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Abstract

The overall goal of this study is to advance the availability of prosthetic devices for developing
and post conflict regions by establishing a framework for their design based on those used for
Class II medical devices. The Niagara Foot Model 2 1 was used as an example case. This device
has been refined within an international consortium of engineers, prosthetists, materials scientists
and non-governmental organizations over the past decade. It is a unique Controlled Passive
Energy Management (CPEM) foot that can be modified to suit the needs of a particular user. Its
success has prompted interest in the development of other devices for this market.
Quality Function Deployment (QFD) and Failure Mode and Effects Analysis (FMEA)
were used to assess the current design. A systematic literature review was used to generate 29
User-centred Functional Requirements, which were compared to 47 engineering variables
extracted from the design archives. In addition, 33 potential failure modes and their mechanisms
were assessed based on a Failure Mode and Effects Analysis.
Features controlling energy management in the CPEM System had the greatest impact on
User-centred Functional Requirements. The potential for top plate fracture at the connection to
the pylon had the highest risk rating. These observations prompted the analysis and design of the
bearing system for controlled passive energy management in the current design. The analysis
showed a bearing contact area, sliding speed and contact force that produced a PV value 25%
above the recommended limit for Hytrel® 8238 which the horn portion of the CPEM System is
comprised of. A modification to the contact geometry was proposed that would reduce the PV
value by 63%, and would move the contact point forward 1.6mm. Based on a simplified static
analysis, this would further reduce the peak moment in the top plate by 2%, therefore the risk to
top plate failure would not be increased.
1

The Niagara Foot is a registered trademark of Niagara Prosthetics and Orthotics International, St.
Catharines, Canada. The registration symbol, ®, has been omitted in this document to improve readability.
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Chapter 1.
Introduction
A major complication of dyvascular diseases, such as diabetes, is the need for amputation of the
lower limb as a result of lost circulation. Rapid growth rates of these diseases in the developing
economies have intensified the interest in developing low-cost prosthetic feet for low-income
demographics.

1.1 Need for Lower Limb Prosthetic Devices
As of 2005, it is estimated that the number of people living with major lower limb amputations 2
in the United States is 623,000 [1]. Of this figure, 81% are attributed to dyvascular disease, 17%
to trauma and 2% to cancer. Lower limb major amputations account for 40% of all of these
procedures, possibly due to the tendency of dyvascular disease to affect the legs and its
prevalence in the US population [1]. A study by Ziegler-Graham et al. predicts the number of
amputations more than doubling by 2050 in the United States alone [1]. World trends similarly
indicate dyvascular disease as the primary cause of lower limb amputation. Approximately 70%
of lower limb amputation worldwide are attributed to diabetes [2][3]. The remainder of
amputations is predominantly traumatic, with a small percentage caused by cancer.

2

Extremity amputations can be classified as major or minor. A minor amputation maintains fingers or toes
in the residual limb, whereas a major amputation removes them. For the purposes of this paper, the term
“amputation” will assume a major amputation since the prostheses being analyzed are designed for major
amputations.

1

Although amputation rates in diabetes from developed countries are falling due to better
preventative care, it has been predicted that the prevalence of diabetes will continue to rise in
both developed and developing countries [4]. A critical factor in the rising rates of diabetes in
developing countries is the so-called westernization of cultural diets: the increased consumption
of calorie-dense, low fibre and highly refined foods [5].
An additional challenge to many post-conflict countries is unexploded ordinance. It is
estimated that between 15000 and 25000 people are wounded or killed yearly by landmines [6]
and that there are still 110 million mines, bombs, bomblets and submunitions distributed currently
in nearly 70 countries. Limbs are often not salvageable due to the inherent proximity to the blast
and the morbidity inflicted to both soft and hard tissue [6]. Amputations due to other types of
trauma such as vehicle and industrial accidents also remain prevalent [6].

1.2 Societal Impact of Amputation
Loss of a lower limb in a developing country is not just an impediment to mobility, it is damaging
to families and the economy of a country as a whole. A study of four heavily mined countries
(Afghanistan, Bosnia, Cambodia and Mozambique) found through surveys that families of a
disabled person are 40% more likely to have difficulty feeding themselves [7]. An amputation in
younger victims removes them from the work force and makes them dependent on their family
members to provide for a higher cost of living in the form of health services.
After an amputation, a patient is typically treated through the provision of a prosthesis
that is designed to replace the function of the lost limb. In the case of a lower limb amputation,
the prosthesis is comprised of several components that include a socket that attaches to the
residual limb, a pylon that extends the system to ground level, and a foot. In the case of aboveknee (transfemoral) amputations, a prosthetic knee must also be provided. Prosthetic systems
must be replaced often, typically every 3-5 years [6], and even more often in children. In poorer
2

economies, this cost of maintaining a patient’s mobility is often prohibitive and amputees tend to
be underserviced.
Mobility in developing and post conflict countries often involves high demand activities,
such as farming, walking on uneven ground and load carriage. This places mechanical and
structural demands on the prosthesis that exceed the demands of the majority of patients in
developed countries with the exception of high performance athletes [8]. Furthermore, although
mobility is of critical importance, systems must also permit participation in cultural activities of
daily living. For example, some rigid prosthetic feet prevent kneeling prayer or squatting for
toileting; this frequently results in a patient opting not to use their prosthetic device [9]. As such,
there is a major effort worldwide to make biomechanically suitable devices available to these
regions that perform in widely variable cultural and physical conditions.

1.3 Lower Limb Prosthetic Devices in Developing and Post-Conflict
Regions
A number of approaches exist to provide devices to developing and post-conflict regions. One is
to use currently available or improvised devices from these regions; however, these often lack
biomechanical performance and durability. There are also prosthetic devices specifically targeted
to these areas. Notable examples are the Jaipur Foot [10] and devices available from nongovernmental organizations (NGOs) such as The International Committee of the Red Cross
(ICRC). Interestingly, many NGOs are currently seeking higher performance options for their
areas of service.
One project that has focused providing high performance devices for developing and
post-conflict regions is the Niagara Foot, invented by Robert Gabourie [11]. The first model
(M1) was originally designed for victim assistance in Thailand as part of the Canadian demining
efforts near the Cambodian border in the early 2000s [12]. Its ability to deflect during loading in
3

such a way that energy can be stored and returned during activity produces higher performance
than other low cost devices previously available. Due to its production using injection molded
DuPont™ Delrin™ polyacetyl resin, it has a price point that greatly improves its availability and
is currently a preferred option in many developing areas due to its durability and ease of use.
In 2005, a second model (M2) was introduced in El Salvador as part of project Acceso to
address the need for more a more flexible foot for use in rugged terrain [13]. A unique feature of
M2 is an ability to modify the device to change its stiffness and size, thus accommodating a broad
range of users and activities [14]. It is important to recognize that the M2 device was developed
to provide an option to M1 when biomechanical performance is a primary concern. The
introduction of a new material (DuPont™ Hytrel™ polyester) to allow modification and
increased flexibility also resulted in a number of design challenges that needed to be addressed in
order to improve durability for developing and post-conflict region applications. Interest in this
device has also prompted its distribution for beta testing in North America and Europe to meet the
need for a second prosthetic device for recreational activities like swimming and hiking for those
who cannot justify the cost of high performance devices.

However, the need for modification by

the prosthetist has proven to be a barrier to adoption in all regions. The Niagara Foot M2 is
currently the only modifiable device currently available and the knowledge required for its use is
limited to a small group of clinical opinion leaders in prosthetic practice.
Mechanical properties of the M2 device have become better understood through
laboratory and field testing [14]. Recently, work has focused on how modifications affect
mechanical stiffness [15] and how features of the design control its performance [16] [17]. Due
to its unique approach to energy management, the Niagara Foot can be classified as a controlled
passive energy management (CPEM) device in which energy from different phases of foot
motion can be stored and returned in a prescribed pattern. This principle differs from active
devices that rely on external energy sources and energy storage and return designs that typically
4

use carbon fibre composites as spring elements but do not control the temporal aspects of energy
management.
The need for energy management in prosthetic foot design has been supported by
biomechanical studies of the foot-ankle system in able bodied activities [18] [19]. As a result,
effort has been placed on providing ankle power to assist in push-off at the end of the stance
phase of gait in prosthetic foot design using active devices [20]. However, more recent studies
suggest that there is less net energy input to the ankle and foot during gait than previously
believed [21]. This is further supported by Lipfert et al. [22], who found that push off work
during toe-off was largely the result of passive elastic energy stored in the gastrocnemius and
Achilles tendon rather than active muscle contraction. These findings strongly support the
viability of passive designs, and further emphasize the importance of controlling the timing of
energy storage and return during activity.
There is a need to study the mechanism of controlled passive energy management with
the anticipation of the next version of the Niagara Foot. Furthermore, there is a need to formalize
the process of design for new prosthetic devices intended for developing and post-conflict regions
to ensure that potential barriers to adoption are identified and addressed at an early stage. The
Niagara Foot was designed based on the intuition of the inventor, who used his experience as a
prosthetist to create a prosthetic foot that has been highly successful. Although effective, a more
formal design approach would make the process more efficient, especially with multiple
stakeholders. In addition, this methodology should incorporate the knowledge and experience
gained in the development of Model 1 and Model 2.

5

1.4 Rationale
The overall goal of this thesis is to lay a framework for the design of future generations of
affordable, high performance prosthetic devices intended for the large number of persons needing
prosthetic devices worldwide. The Niagara Foot M2 is used as particular example. Formal
design analysis tools are implemented to assess the device and a process identified for future
designs based on recommended practices for medical devices.
The main outcome of the study is the establishment and demonstration of methodology
for prosthetic device design improvement that can be applied to products intended for developing
and post-conflict regions. It is recognized that prosthetic and orthotic devices are commonly
considered Class I medical devices in most jurisdictions [23]. Thus, unlike Class II and higher
products, controls for their fabrication, distribution, use, and design documentation are not a
requirement for their adoption. Although not legal requirements, there are number of safety
standards [24]–[26] and performance guidelines that are applied to prosthetic and orthotic
products [27] by a majority of health care systems to regulate their use. These guide the design of
these devices, but mainly benefit regions with an economic infrastructure that can support the
design and testing requirements within a sustainable business model.
Practices recommended in ISO13485, and subsequently adopted by the Federal Drug
Administration (FDA) and Health Canada Health Protection Branch (HPB) identify a number of
design requirements for medical devices of Class II and higher. The FDA also requires a design
history file that contains the documentation associated with the process and includes descriptions
of design review, verification, validation, and changes. It is proposed that these practices be
adopted for use in prosthetic and orthotic device design focused on developing and post conflict
regions. Essentially, the process is documented in such a way to promote product improvement
(and critical assessment) by designers interested in serving this community.

6

1.5 Specific Objectives
The specific objectives of the thesis are to:
1. Undertake a formal design analysis of the Niagara Foot M2 in order to identify the
relationship between design features and User-centred Functional Requirements;
2. Identify opportunities for improvement in the current design; and to
3. Recommend specific modifications to features for implementation in future versions
of the device.

1.6 Study Outcomes
This thesis meets the general requirements of the design history file for the Niagara Foot M2. It
is demonstrated that the process not only identifies and documents fundamental functional and
engineering requirements for the device, but also provides a description of testing and analysis
methodology for its development that can be used in other design applications. A unique aspect
of the study is the identification of user-centred requirements based on a systematic review of the
scientific literature associated with lower limb prosthesis use. To the author’s knowledge, this is
the first reported methodology that uses the approach to determine design input and validation
parameters for a prosthetic foot design. Furthermore, the process is adaptable to the design of
other similar devices.
A second outcome of the study is the identification of critical design features related to
safety and performance based on a Failure Mode and Effects Analysis (FMEA) of the current
design. Implemented as part of the validation step of the design history file, this study is among
the few reports of the use of FMEA in prosthetic device design.
A final outcome of the study is an improved understanding of design factors related to the
management of passive energy within the Niagara Foot M2. A detailed analysis is undertaken to
7

determine the kinematics of the Controlled Passive Energy Management (CPEM) System, model
the forces during activity, and estimate contact conditions in moving elements of the structure. A
sliding bearing analysis is used to ensure that the system is within design guidelines for the
materials, with a recommendation for new geometry for the contacting elements.

1.7 Thesis Overview
A literature review of the biomechanics of prosthetic gait, design principles for prosthetic feet is
provided (Chapter 2. Biomechanics of Prosthetic Feet), followed by a review of the regulation of
medical devices and methods of design analysis (Chapter 3. Design and Regulation of Medical
Devices). In Chapter 4. Design Analysis of Niagara Foot Model 2, a formal Quality Function
Deployment and Failure Mode and Effects Analysis is undertaken. These indicate features of the
design most related to User-centred Functional Requirements and design features associated with
high failure risk. These features are considered in Chapter 5. Analysis and Design of the CPEM
Bearing System, in which the bearing components of the current device are assessed with respect
to conventional plastic bearing design practices. A plan for implementing and testing proposed
design changes is described in Chapter 6. Discussion and Conclusions. In addition,
recommendations are provided for a methodology to be used in the design of high performance
prosthetic devices for developing and post-conflict regions.

8

Chapter 2.
Biomechanics of Prosthetic Feet

The role of a lower limb prosthetic system is more than simply geometrically replacing the
missing tissue. The design of such a system is guided by factors associated with biomechanics,
kinesiology, ergonomics and medicine. Specifically, the prosthetic foot must be integrated with
the biomechanics of gait. First, current theories are presented describing how humans ambulate,
and how the different motion patterns involved can be qualified, quantified and compared. Next,
the effects of amputation on gait are discussed with respect to the design of prosthetic feet. From
this review, it is recognized that there are few studies that analyze these designs within a formal
framework; rather, features are provided that address specific aspects of biomechanics, comfort,
or ease of use. As such, a brief review of design analysis tools is provided and integrated with the
current regulatory framework for medical devices in a separate chapter (Chapter 3. Design and
Regulation of Medical Devices).

2.1

Biomechanics of Gait

Human gait is the process through which muscular stimulation is used for locomotion. The gait
cycle is often considered for each foot as a heel strike to the next heel strike, which encompasses
two steps in bipedal gait. The terminology for body planes and joint angles used to describe the
actions of the ankle, foot, knee, and hip during gait are shown in Figures 1 and 2 respectively.

9

Motion primarily takes place in the sagittal plane (Figure 1) and involves plantarflexion and
dorsiflexion of the ankle, as well as flexion and extension of the both the hip and knee (Figure 2).

Figure 1: Anatomical reference planes and directions [28]. Note that the coronal
plane is sometimes known as the frontal plane. Also note that cranial and caudal are
sometimes known as superior and inferior, and dorsal and ventral are sometimes known
as anterior and posterior.
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Foot and Ankle
Dorsiflexion

Plantarflexion

Knee
Neutral

Flexion

Hip
Neutral

Flexion

Figure 2: Motion reference directions for the legs that pertain to gait [29]. Note that
if the knee or hip move from the flexed position to the neutral position, the joint
undergoes extension.

Normal gait can be divided into events and stages, as shown in Figure 3. Heel strike
(HS) is often considered the beginning of the gait cycle. It occurs when the heel of the foot
makes contact with the ground. Due to forward momentum, backward friction and the weight of
the body, there is a large force that must be dissipated into the body in the form of an impact. In
an intact limb, this is absorbed viscoelastically in the heel pad and through muscle, bone and
tendons, however this impact must be given special consideration in prosthetic design, since there
is no longer a heel pad [30]. Although the goal is to make the body move forwards, there is a
sizeable backwards force induced by friction. This is often seen as a source of inefficiency;
however it is the force that prevents the heel from slipping forwards.
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Figure 3: The gait cycle as depicted by Versluys et al.[20]. The foot of
interest is shown in yellow and the contralateral limb in green.

Stance phase is defined as the portion of gait where the foot in question plantar flexes
such that it is flat on the ground independent of the angular position of the shank. While the other
foot swings, the foot of interest maintains balance and allows forward momentum to move the
centre of mass forwards to the next heel strike [20].
Toe-off (TO) occurs when the opposite foot is in its stance phase. The foot plantarflexes
and pushes the centre of mass up and forward. This is the primary location of energy input
during the gait cycle, and is the target release point for stored energy in prosthetic feet [18]. The
swing phase is the period after toe-off when the foot in question swings through the air [20].
There are several metrics used to quantify gait. The ground reaction force (GRF) is the
normal force exerted by the ground during gait. It acts in three dimensions; however, the most
notable is the vertical component of GRF. Figure 4 shows an example of a typical vertical GRFtime curve. Two important features on Figure 4 are the peaks at approximately 10% and 50% of
the stride. These correspond to the impact of the heel and push off of the toe respectively.
The GRF is useful for providing detailed reaction forces and moments used to find joint
forces, power and work. This requires the position and orientation of body segments to be
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known, thus the force plates that are used to measure GRF are often used in conjunction with
optical tracking cameras, which provide the position of reflective points positioned on the body in
three dimensions [20]. These metrics, combined with kinematic and anatomical data, can be used
to calculate theoretical net forces, joint power and joint work as shown in Figure 5. Rotation,
moment and power are shown for the ankle, knee and hip; the ankle is discussed in more detail on
Page 15.

Figure 4: Vertical ground reaction force (GRF) with respect to percent (%) stride.
The first peak corresponds to heel impact, and the second corresponds to toe-off. Note
that the GRF is normalized with respect to body mass. Image adapted from Winter [31].
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Figure 5: Rotation, moment and power of the ankle, knee and hip expressed as a
function of percentage of gait cycle. Positive rotation refers to dorsiflexion for the
ankle and flexion for the knee and hip. Positive moments represent extensor moments,
and positive power represents generated power. The gait cycle begins at heel strike.
Image adapted from McGibbon et al.[32]

Energetics of Gait
Human gait is sometimes modeled as two inverted pendulums[33], which can be seen in Figure 6.
Although pendulums theoretically require no energy, energy must be expended in gait to redirect
the centre of mass upwards. This same theory hypothesizes that knee motion takes place for
ground clearance after the foot is plantarflexed [33].
After heel strike on the leading foot, the lagging leg’s gastrocnemius plantarflexes the
lagging foot into toe-off, thus propelling the centre of mass anteriorly and superiorly. The
lagging leg’s flexor muscles then pull it anteriorly, and the centre of mass is carried over the
planted foot, causing the lagging leg to become the leading leg. The swinging leg simultaneously
14

flexes at the knee so that the plantarflexed foot can clear the ground and dorsiflex during the
swing. The hamstrings on the leading leg then contract in preparation for heel strike [34].

Figure 6: Inverted pendulum model for human gait. The primary source of energy
expenditure in this model is the energy used to accelerate the centre of mass (COM)
upwards. [35]

Power is often calculated with respect to a single joint or the centre of mass. Centre of
mass calculations are typically easier to conceptualize; they represent the amount of work done to
or performed by a body, independent of what muscles or joints are at work. Joint and segment
powers were originally calculated using simplified 2D sagittal models, however as computers
have developed and been capable of managing more data, complex 3D rigid body models, and
eventually 3D deformable body models have been used [36]. These power calculations provide
an overview of energetics as well as gait performance. Joint or segment-specific energetics can
be used to assess other parameters, for example how much energy a prosthetic device absorbs,
and in turn how much is returned.
It is recognized that the body performs positive work using muscles to move the body
and negative work is done on the body by the environment which slows the body down – notably
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losses at heel strike. A natural ankle-foot system performs positive net work during gait.
However, Takahashi et al. [21] used segment-specific energetic estimates to show that the ankle
and foot perform opposing work to one another, indicating that it may be possible for a prosthesis
to restore nearly-normal lower limb energetics.
Of importance to prosthetic foot design is the activity of the ankle during gait (Figure 5).
The ankle first plantarflexes slightly at heel strike, followed by approximately 15 degrees of
dorsiflexion at the end of mid-stance (AR1). This is followed by plantarflexion of a similar
magnitude at toe-off (AR2). The ankle moment at heel strike is slightly negative, with a large
propulsive moment at toe-off (AM2). This is reflected in negative power (energy absorption by
the foot) in the beginning of stance (AP1), followed by positive power at toe-off at the end of
mid-stance (AP2). These features can be compared to those observed during amputee gait on
both the affected and unaffected limbs to indicate changes in performance with respect to
prosthetic design.

2.2

Lower Limb Prosthetic Systems

A modular transtibial lower limb prosthetic system is typically comprised of a socket, pylon, foot,
cover and shoe as shown in Figure 7. A customized socket and liner are used to produce a fit to
the residual limb that ensures load transfer to the skeleton without high contact pressures in the
skin. Alignment of the foot with respect to the knee and hip is adjusted through two pyramidshaped connectors: one distal to the socket and one proximal to the foot. The foot component is
typically selected based on details of the patient’s specific amputation, patient activity level and
patient anthropometrics [37]. A prosthetic foot is designed to undergo three million cycles, which
corresponds to approximately three to five years of use [27].
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Figure 7: Typical transtibial lower limb prosthetic system. Main components of a
typical modular prosthetic system are indicated. Image sources: A: [38], C: [39], D: [40]

Socket
The socket is directly cast from the residual limb of the patient and is thus a highly customized
component. It is are designed to transmit bodyweight and the forces involved in the gait cycle
through the residual limb by providing a large surface area and by directly transmitting force
under the patellar tendon [41].
Although the foot does not directly interact with the socket, some studies have reported
that patients find they have less residual limb/socket pain with certain feet [42]. A study by Ehde
et al. showed that of a group of 255 amputees, 74% reported that they experience residual limb
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pain[43]. Residual limbs are comprised of tissues that are not intended to bear loads like an intact
limb, and as such are sources of pain to the amputee. This tissue can be further affected by
artefacts from the amputation procedure itself [37]. The magnitude of this pain is heavily
controlled by the prosthetic system; the fit and material of the socket are important, but
characteristics of the foot and pylon are also important. Some feet and pylons have been
designed to absorb shock at heel strike to reduce the magnitude of the force applied to the
residual limb.

Pylon
The pylon can be integrated as part of the foot or a separate component. It is intended to provide
a lightweight and strong vertical standoff between the prosthesis and socket. Modular pylons are
made of carbon fibre or aluminum and connect to both the socket and prosthesis by means of a
pyramid connector and adaptor.

Pyramid Connector
A pyramid connector is a spherical joint that is held in place by four set screws on the adaptor
(Figure 8.) It is so named because of an inverted-pyramidal shaped protrusion on top of the
sphere. The set screws match the angles of the sides of the pyramid. When the set screws are
tightened, they apply pressure between the sphere on the pyramid connector and the socket on the
adaptor, making a strong connection.
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Figure 8: Pyramid connector (top) and adaptor (bottom) [38].

Prosthetic Feet
Prosthetic feet are the distal component of the lower limb prosthetic system and are required to
replace the toes and heel as well as the ankle. A detailed discussion of their design is provided in
Section 2.4. They can be broadly grouped into active and passive categories; the former are
capable of adding energy to the gait cycle by means of stored energy, and the latter are not.
Active feet can contribute energy to the gait cycle by controlling passively harvested energy using
microprocessors (such as the Controlled Energy Storage and Release foot [18]), or by adding
propulsive energy to the gait cycle using actuators (such as the Ossur Proprio Foot® [44]).
Passive feet are more numerous and affordable, and so their improvement has remained a high
priority in the industry.

Cosmetic Covers
Although some prosthetic feet are integrated into a cosmetic cover, many are developed and sold
as a non-cosmetic keel—the functional portion of the foot. The keel can be concealed in a
removable silicone or foam cosmetic cover, which also permits the user to wear nonspecialized
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shoes and access the keel for maintenance. The cover is purchased separately, which allows for
better matching of skin tones.

Shoes
Although a prosthetic system is capable of functioning without a shoe, allowances are made for
them in the design and alignment of prostheses. Many areas have customs relating to footwear,
and patients would rather not wear a prosthesis if it meant causing offense or alienation [45]. It is
important to note that because footwear is worn over the lower limb prosthesis it can affect the
mechanical characteristics of the system. The magnitude of this effect varies with the footwear,
and there is currently no standard shoe used in testing [27].

2.3

Factors Affecting Lower Limb Prosthetic System Performance

Although much of a lower limb prosthesis’s performance is described qualitatively by patients
and prosthetists, there are seven important biomechanical features that can be targeted in the
design phase. These are alignment, stability, stiffness, mechanical energy of the system,
metabolic cost of using a system, rollover characteristics and loading on the intact limb.

Alignment
The goal of alignment is to ensure patient comfort and to prevent excessive and potentially
harmful loading of compensatory muscles. The target outcome of alignment varies by prosthetic
practice; in some cases the goal is gait symmetry and others rely on patient preference.
Prosthetists currently align prostheses using trial-and-error based on observed gait characteristics
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and patient feedback [19] [46]. Alignment is critical for gait restoration because it can drastically
change how a prosthesis performs, regardless of how it was intended to function [19] [47]. It also
permits the prosthetist to adjust a system for the patient’s preferred footwear.
Static Alignment. Static alignment, also known as bench alignment, is based off anatomy
and standing posture. In North America, this is normally done by aligning the greater trochanter,
the centre of the knee, and the centre of the ankle using the vertical alignment axis (VAA) [46].
The VAA method is intended to place the centre of the socket directly above the load-bearing
centre of the foot with a flexion offset that is determined by the natural load bearing position at
rest[47]. Anatomically-based-alignment (ABA) involves aligning the hip, knee, and ankle centres
along a single axis on the frontal plane while mirroring the intact anatomy about the sagittal
plane. The ankle centre in this case is the bolted connection of the prosthesis. There have been
several attempts at automating the alignment process. The Laser Assisted Static Alignment
Reference (LASAR) Posture (Otto Bock Healthcare GmbH, Duderstadt, Germany) is a device
that uses centre of pressure data and a laser to superimpose a vertical line on the patient that
various anatomical references must be in alignment with. Once static alignment has been
performed, the process of dynamic alignment begins [48].
Dynamic Alignment. The goal of dynamic alignment is to ensure comfortable gait.
Dynamic alignment is based on patient feedback from walking and is more qualitative than static
alignment. An initial dynamic alignment can take place in the prosthetist’s office, however the
patient must return frequently for adjustments. The process is iterative and can take multiple
visits to complete [49]. This process relies heavily on the skill and experience of the prosthetist
and thus it is difficult to attain proper alignment in regions with limited access to them [47].
A Priori Alignment. A particularly useful concept for prostheses aimed at low-income
regions is a priori alignment: a procedure that is done before the patient gets the prosthetic
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system. It is mostly used in the prescription of monolimbs 3. It permits a prosthetist to align and
cast for a prosthetic in a single appointment, which eliminates heavy post production. A priori
alignment can be accomplished using several different techniques.
Standardized Alignment for Testing. Alignment is a highly subjective process that is
based strongly on patient feedback and the prosthetist’s observations. Despite this apparent need
for specificity, some studies have shown that a patient can be satisfied by appreciably different
alignments performed by multiple prosthetists [50]. The International Organization for
Standardization recommends a worst-case scenario for testing; a 7 degree toe-out and a vertical
pylon with an offset block under the heel, which is intended to compensate for the extra height
added by a shoe. The block’s height is specified by the manufacturer of the prosthesis [27].

Stability
One of the highest priorities for a patient is sense of safety afforded by a stable prosthesis. In this
context, stability is defined qualitatively as the resistance to unwanted motion. Some motion,
such as flexion and extension, is critical to the gait cycle, however excessive abduction and
adduction reduces a patient’s ability to balance without any added benefit. There are no metrics
for stability in this context, however it is a component of the qualitative assessment used in the
Prosthesis Evaluation Questionnaire (PEQ) particularly as it relates to the perceived safety or
security while using the device [51]. A patient’s stability can be considered both in motion and
while standing still. Stability relates strongly to confidence and thus to activity level. A large
study (n=435) in southern Ontario reported that just under half of unilateral amputees had a
constant fear of falling, and that just over half had fallen in the last year [51]. This study used the
Activities-specific Balance Confidence (ABC) scale, and further found that there was a
significant correlation between balance confidence and mobility capability, performance and

3

Monolimbs are designs that do not contain the modular components of the pylon, connector and adaptor,
rather a single design incorporates the socket and leg, but has the disadvantage of difficulty in alignment.
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social activity. Feet with smaller ranges of motion and less flexibility are often considered to be
more stable [53]. Because stability relates to the compliance of a system to unexpected
perturbations, it is adjusted by motions in the feet with an intact limb; however the lack of this
control means that a system must be predictable and consistent in both static and dynamic
situations [53]. One study used F-Scan™ (Tekscan Inc, South Boston, USA) pressure sensing
insoles to detect sudden shifts in the centre of pressure, abnormalities in the gait cycle and lateral
movement of the centre of pressure and found that while in some cases the prosthesis was less
stable; their inherent reduced ranges of motion did provide more stability than the intact limb in
other tasks. Dynamic stability is still not thoroughly understood in prosthetic gait, however
testing methodologies are advancing [54].

Stiffness
The term stiffness is typically used to describe the relationship between displacement and force in
a structure [55]. The current practice in prosthetic foot design is to characterize the mechanical
properties of the foot using force deflection measurements in a laboratory setting [27]. Typically,
a single point on the foot is loaded with the prosthesis positioned to represent a portion of the gait
cycle. The force and deflection are measured at a specific angle (typically 15 degrees for the heel
and 20 degrees for the toe [27]). Stiffness is usually defined as the slope of the force deflection
curve at a particular load, or the average stiffness from the unloaded to loaded conditions. It is
recognized that prosthetic foot components are highly nonlinear systems with stiffness that not
only changes with displacement, but also with direction and rate of loading. As such, the terms
used to describe these systems are highly contextual, the most common of which are apparent
stiffness, mechanical stiffness and quasi-stiffness.
Apparent Stiffness. The apparent stiffness of a prosthesis is the qualitative
force/deflection characteristics as described by the patient. Patients use terms like “soft” or
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“stiff” to describe how their system feels during different parts of the gait cycle [37]. These
sensations can also be described more abstractly; patients will sometimes describe “falling off the
end of a foot,” which refers to limited support at toe-off [55].
Mechanical Stiffness. Stiffness also describes the mechanical stiffness of the foot in
various—but isolated—loading conditions. This is often treated as one-dimensional; it is the
force required to move the toe or heel of the foot a unit distance at a specific angle. This stiffness
incorporates the effect of any movement in the point of contact, the length of the structure being
tested and the material properties into a single force/displacement relationship. It is for this
reason that it is difficult to correlate theoretical stiffness values to mechanical testing stiffness and
even more difficult to correlate them to perceived stiffness [27] [56].
Quasi-stiffness. While mechanical stiffness describes the relationship between force and
displacement in a linear system or torque and angle in an angular system, quasi-stiffness is used
to describe the relationship between torque and angle in human joints. Moments and angles as
functions of time, such as those shown in Figure 5, are reduced to produce moment (or torque)
versus angle curves. The instantaneous slope of these curves is termed quasi-stiffness [54].

Mechanical Energy during Prosthetic Gait
The mechanics of gait are complicated in transtibial amputees by the lack musculoskeletal
anatomy at the ankle. In addition to bone loss, amputation removes the active component in the
limb; muscles that are no longer present can no longer contribute to gait [18]. As such, there is a
large energy loss during toe-off in prosthetic feet and hip extensor muscles are recruited to
compensate [56]. This use of the muscles corresponds to a sizeable metabolic loss, poor gait
characteristics and improper use of some muscles [34]. Interestingly, an intact foot disperses heel
strike impulse and friction viscoelastically [30] [38], which is not normally considered to
contribute to locomotion. It has therefore been inferred that if this energy can be harvested and
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returned at the correct time in the gait cycle, it can replace, or contribute to the replacement of the
energy that can no longer be supplied by the muscles.
The concept of an energy storage and release (ESAR) foot has been widely considered as
a method for controlling mechanical energy during gait[18] [57] [58]. They are intended to
function by storing energy during heel strike and stance and releasing it at toe-off. Energy
storage is defined as the area under the force deflection curve during loading. Energy loss is
defined as the difference in the area under the loading and unloading curves. Passive prostheses
have a negative net work since they fail to exert more work than they absorb [60].
Energy storage and release has been an area of interest in gait research for the past 10
years. Early work, like that done by Winter [4] [20], pioneered the use of force plates and
position tracking to calculate energies associated with different parts of the body. The same
methods are in use today, however advanced computational power and positional accuracy makes
these methods more reliable and easier to perform. Recent work has focused on finding the
relationship between these methods and the metabolic expenditure of gait, as well as
systematically eliminating assumptions required in earlier works [37]. In the past 5 years, it has
been claimed that active (powered) prosthetic feet both recreate ankle moment with a high degree
of accuracy [62] and bring gait back to normal metabolic levels at lower walking speeds [59].
These goals have not yet been attained with ESAR prostheses.

Rollover
Rollover describes the concept of the constantly changing centre of rotation with respect to
ground contact geometry. It can be represented by the resultant shape traced by the moving
centre of rotation during the gait cycle; the so-called rollover shape, or the rocker [64]. Rollover
is both kinematically and ergonomically important; it factors heavily in ground reaction force as
well as walking speed and step length, however this relationship is not well understood [64].
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Intact Limb Loading
Compensatory action from the muscles in the intact limb can cause discomfort to the patient as
well as metabolic losses [34]. Amputees’ intact limbs tend to receive extra loading during gait
[64], and the degree of extra limb loading has become a metric for assessing a prosthesis’
effectiveness. Transtibial amputations cause extra power to be required from intact limbs, as well
as extra joint flexibility [65]. Prostheses can also lead to the patient favoring their intact limb, a
phenomenon which in the long term can lead to osteoarthritis [43]. A design goal for prosthetic
feet is to match kinematic and kinetic properties of the intact limb [21].
The extra loading in the intact foot can be measured both in terms of ground reaction
force and joint power. A higher ground reaction force implies that the patient is favoring their
intact foot and using it to unload their prosthesis. This can sometimes also be manifested in the
time spent on their intact foot as compared to their prosthesis; patients will prefer to spend more
time on their intact foot, which correlates to uneven gait, such as shorter step length with the
prosthesis [66].

Metabolic Cost
One way of measuring to net energetic cost to a patient is by analyzing their metabolic rates.
This can be approximated using the O2 consumption; the amount of oxygen inhaled less the
amount exhaled. This can be utilized in further calculation to find work requirement; energy per
unit distance, and power requirement; energy per unit time. Due to inherent variation between
subjects, these units are further normalized by patient mass [35]. The higher the level of
amputation, the more metabolic compensation is required to ambulate and the slower the selfselected speed [35]. It is a reasonable goal of prosthetic design to minimize the metabolic cost to
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the patient. Some studies, though effectively showing the kinematic energy return properties of a
foot, have failed to find significant metabolic savings in passive prosthetic feet [42].

2.4

Principles of Prosthetic Foot Design

Prosthetic feet are generally designed to achieve a specific performance within a defined patient
population. In addition, market drivers including regulatory standards, distribution and service
delivery systems, and procurement economics are also considered. From a technical viewpoint,
prosthetic feet can be broadly classified by their energy source. An active system supplies stored
electrical or mechanical energy to the gait cycle using actuators and must be charged periodically
to continue functioning. One commercially available example, the Proprio Foot (Össur,
Reykjavik, Iceland), is shown in Figure 9 on the right. While these devices are often considered
biomechanically superior, the logistics and cost associated with their use makes them generally
unavailable to a large population of prosthesis users. Conversely, passive prosthetic feet, those
that make use of energy inherent to the gait cycle without external energy sources, are more
widely used.
Some active prosthetic feet, such as the CESR design on the left side of Figure 9, use
external power to regulate the timing of the passively stored energy. In the CESR foot, energy is
harvested from the gait cycle during heel strike, but it is not released until microcontrollers permit
a clutch to disengage. This allows the foot to change the timing of energy release to improve the
biomechanics [18]. A unique feature of the Niagara Foot is that it is intended to function
similarly but without the electronics. It uses a system called Controlled Passive Energy
Management (CPEM) to accomplish this. This system uses friction to trigger toe plantarflexion
later in toe-off. The Niagara Foot remains a passive foot; however there is an element of energy
control that separates it from conventional passive prostheses.
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Figure 9: Two examples of active prosthetic feet; the CESR foot [18] (left)
and the Ossur Proprio Foot® [44] (right).

Current foot design terminology contains several overlaps and discrepancies. For
example, Dynamic Energy Return (DER) [67] [68] and Energy Storage and Release (ESAR) [43]
[58] [69] feet are both described as a passive energy storing and releasing foot. A consistent
classification system for passive prosthetic feet is shown in Figure 10. Five parameters are
identified to describe distinguishing features of the design: Energy source, kinematics,
mechanism, keel material and adjustability. This leads to five main design principles based on
kinematics, which is further refined when considering dynamic (passive energy managing)
systems.
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Figure 10: Classification of prosthetic feet. The parameters on the left are
used to classify different design strategies.

Solid Feet
Solid feet do not attempt to restore biomechanics in gait; rather, they are intended to provide a
replacement foot that restores mobility. No consideration is given to shock absorption, rollover
or energy conservation. In addition to restoring mobility, solid feet are intended to provide a
stable platform to stand on. Solid feet were standard prior to the introduction of the SACH foot
in 1958, and their primary aim was to restore mobility. These can range from the “peg leg” of
antiquity to improvised wooden or metallic limbs, to professionally designed prostheses that do
not meet the characteristics of SACH or dynamic feet [61].
Solid feet are considered rudimentary. The earliest prosthetic feet were often custommade or improvised on a case-by-case basis. It was not until modern medicine increased
survivability of traumatic amputations that the prosthetic industry began, with some early
examples like the Hanger leg [70]. Prostheses were predominantly solid until the Second World
War, when wounded soldiers demanded more and more from the ageing designs which lead to the
development of the SACH.
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SACH Feet
Solid Ankle Cushioned Heel (SACH) feet are widely viewed as the most available and lowest
cost dynamic prosthetic feet. The main goal of prostheses before the 1980s was to restore
mobility [20], and the SACH foot was considered a superior option. Emphasis is given to patient
comfort through shock absorption rather than kinematic restoration of gait. As such, the SACH
foot remains a popular option for restoring mobility, but debatably so for an extended amount of
time. Hip extensor muscles must be used to “drag” prosthesis into the air and swing it forward,
rather than using work generated from toe-off [55], and as such there is an increased metabolic
cost associated with using a SACH.
With limited toe support [71], SACH feet delay plantarflexion, which leads to the
sensation of falling forwards into heel strike with the intact foot [55]. With regards to use in
developing countries, SACH feet are rugged and simple, however without an articulated ankle
mechanism, patients are often incapable of more complex tasks such as kneeling, squatting or
sitting cross-legged [9]. This makes SACH feet disadvantaged for use in low income countries,
where different cultures demand some of these tasks.
The cross section of five different prosthetic SACH feet are shown in Figure 11, adapted
from Hafner et al. [72]. All share the feature for which they were named; a non-articulated ankle
joint and a cushioned heel. The toe section contains a leaf spring intended to provide propulsive
force during toe-off [73].
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Figure 11: Cross sections of various SACH feet adapted from Hafner et al [72].

The heel cushioning is normally made of polyurethane or foam, and the keel is normally
polymeric. This assembly is permanently located inside of a cosmetic cover, and is not accessible
for maintenance [73]. SACH feet tend to be prescribed for lower activity level patients as they
provide the most stability, however the provision of adequate biomechanics is limited due to the
smaller range of motion and viscoelastic dissipation of energy [53].

Single Axis Feet
A single axis foot is designed to mimic the primary degree of freedom of the intact ankle by
means of a mechanical pivot with two elastic end stops (Figure 12). These end stops can be tuned
to modify the gait cycle as required [20]. Since the foot only has one degree of freedom, it is not
suited for walking on uneven terrain.
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Figure 12: Single axis foot configuration. Image source: [73].

The single axis foot aims to recreate the actual mechanical motion of the intact ankle.
The axis—in the medial-lateral direction—separates the keel (lower component) and shank
(upper component) [74]. Due to the lack of musculature, control of the joint is attained using
bumpers to resist motion at specific angles. These bumpers can be composed of different
hardness levels of material, and their position relative to the shank can be adjusted to change the
timing of load acceptance. There are normally two bumpers in each foot; a plantar (heel) bumper
and a dorsal (toe) bumper, so named because it is during these motions that they are loaded [75].
Single axis feet relative to SACH feet offer the advantage of an ankle joint, meaning gait
timing can be more realistic, however the transition from heel strike to foot flat is unpredictable
and unstable [75] [76]. Materials have evolved from wood and metal to composites to reduce the
mass of the foot [77], which is a common complaint made by patients [76]. An important feature
of single axis feet is that the bumper position can often be adjusted from the outside, as well as
reversed once changed, allowing for precise tuning of the gait cycle.
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Multi Axis Feet
The multi axis foot is designed to be tunable like the single axis foot, however more degrees of
freedom permit more stable walking on uneven terrain (Figure 13) [73]. Like in the single axis
foot, the axes in the multi axis foot have their motion constrained using elastic bumpers to
prevent overextension.

Figure 13: Multi axis foot configuration. Image source: [73].

Multi axis feet offer some of the same benefits and suffer from many of the same
drawbacks as single axis feet. They can feel unstable to the unaccustomed user [76] and, due to
the higher number of mechanical components in the multi axis foot, it is often heavier than its
single axis counterpart, which is undesirable to most amputees [76].

Dynamic Feet
It is widely recognized that the first dynamic prosthetic foot was the Seattle Foot in 1981, which
comprises a Delrin® keel inside a polyurethane shell [44]. In 1987, Flex-Foot Inc 4 released the
first full carbon fibre keel and was followed by Springlite® (OttoBock Healthcare Inc, Berlin,
Germany) with their own carbon fibre keel in 1988 [44]. Carbon fibre has now become common
4

Flex Foot Inc. was acquired by Össur Inc (Reykjavik, Iceland) and no longer exists.
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in the high performance prosthesis market, with new designs and new versions of older models.
These feet are rarely customizable and must be made for different specifications rather than
modified after production. The Flex Foot (Össur, Reykjavik, Iceland) is now made in nine
different stiffnesses to suit patient preference, anthropometrics and body weight [37]
Modern dynamic feet are popular because they are designed to increase the amount of
energy that can be stored and returned. The concept of energy return aims to make use of energy
otherwise lost in normal gait; recent authors suggest that passive prostheses may approach the
normal system in terms of providing similar amounts of net work to the foot [21]. Many carbon
fibre keels incorporate the ankle and shank as one carbon fibre feature that attaches directly to the
pylon. This increases the amount of possible deformation, and thus, the amount of possible
energy storage. However, results have been mixed as to whether dynamic feet actually result in
reduced metabolic cost in walking. Despite this, patients generally prefer them to SACH feet
[66] [43]; for example, Hafner [42] reported that there were perceived gains in walking speeds
and increased activity, but it also showed that O2 consumption and muscle activation remained
the same between SACH and dynamic feet.

The Niagara Foot
The Niagara Foot is a unique design that is intended for use in developing and post-conflict
regions, which is modifiable to suit mechanical stiffness requirements for a broad range of users.
It is currently the only modifiable thermoplastic dynamic foot available in the market and has
been developed over the past decade through collaborative team of biomechanists, clinicians and
materials specialists [12].
The main features of the Niagara Foot are shown in Figure 14. The connection assembly
(not shown) is comprised of a pyramid adaptor, a washer and bolt assembly and a compression
limiter. The main keel is a single-piece injection-molded part that is made of Hytrel® 8238 with
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a proprietary colouring agent. The keel has four main elements: the top plate, C-spring, heel, toe
and body. These interact during activity in such a way that the Hytrel® elastomer stores and
releases energy at different points in the loading cycle.

The top plate and body also interact at

an extension of the body that allows a gap to open and close. These features are used to control
the timing of energy storage and are collectively referred to as the Controlled Passive Energy
Management (CPEM) system.

The concept of CPEM is new, and to the author’s knowledge is

unique to the Niagara Foot Model 2. It differs from Dynamic Energy Return designs because
these generally aim to store energy at heel strike that is returned in toe off for propulsion. In
contrast, the Niagara Foot Model 2 design stores energy at heel strike and returns it in early
stance which is thought to contribute to its rollover action and midstance stability. However, the
precise timing of energy storage and release is not known.
In addition to the default configuration, the C-spring, heel and toe can be modified by
removing material, thereby altering the mechanical response of the device. The combination of
low-cost injection molding and modifiability makes the device affordable compared to other
options.
Top Plate
C-Spring

Body
Heel

Toe

Figure 14: Niagara Foot terminology and assembly. The foot is connected to the
pylon using a bolt that passes through a hole in the top plate. Clearance for the bolt head
as well as an insertion point for installation is provided by a hole that passes through the
body in the transverse plane. The ridges visible on the C-spring, heel and toe can be
removed incrementally to change the stiffness properties of the foot.
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Keel Action. The action of the foot can be described in terms of the gait cycle by
examining heel strike, midstance and toe-off in four stages as shown in Figure 15. A: When
force is applied at heel strike, the heel deforms upwards. In addition, the foot plantarflexes
relative to the top plate and the C spring opens. B: Early in stance phase, the heel and C return
toward their initial positions. This results in a restoring moment that assists in propelling the
pylon from a posterior angle to vertical. At this point, the CPEM gap closes and provides support
for mid-stance in which the heel and toe are partially loaded. C: As motion progresses, the C
continues past its neutral position, and the toe deflects as the heel unloads. A sliding action occurs
in which the CPEM slides posteriorly. D: At toe-off, the C is first held in its anterior position
until the reduction in ground reaction force allows the horns to slide anteriorly, which allows the
toe to begin unloading. As the toe is unloaded, the CPEM gap opens.

Figure 15: Niagara Foot Action. As the foot progresses from heel strike
through mid-stance to toe-off, different portions of the keel deflect. The arrows
indicate relevant motions and forces.
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Keel Modifications. One of novel features of the Niagara Foot is that it can be modified
from an original molded shape to better suit a patient [13]. The original shape includes layers of
material on top of modifiable surfaces to give some measure of the amount of modification
required or performed. Three modifications are designed in which material can be removed from
the heel, C, or toe using a coarse file, rasp or powered sanding wheel as shown in Figure 16.

Figure 16: Modifications of the Niagara Foot. Standard prosthetist tools are
used to modify the dimensions of the heel, forefoot and C in order to alter the
mechanical properties of the device. Image adapted from Myrdal Orthopedic
Technologies, Winnipeg, Canada [78].

Several studies were conducted on the changes to the mechanical characteristics of the foot under
different degrees of modification. Modification yielded significant changes in stiffness and
energy storage (Figure 17) as well as changes to maximum deflection [13]. It was found that
stiffness and displacement can both be altered up to 40%, and energy storage capacity can be
altered up to 20% [13].
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Figure 17: Mechanical performance changes as a result of modification for the
Niagara Foot. Each point represents a specific degree of modification—how much
material has been removed from the heel, toe and C-spring. It can be observed that both
stiffness and energy storage capability can be changed significantly by modifying the
keel. Image source: ([13], with permission).

An interesting finding was that the heel stiffness actually increased with progressive
modification. This was attributed to the point of contact moving anteriorly due to the reduced
structural stiffness. This led to a smaller moment arm and thus an apparent increase in stiffness
[79]. It is hypothesized that this stiffness is the perceived stiffness of a patient, and so the
recommendation for modification is in fact to remove more material for a stiffer heel.
Although the keel was only intended to be modifiable in specific locations, further studies
have been performed into more ad hoc modifications. Budd [80] cut a slit from the tip of the toe
to the centre of the metatarsal to decouple the medial and lateral sides of the toe. This allowed
different rates of deformation and simulated inversion and eversion. A separate study concluded
that the toe slit reduced stiffness [81]. Modifications were also found to cause statistically
significant changes in the energy storage and release properties of the foot [81] [82].
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2.5

Summary
Although designed to serve the same fundamental purpose, prosthetic feet accomplish

this through many different designs that can be classified by the way that they handle energy.
Two new concepts: Controlled Passive Energy Management (CPEM) and modifiability are
expressed in the design of the Niagara Foot. Although initial observations have been made on the
CPEM System, there are currently no data detailing its mechanical performance with respect to
kinematics, loading and contact mechanics. This information will eventually lead to the design of
newer models and future iterations of the device.
Any changes to the current design must simultaneously capture user requirements, the
engineering requirements and the regulatory environment of the system. A design process must
therefore be determined and adhered to. There are several strategies proposed by regulatory
bodies such as the Food and Drug Administration (FDA), and The International Organization of
Standardization (ISO). In these strategies, designs are subject to analysis using formal
frameworks to ascertain that the design goals are met. A review of the regulatory and design
environment for prosthetic feet is provided in Chapter 3. Design and Regulation of Medical
Devices.
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Chapter 3.
Design and Regulation
of
Medical Devices
3.1

Regulation of Lower-Limb Prosthetic Systems

Prosthetic components are regulated as medical devices in that they cannot be falsely advertised,
however it falls to the manufacturer to specify the operating conditions and capabilities of the
foot. Fortunately, the International Organization for Standardization has specified requirements
for different patient weight and activity levels. Many distributors now require that these
standards be met before a prosthesis can be sold, and the standards are relied on by prosthetists to
guarantee that they are prescribing a safe, quality product [26]. Apart from performance metrics,
prostheses are medical devices and therefore must obey general medical device requirements.

International Organization for Standardization
The International Organization for Standardization (ISO) is a system of regulatory bodies that
aim to facilitate international product certification. When a product or process conforms to ISO
standards, it is internationally recognized as high quality and safe [83].
The main manufacturing ISO document is ISO 9001. This is adapted for medical devices
in ISO 13485 [24], which is accompanied by ISO 14971—a risk management methodology for
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medical devices [25]. These two standards are widely implemented in the medical device
industry.
All external prostheses are regulated by ISO 22523: an international standard that
describes many broad requirements of prostheses. Examples of required specifications include
materials, vibration, noise, electrical component storage and documentation. Lower limb
prostheses are tested under ISO 10328 or ISO 22675. The completion of either of these standards
is stated to signify compliance with strength standards in ISO 22523 [56], however ISO 22675 is
intended to eventually replace ISO 10328 [27]. The FDA, European Medical Device Directive
and Health Canada require that all classes except Class I medical devices conform to ISO 13485.

Food and Drug Administration
Medical devices in the United States are regulated by the Food and Drug Administration under
Title 21 of the Code of Federal Regulations. Medical devices are all Class I, Class II or Class III.
This rating is based on risk, however the current regulations use a system of substantial
equivalency; a demonstrable relation to a preexisting and FDA approved device. Any
organization that intends to distribute, add value to, or import a medical device that is not
specifically exempt must submit a 510(k). This is a package of forms, documents and statements
that provide details including linking the device to a preexisting device, listing the specifications,
and proposed packaging. Most Class I devices are exempt from submission of a 510(k).
The quality of all medical devices is governed by the Quality System Requirements
(QSR), however adherence to specific parts of it is based on the class of the device. All medical
devices must submit to good manufacturing practices (GMP). These are listed in detail in 21CFR
820 (The Code of Federal Regulations, Title 21) under section 820.1. The practices are intuitive,
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an example being committing to quality. These specifications relate to the production of a
device, but not to the method or process of its design.
Control and record keeping of the design process is contained in the Design Controls
section (820.3) of the 21 CFR. Class I devices are exempt from this requirement, however it is a
valuable tool, especially in rapidly-iterating or constantly changing designs. The FDA draws its
design control requirements from ISO 9001 and ISO 13485 [84]. The FDA classifies a lower
limb prosthesis as a Class I device that is exempt from good manufacturing practice [23].
Prostheses must, however, abide by a system of general controls for nine aspects of these devices.
Adulteration. Adulteration is the presence of undeclared material or contaminant.
Medical devices are not permitted to be adulterated. The Niagara Foot could be considered
adulterated if the Hytrel® contained additives or dyes that were known to cause health problems
but were not declared [85]. The Niagara Foot will not be considered adulterated when it is
modified according to recommendation.
Misbranding. Misbranding concerns the literature and advertisements provided with a
product. A product must be marked with all applicable warnings, and any packaging must
accurately describe what is inside. The literature and advertisements must also not make false
claims about a product. A prosthetic foot system cannot be marked with labels indicating it has
passed standard tests unless it does, and it may not be able to be labeled as a dynamic foot
without meeting standard criteria [85].
Device Registration and Listing. Designers, manufacturers, importers and retailers must
be registered with the FDA to sell medical devices. Each medical device must also be listed with
the FDA [85].
Pre-market Notification. The FDA must be allowed 90 days to check a product before it
is marketed. This entails submitting a pre-market notification, which the FDA can automatically
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approve if the product resembles other permitted products, or can review and approve if it is
unique [85].
Banned Devices. A device may be banned if it exposes users to a risk that is not
explicitly stated or that is unreasonably severe [85].
Notification and Repair, Replacement and Refund. The FDA has the power to order a
repair, replacement or refund on a defective product that has already gone to market. This is the
responsibility of the manufacturers or distributors to execute [85].
Records and Reports. Manufacturers, importers and distributors are required to keep
reasonable records of devices. These reports must confirm that individual devices are not
adulterated or misbranded [85].
Restricted Devices. The FDA is authorized to restrict the sale or use of a device if safety
and efficacy require advanced knowledge. These include devices that must be prescribed [85].
Good Manufacturing Practice. The FDA may specify required manufacturing
procedures and standards for certain types of devices [85], but prosthetic feet are exempt from
this practice [23].

All medical devices must abide by these general controls. Class II devices must comply
with these general controls and additional special controls. Special controls are specific to a
device. In general, special controls include: performance standards, post-market surveillance,
patient registries, special labelling requirements, pre-market data requirements and specific
guidelines.

Health Canada
The Canadian Food and Drugs Act classifies devices from Class I to Class IV. The criteria are
similar to the FDA criteria, however in the Canadian system the US Class II device is split into
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Class II and Class III, and the US Class III becomes type IV. Devices must comply to the same
good manufacturing practices as required by ISO and FDA [86].
Class II, Class III and Class IV devices require a license specific to the device, however
Class I devices require a Medical Device Establishment License (MDEL) [87]. An MDEL is a
license that must be held by distributors of medical devices in Canada. The license confirms that
the distributor follows the regulations required for a Class I device, as well as additional
regulations such as those pertaining to labelling, recordkeeping, problem reporting and recall
procedure [87]. In general, the MDEL regulations follow General Controls used by the FDA.

European Medical Device Directive
The European Medical Device Directive is a series of regulations that medical devices must
follow in the European Union. This involves a similar Class system to the FDA, where a product
is assigned one of three different classes based on risk. Under this system, a device must have a
CE marking to enter a European Union country for sale, and can be inspected at the border upon
entry.
Prosthetic feet are Class I devices, and as such a CE marking can be self-certified [88].
This involves formulating a document containing: A general product description, design
drawings and manufacturing details, standards used to comply, a risk analysis report, records of
designing and testing, user manuals and labels in the end-user’s language, post-market
surveillance, an incident notification procedure, a recall procedure and a declaration of
conformity.This document must be producible in a timely manner should it be requested. A
manufacturer outside of the EU must specify a European Authorized Representative, whose
contact information must be included in the product documentation. The European Authorized
Representative will then register the device with a Competent Authority [88].
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3.2

Design Processes

It is not only that a medical device should be regulated but also the process used to design it.
This ensures consistently reliable results with accurate and up-to-date documentation [24]. There
is a broad range of strategies for creating a product that will be commercially successful and wellreceived by consumers. Some of these methodologies cater to regulatory bodies; others attempt
to guide the designer towards a product that is well-suited to the user [89] [90] [91] [92].

International Organization of Standardization
The International Organization of Standardization is a nongovernmental organization that creates
and distributes standards that, when complied with, gives the end-user some guarantee that a
device operates within a universally agreed on set of conditions [83]. These standards, though
often voluntary, form the basis of many nationally required standards. For the process of medical
device design, ISO 13485 specifies that the following factors must be documented:
Design Input. The design input is a series performance requirements that a device must
meet. These requirements must be documented and approved by a supervisor. The design input
must include a mechanism for dealing with concept documents. These are documents or
requirements that are too qualitative to directly address in the design process. Design inputs
cannot be changed until the design review. It is important that design inputs have quantitative
metrics that can definitively be passed or failed with provisions for uncertainty.
Design Output. The design output is the result of a design effort to satisfy the design
inputs. A document may be included in the design output if it is the result of a design task, even
if it is not part of the final product. It is not just the design itself, but supporting documents that
must be included. This could include drawings, small scale test results, manufacturing
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specifications or procedures. The design output must be comprehensive, however it is easily
cluttered, so companies often specify what is to be included beforehand.
Design Review. A design review is a formally documented examination of a design to
test its adherence to design inputs. All documents in the design output are subject to review, the
results of which are passed to the designers. The actual review tends to occur after a prototype is
generated, however smaller review meetings during the design process also qualify. The main
objective of the design review is the early detection of problems in a given design.
Design Verification. The design verification is the constant checking that a product
meets the design inputs as the design progresses. It is normal for this process to repeat frequently
early in a design, however it tends to slow down as the design becomes more refined.
Design Validation. Design validation is similar to design review; however the findings
are more formal and broader. In addition to confirming that a device passes the standards
required of it, design validation also addresses the viability of the product in the market, potential
conflicts between systems, and speculation as to whether the design concepts have been met.
Design Transfer. The design transfer is a document that prepares a device for
manufacture. It includes all relevant technical documents, specification and tolerances. All jigs,
fixtures, prototypes and examples should be provided to the manufacturer, along with the
Computer Aided Design and Manufacturing drawings. The design transfer should also include an
assessment of how well the design inputs were met. A detailed review of the design transfer
should be performed before submission to minimize the chances of an incorrect version being
produced.
Design Changes. Design changes must be documented, reviewed, verified, validated and
transferred according to the previously mentioned criteria. A design cannot be modified “on the
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line” without supporting documentation or records. It is important that design changes and the
resulting documentation be tracked and recorded.

Design History File
The FDA requires a design history file for Class II and Class III devices. Although a prosthetic
foot is a Class I device [23], the design history file can be used as an organizational tool to review
the performance of the design. The FDA does not require any specific organization of the design
history file, however in general terms it requires record keeping at all stages of development,
design and manufacture. It does not require that these files be compiled in the same location,
however they must be producible on request [84].

3.3

Design Analysis Methodologies

Even if a device complies to regulation and the design process adhered to a recognized standard,
it may not be the a good technical solution to a problem. There are several tools that can be used
to both guide the design process and review a current design that can be implemented before a
product is released, even before it has been prototyped.

Quality Function Deployment (QFD)
A QFD is a graphical method of linking customer requirements and engineering specifications.
Its main goal is to promote the understanding of a problem, rather than providing an answer to it.
It begins with the identification and detailed profiling of different customer groups. Once
accurate customer profiles have been created, customer requirements, termed User-centred
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Functional Requirements, are generated through surveys, observation and focus groups. Each of
these customer groups will have different needs, and so requirements can be assigned different
weightings for different customer groups. Engineering specifications are then generated
internally and each is compared to each customer requirement and ranked in terms of importance.
These rankings can be multiplied by customer weighting depending on the customer group. The
rankings are then summed for each engineering specification to obtain a final value. This value
corresponds to the relative importance of an engineering specification. It is not inherently
positive or negative, it means that for a series of customer requirements, an engineering variable
is significant for a given customer group.
Variations include simply indicating if there is correlation between customer
requirements and an engineering variable, or using symbols to indicate relative severity [91].
Numbers can also be positive or negative in some cases, such as when an interaction is known to
have a negative effect, however this requires a deep understanding of customer requirements and
the engineering variables [90]. The simplified approach neglects several internal interactions,
such as financial constraints or mutual exclusivity.
A widely used graphical layout of the calculations is shown in Figure 18. A general
layout, known as the House of Quality is used by many organizations, however it is not
equivalent to a QFD, it is simply a visual tool. The House of Quality is similar to Figure 18
however it considers more factors, is highly modular and can be customized to a specific project
[91] [90].
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Figure 18: Layout of Simple QFD. The scoring indicates the relative impact
between the engineering specifications (ES) and the customer requirements (CR).

Kano Customer Satisfaction Model
The Kano customer satisfaction model is a proposed methodology for dividing large lists of
customer requirements into three categories: Expected features, quality features and innovative
features. This provides the designer with a clear view of what is important. This becomes more
effective when coupled with a QFD, as it can be used to efficiently generate customer
requirements and can be used for rudimentary weighting [90].
Expected Features. Expected features are features that are expected by the customer. If
a product is missing an expected feature, the customer will be disappointed and will dislike the
product. If a product has an expected feature, the customer will not notice it; it is taken for
granted. [90]
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Quality Features. Quality features are features that the customer is aware of and
mentally evaluates. A missing or poorly implemented quality feature will cause unhappiness in
the customer; however a well implemented quality feature will make the customer happy [89].
Innovative Features. Innovative features are features that the customer does not expect
but that benefit the performance of the product. The absence of an unexpected feature is not
noticed, and so is not desired. If an innovative feature is well implemented, it will delight the
customer.
These categories give insight pertaining to the priorities of specific features in a design,
and can guide the provision of attention, work hours and quality checks on a given feature [89].
The Kano customer satisfaction model does not work by itself; it is a tool for classifying customer
requirements. There is no direct correlation between design input features and concept features
and Kano expected features and quality features, however Figure 19 shows where some example
features might fit in.

Figure 19: Relationship between Kano and FDA terms. The Kano terms are quality
and expected features, and the FDA terms are concept features and design input. A
number of common User-centred Functional Requirements are indicated in the
overlapping regions. The latter are detailed in Chapter 4. Design Analysis of Niagara
Foot Model 2.
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Failure Mode and Effects Analysis
A Failure Mode and Effects Analysis (FMEA) is a risk management tool used to predict the
repercussions of different types of failures in a product [92]. It normally follows a QFD, but
there are different permutations for different stages in a product’s life. In the case of this
document, the FMEA is generated with the intention of informing future designs; however some
of the fields can be populated with information from previous models. Failure Mode and Effects
Analyses can be created for vastly different scales in the same project: one could be performed
on an entire car or just the alternator, with varying levels of detail.
Failure Mode and Effects Analyses are often based on a table that can be customized to
suit the project’s requirements [94]. A portion of the FMEA generated for the Niagara Foot in a
pilot study is shown in Figure 20. In this case, potential failures are assessed based on their
mode, mechanism, mission phase (stage in product life), effects, probability, severity, detection,
detection probability, risk level, action and mitigation.

Figure 20: Section of Niagara Foot FMEA. Note that the probability, severity
and detection probability values as well as the resultant risk levels for them are
based on the scale in MIL-STD-882E [95].
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The table is best populated by a knowledgeable team [94] and subject to change based on
the system that is being analyzed. The categories used in the Figure 20 are:
Potential Failure mode: The method by which normal functioning of a system is
prevented or placed at risk. This can be thought of as “how a system fails”.
Potential Mechanism: The direct cause of a failure. This can be thought of as
“why a system fails”.
Local Effect: The effect on systems that directly interact with the failed system.
The effects on each level are often detailed up to the system level effect.
System Level Effect: The outcome of the initial failure.
Probability: A measure of how likely a failure is to occur from A (extremely
unlikely) to E (almost unavoidable) [95]. This can be qualitatively or quantitatively
determined.
Severity: A measure of degree of effect from I (almost no effect) to VI
(catastrophic effect) [95].
Detection: A measure of the likelihood that a fault will be detected before
affecting the next system level from 1 (almost certain) to 6 (almost impossible) [95].
Risk Level: In general, the risk level is deduced from a risk matrix, which is
developed by the team and relates probability to severity. The risk matrix that is
commonly used can be found in MIL-STD-882E [95].
Mitigation: Strategies to prevent a fault from happening.
An FMEA is an effective way of highlighting potential problem areas in a design and
determining priorities for future work. If a detailed, comprehensive FMEA is created,
information on potential failures is readily available for additions to the team, review committees
and distributors.
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Summary
It is evident from a review of current literature, standards and design methodologies that there are
three categories that a prosthetic foot must achieve in to be successful. A foot must cater to
customer preferences, biomechanical performance and regulatory approval. A weakness in any
of these categories will produce a prosthesis that will not be widely adopted. Despite the
advancing research and promise of active systems to replace the natural ankle-foot system,
passive feet currently remain the most viable option for low income regions, and their
biomechanics have yet to be enhanced.
In the design review undertaken in this document, the ISO 13485 standard is used as it is
the most universal and includes recommendations for all stages of the design process. If a lower
limb prosthetic system complies with ISO 13485, all of the information is readily available for the
registration processes in the US, Canada and the EU. Whereas ISO 13485 addresses the quality
and risks associated with the foot, the customer satisfaction will be approached using the Kano
and QFD methodology similar to that used by Haik [91].
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Chapter 4.
Design Analysis
of
Niagara Foot Model 2
The first objective of this thesis is to undertake a formal design analysis of the Niagara Foot M2
in order to identify the relationship between engineering variables and User-centred Functional
Requirements. This is accomplished using three design tools; the Kano Model for Customer
Satisfaction, Quality Function Deployment and a Failure Mode and Effects Analysis. The former
is a series of guidelines for dividing user centred functional requirements and the QFD is a
method of analysis for the relationship between user centred functional requirements and the
engineering variables of a product.
First, User-centred Functional Requirements are identified using a systematic literature
review and categorized based on terminology from the Kano model for customer satisfaction
[89]. In the vocabulary of ISO 13485, this establishes the design input for the device. Second,
the engineering variables associated with the current design are detailed, which establishes the
design output for the device. Next, Quality Function Deployment (QFD) is used to analyze the
interaction between engineering variables and User-centred Functional Requirements. The result
of this analysis is to identify opportunities for improvement in the design which achieves the
second objective of the thesis. Finally, Failure Mode and Effects Analysis (FMEA) is undertaken
to identify the probability and severity of failure in the device. The analysis is based on field
studies and testing which is detailed in Appendix A.
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The design analysis focuses on the keel and hardware, but omits the cosmetic cover and
pylon. The device was designed to be compatible with different covers, the selection of which is
up to the prosthetist. Pylons and tube clamp connectors are also omitted. The pyramid adaptor is
included in the review; although it is not manufactured for the Niagara Foot, specific products are
recommended for use with it.

4.1

User-centred Functional Requirements

The features required of the Niagara Foot fall into three broad categories: Regulation, customer
satisfaction and biomechanical performance. These are each represented in a series of features
that were determined in a review of the literature and a Kano analysis. An important distinction
should be made between types of features: design input features are quantitative requirements
that can be met based on a measurable design output, and concept features are quantitative and
can be met to varying degrees based on differing opinions. The FDA recommends that the
distinction be made early in the design process [84].
Design input features tend to correspond with the needs of prosthetists rather than
patients. This is likely because prosthetists have more experience with prosthesis standards and
have the vocabulary to express their needs. Patient described features tend to be more vague and
thus are difficult to implement to satisfy every patient.
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Methodology
A systematic literature review was conducted to determine the needs of prosthetists and patients.
This is a methodology for acquiring information in a way that is repeatable and organized by
strategically selecting search terms in an electronic database [96]. Table 1 shows the criteria that
were applied on the search conducted on PubMed [96] using predetermined search terms that
were intended to keep material within the scope of the study. The search was initiated using other
databases as well, but it was apparent that there was a high degree of repetition. For each search,
the first 80 hits were investigated as subsequent results past this number tended to overlap other
searches.

Inclusion Criteria
•
•
•
•
•
•
•
•

Pertains to prosthetic foot/ankle
systems
Either measures performance or
user comfort
Is directly applicable to design or
design considerations
Discusses the state of the art in
detail
Pertains to material
characteristics of thermoplastics
used in prostheses
Discusses new experimental
technique for evaluation of
prosthetic feet
New passive lower limb
prostheses
Walking on rough terrain

Supplementary
Inclusion Criteria
• Pertains to
evaluation
strategies for
prosthetic feet
• Details standard
experimental
procedure
• Is about design
process of a
similar product

Exclusion Criteria
•
•
•
•
•
•
•
•
•

Internal prostheses
Knee prostheses
Transfemoral
amputations
Active control
Microprocessor control
Surgical procedure
Muscular
compensation
Gait training
Paper dates before
1990

Table 1: Initial search criteria. Each hit of a keyword search was analyzed for
content. If inclusion criteria were met, the abstract was read and the paper was
included or, if the abstract met the exclusion criteria, it was excluded. The
supplementary inclusion criteria were used if an article would otherwise be
excluded but contained information that was indirectly valuable.
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The search resulted in 38 articles that were used as a starting point. Further articles were
added as leads were pursued. Patient-related features were mostly determined from patientfocused studies, such as those done by Legro et al. [51], Ehde et al. [43] and Craig et al. [8]. To
date, there has been no formal survey conducted relating to features favoured by prosthetists in
their selection of feet; as such a small survey of the prosthetists was conducted, which was
included as part of a design review (Appendix A).
Once the features were compiled, they were divided according to the Kano Customer
Satisfaction Model into expected features and quality features. These are shown in Table 3 with
the corresponding references. The User-centred Functional Requirements were kept in their
separate Kano categories in to permit reference to a specific user group. This allows the designer
to target a specific consumer. For example, a feature that strongly affects prosthetist quality
features may streamline device acceptance in private practice, whereas a charitable organization
may opt to prioritize patient expected features.
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(Adamczyk & Kuo, 2013) [121], (Gailey et al.
2012) [122], (Wang, van Dijk, & van der Kooij,
2011) [123], (Yeung, Leung, Zhang, & Lee, 2012)
[124]
(Fey, Klute, & Neptune, 2013) [57]
(Highsmith, Kahle, Miro, & Mengelkoch, 2013)
[125]
(Klodd, Hansen, Fatone, & Edwards, 2010)

108

1

(Rouse, Gregg, Hargrove, & Sensinger, 2013) [54]

“Ankle” + “transtibial” +
“prosthetic”

“Energy” + “Prosthetic”
“Gait” + “Amputee”

“Patient” + “preference”
+ “prosthetic” +
“Transtibial”
“Power” + “joint” +
“prosthetic”

20
84

4

1
7

(Omasta, Paloušek, Návrat, & Rosický, 2012)
[108], (Segal, Orendurff, Czerniecki, Schoen, &
Klute, 2011) [109], (Klute & Berge, 2004) [110],
(Saunders et al. 2003) [111]
(Mitchell, Craig, Kyberd, Biden, & Bush, 2013)
[112], (Turcot et al. 2013) [113]
(Neumann, Yalamanchili, Brink, & Lee, 2012)
[114]
(Mancinelli et al. 2011) [115] Segal et al. 2012)
[18]
(Curtze, Hof, Postema, & Otten, 2012) [116], (Su,
Gard, Lipschutz, & Kuiken, 2011) [117],
(Versluys et al. 2009) [20], (Vrieling et al. 2008)
[118], (Zmitrewicz, Neptune, Walden, Rogers, &
Bosker, 2006) [69], (Friel, 2005) [119], (Selles,
Bussmann, Van Soest, & Stam, 2004) [120]

Table 2: Results from systematic literature review. Papers are cited in APA format
for reference and followed by citation IEEE.
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Concept or Design
Patient Expected Features
Does not catastrophically fail
Design Input
Meets cultural norm for aesthetics
Concept
Ability to use in ADL (activities of daily living)
Concept
Low sound emission
Concept
Feels safe
Concept
Fits with shoes
Concept
Patient Quality Features
Low Impact
Design Input
Smooth gait and rollover
Design Input
Aesthetically pleasing
Design Input
Support and balance
Design Input
Capable of functioning in HDADL (High demand ADL)
Concept
Able to withstand harsh environments
Concept
Flexible and Responsive
Design Input
Fails safely
Design Input
Affordable
Design Input
Stability
Design Input
Speed
Design Input
Prosthetist Expected Features
Passes ISO tests
Design Input
Suitable L code for AOPA
Design Input
Suitable P code for Europe
Design Input
CE Approval
Design Input
Compatible with other components
Design Input
Maintains alignment
Design Input
Prosthetist Quality Features
Durability
Design Input
Ease of modification
Concept
Ease of alignment
Concept
Ease of fitting
Concept
Availability
Concept

Source

Price point

[Appendix A]

Design Input

[57]
[126] [10]
[126]
[126]
[51]
[126]
[42]
[42]
[126]
[72]
[42]
[126]
[51]
[27]
[8]
[8] [54]
[51] [34]
[Appendix A]
[Appendix A]
[Appendix A]
[Appendix A]
[Appendix A]
[Appendix A]
[Appendix A]
[Appendix A]
[Appendix A]
[Appendix A]
[Appendix A]

Table 3: Summary of User-centred Functional Requirements
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Expected Features
Expected features are features that do not increase customer satisfaction no matter how well they
are implemented, however their absence causes great dissatisfaction. These are not always
readily quantifiable. For example, patients expect a foot be comfortable—concepts like rollover
and stiffness curves are being explored, but have not been definitively shown to correlate to
patient comfort [37]. Expected features are often binary: They are present or they are not.
However in some cases, such as when an expected feature is extremely well implemented, they
can be treated like quality features.

Patient Expected Features
There are six features that patients require of a prosthetic foot. If these conditions are not
met, the patient may not wear their prosthesis.
Does not catastrophically fail. The most basic requirements of a prosthetic foot
are that it does not fail within its specified lifetime [57] and that it be comfortable [51].
A failure is considered catastrophic when it endangers the user or leaves an intact portion
that can no longer be used to ambulate. The avoidance of catastrophic failures lead to the
testing and successful completion of ISO 10328 and ISO 22675. So long as a foot is
retired after the specified lifetime, this requirement should prevent failures from
occurring while in use, which could cause bodily harm and would render the patient
immobile until a replacement is located. In the context of a QFD, this is treated as a user
feature; the avoidance of catastrophic failure is clearly expected by the patient, however
the risks associated with failure and the recommended actions to prevent failure are
discussed in the FMEA.
Meets cultural norm for aesthetics. Because the Niagara Foot could be used in a
wide variety of low income areas, it must conform to a variety of cultural standards.
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Unfortunately amputees are stigmatized in some parts of the world, and so any prosthesis
they are given must meet specific aesthetic characteristics [126].
Ability to use in activities of daily living (ADL). A prosthetic limb must permit
patients to participate in Activities of Daily Living (ADLs) [51] [8]. Patients that are
unable to participate in cultural or social events will often revert to crutches instead of
their prosthesis despite the advantages a prosthetic foot has over crutches [9].
Low sound emission. Sounds emitted while walking can be extremely annoying
to patients [51], which sometimes leads them to stop using their prosthesis [9].
Feels safe. The patient must also be able to trust their prosthesis’s structural
integrity [51] and be comfortable wearing it [37]. The apprehension associated with
walking on a prosthesis is both mentally and physically draining, and a foot that does not
feel safe can be rejected [9].
Compatible with footwear. A prosthesis must be able to fit in culturally
acceptable footwear, and similarly must be able to withstand its environment where
footwear is not common [8].

Prosthetists Expected Features
The focus group of prosthetists indicated that prosthetists in both high income and low
income countries require that the following conditions be met before they will distribute a
prosthetic foot:
Passes ISO Tests. Passing ISO 22675 5 signifies that the conditions of ISO 13485
are met [27]. This in turn satisfies most national standards for lower limb prostheses and
greatly facilitates import and distribution.

5

ISO 22675 replaces ISO 10328 for prosthetic foot component tests. The latter applies to devices on the
market prior to 2006.
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Suitable Healthcare Common Procedure Coding System (HCPCS) Code. The
Healthcare Common Procedure Coding System (HCPCS) is a system of alphanumeric
codes that describe medical devices and procedures and suitable reimbursement to be
provided by health insurance in the United States. Prosthetic foot-ankle systems fall
under the L section of the code under Level II [127]. The American Orthotic and
Prosthetic Association (AOPA) has developed testing standards to qualify prosthetic foot
ankle systems, which were adopted by HCPCS for medical insurance reimbursement
recommendations. Feet that perform differently receive different levels of
reimbursement. The more reimbursement a foot receives, the less a patient has to pay
and the more likely they are to agree with the prescription of a specific foot. Because the
amount that the patient does not pay is paid by the health insurance provider, prosthetists
receive the same amount of revenue, but with a higher degree of customer satisfaction.
Suitable European Classification. The French Haute Autorité de Santé (HAS)
created a system that is often used in Europe to classify feet. Feet are subjected to testing
and receive a P value: a summation of scores from the testing process. This value is then
used to classify the foot as a Class I, II or III prosthesis, corresponding to a minimum of
20%, 15% or 10% energy return respectively. These different classes receive different
reimbursement from French Social Security [128].
CE Approval. In order to import prostheses into Europe, they must be marked
with a CE symbol. This limits both prosthesis distributors and prosthetists in Europe
from acquiring non-CE approved systems.
Compatibility with other components. If a prosthetic foot is not compatible with
pre-existing or standard components it may deter adoption as it further complicates the
supply chain to ship custom components with the keels or from other locations [8].
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Quality Features
Quality features, if well implemented, increase customer satisfaction, however if not implemented
or poorly implemented decreases customer satisfaction. These features often conform to
concepts; it is difficult to apply quantitative values, and as such designing to account for them is
challenging.
Patient Quality Features
In addition to the features that patients expect from a prosthesis, there are specific
features that should be implemented to increase patient satisfaction.
Low impact. Heel strike is an abrupt event that is normally cushioned by tissue
on the bottom of the foot, however in the case of a foot amputation this shock is more
directly transmitted to the knee, hip and lower back [30]. Deformation in tissue or
prostheses slows the process and thus reduces the peak forces [30]. Although shock
absorbing pylons are available in high income regions, their cost and complexity makes
them impractical for low income areas. It therefore falls to the prosthetic foot to absorb
some of this shock [37].
Smooth gait and rollover. After heel strike, the patient experiences the roll over
characteristics of the foot. It has been determined that patients prefer a rollover shape
that mimics the natural rollover shape of an intact foot [19] [129].
Flexible and responsive. Both rollover and shock absorption factor into the
overall action of the foot, and in general patients seem to prefer feet that are flexible and
responsive. An incorrect stiffness can cause asymmetry, metabolic cost and even tissue
damage [51].
Support and balance. When not in motion, a patient likes their prosthesis to feel
stable and secure [129]. Furthermore, during gait a prosthesis should resist degrees of
freedom that are not required, such as excessive internal/external rotation, which could
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cause a fall. This is why SACH feet are sometimes prescribed rather than dynamic feet
[53].
Aesthetically pleasing. Patients require a foot to meet the cultural norms for
aesthetics; however an aesthetically pleasing foot is an advantage [97] [130] [10].
Ability to perform High Demand Activities of Daily Living (HDADL)s. In
addition to the expectation of a prosthesis restoring the ability to perform ADLs, the
ability to perform High Demand Activities of Daily Living (HDADLs) allows the patient
to reintegrate further into cultural and societal activities [12].
Ability to withstand harsh environments. Prostheses designed for low income
regions are preferred not to require maintenance in a 3-5 year life cycle as access to
qualified technicians is often poor [8]. This implies that the best suited prostheses for
low income regions should be durable, resistant to harsh environments, and able to
maintain function after years of use [10].
Affordable. One of the most important features that is not required but acts to
increase customer satisfaction is the affordability of a foot [8]. Although many high
quality feet exist on the market today, they are often too expensive to be practically
implemented in low income counties .
Performance degradation to failure. Performance that deteriorates near the end
of a foot’s lifecycle increases the likelihood that it will be replaced before it eventually
fails. This corresponds to the requirement for a safe failure mode, as specified in ISO
22675 [27].
Self-selected Walking Speed. Self-selected walking speed is a common metric
for patient comfort with a prosthetic system. It can relate to confidence on a foot,
metabolic ease of walking, or biomechanical compatibility [42]. The self-selected
walking speed is influenced by the same factors that will affect such features as the
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ability to perform HDADLs, and smooth gait and rollover. However there is a factor of
human interaction in the self-selected walking speed that makes it useful for comparison
between conditions and is thus considered a separate User-centred Functional
Requirement.

Prosthetist Quality Features
Ascertaining the needs and features desired by potential clinicians is difficult. The
Niagara Foot development team currently includes 3 prosthetists. They all have a
thorough network of contacts that they consult regularly regarding the Niagara Foot and
its performance. Throughout the design process there has been an active dialogue
between academic, industrial and distributional elements of the team, and meetings are
conducted every three weeks with detailed minutes recorded. These can be found in part
in Appendix A.
Durability. The more durable a prosthetic system is, the fewer times the
prosthetist has to spend time on repairs or spend money on new components. It is
unlikely that a component that has a reputation for poor reliability would be accepted into
the market.
Ease of Modification. Modification is an innovative feature of the Niagara Foot,
however prosthetists have generally been hesitant to attempt it. Team prosthetists have
stated that this hesitance could be due to the extra workload, the uncertainty of success,
or the absence of biomechanically related information.
Ease of Alignment. Aligning a prosthesis is a technically challenging task that
relies on theory, experience and intuition that can take several appointments to
accomplish [19] [46]. Minimizing the amount of time and effort required by making the
foot easily accessible and adjustable would improve the user experience.
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Ease of Fitting. Assembling a prosthetic system in high or low income countries
must be done correctly to ensure proper functioning. The system should be
straightforward to assemble, without excessive parts, with access to adjustment points
and with components that fit well.
Availability. A keel and all required hardware must be readily available to be
accepted into the market. If the system is too difficult to find or replace, a prosthetist
may not consider it worthwhile to prescribe.
Price Point. Any prosthetic practice must be financially sustainable. Some
insurance systems base reimbursement on performance, and so a prosthetic system must
perform well enough that a prosthetist can charge an amount that covers the various
expenses of their practice. This is an economic decision that is related to specific local
care delivery systems [131]. At this stage, price point has not become a driver because
the Niagara Foot is such a unique device, however some organizations are highly
constrained in this aspect of device availability and price point may become a larger issue
as distribution increases.
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4.2

Engineering Variables

The basic design of the keel was described in Section 2.5 and is further detailed in Figure 21.
The design can be defined in four main categories: pylon connection, bolted connection, energy
features and structural features. These can be further divided into engineering variables.
Descriptions of the terminology and engineering variables are provided in Table 4. A total of 47
engineering variables were identified that represent the evolution of the design over the past 21
iterations 6.

Figure 21: Detailed terminology of design features of the Niagara Foot. Details of
design features are shown with reference numbers and nomenclature used in Table 4.
The connection system is comprised of a compression limiter (CL) that is inserted into a
hole in the top plate and a CL washer that is bolted into the adaptor. A Belleville washer
is used to control the bolt torque and to retain the bearing plate, which is part of the
CPEM System.

6

The documentation supporting design iterations was compiled as part of a submission to the Medical
Design Excellence Award competition in 2012. This is available from the Niagara Foot archives.
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Table 4: Definition of Engineering Variables of the Niagara Foot M2

1. Pylon
Connection

Terminology

Description

Engineering
Variables

1.1 Adaptor
Interface

The superior surface of the foot that
provides a smooth surface for the pylon
connector to settle on

•
•

Material
Geometry

1.2 Adaptor

A commercial adaptor made by MOT

•
•
•
•

Blade width
Blade length
Blades
Unit cost

2.1 Top Plate

The material through which the adapter
is bolted. There is a 14.5mm through
hole with a compression limiter pressed
into it.

•

Bulk material
properties
Thickness
Hole diameter
Hole position
Length
Type of fit
Material
Unit cost
Diameter
Pitch
Material
Length
Unit cost
Thickness
Diameter
Material
Unit cost

2.2
Compression
Limiter

The metallic tube located inside the top
plate to resist the compressive stress
required to load the bolt

2.3 Bolt

M10 bolt

2.4
Compression
Limiter
washer
2.5 Belleville
washer

9.53 x 22.23 x 2.38 Washer (mm)

3.1 C-Spring

The “C” shaped feature posterior to the
body and below the platform.

2. Bolted
Connection

3.2 Heel

3. Energy
Features

3.3 Toe

3.4 CPEM
System

10.2 x 23 x 1 Belleville washer (mm)

The section of the foot intended to act
as the wearer’s heel.

The section of the foot intended to act
as the wearer’s forefoot

The combination of the bearing surface
and horns that protrude from the top of
the body that provides energy control
using friction

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

4.1 Body
4.
Structural
Features

The mass of Hytrel® that connects the
features together. This is where
material is injected into the mold

•
•
•

Compressed
force
Deflection
Diameter
Sagittal
geometry
Cross section
geometry
Material quality
Cross section
geometry
Sagittal
geometry
Length
Layers
Properties
Cross section
geometry
Sagittal
geometry
Length
Layers
Material
Horn material
quality
Bearing material
Bearing
geometry
Sagittal
geometry
Frontal
geometry
Material quality
Sagittal
geometry
Hole size
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Description of Features and Engineering Variables
1. Pylon Connection. The foot is attached to a standard 30mm pylon by means of a pyramid
adapter and a tube clamp. The pylon connection features of the foot pertain to the
function of the pyramid adapter, as well as the adapter itself. Two features of the pylon
connection are:
1.1 Adaptor Interface. The adaptor interface on the NFM2V21 is the main
horizontal reference on the foot and can be used to ensure alignment during post
processing. The design variables are the bulk material properties and geometry.
1.2 Adaptor. The commercial adaptors currently recommended for use with the
NFM2V21 are the A609M from Myrdal Orthopedic Technologies Inc.
(Winnipeg, Canada) and a similar model from DOI ortho-innovativ (Kempten,
Germany). The design variables are the blade width, blade length, number of
blades and unit cost.

2. Bolted Connection. The bolted connection features are features that permit the fixation of
the keel to the pylon connector. These features could be combined with pylon connection
features under normal circumstances, however the bolted connection system requires
extra hardware to properly preload the bolt and not over compress the plastic. Five
features of the Bolted Connection are:
2.1 Top Plate. The top plate is the bulk of material through which the bolt
connects the foot to the adaptor. The top plate deforms while in use, however
this effect is considered a part of the C-spring. The design variables are the bulk
material properties, thickness, hole diameter and hole position.
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2.2 Compression Limiter. The compression limiter is a metallic cylindrical tube
that is inserted into the hole in the top plate. It is intended to shield the plastic
from the amount of stress required to prevent the bolt from failing due to cyclic
loading and unloading. It is currently made of zinc plated 4130 alloy steel. The
design variables are the length, inner diameter, outer diameter and material.

2.3 Bolt. The bolt is a Grade 12.9 socket head cap screw. It is a standard M10
thread with a pitch of 1.5mm.

2.4 Compression Limiter Washer. The compression limiter washer is a flat 9.53
x 22.23 x 2.38mm washer (McMaster Carr #98029A031) whose primary purpose
is to distribute the stress from the bolt into a frustum that is large enough to
prevent yielding. Despite the fact that there is a compression limiter for the bolt
head to rest against, there is still 0.4mm of plastic that must be loaded. The
design variables are the thickness and diameters.

2.5 Belleville Washer. Also known as disc springs, Belleville washers are
frustum shaped washers that exert a predictable force based on their
displacement. They are used to preload joints as well as act as springs in
confined areas. It is used on the Niagara Foot assembly to provide a tactile
feedback point for turn-of-the-nut tightening. The Belleville washer in this
application is a 10.2 x 23 x 1mm washer and is made of high carbon steel
(McMaster-Carr #96445K262). The design variables are the thickness, diameters
and height.
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3. Energy Features. Energy features are features that can be altered to change
biomechanical characteristics. The three intended modifiable features are the C-spring,
heel and toe, however it is possible that parts of the CPEM System can also be modified
experimentally. Four Energy Features are:
3.1 C-Spring. The C-spring is a torsion spring located to the posterior of the top
plate. It deflects in an “opening” motion on heel strike, and begins a “closing”
motion as weight acceptance progresses. The C-spring eventually deflects to a
“closed’ position, where the inferior surface of the top plate is in contact with the
horns, at which point it begins deforming vertically as the body’s mass acts as a
lever about the horns and pulls the posterior end of the top plate upwards. The
design variables are the sagittal and cross section geometries and the bulk
material properties.

3.2 Heel. The heel is the portion of the keel that stores energy during the initial
impact of heel strike in gait. The design variables are the thickness, length,
curvature, cover connection feature, and geometric transition to the body.

3.3 Toe. The toe section is the anterior region of the keel intended to flex in late
midstance, storing energy, and to release it on toe-off. On the Niagara Foot, the
term also encompasses the metatarsal region. The design variables are the cross
section geometry, sagittal geometry, length, number of modifiable layers, and
bulk material properties.
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3.4 CPEM System. The CPEM System is comprised of the horns and bearing
surface, most commonly the Nylon 6,6 bearing disc. The horns are a primary
feature in the management of stored energy. Once there is contact between the
horns and the bearing disc, a fulcrum is established between the toe and C-spring,
causing the toe to become the primary energy storing element. The bearing disc
itself provides a low-friction surface for the horns to contact without excessive
noise or wear particle generation. The design variables are the gap size between
the horns and bearing surface, bearing geometry, bearing material, frontal
geometry and sagittal geometry.

4. Structural Features. The structural feature is the Body, which joins the heel, toe and Cspring. In addition, the horns are an extension of the body, but are considered to be an
energy feature.

4.1 Body. The body of the foot is the central area where the heel, toe, horns and
C-spring meet. It is considered primarily a structural feature and it is also the
location of plastic injection in the mold. The design variables are the hole
diameter, sagittal geometry and bulk material properties.

4.3

Quality Function Deployment

A Quality Function Deployment (QFD) is a visual method of organizing the relationships
between User-centred Functional Requirements and engineering variables. Its main purpose is to
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indicate what engineering variables most affect user preference. Haik [90] suggests using Kanoclassified features as User-centred Functional Requirements, and relating them to engineering
variables using a numerical scale [90]. Others, such as Ullman [89] and Hyman [91] opt for
symbolic indications of effect severity. As described in Section 3.3, a table is used to organize a
QFD. In most, engineering variables are the columns, and User-centred Functional
Requirements are the rows. This QFD uses a scale of (0, 1, 3, 6, 9), where 9 is the most severe
and 0, which is depicted as a blank space, indicates no correlation. The scale was originally (0, 1,
3, 9), which is recommended by Haik [90], however some parameters merited the intermediate
value of 6.
The severity of the correlation is assigned based on a designer’s informed decision, test
results or professional opinion. There more information is presented in the rating, the more
variability there can be among the design group’s opinions, thus rather than indicating the degree
of correlation, some QFDs only note if there is correlation or is not.
The procedure of populating the tables is conducted for each engineering variable by
moving down the rows and querying each functional requirement. For example, Table 5 (Page
77) is the QFD for patient expected features. The first engineering variable is the bulk material
property of the adaptor interface. When comparing it to the first functional requirement, “does
not fail”, it was noted that there have been failures attributed to the bulk material properties of the
adaptor interface (detailed in Appendix A). This, therefore, merited a relationship of 9: severe.
The next function requirement, “meets the cultural norm for aesthetics”, is wholly unrelated to the
condition of the material on the adaptor interface, thus a 0 was assigned. The third functional
requirement, “ability to use in activities of daily living”, seems unrelated; however it has been
previously reported that Hytrel® can be susceptible to environmental factors such as heat, water
and chlorinated water, which could affect the structural integrity of the adaptor interface [132].
In minimizing the penetration of these elements the material properties—namely the porosity—
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may have a slight effect, and so a 1 was assigned. This procedure was repeated for the entire
table, using previous tests and field experience, literature and expert opinion when possible.
The scores were combined to produce a total score, a total relative impact and a rank
order. The total score is the sum of scores for a given engineering variable. Total relative impact
is the percentage of the sum of all of the scores assigned in a section that a specific engineering
variable makes up. The ranks were determined by ordering 7 engineering variables by their total
relative impact.
Patient expected features can be seen in Table 5 (Page 77). The highest ranks fall
between the energy features; the heel, toe C-Spring and CPEM System. These features are
critical in safety, stability and ability to perform Activities of Daily Living (ADLs) and as such
many scored 9s. The heel, toe and C-Spring are visual features, and as such they also weigh
highly in aesthetics. The very operation of the CPEM System can produce noise, and as such all
of its engineering variables scored 9s in relevance to sound emissions.
Patient quality features (Table 6) were similarly significantly affected by energy features.
The heel, toe, C-Spring and CPEM System are just as critical in High Demand Activities of Daily
Living (HDADLs) as with ADLs, and similarly they are crucial to smooth gait and roll over in
addition to the expected feature of feeling safe. Many of the functional requirements that are
governed by these energy features are those experienced by patients. The fact that the heel, toe
and C-Spring can be further altered by modification indicates that modification may be able to
drastically affect a patient’s opinion of the foot. Total patient scores for the various engineering
variables can also be seen in Table 6. Since they scored so highly in expected and quality
features, it is unsurprising that energy features—specifically the geometric engineering
variables—have the highest total scores.

7

The ranking system used is known as competition ranking, or “1224” ranking, where each item is its own
ranking lower than the preceding ranks. This means that if the second and third items are tied in second
place ranking, there will be no third place and enumeration resumes at the fourth rank
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Prosthetist expected features can be seen in Table 7. Similar to patient expected features,
many of the performance-oriented energy features such as the heel, toe, C-Spring and CPEM
System ranked highest, however for a different reason. Most of the 9s that were assigned were
given for testing results, which energy features do play a large role. There were also many 3s
scored to the top plate and compression limiter in terms of test performance, however this was
more related to durability and if a foot could finish a test.
Prosthetist quality features (Table 8) show a broad distribution of high-scoring
engineering variables. Some of this could be attributed to factors pertaining to ease-of-use, which
scored 3s; however the majority of the 9s appear in durability and price point. It is interesting to
note that these two factors are both addressed in durability testing standards, which scored highly
in the expected features. The engineering variables that scored the highest with regard to
prosthetist functional requirements can mostly be linked to durability and price point. Variables
such as bulk material properties of various features which relate strongly to durability actually
out-scored geometric features, which can be thought to relate more to performance.
Overall, the highest scoring engineering variables were geometric and material properties
of energy features of the foot (shown in the bottom two rows in Table 8 as the Total Score and the
Overall Ranking). These have a large effect on performance, safety and aesthetics, and thus
should be examined in more detail. However, the overall ranking of each engineering variable
does not necessarily correlate to its score as one would expect. Rankings are more susceptible to
variability between user groups than scores are because rankings are based on relative
contribution so they are normalized for the number of functional requirements. This makes them
a useful tool for determining extra high weighting in specific user groups and Kano categories.
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Engineering Variables

Total Score
Total Relative Impact
Rank Order

3

9

3
9

9

9

3
3
9
9

Sagittal Geometry

9
9
3
9
9

Bulk Material Properties

9

1

Hole Diameter

9

Bearing Material

9

1

Bearing Geometry

9

Length

9

9

9
9
9

9
9

Frontal Geometry

9

Sagittal Geometry

9

Cross section geometry

9

Bulk Material Properties

9
9

Layers

Cross section geometry

9
9
9

Body

Sagittal Geometry

1

9

Bulk Material Properties

3

9

CPEM

Bulk Material Properties

1

9

Toe

Layers

3

1

Heel

Bulk Material Properties

9
9
3

1
1
3

sagittal Geometry

C-Spring

Diameter

Deflection

Compressed force

Unit Cost

Material

1

Diameter

3

Belleville
Washer

Cross section geometry

9

Thickness

3

Unit Cost

Material

6

Length

Type of fit

1

Material

Length

6

Pitch

A/P Hole Position

3

Diameter

Hole size

6

Unit Cost

Thickness (Z)

Unit Cost

Number of Blades

6

Bolt

Length

3

Top Plate

Compression
Limiter Washer

sagittal Geometry

1
3
1

Blade Length

6

Blade width

9

Adaptor

Compression
Limiter

Bulk Material Property

Patient Expected Features
Does not fail
Meets cultural norm for aesthetics
Ability to use in ADL (activities of daily living)
Low sound emission
Feels safe
Fits with shoes

Geometry

Functional Requirements

Bulk Material Property

Adaptor
Interface

9

9
3

3

3

14 6 3 0 0 0 6 10 3 10 1 6 3 0 9 0 3 1 0 1 1 3 0 0 1 1 24 9 9 18 36 27 0 0 9 18 18 18 36 21 10 9 39 24 0 12 15
3.2 1.4 0.7 0 0 0 1.4 2.3 0.7 2.3 0.2 1.4 0.7 0 2.1 0 0.7 0.2 0 0.2 0.2 0.7 0 0 0.2 0.2 5.5 2.1 2.1 4.1 8.3 6.2 0 0 2.1 4.1 4.1 4.1 8.3 4.8 2.3 2.1 9 5.5 0 2.8 3.5
13 23 26 37 37 37 23 15 26 15 31 23 26 37 18 37 26 31 37 31 31 26 37 37 31 31 5 18 18 8 2 4 37 37 18 8 8 8 3 7 15 18 1 6 37 14 12

Table 5: Quality Function Deployment for Patient Expected Features. The total score, total relative impact and rank order are
shown for each of the engineering variables with respect to the patient expected features. Engineering variables with rank order of 10 or
less are highlighted.
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Engineering Variables

9

3

9
1

3
3

6

3

1

1

9

9

3
1
1

1

3

1
3

3

9

1

3
3

1
3

9

3
1

3
3
1

3

9

1

1

1
3
3

9

9

1

9

3

3

3

9

9

9

3

9

9

9

3
9

9

9

9

9

9

9

9

9

9

9

9

3

9
3

3

9

9

9

9

9
3
9
9

9
3
9
9

3
9

3

9
9
9
9

3
3
9

9

9

3

Sagittal Geometry

9

3
1

Bulk Material Properties

9
9
3

Body

Hole Diameter

9
9
3

Bearing Material

3

Bearing Geometry

3

Bulk Material Properties

9

Bulk Material Properties

9

Layers

Bulk Material Properties

9
9

Length

Layers

9
9

CPEM

Sagittal Geometry

Length

9
9

Cross section geometry

sagittal Geometry

Bulk Material Properties

Cross section geometry
9
9

Toe

Cross section geometry

9
9
3
9

9

3

3

sagittal Geometry

Diameter

Deflection

Compressed force

Unit Cost

Unit Cost

Length

Material

Pitch

Diameter

Unit Cost

Material

Type of fit

Length

Material

1

Heel

3

3

9
6

1

6

1

C-Spring

Frontal Geometry

3
1

A/P Hole Position

Hole size

1

1
1

Belleville
Washer

Sagittal Geometry

3

1

Bolt

6
1
3

3
3

Compression
Limiter Washer

Diameter

1

Thickness (Z)

Bulk Material Property

Top Plate

Unit Cost

Number of Blades

Blade Length

1

Compression
Limiter

Thickness

Patient Quality Features
Low Impact
Smooth gait and rollover
Aesthetically pleasing
Support and balance
Capable of functioning in HDADL (High
demand ADL)
Able to withstand harsh environments
Flexible and Responsive
Maintains functionality (alignment,
mechanical performance)
Fails safely
Affordable
Stability
Speed

Adaptor

Blade width

Functional Requirements

Geometry

Bulk Material Property

Adaptor
Interface

3
3
9

3

9
1

3
9

1

3

9

9

3

3
9

3
9

3
3

3
3

3
3

3
3

9

9
1

9

9

9

9

3

3

3
3

Total Score
Total Relative Impact
Rank Order

26 13 14 17 13 10 8 4 12 25 8 7 13 9 1 5 18 2 9 2 5 12 9 0 0 1 60 60 12 51 54 54 21 30 0 18 48 69 69 30 5 9 63 42 0 21 16
6 3 3.2 3.9 3 2.3 1.8 0.9 2.8 5.8 1.8 1.6 3 2.1 0.2 1.2 4.1 0.5 2.1 0.5 1.2 2.8 2.1 0 0 0.2 14 14 2.8 12 12 12 4.8 6.9 0 4.1 11 16 16 6.9 1.2 2.1 15 9.7 0 4.8 3.7
13 22 21 19 22 28 33 39 25 14 34 35 22 29 42 36 17 40 29 40 36 26 29 44 44 42 4 4 27 8 6 6 15 11 44 17 9 1 1 11 36 29 3 10 44 15 20

Total Patient Rank

26 45 47 56 59 65 56 54 51 29 65 58 48 66 60 73 43 71 66 71 67 52 66 81 75 73

9

22 45 16

8

10 52 48 62 25 17

9

4

18 51 47

4

16 81 29 32

Table 6: Quality Function Deployment for Patient Quality Features. The total score, total relative impact and rank order are shown
for each of the engineering variables with respect to the patient expected features. Engineering variables with rank order of 10 or less are
highlighted. The total patient ranks are shown at the bottom of the table, and those values with rank order of 20 or less are highlighted.
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Engineering Variables

Total Score
Total Relative Impact
Rank Order

9

9

9

9

9
9

9

3

9

9

9
9

9
9

1

9
9

9
9

3
9

9

3
3

3
9

3
9

3

Sagittal Geometry

3
9

Bulk Material Properties

9

Hole Diameter

Frontal Geometry

Bearing Material

Bearing Geometry

Bulk Material Properties

Bulk Material Properties

9 9 9 3
9 9 9 9 3
9 9 9 9 3
3 3 3 3

Body

Sagittal Geometry

9
9
9
3 3

CPEM

Layers

9
9

Length

9
9

Sagittal Geometry

9

Cross section geometry

9
9

Bulk Material Properties

9

Toe

Layers

Length

9
9

9

Heel

sagittal Geometry

C-Spring

Diameter

Deflection

Compressed force

Unit Cost

Material

Diameter

Thickness

Belleville
Washer

Cross section geometry

3
1
3
1
3
1
3
1
9 9 3 9
3

Unit Cost

Length

Material

Pitch

Diameter

Bolt

Bulk Material Properties

3 3 3 3 3 3
3 3 3 3 3 3
3 3 3 3 3 3
3 3 3 3 3 3
9
3 9 3

Unit Cost

Material

Type of fit

Length

A/P Hole Position

Hole size

Thickness (Z)

Bulk Material Property

Unit Cost

Number of Blades

Blade Length

Top Plate

Compression
Limiter Washer

Cross section geometry

6 3
1
1
3 3
3 3
9

Compression
Limiter

sagittal Geometry

Prosthetist Expected Features
Passes ISO tests
Suitable L code for AOPA
Suitable P code for Europe
CE Approval
Compatible with other components
Maintains alignment

Adaptor

Blade width

Functional Requirements

Geometry

Bulk Material Property

Adaptor
Interface

3 1
3 1
3 1
3 1
1

23 9 9 9 9 0 12 12 21 12 15 21 3 0 21 12 7 9 0 9 9 3 0 0 9 9 36 36 9 37 45 39 3 30 0 18 30 30 30 12 0 0 39 21 3 12 5
3.4 1.3 1.3 1.3 1.3 0 1.8 1.8 3.1 1.8 2.2 3.1 0.4 0 3.1 1.8 1 1.3 0 1.3 1.3 0.4 0 0 1.3 1.3 5.3 5.3 1.3 5.5 6.6 5.8 0.4 4.4 0 2.7 4.4 4.4 4.4 1.8 0 0 5.8 3.1 0.4 1.8 0.7
11 24 24 24 24 40 18 18 12 18 17 12 36 40 12 18 34 24 40 24 24 36 40 40 24 24 5 5 24 3 1 2 36 7 40 16 7 7 7 18 40 40 2 12 36 18 35

Table 7: Quality Function Deployment for Prosthetist Expected Features. The total score, total relative impact and rank order are
shown for each of the engineering variables with respect to the patient expected features. Engineering variables with rank order of 10 or
less are highlighted.
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Engineering Variables

3

3

3

3

9

3

9

3
3
3

9

3
3
3

1
3

1
3

1

9

3
3
3

3
3
3

9
3
9

9

3

1

9
9

3

9

Sagittal Geometry

3

Bulk Material Properties

Frontal Geometry

1

Hole Diameter

Sagittal Geometry

9

Bearing Material

9

Bearing Geometry

Bulk Material Properties

9

Bulk Material Properties

9

Body

CPEM

Layers

9

Length

Sagittal Geometry

3

Cross section geometry

9
9

Toe

Layers

9

Length

9
9

sagittal Geometry

Cross section geometry

sagittal Geometry

Heel

1

1
3

1

C-Spring

3

1
3

Diameter

Deflection

Compressed force

Unit Cost

Material

Diameter

Thickness

Unit Cost

Length

Material

Pitch

3

Belleville
Washer

Bulk Material Properties

9

Diameter

Unit Cost

Bolt

Cross section geometry

3

Material

Type of fit

Length

A/P Hole Position

3

Hole size

9

Compression
Limiter Washer

Bulk Material Properties

9

Thickness (Z)

Unit Cost

Number of Blades

Blade Length

Compression
Limiter

Top Plate

Bulk Material Property

Prosthetist Quality Features
Durability
Ease of modification
Ease of alignment
Ease of fitting
Availability
Price point

Adaptor

Blade width

Functional Requirements

Geometry

Bulk Material Property

Adaptor
Interface

1

3
9

3

1

Total Score
Total Relative Impact
Rank Order

12 3 4 3 4 9 9 3 3 4 7 3 9 9 12 4 6 2 9 9 9 12 9 9 9 0 0 9 9 9 18 3 9 9 9 9 0 9 9 9 4 2 3 12 12 3 4
3.7 0.9 1.2 0.9 1.2 2.8 2.8 0.9 0.9 1.2 2.2 0.9 2.8 2.8 3.7 1.2 1.9 0.6 2.8 2.8 2.8 3.7 2.8 2.8 2.8 0 0 2.8 2.8 2.8 5.6 0.9 2.8 2.8 2.8 2.8 0 2.8 2.8 2.8 1.2 0.6 0.9 3.7 3.7 0.9 1.2
2 35 29 35 29 7 7 35 35 29 27 35 7 7 2 29 28 43 7 7 7 2 7 7 7 45 45 7 7 7 1 35 7 7 7 7 45 7 7 7 29 43 35 2 2 35 29

Total Prosthetist Rank

13 59 53 59 53 47 25 53 47 47 44 47 43 47 14 47 62 67 47 31 31 38 47 47 31 69 50 12 31 10

Expected Features Ranking
Quality Features Ranking

24 47 50 61 61 77 41 33 38 33 48 35 62 77 30 55 60 55 77 55 55 62 77 77 55 55 10 23 42 11
15 57 50 54 51 35 40 74 60 43 61 70 29 36 44 65 45 83 36 47 43 28 36 51 51 87 49 11 34 15

Total Score
Overall Ranking

75 31 30 29 26 19 35 29 39 51 31 37 28 18 43 21 34 14 18 21 24 30 18 9 19 11 120 114 39 115 153 123 33 69 18 63 96 126 144 72 19 20 144 99 15 48 40
39 104 100 115 112 112 81 107 98 76 109 105 91 113 74 120 105 138 113 102 98 90 113 128 106 142 59 34 76 26 10 47 95 62 109 48 69 23 18 43 120 130 41 30 119 82 96

2

37 43 14 47 23 52 14 14 25 69 83 37 14 38 53 64
3 6 73 44 58 24 15 15 10 25 55 58 3 18 73 32 47
7 41 22 18 51 24 54 8 8 18 65 72 38 12 46 50 49

Table 8: Quality Function Deployment for Prosthetist Quality Features. The total score, total relative impact and rank order are
shown for each of the engineering variables with respect to the patient expected features. Engineering variables with rank order of 10 or
less are highlighted. The total prosthetist ranks are shown in the fourth bottom row of the table, and those values with rank order of 20
or less are highlighted. The total scores and overall rankings are shown in the bottom two rows; values with rank order of 40 or less are
highlighted.
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The final scores in Table 8 of the CPEM System sagittal and frontal geometries show an
interesting effect of the ranking system. The CPEM System sagittal geometry had a score of 144,
but a rank of only 41. The CPEM System frontal geometry had a rank of 30, but a score of only
99. Upon closer inspection of the functional requirements involved, it was found that the sagittal
geometry ranked highly in all sections but prosthetist quality features. However, frontal
geometry ranked mediocrely in all four sections. This comparison of rank and score was used to
determine disproportionate representation amongst the categories. This, in effect, permitted the
efficient isolation of engineering variables that strongly affected specific user groups and
therefore may be extra important to them.
The Quality Function Deployment yielded a numerical rating of the importance of each
engineering variable. The final scoring is shown graphically in Figure 22. Values pertaining to
the heel, toe and C were understandably high—indicating their importance to the foot function.
The unexpected result in the QFD was the importance of the CPEM System. This feature has an
influence on different User-centred Function Requirements, namely patient expected and quality
features and prosthetist expected features. The geometry of the CPEM System is considered to
play a large part in the energy storage and release during gait, the rollover, midstance stability and
standing stability.
By changing the geometry of the CPEM System, it may be possible to accurately control
when energy is returned during normal walking. It is unlikely that the current design is optimal
for all patients, and as such it is necessary to develop an approach to modifying the CPEM
System to account for variation between patients. In particular, it is necessary to understand the
implications of energy storage and stability at midstance.
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Body

Sagittal Geometry
Bulk Material Properties
Hole Diameter
Frontal Geometry

CPEM

Sagittal Geometry
Bearing Material
Bearing Geometry
Bulk Material Properties
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Bulk Material Properties
Layers
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Sagittal Geometry
Cross section geometry

Heel

Bulk Material Properties
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Length
Sagittal Geometry
Cross section geometry
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Bulk Material Properties
Cross section geometry
Sagittal Geometry
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Diameter
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Unit Cost
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Diameter
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Unit Cost
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Material
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Diameter
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Material
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Length
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Figure 22: Results from QFD. The importance of the sagittal geometry (gray
arrows) of the heel and toe was expected; however the sagittal geometry of the
CPEM (black arrow) was unexpected and was considered an opportunity for
improvement.
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4.4

Failure Mode and Effects Analysis (FMEA)

The final stage of the design analysis was to assess the risks currently associated with different
features of the Niagara Foot. While features may be shown to be important to specific user
groups using the Kano Customer Satisfaction Model and QFD, these analyses do not indicate
criticality from a safety perspective. For example, in Table 5 the QFD showed that the bulk
material properties of the top plate play an important role regarding failure of the foot, but it did
not indicate how it would contribute to the likelihood of failure, the mode by which a failure
could occur, or the repercussions of this failure. An FMEA can be used to deduce the details of
potential failures and thus adds qualifying description of the effect of an engineering variable
which was highlighted in QFD. The FMEA generated for the Niagara Foot can be seen in Table
9, Table 10, Table 11 and Table 12.
An FMEA template used for military and aerospace applications was selected because it
contained both qualitative and quantitative guidance, as well as an alphanumerical system for
calculating overall risk based on probability and severity [95]. The FMEA was populated using
inductive reasoning. It was assumed that every system in the foot had the possibility of failure.
Failures that had occurred and had been assessed were entered into the FMEA first, and, because
the failures had actually occurred, they were grouped based on known probability.
Approximately 1000 Niagara Foot Model 2 of the current version have been manufactured, and
many have been distributed or have undergone laboratory testing.
The severity system used in MIL-STD-882E [95] was implemented to rate how much
damage a given failure could cause. Ratings were assigned based on the worst-case scenario.
Detection probability was based largely on the mission phase, as well as the likelihood of
indicators such as noise generation.
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The adaptor and adaptor interface are assessed in Table 9 (Page 90) and have one failure mode:
cam-out. This occurs when the compressive force holding the antirotation blades into the plastic
is not sufficient to resist a corresponding twisting action about the action of the bolt. This causes
the blades to either lift out of the plastic or to yield through it, which permits relative rotation
between the adaptor and the keel. This can occur due to one of three mechanisms: overload, an
interface that is not flat, or non-optimal material quality. The direct result of a cam-out is rotation
of the keel relative to the pylon. This will cause misalignment, which will compromise the action
of the foot and render it unusable. This failure mode is highly unlikely; only one has ever been
observed (see Appendix A), and so it was assigned an A: extremely unlikely. The repercussions
of this failure, namely the fact that the system is no longer useable and the potential of a fall are
of level IV, or moderate, severity. The patient is expected to be able to detect loosening before
the actual failure occurs, and so the detection probability was rated 2: almost certain. Combining
the severity and probability of these failure modes using a severity-probability table yields a low
risk level. If these failures begin to occur more frequently, the molding condition, material
properties and post processing can be reviewed.
The top plate (Table 9) has one known failure mode. A low-cycle fatigue failure in the
frontal plane located posterior to the centre of the bolt hole that can either manifest as a partial or
complete fracture. Because these failures have been observed, the probability is higher than any
other catastrophic failure mode 8. These failures, analyzed in detail on a case-by-case basis, are
thought to have been caused by slight load variations in a region that is already highly stressed
combined with variations in molding conditions during manufacture. These variations could be
caused by extra compression due to a short compression limiter, a large overload or reversible
bending taking place outside of the normal gait cycle (such as that incurred walking up hills or on
rough terrain). A failure like this causes separation of the pylon from the keel, which could cause

8

There have been three instances of this failure, which at the time corresponded to a failure rate of 0.6%.
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the patient to fall suddenly. In addition to this, the failed keel cannot be used to ambulate, leaving
the patient without mobility. The probability and severity of this failure mode make it a high risk;
however, the molding conditions of the foot were changed to address this and no failures of this
type have been reported since.
The bolt (Table 10) has undergone failures in the past. These were likely due to the fact
that there was no compression limiter implemented at that time and the bolt underwent cyclic
reversible bending due to the lack of preload. This could still theoretically occur if the
compression limiter was too small, the incorrect grade of bolt was used or the bolt was not
tightened properly. Bolt failures in the Niagara Foot have not occurred since the implementation
of the compression limiter, and so although a failure would be severe, it is unlikely that they will
occur again with proper assembly. There was also a concern about the bolt loosening during gait.
This has also not been seen since the introduction of the compression limiter. A bolt loosening
would be a failure mode that slowly degrades the performance of the foot and would likely lead
to early detection and repair.
The compression limiter washer (Table 10) is unlikely to ever fail catastrophically,
however a press fit exists between it and the Nylon® 6,6 bearing that could eventually loosen.
This does occasionally occur during testing, and it has been suggested that it risks noise
resurgence, however this has never been observed. Resurgence of sound due to a freely rotating
bearing disc about the compression limiter washer is low severity, low probability and is likely to
be detected quickly, and as such it is a low-risk failure mode.
The Belleville washer (Table 10) has two main functions: to retain the bearing disc in the
correct location and to provide tactile feedback for turn-of-the-nut tightening. It is unlikely that
the washer itself will fail, however if it is not properly implemented it could cause performance
degradation in other components. An important note about using Belleville washers is that they
can only be compressed to a reliable force rating once. After this, it takes progressively less and
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less force to flatten them. If a Belleville washer were reused, it could lead to incorrect tightening
of the bolt or compliance in the CL washer and bearing assembly. This has a low likelihood of
occurring in testing situations due to detailed records and archiving of used washers, however it
should be noted in material provided with the foot that each washer can only be fully compressed
once. If a Belleville washer is overcompressed, it will invert and will not function normally.
This should be detected during assembly, and should only occur if the improper CL washer is
used. If the improper Belleville washer is used, improper bolt preload will be attained, and the
different geometry may cause accelerated wear. These are both low severity and low probability
events. They will likely be noticed in assembly and can be corrected immediately.
The C-Spring (Table 11) is an important energy storing and structural feature that has
only ever failed in the distal region. These failures could have been caused by variations in
material or molding conditions, as they are rare and analysis of fractured samples often shows
voids. A distal fracture in the C-Spring causes the rest of the keel to fall away, however the
patient can still ambulate on just the C-Spring to seek assistance. The fact that the C-Spring fails
in a way that still permits ambulation and that these failures are rare indicates that the risk
associated with failure and yielding at the C-Spring are a moderate risk.
The toe (Table 11) is susceptible to failure in three different modes: distal fracture,
metatarsal fracture and proximal yield. Distal fracture is rare and leaves a functioning foot, and
so is considered a moderate risk. Metatarsal fracture is more common, and seems to only occur
when material integrity is questionable. Most of the metatarsal failures have occurred in the field,
thus it has been speculated that patients may be performing some action not encompassed by ISO
testing, however failures remain rare and patients are able to ambulate on the foot after this
failure mode, and so the risk is considered moderate. The patient would likely be in toe-off if the
failure occurred in the gait cycle and so there is a risk of falling associated with this failure mode.
A single proximal yield has been observed, which the patient detected by noting that the
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biomechanics of the foot had changed. The foot remained fully functional, so the patient was
able to get it replaced in due time. The severity and likelihood of this failure mode are both low,
and so the risk is also low.
The heel (Table 12) has failed in testing and in the field before, however it remains a rare
occurrence. It has been observed to fracture both distally and proximally when material is nonoptimal. Proximal failures have occurred in the field; however the only distal failure that has ever
occurred has been during cyclic testing. The severity associated with this failure is based on the
fact that a patient is likely to be in heel-strike when the failure occurs, which could potentially
lead to a fall. These failures are moderately severe due to the likelihood that they will occur in
gait, however they remain rare and leave a limb that can be ambulated with, and as such they are
a moderate risk.
The CPEM System (Table 12) has five failure modes associated with its various
components. Failures in the horns, both proximal and distal, have been seen before in testing.
They are exceedingly rare; only one of each has ever been reported, and examination of the
fracture surfaces indicated non-optimal material quality. These failures would be immediately
detectable, are unlikely and have a low severity, as such they are low risk failure modes overall.
Excessive wear and noise generation are considered failure modes because they could lead to a
patient rejecting the foot. They are inherently low severity and are highly detectable. They
would likely be caused by material such as sand or grit entering the assembly or poor bearing
material quality. Neither of these has ever been recorded as occurring, however it has been noted
that it remains a possibility, especially in field conditions. Before bearing dimensions were
finalized, fractures of the bearing plate did occur, however the bearing plate has since been
thickened and fractures have not occurred since.
The body (Table 12) has only undergone one failure; a split in the frontal plane that
bisected the bolt head hole which occurred during strength testing. The crack stopped below the
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level of the C-Spring and the foot remained intact. If this were ever to occur in the field, a patient
would likely notice the change in biomechanics before total separation, and would not lose
ambulation as a result. This failure mode is rare, has a low severity and thus has low risk.
Summary of Failure Mode and Effects Analysis. The FMEA revealed that the highest
risk associated with the Niagara Foot pertain to the top plate. The risk of top plate fracture due to
reversible bending and overload merited a “high” risk rating from the MIL-STD-822E [95] risk
table. This is supported by the fact that these failures have in fact been seen before, both in
testing and in the field. It is therefore most prudent in risk management of the foot to address this
issue and reduce either the probability or severity of top plate fracture.

4.5

Summary

A systematic literature review was conducted to isolate User-centred Functional Requirements
that were then categorized according to the Kano Model for Customer Satisfaction [89]. They
were then compared, in their categories, to all of the engineering variables of the foot. The results
indicated that the sagittal geometries of the heel, toe and CPEM System had a large effect on the
User-centred Functional Requirements. Patients have indicated that they are happy with the heel,
however the toe is sometimes considered too soft. This will be addressed in the design of the
next molding tool. The CPEM System, which scored unexpectedly high, will be reviewed in
detail. It is important to note that while the QFD indicates the degree of correlation between
engineering variables and User-centred Functional Requirements, it gives limited information
regarding safety and risk management. A Failure Mode and Effects Analysis is needed to assess
risks inherent to the system and how the design can be changed to mitigate them. This has
indicated that the highest risk is that of top plate fracture, and thus the top plate will be explored
as well.
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Internal or
external
rotation
Internal or
external
rotation
Internal or
external
rotation

Mitigation

Risk Level

Detection
probability

Detection

Severity

Probability

System
level end
effect

Next higher
level effect

Actions for
further
study
Molding
condition
review
Post
processing
review

Misalignment

Foot becomes
unusable

A

IV

Loose
connector

2

Low

Misalignment

Foot becomes
unusable

A

IV

Loose
connector

2

Low

Misalignment

Foot becomes
unusable

A

IV

Loose
connector

2

Low

Material
quality review

Top plate
fracture

Separation of
pylon from
keel

Patient fall

B

V

Visible crack

4

High

FEA

Stress
relief

Testing,
field

Top plate
fracture

Separation of
pylon from
keel

Patient fall

B

V

Visible crack

4

High

FEA

Horn
position
change

Field

Top plate
fracture

Separation of
pylon from
keel

Patient fall

A

V

Visible crack

3

Moderate

Dimensional
review

Tolerance
correction

Connector cam-out

Overload

Field

Connector cam-out

Interface not
flat

Field

Connector cam-out

Material poor

Field

Top plate failure

Reversible
bending stress
due to
reversing
moment

Testing,
field

Top plate failure

Overload

Top plate failure

Undercompressed

2.1 Top Plate
2.3 Compression Limiter

Local effects
of failure

Mission
Phase

Potential
mechanism

Potential
failure
mode

1.1 Adaptor Interface
1.2 Adaptor

Item

Failure Mode and Effects Analysis of the Niagara Foot M2V21

Corrected
post
processing

Table 9: Failure Mode and Effects Analysis Part A: Adaptor Interface, Adaptor, Top Plate, Compression Limiter.
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Field
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Reused
Belleville
washer

Field

Not enough
force on
bearing

Mitigation

Actions for
further
study

Risk Level

Detection
probability
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A

V

Connector
loosening

6

Moderate

Confirm
torque wrench
calibration

Replace
torque
wrench

Resurgence of
noise generation

A

I

Noise

4

Low

Tolerance on
bearing

Adjust
manufactur
ing process

Bearing free
to rotate

Excessive wear,
noise generation

A

I

Observation
during
assembly

1

Low

Confirm
hardware
origin

Re-source
hardware

Interference
between
CPEM
System and
Belleville
washer

Excessive wear,
noise generation,
improper CPEM
Sytem action

A

I

Observation
during
assembly

1

Low

Check
hardware
specifications

Re-source
hardware

Bearing free
to rotate

Excessive wear,
noise generation

A

I

Observation
during
assembly

1

Low

Try new
Belleville
washer

Dispose of
used
Belleville
washers

Loose feeling
foot

Table 10: Failure Mode and Effects Analysis Part B: Bolt, CL Washer, Belleville Washer
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Poor material
quality

Field

Fracture at
distal C

Distal fracture

Improper
molding
conditions

Field

Fracture at
distal C

Distal yield

Overload

Field

Yield at
distal C

Metatarsal Fracture

Overload

Field

Metatarsal Fracture

Poor material
quality

Separation of
pylon from
keel
Separation of
pylon from
keel

Mitigation

Actions for
further study

Risk Level

Detection
probability

Detection

B

IV

Visible crack

3

Moderate

Material
review

Track
batch

Patient fall

B

IV

Visible crack

3

Moderate

Molding
review

Track
batch

Performance
compromised

Foot does not
function properly

B

IV

Lightening of
plastic,
excess
movement

2

Moderate

Material
review

Track
batch

Fracture at
proximal
toe

Separation of
toe from keel

Foot does not
function properly

B

IV

Visible crack,
none

4

Moderate

Review of
conditions
surrounding
failure

Warn
customers
of risky
activity

Field

Fracture at
proximal
toe

Separation of
toe from keel

Foot does not
function properly

B

IV

Visible crack,
none

4

Moderate

Material
review

Track
batch

Performance
compromised

Foot does not
function properly

B

IV

Visible crack,
none

4

Moderate

Review of
conditions
surrounding
failure

Warn
customers
of risky
activity

B

IV

Visible crack,
none

4

Moderate

Material
review

Track
batch

III

Lightening of
plastic,
excess
movement

Low

Review of
conditions
surrounding
failure

Warn
customers
of risky
activity

Distal Fracture

Overload

Field

Distal Fracture

Poor material
quality

Field

Fracture at
distal toe

Performance
compromised

Foot does not
function properly

Field

Yield at
proximal
toe

Performance
compromised

Foot does not
function properly

Overload

Severity

Patient fall

Fracture at
distal toe

Proximal yield

Probability

System level
end effect

Next higher
level effect

Local effects
of failure

Mission
Phase

Potential
mechanism

Potential
failure mode

Item
3.1 C-Spring
3.3 Toe

Distal fracture

A

2

Table 11: Failure Mode and Effects Analysis Part C: C-Spring and Toe.
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Poor material
quality

Field

Proximal fracture

Poor material
quality

Field

Proximal fracture

Poor molding
condition

Field

Proximal yield

Overload

Field

Distal horn chip

Poor material
quality

Filed

Proximal horn
fracture

Poor material
quality

Excessive wear

Mitigation

Actions for
further
study

Risk Level

Detection
probability

Detection

Severity

Probability

System
level end
effect

Performance
compromised

Foot does not
function properly

B

III

Visible crack,
none

4

Low

Material
review

Track
batch

Performance
compromised

Foot does not
function properly

B

IV

Visible crack,
none

4

Moderate

Material
review

Track
batch

Performance
compromised

Foot does not
function properly

B

IV

Visible crack,
none

4

Moderate

Molding
review

Track
batch

Performance
compromised

Foot does not
function properly

A

III

excess
movement

2

Low

Review of
conditions

Warn
customers
of risk

Chip at
distal horn

Performance
compromised

Foot does not
function properly

B

III

Action of foot

1

Low

Material
review

Track
batch

Field

Fracture at
base of horn

Performance
compromised

Foot does not
function properly

B

III

Action of foot

1

Low

Material
review

Track
batch

Interference in
hardware

Field

Sound

Patient
annoyed

Patient does not
wear foot

B

III

Sound

1

Low

Check
clearance

Clear bolt
head

Noise generation

Poor material
quality

Field

Sound

Patient
annoyed

Patient does not
wear foot

B

III

Sound

1

Low

Noise generation

Rough surface

Field

Sound

Patient
annoyed

Patient does not
wear foot

B

III

Sound

1

Low

Bearing fracture

Poor material
quality

Field

Cracking

Bearing falls
out

Sound
resurgence

A

III

Sound, visual
inspection

2

Low

Bearing failure

Complications
in loading
condition

Testing

Bearing
cracking

Excessive
wear

Resurgence of
sound generation
and energy loss

A

IV

excessive
wear particles

4

low

Bearing stress
analysis

Thicker
bearing

Overload

Testing,
field

Split
through
frontal
plane

Foot does not
function properly

A

III

Visible crack,
Different
biomechanics

2

low

Material and
Molding
review

Track
batch

Body split

Fracture at
distal heel

Next
higher
level effect

Local
effects of
failure

Mission
Phase

Potential
mechanis
m

Potential
failure
mode

Item
3.2 Heel
3.4 CPEM System

4.1
Body

Distal fracture

Fracture at
proximal
heel
Fracture at
proximal
heel
Yield at
proximal
heel

Acquire and
analyze
bearings
Acquire and
analyze
bearings
Acquire and
analyze
bearing

Replace
bearing
Replace
bearing
Replace
bearing

Table 12: Failure Mode and Effects Analysis Part D: Heel, CPEM System and Body.
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Chapter 5.
Analysis and Design
of the
CPEM Bearing System
The Design Review in Chapter 4 identified the C-spring, heel and toe energy storage features and
their control through the CPEM System as fundamental to the mechanical performance of the NF
Model 2 design. In addition, the Failure Modes and Events Analysis indicated the criticality of
the top plate with regard to risk management. The purpose of this chapter is to address the
former, recognizing that the top plate and CPEM System interact mechanically. The overall
objective is to understand the mechanical behaviour of the CPEM System by examining its
motion and loading during toe loading.
The CPEM System is a subsystem of the Niagara Foot that controls the timing of the gait
cycle through a series of internal kinematic interactions. The system is comprised of the two
horns and the top plate of the foot, as shown in Figure 23. A Nylon 6,6 disc, which was
introduced in earlier versions to mitigate noise and wear, acts as a bearing surface on which the
horns interact. Some motion is possible between the bearing disc and the top plate, since the
bearing is free to rotate around the bolt head.
Pilot studies were conducted using digital video imaging taken during cyclic testing and
qualitatively assessed to determine the kinematics of horn motion. The foot was placed in a
proprietary cyclic tester as shown in Figure 24. This device is comprised of two computeractuated pneumatic cylinders that load the heel and toe at 15 degrees and 20 degrees to the
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vertical respectively. Based on ISO 10328, the device loads the heel and toe to a peak force of
1173N, timed in such a way as to produce a vertical force-time function similar to normal gait.
As such, both heel and toe loading takes place. A standard digital camera (Microsoft Lifecam®,
Microsoft Corporation, USA) was used to record video images of the horn and top plate during
the test cycle. These were qualitatively assessed to determine the sequence of events at the
CPEM System, as shown in Figure 25.

Figure 23: The CPEM System for the Niagara Foot Model 2. There are two
interacting components, the top plate and the horns, which are separated by a bearing disc
(not shown).
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Figure 24: Niagara Foot cyclic testing apparatus. The heel and toe pistons fire
pneumatically based on an ISO 10328 waveform to simulate gait (1173N peak load at
1Hz).

Figure 25: Events in the motions observed in the CPEM System during cyclic testing.
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The following features can be observed in each cycle, as shown in Figure 25:

Heel on. Heel strike causes a flattening motion in the heel while simultaneously bending
it towards the C-Spring. This causes the back of the horns to briefly contact the bearing.
Toe on. As the toe makes contact, the horns begin to move forward.
Peak heel. The forward motion continues until peak heel loading.
Peak toe. As the heel unloads, the toe achieves peak load. Contact shifts to the anterior
part of the horn.
Heel off. When the heel is completely unloaded, the horns begin to slide backwards.
Toe-off. This backward motion continues until toe-off and the horns return to their
resting position.

The action of the CPEM System is not easily described in terms of sliding and rolling.
Furthermore, the observational study suggests that the backward motion of the horns allows the
C-Spring to store energy that is released at toe-off. This represents a critical aspect of energy
management, which is not well understood. In addition, since this motion is apparent during the
phase of toe loading, it is necessary to first focus on this aspect of the system. The overall goal of
this chapter is to analyze the current CPEM System with the specific objectives to:

1. Estimate the contact patterns at peak load,
2. Determine the kinematics of the CPEM System during toe loading,
3. Estimate the contact force at peak load,,
4. Recommend modifications to horn geometry to improve bearing performance.
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5.1 Estimating Contact Pattern During Cyclic Testing
The top of the horns is a convex surface, which was intended to roll against the bearing surface;
however the qualitative analysis as well as wear patterns and the generation of heat 9 indicate that
sliding does occur. A convex surface is required in rolling, however when sliding it applies
transmitted forces over a small surface area. This leads to abrasion until equilibrium is achieved.
Understanding the contact pattern in the CPEM System is critical to the design of this bearing
system to prevent heat, noise and excessive wear.

Methodology
The feet that were selected for testing had already been tested: one for 250 000 cycles as a left
foot, and the other for 250 000 cycles as a left foot and 250 000 cycles as a right foot. Worn
specimens were chosen to ensure that results corresponded with steady state wear. Using a foot
that was worn as a left foot and one that was worn on both sides was intended to test if a wear
bias had developed.
For this test, Fuji Prescale® Medium Film (Sensor Products Inc. USA) pressure film was
punched into discs with a 10mm inner diameter and 50mm outer diameter. For each test, a disc
was inserted between the horns and the bearing to determine the contact area. This is shown as
an exploded view in Figure 26. Pressure film is composed of two layers; when the layers are
pressed together, one layer releases a developer that turns the other layer red. The degree of
development is proportional to the amount of contact pressure, thus showing the pattern of stress
application.

9

See Appendix A
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Figure 26: Pressure Film Placement for Cyclic Testing. Note that the
Belleville washer is omitted in this test to present a flat surface for the film to be
pressed against.

The feet were run on a proprietary cyclic testing machine (Figure 24) for 25 cycles. This
number of cycles was chosen to ensure clear and consistent marking on the film. When the feet
had undergone 25 cycles, they were disassembled and the developed pressure film was analyzed.
Tests were repeated under conditions in which the toe and heel pistons were activated to
qualitatively assess the observed contact patterns. Contact areas were determined by modeling
the contact patches as rectangles based on measurements using Vernier calipers to an accuracy of
±0.02mm.
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Results and Discussion
A typical film showing the contact patches is provided in Figure 27. The most important areas
visible on Figure 27 are the anterior markings. These correspond to the location of rolling and
sliding during toe loading. The posterior, thinner regions were confirmed on video records to be
the tips of the horns touching at heel strike. These results confirmed that the CPEM System does
close momentarily at heel strike in a pattern similar to that observed in Figure 25. It is also
apparent in Figure 27 that wear occurs asymmetrically over the first 250 000 cycles; the medial
toe contact region is visibly larger than that of the lateral.
In order to estimate the contact area in toe loading, the areas of the medial and lateral
sides were summed. The results can be seen in Table 13. A reasonable estimate for the total
contact area is 200mm2 with an expected error of 20%. In addition, the medial-lateral asymmetry
differed in the two feet, suggesting considerable specimen-to-specimen variation for the
asymmetry, but not for the total contact area.

Toe mark
Heel mark

Figure 27: Example of contact film after bearing contact test. Note the two
distinct regions on each side: the posterior regions (downwards on the image)
are generated by a force at the heel, confirming that there is CPEM System
contact at heel strike.
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Medial Toe Contact
Area (mm2)
170
135

Lateral Toe Contact
Area (mm2)
32
62

Total Toe Contact
Area (mm2)
202
197

Table 13: Estimated contact area during toe loading.

Uncertainty
22%
16%

5.2 Determination of the Kinematics of the CPEM System during Toe
Loading
The contact pattern determined in Section 5.2 indicated that toe loading dominated the interaction
between the horns and the top plate in the CPEM System. As such, toe deflection was simulated
in order to document the kinematics of the system in late stance and toe off.

Methodology

Sample Preparation. A Niagara Foot M2V21 was prepared using the recommended bearing
hardware, a pyramid adapter and a cleared bolt hole. Calipers with steel scribes mounted to the
jaws were then used to mark four pairs of points 9.53 ± 0.02 mm (3/8in) apart as shown in Figure
28. Care was taken to force the point pairs to be on the same plane, as well as to have a point pair
on the horns and a pair on the distal top plate. The dimples left by the scribe were then filled with
white solvent-based paint to create small and uniform white spots on the keel.
Test Set Up. The testing was performed in an MTS Bionix® Servohydraulic Test
Machine (MTS Systems, USA) with accompanying software. The foot was placed in a fixture
such that the force was applied at 20 degrees in toe loading to a peak of 1173N [14]. A Nikon
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D7100 with a Nikon 18-200mm zoom lens was positioned such that it was approximately 50mm
away from the foot. The complete apparatus is shown in Figure 28.

Figure 28: Testing apparatus for instantaneous centre of rotation
calculation. The Niagara Foot is clamped using standard hardware to a custom
fixture that is held in a sine vise. The sine vise is set at 20 degrees, which is
recommended for toe testing by ISO 10328. The platen has a UHMWPE surface
which minimizes the effects of friction. The camera, a Nikon D7100, is visible
on the bottom left of the image.
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The camera was focused on the sagittal plane of the foot such that the marked points
move in the view plane as seen in Figure 29. The points were numbered by region, with points 14 corresponding to the top plate, points 5 and 6 on the horns and points 7 and 8 on the body.

Figure 29: Kinematic analysis set-up. Points 1, 2, 3 and 4 were used to
establish a coordinate system on the top plate. Points 5 and 6 were used to find
the ICR using the Method of Reuleaux (Page 103).

The deflection was conducted in displacement control at 2mm/s of compression, a 1
second pause, and then release at 2mm/s. This was performed 3 times in each test. The test was
performed three times and was recorded each time at a frame rate of 29 frames per second with a
1920x1080 image size and saved in “.MOV” format. Before each recording, a calibration grid
with 10x10mm squares was held in front of the specimen so that it was coplanar with the points.
Data Processing. The “.MOV” file was converted to a series of “.JPEG” image files
using Free Video to JPEG Converter (DVDVideoSoft Ltd, USA). The starting point of the
second cycle was identified by observing the series of frames at the end of the first cycle in which
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there was no movement between the frames and then every 29th frame was selected for digitizing.
A typical cycle time was approximately 20 seconds; 25 frames were extracted from each cycle to
ensure the capture of all motion. Each of these frames was digitized in X-Y pixel coordinates
using Qdig (Queen’s University, Kingston ON.) These coordinates were imported into Microsoft
Excel® (Microsoft Corporation, USA) and were re-organized such that the individual points were
tracked with time; these points were then imported to MATLAB® (MathWorks, USA.) The
distances between pairs of points were known to be 9.53±0.02mm, which was depicted as 85
pixels in the image; this represented a scaling factor of 8.98 pixels/millimeter.
Coordinate System. Point 1 in Figure 29 was chosen as the origin. Point four was used
to establish an X axis vector. This vector was then scaled to unit length, and a Y axis vector was
calculated by first calculating the cross product of the X axis and Point 2, and then by taking the
cross product of this new vector and the X axis. The Y axis was then scaled to unit length.
The angular offset of the new X axis with the global X axis was found and all points were
adjusted to be in the new coordinate system, termed the base coordinate system. The angle 𝜃 was
defined based on the orientation of the local X axis with respect to the global X axis.
For the moving points, (5,6,7,8) :

𝑃𝑥′ cos(𝜃)
𝑃𝑥
�𝑃 � = � ′ � �
𝑃𝑦 −sin(𝜃)
𝑦

𝑂𝑥
sin(𝜃)
� + �𝑂 �
cos(𝜃)
𝑦

′
is a point before transformation, 𝑂𝑥,𝑦 is the origin, and 𝑃𝑥,𝑦 is the point after
Where 𝑃𝑥,𝑦

translation.
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Instantaneous Centre of Rotation
The Method of Reuleaux. The Method of Reuleaux is a procedure for determining the
instantaneous centre of rotation (ICR) an object undergoes during movement. It states that when
two points on a solid body travel through space, the perpendicular bisectors of their trajectories
intersect at the ICR. In Figure 30, a solid body moves from one position to another over some
time step. If A1 is the original position and A is the current position, the line between the two is
the trajectory. The bisector of A1A2 intersects with the bisector of B1B2 at the ICR. The further
apart the points are, the larger the trajectory line and the more accurate the calculation of the
instantaneous centre of rotation [133].

Figure 30: Method of Reuleaux for determining instantaneous centre of
rotation. When a body moves through space it can be modeled as rotating about
a moving instantaneous centre of rotation (ICR). For a small motion, the
perpendicular bisector of the trajectory of two points on a solid body intersect at
the ICR. In pure rolling, the ICR will be at the point of contact of the moving
body and the reference body, in pure sliding it will be an infinite distance away.
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The method of Reuleaux can be implemented using the two dimensional coordinates of
two points in two time states using the nomenclature in Table 14.

𝑋𝐴2 , 𝑌𝐴2
𝑋𝐵2 , 𝑌𝐵2
𝑋𝐴1 , 𝑌𝐴1
𝑋𝐴2 , 𝑋𝐵2
𝑋 ′ , 𝑌′
𝛼𝐴
𝛼𝐵
𝑋
𝑌

X and Y coordinates of point A after motion
X and Y coordinates of point B after motion
X and Y coordinates of point A before motion
X and Y coordinates of point B before motion
Bisector of point trajectories
Calculation constant for A
Calculation constant for B
X coordinate of ICR
Y coordinate of ICR

Table 14: Nomenclature used to calculate the Instantaneous Centre of Rotation
using the Method of Reuleaux.

The trajectory midpoints for A and B are first calculated:
𝑋𝐴1 +𝑋𝐴2
2
𝑌𝐴1 +𝑌𝐴2
𝑌𝐴′ =
2
𝑋
𝐵1 +𝑋𝐵2
𝑋𝐵′ =
2
𝑌𝐵1 +𝑌𝐵2
𝑌𝐵′ =
2
𝑋𝐴′ =

The centre of rotation (X, Y) is then computed:

𝑋=

𝑌=

𝛼𝐵 𝑋𝐵′ − 𝛼𝐴 𝑋𝐴′ + 𝑌𝐴′ − 𝑌𝐵′
𝛼𝐵 − 𝛼𝐴

𝛼𝐵 𝑌𝐴′ − 𝛼𝐴 𝑌𝐵′ + 𝛼𝐵 𝛼𝐴 (𝑋𝐵′ − 𝑋𝐴′ )
𝛼𝐵 − 𝛼𝐴

Where:
𝛼𝐴 = −

𝑋𝐴2 − 𝑋𝐴1
𝑌𝐴2 − 𝑌𝐴1

𝛼𝐵 = −
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𝑋𝐵2 − 𝑋𝐵1
𝑌𝐵2 − 𝑌𝐵1

Points A and B correspond to points 5 and 6 respectively in Figure 29. These points were used
because they offered the most relevant data. Although there is minimal deformation in the horns,
for such precise measurements it was considered to likely be significant, and so the horns
themselves were used as a reference rather than the longer length between points 5 and 7.
Trajectories were formed from four time points forwards and backwards. Thus for any
given time step, the ICR is calculated based on a trajectory over eight time steps. Furthermore,
the first and last four points do not yield an ICR. There is a compromise between decreasing
spatial uncertainty and increasing the time window. Trajectories over eight time steps were used
as they offered the most accuracy without eliminating points from a complete cycle.
The methodology is subject to errors associated with photogrammetry and data reduction
since a camera model for distortion correction was not used. Point-to-point distance
measurements between frames indicated a precision of 0.1mm and based on the method of Bryant
et al. [133], the ICR could be located within a circle with 10mm diameter with 95% certainty.
Location of ICR. The movement of the instantaneous centre of rotation is shown in
Figure 31. The centre begins posterior to the horns and moves in an anticlockwise path before
returning to its original position. It ends the cycle by moving distally and posteriorly to an area in
space outside of the foot. Phase 1, which begins at 3 seconds, sees the initial loading of the toe—
the radius from the ICR to the point of contact is relatively small, thus indicating that rolling is
likely taking place. Phase 2, beginning at 6 seconds, has a larger radius and so there is likely a
larger sliding component than in Phase 1. The radius shrinks through Phase 3 at 7 seconds and
inverts at peak loading in Phase 4 at 9 seconds. Phase 5, beginning at 14 seconds, is similar to
Phase 1, potentially indicating a similar but reversed motion, and finally a large slide occurs at
Phase 6. The slide at Phase 6, at 17 seconds, supports the theory that there is a sudden release of
energy after force falls below a specific threshold.
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t=17s

t=6s

t=7s
t=9s

t=3s
t=14s

Figure 31: Path of ICR with respect to time. The motion is broken down in
Figure 33. The times associated with each point correspond when that point was
the ICR. Note that the ICR was roughly the same as t=3s and t=14s.

Sliding Speed. The sliding speed was determined by calculating the horizontal velocity
of Point 5 (see Figure 29) with respect to the base coordinate system of the top plate. Because the
X axis of this coordinate system is parallel to the sliding surface, only the X component of Point
5’s position was used. Velocity was calculated using first central difference method:
𝑉=

𝑃(𝑡 + 1) − 𝑃(𝑡 − 1)
2𝑡

Where V is sliding speed, P is position and t is the time. The sliding speed data was synchronized
using frame numbers from the original data.
The sliding speed can be seen with respect to time in Figure 32. The red dots on the time
scale note the beginning of Phases described in Figure 31. The sliding speed is periodic due to
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the nature loading and unloading. Considerable noise was noted in the sliding speed; however
this was expected as part of the process of numerical differentiation. The sliding speed with
respect to time was approximated using a fifth-order polynomial (R2=0.81) to smooth the data.
Based on this, the beginning, reversal and end of toe loading are evident when the speed is zero
(t=4.0, t=13.0s, t=22.8). The time scale of the test was then normalized to a total time of 18.8s.
The maximum velocity was calculated based on the maximum value of the polynomial during the
loading phase: 0.3mm/s at 8.5s (45%). In order to compare the kinematic data of Figure 32,
speeds were scaled to represent normal gait of 1Hz [57]. The horizontal velocity values in Figure
32 were thus multiplied by the test cycle time (18.8s) to give a peak sliding speed of 5.64mm/s.

0.5

y = -4E-06x5 + 0.0003x4 - 0.006x3 + 0.04x2 + 0.025x - 0.4206
R² = 0.8112

0.4

0.1

Phase 6

Phase 5

0.2

0

-0.4

Phase 4

-0.3

Phase 3

-0.2

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

Phase 2

-0.1

Phase 1

Velocity (mm/s)

0.3

Time (s)

Figure 32: Horizontal velocity of Point 5 with respect to time during test.
Phases of the loading cycle corresponding to Figure 31 are indicated. Note that
the time scale used is that of the measurement period; the time scale used to
describe the test begins at four seconds.
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A summary of the motion of the ICR is shown in Figure 33. Each of the six Phases
identified in Figure 31 is isolated, indicating the time (in terms of percentage of the loading
cycle), the radius of contact (from the ICR to the centroid of the contact region), and the sliding
speed at contact from Figure 32. Phases 1, 2 and 3 correspond to the loading of the toe and
Phases 4, 5 and 6 correspond to the unloading. Phase 2 is the closest phase to the peak velocity
(Figure 32) and as such was chosen as the geometric conditions for bearing analysis.
The data of Figure 33 corresponds well to the proposed model of operation suggested
from the pilot study. Peak force is thought to occur just prior to the midpoint, where velocity
drops to zero and then reverses. This corresponds to the time in the loading regimen that the peak
load is reached, as well as the observed point where the toe is at maximum compression.
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Phase 1: 16%
Initial Toe Loading
R=17mm
V=0.17 (3.2) mm/s

30mm

Phase 2: 32%
Loading Slide
R=38mm
V=0.44 (8.3) mm/s
Phase 3: 37%
Loading Roll
R=14mm
V=0.23 (4.4) mm/s
Phase 4: 48%
Peak Force
R=17mm
V=0.09 (1.7) mm/s
Phase 5: 75%
Initial Unloading
R=17mm
V=-0.25 (-4.6) mm/s

Phase 6: Frame 1280, 90%
Final Unloading
R=108mm
V=-0.31 (-5.9) mm/s
Figure 33: Motion of ICR in phases. The radius of each uncertainty region is
approximately 5mm, however it varies by point. In true rolling, the ICR is at the point of
contact—if it is anywhere else, there is sliding and rolling taking place simultaneously.
The radius value given corresponds to the distance from the ICR to the centroid of the
contact region. Also indicated is the contact sliding speed. Note that in Phase 2 the
scaled sliding speed has a value of 8.3mm/s before smoothing—the maximum value is
5.64mm/s after smoothing.

109

5.3

Estimating Contact Force at Peak Load

A static analysis was performed on a simplified model of the foot, based on the free body diagram
shown in Figure 34. . An ISO 10328 loading condition was used as a worst-case static loading
situation. The standard stipulates a load of 1230N applied at a 20 degree angle to the pylon in the
posterior direction. However, the analysis considered only the vertical forces for toe loading
since the horizontal component would only serve to lessen the moment applied at the connector.
Thus, 𝐹𝑦𝑡 = 𝐹𝑡 ∗ cos(𝜃) = 1156N.

Considering the foot as a rigid, single body, the vertical reaction force can be determined:
� 𝐹𝑦 = 0 = 𝐹𝑦𝑡 − 𝐹𝑅𝑦
∴ 𝐹𝑅𝑦 = 𝐹𝑦𝑡 = 1156𝑁

The moment at the connector is determined by summing external moments about the bolt
for the whole foot.
𝑀𝑅 = 𝐹𝑦𝑡 ∗ (𝑐 − 𝑏)
∴ 𝑀𝑅 = 86.7𝑁𝑚

The foot is sectioned at A-A (see Figure 34) and it is assumed that the C spring has a zero
moment due to its deformation. The vertical forces in the horns and C can be solved using the
vertical reaction force and the reaction moment.
� 𝑀𝑐 = 0 = 𝑏 ∗ 𝐹𝑅𝑦 − 𝑎 ∗ 𝐹ℎ𝑦

∴ 𝐹ℎ𝑦 =

𝑏
∗ 𝐹 = 3005𝑁 [𝑈𝑝𝑤𝑎𝑟𝑑𝑠]
𝑎 𝑅𝑦

The vertical force transmitted through the C can then be found from the sum of the
vertical forces above section A-A:
� 𝐹𝑦 = 0 = 𝐹𝑐𝑦 + 𝐹ℎ𝑦 − 𝐹𝑅𝑦
∴ 𝐹𝑐𝑦 = −1849𝑁
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Variable
a
b
c
𝐹𝑡𝑦
𝐹𝑅
𝐹ℎ
𝐹𝐶
𝑀𝑅
𝜃

Description
Distance between neutral axis of C and horns
Distance between neutral axis of C and bolt hole
Distance between nominal force application and bolt hole
Force applied at toe
Reaction force at connector
Reaction force in horn contact
Normal force in C
Reaction moment
Pylon angle from vertical

Value
50mm
55mm
130mm
1156N

Figure 34: Free body diagram of Niagara Foot in toe loading. The dimension “a”
signifies the distance from the neutral axis of the C-Spring to the centroid of horn contact
on the top plate, while “b” signifies the distance from the neutral axis of the C-Spring to
the bolt hole.
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5.4

Bearing Design

A bearing system has an inherent pressure-velocity, or PV, value. Each material in a bearing has
a PV limit. If a bearing system’s PV value is larger than the PV limit of one of the materials, that
material will experience excessive and unpredictable wear. This could be consistent with the
wear particles visible during cyclic testing, as well as the heat generated at the bearing interface
(Appendix A).
In order to calculate PV, pressure must first be calculated as the force divided by the
contact area. It is important to note that this force is only valid at the peak of toe loading, which
takes place after peak velocity; however it was used as a worst-case value for the sliding phase.

𝑃=

3005𝑁
𝐹𝑁
=
= 15 𝑀𝑃𝑎
200𝑚𝑚2
𝐴

The pressure value was then multiplied by the velocity of 5.64 mm/s measured Section
5.2 to give the PV value: 2420 [psi*ft/min] 10. This falls below the 3000 [psi*ft/min] limit of
Nylon 6,6, however it is higher than the 1800 [psi*ft/min] recommended for Hytrel® 8238 [134].
Reducing the PV value of the bearing system can be accomplished by changing any of
three different variables: the vertical force, the area over which it is transmitted, and the relative
velocity of the horn with respect to the static bearing disc. Ideally modifications could be
implemented in the current molding tool, however modifications for future molds will also be
considered.
Velocity is subject to change based on the geometry of the horns and their position
relative to the top plate. Certain geometries, for example, could undergo pure rolling motion,
which would have no relative velocity to the surface against which it was rolling. Patient

10

These are the industry standard units for PV. There is a metric equivalent, but it is seldom used.
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feedback of the rollover action of the Niagara Foot has been positive, and so properties related to
the kinematics of the foot will be attempted to be maintained. An additional consideration is that
although there are two distinct phases of operation, the transition between the two should not be
obvious to the patient; a bump or click feeling in the middle of gait would be considered
annoying.
The main focus of the modification to the horns is the sliding phase for which PV value
should be lowered, since this value is close to the design value for Hytrel®. A design target of
900 [psi*ft/min] for PV was established which is one half of the PV limit 11 recommended for
Hytrel®. This is most effectively done by increasing the contact area between the horns and the
top plate. With a known and relatively constant width, only the sagittal “length” of the contact
can be modified, shown as L and L’ in Figure 35. The contact width—the combined width of
both horns—was measured to be 36mm.
The current contact area (A’) can be divided by this to give an equivalent length (L’) over
which there is contact.
𝐿′ =

𝐴′ 200𝑚𝑚2
=
= 5.6𝑚𝑚
𝑤
36𝑚𝑚

This is shown schematically in Figure 35.
An interference model was established by modeling the geometry of the horns as a spline
and permitting a line to intersect it. This line represents the plane of contact with the bearing.
The two intersection points of the line and horn geometry determine the angle of deflection of the

11

Although this is not a structural component, a safety factor of 2 is implemented to resist the
potential change in bearing properties over time due to unavoidable wear, inclusion of media such
as water or dirt, and manufacturing tolerances.
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horns. The length of the intersection is the length, L, as shown in Figure 35. By increasing L,
this also increases the contact area and reduces PV.
A complication exists when estimating the deflection angle. It is necessary to identify a
centre of rotation that represents the kinematics of the system during the loading phase. As
demonstrated in Section 5.2, this centre varies depending on the phase of loading. The geometry
of the horns was modeled in SolidWorks (Dassault Systèmes SolidWorks Corp, USA) and was
rigidly constrained. Lines similar to those shown in Figure 35 were then constructed and
constrained such that they always pivot about the ICR. SolidWorks was then commanded to
force the distance between intersections to be a known value, L’, by changing the only free
dimension: angular deflection from the resting position 12. This test was performed with the ICR
results from Phase 2 (Figure 33); this represents the peak velocity during the loading phase.

Figure 35: Geometric model of CPEM. The green dotted lines represent the relaxed position
of the model. Note that the origin point, kinematically the instantaneous centre of rotation (ICR)
is at an arbitrary point in the general model.

12

The command used in SolidWorks was “Smart Dimension”, which sets a user-selected value for a
specific dimension, subject to user defined constraints.
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The resultant contact regions are shown in Figure 36. The current unmodified contact is 5.6mm
long, corresponding to a PV value of 2420 [psi*ft/min] and the modified contact is 15mm,
corresponding to a PV value of 896 [psi*ft/min]. These result in predicted deflection angles of
3.2 degrees and 7.3 degrees for the unmodified and modified cases respectively. This implies that
the C-Spring will rotate an additional 4.1 degrees until contact. In addition, the midpoint of the
contact region is expected to move 1.6mm anteriorly. The additional motion of the C-Spring
predicts more energy storage in this element and the anterior position of the contact point implies
a lower bending moment in the top plate. It is difficult to predict the impact on toe motion
because the system interacts with deflection of the forefoot during toe loading. In addition, the
gap size influences how much toe deflection takes place before the horns contact.

5.6mm
Unmodified
15mm

Modified

ICR Phase 2

Figure 36: Contact regions determined by geometric modelling. The ICR for Phase
2 is used to predict the contact regions. The unmodified region (blue) is 5.5mm long and
the modified region is 15mm long, corresponding to PV values of 2420[psi*ft/min] and
896[psi*ft/min] respectively.
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Although the PV value of the bearing system can potentially be reduced, thus addressing
the concerns highlighted by the QFD results, the FMEA indicated that the top plate should be
addressed to lower the risk of failure. The static model developed in Section 5.3 was used to
estimate the effect of varying horn placement. The distance between the neutral axis of the CSpring and the point at which the horn contacts (shown as “a” in Figure 34) was varied. This
resulted in a change in moment at the top plate, as shown in Figure 37.
Condition A in Figure 37 represents the current configuration (a=50mm). A peak
moment of 92Nm is observed. For the modified configuration, (Condition B, a=51.6mm), the
peak moment is 91Nm. Since the contact point change does not drastically increase the moment
in the top plate (in fact it is lowered slightly), it is not expected that the risk to top plate failure
will increase.

A

B

Figure 37: Moment diagrams generated from static model using the
unmodified CPEM System (A) and modified CPEM System (B)
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5.5

Design Transfer

A convenient feature of the post processing operation is that it involves cutting the distal surface
of the top plate. This is currently accomplished with a slitting saw shown in Figure 38.

Foot

Blade

Cast Urethane

Feed

Clamp

Figure 38: Current Post-processing device. The foot is fixed in a cast
urethane negative that is mounted on linear rails and is held in place with a
clamp. The foot is then fed into a stationary blade until the anterior face of the
top plate makes contact with a collar on the shaft (not shown).

A customized saw or an addition to the current saw could simultaneously cut the bearing surface
on the horns without adding post processing time. One possibility is shown in Figure 39, where a
custom cutter could be added to the existing slitting saw. Achieving the required surface area
requires a cut to be made at 7.3 degrees from the bearing surface such that a length of 15mm is
exposed in the sagittal plane. This could be achieved using a custom high speed steel cutter or an
indexable single edge cutter.
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Figure 39: Proposed method of manufacturing new horn bearing surface.

The angle is not the only critical dimension. An angled cutter would have to be plunged
to a specific depth of cut to ensure the proper surface area was exposed. This depth cannot be
determined until the dimensions of the cutter are known; however removing an incorrect amount
of material would cause the bearing surface and horns to meet at the incorrect angle, which would
increase the PV value. The surface finish must also be considered; a rough surface will make
contact on high points rather than the entire surface, and although these peaks will soon wear
down, they may do so at the expense of the mating bearing surface. Although the 2D model was
not able to calculate any oblique cuts that could be made, a more advanced model or
experimentation could be used to design a foot for left or right side use.
Once a sample has been prepared, it should be cyclic tested according to ISO 22675
protocol. The foot should be tested simultaneously with a control for later comparison, and
careful note will be taken of the contact area on the horns. A successful test will show fewer
wear particles in and around the CPEM System, as well as quiet operation and a lower peak
temperature. A test using Fuji Prescale® Medium Film (Sensor Products Inc. USA) should also
be undertaken to determine if the new surface is being contacted completely.
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The proposed modifications will result in a greater rotation in the C-Spring. In order to
determine whether this leads to changes in mechanical properties of the foot, a number of studies
should be undertaken. Mechanical characterization using the method of Haberman [14] would
allow comparison to the performance of the existing device. The photogrammetric kinematic
analysis should also be conducted to determine the path of the ICR and the sliding velocity in
unmodified and modified feet. Finally, testing should be undertaken on patients to compare
unmodified and modified feet.

5.6

Summary

The QFD (Chapter 4. Design Analysis of Niagara Foot Model 2) showed that the CPEM System
was a critical component that presented an opportunity for improvement in the design. Although
the mechanism of operation was characterized in video examination and pilot studies, a formal
kinematic analysis was undertaken to determine the motion of the horns with respect to the top
plate. The contact area was determined using pressure-sensitive film, and a static analysis was
used to deduce the maximum horn normal force during toe loading. The results of these
produced a PV value acceptable for Nylon® 6,6 (bearing plate material) but was too high for
Hytrel® 8238.
Assuming the same form factor, it was reasoned that the best way to drop the PV value
was to increase the bearing area on the Hytrel®. Based on the results of the ICR determination, a
region was identified using a geometric analysis in computer aided design that could be removed,
leaving the appropriate sliding area.
The FMEA revealed a high risk associated with the top plate due largely to the current
position of the horns. A simplified static model of the loading conditions indicated that the
modification to the CPEM System would not increase this risk.
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Chapter 6.
Discussion and Conclusions
The overall goal of this thesis is to lay a framework for the design and analysis of future
generations of affordable high performance prosthetic devices intended for the large number of
persons needing prosthetic devices worldwide. The Niagara Foot M2 was used as particular
example. Formal design analysis tools were implemented to assess the device and a process
identified for future designs based on recommended practices for medical devices.
An important focus of this study was to relate a lower limb prosthesis, a Class I device, to
a Class II device regulatory format. Several important tools exist that are mandated for Class II
devices that are helpful, and were recommended for implementation on the Niagara Foot. This
included a design history file, which can be assembled from this document and its appendices.
Although compliance to ISO 13485 is not required of a prosthetic foot, the value of compliance
outweighs the effort of maintaining it as a live document. Not only is it a convenient repository
of information on the Niagara Foot, the tools that are recommended, such as the FMEA and QFD,
can be used to inform future decisions.
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6.1 Design Analysis of the Niagara Foot Model 2
Quality Function Deployment (QFD)
Kano and Quality Function Deployment (QFD) methods were used to assess the relationship
between engineering variables and the expectations and preferences of the user groups. A
systematic literature review was conducted to determine factors affecting the satisfaction of
patients and prosthetists with prosthetic feet in general. These were grouped into two categories
for each user group: expected features and quality features, as specified by the Kano Model of
Customer Satisfaction. Following the recommendation of Haik [90], these categorized
requirements were used as User-centred Functional Requirements in a QFD. A total of 29
requirements were determined: 6 patient expected features, 11 patient quality features, 6
prosthetist expected features and 6 prosthetists quality features.
A list of engineering variables pertaining to the Niagara Foot was assembled from prior
work (Appendix A), and was also implemented in the QFD. The engineering variables were
scored based on the severity of the effect they had on User-centred Functional Requirements.
The scores were determined based on testing, past experience, logical inference and design
records and a ranking system based on relative impact. The highest scoring and ranking features
were analyzed and eliminated as is typical in QFD [89].
It was found that energy features ranked the highest overall based on relative impact;
however the sagittal geometry of the CPEM System was found to be critically important to many
of the User-centred Functional Requirements. Other variables, such as the bulk material
properties of the toe and the sagittal geometry of the heel scored highly, which verified the
general design goals of the device.
One technique that could have been included in this study is the section of the QFD that
relates engineering variables amongst themselves to determine how they affect one another [89].
This would have been especially relevant for the Niagara Foot as it has many features and
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functions in few components. Thus, changing one engineering variable has a high probability of
changing another. It is unlikely to alter the conclusions of the current analysis, but it is
recommended that this feature be included in future design iterations as the device becomes more
refined.
Conducting a formal survey of a larger number of prosthetists may have yielded insights
as well as new functional requirements that were not deduced from the literature. This survey
group could have also weighted the User-centred Functional Requirements. The same survey
study could also target patients, who have unrivaled insight into the functional requirements of a
prosthesis. An unweighted approach is considered relevant as a first iteration; weighted
approaches are recommended for a more refined design analysis [89].
To date there have been no reports of a formal design analysis of a prosthetic foot in
open literature. Strike et al. [67] designed a composite lower limb prosthesis, however the design
focused heavily on the biomechanics of the prosthesis and the engineering required to achieve
this. The stated goal was technical: reducing gait asymmetry in a single patient, but user
requirements and regulatory compliance were not provided, and no design tools appear to have
been used. This may have been considered outside of the scope of that document, however it is
valuable to consider all user groups when undertaking a design, and this must be addressed before
a design is honed into a commercial product.
In contrast to external prostheses, a number of Class II medical devices and their design
and implementation processes have been formally analyzed [135] [135] [136]. For example,
Sathe [137] documented the design of a prosthetic vein valve using a QFD, but did not use the
Kano Model for Customer Satisfaction to populate it. Rather, the study contained functional
requirements organized by lifecycle of the device.

Interestingly, the study also considered

engineering variables as “Design Parameters”, “Operational Parameters” and “Material
Parameters”, then indicated what tests can be used to quantify operational parameters. This could
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be implemented to the current QFD for the Niagara Foot, since operational parameters such as
energy storage and stiffness exist for the Niagara foot, and there may be value in relating them to
User-centred Functional Requirements.

Failure Mode and Effects Analysis (FMEA)
A formal design review was undertaken (Appendix A) to develop a Failure Mode and Effects
Analysis for the device. Known failure modes were entered first with their relevant data, such as
severity, probability and likelihood of detection. From these known failure modes, related,
hypothetical failure modes were generated based on reasonable plausibility. The scope was
limited to failure modes that could happen in the regions in which the Niagara Foot is currently
distributed, and to actions that a patient would perform in their activities of daily living. For
example, brittle failure due to extreme cold was not included, as the foot is currently not
distributed anywhere that could reach low enough temperatures. The FMEA found that the
highest risk was top plate fracture. This has occurred before, and the high severity and lack of
detection made it a high risk failure. Toe, C-Spring and heel fracture risks were all considered
moderate.
It is strongly recommended that a Finite Element Analysis (FEA) be undertaken to
determine an accurate safety factor and to establish statistically-sound failure predictions based
on manufacturing tolerances and varied loading conditions. The FMEA assumes that the foot
will be used only for those activities encompassed by ISO testing, however this is unlikely to be
the case, and a FEA may reveal certain loading conditions that increase the risk.
The analysis relied on examining archival information and it is uncertain that these
sources capture the opinion of all design team members. In addition, the archival information
relies on feedback from users in the field and this has not been formalized for this device. The
latter is a particular challenge in this study because Class I medical devices require limited market
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surveillance comparted to higher Class devices. In addition, there is limited incentive for
clinicians to participate, since the healthcare delivery systems in low-income regions generally do
not remunerate these activities.
Well-resourced enterprises have formal structures for market feedback and product
performance [89].

In the design of devices for developing and post-conflict regions, economic

drivers for this activity are limited. It is necessary to create a formal structure that permits the
interaction of clinicians in design analysis process without unduly affecting their clinical
commitments. This may become possible in the future with the rapid expansion of electronic
communication systems to all regions of the world.

Recommended Design Process
The review of regulatory standards indicated that, although a lower limb prosthetic system is a
high-reliability system that drastically influences a patient’s quality of life, there are relatively
few regulation surrounding its registration and sale [23]. Although recognized as a Class I
device, implementing some of the tools required of Class II devices positions a lower limb
prosthetic system in a highly advantageous position for performance, marketability and
management.
The FDA-recommended design approach is summarized in Figure 40. As described in
Chapter 3. Design and Regulation of Medical Devices, the design process is sequential and the
design controls include verification, validation and review stages. The complexity of the process
leads to a challenge in documentation and reporting and as such is resource-intensive. In
contrast, the appropriate use of QFD and FMEA meets a majority of the design control and
process objectives in a compressed framework.
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Review
User Needs

Design Input
Design
Process
Design
Output

Verification

Medical
Device
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Waterfall
Design
Process

Design
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Figure 40: FDA Recommended Application of Design Controls to Waterfall
Design Process [84]. The design process is shown in white rectangles that
describe the sequence from the user needs to realization. The design controls are
shown in shaded rectangles, indicating the multiple interactions with the design
process.

In the current study, the use of conventional design tools (QFD and FMEA) was not only
able to capture biomechanical characteristics of the device; but also address regulatory
requirements and customer preferences. As such, the approach has proven useful in meeting a
majority of the Class II regulatory requirements. In particular, the information provided through
the analysis forms the basis of a design history file for the Niagara Foot Model 2.
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The success of the approach is likely due to the simplicity of the device; it is essentially a
single-component design with a number of connections and interactions. The extension of the
method to more complex devices would require extensive infrastructure for data and
communication management [92]. As such, the approach is well suited to prosthetic
componentry when the expected complexity is on the order of that encountered in the current
study.
The approach has the advantage of generating organized records of the design process.
Eggert states that “the real value [of QFD] lies in group decision making, which requires that the
[design] team discuss and ultimately attain a common understanding of the design problem” [92
p.58]. As such, these records and the discussion around them provide a valuable tool to integrate
the viewpoints of biomechanists, prosthetists, materials scientists, manufacturing engineers, and
patients in the design process.
Kano, QFD, and FMEA methodologies can also be used to guide modifications to an
existing design. For example, if a design team were to consider making the bolt access hole in
the body of the keel larger (to make it easier to assemble,) the QFD and FMEA matrices would be
examined. This would reveal the interactions between bolt hole diameter and user groups, Usercentred Functional Requirements, as well as associated risks. This could also be simplified in a
first approach by examining five key questions: (1) Who is being affected? (Kano), (2) How they
are being affected? (QFD), (3) How much they are being affected? (QFD), (4) What known risks
might be affected? (FMEA) and (5) What known risks require consideration? (FMEA).
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6.2

Analysis and Design of Controlled Passive Energy Management

(CPEM) System
The CPEM interface was analyzed as a plastic bearing system in which the contact mechanics
were determined. First, contact area was determined using Fuji Prescale® Medium Film (Sensor
Products Inc. USA) inserted into the bearing system and loaded in a proprietary cyclic testing
machine. Results confirmed the qualitative motion analysis, and indicated a contact area of
200mm2 existed at peak toe loading. However, the method used was a quasi-static technique and
resulted in error estimates of up to 20%. It is recommended that if more refinement is needed in
such measurements, a dynamic system such as those produced by Tekscan Inc. (Tekscan Inc,
South Boston, USA) [138] should be considered, as they have shown comparable results to
pressure film testing [139].
A kinematic analysis was undertaken in which markers on critical points in the CPEM
System were tracked and digitized using a video camera. The method of Reuleaux [133] was
used to estimate centres of rotation of the horn with respect to the top plate in toe loading.
Increments of 4% of the total motion were used with an error of ±5mm. Results confirmed the
basic motion of the horns and provided estimates for the centre of rotation, radius of rotation and
the speed of sliding during contact. The data indicated that the contact region had a sliding speed
of 5.64mm/s and a radius of rotation of 17mm.
The kinematic analysis method used is prone to error in several ways. First, the
resolution of the digitization system is limited by the photogrammetric quality and resulted in
errors of approximately 0.1mm. This could be improved by an order of magnitude by using
computer vision systems and marker redundancy [140]. The determination of the instantaneous
centre of rotation and sliding speed involves numerical differentiation , which is known to be
sensitive to measurement uncertainty [31]. Improving the resolution of the measurement system
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would improve this. In addition, increasing the sampling rate would also improve the resolution
of both measurements by permitting temporal smoothing.
One issue with the methodology used for kinematic analysis in this study is the
assumption that testing toe loading corresponds to gait. While this loading scheme is used as a
method of determining energy storage and release, it is only a rudimentary simulation of the gait
cycle. Of particular importance to this project is the kinematics of the CPEM System, and
without heel loading any path dependence could cause error in the results. The MTS Bionix®
Servohydraulic Test Machine (MTS Systems, USA) is unable to apply forces in two directions,
however it can apply force precisely and is capable of holding the sample rigidly, both of which
decrease uncertainty in photogrammetric data capture. For more clinically accurate results, a
patient could step in front of a stationary camera, or a camera could be fixed to the prosthetic
system, however these would likely increase positional uncertainty.
A simplified static analysis of the foot in peak toe-loading conditions estimated the peak
force of 3005N that is transmitted through the CPEM. The analysis was based on a simple free
body diagram of the foot and sectioned top plate. The analysis provides a conservative estimate
of the loading in the top plate, but does not address the issues of stress distribution near the bolt
hole. This is a critical requirement for further study of the system that can be best addressed
using finite element analysis. Such an activity is likely to be considerably complex.
First, material properties of Hytrel® are well documented for thin sections (<3mm) but
not for large molded sections. Second, the action of a compression-limited bolted assembly
involves three elements (the compression limiter, bolted materials and bolt) that have not been
reported in the FEA literature to date. Third, the loads transmitted through the system are
complex based on normal gait patterns that can vary by patient and activity. Fourth, the loading
state includes self-contact at the horns, with an unknown coefficient of friction that changes with
heat generation during use. Finally, there needs to be consideration of time dependent changes in
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geometry due to wear over time and long term creep in the polymer. As such, a static analysis
provides a reasonable estimate of loads in the system that can be used to guide design and provide
reference for future stress analysis studies.

Bearing Design. An analysis of the PV value of the CPEM System was undertaken to determine
if it was operating within recommended specifications. It was found that the PV value of the
current bearing system is below the limit of the Nylon® 6,6, but 25% above that of Hytrel®
8238. This implies a need to redesign the bearing; however the limitations of PV analysis are
recognized.
A major assumption was that the pressure in the CPEM System acts uniformly on the
contact area. Testing has shown that in actual gait the medial side of the CPEM takes more load
than the lateral side [Appendix A, A07]. Furthermore, because the top of the horns is not
completely flat, a stress distribution based on the geometry may occur, with local PV levels being
higher than the average value. In addition, limiting PV values and maximum PV values are
usually obtained for a particular set of sliding conditions. Extrapolation to other conditions is
difficult due to the effects of contact surface geometry, temperature changes in the material,
direction of motion and the generation of wear particles [141]. The current system shows
evidence of both wear and heat generation (Appendix A) and as such lowering the PV value is
prudent.
The bearing redesign was accomplished by changing the contact area to yield a PV value
that was below that of Hytrel®. A geometric model of the foot was created in SolidWorks
(Dassault Systèmes SolidWorks Corp, USA) that permitted a computational “deflection” of the
top plate about the ICR during peak loading to determine what level of intersection with the horns
would yield an appropriate area to lower the PV value sufficiently. It was found that if material is
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removed from a specific location on the current horn geometry, this area would result and a safety
factor of 2 on the PV value could be achieved.
The 2D sagittal model was created by importing a sagittal image of the foot as a background in
SolidWorks, and then tracing this image with splines. Although care was taken to follow the
shape of the keel, parallax error in the photo may have been represented in the model. In the
future, this model could be based on a three dimensional solid model and an oblique cut could be
used to eliminate parallax error. A 3D model could also be further refined to compensate for gait
asymmetry.

6.3

Recommendations for Model 3

The primary recommendation for the development of Model 3 is to establish a design framework
based on the methods used in the current study. It is anticipated that this will ensure the
integration of biomechanical, regulatory and user-centred requirements. Once established, a
number of features could be improved based on the design of the CPEM System.
The concept of Controlled Passive Energy Management was first coined after the production
of the Niagara Foot Model 2, and so it did not play a large part in its initial design. The Niagara
Foot Model 3 has the potential to improve its implementation. Loading in the CPEM System will
likely remain similar if the same form factor is maintained, however a full redesign opens the
possibility of reducing the relative velocity between the horns and top plate. The concavity of the
horns could be changed in such a way that the horns deform slightly under load, and create a
rolling motion against the top plate. This may result in changes in the contact stress; however the
PV is likely to be lower, which may eliminate the need for a bearing disc.
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6.4

Main Contributions

Three main contributions of this work are:

1) The development of a practical framework for prosthetic foot design in a
multidisciplinary environment. The framework is based on the integration of
biomechanical, user-centred and regulatory requirements. The approach can be modified
for the design of other external prosthetic devices.
2) The application of this framework to the design history of the Niagara Foot Model 2. A
combination of Kano, QFD, and FMEA analysis tools were used to provide design input,
output, verification and validation for the device. The analysis revealed opportunities for
improvement as well as critical risk factors in the design.
3) The identification of the basic mechanics of the Controlled Passive Energy Management
(CPEM) System in the Niagara Foot Model 2. Studies were undertaken to determine the
contact conditions of the bearing system, including its kinematics and loading. This lead
to simple modifications for Model 2 and recommendations for future designs.
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6.5

Future Work

Three recommendations for future work are:

1) To investigate specific design aspects of the Niagara Foot Model 2.
a. Modify and test the current design according to the findings of this study. This
would require the development and fabrication of the tooling required to make
the recommended modification. Testing should include ISO 10328 cycle testing
and static testing, and also a repetition of the kinematic testing in this study.
b. Undertake a Finite Element Analysis to determine the stress state in the top plate
under a variety of loading conditions.
2) To survey prosthetists and patients formally to further refine the User-centred Functional
Requirements for prosthetic feet. The study will have to consider cultural and
socioeconomic variables as well. This has not been undertaken in the literature before
and is essential for the advancement of future designs for developing and post-conflict
regions.
3)

To establish the framework for the design of the Niagara Foot Model 3. This will involve
the application of the principles identified in the current study and formalizing the
integration of biomechanical, user-centred, and regulatory requirements. Of particular
note is to further establish design guidelines for the use of the CPEM System.
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Appendix A.
Design Verification and Validation
To facilitate the process of generating a Failure Mode and Effects Analysis, a full design
verification of the Niagara Foot Model 2 was undertaken. This is recommended in ISO 13485,
and should be continually updated in new versions. Detailed documentation that provides
background evidence for this analysis of each feature is found in a series of 27 Archives. These
are cited using square brackets: [AXX], where [XX] is the archive number.

The objective of this design verification and validation was to assess whether the design features
of the device met the design input, as shown in Table 15. The design and manufacturing
variables are also shown. Design verification was undertaken for each feature of the design by
examining the history of design changes based on studies undertaken during the period of April,
2012 to July, 2014.
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Table 15: Engineering and manufacturing variables for Niagara Foot M2
Terminology
1.1 Adaptor
Interface
1. Pylon
Connection
1.2 Adaptor
2.1 Top Plate

2. Bolted
Connection

2.2
Compression
Limiter
2.3 Bolt
2.4
Compression
Limiter
washer
2.5 Belleville
washer
3.1 C-Spring

3. Energy
Features

3.2 Heel

Location

Description

Design
Variables

The superior
surface of the
foot that
provides a
smooth surface
for the pylon
connector to
settle on

•
•

Material
Geometry

•
•
•
•

Blade width
Blade length
Blades
Unit cost

The material
through which
the adapter is
bolted. There is
a 14.5mm
through hole
with a
compression
limiter pressed
into it.
The metallic tube
located inside the
top plate to resist
the compressive
stress required
to load the bolt
M10 bolt
3/8 x 7/8 x 3/32
Washer (inches)
10.2 x 23 x 1
Belleville washer
(mm)
The “C” shaped
feature posterior
to the body and
below the
platform.

The section of
the foot intended
to act as the
wearer’s heel.
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•
•
•
•

Bulk
material
properties
Thickness
Hole
diameter
Hole
position

•
•
•
•

Length
Type of fit
Material
Unit cost

•
•
•
•
•
•
•
•
•

Diameter
Pitch
Material
Length
Unit cost
Thickness
Diameter
Material
Unit cost

•
•
•
•
•
•
•
•
•
•
•

Compressed
force
Deflection
Diameter
Sagittal
geometry
Cross
section
geometry
Material
quality
Cross
section
geometry
Sagittal
geometry
Length
Layers
Properties

Manufacturing
variables
•
Surface
finish
•
Angle to
hole
•
Angle to
bearing
surface

•

Voids

•

Assembly
torque

•

Assembly
method

•

Assembly
method

•

•
•
•

Voids

Post
cooling
geometry
Fronts
Field
modificatio
ns

3.3 Toe

3.4 CPEM
System

4.
Structural
Features

1.

4.1 Body

The section of
the foot intended
to act as the
wearer’s forefoot

•

The protrusions
that contact the
bearing surface
and determine
when the
transition to Cspring to toe
compression
occurs

•

The mass of
Hytrel® that
connects the
features
together. This is
where material is
injected into the
mold

•
•
•
•

•

•
•

Cross
section
geometry
Sagittal
geometry
Length
Layers
Material

•
•

Horn
material
quality
Bearing
material
Bearing
geometry
Sagittal
geometry
Frontal
geometry

•

•
•

•

Voids
Post
cooling
geometry
Fronts
Field
modificatio
ns
Bearing
surface
machining

Voids

Pylon Connection

A fundamental complication of lower limb prostheses is the method by which they are attached to
the pylon. The inherent problem concerns the issue of using conventional metallic hardware in
conjunction with unconventional materials like the plastics, composites and rubbers used in
prosthetic feet.
The Niagara Foot is connected to the pylon using a standard A609M, which it is bolted to using
an M10 bolt via the top plate. The top plate is a 22.4mm thick section of Hytrel® 8238. The
bolt, a 12.9 grade oxide coated socket head cap screw, is given a preload torque of 30Nm[142].
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1.1

Adaptor Interface

The adaptor interface on the NFM2V21 is the main horizontal reference on the foot. The
manufacturing variables are the surface finish, the angle relative to the hole, and the angle relative
to the bearing surface.

Design Input
1)

The adaptor interface must provide a geometrically consistent surface for the
adaptor to mate with while the foot is in use.

2) It must be sufficiently deformable to be able to yield to anti-rotation devices such
as the blades on the A609M connector.
3) When connected, it must also have enough strength to resist cam-out 13.

Design Validation
1)

No specific instances of geometric incompatibility have been recorded.
Provided the hole is normal to the top surface, contact with the connector is
typically uniform (Section 2.2).

2) Internally conducted studies have shown that 15Nm (Section 2.2) of force is all
that is required to sink the blades in the A609 and A609M. The A609G was later
tested and it was found that 20Nm was required; which is likely due to the wider
blade geometry (Section 2.2).
3) One incident of cam-out in Germany where it was clear from the markings on the
adaptor interface that the A609M connector rotated, ripping the material out of
the way as it went. An experiment was performed to test by assembling feet and
torqueing the connector in both the clockwise and anticlockwise direction. It was

13

Cam out is the simultaneous lifting and turning of one mated object relative to another about a shared
axis.
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found that the adaptor interface can resist the following loads based on what
connector is used:

2 Blade (A609)

4 Blade (A609M)

CW

CCW

150Nm

150Nm

80Nm

65Nm

Table 16: Torque resistance of adaptor interface at 15Nm bolt torque

These values were attained at an assembly torque of 15Nm; half of the recommended
tightening torque for the connector system. This test confirmed that the adaptor interface
is strong enough to resist the 50Nm ISO standard [A09, A10]

2.

Bolted Connection

The bolt is located upon the longitudinal axis of the leg, and as such undergoes bending about the
transverse axis during gait. If the bolt is not preloaded, it undergoes reversible bending about the
transverse axis—the anterior and posterior sides of the cross section of the bolt cycle between
tension and compression. When a bolt is fully preloaded, the anterior and posterior sides of the
cross section still have varying amplitude, however they will always be in tension. The former
situation drastically accelerates the effects of fatigue and must be avoided [142].

Yielding is prevented by using a compression limiter. The compression limiter is a metallic tube,
and as suggested by its name, it limits the compression of the material around it. The
compression limiter is inserted into an enlarged bolt hole such that it is a snug clearance fit. The
149

compression limiter is sized to be slightly shorter than the thickness of the top plate; this allows
the washer to compress the material slightly, ensuring that the plastic is engaged and the antirotation blades on the connectors are sunk. Then the bolt is fully tightened to attain the required
preload and to ensure that bolt bending does not occur.

Adaptor

Top plate

Top plate

Compression Limiter
M10 Bolt

Washer

Figure 41: Frontal plane section view bisecting bolt hole. The five
components of the bolted connection are the top plate, compression limiter,
bolt, compression limiter washer and Belleville washer.

2.1

Top Plate

The top plate is the bulk of material through which the bolt connects the foot to the adaptor. The
top plate deforms while in use, however this effect is considered part of the C-spring. The
manufacturing variable is the possible presence of voids.
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Design Input
1) The top plate must be strong enough to transmit the bending moment and force
expected during normal activities of daily living found in the static analysis of
A14.
2) It must have consistent material properties to minimize structural variations
between feet and to guarantee other mechanical properties.
3) It must not fail catastrophically.

Design Verification
1) A number of top plate failures have been observed in the field and in mechanical
testing. This region undergoes large stresses during the gait cycle, as it is directly
effected in four ways:
i. Shear against the horns
ii. Bending about the horns
iii. Hoop stress due to the oversized compression limiter
iv. Compressive stress from the hardware
This concentration of stresses is considered problematic. These stresses combine
to an unknown degree and in an unknown direction to form a maximum shear
which can cause material to fail. A number of studies have addressed these
issues and have developed the current design [A01.1, A11, A13, A23] .
2) A survey of 19 feet from the Queen’s University inventory showed that 33% of
all feet have small voids (<5mm) and 17% had large voids (>5mm) 14. This was
addressed in a molding study and a new procedure has been recommended
[A01.1, A11, A13, A23].

14

Complete survey in Appendix 16
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Experimentation on molding conditions lead to the discovery that voids can be
effectively mitigated with different molding conditions. The molding condition
was then improved based on this experimentation, which lead to compelling
evidence voids can be mitigated.
3) There have been instances where the Niagara Foot keel fractures in the coronal
plane across the hole. These fractures begin as a crack, which propagates until a
sudden failure occurs, causing the pylon to separate from the keel. Patient
detection of a crack could prevent fracture if they are able to replace the foot
before the actual fracture occurs. One cracked foot (Figure 42) survived an
additional million cycles without failing, however catastrophic failure remains a
possibility [A11, A12, A15].

Figure 42: CT scan performed on a foot that failed in Spain. Note the crack
and void in the top plate.
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2.2

Compression Limiter

The compression limiter is a metallic cylindrical tube that is inserted into the hole in the top plate.
It is intended to shield the plastic from the amount of stress required to prevent the bolt from
failing due to cyclic loading and unloading. It is currently made of zinc plated 4130 alloy steel
with an outer diameter of 14.3mm and an inner diameter of 10.1mm.
To determine compression limiter length, maximum compressive strains in the plastic are
constrained to be within the linear range of the material (0.3% to 3%) .
Based on a statistical analysis of post-production keel heights and manufacturing
tolerances of compression limiters, the following dimensions were chosen to maintain strain
within an acceptable range.

Maximum [mm]

Minimum [mm]

Top plate thickness

22.50

22.20

Compression limiter length

22.00

21.90

Table 17: Upper and lower dimensional bounds of top plate thickness and
compression limiter length.

The strains are calculated below:
𝜀 𝑀𝐴𝑋 =
𝜀 𝑀𝐼𝑁 =

𝑀𝐼𝑁
𝑀𝐴𝑋
− 𝑡𝐶𝐿
𝑡𝑡𝑝
𝑀𝐴𝑋
𝑡𝑡𝑝

𝑀𝐴𝑋
𝑀𝐼𝑁
− 𝑡𝐶𝐿
𝑡𝑡𝑝
𝑀𝐼𝑁
𝑡𝑡𝑝

=
=

0.6𝑚𝑚
= 2.6%
22.5𝑚𝑚

0.2𝑚𝑚
= 0.9%
22𝑚𝑚

These strains fall within the suggested values and are attainable with the current manufacturing
methods.
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The original compression limiter was a split design: the compression limiter was radially
compressed, inserted and then released to open into the hole. This caused a hoop stress that was
theorized to contribute to a complicated stress state posterior to the bolt hole. Furthermore, the
split ring compression limiters had wide tolerances and as such could not guarantee the correct
compression in the plastic was achieved.

A new, solid 4130 steel compression limiter is currently in use. It fits the hole with a close
clearance fit, and is made from stock tubing, however it currently must be custom machined and
zinc plated. It is anticipated that a better source will be found in the future

Design Input
1)

The compression limiter must be able to withstand the axial force from the bolt and
bending moment from the gait cycle. It must do this while minimizing the amount of
material removed from the top platform

2) It must be able to withstand harsh conditions including salt water, chlorinated water
and high humidity.
3) It must not compromise the structural integrity of the top platform
4) The compression limiter must allow enough compression in the Hytrel to grip it
adequately and to preload it enough to reduce the effects of reverse bending.

Design Verification
1) For an M10 bolt that is tightened to 30Nm [142]

𝐹=
𝐹=
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𝑇
0.2 ∗ 𝑑

𝑇
= 15𝑘𝑁
0.002

The current compression limiter is 4130 annealed tube with the following
dimensions;
ID=3/8 inches
OD=9/16 inches
This gives a cross sectional area of 89.0 𝑚𝑚2 . Stress is calculated as
𝜎=

𝐹 15000
=
= 169𝑀𝑃𝑎
89.0
𝐴

This stress is less than half of the 415MPa yield strength [142]

Contact was confirmed using pressure film at the top and bottom of the
compression limiter during assembly. It showed clear evidence that there is solid
contact between the compression limiter and mating surfaces

2) It has been found that it is possible to plate the compression limiters with zinc
without changing the dimensions and for less than the cost of making the
compression limiters out of stainless steel.
3) Previous testing has shown that a 9/16 inch (~14mm) hole does not reduce the
integrity of the bulk plastic enough to cause a failure. Furthermore, a solid
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compression limiter applies a negligible hoop stress compared to the split
expanding variety.
4) The efficacy of the compression limiter in dynamic situations has been verified
by cyclic testing. There have been no bolt failures since the implementation of
compression limiters. The increased hole diameter does decrease the cross
sectional area of the top plate which increases stress, however the failure rate
remains low.

2.3

Bolt

The bolt as a Grade 12.9 socket head cap screw. It is a standard M10 thread with a pitch of
1.5mm. The manufacturing variable is the tightening torque.

Design Input
1)

The bolt must hold the keel to the pyramid adaptor with enough force to prevent
relative motion.

2) It must be able to withstand forces and moments involved in gait for the lifetime
of the keel.
3) It must not cause damage to the keel.

Design Verification
1) The Niagara Foot assembly has been filmed and scrutinized while undergoing the
ISO 10328 cyclic, proof and static tests, and no significant motion between the
pyramid connector has been observed. A small gap does appear between the top
plate and connector at the posterior edge during cyclic testing, however this has
not been attributed to any failures of the top plate [A01.1, A11, A13, A23].
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i. The pyramid connector has been subjected to internal/external torques
well above the 50Nm requirement for ISO testing and no rotation has
occurred [A09, A10].
ii. Loosening of the bolt has not been observed. Torque measurements are
taken every 250000 cycles during testing and it has been found that the
bolts maintain 30Nm of torque [A01.1, A11, A13, A23].
2) The Niagara Foot assembly has been successfully tested to 2.0 million cycles as
per ISO 10328 with no bolt breaks [A01.1, A11, A13, A23.] Prior to the
introduction of the compression limiter, bolt breaks were reported both in the
field and in the laboratory. This was attributed to cyclic reverse bending, and
typically caused failures in the first million cycles.
3) Since the introduction of the compression limiter, the bolt no longer causes large
strains in the top platform.

2.4

Compression Limiter Washer

The compression limiter washer is a flat 9.525 x 22.225 x 2.381mm washer (McMaster Carr
#98029A031) whose primary purpose is to distribute the stress from the bolt into a frustum that is
large enough to prevent yielding. Despite the fact that there is a compression limiter for the bolt
head to rest against, there is still 0.4mm of plastic that must be loaded. The manufacturing
variable is the configuration during assembly or possible incorrect placement.

Design Input
1) The compression limiter washer must distribute the stress caused by the
compressive force from the bolt to prevent yielding of the plastic.
2) The outer diameter must not interfere with the action of the horns.
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3) The washer must be this enough to resist cupping but thin enough to not interfere
with the horns.

Design Verification
1) The plastic stress was computed by calculating the force and area over which it
applies [142]. For an M10 bolt that is tightened to a torque (T) of 30Nm, with a
diameter (d) of 0.01m, the force (F) can be found [142];

𝐹=
𝐹=

𝑇
0.2 ∗ 𝑑

30𝑁 ∗ 𝑚
= 15𝑘𝑁
0.002

The area of the washer (A) can be calculated as
𝐴 = 𝜋(𝑅𝑜 − 𝑅𝑖 )2

𝐴 = 506.7𝑚𝑚2

Where (𝑅𝑜 ) is the outer radius and (𝑅𝑖 ) is the inner radius

The stress (𝜎) is therefore
𝜎=

15000𝑁
𝐹
=
= 29.6𝑀𝑃𝑎
𝐴 506.7𝑚𝑚2

The yield strength of Hytrel® 8238 is 33MPa[132], which allows a
safety factor of 1.11%.
2) The outer diameter of the washer has minimal contact with the horns and quickly
wears them into an equilibrium. Post production cutting is now performed to
modify the spacing between the horns and hardware to allow extra clearance.
3) There is no observable cupping, and as above there is minimal contact with the
horns. The contact stress is uniform across the contact region between the horns
and the washer (the washer does not deflect appreciably under load.)
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2.5

Belleville Washer

Also known as disc springs, Belleville washers are frustrum shaped washers that exert a
predictable force based on their displacement. They are used to preload joints as well as act as
springs in confined areas. It is used on the Niagara Foot assembly to provide a tactile feedback
point for turn-of-the-nut tightening. The Belleville washer in this application is a 10.2 x 23 x
1mm washer and is made of high carbon steel (McMaster-Carr #96445K262.) As with the
compression limiter washer, the manufacturing variable is the assembly configuration.

Design Input
1)

The Belleville washer must provide an identifiable increase in torque required to
tighten the screw before a sharp increase in difficulty.

2) It must retain the bearing plate in its location around the compression limiter
washer.
3) It cannot interfere with the horns.

Design Verification
1) Several experimenters have confirmed that there is a definite point of reference
when the Belleville washer flattens. From here, an ordinary ratchet wrench can
be used to tighten a specific number of turns to attain the required torque without
a torque wrench.
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Figure 43: Perceived torque versus angular displacement [A04].
In assembling the bolt system, the prosthetist or technician, though unaware of
any absolute start point, can feel the transition between relatively constant torque
and constantly increasing torque (shown on Figure 43 at 150 degrees.) They can
then turn the wrench 75 degrees to achieve the required preload in the bolt
without a torque wrench.
2) After 2 million cycles, the bearing plate remains intact and in location [A01.1,
A11, A13, A23].
3) There is minor interference with the horns, but it quickly wears into equilibrium.
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3.

Energy Features

3.1

C-spring

The C-spring is a torsion spring located to the posterior of the top plate. It deflects in an
“opening” motion on heel strike, and begins a “closing” motion as weight acceptance progresses.
The C-spring eventually deflects to a “closed’ position, where the inferior surface of the top plate
is in contact with the horns, at which point it begins deforming vertically as the body’s mass acts
as a lever about the horns and pulls the posterior end of the top plate upwards. The
manufacturing variable is the potential for the presence of voids.

Design Input
1) The C-spring must act as both a toe and heel spring during different times in the
gait cycle.
2) It must be modifiable in a way that changes the resistance properties of the heel
and toe, as well as the rollover properties.
3) It must be durable enough to withstand a complete lifecycle of the foot.
4) It must not resist the propulsive component of the gait cycle.
5) If it breaks, it must do so safely, providing the amputee a surface to land on, as
well as a residual prosthetic to return home with.

Design Verification
1) During the gait cycle, it has been observed that heel strike opens the C, storing
elastic energy in it and resisting heel compression, thus acting as a heel spring.
This reverses direction in midstance, potentially pulling the shank forwards. It
then continues past it’s equilibrium into a compressive position. It eventually
locks and the toe becomes the primary elastic element. When toe-off occurs, the
toe and then C-spring are unloaded in reverse order. This is illustrated below in
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Figure 44, in which the movement of the top platform relative to the horns (and
thus the extension and compression of the C) is tracked temporally.

Figure 44: Movement of top platform relative to horns (C-spring
compression and extension)

The C-spring and heel work in series on heel strike; the same reactions are
transmitted through both of them. From midstance onwards, the C-spring and toe
work in series, but on the condition the top platform is not touching the CPEM.
When the CPEM is closed, the C does still act as a spring (by means of a
superior/inferior stretching deformation,) however it is the toe that stores most of
the energy. Through this conditional stiffness the CPEM manages energy during
gait; first storing it in the C, and then in the toe on toe-off.
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Figure 45: Spring Model of Niagara Foot
Figure 45 shows a single dimensional spring model of the Niagara Foot similar to
one created by Miller[143]. It should be noted that there is one further condition
that is not graphically represented; the toe loading is in the opposite direction of
the heel loading.
A series of tests was performed to determine the spring components of
the above model [17]. Each element was tested by blocking the other two. In
some situations a block was not required as the element had no effect on the load
condition, such as the toe during heel loading. An example configuration is
shown in Figure 46, where the C is being tested in toe loading independent of the
toe itself.
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Figure 46: Isolated C testing in toe loading. The toe is immobilized with an
aluminum structure so that all displacement occurs in the C

The results were then compared to normal toe and heel loading in the following
manner for the heel and toe:

Heel:
𝐾=
Toe:
𝐾=

1

1
1
+
𝐾𝑐 𝐾ℎ
1

1
1
+
𝐾𝑐 𝐾𝑡

It was found that the resulting K values correlated closely to base condition
values when the C spring was multiplied by a factor of 3. It is unclear if or why
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the factor of 3 is relevant to both the heel and the toe, however it was
acknowledged that there were large error factors associated with the
experimentation [A24, A26].

Figure 47: Heel stiffnesses. The energy features on the Niagara Foot were
systematically constrained in different permutations, and heel static testing was
undertaken to isolate the effects of the various energy features.
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Figure 48: Toe stiffnesses

2)

The C has been modified previously for demonstrably different
force/displacement characteristics. The following two figures, Figure 49 and
Figure 50, show the effect of full-level modification to the heel and toe on the
stiffness characteristics in ISO 10328 testing at P4 level.
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Figure 49: Force/displacement characteristics of heel loaded at 15 degrees
to P4 level.

The heel becomes more compliant as material is removed, which is the intended
effect [A02, A25].
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Figure 50: Force/displacement characteristics of toe loaded at 25 degrees at
P4 level

An unexpected result is shown in Figure 50: removing material increases the
stiffness marginally. This has been attributed to the moving point of contact
being able to reduce the moment arm more rapidly[15]. It is unclear whether in
an actual gait situation this result would carry, and how it would affect patient
perceived stiffness.
3) The C-spring has successfully completed the ISO 10328 test multiple times
without failure. It has also been field tested to two million cycles [A01.1, A11,
A13, A23].
4) It is thus far unclear if the C actively contributes to forward propulsion.
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5) When the C fractures, it tends to break near the bottom, which retains a C-shaped
residual foot that can (and has) been walked on. When broken feet with a C
fracture return to Queen’s for evaluation, there is wear consistent with the C
being walked on [A22].

3.2

Heel

The heel is the portion of the keel that stores energy during the initial impact of heel strike in gait.
The manufacturing variables are the post-cooling geometry, the presence of fronts, and field
modifications.

Design Input
1) The heel must provide a comfortable and stable platform at heel strike
2) It must survive the full lifecycle of the keel
3) If it fails it must do so safely and in a way that retains the patient’s mobility.

Design Verification
1) Patient feedback to team prosthetists is positive, especially regarding heel strike.
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2) There have been three cases of a complete fracture of the heel.
a. The first was on a cyclic testing machine, wherein M2V21301V yielded at the
heel. Although not a complete fracture, the heel no longer acted in a manner
required for efficient gait; rather than deflect and store energy, it folded upwards
until it contacted the C. This was considered a safe failure, as there was no
sudden fracture to immediately remove support from a patient [A21].
b. The second fracture occurred on a patient in India, wherein the heel separated
entirely from the rest of the keel. Little information was provided with regards to
the patient’s activity, mass, or what they were doing at the time of the failure. It
was evident that the fracture originated from the lower radius below the C.
c. The third fracture occurred on the cyclic testing machine; however it was simply
a chip out of the heel. The foot was removed from testing; however had it been
on a patient it would have been considered a safe failure.
Noncritical cracking is not uncommon to observe in the lower radius below the
C. Most cyclic tested feet begin to crack around 250 000 cycles, however the
cracks rarely expand to a size that could cause a failure. It is, however, in this
exact location that the two major failures (a and b,) occurred. In the vast
majority of cases, the heel crack is superficial; however it is monitored during all
testing [A01.1, A11, A13, A23].

3) The failures that occurred on the cyclic testing machine are both considered
favorable to the catastrophic failure that occurred in India. No non-catastrophic
failures have been reported from the field.
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3.3

Toe

The toe section is the anterior region of the keel intended to flex in late midstance, storing
energy, and to release it on toe-off. On the Niagara Foot, the term also encompasses the
metatarsal region. The manufacturing variables are the potential for voids, post cooling
geometry, cooling fronts and field modifications.

Design Input
1) The toe must provide support during the toe-off phase of gait.
2) It must store energy during stance phase and release it during toe-off
3) It must be modifiable to attain different dynamic characteristics
4) It must be able to withstand cyclic loading for three million cycles, as well as
proof testing and static overload testing

Design Verification
1) The foot consistently passes ISO 10328. The completion of these tests signifies
functional and structural suitability for an artificial limb [A01.1, A11, A13, A23.]
Testing using HAS and AOPA standards revealed that energy is stored and released during the
gait cycle. The results for the P-code testing are shown in
Figure 51 [A19, A20].
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Heel

Toe

PVal

Heel

Toe

PVal

BC1F01

83.79

69.51

21

84.51

66.27

19

BC1F02

83

66.24

18

83.72

70.8

17

BC2F01

84.58

73.59

25

85.46

75.02

25

BC2F02

83.6

73

28

84.68

74.11

27

MOD3F01

81.73

70.88

31

82.44

72.4

29

MOD3F02

82.39

71.35

32

83.5

72.99

30

MOD1F01

76.79

72.78

28

78.24

73.32

27

BC03F01

84.21

71.38

32

84.81

72.63

31

MOD7F01

85.9

67.35

24

86.54

70.43

23

MOD4F01

85.49

70.53

17

85.53

73.27

16

MOD9F01

84.42

59.74

22

84.93

62.58

20

Figure 51: Heel and toe energy storage and release efficiencies and their
corresponding P-Value for 2 trials with 11 different configurations

2) The toe has been modified previously for demonstrably different
force/displacement characteristics [A02, A03, A19, A20.]
a. Additionally to subtractive modification, there has been some effort in the postmold processing to “flatten” the toe; thus increasing the rollover radius and
causing it to feel functionally stiffer to the patient. This has been accomplished
so far by heating the toe section, plantarflexing it relative to the foot body and
then annealing it in this new state. Patients have been initially pleased with this,
however there are some reports that the feet revert to their original toe shape after
extended use [144].
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3) The foot consistently passes ISO 22675 and ISO 10328. The completion of these
tests signifies that the foot can withstand static, proof and fatigue loads
corresponding to 3 million cycles of use [A01.1, A11, A13, A23].

3.4

CPEM

The Controlled Passive Energy Management (CPEM) element is a horn-like protrusion that
contacts the top plate when the C-spring is compressed enough. Once there is contact between
the CPEM and the top plate, a fulcrum is established between the toe and C-spring, causing the
toe to become the primary energy storing element. The manufacturing variable is the bearing
surface post processing finish.

Design Input
1) The CPEM must provide the sensation of stability when standing as well as a
smooth rollover during gait
2) It must operate quietly
3) It must retain a functional shape throughout the keel’s life
4) It must not hinder the action of the foot

Design Verification
1)

Prosthetists working with the Niagara Foot have revealed that their patients are
happy with the action and stability of the foot. Patients also do not report the
sensation of an impact when the CPEM gap closes as with the NFM1

2) One of the earliest problems with the CPEM was that during midstance it emitted
a squawking noise that irritated the user[13].
3) Throughout the cyclic testing of the Niagara Foot, the CPEM will wear into the
shape of the washer, however it will maintain its medial and lateral edges and
continue supporting the patient [A01.1, A11, A13, A23].
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Figure 52: The shape of the washer worn into the superior surface for the CPEM
4) As the foot moves, the bolt head catches on a thin bridge of material behind the
horns, which prevents the toe from plantarflexing fully until weight is removed.
Simply cutting away the material posterior to the bolt head solves this problem
and increases energy return [A20].

Figure 53: Material bridge behind bolt head. In the current release of the keel, this is
cleared away in post processing to prevent it from catching the bolt head
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3.5

Bearing Disc

The bearing disc is a Nylon 6,6 disc that prevents the CPEM from making noise by providing a
low friction, semi-sacrificial surface.

Design Input
1)

The bearing surface must prevent the CPEM from generating noise

2) It must not fail in less than one million cycles (by which time it is assumed that
the patient will have the bearing replaced)
3) The bearing must not compromise the action or integrity of the keel
4) It must be able to be produced at low cost
5) The bearing must be aesthetically pleasing

Design Verification
1) Several rounds of trial-and-error testing showed that Nylon 6,6 was the material
type best suited to the requirements. It is resistant enough to fatigue that it can
survive for the required amount of time, and it eliminates the noise [13].
2) Extensive testing showed that 0.0625” thick bearings would survive 2 million
cycles and continue to operate correctly (however displaying severe wear) and
that 0.0938” material would survive with virtually no damage. These tests
confirmed that while both thicknesses worked, 0.0938” thick material retains its
aesthetics and low fracture risk [A01, A01.1, A13] .
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Figure 54: 0.0625" thick Bearing after 2 million
cycles. Tested on NFM2V21092.

Figure 55: 0.0938" thick
bearing after 2 million cycles.
Tested on NFM2V21069

It can be observed in Figure 54 and Figure 55 that the inner diameter of the hole
was modified such that the washer fits inside of the bearing. This was to
conserve vertical space. Although the bearing does rotate while in place, a
Belleville washer with a 23mm (thus a 0.5mm overhang from the 22mm inner
washer) holds it in place.
3) Testing with and without bearings revealed that the bearing did cause earlier
CPEM contact, however this did not detrimentally affect the energy storage
capability [81]. The configuration used in India, which substitutes the bearing
plate for silicon grease was found to not make noise, however an investigation
into why the grease was melting lead to the discovery that temperatures in the
bearing area can reach 108C after two hours of constant cycling. There does not
appear to be any damage caused by this heat, however the effects are still being
monitored. The temperature rise is less on configurations with adequate
clearance between the CPEM and bearing [145].

176

Figure 56: Infrared image of Niagara Foot while being cyclic tested. Temperatures
peak at 108C and do not fall until the test is stopped.

The PV value of the bearing system was calculated using a static analysis of the
foot, known material properties of the Nylon and Hytrel®, contact film and slow
motion video of the foot in use [A14] . The static analysis yielded the force
transmitted through the CPEM when it was closed. This was coupled with the
area of contact, which was determined from contact sensitive film, to find the
contact stress. This “pressure” is multiplied by the relative velocity of the two
surfaces, which was calculated using slow motion video, to determine that the
system’s PV value is 2241 [psi*ft/min]. This is within an acceptable range for
Nylon 6,6, however it is 25% too high for Hytrel® 8238. This is considered to
be the explanation for the wear in the Hytrel® in the CPEM [A07, A14].
4) The current cost per disc bearing is approximately $2.00CAD. This price has
been estimated based on shop time of a prototyping shop, using a water jet cutter
and with small orders of material. The price is expected to fall when regular
production commences.
5) Several prosthetists inquired about having a disc bearing that is profiled to the
top plate of the foot. This was attempted, however it was noticed early on that

177

the bearing actually slowly rotates due to the asymmetrical CPEM contact, which
itself is a product of a foot being either aligned as a left foot or a right foot [A05].

Figure 57: A sample of Designs generated for profiled disc bearings.

The rotation of the bearing caused profiled bearings to rotate out of alignment. Some of
the designs in Figure 57 attempt to alleviate this effect by employing a spring mechanism
to return them to their original alignment. These were briefly tested, however ultimately
a reduced diameter circular disc bearing was decided upon due to the ease of
manufacture. After an ISO10328 test confirmed that functional requirements 1-4 were
met, this reduced diameter disc bearing became the standard for use with M2.

4.

Structural Features

4.1

Body

The body of the foot is the central area where the heel, toe, horns and C-spring meet. It is
considered primarily a structural feature; however there was significant deflection when the horns
were removed for testing. The body is also the location of plastic injection in the mold. The
manufacturing variable is the possibility of the presence of voids.
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Design Input
1) Must maintain a secure interface between heel, toe, horns and C-spring.
2) Must permit proper plastic propagation through the mold

Design Verification
1)

Failures at the distal C-spring, proximal heel and proximal metatarsal could be
considered failures at the interface with the body. There have been no failures at
the proximal metatarsal, however distal C-spring failures occurred before
reinforcement at version 20, and proximal heel fractures do occasionally occur
[A21, A22].

2) Material within the body is of a high quality; however the fact that material
propagates outwards through 4 joined members causes mold fronts perpendicular
to flow. This introduces a weak plane. The mold conditions were modified in
light of this discovery, and a hotter molding temperature seems to cause better
fusion between the fronts [A27].
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Chronology of Design Verification
Archive Experiment
A01
ISO 10328 Test
Report

A01.1

ISO 10328 Test
final progress
Report

A02

Mechanical
Characterization
of M2V21 -Modified and
unmodified

A03

A04

Description
Scientific report on
ISO 10328 fatigue
testing and foot
condition
progression. The
study was written
by Wendy Cox for
her fourth year
thesis.
ISO 10328 fatigue
testing report on
modified and
unmodified
Niagara Foot

Scientific report on
mechanical
characterization of
Niagara Foot V21
in unmodified and
modified
conditions
Mechanical
Scientific report on
Characterization mechanical
of M2V21 -characterization of
split-toe and
Niagara Foot V21
unmodified
with experimental
split-toe
modification. The
standard
characterization
protocol was used,
as well as a
modification where
a block was used to
simulate a pebble.
Connection
In the interest of
Assembly Model eliminating the
of Niagara Foot
need for a torque
wrench, Belleville
washers were
explored as a
means of cueing
the start of a turnof-the-nut
approach.
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Main Findings
The bearing disc
became cracked
around 1M cycles.
Apart from this,
both the modified
and unmodified
feet passed at P4
level.

Niagara Foot V21
passed fatigue
testing in both
modified and
unmodified
conditions.
Niagara Foot V21
successfully
characterized in
both modified and
unmodified
conditions

Direct Result
This was
aesthetically
unappealing and
lead to the
development of a
3/32 inch thick
bearing (Appendix
5.)
Completion of ISO
10328 fatigue
testing
Enhanced
understanding of
Niagara Foot
stiffness
characteristics.

The split toe
modification is a
valid method of
increasing
inversion/eversion
and compensating
for rugged terrain.

The split toe
modification is
now
recommended
when more
inversion/eversion
is required.

Belleville washers
can be used as
turn-of-the-nut
triggers, however
it was found that
the particular size
used retained the
bearing plate from
loosening from the
top plate

The recommended
hardware
configuration for
the Niagara Foot
calls for the use of
a Belleville washer
as part of the
assembly.

A05

Bearing Design

Some distributors
expressed an
interest in a
bearing that
matches the
contour of the top
plate.

A06

Confirmation of
bulk plastic
properties

A07

Horn contact
area

Many fundamental
mechanical
analyses require
the modulus of
elasticity, which is
rarely documented
for large sections of
plastic. An
experiment was
conducted using
the torque/angle
relationship of
tightening a bolt
and washer, which
was converted into
force/displacement
Fujifilm and ImageJ
imaging software
was used to
calcuate the area
contacted by the
horns. The test
was performed
with just heel, just
toe, and combined
heel and toe to
attempt to separate
contributions.
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Bearings with a
matching contour
tended to rotate,
so 13 designs were
generated to
counter this
problem.
Eventually, a
smaller circular
bearing was
chosen that was
free to rotate. This
reduced the
bearing area.
It was found that
in bulk quantities,
Hytrel® 8238 has
a Young’s modulus
of 800 MPa. Nylon
was found to have
a Young’s modulus
of 200MPa.

Distributors were
pleased with the
now hidden
bearing plate.
Archive 07 is the
report that details
the reduction in
bearing area.

Several
unexpected
discoveries were
made. It was found
that the horns
contact on heel
strike, the horns
contact anteriorly
on toe strike and
slide backwards.
Furthermore,
values of 291mm2,
236mm2 and
327mm2 were
found for BT1,
BT12 and BT13
bearings
respectively.

The area results
were eventually
used to calculate
the PV values in
Archive 14

These results were
used to confirm
previous studies

A08

Connector
contact area

The amount of
contact on the
connector was
tested at different
assembly torques
to ascertain what
minimum torque
would fully seat the
connector.

A09

Connector
rotation test

A rotational slip
failure in Germany
initiated the testing
of connector slip
versus assembly
torque. The
connector used
was the 2-bladed
design.

A10

Connector
Rotation test 2

The test in Archive
09 was repeated
with a 4-bladed
connector.

A11

Continued cyclic
testing

A non-catastrophic
failure in Spain
occurred in half of
the top plate, and
there was an
interests in how
long the foot could
have continued
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It was found that it
is difficult to make
the connector fully
contact the Hytrel,
but that the blades
were totally sunk
in at 15Nm, which
also corresponds
to 50% total
contact. This was
true for both the
A609 and the
A609M.

The compression
limiter was
contacted around
25Nm, which is a
desirable result for
the current
assembly system.
It took an average
of 65Nm
anticlockwise and
80Nm clockwise to
loosen the
connector when
the assembly
torque was above
15Nm. ISO 10328
requires a value of
50Nm.
It took 130Nm in
both directions to
rotate a 4 bladed
connector when
assembled at
15Nm.
Both feet
completed 1.4
million cycles
without fracture.
Testing was not
continued due to a
high demand for
the testing

The results of this
experiment were
used to assess the
value of further
testing. They
confirmed that the
amount of contact
was never 100%,
and that this
should be
investigated
further.

This test indicated
that loose
assembly torque
was probably not
the cause of the
slip failure in
Germany

Because the 4bladed connector
is recommended
for use with the
Niagara Foot, the
safety factor
against connector
rotation is high.

Several hypotheses
were generated
about the cause of
the Spain failure

A12

Medial-lateral
bending
resistance

A13

Cyclic test

A14

Horn PV Values

A15

Spain incident
explanation

A16

Void Survey

until complete
fracture, so it was
cyclically tested
along with a
control.
One hypothesis
regarding the
failure in Spain was
a single, extreme
bending moment
applied about the
sagittal axis, as
could be expected
in rolling an ankle
Evaluation of BT12
and BT13 bearing
designs was
required, and so
they were fatigue
tested according to
ISO 22675
A static analysis
and video footage
was used in
conjunction with
the area data from
Appendix 07 to
determine the PV
value of the
bearing system and
relate it to the PV
limits of the
materials involved
After the foot was
tested in the exact
configuration it
was received in, the
compression
limiter was
removed in
preparation for a
CT scan.
After the discovery
of the void in
Appendix 15, a
survey was
conducted of the
feet currently in
stock at Queen's
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machine at the
time.
After 255Nm and
90o of deflection,
there was no
fracture

The hypothesis
regarding a sagittal
bending moment
was eliminated

Both bearings
passed testing
with no significant
damage.

These bearings can
be used at the
prosthetist's
disgression

The PV value of the
system was found
to be 0.090
Mpa*m/s, which is
below the PV limit
for Nylon but
above that of
Hytrel® 8238.

This result
explains the wear
seen on the horns.

It was noticed that
there was a large
void that was
bisected by the
crack.

This discovery lead
to Appendix 16,
and permitted the
team to refocus on
the Germany
incident.

It was found that
50% had no voids,
33% had minor
inclusions and
17% had major
inclusions

This initiated
further focus on
the molding
procedure and
factored into
Appendix 17

University.

A17

A19

A20

Solid
compression
limiter testing

It was
hypothesized that
the hoop stress
generated by the
split compression
limiter contributed
to the high stress
state posterior to
the bolt hole. This
initiated the design
and production of a
solid compression
limiter
Mechanical
Unexpected results
Characterization in HAS and AOPA
testing prompted
an attempt to
duplicate the
results and address
the points of
concern
Mechanical
Analysis

Unexpected results
in HAS and AOPA
testing prompted
an attempt to
duplicate the
results and address
the points of
concern
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Tests were
conducted
regarding the
amount of contact
between the solid
compression
limiter and
connector. It was
found that there is
contact at 30Nm
with a 0.1mm gap
and poor contact
at 0.8mm.
Unexpected results
in some European
testing standards
prompted an
attempt to
duplicate the tests
with different foot
configurations.
This test pertained
to foot stiffness
Unexpected results
in some European
testing standards
prompted an
attempt to
duplicate the tests
with different foot
configurations.
This test pertained
to foot energy
storage.

A foot with a
0.1mm gap and
0.8mm gap were
both tested to 2
million cycles
without failure.

P results were
confirmed to be
low in the
conditions tested.
The details will be
used to guide the
design of Model 3
P results were
confirmed to be
low in the
conditions tested.
The details will be
used to guide the
design of Model 3

A21

Cyclic test of
301V

Unexplained
failures in India
prompted the
testing of a foot
from the same
batch, as well as an
MOT-configured
grey foot.

A22

Cyclic test of
MOT

Grey feet in the
MOT configuration
had not yet been
tested, and so one
was tested with the
301V foot

A23

New Molding

Two T6 mold
condition feet were
tested to 3 million
cycles

The foot failed at
850K cycles. A
crack at the top
and bottom of the
heel where it
connects to the
body yielded the
material and
caused it to lose its
proper action. The
foot was
considered failed
when the heel
contacted the back
of the C.
The foot failed at
900K cycles. A
fracture beginning
at the heel
propagated
forwards and
upwards until it
came through
posterior to the
horns
Both feet passed
cycle testing and
are awaiting
characterization

A24

David

A model of the

The series-added

T6 is poised to
become new
standard molding
conditions based
on expert feedback
and excellent test
results
The model is being

Spring Elements

mechanical system

were found to have

sources of error

Hodgeson--

Niagara Foot as a
of springs was

tested whereing
the heel and toe
were paired in

series with the C

during normal gait.
The testing

involved the

individual springs
a proportional

error compared to
the intact model,

wherein the spring
was around 3
times too

compliant. This
value was
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Investigation of
molding conditions
in Appendix 16
becomes major
focus of group.
The T6 condition
was suggested by
DuPont.

Molding condition
appeared to be
poor. Material was
brittle.

revised and
are being

eliminated for

potential future
testing

isolation of each

considered

their individual

likely due to the

element to test

stiffnesses with the
hope that they

anomalous and

sources of error.

could be

recombined as per
the model to the

total stiffness of the
A25

Christopher
Wilson--P4

Modification

foot

Due to recent

Data was

Testing on

manufacturing

collected and

modification is

changes in the

successfully

process, it became
important to

characterize the

archived for future
reference.

foot in both fully

Report -- Horns

completely

characterize the
further testing at

unmodified
Meaghan Coates

required to

foot, as well as

modified and
A26

differing levels of

P5 and P6 levels.

conditions.

Investigation into

The horn position

Further testing on

the horns

effect on toe

required.

the kinematics of
prompted a

detailed analysis of
the potential

effects of relocating
them. The horns

were severed and
reattached in

different positions
and orientations

and the feet were
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had a significant

loading in all cases.
It was found that

moving the horns
anteriorly would
not change the

biomechanics of

the foot drastically.

horn arrangement
Recommendations
made for Model 3.

characterized

A27

Heat Treating

After the new

Preliminary tests

Further testing is

was developed it

durability in un-

an ISO 22675 test

molding condition
was speculated

that the process of
annealing may no

longer be needed.
Heating and

cooling curves

were prepared for
several different
samples using

several different

cooling techniques.

187

show high

annealed samples.

required including
to 3 million cycles
with an un-

annealed foot.

