properties are compared to Nylon 6/6 (Fig. 3-1), a high performance and

relatively inexpensive thermoplastic which we have used extensively in prior work [2�

7]. Values for both performance indices are divided by the values for Nylon 6/6.
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High scores correspond to high performing materials, with values greater than one

indicating that a material outperforms Nylon 6/6 (tensile modulusE = 2:49 GPa,

tensile yield stress� y = 73:7 MPa, poisson ratio � = 0:6, and density � = 1130

kg/m 3).

Properties are given from manufacturer-supplied tensile data [8�16] or tensile data

in academic publications [17�19]. Although bending is the primary deformation mech-

anism in ESR prosthetic feet, �exural data is less commonly available, and material

properties for tensile and �exural testing are well-correlated for the polymers and

composites considered here [1]. A variety of additive manufacturing (AM) processes

are evaluated: fused �lament fabrication (FFF) from Markforged, Stratasys, and

other companies; the related �ber-reinforced continuous �ber fabrication (CFF) pro-

cess from Markforged; HP Multijet Fusion and other powder bed fusion (PBF) pro-

cesses; and other processes such as stereolithography (SLA) and digital light synthesis

(DLS). Conventional material production methods such as casting and extrusion are

also included.

The �rst performance index, the strain energy density represents a material's

potential for recoverable energy storage. The strain energy densityuSE for a material

with elastic modulusE, yield stress� y, and yield strain � y is given as:

uSE = � y � y =
� 2

y

E
; (3.1)

with units of energy per unit volume [J=m3]. A material with a high strain energy

density is able to store a large amount of energy per unit volume before reaching the

yield stress. For materials which fail by brittle fracture instead of plastic yield,� y

and � y can be replaced with fracture stress� f and strain � f , respectively. A material

with a normalized score greater than one (Fig. 3-1) can elastically store and return

more energy per unit volume than Nylon 6/6.

While the strain energy density metric quanti�es material performance, it does

not consider the base geometry which will be used. The relative strength factor

quanti�es both material and geometric performance; it represents how much a design
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Figure 3-1: Ashby-style plot representing the two primary material selection indices
used in this work: the strain energy density and the relative strength factor metric.
All data are normalized to the properties of Nylon 6/6; values� 1 represent higher
performance than Nylon 6/6.
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must change to meet safety factor constraints. A material and design with a low

relative strength factor will be less strong than one with a high score; it is not possible

for the weaker material to sustain the same loads with the same bending sti�ness. To

satisfy the strength (load) requirement, the weaker material requires a sti�er design.

While this reduces the maximum strain on the design, it also forces it to be sti�er

than it optimally would be.

The relative strength factor is calculated by comparing the strength of two can-

tilevered beams with the same equivalent bending sti�ness,(EI )e� , but di�erent

materials and cross-section geometries:

(EI )e� = ( EI ) i =
1
12

E i wi t3
i ; (3.2)

whereE i and I i represent the elastic modulus and second moment of area for beam

i with width wi and thicknesst i . Solving Eqn. 3.2 fort i in terms of (EI )e� gives

t i =

 
12(EI )e� )

wi E i

! 1=3

: (3.3)

To maintain the same e�ective bending sti�ness, a beam of a softer material (lower

E i ) must be thicker (higher t i ), if both beams have the same widthw. The maximum

stress and safety factor associated with a tip loaded, cantilever beam-based design is

given as:

� max =
FLymax

EI
=

FL
(EI )e�

� t i

2

�

/ E 2=3
i : (3.4)

Comparing the maximum stress associated with loading a design (Eqn. 3.4) to its

yield strength gives a safety factorSF and relative strength factor
 SF:

SF =
� y

� max
/

� y

E 2=3
i

(3.5)


 SF =
� y

E 2=3
i

: (3.6)

This analysis considers cantilever beams with a solid cross section (I = 1
12wt3),

48



but the relative strength factor calculations can be extended to beams with more

complex cross sections such as leaf springs, I-beams, or multi-material, composite

beams. A combination of material and geometry with a normalized relative strength

score below one is weaker than Nylon 6/6. This means we must add material to meet

the same stress or safety factor constraints, resulting in a sti�er prosthetic foot and

decreased walking performance (increases LLTE).

Extruded Nylon 6/6 outperforms additively manufactured (AM) polymer mate-

rials (Fig. 3-1). Among these polymers, the Nylon 11- and 12-based materials from

HP are the highest performing. Of all AM materials considered, only the Nylon-

reinforced composites from Markforged could potentially outperform extruded Nylon

6/6; however, their behavior is more uncertain due to a lack of consensus on how

the location and quantity of �ber reinforcement impacts sti�ness and part failure

[20�24], limited research of the fatigue behavior of printed composites [25, 26], and

signi�cant part-to-part variability in mechanical properties [27]. Cast urethanes o�er

similar performance to extruded Nylon 6/6, but casting has a limited ability to ac-

commodate the geometric features needed for a commercially-appropriate prosthetic

foot form factor. Additionally, casting requires �xed tooling, which is not appropri-

ate for manufacturing a personalized product at scale. Comparing materials based on

performance metrics revealed three primary candidates: extruded, machined Nylon

6/6; Nylon-based composites from Markforged; and Nylon 11 and 12 from HP.

3.2 Manufacturing rate, cost, and quality

3.2.1 Rate comparison

The manufacturing rate, or the speed at which parts can be produced, directly con-

nects to our design requirements (Table 2.1) and impacts the overall manufacturing

cost. A manufacturing process which takes more than two business days to pro-

duce an individual prosthetic foot does not satisfy this requirement and is not viable.

Compared with a faster and higher throughput process, a slower manufacturing rate
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requires purchasing additional equipment to meet the same production volume.

The overall manufacturing time was estimated using a representative early-stage

model of the prosthetic foot design for three processes: CNC machining of Nylon

6/6, Markforged's continuous �lament fabrication, and HP's multijet fusion. CNC

machining time was estimated using a material removal rate calculation. A material

removal rate MRR of 26 cm3=min, and a total volume of material Vt of 1200cm3

gives an estimated machining timet = Vt
MRR = 46 minutes, or 0.77 hr/foot. For a

single prosthetic foot with a base material of Nylon White (solid in�ll) reinforced with

Kevlar (two concentric �ber rings, 150 reinforced layers), Markforged's Eiger software

predicted a print time of 48 hours on either its desktop or industrial machines. For

a fully nested build of 25 parts with same part �le and a base material of Nylon 12,

HP's SmartStream software predicted a build time of eight hours and cooling time of

eight hours, for a total of 16 hours, giving an average of 0.64 hr/foot. Both HP MJF

and CNC machining can satisfy the� 2 business day time requirement to design

and manufacture a prosthetic foot (Table 2.1), but Markforged does not meet this

requirement.

3.2.2 Cost comparison

This cost analysis focuses on well-structured, engineering-speci�c costs of manufac-

turing [28] from materials, equipment, and overhead, which are the focus of many

existing cost models [29�35]. We use parametric models to represent the individual

cost contributions from materials, equipment, and overhead; these can be modeled for

a variety of manufacturing processes, including subtractive processes like machining

[36] and additive processes [29�32, 35, 37].

Engineering-speci�c manufacturing costs are only one aspect of the overall cost

produce and distribute a personalized prosthetic foot; the overall cost to a supplier-

distributor will be signi�cantly greater than the manufacturing cost alone. Focusing

on manufacturing cost neglects other costs which contribute to production cost. These

costs may result from factors such as leasing or ownership of a manufacturing facility,

inventory and transportation, supply chain management, and vulnerability to supply
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chain disruption, and they are often considered ill-structured [28]. These costs depend

less on the manufacturing process selected and more on how the speci�cs of how

the process is implemented; as a result, they are more di�cult and subjective to

estimate, particularly during early-stage product development [28]. The goal of the

parametric cost model is not to provide exact cost predictions. Instead, this analysis

aims to provide intuitive and interpretable �rst-order insights about cost tradeo�s [33],

facilitating process-to-process comparisons and guiding early-stage process decisions.

The overall per-part manufacturing costCtotal represents the anticipated cost to

manufacture an individual prosthetic foot. This consists of the material costCmat

of the raw materials used, the equipment costCeq to purchase and maintain the

machines, and the overhead costCoverhead, which includes costs of operator time to

set up and post-process a part as well as the cost of energy to run the machines:

Ctotal = Cmat + Ceq + Coverhead (3.7)

In addition to using the lower-level relationships between anticipated production

volume and production costs from prior work [29�32], we included additional vari-

ables to capture relevant behaviors for this production scheme. The fail fraction� fail

represents a fraction of failed parts. For some additive manufacturing processes, this

value may be as high as 10% due to dislocation errors or part warping, but it may

be as low as 1% for machining due to better machine and process control. Failed

parts increase the overall material usage, number of machines required, energy costs,

and operator costs to produce the same number of output parts; including this cost

in the model provides a more fair comparison of processes with di�erent failure or

yield rates. The surge fraction� surge represents the anticipated variation in aver-

age weekly production rate. High week-to-week variation in demand with the same

number of machines results in overly long lead times when demand increases. In-

creasing the number of machines can allow a manufacturer to meet the desired lead

time requirements despite increases in demand, but additional machines also incurs

additional cost. Including this parameter provides insight into how much costs is
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added to maintain the same production rate despite increases in demand. Lastly, the

number of desired production facilitiesnfacilities represents the number of individual

production facilities. In this analysis, we assume demand is distributed evenly among

each facility, but that does not have to be the case.

General production parameters include the target production volume [parts/year],

the part volume [cm3/part], the number of production facilities nfacilities , energy price

[USD/kWh], operator salary [USD/hour], operator attendance fraction, load factor,

and the surge fraction. Process-speci�c parameters include part failure fraction, ma-

chine replacement fraction, parts per print, manufacturing time, material cost, scrap

fraction, machine cost, machine maintenance cost, setup time, post-processing cost,

and machine power. Three process-material combinations were modeled: compos-

ite Markforged (Markforged CFF), plastic HP Multijet Fusion (HP MJF), and CNC

machining of Nylon 6/6. Key governing equations and input parameter values are

described in more detail in Sec. 3.4.3.

All cost predictions demonstrate similar characteristic features (Fig. 3-2). As

production volume increases, equipment costs generally decrease, but they show spikes

due to incremental machine purchases. As production volume increases, the spikes

decay in magnitude, and the equipment cost approaches full utilization of the machine.

Material costs are �xed across production volumes. If there is an economy of scale

for purchasing these raw material, it is generally small, and information about the

magnitude of this cost savings is not publicly available. As a result, this trend is not

included in the cost model, and material costs are �xed across production volumes. By

assuming that all designs are unique, overhead costs are �xed across manufacturing

scales; each part requires the same amount of operator setup time and energy usage,

regardless of the yearly production volume.

In each process, cost is driven by a di�erent component. Expensive material costs

for composite materials contribute a signi�cant portion of the overall cost for the

Markforged CFF process. The HP MJF process is fast (if fully utilized, approximately

45 minutes per foot), but machines are expensive; at low production volumes, the high

machine cost dominates. Machining costs are dominated by overhead costs, which
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Figure 3-2: Anticipated manufacturing cost vs. production volume for CNC machin-
ing of Nylon 6/6. Costs are shown as a percentage of the target manufacturing cost.
Data are shown for a representative combination of model inputs, and costs are sepa-
rated by component. Equipment costs (light grey) generally decrease with increasing
production volume but show decaying spikes due to incremental machine purchases.
At scale, the cost of CNC machining is driven by overhead costs due to energy and
operator salaries.
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includes the operator time to both set up the workpiece and to create the machining

toolpaths. At scale, this process can likely be partially or fully automated using

commercially-available computer-aided manufacturing (CAM) automation software.

At production volumes above 1000 parts/year, costs are similar for HP MJF and CNC

machining (Fig. 3-3). Costs for both processes satisfy the functional requiremen.

The Markforged CFF process will likely cost about twice as much, which exceeds the

functional requirement.

Figure 3-3: Cost comparison of di�erent manufacturing processes across a range of
production volumes. Average costs for Markforged CFF (blue), HP MJF (red), and
CNC machining (dark grey) are represented by solid lines, with the minimum and
maximum predicted costs represented by shaded bands. Costs are normalized by the
target manufacturing cost, shown by the horizontal grey line.

3.2.3 Quality comparison

Manufacturing quality can be described in many ways, from performance- and durability-

related metrics to factors such as reliability, aesthetics, and perceived quality [38]. We

have previously considered material performance and durability as overall quality in-

dicators in Sec. 3.1. Here, we focus on process reliability. Creating high resolution

and personalized prosthetic feet centers on the value proposition that user-speci�c

designs could be superior to existing ESR feet, which are available in a low resolution
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of size and sti�ness categories. A high variability manufacturing process may not

provide this value, as it will not consistently result in prosthetic feet with the target

static or fatigue behavior.

The outputs of all manufacturing processes are subject to variability, which might

be due to variations in the raw material or inconsistent machine behaviors. This

results in variations in part sti�ness due to changes in material properties and man-

ufactured part geometry, which can be modeled by representing the prosthetic foot

structure as an Euler Bernoulli beam. A beam with Young's ModulusE, moment of

inertia I , and length L has an e�ective bending sti�nessk = 3EI
L 3 , or k / EI . Vari-

ation in sti�ness is directly proportional to variation in Young's Modulus (material)

and variations in moment of inertia (geometry).

A 5% change in modulus results in a 5% change in sti�ness. Variation in part-to-

part elastic modulus may depend on the process parameters and part con�guration.

For Markforged CFF, one study reports part-to-part variation of �exural modulus of

3.5%-7.9% [17], while another reports variation ranging from 1.6% to 22.2% [24]. For

HP MJF, this variation has been reported as 0.7% to 4.5%, depending on the part

orientation [39]. The variation in extruded Nylon 6/6 is 1.2% [19], which is similar or

better than HP, and lower than the variation in Markforged CFF material properties.

The part-to-part variation of Markforged CFF parts exceeds the amputee-perceivable

di�erence in sti�ness [40].

While geometric repeatability is generally good for Markforged CFF, HP MJF,

and CNC machining, these tolerances can become signi�cant for the part geome-

tries considered in this work. Thermal strain during part cooling [41] in both the

CFF and MJF processes can lead to thermal distortion, which manifests as part con-

traction and warping. While this e�ect is small for relatively thin and small parts,

such as those used for the materials tests common in literature, thermal strain is

much greater for thick, large parts such as the prosthetic foot geometries considered.

Dimensional tolerance in CNC machining is often speci�ed to ISO 2768 medium tol-

erance [42], which provides a maximum permissible deviation based on the nominal

part dimension, such as� 0:2 mm for dimensions between 6 mm and 30 mm. This
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corresponds to an overall change in sti�ness ranging from0:2=30 mm/mm to 0:2=60

mm/mm, or 0.7%-3.3% change in sti�ness due to geometric variation, which is below

the amputee-perceivable di�erence in sti�ness [40].

3.3 Justi�cation of chosen material and manufac-

turing process

With current manufacturing capabilities, CNC machining of Nylon 6/6 is the process-

material combination which best satis�es the core design requirements (Table 2.1).

Nylon 6/6 is a high-performance material which can elastically store and return large

amounts of energy during the stance phase of walking, and CNC machining is the

process which best satis�es manufacturing rate, cost, and quality requirements. Al-

though additive manufacturing is often seen as the hallmark process for customized

products, current commercially-available materials and processes do not match the

material performance, manufacturing rate, cost, and quality of CNC machining of

Nylon 6/6. While Markforged composites could potentially provide higher material

performance, the process does not meet requirements for manufacturing rate, cost,

or quality. HP's Nylon 11- and 12- based materials do not perform well enough in a

prosthetic foot, but the process satis�es rate, cost, and quality requirements. Nylon

6/6 is a high-performance material, and CNC machining can satisfy rate, cost, and

quality requirements, even when prosthetic feet are machined as one-of-a-kind, unique

parts.

3.4 Supplementary information

3.4.1 Relationship between material performance indices and

LLTE

To con�rm that the material performance indices in Sec. 3.1 provide a reasonable

prediction of a material's suitability for creating ESR prosthetic feet, the single-keel
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foot architecture used in [3, 4] was optimized for a variety of AM materials for an

example user (Table 3.1).

Table 3.1: Optimization setup parameters

Parameter Value

User mass [kg] 57
Lower leg length [m] 0.485

Foot size [cm] 26
Ankle height [m] 0.115
Fillet radius [m] 0.005

Walking activity [�] Flat ground walking
Safety factor [�] 2

As anticipated, materials with strain energy density and relative strength factors

result in prosthetic feet with better walking performance, as quanti�ed through lower

LLTE scores (Fig. 3-4). This con�rms that these performance indices are useful,

quick-to-compute indications of a material's suitability; each point on the graph in

Fig. 3-4 is the result of� 10 hours of optimization, but computing relative strength

and strain energy density is instantaneous.

Above a certain level of material performance, geometry becomes the limiting

factor for foot performance; increasing the relative strength or strain energy density

further provides minimal, if any, improvement to LLTE. For the optimization re-

sults presented here, this occurs at relatively small strain energy density and relative

strength values; however, the exact location of this plateau may not generalize to

other foot geometries or loading scenarios. A commercial prosthetic foot must be

designed to pass ISO 10328 ultimate strength and fatigue tests, not only to survive a

user walking on �at ground. The maximum ISO loads are about three to �ve times

user body weight [43], greater than the safety factor used in this optimization experi-

ment. Feet designed to survive greater loads may exhibit a plateau at higher relative

strengths or strain energy densities than the feet presented here.
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Figure 3-4: LLTE scores and material performance indices for example materials.
Prosthetic foot designs were optimized for a representative user with a variety of
reference materials. High values of both relative strength (a) and strain energy density
(b) were associated with improved walking performance (lower LLTE).

3.4.2 Relative strength of more complex cross sections

Sec. 3.1 introduced the concept of relative strength as material performance index

to compare both the viability of a material and of a geometry for creating high

performance ESR prosthetic feet; however, the previous sections focused on comparing

various materials for a single geometry, a simple cantilever beam with uniform, solid

cross section. This approach quanti�es how material selection impacts performance

for one geometry, but it does not demonstrate the utility of the relative strength

factor for comparing more complex or multi-material structures. In practice, a higher

performing geometry made from a lower performance material may enable similar

relative strength as the solid cross section made of Nylon 6/6. In this section, we

demonstrate the use of the relative strength to compare other cross sections: multi-

material models (Fig. 3-9) and split, double, and triple keel geometries (Fig. 3-5).

Laminated multi-material structures (Fig. 3-5 often fail at their outer faces. These

faces are the locations of highest strain, but the composite materials often used for

these features show failure at relatively small strains. A cross section geometry which

brings material closer to the neutral axis could provide relatively greater performance

than the original solid geometry. The relative performance improvement achieved by
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