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Abstract 

Prosthetic foot systems are typically composed of both structural keel and foot shell components. The 

interaction between these components is considered by the prosthetic device industry with respect to 

designing higher performance systems with strategically paired components. However, the influence of 

foot shells on prosthetic foot system mechanical performance is limited in academic literature.  

 

The overall goal of this study was to inform future prescription guidelines and design practices of prosthetic 

foot components by quantifying the effects of foot shells on mechanical properties of prosthetic foot 

systems. A methodology was proposed enabling characterization of midstance properties that was adapted 

from a protocol used to predict continuous deformation characteristics of prosthetic feet throughout stance. 

The proposed method was validated against previous results, and successfully detected differences related 

to foot design during midstance loading. Specifically, increased deformation corresponded to earlier 

double-keel loading initiation and later transition into single-keel forefoot loading.  

 

The new protocol was implemented to quantify effects of various foot shell designs on predicted 

deformation and stiffness characteristics of prosthetic foot systems. Observed effects on the system 

included path-dependent changes to the force-displacement curves, instances of both decreased and 

increased stiffness up to 73% and 49%, respectively, and up to 13% increased durations of double-keel 

loading. Varied effects were observed depending on keel and foot shell design, and phase of stance.  

 

In a final study, effects of isolated foot shell design features on mechanical performance of prosthetic foot 

systems were investigated.  Results indicate a complex interaction likely exists between keel and foot shell 

components, and should therefore be taken into further consideration in the evaluation, design, and 

prescription of prosthetic foot systems. 
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Chapter 1 

Introduction 

1.1 Prevalence of Lower-Limb Amputation 

By 2005, approximately 623,000 people were living with a major lower-limb amputation in the 

United States alone, and a study by Ziegler-Graham et al., predicted that this value would more 

than double by year 2050.1 The rapid increase in the occurrence of lower-limb amputation is 

thought to result from the predominance of vascular diseases that directly affect lower limb health 

of individuals around the world.2,3 It is estimated that approximately 70% of lower-limb 

amputations worldwide are a result of vascular disease, with the majority of cases being related to 

diabetes-melitis.1,2,4 Other predominant causes of lower-limb amputation include trauma, and in a 

small percentage of cases, due to malignancy in the bone and joint.3 

 

The two major classifications of lower-limb amputation include transfemoral and transtibial, 

referring to amputations above and below the knee, respectively. The remaining portion of the 

affected limb is referred to as the residual limb. The amputee can either be affected on one side or 

both sides, referred to as unilateral or bilateral amputees, respectively. With unilateral amputees, 

the unaffected limb is referred to as the sound limb. The focus of this study is on the design and 

performance of devices associated with unilateral transtibial amputees. 

1.2 Typical Transtibial Prosthesis 

Lower-limb loss is typically compensated for with a prostheses to replace the missing structural 

system enabling amputees to regain their mobility. A typical transtibial prosthesis is comprised of 

the socket, pylon, connection hardware, and prosthetic foot system (Figure 1). The socket is used 

to fit the prostheses to the residual limb of the amputee, while the pylon compensates for loss of 

height in the shank. Various connection hardware is used, including standardized components 
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such as the pyramid adapter and tube clamp. The pyramid adapter system is a male hardware 

component typically implemented at the foot-pylon and pylon-socket interfaces to facilitate 

alignment of the system. The tube clamp provides a friction-fit connection mechanism to the 

pylon on one side, while the female hardware component is located on the opposite side to mate 

with the pyramid adapter, facilitating connection and alignment between the foot, pylon and 

socket components. The prosthetic foot system is comprised of an underlying structural 

component, referred to as the keel, which is typically sheathed in a cosmetic foot shell. Prosthetic 

keels can be separated into two broad categories, active and passive. Active prosthetic keels are 

those that add energy to the system, while passive keels do not. The focus of this study is on the 

design and performance of passive prosthetic foot systems. It is acknowledged that the foot 

system can also include footwear, however this is outside the scope of the current study 

objectives. 

 

Figure 1 – Transtibial Amputee Prostheses 

Typical transtibial prostheses and componentry: [A] Connection hardware including pyramid 

adapter and tube clamp, [B] Keel, [C] Foot shell, and [D] Socket.5 
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1.3 Unilateral Transtibial Amputee Gait 

1.3.1 The Gait Cycle 

Human bipedal gait is the locomotion pattern of the body produced by coordinated movement of 

body segments. Able-bodied gait refers to typical gait biomechanics exhibited in persons devoid 

of abnormal gait patterns resulting from pathological conditions. The gait cycle is defined as the 

time period or sequence of events occurring during forward progression between when the foot of 

the ipsilateral limb contacts the ground to when the same foot re-contacts the ground (Figure 2). 

The opposite limb is referred to as the contralateral limb. The gait cycle is comprised of two main 

phases: stance, and swing. The stance phase is the period of gait during which the foot is in 

contact with the ground and constitutes approximately 60% of the gait cycle. The swing phase 

comprises the remaining 40% of gait, and is the period during which the foot progresses forward 

above ground. The stance phase, in turn, is comprised of three phases: weight-acceptance, 

midstance, and push-off.6  

 

Weight-acceptance is the period between heel-strike, at the instance of initial ground contact, and 

toe-off of the contralateral limb when body-weight is fully transferred to the ipsilateral side, 

initiating single-limb support. The ankle muscles and hip extensors act to absorb energy at initial 

impact, while the knee continues to absorb energy until maximum flexion is achieved at the 

termination of weight-acceptance.6  

 

Midstance is the period between weight-acceptance and push-off, during which the body and limb 

progress over the stationary foot. Following heel-strike, ankle plantarflexion enables the foot to 

transition into the foot-flat position, during which both the rearfoot and forefoot are 

simultaneously in contact with the ground. For an amputee, this simultaneous contact of both 

rearfoot and forefoot components of the prosthetic foot system is referred to as double-keel 
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loading. Following foot-flat, the shank of the lower limb rotates over the stationary foot about the 

ankle joint, facilitating forward progression of the body center of gravity. 

 

Push-off is the period of late-stance during which the limb is pushing away from the ground, and 

occurs shortly after heel-off until the foot lifts off the ground at toe-off. The ankle plantar-flexors 

contract concentrically during push-off to produce energy for forward progression into the swing 

phase.6  

 

 

Figure 2 – Gait Cycle  

The gait cycle adapted from that presented by Versluys, et al.7 The ipsilateral limb of interest is 

depicted on the right side highlighted in yellow, and the contralateral limb on the left side in 

green. Key gait cycle events in the stance phase are included: heel-strike (HS), toe-off (TO), 

foot-flat (FF), midstance (MS), and heel-off (HO). 

 

1.3.2 Biomechanical Measures of Gait 

Typical categories used to quantify the biomechanics of gait include stride and temporal 

characteristics, joint kinematics, kinetics, muscle activity, and energy expenditure.8 Measures of 

stride and temporal characteristics include self-selected-walking-velocity (SSWV), cadence, 

stride length, step lengths, and gait cycle durations. Kinematic and kinetic measures include joint 

range of motion and moments at the ankle, knee, and hip, and ground reaction forces. Muscle 
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activity and energy expenditure measures include electromyography (EMG) output, energy cost 

per unit time, energy cost per unit distance or energy efficiency, and age-predicted maximum 

heart rate (APMHR). 

1.3.3 Amputee Gait in Comparison to Able-Bodied Gait 

Unilateral transtibial amputees have an altered structural system that results in distinct differences 

in gait biomechanics when compared to able-bodied individuals. A number of studies report 

SSWV to be approximately 44% lower than that of people with non-pathological gait.9 A reliance 

on the sound limb is also commonly observed due to deficiencies present in the prosthetic limb.10 

This compensation in the sound limb is observed through greater sound limb stance times, ground 

reaction forces, and joint moments, and greater prosthetic step length throughout gait.10,11  These 

differences result in asymmetries between limbs, potentially exposing the sound limb to excess 

loading and increased incidence of secondary disability including osteoarthritis in the sound limb, 

osteoporosis in the residual limb and lower back pain.10 It is also frequently reported that the gait 

of individuals with transtibial amputations is less efficient than that of able-bodied populations, 

requiring greater energy expenditure.9 

1.4 Evaluation of Passive Prosthetic Foot System Performance during Stance 

1.4.1 Functional Requirements of Transtibial Prostheses 

The requirements relating to improved biomechanical function of a transtibial prosthesis during 

the stance phase of gait are summarized based on a review by Major et al., as: (1) providing early 

stance phase shock absorption during weight acceptance, (2) adapting to the ground surface 

through plantarflexion to a stable foot-flat position, (3) providing similar shank kinematics during 

stance as with able-bodied gait, and (4) contributing similar push-off characteristics as with able-

bodied gait for transition into the swing phase.12 These requirements are used as the basis of the 

evaluation of foot system performance. 
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1.4.2 Methods of Evaluating Prosthetic Foot Function 

A number of studies have investigated the performance of various prosthetic feet in terms of 

amputee biomechanical performance.8,13–16  These methods enable direct quantification of end 

user performance for comparison between designs. However, these methods are limited in that 

the recorded performance is dependent on the user. Amputee subjects vary with respect to 

characteristics such as residual limb length, individual gait characteristics, and activity level. The 

motion capture methods typically used to evaluate biomechanical performance are also limited in 

accessibility due to the need for a large space, associated high costs of equipment, skin artifact 

affecting accurate and repeatable marker placement on the body, and limited capture volume.17,18  

Mechanical characterization methods have also been used in a number of studies.19–23 These 

methods cannot directly measure amputee user performance. However, they do provide a more 

accessible alternative that quantifies the performance of prosthetic feet independent of the user, 

and under loading conditions simulating realistic gait conditions. 

1.4.3 Amputee-Independent Prosthesis Properties 

Transtibial prosthesis function is dependent on specific mechanical properties that directly 

influence the performance of amputees, which are defined as Amputee-Independent Prosthesis 

Properties (AIPPs).12 Four AIPPs that can be used to describe the performance of passive 

prosthetic foot systems during stance include:  (1) two-dimensional roll-over shape, (2) alignment 

of the roll-over shape, (3) stiffness properties, and (4) damping properties.12 These AIPPs can be 

measured using various mechanical characterization methods. Combined geometric, alignment, 

and stiffness properties of the system are typically modelled using roll-over based methods. The 

roll-over shape is the center of pressure (COP) profile along the plantar surface of the foot 

relative to the shank-based coordinate frame (Figure 3a). The curvature of this profile under a 

standard load captures the geometric properties of the prosthesis. Stiffness properties can alter the 

curvature of the roll-over shape, and thus can also be captured through a series of curves obtained 
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under varied applied loads. Changes to the alignment of the prostheses alter the position and 

orientation of the roll-over shape relative to the shank. Thus, changes in alignment to the system 

can also be captured through roll-over properties. 

 

 

Figure 3 – Methods for Modeling Amputee Independent Prosthesis Properties 

Two methods of evaluating AIPPs: (a) Rollover shape and alignment consisting of the 

projected COP location of the foot in the shank-based coordinate frame, with a radius of 

curvature, 𝑅,24 and (b) Lumped-parameter models consisting of a combination of spring and 

damper elements to represent stiffness, 𝑘, and damping, 𝜇, respectively.12 

 

 

The elastic and damping properties of the prosthesis can be modeled using lumped-parameter 

based methods (Figure 3b). The stiffness and damping properties are modeled with simple spring 

and damper elements, respectively. These elements are combined into a simple system to 

characterize the viscoelastic response at a particular location and direction on the foot, typically 

representative of a key instance during stance. Multiple models must be used to represent the 

response at various instances throughout stance. 
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1.5 Study Rationale 

Studies have previously investigated and characterized passive prosthetic feet based on the 

described AIPPs. However, the majority of studies do not consider the influence of foot shells on 

the mechanical properties of the prosthetic foot system. Foot shells contribute different material 

properties and altered geometry to the system that have the potential to affect exhibited roll-over, 

stiffness and damping AIPPs. Previous studies into the mechanical properties of passive 

prosthetic feet, however, typically do not specify what foot shells were paired with each of the 

tested keels, or whether they were included in testing at all. Therefore currently, there is a lack of 

understanding surrounding the influence of foot shells on the mechanical performance of 

prosthetic foot systems, and on the sensitivity of the system to differences in the design of paired 

keel and foot shell components. 

 

The majority of mechanical characterization methods previously used to quantify mechanical 

properties of prosthetic foot systems do not account for the loading conditions experienced during 

midstance. Mechanical tests are typically performed during isolated rear-foot only loading, or 

fore-foot only loading, and sometimes include one test at foot-flat. There is a lack of 

characterization between the transition into and out of simultaneous loading of both rear-foot and 

fore-foot components, which is referred to as double-keel loading. One of the main functions 

required of a transtibial prosthesis is to provide plantarflexion to adapt to the loading surface and 

to progress the foot into a stable foot-flat position.12 Therefore characterization of the system 

under double-keel loading conditions is important for the complete evaluation of prosthetic foot 

system performance.  
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1.6 Objectives 

The overall goal of this study is to inform future prescription guidelines and design practices of 

prosthetic foot components by quantifying the effects of foot shells on mechanical properties of 

prosthetic foot systems throughout stance. Specific study objectives are:  

(1) Develop and verify a protocol that predicts the continuous deformation characteristics of 

prosthetic foot systems throughout stance, including both single-keel and double-keel 

loading,  

(2) Quantify the effect of foot shells on the predicted deformation and stiffness properties of 

prosthetic foot systems throughout stance, and 

(3) Investigate the influence of isolated foot shell design features on the mechanical performance 

of prosthetic foot systems. 

1.7 Thesis Overview 

This document is presented in manuscript format. Three manuscripts were prepared that will be 

revised for future submission to Prosthetics and Orthotics International. A Literature Review 

(Chapter 2) is included that combines the individual manuscript introductions and supplemental 

information to provide sufficient background to the research topics while avoiding unnecessary 

repetition and to improve readability. The first manuscript (Chapter 3) entitled “Method for 

Predicting Midstance Deformation Characteristics of Prosthetic Foot Systems,” proposes and 

evaluates a methodology for characterizing continuous mechanical properties of prosthetic foot 

systems throughout stance, including both single-keel and double-keel loading. The second 

manuscript (Chapter 4) entitled “Effect of Cosmetic Foot Shells on the Predicted Stiffness 

Characteristics of Prosthetic Foot Systems,” examines the effects of various foot shell designs on 

the predicted deformation and stiffness properties of prosthetic foot systems. The third 

manuscript (Chapter 5) entitled “Effect of Foot Shell Design Features on Mechanical 

Performance of Prosthetic Foot Systems,” investigates the influence of isolated foot shell design 
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features on the effects to mechanical performance imposed by the intact foot shell. Some 

methodology details in the second two manuscripts were abridged to improve readability 

(Chapter 4, and Chapter 5). A General Discussion (Chapter 6) is included to address the main 

findings related to all three manuscripts, and includes the combined limitations from each 

individual manuscript. The Conclusions and Future Work (Chapter 7) outlines the main findings 

and provides recommendations for future evaluation of prosthetic foot systems. References have 

been renumbered to correspond to a single comprehensive reference list. 
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Chapter 2 

Literature Review 

2.1 Passive Prosthetic Foot System 

The prosthetic foot system is comprised of an underlying structural keel, an overlaying cosmetic 

foot shell, and can sometimes include footwear. The design and alignment of these components is 

relevant to the overall performance of the system. 

2.1.1 Keel Design 

The structural component of the prosthetic foot system is referred to as the keel.  Keels can be 

placed into four main design categories based on their structures and function: rigid, single-axis, 

multi-axis, and energy-storage-and-return (ESAR).25  

 Rigid 

Rigid keels are basic non-articulated designs that are intended to restore basic walking and 

mobility. The solid-ankle-cushioned-heel or SACH design is the most commonly used rigid keel 

design and is the industry standard (Figure 4).7 It is comprised of an internal solid wood or plastic 

keel structure terminating at the metatarsal region of the foot, a wedge of soft foam at the heel 

and an integrated foot shell.26  

 

Figure 4 – SACH Foot Design 

The SACH Foot and its components, which typically include a rigid underlying keel, flexible 

forefoot structure, cushioned heel, and integrated overlaying foot shell.27 
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 Single-axis 

Single-axis keels have an articulated design, and as their name implies, contain a single axis 

bearing located in the sagittal plane to simulate dorsiflexion and plantarflexion of the ankle 

(Figure 5a).26 This allows for increased range of motion in an attempt to better replicate that 

achieved by the intact ankle.5 The keel structures can be composed of wood, metal, or 

composites, with a flexible toe region. In addition to the axis of rotation, these keel designs also 

typically have rearfoot and forefoot bumpers to limit and control dorsiflexion and plantarflexion.7 

The bumpers can have customized stiffness properties and position to accommodate different 

users and activities.5,26 The stiffness of the forefoot bumper for example can be altered to enable a 

faster transition into foot-flat to aid in stability.7  

 

 

Figure 5 – Articulated Prosthetic Foot Designs 

Articulated prosthetic foot designs: (a) single-axis, and (b) multi-axis.28 

 

 Multi-axis 

Multi-axis keels also have an articulated design, but differ from single-axis keels by containing 

more degrees of freedom (Figure 5b). The additional axes of rotation allow for increased range of 

motion in multiple planes to enable walking on uneven terrain.26 The multi-axis keels also contain 

bumpers to limit and control the level of rotation, but with decreased stability as a result of 

increased degrees of freedom. 
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 Energy Storage and Return (ESAR) 

ESAR keel designs deflect and store energy during stance and return it to the user in late stance to 

assist in forward propulsion.7 Some designs that technically store and return energy do not meet 

the classifications set out by the testing standards developed by the American and Orthotics 

Association (AOPA) to be dynamic. These designs are classified as flexible keels, and are 

described by AOPA as elastic components designed to deflect under load, but that lack the ability 

to store and return greater than 75% energy.25 These keels are typically composed of a flexible 

keel component combined with a cushioned or flexible heel, and sheathed in a plastic cover. 

 

Alternatively, the dynamic classification applies to prosthetic keel designs that exhibit deflection 

and energy storage properties above the 75% threshold. The dynamic classification is applied 

separately to the rearfoot and forefoot components, and can also be applied to an extended ankle 

and pylon component. There are a variety of ESAR keel designs on the market that are typically 

made of composite materials, such as with carbon fibre and elastomer layers.  

 

Dynamic keels are considered higher performance devices that as a result are more expensive, 

and are prescribed for higher activity users.29 Although these keel designs are classified as higher 

functioning, there is a lack of substantial evidence to support this claim.29 Currently, the literature 

is unclear as to whether dynamic and conventional devices produce biomechanical differences in 

user gait.8,30–33 Qualitative studies have reported that transtibial amputees tend to prefer ESAR 

designs over conventional ones.8,30 Thus, the focus of passive prosthetic keels has progressed 

towards more technologically advanced designs in an attempt to produce higher performance 

systems (Figure 6).  
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Figure 6 – ESAR Prosthetic Foot Designs 

A variety of technologically advanced ESAR keel designs as presented by Versluys et al.7  

 

 

2.1.2 Foot Shell Design 

The description and function of foot shell designs is summarized in Table 1, and is based on the 

terminology originally described in US Patent 20060015192A1.34 The four main foot shell 

components include the ankle covering, forefoot covering, heel covering, and sole. These 

components, in turn, are comprised of design features with specific functions.34,35 All of the foot 

shell features can be modified with different material properties and geometry, including but not 

limited to: material density, Young’s moduli, thickness, and curvature.34 
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Table 1 – Foot Shell Components and Design Features 

Summarized description of physical design and function of a typical foot shell and its main 

components and subsequent design features. A visual representation of each of the design features 

is also included for reference. 

 

Section 
Design 

Feature 
Description Figure 

1. Ankle 

Covering 

and 

Opening 

1.1 Opening 

 Enables insertion and 

removal of the keel 

structure 

 Facilitates access to 

alignment hardware 

 Provides interface with 

additional prosthetic 

and cosmetic 

components 

 

1.2 External 

Ankle 

Surface 

 Cosmetic and protective 

feature resembling the 

ankle portion of the 

prosthesis. 

1.3 Internal 

Ankle 

Surface 

 Provides interface with 

ankle componentry of 

the keel 

2. 

Forefoot 

Covering 

2.1 External 

Forefoot 

Surface 

 Enables proper fit with 

overlaying footwear by 

preventing the footwear 

from collapsing or 

caving in during use 

 Cosmetic and protective 

feature 

 

2.2 Internal 

Forefoot 

Surface 

 Enables proper fit with 

superior surface of keel 

forefoot structure 

2.3 Toe Clip 

 Enables proper fit with 

end of keel forefoot 

structure and prevents 

unwanted motion 

between keel and foot 

shell components 

3. 

Rearfoot 

Covering  

3.1 External 

Rearfoot 

Surface 

  Enables proper fit with 

overlaying footwear 

and prevents unwanted 

motion or removal of 

the foot 

 Cosmetic and protective 

feature 
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3.2 Heel Clip 

 Mechanism to secure 

keel structure in foot 

shell and prevent 

unwanted movement or 

removal 

 

4. Sole 

4.1 External 

Sole Surface 

 Enables proper fit with 

footwear 

 

4.2 Forefoot 

Pad 

  Enables proper fit with 

inferior surface of the 

forefoot component of 

the keel 

 Hypothesized 

contribution of 

increased compression 

through thickness of 

material 

4.3 Rearfoot 

Pad 

 Enables proper fit with 

inferior surface of the 

rearfoot component of 

the keel 

 Hypothesized 

contribution of 

increased compression 

through thickness of 

material 

4.4 Midsole 

  Enables proper fit with 

inferior surface of keel 

mid-sole region 

 Hypothesized 

contribution to 

restricted rearfoot and 

forefoot deflection 

through stretching 

along material 

 

 Description of Features 

1. Ankle Covering. The superior portion of the cover is composed of three main features: 

1.1. Opening. The opening is located at the superior surface of the cover and enables the 

insertion and removal of the keel structure and facilitates access to keel-pylon alignment 
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hardware. The surface surrounding the opening also provides an interface or connection 

mechanism for the mating and attachment of additional prosthetic and cosmetic 

components. Specific design modifications include the shape of the opening, surface 

area or thickness of the edge surrounding the opening, and the attachment mechanism. 

1.2. Ankle Surface. The outer cosmetic surface that resembles the ankle portion of the 

prosthesis. Specific design modifications include height of the ankle covering, and shape 

including cosmetic features such as mimicking the ankle malleoli. 

1.3. Ankle-Keel Interface. The inner surface that provides an interface with structural ankle 

components of the keel, and therefore the main design modification includes the shape 

based on the underlying structure. 

2. Forefoot Covering. The superior and anterior portion covering the forefoot and toe includes 

three main features: 

2.1. Forefoot-Shoe Interface. The outer surface of the forefoot covering provides the 

cosmetic appearance of the forefoot and enables proper fit with typical footwear, 

specifically preventing shoes from collapsing into unfilled space. Specific design 

modifications include thickness, space filler mechanism, and the shape, specifically with 

regard to toe design and top curvature of the foot for cosmetic purposes. 

2.2. Forefoot-Keel Interface. The inner surface enables proper fit with the superior surface of 

the keel forefoot structure, and therefore the main design modification includes the 

shape based on the underlying keel structure.  

2.3. Toe Clip. The attachment mechanism that enables proper fit with the end of the keel 

forefoot or toe structure and prevents unwanted motion of the keel inside the foot shell. 

The design modifications associated with the toe-clip include the shape, thickness, and 

interface mechanism. 
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3. Rearfoot Covering. The superior and posterior portion covering the heel includes two main 

features: 

3.1. Rearfoot-Shoe Interface. The outer surface of the heel covering provides the cosmetic 

appearance of the heel and enables proper fit with typical footwear, specifically 

preventing unwanted removal or movement of the rearfoot during use. The main design 

feature includes the shape for cosmetic purposes. 

3.2. Heel Clip. The inner surface of the heel covering that includes a mechanism to interface 

with and secure the keel structure in place to prevent unwanted movement or removal of 

the keel from the foot shell. The design variables include shape, thickness, and the heel 

clip mechanism. 

4. Sole. The inferior portion of the cover includes four main sections: 

4.1. Sole-Shoe Interface. The outer surface that provides cosmetic appearance of the inferior 

heel, sole and arch, ball, and toes of the foot and enables proper fit with typical footwear. 

The main design modifications are to the shape and curvature, typically designed to 

resemble the bottom of the foot, and material for altering traction. 

4.2. Forefoot Pad. The anterior inner surface that interfaces with the inferior surface of the 

keel forefoot and toe structures. Typical design modifications are to the material 

stiffness, thickness, and shape. 

4.3. Rearfoot Pad. The posterior inner surface that interfaces with the inferior surface of the 

keel rearfoot structure. Typical design modifications are to the material stiffness, 

thickness, and shape. 



 

19 

 

4.4. Midsole. The interior middle surface that interfaces with the inferior middle or arch 

surface of the keel structure. Typical design modifications are to the material stiffness, 

thickness, and shape. 

 Assembly and Fit 

The external sizing of the cosmetic foot shells are based on standardized prosthetic foot sizes. The 

internal fit is typically based on the external shape and size of the paired underlying keel 

structure. The paired components are typically designed with a tight fit to prevent movement of 

the keel within the foot shell. Due to this tight fit, a prosthetic shoe horn is typically used for the 

insertion and removal of the keel structure into and out of the foot shell, also referred to as 

donning and doffing the foot shell, respectively. 

2.1.3 Prosthetic Foot Socks 

Prosthetic foot socks are used with certain keel designs for use with the foot shell. They are 

typically paired with ESAR keel designs to provide a protective barrier between the composite 

materials of the keel and foot shell to help reduce wear of the softer foot shell material. The 

socks, typically made of Spectra, also help to reduce noise resulting from friction between 

components, and help prevent the accumulation of dirt and moisture.36 

2.1.4 Footwear 

Although footwear is not necessary for a prosthesis, it is often included as part of the prosthetic 

foot system. Footwear is outside the scope of this study, but it is still important to consider its 

influence on the system. The use of footwear is accounted for in the design and alignment of the 

prosthetic foot system, specifically to accommodate for differences in heel-height. Footwear has 

been shown to influence the mechanical properties of prosthetic feet in terms of stiffness, roll-

over shape and alignment, and energy dissipation, with the majority of effects occurring in the 
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rearfoot.19,20,37,23 The effects of footwear vary depending on the design, and currently there is no 

standard shoe used for testing.23 

2.1.5 Alignment 

The alignment of a transtibial prosthesis refers to the orientation of the foot relative to the socket 

in space. The alignment is set by the prosthetist, and can have a large influence on the user’s 

comfort and gait performance. The alignment of the system is performed in three steps: (1) bench 

alignment, (2) static alignment, and (3) dynamic alignment.38 Bench alignment is performed 

while the prosthesis is isolated from the user and is based on individual amputee requirements, 

such as severity of knee contractures.38 The bench alignment sets an anterior and lateral shift to 

distribute the load over the length of the tibia (Figure 7),39 and is set in the middle of the range 

expected from static and dynamic alignment.38 
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Figure 7 – Transtibial Prosthesis Alignment 

Transtibial prosthesis alignment in anteroposterior and mediolateral views. Anterior and lateral 

bench alignment is shown in parentheses as recommended by Radcliffe and Foort.40,41 The 

instantaneous reaction vector of contact force at the foot and its direction referred to as the load 

line are also displayed for reference. 

 

 

The static alignment is performed while the prosthesis is worn by the patient in a static weight 

bearing position. The main objectives during static alignment are to set appropriate height of the 

prosthesis to enable the distribution of weight evenly across both limbs,38 and to adjust the 

anterior and lateral shifts to minimize knee loads.42 If the anteroposterior shift results in the load 

line occurring too far anterior with respect to the knee centre, it can result in a large external 

extension moment at the knee that stresses the ligaments and posterior capsule. Alternatively, if 

the anteroposterior shift results in an insufficiently anterior or too posterior load line with respect 

to the knee centre, an extension moment or a flexion moment can be created.42 This results in 
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increased action by the quadriceps muscles to stabilize the joint, which can increase the amount 

of metabolic energy expended.33,42 

 

Lastly, the dynamic alignment is performed as an iterative process by which the prosthetist 

observes the amputee walking with the prosthesis, and makes adjustments based on empirical 

knowledge. The main objectives during dynamic alignment are to provide an optimal alignment 

from both prosthetist and user perception that provides smooth rollover through stance, medio-

lateral stability, and comfort.38  

2.2 Mechanical Characterization of Prosthetic Foot Systems 

The mechanical properties of prosthetic foot systems, such as keel flexibility and stiffness, have 

been shown to be important factors influencing gait biomechanics and stability of lower-limb 

amputees.10,43–45 These mechanical properties, if measured independent of the user, can help 

characterize prosthetic foot function without confounding factors related to individual gait 

characteristics.12  Therefore mechanical characterization of passive prosthetic foot devices is of 

particular interest for providing insight into the influence of different design properties on 

amputee walking performance. 

 

Methods for mechanical characterization of lower-limb prosthetic components have been 

proposed in a number of standards around the world.  The International Society for Prosthetics 

and Orthotics (ISPO) initially published strength and durability testing protocols to provide 

standardized safety guidelines, which later developed into the widely used International 

Organization of Standardization (ISO) standards.46–48 To classify prosthetic foot systems based on 

their structural properties, the AOPA and Haute Autorité de Santé (HAS) in France published 

testing protocols classifying devices with an L-Code or P-Code, respectively.25,49 These 

classification protocols are similar, in that they both use linear compression tests to measure 
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force-deflection at points representing key instances during the stance phase of gait to calculate 

deformation and energy return properties. The points tested include the instances of peak load for 

each the rear-foot and fore-foot, which occur when the foot is at an angular orientation of 

approximately -15 and 20 degrees, respectively. The applied forces and angles used are 

approximated based on ground reaction forces (GRF) and shank angles measured in vivo, to 

represent realistic amputee stance phase loading conditions in the sagittal plane.  

 

The key difference between these protocols is that each proposes a different loading 

configuration. The L-Code (AOPA) test uses a shank based setup, while the P-Code (HAS) test 

uses a ground based setup. For the shank based setup, the loading orientation is set by altering the 

loading surface tilt angle and the loads are applied through the “shank” or pylon of the device 

creating simulated GRFs between the loading plate and point of contact on the foot (Figure 8a). 

In contrast, for the ground based setup, the loading orientation is set by rotating the “shank” or 

pylon and the forces are applied normal to the loading surface to directly simulate vertical GRFs 

(Figure 8b). Although, both setups are similar, there is a key difference in the direction of 

loading, which requires a geometric conversion for direct comparison between methods. 
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Figure 8 – Variations of Loading Configurations 

Comparison of loading geometries at the -15deg and 20deg orientations: a) Shank based 

loading setup (schematic created based on AOPA L-Code standard), b) Ground based loading 

setup as presented in the HAS P-Code standard.49 

 

 

A number of studies have used variations of both setups to measure the mechanical properties of 

commercially available passive prosthetic foot systems.19,23,44,50–53,21,22 The majority of these 

studies performed mechanical testing at similar points to the  L-Code and P-Code tests to 

represent heel strike and toe-off characteristics, while some also included a third point at foot-flat, 

which occurs at approximately 0 degrees, to characterize midstance loading.23,44,53 This method of 

characterization is limited however, in that it only captures two to three instances throughout the 

entire stance phase, and therefore lacks the ability to detect temporal aspects throughout stance.  

 

There have been limited studies to date that have performed mechanical tests at an increased 

number of points. A recent study by Zhao et al., proposed a method based on that initially 

reported by van Jaarsveld et al.,19 for predicting the continuous deformation characteristics of 

prosthetic feet throughout stance, providing the ability to detect temporal features related to foot 

design.22 The limitation to this study is the inability to include characterization of double-keel 
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loading due to the constraints in testing setup and equipment.i This phase of loading was 

addressed in a separate study by Adamczyk et al., that discussed a novel method for determining 

angular stiffness of prosthetic feet using linear compression tests during simultaneous loading and 

unloading of rear-foot and fore-foot components.21 However, the method is not easily adapted to 

include characterization of the transition periods between single-keel and double-keel loading. 

 

These previous studies provided insight into mechanical properties related to prosthetic foot 

loading throughout single-keel and double-keel contact, however there is a lack of 

characterization during the transitions between the two phases of loading. Prosthetic foot 

deformation properties are particularly relevant during these transition periods with respect to 

simulated plantarflexion for advancement into a stable foot-flat position, and dorsiflexion for 

progression out of midstance into push-off.12,22 

 

A number of studies have investigated mechanical characterization of passive prosthetic feet for 

the comparison of structural performance between designs. Stiffness in particular is an important 

mechanical property that has been shown to directly influence walking performance of transtibial 

amputees32,44,45,21,54–56. Based on this predicted relationship to biomechanical performance, 

prosthetic foot deformation and stiffness properties quantified independent of the user, have 

subsequently been the focus of multiple studies aiming to provide evidence based clinical 

prescription guidelines and design practices.12,25,19,23,50,53,21,22,57,58 

                                                      

i The limitation is mainly due to a need to transmit a large bending moment to the load-cell of the testing 

device in the initiation and termination of stance. This is overcome by off-setting the pylon in the shank-

based loading system. A similar loading geometry is found in ISO22675 testing standard for lower limb 

prosthetic components.48 
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2.3 Mechanical Properties of Prosthetic Foot Systems 

The prosthetic foot system is comprised of not only the underlying structural keel component, but 

often includes the cosmetic foot shell, and can also include footwear. The majority of studies 

investigating mechanical properties of prosthetic feet however, do not consider the effects 

imposed on the system by the overlaying components. Often, studies do not specify which foot 

shell is tested with each system, or whether they were included for testing at all. A few papers 

have speculated on the influence of cosmetic foot shells on the system’s mechanical performance.  

 

In a study investigating stiffness and hysteresis of prosthetic feet, van Jaarsveld et al., suggested 

that the soft rubber coating scarcely contributes to the mechanical properties and is only essential 

for cosmetic appearance.19 Geil et al., investigated energy, stiffness, and viscoelastic properties of 

passive foot systems, and alternatively suggested the foam covers add cushioning to the system 

and a damping component influencing the viscoelastic behaviour.50,51 Based on this, Smith et al., 

quantified the effects of cosmetic covers on the viscoelastic properties of prosthetic foot 

assemblies, and reported that the foot shells decreased energy efficiency across designs.59  

 

Additional studies have also investigated the effects of footwear on the overall mechanical 

performance of prosthetic feet. Studies reported increased and decreased stiffness responses 

thought to be a result of compression and bending of the shoe sole,19 increased energy dissipation 

at the heel,20,23 and shifted roll-over properties due to increased heel height.37 Although these 

effects cannot be directly applied to foot shells, the evidence does suggest that certain design 

features, such as the compliance or height of added material to the sole and in particular at the 

heel, could result in similar effects. It is often anecdotally suggested that foot shells tend to soften 

the loading response of prosthetic feet due to their compliant material properties, but overall their 
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influence on the mechanical performance of prosthetic foot systems throughout stance is limited 

in academic literature.  

 

In contrast, the prosthetic device industry has been shown to consider the effects of foot shells 

with respect to foot system design. Össur, one of the largest prosthetic companies in the world has 

published multiple patents on a functional foot cover design,34 and on methods utilizing foot 

shells to influence performance of prosthetic foot systems by providing smooth roll-over through 

stance.35,60 It is also recognized that some prosthetic companies intentionally design their keels 

with matching cosmetic foot shells to deliver an overall desired mechanical performance. This 

implies there is a developing trend towards designing higher performance systems through 

strategically paired components. Conversely, there is still the option for keels to be paired with 

generic cover designs. Due to the limited evidence reported, the sensitivity of these systems to 

differences in foot shell design is largely unknown. 

 

2.4 Effect of Foot Shell Features on Prosthetic Foot Mechanical Performance 

Studies have previously focused on quantifying the stiffness and viscoelastic behaviour of 

prosthetic feet, with some proposing simple lumped-parameter models.19,20,50,51,58 Alternatively, 

other studies have also investigated roll-over properties of prosthetic feet to demonstrate the 

combined influence of geometric, alignment, and stiffness characteristics on the mechanical 

performance of prosthetic feet.37,61–65 With the majority of these studies not considering the 

influence of foot shells on the mechanical properties, previous models to evaluate prosthetic foot 

mechanical performance lack the ability to isolate the effects of foot shell components on the 

system.  
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It is thought that foot shells will influence the mechanical properties of the prosthetic foot system 

in terms of the stiffness and viscoelastic properties.50,51,59,66 Previous studies have proposed 

various simple viscoelastic elements and models to represent the mechanical behaviour of 

prosthetic feet and shoes. The study by van Jaarsveld, et al., proposed a simple stiffness model 

with spring elements both in series and in parallel to describe the influence of footwear, which 

contributed both softening and stiffening effects (Figure 9a).19 Geil, et al., proposed the use of the 

standard linear model for the viscoelastic effects of prosthetic foot systems, suggesting that the 

foot shells contribute to the damping element (Figure 9b).51 Klute, et al., investigated the heel-

region properties of prosthetic feet and shoes under simulated dynamic impact, and described the 

viscoelastic response of the rear-foot using the Voigt model (Figure 9c). Footwear was shown to 

increase energy dissipation, and therefore it is thought that shoes contribute to the damping 

element.20 An additional study by Luke, et al., did not consider prosthetic feet, but investigated 

the effects of footwear on the spring-like function of the human foot during running. It was 

suggested that shoes contributed either a series element or a parallel element for instances of 

softening or stiffening, respectively (Figure 9d).67 Based on the similarities that are proposed 

across foot shells and footwear, elements of these models may be useful to model the response of 

the foot shell on the mechanical performance of the prosthetic foot system. 

 



 

29 

 

 

Figure 9 – Proposed Lumped-parameter Models for Prosthetic Foot and Footwear 

Viscoelastic Behaviour 

Proposed lumped-parameter models for viscoelastic behaviour of prosthetic feet and footwear: 

(a) combined spring elements representing footwear positioned in series and in parallel with a 

spring element representing the keel,19 (b) standard linear model for overall behaviour of 

prosthetic feet with a spring in parallel with a series spring and damper,51 (c) Kelvin-Voigt 

model to represent behaviour of the prosthetic rearfoot during impact loading,20 and (d) 

alternative spring elements representing footwear positions either in series or in parallel with a 

spring element representing the longitudinal arch of the human foot.67 

 

 

It has also been previously shown that changes in geometry and alignment properties of prosthetic 

feet result in differences to the overall stiffness response.12,61,63,64 Differences in heel-height as a 

result of different footwear paired with the prosthetic foot system, were shown to affect the roll-

over alignment, but not the roll-over shape.37 The foot shell contributes similar alterations to the 

geometry and alignment of prosthetic foot systems. Therefore, it is possible that both viscoelastic 

and geometric features of cosmetic foot shells impact the overall mechanical performance of 

prosthetic foot systems. The design features of the foot shell are also described as having 

modifiable properties in order to produce different responses.34,35 Due to a limited consideration 
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in the literature, there is a lack of understanding surrounding the influence of specific foot shell 

design features on the mechanical performance of foot systems. 

 

2.5 Specific Study Objectives 

This study includes three main objectives, each with corresponding specific sub-objectives: 

1) Develop a method to predict deformation characteristics of foot systems throughout stance, 

including both single-keel and double-keel loading, and specifically: 

a. Verify the proposed protocol against results from the existing method, 

b. Determine the precision of system measurements, and 

c. Demonstrate the ability of the method to detect differences related to foot design, 

specifically during transitions between single-keel and double-keel loading phases.  

2) Quantify the effects of foot shells on the mechanical properties of passive prosthetic foot 

systems throughout the stance phase of gait, and specifically:  

a. Determine the sensitivity of multiple foot systems to differences in foot shell designs, 

and 

b. Compare the effects of a matching foot shell on one system’s performance to those 

imposed by other generic designs 

3) Evaluate the effect of foot shell design features on the mechanical performance of prosthetic 

foot systems, and specifically: 

a. Quantify the influence of isolated design features on structural stiffness properties of 

the foot system, and 

b. Determine the influence of foot shell and keel geometric features on the effects on 

the intact foot shell on the mechanical properties of the foot system. 
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Chapter 3 

Method for Predicting Midstance Deformation Characteristics of 

Prosthetic Foot Systems 

This manuscript was prepared for submission to Prosthetics and Orthotics International, and was 

written in collaboration with the following co-authors: Zhao SR, Hamilton M, Saddlemyre J, and 

Bryant JT. The introduction including the appropriate literature review for this manuscript was 

included in Chapter 2, the limitations were included in Chapter 6, and future work was 

summarized in Chapter 7 to reduce repetitiveness and improve readability. An abridged 

introduction including the objectives is presented. 

3.1 Introduction 

Mechanical characterization of passive prosthetic foot devices has been of particular interest in 

providing insight into the influence of different designs on amputee walking 

performance.25,19,23,44,46–53,21,22 Previous studies have provided insight into prosthetic foot 

properties related to loading throughout single-keel and double-keel contact, however there is a 

lack of characterization during the transitions between the two phases of loading. Prosthetic foot 

deformation properties are particularly relevant during these transition periods with respect to 

simulated plantarflexion for advancement into a stable foot-flat position, and dorsiflexion for 

progression out of midstance into push-off.12,22  

 

The main goal of this study was to develop a method based on the protocol proposed by Zhao et 

al.,22 by which the vertical deformation characteristics of foot systems could be predicted 

throughout stance, including both single-keel and double-keel loading. The specific study 

objectives are to 1) verify the proposed protocol by comparing to results from the existing 

method, 2) determine the precision of system measurements, and 3) demonstrate the ability of the 

method to detect differences related to foot design, specifically during transitions between single-

keel and double-keel loading phases.  
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3.2 Methods 

3.2.1 Loading Configuration 

The loading configuration used in this study was based on that described in the L-Code and 

ISO22675 testing standards,25,48 which has been previously adapted for mechanically testing 

prosthetic feet at foot flat 23,44,53. Force and displacement are measured in the shank based setup, 

which permits double-keel contact. In contrast, in the original configuration used by Zhao, et al., 

measurements are made in the ground based setup as described in the P-Code standard.49,22 To 

represent realistic loading conditions during stance, foot deformation should be predicted based 

on measured displacement resulting from applied ground reaction forces at the foot. However, a 

shank-based setup is needed in order to overcome the technical challenges of modifying a ground 

based setup for characterization of double-keel contact. There is a practical limitation in the latter 

due to a need to transmit large bending moments to the load cell of the testing device in the 

initiation and termination of stance. This is overcome by off-setting the pylon in the shank-based 

loading system. A similar loading geometry is found in ISO22675 testing standard for lower limb 

prosthetic components.48 Therefore, for direct comparison between the two configurations it is 

necessary to convert measured force and displacement data to the ground based setup (Figure 10).  

 

The force conversion is based on the free body diagram shown in Figure 10a between the vertical 

force measured at the load cell (𝐹𝑚), and the normal reaction force (𝐹𝑟), at the contact point (𝐶). It 

is assumed that friction between the test specimen and loading surface is negligible, thus there is 

no transverse component of the contact force. For a given orientation of the tilt plate (𝜃), the 

contact force is given by 𝐹𝑟 = 𝐹𝑚 /𝑐𝑜𝑠 𝜃.  

 

The displacement conversion is based on the geometry in Figure 10b. The measured vertical 

displacement (𝑑𝑚) results in deformation of the foot at the contact point normal to (𝑑𝑟) and 
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tangential to (𝑑𝑟) the loading surface. Thus, deformation of the foot in the normal direction is 

given by 𝑑𝑟 = 𝑑𝑚 cos 𝜃. These equations were adapted from the basic angle-force relationships 

described in ISO22675, using the assumption that the friction force tangential to the ground is 

equal to zero.48 Note that measurement of the reaction moment (𝑀𝑜), horizontal reaction force 

(𝐹𝑥), and tangential deformation (𝑑𝑡) were not used in the characterization protocol as they would 

require additional measurement equipment. 

 

 

Figure 10 – Loading Geometry 

Definition of measured and reaction forces and deformations at tilt angle, 𝜃. a) Measured force 

at the load cell, 𝐹𝑚, corresponds to the vertical component of the reaction force, 𝐹𝑟, at contact 

point, 𝐶. The moment acting on the system is equal to the vertical component of the reaction 

force multiplied by the eccentricity, 𝑀𝑜 = 𝐹𝑅𝑒 b) Displacement measured at the load cell, 𝑑𝑚, 

corresponds to keel deformation at the contact point in the normal direction, 𝑑𝑟, and in the 

tangential direction, 𝑑𝑡. Note that the moment, 𝑀𝑜, horizontal force, 𝐹𝑥, tangential 

deformation, 𝑑𝑡, contact point location, 𝐶, and corresponding eccentricity, 𝑒, are not measured. 
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3.2.2 Apparatus 

Mechanical testing of each foot condition was performed using an MTS (Eden Prairie, MN) 

universal testing machine (Bionix Model 370.02) with a 15kN load cell (MTS, 662.20H-04) used 

to measure force (Figure 11), and a closed-housing axial Linear Variable Differential Transducer 

(LVDT) (MTS, 1050-AC370003) to measure displacement (resolution = 0.004mm). The loading 

surface was composed of a flat steel baseplate attached to a sine vice. The plate was covered with 

a 0.8mm Teflon sheet and all foot conditions were tested with an additional 5mm nylon sheet to 

reduce friction. The sine vice was used to adjust the loading tilt angle (±0.3deg) using a range of 

sine blocks, and was rigidly connected to the base of the machine using an elevated aluminum 

platform. The foot system was attached to the top load cell using an adapter plate to offset the 

point of loading by 50.8mmii to minimize applied moments on the testing equipment. The 

prosthetic foot system was connected to the distal end of the pylon using a standard pyramid 

adapter with a tube clamp. The proximal end of the pylon was attached to the adapter plate with a 

standard four-hole pyramid adapter received by a second tube clamp. 

 

                                                      

ii The offset was selected from five options on the adapter plate: 0mm, 25.4mm, 50.8mm, 76.2mm, and 

101.6mm. Through visual observation, 50.8mm was determined as the most appropriate offset to minimize 

applied moments on the testing equipment during both rearfoot and forefoot loading. 
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Figure 11 – Testing Apparatus 

Testing apparatus adjusted for rear-foot loading at -15 degree tilt angle. The load cell is 

attached to the loading actuator (not shown). Nylon and Teflon sheets are used to negate 

traction forces along baseplate. Right inset: foot specimen using zeroed alignment with 

standard 1cm heel block spacer. 

3.2.3 Protocol 

The testing protocol including steps for alignment, loading profile, and loading protocol. The 

detailed standardized operating procedure (SOP) for the proposed protocol is provided in 

Appendix A. 

 Alignment 

Each foot condition was aligned with the keel inside the foot shell and with a heel block, as per 

the manufacturer’s guidelines. A 1cm block was chosen for the alignment of all foot systems for 

consistency. The system was placed on a flat level surface while attached to the adapter plate and 

aligned in a neutral orientation in all axes (Figure 11 – Right Inset). 

 



 

36 

 

 Loading Profile 

The ISO reference waveforms (ISO22675) were used in this study to simulate amputee stance 

phase loading conditions48. The force and shank angles with respect to time were implemented in 

a quasi-static mechanical testing procedure for the purpose of predicting deformation 

characteristics of prosthetic foot systems. To capture mechanical properties throughout the stance 

phase of gait, 17 critical points were extracted from the reference force and shank angle 

waveforms that are represented by 6th and 5th order polynomial curves, respectively. (Figure 12, 

Table 2). Assuming a 600ms stance phase, each point can also be associated with an instance in 

time or percent of stance.48,22 Based on the overall direction of loading, these points are also 

associated with instances of loading or unloading during the stance phase. Manufactured sine 

blocks were used to set the loading tilt plate orientation to each of the selected critical angles, and 

the maximum cyclic test force was set to 1300Niii  

 

Figure 12 – P4 Force and Angle Waveform Critical Points 

Force and angle waveforms generated using polynomial curves published in ISO22675 for the 

P4 load level. Seventeen critical force and angle data points were extracted to represent the 

stance phase. 

                                                      

iii The test force was reduced to 1200N for 25, 30 and 35 degree orientations to reduce excessive reaction 

forces in the ground based system. 
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Table 2 – Critical Points 

The ISO22675 reference waveforms were used to extract 17 critical points to represent the 

mechanical properties throughout the stance phase of gait. Each critical point corresponds to a 

specific time, assuming a 600ms stance phase, force, direction of loading, and shank angle. 

 

Point Time 

(ms) 

Stance 

(%) 

Force 

(N) 

Loading 

Direction 

Shank Angle 

(deg) 

1 28 5 237 Loading -20 

2 90 15 917 Loading -18 

3 152 25 1173 Maximum -15 

4 214 36 1012 Unloading -10 

5 238 40 915 Unloading -7.5 

6 260 43 841 Unloading -5 

7 281 47 797 Unloading -2.5 

8 301 50 783 Minimum 0 

9 320 53 798 Loading 2.5 

10 339 56 837 Loading 5 

11 357 60 894 Loading 7.5 

12 376 63 963 Loading 10 

13 412 69 1097 Loading 15 

14 449 75 1158 Maximum 20 

15 487 81 1057 Unloading 25 

16 525 88 748 Unloading 30 

17 564 94 309 Unloading 35 

 Loading Protocol 

The foot specimens were mechanically tested using a similar loading protocol as proposed by 

Zhao, et al.,22 and implemented using MTS multipurpose software. Each specimen was mounted 

to implement either a forefoot offset with the adapter plate for positive shank angles between 0 

and 35 degrees including foot-flat, or a rear-foot offset for all negative shank angles between -20 

and -2.5 degrees. The sine vice was set to the desired orientation using the corresponding sine 

block. A 50N load was applied and maintained for ten seconds to stabilize both machine and test 

specimen, and a cyclic load was applied between 50N and 1300N for 10 cycles. A loading rate of 

3mm/s was used, which is similar to previously applied loads for implementation of a quasi-static 

testing procedure.25,22 All force and displacement data were recorded at a rate of 100 samples/s. 
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Each test was also observed visually for the approximate force at which double-keel loading 

occurred to later determine the duration of double-keel contact for each foot condition. 

 Critical Point Extraction 

For each angular configuration, one steady state cycle of force-displacement data was extracted. 

Each curve was then separated into loading and unloading curves. The 17 critical displacements 

were extracted based on the critical forces and shank angles, and corresponding loading regions 

(Figure 12, Table 2).22 If the critical point corresponded to an instance of loading or maximum 

peak load, such as with Critical Points 3 and 14 (Figure 13), the critical point was extracted from 

the loading region of the curve. iv Conversely, if the critical point corresponded to an instance of 

unloading or the local minimum during midstance, such as with Critical Point 8 (Figure 13), the 

critical point was extracted from the unloading region of the curve to account for viscoelastic 

effects (Figure 13).22 

                                                      

iv For example, point 3 on Table 2 represents the maximum peak rearfoot load, and therefore the loading 

curve for rearfoot loading at -15deg is analyzed  (Figure 13). The displacement at 1173N is recorded as the 

data point in the predicted deformation profile (Figure 14). 
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Figure 13 – Force-displacement Curves and Critical Point Extraction 

Corresponding force-displacement data for the Niagara Foot at -15, 0, and 20 degrees during 

each of the contact loading conditions, respectively. Critical displacement values were 

extracted from the corresponding loading or unloading curve at the critical force magnitude.22 

 

 

The 17 extracted critical displacements represent the predicted foot deformation, and were fit 

with a spline interpolant and plotted with respect to percent stance (Figure 14). The resulting plot 

is referred to as the deformation profile and displays the predicted continuous deformation 

characteristics of the prosthetic foot system throughout stance.22 A thicker line is used to display 

the region along the curve corresponding to the predicted duration of double-keel loading. 



 

40 

 

 

Figure 14 – Deformation Profile 

Corresponding deformation profile for the Niagara Foot bare keel displaying the 17 extracted 

critical displacements. Predicted durations of double-keel loading are displayed on the 

deformation profiles with a thicker line in the midstance region of the curve. Critical Points 3, 

8, and 14 extracted from the force-displacement curves in Figure 13 are also circled for clarity. 

 

 Determination of Double-keel Loading 

There are three distinct phases of loading throughout the stance phase of gait: rearfoot-only 

contact, double-keel contact during which both the rearfoot and forefoot are simultaneously 

loaded, and forefoot-only contact (Figure 15). Instances of single-keel and double-keel contact 

were distinguished by comparing the force at which double-keel contact was initiated 

(approximated through visual observation during cyclic loading) to stiffness transitions on the 

force-deflection curves. If the extracted critical point fell above the transition from single to 

double-keel contact, it was considered to fall within the double-keel loading phase (Critical Point 

8, Figure 13). 
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Figure 15 – Loading Contact Conditions 

Examples of the three contact loading conditions in stance represented by the Niagara Foot 

bare keel during loading in the -15, 0, and 20deg orientations: (1) Rearfoot-Only, (2) Double-

keel, and (3) Forefoot-Only. 

 

3.2.4 Experimental Design 

 Test Samples 

To demonstrate the ability of the proposed testing method to determine predicted deformation 

characteristics of the prosthetic foot system during double-keel loading, a sample of currently 

available prosthetic foot systems were included in the study. Six contemporary passive keels and 

seven foot shells were obtained from the manufacturers, and a total of 16 foot systems were 

assembled representing a range of keel-foot shell combinations. For this study, five commercial 

foot systems comprised of keel and foot shell combinations as recommended by the 

manufacturers were included: a right Otto Bock SACH with integrated foot shell, a Model 2 

Version 21 Niagara Foot paired with a left Kingsley foot shell, and a College Park Celsus, 

TruStep, and Velocity (left foot oriented), each paired with their matching left foot shells (Figure 

16). The Celsus, TruStep, and Velocity keels are typically worn with Spectra socks when paired 
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with foot shells. Therefore the socks provided by the manufacturer were also included for testing. 

The SACH or solid-ankle-cushioned-heel is a commonly used conventional foot design that is 

targeted towards lower activity users. The Niagara Foot is a unique controlled passive energy 

management (CPEM) keel designed at low cost for moderate to high activity users.5 The Celsus is 

a flexible keel design that provides prolonged ground contact for increased stability targeted for 

low to moderate activity users.68 The TruStep is a multi-axial dynamic keel designed based on the 

anatomical foot for moderate to high activity users.69 Lastly, the Velocity is a high impact 

dynamic energy storage and return keel that also provides multi-axial motion for moderate to high 

activity users.70 

 

 

Figure 16 – Keel Test Specimens 

Foot specimens: (a) Otto Bock SACH – Right, (b) Niagara Foot M2V21, (c) College Park 

Celsus, (d) College Park TruStep, and (e) College Park Velocity – Left. Keel specimens are 

shown without cosmetic covers for comparison of structural design features, except for the 

SACH where the cover is not removable. 

 

 Comparison between Ground Based and Shank Based Protocols 

To validate the proposed methodology, one bare Niagara Foot M2V21 sample was tested by 

different operators on separate occasions using both the original ground based loading protocol 

and apparatus proposed by Zhao, et al.,22 and the proposed shank based method. Only single-keel 

loading points were used for comparison. Therefore the -5 degree rear-foot loading angle from 

the original protocol was excluded due to the occurrence of double-keel contact of the Niagara 

Foot bare keel at that orientation with the proposed method. This resulted in 11 data points 

averaged across five tests using the original ground based protocol, and averaged across six tests 
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using the proposed shank based protocol. For each method, the predicted deformation and 

variability across operators were represented by the mean and standard deviation of each critical 

point. The agreement between the two methods was then evaluated using a Bland Altman 

analysis.71 Both unit differences and percent differences with respect to the average value were 

computed between repeat measures.72 

 Test-Retest Agreement 

The test-retest analysis included data from all 16 available foot systems to evaluate the agreement 

between repeat tests. Fifteen systems were comprised of keels and removable shells and were 

tested in both bare and covered conditions. The SACH has an integrated cover and thus only one 

condition was tested. Each of the resulting 31 conditions was tested twice. Since each test 

includes 17 data points, a total of 527 data points were included in a Bland Altman analysis to 

compare the agreement between repeat tests using the proposed testing protocol. 

 Predicted Deformation Characteristics of Prosthetic Foot Systems 

To demonstrate the sensitivity of the proposed testing method to differences related to foot 

design, samples of each of the five commercial foot systems were tested in random order, twice. 

The mean and standard deviations were calculated for the predicted deformation values at each 

critical point to determine the variability between tests. The data were fit with continuous spline 

interpolants to represent the predicted deformation profiles throughout stance. 

3.3 Results and Discussion 

3.3.1 Comparison between Ground Based and Shank Based Protocols for the Niagara Foot 

Bare Keel 

To assess the continuous predicted deformation results throughout stance, deformation profiles 

were produced for the tested foot in both setups.22 For the comparison between setups where no 

double-keel points were measured, the deformation profiles were created by separately fitting 
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rearfoot and forefoot data with spline interpolants to characterize predicted deformation during 

single-keel loading. The predicted deformation profiles of each method were plotted with respect 

to percent stance for comparison (Figure 17a).  

 

Visually the two profiles are similar and the majority of critical points fall within one standard 

deviation of each other. Based on the Bland Altman analysis, the level of agreement observed 

between methods is acceptable, with previous results showing that both methods can be used to 

differentiate between foot designs (Figure 17b).22 In the figure, each data point corresponds to the 

average of five repeat tests for the ground based protocol, and six repeat tests for the shank based 

protocol. The bias between averaged measures was calculated to be -0.4±0.2mm (-3±2%), and the 

upper and lower limits of agreement were calculated using corrections described by Bland, et al., 

for a comparison including repeat measuresv,71 and were found to be 0.6±0.3mm (5±3%) and -

1.3±0.3mm (-12±3%), respectively. All data points were observed to fall within the limits of 

agreement spanning a range of 1.9mm (17%).  

 

Observed differences between configurations could be explained by the differences in 

methodologies. Although the applied peak forces are similar, the reaction forces between the foot 

and loading surface changed depending on the tilt angle. As a result, larger reaction forces would 

occur as the tilt angle increased, and the largest amount of disagreement was observed at the 

larger tilt angles for both heel and forefoot. This in combination with increased traction forces 

that may not have been completely negated by the low friction Nylon and Teflon sheets, could 

                                                      

v For comparison of two methods including repeat measures, typically the mean values from each method 

are presented. The estimate of bias will be unaffected, however the estimate of standard deviation of 

differences may be reduced due to some measurement error being removed by averaging. Therefore Bland 

et al., proposed equations to calculate the standard deviation of differences, �̂�𝑑, limits of agreement, 𝐿𝑜𝐴1,2, 

and their variance, 𝑉𝑎𝑟(𝑑̅ ± 1.96�̂�𝑑), and confidence intervals, 𝑝95𝐿𝑜𝐴1,2
, for repeat measures.71 
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have affected the extracted data. Additionally the force-displacement hysteresis could have 

increased, resulting in altered displacement values on the unloading curve. 

 
 

 

Figure 17 – Agreement Between Loading Configurations 

Comparison of the original ground based method and proposed shank based method loading 

geometries: a) Mean deformation results for the Niagara Foot in both setups b) Bland Altman 

plot analyzing the agreement between the two methods. Bias and limits of agreement, and their 

respective 95% confidence intervals are also plotted. 

 

 

 

 



 

46 

 

 

 

 

 

3.3.2 Test-retest Agreement  

The test-retest agreement of the proposed method was evaluated using a Bland Altman analysis 

with 31 feet, including 15 bare keel tests, 15 covered condition tests, and one SACH foot test 

(Figure 18). The bias was calculated to be -0.08±0.03mm (-0.9±0.4%) and the upper and lower 

limits of agreement were calculated to be 0.66±0.05mm (8.4±0.7%) and -0.82±0.05mm  

(-10.3±0.7%), respectively.71 The bias between repeat tests is small and was likely influenced by 

some of the larger outliers, indicating the systematic variation between repeat tests is negligible. 

These outliers were generally a result of one or two specific foot conditions that included specific 

keel designs with greater range of motion, which may have resulted in the larger variations in 

predicted deformation. The limits of agreement span a range of 1.5mm (18.7%), which was 

considered acceptable for the purposes of differentiating between feet (Figure 19).22 It was also 

observed that the largest outliers were mostly from one foot condition, which suggests that 

although two repeat tests are generally acceptable, for certain foot conditions a third repeat test 

may be beneficial to further reduce variance. 



 

47 

 

 

Figure 18 – Agreement Between Test-Retests 

Bland Altman plot comparing test-retest measures. Bias and limits of agreement and their 95% 

confidence intervals are also plotted. 

 

3.3.3 Predicted Deformation Characteristics of Prosthetic Foot Systems 

Deformation profiles of five prosthetic foot systems were plotted for comparison (Figure 19), and 

the details for double-keel contact are summarized in Table 3. The SACH (pink line, Figure 19), 

exhibits large deflections during early stance due to its cushioned heel, which acts to reduce 

impact forces at heel strike and to simulate plantarflexion for progression into midstance. The 

duration of double-keel contact occurs between approximately 36-47% of stance, which is 

relatively short with a quick transition from double-keel to forefoot-only contact. The SACH 

incorporates a solid ankle that is meant to provide stability,7 but it also limits forefoot deflection 

during the transition out of  double-keel contact, until the contact point along the forefoot moves 

forwards at higher shank angles resulting in late peak deformation.22,73 
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Figure 19 – Predicted Deformation Characteristics 

Predicted stance phase deformation characteristics comparing the properties of the five foot 

conditions: Niagara Foot, Celsus, TruStep, Velocity, and SACH. A close-up between 20 and 

65% stance including the durations of double-keel contact for all foot conditions is also shown. 

Error bars represent differences between repeated measurements. 

 

 

The Niagara Foot (black line, Figure 19), incorporates a stiff heel design meant to provide a 

rolling response for transition into midstance.5 This response is represented by its low 

deformation in rear-foot only contact. The foot transitions into double-keel contact later than the 
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other foot designs, with a total duration occurring between approximately 40-50% of stance. The 

flexible forefoot of the Niagara Foot is intended to store and return energy for push-off.5 It is first 

activated as the foot progresses into double-keel loading resulting in a sudden increase in 

deformation, continuing until peak deformation in late stance. 

 

The Celsus (green line, Figure 19), is promoted as a low to moderate impact foot that provides 

greater ground contact.68 This feature is exhibited through its predicted deformation 

characteristics. The Celsus provides similar deformation during rear-foot loading as the SACH 

foot, acting to reduce impact forces, but also progresses into double-keel loading earlier and for a 

longer duration compared to other foot designs. Double-keel loading occurs between 

approximately 25-63% of stance. The Celsus is composed of a dual leaf spring design with two 

bolt heads that protrude out from the forefoot sole near the mid-foot region. As the rearfoot 

mechanism is loaded, the forefoot leaf spring is pulled downwards. Similarly, as the forefoot 

mechanism is loaded, the rearfoot mechanism separates allowing for a greater duration of double-

keel loading.68 

 

The TruStep (orange line, Figure 19), is a multi-axis design with dual parallel offset joints that 

provide greater rotation at the prosthetic ankle joint, which is controlled by the compression of 

the rearfoot and forefoot bumpers.69 During rearfoot loading, the foot exhibits a moderate level of 

deflection that is controlled by compression of the stiff heel bumper. As the rearfoot continues to 

compress, the offset axial joints allow the foot to exhibit plantarflexion for transition into double-

keel contact, occurring between approximately 36-60% of stance. During double-keel contact, the 

parallel offset joint mechanism enables the joints to rotate about one another to provide increased 

vertical compliance.69 During the transition from double-keel to forefoot only contact, the foot 

exhibits greater deflection compared to other foot conditions. The foot transitions into forefoot 
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only contact as the pylon angle progresses. The increased compression of the forefoot results in 

the rearfoot lifting off the ground. 

  

The Velocity (blue line, Figure 19) is promoted as a high-impact dynamic keel designed to 

provide smooth roll-over.70 It incorporates a layered spring design, with parallel springs in the 

forefoot region to provide a stiffer response.70 The velocity displays the greatest level of rearfoot 

deflection out of the five designs, likely to accommodate higher impact forces expected of higher 

activity users. The posterior end of the rearfoot is also curved, forcing the contact point to remain 

posterior. The attachment of the rearfoot leaf-spring is also located in the mid-foot to fore-foot 

region. Both of these design features allow for a greater lever arm, which could contribute to the 

larger observed deflections. The foot displays an early transition into double-keel contact similar 

to the Celsus design, with a duration between approximately 25-53% of stance. During double-

keel loading and forefoot only loading, the forefoot leaf spring displays reduced deformation due 

to its parallel spring design.  This is likely to accommodate higher impact activities. 

3.3.4 Double-Keel Contact Characterization 

Double-keel contact properties differed across foot conditions, as shown in Table 3. Generally 

more compliant rearfoot designs with larger amounts of deflection were associated with earlier 

transitions into double-keel contact. Likewise, more compliant forefoot designs were associated 

with later transitions out of double-keel contact. Stiffer rearfoot and forefoot designs were 

observed to exhibit the opposite effect.  
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Table 3 – Predicted Event Timing and Deformation of Double-keel Loading 

Summarized predicted event timing, presented as percent stance (and angular orientation in 

degrees) and associated deformation, measured in mm, including: initiation into double-keel 

loading, instance of foot-flat, termination out of double-keel loading, and the total duration of 

double-keel loading between initiation and termination.  

 
 Initiation Foot-Flat Termination  Duration 

SACH 
36% (-10°) 

9.60mm 

43% (-5°) 47% (-2.5°)  11% (7.5°) 

3.30mm 4.46mm   

Niagara Foot 
40% (-7.5°) 40% (-7.5°) 50% (0°)  10% (7.5°) 

2.45mm 2.45mm 7.14mm   

Celsus 
25% (-15°) 43% (-5°) 63% (10°)  38% (25°) 

13.39mm 3.48mm 22.78mm   

TruStep 
36% (-10°) 43% (-5°) 60% (7.5°)  24% (17.5°) 

7.83mm 5.10mm 23.38mm   

Velocity 
25% (-15°) 43% (-5°) 53% (2.5°)  28% (17.5°) 

18.66mm 6.74mm 9.21mm   

 

The contact conditions may also have an impact on timing of the double-keel loading phase. For 

example, the Celsus has a dual protruding bolt head design on the sole, which is thought to affect 

initiation and termination of double-keel loading. The Celsus rearfoot when compared to the 

SACH had similar, and at times, less deflection during the transition into double-keel contact 

(13.39 vs. 13.48mm at -15deg and 8.38 vs. 9.60mm at -10deg), but displayed an earlier initiation 

at 25% compared to the SACH at 36% of stance. Similarly the Celsus forefoot when compared to 

the TruStep deflected less during the transition out of double-keel contact (18.22 vs. 23.38mm at 

10deg and 22.78 vs. 27.67mm at 15deg), with a later termination at 63% compared to the TruStep 

at 53% of stance. Therefore both keel compliance and surface geometry are thought to influence 

prosthetic foot temporal behavior during double-keel loading. 
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3.4 Summary 

A method was described to predict the continuous deformation characteristics of prosthetic foot 

systems throughout stance, with the ability to include both single-keel and double-keel loading 

phases. The method was shown to be comparable with a similar existing protocol, and to produce 

repeatable results within an acceptable level of precision. The method successfully detected 

expected differences related to foot design, specifically demonstrating that the initiation and 

termination of double-keel contact related to keel stiffness and geometry.  
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Chapter 4 

Effect of Cosmetic Foot Shells on the Predicted Stiffness Characteristics 

of Prosthetic Foot Systems 

This manuscript was prepared for submission to Prosthetics and Orthotics International, and was 

written in collaboration with the following co-authors: Zhao SR, and Bryant JT. The introduction 

including the appropriate literature review for this manuscript was included in Chapter 2, the 

limitations were included in Chapter 6, and future work was summarized in Chapter 7 to reduce 

repetitiveness and improve readability. An abridged introduction including the objectives is 

presented. Some aspects of the methodology have also been omitted for brevity as they have been 

presented in detail elsewhere in the thesis. 

4.1 Introduction 

Previous studies have investigated the mechanical characterization of prosthetic foot deformation 

and stiffness properties to provide evidence based clinical prescription guidelines and design 

practices.12,25,19,23,50,53,21,22,57,58 The prosthetic foot system is comprised of not only the underlying 

structural keel component, but often includes the cosmetic foot shell, and can also include 

footwear. However, the influence of the foot shells on the mechanical performance of prosthetic 

foot systems throughout stance is limited in academic literature.  

 

The overall goal of this study was to quantify the effects of foot shells on the mechanical 

properties of passive prosthetic foot systems throughout the stance phase of gait. It is 

acknowledged that the addition of footwear will likely alter any effects observed as a result of 

foot shells. However, an initial investigation into foot shells is required to better understand the 

influence of overlaying prosthetic foot components. Footwear is outside the scope of the current 

study, but will be considered in future work. The main objectives of the study were to 1) 

determine the sensitivity of the mechanical characteristics of multiple foot systems to differences 

in foot shell design, and 2) to compare the effects of a matching foot shell on one system’s 

performance to those imposed by other generic designs.  
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The results of this study are intended to provide quantitative evidence to inform future clinical 

prescription and design practices of paired prosthetic keel and foot shell components.  

4.2 Methods 

4.2.1 Apparatus and Loading Procedure 

The mechanical testing apparatus and protocol implemented in this study was adapted based on 

those described by Zhao et al.,22 to predict the continuous deformation characteristics of 

prosthetic foot systems, and subsequently modified by Low et al.,57 to include double-keel 

loading (Chapter 3). Mechanical testing of each foot condition was performed using an MTS 

(Eden Prairie, MN) universal testing machine (Bionix Model 370.02) with a 15kN load cell 

(MTS, 662.20H-04) and a closed-housing axial LVDT (MTS, 1050-AC370003), used in 

conjunction with the apparatus and configuration described by Low et al. (Sections 3.2.1 and 

3.2.2 Figure 11)57  The imposed forces and angular orientations are based on the generalized 

vertical ground reaction force and shank angle waveforms published in the ISO22675 testing 

standard for characterizing amputee loading conditions during gait.48 Seventeen critical forces 

and angles were extracted to represent the stance phase and used to implement the quasi-static 

testing procedure (Section 3.2.3.2).57 

4.2.2 Critical Point Extraction 

One steady-state cycle of force-displacement data was extracted for each of the 17 angular 

configurations. Applied force and displacement were measured in the pylon based setup and 

converted to the ground based setup (Section 3.2.1).57 The converted curves were separated into 

loading and unloading curves, and critical displacements representing the predicted deformation 

of the foot throughout stance were extracted based on critical angle and force values, and 

corresponding loading regions (Section 3.2.3.4).22,57 Critical  points falling within the double-keel 
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loading phase were determined based on the protocol described by Low et al., for characterization 

of midstance properties (Section 3.2.3.5).57  

4.2.3 Experimental Design 

To isolate effects of foot shells on the mechanical properties of prosthetic feet, each foot system 

was mechanically tested in both bare and covered conditions. The bare condition involved testing 

the keel without a foot shell and provided the baseline mechanical properties for the structural 

component of the system. The covered condition entailed testing the keel with a foot shell, and 

was compared to the baseline to separate out the effects imposed by the surrounding foot shell. 

 Test Specimens 

To demonstrate the effects of cosmetic foot shells on mechanical properties of passive prosthetic 

foot systems, a sample of six size 26 contemporary prosthetic keels and seven foot shells were 

obtained from the manufacturers, and a total of 16 foot systems were assembled representing a 

range of keel-foot shell combinations. For this study, four keels and five foot shells were tested in 

in a total of 14 foot system test conditions. The keel specimens included a Model 2 Version 21 

Niagara Foot, an Otto Bock Axtion 1E56, a College Park Celsus, and a right Otto Bock SACH 

(Figure 20).  

 

 

Figure 20 – Keel Test Specimens for Testing Effects of Foot Shells 

Keel specimens: (A) Niagara Foot M2V21, (B) Otto Bock Axtion, (C) College Park Celsus, 

(D) Otto Bock SACH - Right. 

 



 

56 

 

The SACH, or solid-ankle-cushioned-heel foot, has an integrated foot shell and therefore could 

not be tested in a bare condition, but was included in the study for reference to a commonly used 

conventional design. The Axtion and Celsus keels are typically worn with Spectra socks when 

paired with foot shells. Therefore the socks provided by the manufacturer were also used for 

testing in the covered conditions. The foot shell samples included a Niagara Foot Model 1 (NF-

M1) right foot shell, an Otto Bock 2C4 (OB-2C4) left foot shell, a Kingsley left foot shell, an iB-

ER right foot shell, and the matching College Park Celsus left foot shell (Figure 21). 

 

 

Figure 21 – Foot Shell Test Specimens for Testing Effects of Foot Shells 

Foot shell specimens: (1) Niagara Foot M1 (NF-M1) Left, (2) Otto Bock 2C4 (OB-2C4) Left, 

(3) Kingsley Left (4) iB-ER Right (5) College Park Celsus Left. 

 Test Matrix 

To investigate the sensitivity in mechanical performance of foot systems to different foot shell 

designs, the Niagara Foot, Axtion, and Celsus bare keel structures were each tested with four 

generic foot shells, including the NF-M1, OB-2C4, Kingsley, and iB-ER designs. To consider the 

effects of foot shells designed for specific keel structures, the Celsus was also tested with its 

matching foot shell. All keel and foot shell pairs included in the study are summarized in Table 4. 

Each foot system was tested in both bare and covered conditions in randomized order, except for 

the SACH that includes a permanently attached foot shell and could therefore only be tested in its 

base condition. Each condition was tested twice to determine variation in system measurements. 
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Table 4 – Keel and Foot Shell Test Matrix 

Summarized test matrix including all keel and foot shell combinations tested in the study. Keel 

specimens included: A – Niagara Foot, B – Axtion, C – Celsus, and D – SACH. Foot shell 

specimens included: 1 – NF-M1, 2 – OB-2C4, 3 – Kingsley, 4 – iB-ER, 5 – Celsus, 6 – SACH 

(integrated with keel design). 

 

Test Conditions 
Foot Shell 

NF-M1 OB - 2C4 Kingsley iB-ER Celsus NA 

Keel 

Niagara 

Foot 
A1 A2 A3 A4 --- ---  

Axtion B1 B2 B3 B4 ---  ---  

Celsus C1 C2 C3 C4 C5 --- 

SACH ---   --- ---   --- ---  D6 

 

4.2.4 Alignment Protocol 

Each foot condition was setup using a specific alignment protocol. Realistic loading conditions of 

prosthetic foot systems include keels paired with both cosmetic foot shells and footwear. 

Therefore each foot system was aligned with the keel inside the foot shell. Although footwear 

was not included in the study, a heel block spacer was used as per the manufacturer’s guidelines 

to accommodate for heel height differences that would be imposed by shoes. For consistency, a 

1cm heel block spacer was used to align all foot systems.  The foot system was placed on a flat 

level surface while attached to the adapter plate and aligned in a neutral orientation in all axes 

(Figure 22a). For the bare condition, the alignment was kept constant, reducing the effects due to 

changes in structural alignment for direct comparison between covered and bare conditions. 

Sagittal plane orientation of the bare keel with respect to horizontal was recorded to implement 

consistent alignment in future experiments (Figure 22b). Recorded alignments are summarized in 

Appendix B. 
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Figure 22 – Alignment 

a) Covered condition with zeroed alignment using standardized 1cm heel block spacer. b) Bare 

condition with unchanged alignment from covered condition. A digital level was used to record 

sagittal plane angle. 

 

4.3 Results and Discussion 

4.3.1 General Trends in Mechanical Response with Foot Shells 

The effect of foot shells on the non-linear force-displacement curves were observed across foot 

systems. The force-displacement response was thought to experience path-dependent changes due 

to sequential loading of the keel and foot shell materials. A set of representative curves were 

plotted to demonstrate the effect of one foot shell on various prosthetic keel structures. Data are 

presented from the first test trial for the OB-2C4 foot shell paired with each the Niagara Foot, 

Axtion, and Celsus keels (A2, B2, and C2 foot conditions respectively) at the  

-15 degree loading orientation (Figure 23). Numbered figures corresponding to key points on the 

curves are also included for each of the keels: 1 – Niagara Foot, 2 – Celsus, and 3 – Axtion.  
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Figure 23 – Force-Displacement Curves and Contact Conditions 

Representative force-displacement data at -15 degrees for the Niagara Foot, Axtion, and Celsus 

keels in the a) Bare Condition and b) Covered Condition with the OB-2C4 foot shell (foot 

conditions A2, B2, and C2, respectively). Extracted critical point data are also plotted for 

reference.  

Contact conditions at key instances are presented for each foot condition: 1) Rearfoot-only loading 

of the Niagara Foot at the critical load in (a) bare and (b) covered conditions; 2) Double-keel 

loading of the Celsus at the critical load in (a) bare and (b) covered conditions; 3) (a) Contact point 

located away from the pylon near the end of the forefoot structure, (b) Contact point movement 

towards the pylon, and (c) rear-foot only transition to (d) double-keel loading of the covered 

Axtion at the critical load. 

 

A softening effect was observed with the OB-2C4 foot shell at the -15 degrees loading 

orientation, with increased deformation displayed across all three designs. Increased hysteresis is 

also evident in the force-displacement curves across all foot systems, supporting reported results 

suggesting foot shells influence energy return properties.59 Effects on the force-displacement 

curves were thought to be related to the different loading states displayed by each foot system 

between bare and covered conditions.  
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The Niagara Foot in its bare condition has a stiff heel design,5 resulting in a steep force-

displacement curve during rearfoot-only loading (Figure 23 – 1a). In the covered condition, the 

response remains in rearfoot-only loading, but the force-displacement response is initially 

softened until approximately 600N, when the curve’s slope appears to converge back to a stiff 

response similar to that of the bare keel (Figure 23 – 1b). This altered response results in an 

overall increased deformation at the critical point. The cover material is thought to have 

compressed during initial loading to soften the response until it could not be displaced further, at 

which point it would act as a rigid-like material. This effect would result in the final portion of 

the curve displaying a stiffness response similar to the bare keel. 

 

The Celsus in its bare condition is observed to have two distinct periods of loading, which are 

associated with a transition from rearfoot-only loading to double-keel loading where the curve 

displays a distinct shift in slope (Figure 23 – 2a). In the covered condition, this transition is 

retained, but both periods of loading have a reduced slope, which results in an overall softened 

response at the critical point (Figure 23 – 2b). Unlike with the Niagara Foot, the curve’s slope 

does not converge back to a stiffness similar to the bare condition. This suggests the foot 

condition exhibits a different response where the cover material does not reach a similar end 

compression condition. This is thought to be a result of this foot system’s transition from single-

keel to double-keel loading, which could result in prolonged compression of the cover material 

due to the force being shared across both rearfoot and forefoot surfaces. 

 

Lastly, the Axtion in its bare condition also exhibits two distinct periods of loading, but during 

rearfoot-only loading. The transition in slope to an increased stiffness response is thought to 

result from a reduced lever arm from the contact point moving towards the pylon along the keel 

(Figure 23 – 3a-b).22 The critical point was again extracted at a higher value in the covered 
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condition. The key distinction when compared to other foot conditions, was that the curve did not 

display reduced slopes. The initial period of loading appeared to be moderately stiffer, but the 

transition to the second period of loading occurred later, resulting in an overall larger measured 

displacement. Interestingly, the critical point in the covered condition was extracted during 

double-keel loading. The transition from single-keel to double-keel loading was not evident on 

the curve and actually occurred later than the noticeable stiffness transition (Figure 23 – 3c-d). 

 

Overall, distinct loading responses were observed between keel structures paired with the same 

foot shell. Effects of the foot shell included both decreased and increased force-displacement 

slopes, resulting in an altered final critical displacement. Effects were also observed on the 

transition to double-keel loading, suggesting effects to temporal properties throughout stance. 

4.3.2 Stance Phase Deformation and Stiffness Characteristics 

The critical displacements extracted from the force-displacement curves each correspond to given 

force, angle, and time values from the reference ISO waveforms and represent the predicted foot 

deformation.48 Assuming a 600ms stance phase, each time point was converted to a percent 

stance and the deformation values were fit with a continuous spline interpolant. The resulting plot 

is referred to as the deformation profile, and displays the predicted stance phase deformation 

characteristics throughout stance.22 Dividing the given force by the predicted deformation 

provides an estimate of structural stiffness. The structural stiffness characteristics of the foot 

system are also plotted as a function of percent stance, and the resulting curve is referred to as the 

stiffness profile. 

 

Deformation and stiffness profiles were produced for each foot system for comparison between 

bare and covered conditions. Representative profiles for the OB-2C4 foot shell paired with the 
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Niagara Foot (A2) and Axtion (B2) were plotted to display the effects of a foot shell on the 

predicted deformation and stiffness properties of two keel designs (Figure 24).  

 

 

 

Figure 24 – Deformation and Stiffness Profiles 

(a) Deformation profile, and (b) Stiffness profile, for the A2 and B2 foot conditions comparing 

the effects of the OB-2C4 foot shell on the mechanical properties of the Niagara Foot and 

Axtion keels throughout stance, with the darker shaded regions indicating double-keel loading. 

SACH (D6) data is also plotted for reference. 
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Varied effects were observed across foot systems as a result of each foot shell. The OB-2C4 foot 

shell for example, resulted in increased deformation and decreased stiffness of the Niagara Foot 

consistently throughout the stance phase, except at very late stance. In comparison, a more varied 

effect was observed for the Axtion, with instances of both increased and decreased deformation 

and stiffness throughout stance. This example emphasizes the variation in effects on mechanical 

properties of foot systems resulting from one foot shell design. 

4.3.3 Midstance Temporal Properties 

Foot shells were observed to impact midstance temporal properties of foot systems. A consistent 

effect was displayed across foot systems, with increased double-keel loading duration in the 

covered condition compared to bare (Figure 25). A varied effect was observed for Niagara Foot 

and Axtion keels, while the Celsus displayed later termination with all foot shells. The prolonged 

double-keel loading periods all correspond with instances of increased deformation. This effect is 

consistent with the correlation between predicted deformation properties and double-keel loading 

durations reported by Low et al.57 It is speculated that depending on the influence to the predicted 

deformation and stiffness properties, alternative effects could result from other foot shell designs, 

such as decreased or shifted durations of double-keel loading. 
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Figure 25 – Durations of Double-Keel Loading 

Durations of double-keel loading measured in percent stance comparing the covered and bare 

conditions for each foot system. Durations plotted separately for each keel structure: (A) 

Niagara Foot (B) Axtion (C) Celsus. SACH (D6) data is also plotted for reference. 
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4.3.4 Summary of Stiffness Effects  

The percent difference in stiffness between the covered conditions with respect to each bare 

condition were calculated to isolate the effect of each foot shell.vi The results were plotted as a 

function of percent stance, with effects due to the four conventional foot shells plotted separately 

for each bare keel (Figure 26a-c). Effects due to the matching Celsus foot shell were also plotted 

for the bare Celsus keel for direct comparison to the other generic designs (Figure 26c).  

 

Consistent tendencies were observed across keel and foot shell designs. The Niagara Foot 

displayed a general trend of decreased stiffness with all foot shells, with certain exceptions. The 

Axtion exhibited the largest tendency for increased stiffness with all foot shells, with increased 

stiffness up to approximately 49% (Figure 26B). The exception to this trend occurred during 

rearfoot loading and unloading with the OB-2C4 foot shell, and around midstance with all 

designs. The Celsus showed a consistent pattern throughout stance, with a greater tendency 

towards increased stiffness during rearfoot loading and forefoot unloading, and decreased 

stiffness for the remainder of stance. The OB-2C4 foot shell was observed to have the largest 

overall influence, reducing rearfoot stiffness up to approximately 73% (Figure 26). The OB-2C4 

foot shell has a larger heel pad thickness than the other three designs, which was thought to result 

in larger compression at the rearfoot. The NF-M1, Kingsley, and iB-ER foot shells all displayed 

similar effects across foot systems, but with distinct differences depending on the keel structure 

and period of stance. Although some trends can be discerned from the data, a large disparity is 

present, with a range of decreased and increased stiffness responses throughout the stance phase. 

The variation in effects suggest that differences in structural shape and material of both keel and 

foot shell designs interact and control the overall response.  

                                                      

vi  

𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 % 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  (
𝑘𝑐𝑜𝑣𝑒𝑟𝑒𝑑−𝑘𝑏𝑎𝑟𝑒

𝑘𝑏𝑎𝑟𝑒
) ∗ 100%  
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When comparing the response of the matching Celsus foot shell to those resulting from other 

designs, it displays a distinct stiffness response. Specifically, it results in lower stiffness during 

rearfoot loading and unloading, and increased stiffness during midstance with up to 

approximately 60% difference compared to generic designs. This suggests that if specifically 

matched components from higher performance foot systems are paired with other generic 

designs, it may result in considerably altered properties. This could affect the intended function of 

the foot system and compromise the desired influence on amputee biomechanical performance. 
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Figure 26 – Foot Shell Stiffness Effects 

Percent difference in stiffness measured as the covered condition with respect to the bare 

condition. Effects plotted separately for each keel structure: (A) Niagara Foot (B) Axtion (C) 

Celsus. 
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4.4 Summary 

Cosmetic foot shells are not just cosmetic. It has been previously speculated that foot shells 

would either contribute a softening effect due to their compliant material properties or have no 

influence at all. The results indicate, however, that a more complex interaction likely exists 

between the foot shell and keel components. Foot shells were observed to alter the predicted 

deformation and stiffness response of foot systems. It is important to emphasize the occurrence of 

both softening and stiffening as a result of the foot shell, and that this response varied depending 

on the keel and foot shell pairing and also phase of stance. Foot shells increased the duration of 

double-keel loading, which corresponded to instances of increased deformation. The results 

indicate the potential influence of both stiffness and geometry properties of keel and foot shell 

components on the overall mechanical performance of the foot system throughout stance. The 

complex interaction between keel and foot shell components should therefore be taken into 

consideration in future design and prescription practices of prosthetic foot systems. 
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Chapter 5 

Effect of Foot Shell Design Features on Mechanical Performance of 

Prosthetic Foot Systems 

This manuscript was prepared for submission to Prosthetics and Orthotics International, and was 

written in collaboration with the following co-authors: Zhao SR, and Bryant JT. The introduction 

including the appropriate literature review for this manuscript was included in Chapter 2, the 

limitations were included in Chapter 6, and future work was summarized in Chapter 7 to reduce 

repetitiveness and improve readability. An abridged introduction including the objectives is 

presented. Some aspects of the methodology have also been omitted for brevity as they have been 

presented in detail elsewhere in the thesis. 

5.1 Introduction 

Previous studies have focused on quantifying stiffness and viscoelastic properties,19,20,50,51,58 and 

roll-over properties including the combined geometric, alignment, and stiffness properties,37,61–65 

to demonstrate the influence of various prosthetic foot design features on mechanical 

performance. The majority of studies however, do not consider the influence of the foot shell on 

mechanical properties of the foot system. Previous methods of evaluating prosthetic foot 

mechanical performance therefore lack the ability to evaluate isolated effects of foot shell 

components.  

 

The overall goal of this study was to evaluate the effect of foot shell design features on the 

mechanical performance of prosthetic foot systems. The specific study objectives were to 1) 

quantify the influence of isolated design features on structural stiffness properties of the foot 

system, and 2) determine the influence of foot shell and keel geometric features on the effects on 

the intact foot shell on the mechanical properties of the foot system. The study aimed to provide 

quantitative evidence to improve the understanding of complex interactions between specific keel 

and foot shell design features using a standardized mechanical characterization method. 
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5.2 Methods 

5.2.1 Apparatus, Alignment, and Loading Procedure 

Mechanical testing was performed using an MTS (Eden Prairie, MN) universal testing machine 

(Bionix Model 370.02) with a 15kN load cell (MTS, 662.20H-04) and a closed-housing axial 

LVDT (MTS, 1050-AC370003), with a previously described apparatus and configuration 

(Section 3.2.2 – Figure 11).57,66 The alignment protocol proposed by Low et al., for isolating foot 

shell effects was also implemented (Section 2.1.5 – Figure 22).66 The mechanical loading 

protocol was based on that proposed by Zhao et al., and modified by Low et al., to predict 

continuous deformation characteristics of prosthetic foot systems throughout stance.22,57 This has 

also been previously implemented to quantify effects of cosmetic foot shells (Sections 3.2.3 and 

4.2.1).66  

5.2.2 Foot System Stiffness 

 Foot Shell Design Features 

The foot shell is composed of four main sections: ankle covering and opening, forefoot covering, 

rearfoot covering, and sole (Figure 27). These sections, in turn, are comprised of design features 

with specific functions. The main features that are expected to have the largest influence on the 

stiffness response of the system are located in the sole of the foot shell, and include the rearfoot 

pad, midsole and forefoot pad. In addition, the rearfoot and forefoot coverings respectively, 

contain heel-clip and toe-clip mechanisms that secure the ends of the keel structure within the 

foot shell, preventing unwanted movement or removal.   
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Figure 27 – Foot Shell Components 

Main foot shells components: ankle covering and opening, rearfoot covering, forefoot 

covering, and sole. The sole is further broken down into three main design features: rearfoot 

pad, midsole, and forefoot pad. 

 

 Hypothesized Contribution of Design Features on Stiffness Response 

Based on reported findings of both softening and stiffening effects as a result of foot shells on 

mechanical properties of prosthetic foot systems, a simple physical model is proposed based on 

that reported by van Jaarsveld et al., for the consideration of footwear effects.19 It is assumed that 

foot shells are comprised of both a series element contributing to softening effects and a parallel 

element contributing to stiffening effects on the system (Figure 28). Based on the hypothesized 

influence of the sole design features, they were categorized as either series elements or parallel 

elements.  
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Figure 28 – Foot Shell Free Body Diagram 

Simplified free body diagram of the foot shell during loading: (a) Due to an applied load on the 

system, normal reaction forces, 𝐹𝑁1, act to compress the foot shell contributing to series 

softening effects. (b) Based on a simplified pulley with no friction, tension in the foot shell, 𝑇, 

results in a normal force, 𝐹𝑁2 = 2𝑇 sin 𝜃, that resists deformation, contributing to parallel 

stiffening effects. 

 

 

The bare keel exhibits a given deformation under a given force. In the covered condition, to 

achieve the same deformation, it is necessary to compress the cover and overcome tension (𝑇) in 

the foot shell (Figure 28). An applied load to the system results in a reaction normal force (𝐹𝑁1) 

acting to compress the foot shell, resulting in a softening response with greater displayed 

deformation through the foot shell material thickness (Figure 28a). However, less deformation is 

exhibited due to the resistive tension in the foot shell; some of the applied force to the system 

must overcome the normal force (𝐹𝑁2) that results due to tension in the foot shell (Figure 28b). 

Based on a simple pulley with no friction, 𝐹𝑁2 = 2𝑇 sin 𝜃. It is therefore hypothesized that the 

material thickness in the rearfoot and forefoot pads are series elements that soften the system due 

to increased deformation resulting from compression. Alternatively, it is hypothesized that due to 

the tension in the foot shell, that stiffness in the midsole region would resist deformation, and 

would therefore be considered a parallel element acting to stiffen the system. 
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5.2.3 Experimental Design 

 Test Specimens 

To demonstrate effects of foot shell design features on mechanical properties of passive 

prosthetic foot systems, a sample of two size 26 commercially available prosthetic keels and three 

foot shells were included in the study. The keel specimens included a Model 2 Version 21 

Niagara Foot, and an Otto Bock Axtion 1E56 (Figure 29a). The Axtion keel is also typically worn 

with a Spectra sock when paired with a foot shell. Therefore the sock provided by the 

manufacturer was also used for testing in the covered conditions. The foot shell samples included 

a Niagara Foot Model 1 (NF-M1) right foot shell, an Otto Bock 2C4 (OB-2C4) left foot shell, and 

an iB-ER right foot shell (Figure 29b). A comprehensive outline of the specific design features of 

each foot shell are summarized in (Appendix C). Cross sectional profiles were obtained to 

identify features of the sole profile that may influence its mechanical characteristics.vii 

 

 

Figure 29 – Keel and Foot Shell Test Specimens for Testing Isolated Design Features 

a) Keel specimens: (A) Niagara Foot M2V21, and (B) Otto Bock Axtion. b) Foot shell 

specimens: (1) Niagara Foot M1 (NF-M1) Left, (2) Otto Bock 2C4 (OB-2C4) Left, (3) iB-ER 

Right. 

 

 

                                                      

vii The FaroArm PCMM was used to manually trace the outer edge of the isolated soles to obtain the 

approximate cross-sectional profiles of each design. The resulting profiles were plotted for each the NF-

M1, OB-2C4, and iB-ER foot shells in Figure 57a-c, respectively (Appendix C).  
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 Foot Conditions 

To isolate effects due to specific foot shell design features on mechanical properties of prosthetic 

foot systems, each foot system was tested in four conditions: bare, intact, partial, and sole (Figure 

30a-d). The bare condition (Figure 30a) involved testing the keel without a foot shell to provide 

bare keel stiffness properties. The intact condition (Figure 30b) entailed testing the keel with an 

intact foot shell, and was compared to the bare condition to isolate effects imposed by the entire 

foot shell. The partial condition (Figure 30c) included testing the keel and foot shell with the 

ankle covering, and upper forefoot and rearfoot components removed. The partial condition 

retained the heel-clip and toe-clip design features to preserve the stretching along the midsole 

during loading. Comparison between partial and intact conditions enables the effects due to 

hypothesized series and parallel design features to be identified. Lastly, the sole condition (Figure 

30d) involved testing the keel and foot shell with all foot shell components but the sole removed. 

Removing the heel and toe clips is thought to prevent any stretching along the midsole. Therefore 

the sole condition isolates series element effects. Comparison between sole and partial conditions 

also enables the parallel element effects to be isolated. Two additional variations of the sole 

condition were tested. The variations included retaining either the heel-clip (Figure 30e) or toe-

clip (Figure 30f), to assess whether these design features individually influence the stiffness 

response of the sole.  
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Figure 30 – Test Conditions 

Foot system test conditions represented with the Axtion keel and iB-ER foot shell: (a) bare, (b) 

intact, (c) partial, and (d) sole. Additional sole condition variations: (e) sole with heel clip of 

iB-ER foot shell, and (f) sole with toe clip of OB-2C4 foot shell. 

 

 Test Conditions 

The Niagara Foot, and Axtion keel structures were each tested in bare, intact, partial, and sole 

conditions with all foot shells, including NF-M1, OB-2C4, and iB-ER designs (Table 5). To 

consider effects of heel and toe clip design features, the Niagara Foot and Axtion keels were also 

tested with the heel-clip and toe-clip sole condition variations with the iB-ER and the OB-2C4 

foot shells, respectively. Test-retests were performed to determine the variability in measured 

displacement. The partial condition of each foot system was only tested once however, due to 

consistently observed negligible differences across foot systems. 
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Table 5 – Keel and Foot Shell Component Test Matrix 

Summarized test matrix of all keel and foot shell combinations and test conditions included in the 

study. Keel specimens included: A – Niagara Foot, and B – Axtion. Foot shell specimens 

included: 1 – NF-M1, 2 – OB-2C4, and 3 – iB-ER. Test conditions included a – Bare, b – Intact,  

c – Partial, d – Sole, e – Heel-clip Sole, and f – Toe-clip Sole 

 

Test Conditions Bare Intact Partial Sole 
Heel-clip 

Sole 

Toe-clip 

Sole 

Foot Shell NF-M1 

Keel 

Niagara 

Foot 
A1a A1b A1c A1d --- --- 

Axtion B1a B1b B1c B1d --- --- 

Foot Shell OB - 2C4 

Keel 

Niagara 

Foot 
A2a A2b A2c A2d --- A2f 

Axtion B2a B2b B2c B2d --- B2f 

Foot Shell iB-ER 

Keel 

Niagara 

Foot 
A3a A3b A3c A3d A3e --- 

Axtion B3a B3b B3c B3d B3e --- 

 

5.3 Results and Discussion 

The data analysis protocol described by Zhao et al., and Low et al., was used to produce 

deformation profiles, which represent the predicted continuous deformation characteristics of 

prosthetic feet throughout stance (Sections 3.2.3, and 4.3.2).22,57 The supplementary protocol 

described by Low et al., was also used to produce stiffness profiles representing the continuous 

structural stiffness characteristics of prosthetic feet throughout stance (Section 4.3.2).66 Both 

profiles were plotted as a function of percent stance. Error bars are included on the deformation 

profiles for foot conditions with repeat tests to demonstrate measurement variance. 

 

Deformation and stiffness profiles were produced for each foot system for comparison between 

tested foot conditions. Stiffness profiles are not presented for brevity, as the stiffness response can 
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be inferred from the deformation profiles, but are provided for reference in Appendix D. An 

increased deformation for a given force implies a softening response. Conversely, a decreased 

deformation infers a stiffening response. The deformation profiles were plotted to display 

differences between foot conditions with each the NF-M1 (Figure 31a-b), OB-2C4 (Figure 32a-

b), and iB-ER (Figure 34a-b) foot shell designs with the Niagara Foot and Axtion keels, 

respectively. The three covered conditions including intact, partial, and sole conditions, were 

compared to the properties of each bare keel to isolate the effects of foot shell design features on 

the overall mechanical properties of the system. The intact foot shells were observed to impose 

both decreased and increased stiffening effects. Each intact foot shell design displayed distinctly 

different effects on the two keel structures, but similar differences were observed between partial, 

and sole conditions in comparison to the intact condition. 

5.3.1 NF-M1 Foot Shell Effects 

The intact foot shell in comparison to the bare keel condition exhibited mostly a softening 

influence on the Niagara Foot (Figure 31a). However, the intact foot shell alternatively exhibited 

mostly a stiffening influence on the Axtion (Figure 31b). In comparison to the intact foot shell 

condition, negligible differences in deformation and stiffness were observed for the NF-M1 foot 

shell in the partial and sole conditions with both keel structures (Figure 31). The lack of 

difference observed between intact and sole conditions with the Niagara Foot (Figure 31a) could 

suggest that the observed softening effects in the intact condition resulted entirely from the series 

cushioning elements of the foot shell, with no influence from the parallel elements. In the sole 

condition, the foot shell is completely detached from the keel, and likely no stretching could 

occur to stiffen the system. Therefore, the lack of difference observed between intact and sole 

conditions with the Axtion (Figure 31b), also suggests that the parallel elements may have less 

influence on the stiffness response than originally hypothesized. 
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Figure 31 – Deformation Profiles for the NF-M1 Foot Shell 

Comparison of predicted deformation characteristics between bare, intact, partial, and sole 

conditions of the NF-M1 foot shell with (a) Niagara Foot (A1), and (b) Axtion (B1) keel 

structures. 
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5.3.2 OB-2C4 Foot Shell Effects 

As with all foot shells tested, negligible differences were observed between intact, partial, and 

sole conditions for the OB-2C4 foot shell with both keel structures (Figure 32). The intact OB-

2C4 foot shell generally exhibits a softening influence across designs during rearfoot loading and 

unloading. During forefoot loading, the OB-2C4 foot shell exhibits mostly a softening influence 

to the Niagara Foot (Figure 32a), and a stiffening influence to the Axtion (Figure 32b). The lack 

of difference between the intact and sole conditions for both keels imply that both the softening or  

stiffening effects exhibited by the OB-2C4 foot shell are not influenced by the removal of the heel 

and toe-clips that deactivate the midsole region. Similar to the NF-M1 design, this suggests that 

the rearfoot and forefoot pads may be contributing to the softening effects, but that an additional 

stiffening mechanism other than tension in the midsole must also exist. 

 

The forefoot pad thickness and the external sole surface of the OB-2C4 foot shell are shaped 

resembling the padded portion of a human intact foot that overlays the metatarsal heads, 

colloquially referred to as the “ball” of the foot. This feature was observed to result in a shifted 

loading contact point on both keels. The Axtion has a flat forefoot leaf spring design that during 

forefoot loading typically results in the contact point occurring away from the pylon near the end 

of the forefoot structure. With the OB-2C4, the contact point was observed to move towards the 

pylon along the Axtion, which could result in the observed stiffening effects with the intact foot 

shell (Figure 33). Conversely, the forefoot of the Niagara Foot has a curvature to accommodate 

for toe-clearance, which results in a contact point located closer to the pylon compared to the 

Axtion keel design during forefoot loading. With the OB-2C4 foot shell, the contact point was 

observed to move away from the pylon along the Niagara Foot effectively lengthening the lever 

arm, which could be contributing to the observed softening effects in the intact condition 

compared to bare. 
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Figure 32 – Deformation Profiles for the OB-2C4 Foot Shell 

Comparison of predicted deformation characteristics between bare, intact, partial, sole, and toe-

clip sole conditions of the OB-2C4 foot shell with (a) Niagara Foot (A2), and (b) Axtion (B2) 

keel structures. 
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Figure 33 – Keel Lever Arm Changes due to Internal and External Sole Geometry 

Comparison of keel and foot shell lever arm changes in the rearfoot (𝐹𝑎𝑝𝑝𝑅
) due to internal 

geometry features between sole, and toe-clip sole conditions of the OB-2C4 foot shell. 

Additional comparison of the keel and foot shell lever arm changes in the forefoot (𝐹𝑎𝑝𝑝𝐹
) due 

to external geometry features between bare Axtion and covered condition. 

 

Interestingly, the toe-clip sole condition was also observed to alter the response of the rearfoot of 

both keel designs. In comparison to the intact condition, an increase in stiffness up to 

approximately 44% and 35% was observed in the toe-clip sole condition during rearfoot loading 

of the Niagara Foot and Axtion keels, respectively. These differences were not also observed in 

the sole condition, but it is not likely that they are a result of the toe-clip mechanism. 

 

It was noted that in conditions with either or both the toe and heel-clips removed, the foot shells 

could no longer be properly stretched to fit over the keel structures. With both clips removed the 

sole portion of the foot shell could be approximately placed below the keel in a position thought 

to best represent its placement during intact conditions. Conversely, with only the heel or toe-clip 

removed, the foot shell placement could not be adjusted. This resulted in the sole being shifted 
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anteriorly when the toe-clip was retained, or posteriorly when the heel-clip was retained. The 

rearfoot pad of the OB-2C4 foot shell also contains a rounded protrusion of added material on the 

internal surface. The anterior shift of the foot shell in the toe-clip sole condition resulted in this 

protrusion being shifted towards the pylon along the rearfoot surface of both keel designs (Figure 

33). This could alter the loading contact conditions on the keel, acting to reduce the lever arm and 

effectively increasing stiffness.57,74 Therefore it is speculated that the observed differences in the 

toe-clip sole condition are a result of altered geometric properties of the interface between keel 

and foot shell components. 

5.3.3 iB-ER Foot Shell Effects 

Negligible differences were displayed between intact and partial conditions with the iB-ER foot 

shell. The iB-ER foot shell results in a slightly softened response with the Niagara Foot (Figure 

34a), and a stiffening response with the Axtion (Figure 34b). A reduced stiffness response was 

observed for both sole and heel-clip sole conditions in comparison to the intact condition with 

both Niagara Foot and Axtion keels during rearfoot loading and unloading up to 28% and 10%, 

respectively (Figure 34). Additionally, an increased softening effect up to 16% was exhibited in 

the sole condition with the Niagara Foot during forefoot loading and unloading (Figure 34a). 

These results could suggest that hypothesized series and parallel elements both influence the 

response of the iB-ER design. The decreased stiffening effects, and increased softening effects, 

between sole and intact conditions could be a result of the stretching along the midsole being 

deactivated, enabling increased compliance in compression of the rearfoot and forefoot pads. 

However, no difference was observed to the stiffening effects between intact and sole conditions 

with the Axtion during forefoot loading and unloading (Figure 34b). As with all foot shells tested, 

results imply that an alternate stiffening mechanism likely exists in the sole. 
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Figure 34 – Deformation Profiles for the iB-ER Foot Shell 

Comparison of predicted deformation characteristics between bare, intact, partial, sole, and 

heel-clip sole conditions of the iB-ER foot shell with (a) Niagara Foot (A3), and (b) Axtion 

(B3) keel structures. 
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5.4 Summary 

The mechanical performance of the foot system, comprised of the keel and foot shell, results from 

the interaction between structural and geometric properties of both components. Furthermore, the 

interaction is affected by the loading conditions, and alignment experienced under service 

conditions. The foot shells all displayed negligible differences between intact and partial foot shell 

conditions, indicating that the ankle covering and opening, and upper rearfoot and forefoot 

components likely have no influence on the mechanical properties of the system. Foot shell design 

features that altered mechanical properties of the foot system included the structural stiffness and 

geometric properties of the sole. Compliance of the rearfoot and forefoot across designs were 

observed to contribute to the softening stiffness response across foot shell designs. Stiffness along 

the midsole was observed to contribute to the stiffening response with the iB-ER foot shell. Internal 

and external geometry features were also observed to alter the stiffness properties of the prosthetic 

foot system, which contributed to the stiffening effects of the NF-M1 and OB-2C4 foot shell 

designs on the Axtion keel. Differences in geometry are also thought to contribute to the softening 

effects for these foot shells on the Niagara Foot keel. Therefore, for a given keel design, it is 

possible to alter the mechanical properties of the foot system by introducing specific features in the 

foot shell. Interestingly, much of the performance can be controlled by the elements of the sole, 

which is one of the lowest cost components of the system. These findings could help future 

development of lower cost, higher performance systems through strategically designed keel and 

foot-shell paired components. 
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Chapter 6 

General Discussion 

6.1 Summary of Findings 

The overall goal of this study was to inform future evaluation, prescription, and design of passive 

prosthetic foot systems by evaluating the effects of removable cosmetic foot shells on the 

mechanical properties of the system. Foot shells are expected to affect the mechanical 

performance of the system by altering material and geometric properties. However, there is 

limited literature to date that considers the influence of foot shells on the system. Therefore there 

is a need for an investigation into the effects of foot shells to determine the sensitivity of 

prosthetic foot mechanical performance to differences between designs. Mechanical 

characterization methods for evaluating prosthetic foot systems are well developed for single-keel 

loading, and for discrete measurement at foot-flat. However, there is a need for further 

development of methods to quantify the mechanical properties of prosthetic feet throughout 

midstance, and in particular during the transitions into and out of double-keel loading. 

 

A method was proposed that modified a previously described protocol for predicting the 

deformation characteristics of prosthetic foot systems during stance, to include both single-keel 

and double-keel loading.22 The proposed method utilizes a pylon based loading setup similar to 

that implemented in the AOPA L-Code testing standards, in which the loading orientation is set 

by rotating the loading plate surface, and the applied forces and displacements are measured 

along the longitudinal axis of the pylon.25 Conversely, the original method used a ground based 

setup similar to that implemented in the HAT P-Code testing standards, in which the loading 

orientation is set by rotating the prosthetic foot system, and the applied forces and displacements 

are measured normal to the loading surface.49,22 Therefore, a geometric conversion for force and 
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displacement values was proposed for direct comparison between methods. Results from the 

proposed method were compared to those collected with the original protocol, and were found to 

be comparable. The method was implemented to evaluate the predicted deformation 

characteristics of five contemporary passive prosthetic foot systems, and was capable of detecting 

differences related to design. In relation to midstance properties, designs displaying greater 

deformation in the rearfoot exhibited earlier transitions into double-keel loading. Similarly, 

designs displaying greater deformation in the forefoot exhibited later transitions out of double-

keel loading. Opposite effects were observed for designs with stiffer components exhibiting less 

deformation. 

 

The proposed method was then implemented to isolate the effects of intact cosmetic foot shells on 

the predicted deformation and stiffness characteristics of prosthetic foot systems by comparing 

covered and bare system properties. The sensitivity of the system mechanical properties to 

differences in foot shell designs was investigated for different keel-foot shell combinations. The 

foot shells were shown to exhibit differences in mechanical loading response, induce both 

softening and stiffening effects, and increase durations of double-keel loading. The paired foot 

shell design for one of the included keel structures was also tested, and it was found that the 

strategically matched component displayed a distinct stiffness response in comparison to other 

generic designs.  

 

Lastly, the influence of individual isolated foot shell design features on the mechanical 

performance of the prosthetic foot system was investigated. The upper components of the foot 

shell, including the ankle covering and opening, and upper rearfoot and forefoot coverings, were 

shown to likely have no influence on the mechanical properties of the system. Alternatively, the 

effects resulting from the intact foot shells on the system appear to be a result of the structural 
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stiffness and geometric properties of the sole. Specifically, trends are consistent with the rearfoot 

and forefoot pads contributing to softening effects, and the midsole of one design contributing to 

stiffening effects. The internal and external geometric features of the sole were observed to alter 

loading contact conditions along the keel. Movement of the contact point towards the pylon along 

the keel is thought to contribute to stiffening effects, and movement away from the pylon to 

softening effects. 

6.2 Comparison with Previously Reported Results 

6.2.1 Predicted Stance Phase Deformation and Stiffness Properties 

The deformation profiles and magnitudes predicted using the proposed protocol are comparable 

with those reported by Zhao et al., using a similar methodology. Results were similar across 

rearfoot and forefoot loading of the Niagara Foot, Axtion, and SACH keel designs.22 Slight 

differences in results could be due to different loading setups or due to keels being tested in their 

bare condition for the purposes of that study, whereas the keels in this study were evaluated 

including foot shells.  

 

Individual data points were also compared with results from studies that implemented more 

commonly used protocols that quantify the mechanical properties at discrete orientations 

representing a few key instances in stance. Geil et al., reported an average stiffness of 27.7N/mm 

for the College Park TruStep at a 12deg loading orientation, loaded to 800N at 1mm/s. In 

comparison, the structural stiffness calculated at the 10deg loading orientation for the College 

Park TruStep in this study was determined to be approximately 34.8N/mm, extracted based on a 

critical force of 983N. Differences could be a result of a slightly faster loading rate applied in this 

study of 3mm/s, and differences in both loading orientation and force. In the study by van 

Jaarsveld the stiffness of the bare SACH was reported to be 28.7N/mm at 30deg extracted at 

either peak deflection or load. In this study, the SACH foot structural stiffness for the 30 and 
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35deg loading orientations extracted at the critical loads of 748 and 309N, respectively, were 

determined to be 45.7 and 20.3N/mm. The SACH foot was also tested by Major et al., at the -15, 

0deg, and 20deg loading orientations and calculated stiffness using linear regression methods. 

The stiffness was reported to be approximately 65, 200, and 48N/mm for each of the respective 

loading orientations. In this study the SACH foot structural stiffness at these orientations was 

calculated to be approximately 87, 210, and 107N/mm. The large discrepancy with the forefoot 

stiffness could be due to differences in stiffness or length of the underlying structural keel 

between SACH designs. The results produced in this study are within a similar range to those 

previously reported, regardless of differences in testing methodology and measure of stiffness.  

6.2.2 Effects of Foot Shells and Footwear 

A limited number of studies have previously considered the effects of foot shells on mechanical 

properties of prosthetic foot systems. Smith, et al. tested the effects of foot shells on two passive 

dynamic prosthetic foot systems using a protocol similar to that applied in this study based on 

loading conditions from the ISO22675 testing standard.59 The foot systems were tested in both 

bare and covered conditions at the -15deg, 0deg, and 20deg loading orientations. The foot shells 

were observed to decrease both tangential and structural stiffness responses across systems and 

orientations tested.59 

 

Based on similarities in material and geometric properties, a comparison of the effects of 

footwear are considered. Van Jaarsveld, et al, found that footwear imposed both a decreased 

stiffness response as expected by up to approximately 31% in the rearfoot at the -15deg loading 

orientation, and more surprisingly, stiffening effects by up to 37% in the forefoot at the 30deg 

loading orientation.19 Results also varied depending on the foot-shoe pairing.  Similar effects with 

foot shells were observed in this study with both increased and decreased stiffening effects. The 

recent study by Major, et al., displayed similar effects on the characteristics of the force-
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displacement curves of prosthetic foot systems as a result of footwear, with alterations to the 

slope, especially with regards to transitions into double-keel loading, with smoother displayed 

slope in the footwear condition.23. During rearfoot loading, a consistent decrease in stiffness was 

reported, while a more varied response with both instances of increases and decreases in stiffness 

at foot-flat and in forefoot loading.23 These results also varied across footwear designs. Lastly, 

Hansen et al., investigated the effects of differences in shoe heel-height on the rollover properties 

of prosthetic foot systems.37 The results indicated that differences in heel-height resulting from 

footwear altered the alignment of the system, which was observed through altered roll-over 

orientation.37 Footwear, however, did not appear to alter the shape of the curve, which is 

representative of the geometric and stiffness properties. 

6.3 Effects of Foot Shells on Stiffness Properties 

Although both softening and stiffening results have been previously reported as a result of 

footwear on the mechanical properties of prosthetic foot systems, foot shells have only been 

previously reported to contribute softening effects. Therefore one of the main findings of this 

study is the varied influence of foot shells on the structural stiffness response of prosthetic foot 

systems throughout stance with both instances of decreased and increased stiffness.  

 

The foot shells were observed to impose path-dependent changes to the mechanical loading 

response of prosthetic foot systems, exhibited through altered slopes on the force-displacement 

curves. It is expected that these effects result from sequential loading of the layered foot shell and 

keel materials. This suggests that they may also alter the tangential stiffness properties of the 

prosthetic foot system. 

 

The foot shells resulted in instances of both decreased and increased stiffness to the overall 

structural stiffness response of the prosthetic foot system. Foot shells resulted in reduced stiffness 
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up to approximately 70N/mm and increased stiffness up to approximately 447N/mm in 

comparison to the bare condition. These differences are likely to fall within the range of clinically 

relevant values. Previous studies have shown difference in rearfoot, foot-flat, and forefoot linear 

stiffness properties as low as 23, 56, and 12N/mm, respectively, resulted in noticeable alterations 

to prosthetic ankle range of motion, and bilateral GRF peaks, knee moment peaks, and muscle 

activity.23,44 This suggests that foot shells incorporate both softening and stiffening mechanisms 

that have the potential to greatly influence the overall structural stiffness and biomechanical 

performance the system. Additionally, the paired foot shell of one system was found to exhibit a 

distinct stiffness response to the system throughout stance in comparison to other generic designs. 

This implies strategically matched components from higher performance foot systems, when 

paired with other foot shell designs, may exhibit considerably altered mechanical performance. 

This could in turn affect the intended function of the foot system and compromise the desired 

influence on amputee biomechanical performance. 

 

Based on the finding of both softening and stiffening effects, it was hypothesized that specific 

design features located in the sole of the foot shell contributed to either of these responses based 

on their individual material properties. It was found that the rearfoot and forefoot pads of the sole 

likely contribute to the softening effects, thought to result from increased compression through 

the additional material thickness. It was also found that for one of the tested foot shell designs, 

stretching along the midsole likely contributed to the observed stiffening effects, thought to result 

from a resistive tension in the foot shell. It is therefore possible to alter the stiffness response of a 

prosthetic foot system through design modifications of the material properties and thickness of 

these specific design features. 
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6.4 Influence of Foot Shell Geometric Properties 

Previous studies considering the effects of foot shells and footwear on the mechanical properties 

of prosthetic foot systems have primarily focused on stiffness and viscoelastic 

properties.19,20,23,51,59 The one study that investigated the influence of footwear on passive 

prosthetic foot rollover properties, found that the differences in heel-height altered alignment, but 

did not affect the roll-over shape, which implies the combined geometric and stiffness properties 

were not altered.37 Therefore the main finding of this study with regards to geometry, is that both 

internal and external foot shell sole geometric features influence the overall structural stiffness 

response of the prosthetic foot system. Certain geometric features likely altered the loading 

contact points along the keel, either shortening or lengthening the lever arm of the applied force, 

thought to result in either increased or decreased stiffness responses, respectively. 

 

Specifically, the OB-2C4 foot shell design contained two distinct design features, one on the 

internal surface of the rearfoot pad and one on the external surface of the forefoot pad, that were 

both observed to contribute to the softening and stiffening effects. The internal feature consisted 

of a protrusion of material located near the end of the rearfoot pad, and was observed to move the 

loading contact point away from the pylon along the rearfoot of both tested keel designs, which 

contributed to decreased stiffness up to 73%. The second feature consisted of a thick forefoot pad 

with external geometry resembling the padded portion of a human intact foot that overlays the 

metatarsal heads, colloquially referred to as the “ball” of the foot. This feature was observed to 

move the loading contact point towards the pylon along the Axtion, contributing to the stiffening 

effect, and away from the pylon along the Niagara Foot contributing to the softening effect. 

Therefore both geometric interactions between the keel and internal surface of the foot shell, and 

between the external surface of the foot shell and the loading surface, likely contribute to both 

softening and stiffening effects to the prosthetic foot system. 
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A first approximation of the magnitude of effects that can be imposed on the system through 

contact point movement can be considered by a simple beam deflection model (Figure 35).22,74 

The prosthetic rearfoot and forefoot components are modeled as a rigidly attached leaf spring 

with uniform cross-section, with 𝐴 representing a contact point closer to the pylon and 𝐵 

representing a contact point away from the pylon closer to the end of the foot structure. The ratio 

of deflections, 𝛿𝐴 and 𝛿𝐵 resulting from a load (𝑃𝐴 = 𝑃𝐵) applied at the two separate locations, 𝑙𝐴 

and 𝑙𝐵, respectively, is given by22,74 
𝛿𝐴

𝛿𝐵
= (

𝑙𝐴

𝑙𝐵
)

3
. The deformation response is therefore 

approximated as having a third power relationship to changes in contact point movement. Even 

small changes to the contact point location, such as a 5% difference, would result in an 

approximately 16% decrease in deformation resulting from simulated movement of the contact 

point towards the pylon, and 14% increase in deformation for movement of the contact point 

location away from the pylon. 

 

Figure 35 – Cantilever Beam Approximation for Prosthetic Foot Deflection 

Effects of contact point movement deformation of the prosthetic foot system modeled with 

deflection in simple cantilever beam representing deformation of the rearfoot and forefoot 

structures.22 The cantilever beam with uniform cross section exhibits two different deflections 

(𝛿𝐴, 𝛿𝐵) under the same load (𝑃𝐴 = 𝑃𝐵), applied at two locations along the beam (𝑙𝐴, 𝑙𝐵). A load 

applied at a simulated location closer to the pylon (𝑙𝐴) results in less deflection, and thus a 

stiffer response. Conversely a load applied at a simulated location away from the pylon (𝑙𝐵) 

results in greater deflection and a softer response. 
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Therefore the structural response of the prosthetic foot system can be controlled through the 

interaction of geometric features of the keel and foot shell. This suggests that the shape of both 

keel and foot shell component design features could be strategically designed to control their 

interaction during loading, in order to achieve a desired stiffness response. 

6.5 Effects of Foot Shells on Prosthetic Foot System Alignment 

Alignment of the prosthetic foot system has a large influence on both mechanical and user 

performance, and should be considered when comparing bare and covered foot conditions. 

Hansen, et al., showed that differences in heel-heights of footwear resulted in altered alignment 

of the rollover shapes of various prosthetic feet.37 There are standards in place to accommodate 

differences in heel-height resulting from footwear when aligning the prosthetic foot system for 

mechanical testing.25,48 However, no such standard exists to accommodate for differences 

imposed by foot shells.  

 

Foot shells were observed to consistently increase the duration of double-keel loading duration 

across designs by up to approximately 13%. It is thought that differences in thickness in both the 

rearfoot and forefoot pads affected both the alignment and geometry of the system, resulting in 

altered contact conditions.  

 

Additionally, the alignment of each prosthetic foot system, measured as the sagittal orientation of 

the bare keel with a 1cm heel block with respect to horizontal, was recorded (Table 7 - Appendix 

B). It was observed that the alignment of the keel structures varied between -3.5 and 3.35 degrees, 

with varied alignment between foot shell and keel designs. The resulting variations in alignments 

suggest that the foot shells impose differences to both heel-height and forefoot height of the 

prosthetic foot system. In principle, these differences could alter the dorsiflexion and 

plantarflexion alignment of the system. A previous study investigating the effects of alignment on 
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transtibial amputee gait reported that overly dorsiflexed or plantarflexed prosthetic foot 

alignments can result in altered knee loading.42 As a result the amputee would compensate by 

altering their upper body position over the prosthetic foot COP for balance and to prevent 

mechanically overloading the joint.42 The differences in alignment imposed by foot shells were 

also observed in this study to directly affect the mechanical properties of the bare keel. 

Specifically, alignment altered the magnitude of deformation and stiffness properties near peak 

load, and the temporal properties of double keel loading initiation and termination (Appendix B).  

 

Therefore the alignment of the prosthetic foot system should not only account for differences 

resulting from footwear, but should also account for the differences imposed by the foot shells. 

Specifically future evaluation and experimentation of prosthetic foot systems should control for 

differences in alignment between bare and covered prosthetic foot conditions. 

6.6 Limitations 

6.6.1 Limitations Resulting from Alignment 

The ISO22675 standard specifies use of a heel block fixed to the tilt plate for un-shod test 

conditions. The alignment procedure used in this study accommodates heel height allowance for 

footwear, however the testing apparatus did not include an attached heel block. This is due to 

constraints in the apparatus, in that a baseplate capable of rotation about a single point would be 

required to ensure the heel block location remained constant with respect to the foot, while also 

maintaining a rigid loading surface. This type of tilt plate design was not possible in the existing 

setup. The purpose of an attached heel block is to maintain the alignment and orientation of 

loading that represents realistic conditions during gait. The lack of a heel block in the current 

study is not expected to affect the loading conditions imposed during single-keel contact, 

assuming the top surface of the heel block is parallel to the loading plate. However, during 

instances of double keel contact, the magnitudes of predicted deformation and the timing at which 
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they occur during stance may be affected. All foot conditions were aligned and tested with the 

same protocol, and therefore the proposed method is still useful for direct comparison between 

designs. 

 

The alignment procedure proposed in this study for isolating foot shell effects was intended to 

reduce any secondary effects due to changes in structural alignment. Adding or removing a foot 

shell from the system results in height differences along the sole, which can alter the alignment of 

the system.37 It is possible that by not correcting for differences in alignment between bare and 

covered conditions, that some of the observed effects are confounded by differences in alignment. 

The sagittal plane alignment of the bare conditions ranged between -3.5 and 3.35 degrees across 

designs. Alignment was observed to alter the stiffness of the bare condition mechanical properties 

by up to approximately 375%, which suggests that altering the alignment of the underlying 

structural component likely has a larger confounding effect (Appendix B). 

6.6.2 Limitations in Loading Apparatus and Protocol 

The characterization of predicted midstance deformation properties in this study was performed 

using a load cell capable of measuring only axial force and displacement. The applied forces used 

in this study simulate the overall ground reaction forces acting on the foot, but do not take into 

account the simultaneous loading and unloading of different components, such as with the 

protocol proposed by Adamczyk, et al.21 

 

The displacement rate of 3mm/s used in this study is low in comparison to those experienced in 

vivo. However, this rate is similar to those used in the AOPA and HAS testing standards,25,49 and 

in similar previous investigations.12 A pilot study by Zhao et al., showed that the predicted 

deformation results were relatively insensitive to increases in displacement rate between the range 

of 2-20mm/s.22 Implementation of more realistic loading rates would require additional protocol 
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considerations to account for dynamic effects and structural mass properties.20 Therefore the 

quasi-static method is an appropriate approach for capturing key structural deformation 

characteristics of prosthetic foot systems for the purposes of this study.  

6.6.3 Stiffness Measures 

The measure of structural stiffness used in this study may not represent perceived apparent 

stiffness properties of amputee users. Other studies have used different measures of linear 

stiffness to represent mechanical properties of prosthetic components. Measures used included 

average stiffness, similar to the measure used in this paper but calculated at peak applied load and 

deformation,19,59 and variations on taking the slope of force-displacement curves, including 

qualitative comparison,32,56 average slope,50 and linear regression methods.23,53,58,75 Alternatively, 

one paper discusses a novel method of calculating angular stiffness to better represent mechanical 

properties of prosthetic feet during double-keel loading.21 Due to the number of different methods 

currently utilized, and the subjective measure of user perceived stiffness, it is unclear which 

measure is most appropriate. The results from this study and the previous investigation by Smith 

et al., suggest that the force-displacement response is path-dependent, and may have distinct 

periods of differing slope depending on both structural properties and contact conditions.59 The 

observed force-displacement curve slopes are useful for the interpretation of the system’s loading 

response. However, the average structural stiffness measure was presumed appropriate for 

capturing the overall response at a particular instance in stance for the purposes of this study.  

6.6.4 Differences between Left and Right Prosthetic Foot Components 

Both left and right foot shells were included in the study due to limited available specimens, 

which could affect direct comparison between designs. Axial mechanical testing was performed, 

and the predicted deformation and stiffness measures were evaluated in the sagittal plane. Based 

on observed geometric differences in left and right foot shell designs, the largest effects to 

mechanical properties were assumed to occur in the frontal and transverse planes.34,35 The study 
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by Geil et al., showed negligible differences between sagittal plane properties of left and right 

foot systems.51 Additionally, a pilot study was done to compare the effects of both left and right 

variations of one foot shell design on predicted deformation properties of one keel structure. 

Results displayed a maximum difference of approximately 1.2mm, which was considered 

negligible based on a previous analysis of system measurement precision. The study reported 

limits of agreement between repeat tests spanning a range of 1.5mm, which was considered 

acceptable for differentiating between different foot conditions.57  

6.6.5 Detecting Differences Related to Isolated Design Features 

In the sole conditions, the foot shells could no longer be properly stretched to fit over the keel 

structures, and could only be approximately placed below the keel in a position thought to best 

represent its intact condition. Therefore any differences in position compared to the intact 

condition could confound the measured differences in deformation and stiffness.  

 

The implemented protocol to observe the effects of isolated design features on prosthetic system 

foot mechanical properties was also limited in that it could not directly quantify effects observed 

due to geometric properties. The key findings that suggest shifted geometry of design features 

influenced the stiffness response, did not include a measurement of the shifted placement.  

6.7 Impact of Findings 

6.7.1 Evaluation of Prosthetic Foot Mechanical Performance 

Previous investigations on the mechanical performance of prosthetic foot systems are limited in 

that they typically do not consider the effects of foot shells, or measure the performance of the 

system throughout the duration of double-keel loading. This study has proposed a method that 

enables predicted prosthetic foot system characterization of deformation and stiffness properties 

throughout the stance phase, including both single-keel and double-keel loading. Results obtained 
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using this methodology provide additional insight into prosthetic foot system performance during 

midstance. Specifically, the ability of prosthetic foot systems to adapt to the ground surface 

through plantarflexion into a stable foot-flat position may be related to percent stance timing of 

initiation, termination and duration of double-keel loading. This study has also quantified the 

effects of foot shells on prosthetic foot system predicted deformation and stiffness properties 

throughout stance. The results suggest that the combined structural stiffness, geometric, and 

alignment properties of both keel and foot shell components contribute to the overall mechanical 

performance of the prosthetic foot system. Therefore future studies investigating the mechanical 

properties of prosthetic foot systems should consider and control for the effects imposed by 

differences in foot shell design. 

6.7.2 Design of Paired Prosthetic Foot System Componentry 

There appears to be a trend in prosthetic industry, towards the design of higher performance 

prosthetic foot systems through strategically paired keel and foot shell components. The findings 

in this study inform future design of these components. The results of this study have shown that 

the ankle cover and opening, and upper rearfoot and forefoot covering components do not 

influence the mechanical properties of the system. This suggests that these components could 

incorporate a number of cosmetic design features without compromising the mechanical 

performance of the system. The majority of all observed effects to the foot system were instead a 

result of the sole component of the foot shell. In particular, the compliance of the rearfoot and 

forefoot pads contribute to softening effects, while the stiffness of the midsole contributes to 

stiffening effects. Additionally, the internal and external geometric profiles (Appendix C) of the 

foot shells can potentially alter the structural stiffness response by either moving the contact point 

away from the pylon to result in softening effects, or towards the pylon to result in stiffening 

effects. Therefore it is possible to intentionally alter the mechanical properties of the foot system 

by introducing specific design features in the foot shell. The foot shell is also one of the lowest 
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cost prosthetic components, and therefore this is of particular interest for the development of 

lower-cost, higher performance prosthetic foot systems. 

6.7.3 Prescription of Prosthetic Foot Systems 

Previous investigations have shown that differences in mechanical properties of prosthetic foot 

systems alter the biomechanical performance of unilateral transtibial amputees in terms of 

stiffness, geometry, and alignment.41,43–45,55,61,76 The results of this study cannot be directly 

extended to predict the influence of foot shells on the biomechanical performance of prosthetic 

foot systems. However, one study showed that differences in linear stiffness properties between 

12 and 56N/mm resulted in noticeable alterations to prosthetic ankle range of motion, and 

bilateral GRF peaks, knee moment peaks, and muscle activity.23,44 Foot shells were shown to 

impose effects exceeding these values, ranging between -466N and 70N/mm, to the stiffness 

properties of bare prosthetic keels. Therefore the observed effects of foot shells on prosthetic foot 

system mechanical properties would likely result in similar or greater altered user biomechanical 

function. Additionally, the intentionally paired foot shell component exhibited distinct 

characteristics compared to the generic designs on the prosthetic foot system. Therefore the 

influences resulting from differences between foot shell designs should be taken into 

consideration with the prescription of paired keel-foot shell components.  
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Chapter 7 

Conclusions and Future Work 

7.1 Conclusions 

1) A method was proposed by which predicted deformation characteristics of prosthetic foot 

systems could be determined including both single-keel and double-keel loading. The 

protocol was determined to be comparable with existing methods, and was capable of 

detecting differences related to prosthetic foot design. 

2) A connection was observed between predicted deformation characteristics and the 

initiation and termination of double-keel loading. Prosthetic foot systems exhibiting 

higher levels of deformation corresponded to earlier transitions into and later transitions 

out of double-keel loading. Prosthetic feet with less deformation were observed to exhibit 

the opposite effect. 

3) Foot shells were observed to impact the mechanical properties of prosthetic foot systems 

with both softening and stiffening effects, and increased durations of double-keel loading. 

Results imply the potential influence of both material and structural stiffness and 

geometric properties of the paired keel and foot shell components. 

4) The ankle covering and opening, and upper rearfoot and forefoot components of the foot 

shell likely have no influence on the mechanical properties of the system. 

5) The structural stiffness and geometric properties of the foot shell sole alter the mechanical 

properties of the foot system. Compression in the rearfoot and forefoot pads contributed a 

softening response, stretching along the midsole contributed a stiffening response, and 

internal and external sole geometry moved the loading contact point, which likely resulted 

in both softening and stiffening effects. 
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7.2 Future Work 

Future work to expand on the results of this study and to address the limitations include:  

1) Further investigations into the effects of alignment: 

a. An investigation of the influence of a fixed heel block during testing. An 

apparatus capable of attaching the heel-block spacer to the loading surface 

would allow comparison to results with the current setup to determine the 

implications of the heel-block on the measured mechanical properties of the 

prosthetic foot system. 

b. For determination of appropriate alignment protocols used in future experiments, 

further investigation should be conducted into the influence of alignment 

between bare and covered conditions. 

2) Additional instrumentation, setup, testing protocols, and test specimens: 

a. Future studies should incorporate additional equipment and methods to measure 

moments in the system for the calculation of angular properties, such as with the 

angular stiffness measure proposed by Adamczyk, et al., for characterization of 

midstance kinetics.21  

b. An altered protocol should be developed for better fit between the sole and keel 

components for future studies measuring the effects of isolated foot shell 

components. 

c. Additional instrumentation should be implemented to enable measurement of 

contact points between both keel and foot shell surfaces, and foot shell and 

loading plate surfaces to enable accurate calculation of stiffness effects resulting 

from contact point movement. This instrumentation should be implemented in a 

study to compare effects of altered foot shell geometry by controlling the 

location of key geometric features. 
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d. Future studies should incorporate a more comprehensive analysis of the effects 

imposed between left and right foot systems, especially when considering 

angular properties or effects in transverse and frontal planes. 

3) Additional measures of mechanical properties: 

a. Future work should investigate differences in currently used mechanical stiffness 

measures. Ideally, the results would be compared with qualitative amputee 

feedback for determination of a measure that best represents perceived apparent 

stiffness. 

b. In addition to structural stiffness, other measures such as roll-over shape should 

be considered for future work to quantify and compare combined effects 

resulting from foot geometry, alignment, and stiffness properties.12  

4) Future studies for applications to advanced design techniques: 

a. A study including more refined measurement of mechanical properties, such as 

the compliance of the sole material, needs to be performed for future application 

of advanced computational methods, such as with topology optimization 

proposed by Fey et al., for the development of prosthetic foot design.77 
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Appendix A – Standard Operating Procedure for Proposed Mechanical 

Testing Protocol  

Standard Operating Procedure: Niagara Foot Mechanical Characterization Test with 

Double-keel Contact 

Document Location: HMRC Version: V06 

Name: Sydney Low Last Edited Date: July 18, 2017 

 

Scope 

This document applies to all operators of the MTS Force Testing machine when testing the 

Niagara prosthetic foot in the new configuration allowing for double keel characterization. 

Objective 

This SOP is intended to standardize the operating process of the MTS force testing machine when 

testing the Niagara prosthetic foot under the new configuration. 

Procedure  

Start-up 

1) Login in to computer: password is ‘admin’ 

2) Ensure machine is in correct configuration 

3) Correct load cells are connected – 5kN on top (Axial Force 2), 15kN on bottom (Axial Force 

1) 

4) Open Station Manager program on desktop and when prompted choose parameter “Niagara 

Foot M2V21v02” (parameters and PID values set for Displacement Control) 

a) Verify parameters and limits are correct (Figure 36) shows parameters for Displacement 

Control) 
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i) Make sure Axial Displacement – Lower Limit is set to -60mm NOT -50mm 

EXCEPT when using Celsus Foot set to -80mm (new setup displaces 35T 

configuration past 50mm) 

 

Figure 36 – Initial Detectors Parameters and Limits 

Limit detectors to be set in Station Manager program prior to implementation of the 

mechanical testing protocol. 

 

5) Open ‘Auto-offset’ window in station manager  

a) Click auto offset 

6) Turn on pump 

a) Enable Exclusive Control (check box in main station manager window 

b) Hit ‘Reset’ to eliminate limit detector error 

c) Set pumps to low (yellow) then once they stop blinking => high (green) *Note Sequence 

7) Open ‘Manual Command’ window in station manager 

a) Enable manual command (check box) 

b) Slowly jog up the platen by manually moving the tab to the right. 

i) If you hit 100mm before at correct height – auto offset and continue until ~3in of space 

is left on actuator arm 

8) Open ‘Auto Offset’ window 

a) Click auto offset 

9) Disable Exclusive Control (un-check box) 
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Warm-up  

(It is essential to warm the machine up before testing – it takes approximately 16.5min) 

1) Open Multi-Purpose Elite program on desktop 

a) Select custom templates and then => select ‘warm up’ template 

i) Click procedure 

ii) Check that the procedure is reasonable (should be set to move between 5 and -5 mm 

for 500 cycles) 

b) Disable exclusive control in main station manager window (un-check box) 

c) Select New Test Run (upper left hand corner) in Multi-Purpose Elite 

i) Add a specimen in the Specimen Selection by clicking the green plus sign 

ii) You do not need to rename the Specimen for warm up, and you do not need to enter 

any comments in next window 

d) Run the warm up in Multi-Purpose Elite (green start button) 

Double Keel Jig Set-up 

1) Place riser into test space (Figure 37) 

a) SAFETY CONCERN: This may require two people to move and orient, or someone with 

upper body strength because it is heavy and awkward so be careful 

b) Push T-nuts all the way to back and slide riser and T-nuts into slots on MTS platform 

c) Do not secure into place yet 
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Figure 37 – Riser Orientation 

Orientation of the base riser within the MTS test space with the T-bolt slot positioned 

horizontally. 

 

 

2) Place Sine Vice onto riser (baseplate may already be attached) 

a) SAFETY CONCERN: It is very heavy so be cautious and only lift if you feel comfortable. 

Ask for help if necessary. 

b) Orient so sine blocks are changed out on the left side (see orientation in Figure 38) 

c) Center with respect to load cell (left-right direction) 

d) Secure with T-nuts and wrench (Figure 39) 
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Figure 38 – Sine Vice Orientation 

Orientation of the sine vice on the base riser, with the sine block angular orientation set on the 

left. 

 

 

Figure 39 – Hardware to Secure Vice to Riser 

Two T-bolt nuts are used to rigidly set the sine vice onto the base riser using the horizontal slot 

to set the orientation. 

 

3) Insert baseplate into vice (skip if already in place) 

a) Insert in correct orientation (long end at far side). Baseplate can be slightly off-centre (left-

right) to allow just enough space to turn Allen Key to adjust the sine blocks on the left side. 

See Figure 40 – Just make sure the vice below the plate is centered on MTS* 

b) Tighten vice using ratchet 
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Figure 40 – Baseplate Alignment 

Slight off-centre alignment of baseplate to allow clearance of Allen Key during sine block 

exchange. 

 

4) Attach foot to pylon 

a) Do not change alignment of pylon – but double check it is zeroed using electronic level 

b) Place foot on pyramid adapter and tighten using Allen key 

5) Align Foot 

a) For bare keel, align similar to existing protocol using level to zero alignment along both 

axes (Figure 41) 

i) Check and adjust toe out angle to zero if necessary (bird’s eye view long axis of foot 

should be approximately aligned with adapter plate) 

ii) With bare keel zero inversion/eversion angle 

iii) Use 1cm heel spacer to align dorsi-plantarflexion angle, and place on highest point 

(Figure 41) 
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Figure 41 – Foot Alignment and Heel Block Spacer Position 

Set neutral orientation of foot in all axes on pylon using four set screws. Set sagittal plane 

alignment using 1cm heel block spacer. 

 

b) If testing with covers – perform same alignment procedure as above with cover on and test.  

i) When finished testing the covered condition, remove the cover and test it’s bare 

condition: do not change alignment (alignment must remain consistent with covered 

condition) 

ii) When setting up bare condition for cover testing: record dorsi-plantarflexion angle 

alignment using digital level (Figure 42) 
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Figure 42 – Record Bare Condition Alignment for Foot Shell Testing 

For testing of isolated foot shell effects, set alignment with keel inside the foot shell. For 

testing the bare condition keel, remove the foot shell and record the sagittal plane alignment, 

and not change for bare keel testing. 

 

5) Attach load cell adapter (with pylon and foot pre-attached and pre-aligned) 

a) If there is not enough space  skip to next step and then come back to this step 

b) Place adapter onto load cell with 2-in offset (3rd or middle hole) 

i) Position so that it is offsetting contact point for the TOE (see Figure 43) 

ii) Use large Allen Key to tighten M12 bolt 

(1) Hardware order: bolt head, lock washer, flat washer (see Figure 44) 

iii) Make sure adapter is approximately centred and aligned with vice and baseplate 
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Figure 43 – Offset Orientation for Forefoot Testing 

Set position of pylon in a 2-in offset position for forefoot testing. 

 

 

Figure 44 – Adapter Plate Bolt Configuration 

Attach offset adapter plate to load cell using a 12mm bolt, lock washer, and flat washer. 

 

 

6) Adjust height of crosshead 

a) Set height to accommodate height for foot in 35deg forefoot loading position (Figure 45) 

i) Loosen bolts using LARGE Allen Key next to MTS – loosen only by 90-180deg 
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ii) Adjust height using knob on MTS 

iii) Re-tighten bolts 

 

 

Figure 45 – Configuration of Crosshead Height for 35deg Orientation 

Set height of MTS crosshead to fit the testing apparatus within the MTS test space. 

 

7) Adjust and set base riser position 

a) Adjust in fore-aft direction until forefoot is completely on the baseplate in 35deg 

orientation (similar to Figure 45) 

b) Use Allen Keys to set riser into place 

 

Test Set-up 

1) Set angle to desired testing configuration (will need to adjust height of actuator using manual 

command) 

2) For all foot conditions except the Niagara Foot: Need to use the 5mm Nylon Sheet between 

foot and Teflon on baseplate to negate friction 

3) Testing order 

a) Forefoot Testing:  
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i) 35, 30, 25deg 

ii) Insert 20deg block and adjust crosshead height (i.e. lower it for remainder of testing) 

(1) Enable manual command and jog the actuator back up to its highest point (~3in of 

space) 

(2) Auto Offset 

(3) Loosen bolts on Crosshead, adjust height for 20T – 20H angles 

iii) Before testing 20deg to -20deg, change axial load from 1200N to 1300N on test 

program in Multi-Purpose Elite in Procedure (Figure 46) 

 

 

Figure 46 – Adjust Cyclic Load for 20T - 20H 

Change peak cyclic load in MTS Multi-Purpose program from 1200N to 1300N. 

 

iv) 20, 15, 10, 7.5, 5, 2.5, 00deg 

(1) ADJUST RISER POSITION for double keel contact 

(a) Make sure contact of both heel and forefoot are located ~ above solid vice 

block (Figure 47) 

(b) Specific angle to do this at will change depending on foot design 
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Figure 47 – Riser Position 

Change riser position so that loading is consistently over the rigid sine vice structure to prevent 

unwanted bending of the apparatus. 

 

b) Rearfoot Testing: 

i) Rotate foot for heel testing using Allen Key (Figure 48) 

ii) Adjust riser position again to ensure contact will occur above solid vice block (Figure 

47) 

iii) -2.5, -5, -7.5, -10, -15, -18, -20deg 
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Figure 48 – Rotate Keel for Rearfoot Testing 

Rotate the orientation of keel using the tube clamp between the keel and pylon to set a 2-in 

offset for rearfoot testing. 

 

Run Test 

1) Auto Offset 

2) In Station manager, ensure exclusive control is off (uncheck box in main window) 

3) Open Multipurpose Elite 

4) Select File => New => dropdown menu: Test from Template => Select C Drive => Select 

Niagara_Foot Folder => Select your folder => Select desired Template (For Cover Testing – 

Select Sydney – Midstance – Template: “Functional Stiffness – Mistance – 3mmps -60mm 

Limit”) 

a) Verify that the procedure is correct (For 35T, 30T, and 25T – Cyclic max load should be 

set to -1200N, and for 20T to 20H load should be changed to -1300N) 

i) need to change: For loading – axial displacement limit needs to be changed to -80mm 

in procedure instead of -50mm IF testing a soft foot i.e. Celsus (it is the block in parallel 

and on the left of the block that specifies loading is to -1200 or 1300N) 

5) Run a test 

a) Click New Test Run 

b) Add a specimen in the Specimen Selection by clicking the green plus sign 

i) Give your specimen a relevant name  
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(1) For Double Keel Testing: Foot, Model, Serial Number, Test-Type, Initials (i.e. 

NFM2V21 833 Mid SL) 

(a) For Cover Testing: 

(i) Covered Condition: Foot, Test-Type, Cover, Initials (i.e. 

CelsusMidCcovSL) 

(ii) Bare Condition: Foot, Test-Type, Cover, Bare, Initials (i.e. 

CelsusMidCcovBareSL) 

c) Add a comment 

i) Foot Code and Orientation (i.e. NF 35T or NF 20H) 

d) Click the green arrow to run a test 

6) Testing Order: see test setup for specific setup changes 

a) Forefoot: 35, 30, 25deg 

b) Adjust cross head height and cyclic load (i.e. lower it for remainder of testing and change 

load from -1200N to -1300N) 

c) Forefoot: 20, 15, 10, 7.5, 5, 2.5, 00deg 

d) Heel: -2.5, -5, -7.5, -10, -15, -18, -20deg 

Exporting Data 

1) After each test, rename and export the data immediately 

a) In the Explorer rename the Test Run to indicate the specimen and loading configuration 

(Rename using same format as specimen name – but don’t use spaces for foot-code, and 

separate the foot-code and angle-code with an underscore (i.e. NFM2V21833MidSL_35T) 

2) Right click and Export Raw Data 

a) Choose Test Run 

b) Select C Drive => Select Niagara_Foot Folder (Save in appropriate folder under your 

name and create a new folder for the foot being tested) 
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c) Choose Signal List => OK 

3) After each session, save raw data within multipurpose elite test program to save data with 

original graphs 

a) Save as: Test Run 

b) Select C Drive => Select Niagara_Foot Folder (Save in same folder as above data) 

Disassembly 

1) Disassembly of the foot testing setup 

a) Remove sine block from under the vice and put vice back to zero degrees 

b) Remove adaptor from load cell 

i) Remove foot from pylon 

c) Remove the baseplate from the vice and put it in the bottom blue bin 

d) Remove the vice and place in upper blue bin 

e) Return the riser to its storing space on back bench 

2) Auto-offset and then turn off pumps in station manager 

3) Clean up the space 

a) Ensure all the MTS tools are put back where you found them 

b) Ensure all the foot testing equipment and tools are put away in the blue bins in an orderly 

manner 

Troubleshooting 

ERROR 1 

1) Pump will not turn on due to other errors being detected other than limit trip (J-port for 

example) 

2) Error is most likely due to the slow/fast motion knob being touched (with rabbit and turtle 

labels) 
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a) Check to see if this knob is light up red – if no then this is the problem 

b) Turn knob to left and check if it is again activated 

c) Reset errors and turn on pump 

3) If error persists – see Leone or call MTS for tech support 

 

ERROR 2 

1) Station Manager won’t open due to ‘Controller 40 Error’ 

a) Ensure internet cord is not connected – will not work with both controller and internet 

cords plugged in 

b) Turn off controller and then turn back on 

c) Reopen Station Manager 

2) If error persists – see Leone or call MTS for tech support 

 

ERROR 3 

1) Pump stops due to limit being tripped or from red STOP button being pressed 

2) Reset the pump: 

a) Ensure first that red STOP button is reset by twisting to unlock 

b) On the pump’s graphic display MAIN screen will display RED to signify pump is OFF, 

press STATUS => RESET 

c) Select MAIN to check that it is green again and ON 

d) Reset hydraulics on computer as well - change hydraulics to high pressure 

e) Reset force to zero 

3) If error persists – see Leone or call MTS for tech support 
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ERROR 4 

1) Actuator arm/platen gets stuck at end of loading cycle – detected with weird data, 

popping/struggling noises from the transducer arm, and from reduced or complete stop of 

motion from the transducer arm 

2) Error is due to cross-head being set too high for current testing setup 

a) Stop current test run 

b) Enable exclusive control 

c) Enable manual command and jog up platen - *because it is stuck, if it does not move 

immediately just give it a little bit and it should release and move up* 

d) Lower crosshead – See ‘Test Set-up’ Section for details 

e) Ensure error did not affect any testing results prior to error being noticed (i.e. visibly 

affected data that was not detected immediately while actuator was not completely stuck) 

3) If error persists – see Leone or call MTS for tech support 
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Appendix B – Effects of Foot Shell Alignment on Bare Keel Predicted 

Deformation and Stiffness Characteristics 

The alignment of each foot system tested in bare and covered conditions was recorded on the bare 

keel with a 1cm heel block spacer as the sagittal plane orientation with respect to horizontal 

(Figure 49). The alignment for all tested foot conditions (Table 6) from Chapter 4 are summarized 

(Table 7). 

 

Figure 49 – Prosthetic Foot System Alignment Recorded in the Bare Condition 

Prosthetic foot systems were aligned in the covered conditions with a 1cm heel block spacer. 

Alignment was recorded as in bare condition with a 1cm heel block as the sagittal plane 

orientation with respect to horizontal. 
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Table 6 – Complete Test Matrix Including All 16 Foot Systems (31 Test Conditions) 

Summarized test matrix including all keel and foot shell combinations tested. Keel specimens 

included: A – Niagara Foot, B – Axtion, C – Celsus, D – SACH, E – TruStep, and F – Velocity. 

Foot shell specimens included: 1 – NF-M1, 2 – OB-2C4, 3 – Kingsley, 4 – iB-ER, 5 – Celsus, 6 – 

SACH (integrated with keel design), 7 – TruStep, and 8 – Velocity. 

 

Test Conditions 
Cover 

NF-M1 OB-2C4 Kingsley iB-ER Celsus NA TruStep Velocity 

Keel 

Niagara 

Foot 
A1 A2 A3 A4 --- --- --- --- 

Axtion B1 B2 B3 B4 --- --- --- --- 

Celsus C1 C2 C3 C4 C5 --- --- --- 

SACH --- --- --- --- --- D6 --- --- 

TruStep --- --- --- --- --- --- E7  

Velocity --- --- --- --- --- ---  E8 

 

Table 7 – Foot System Sagittal Plane Alignment of Bare Keels 

Summary of recorded sagittal plane alignment in degrees for each keel and foot shell combination 

included in Table 6, for both sets of tests completed. 

 

Test 

Condition 

Round 1 Round 2 

Align [deg] Align [deg] 

A1 1.3 1.5 

A2 -3.45 -3.5 

A3 1.05 1 

A4 -0.6 -0.65 

B1 0.8 1.05 

B2 -0.5 -0.3 

B3 3.35 3.1 

B4 0.7 1.05 

C1 0 0 

C2 -0.9 -1.1 

C3 0.3 0.8 

C4 0 0 

C5 0.65 0.6 

D6 0 0 

E7 1 1.1 

F8 2 1.8 
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The differences in bare keel predicted deformation and stiffness properties of the Niagara Foot, 

Axtion, and Celsus Keels are plotted in Figure 50a-c and Figure 51a-c, respectively. 

 

 



 

129 

 

 

Figure 50 – Deformation Profiles for Bare Keel Alignments with Foot Shells 

The deformation profiles for the a) Niagara Foot, b) Axtion, and c) Celsus bare keels are 

plotted for comparison between alignments with the different foot shell designs (NF-M1,    

OB-2C4, Kingsley, iB-ER, and the Celsus, which was only tested with its paired keel). 
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Figure 51 – Stiffness Profiles for Bare Keel Alignments with Foot Shells 

The stiffness profiles for the a) Niagara Foot, b) Axtion, and c) Celsus bare keels are plotted 

for comparison between alignments with the different foot shell designs (NF-M1,    OB-2C4, 

Kingsley, iB-ER, and the Celsus, which was only tested with its paired keel). 
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Appendix C – Foot Shell Design Features 

This appendix contains the documentation of specific design features of all shells included in the 

study in Chapter 5. The foot shell components and design features of the NF-M1, OB-2C4, and 

iB-ER foot shells are depicted in Figure 52, Figure 53, and Figure 54, respectively. Cross 

sectional profiles of each foot shell are also included and the measurement methodology used is 

described. 

NF-M1 Foot Shell Design Features 

 

 

 

Figure 52 – NF-M1 Foot Shell Design Features 

NF-M1 Foot Shell components including (a) Intact foot shell, (b) Removed upper rearfoot and 

forefoot covering, (c) Partial foot shell including the sole with retained heel-clip and toe-clip 

mechanisms, (d) Isolated sole, (e) Heel-clip mechanism, and (f) Toe-clip mechanism 
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OB-2C4 Foot Shell Design Features 

 

 

 

Figure 53 – OB-2C4 Foot Shell Design Features 

OB-2C4 Foot Shell components including (a) Intact foot shell, (b) Removed upper rearfoot and 

forefoot covering, (c) Partial foot shell including the sole with retained heel-clip and toe-clip 

mechanisms, (d) Isolated sole, (e) Heel-clip mechanism, and (f) Toe-clip mechanism 
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iB-ER Foot Shell Design Features 

 

 

 

Figure 54 – iB-ER Foot Shell Design Features 

iB-ER Foot Shell components including (a) Intact foot shell, (b) Removed upper rearfoot and 

forefoot covering, (c) Partial foot shell including the sole with retained heel-clip and toe-clip 

mechanisms, (d) Isolated sole, (e) Heel-clip mechanism, and (f) Toe-clip mechanism 
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Foot Shell Sole Cross-sectional Profiles 

The detached soles of the NF-M1, OB-2C4, and iB-ER foot shells were set in upright positions, 

and approximately rigidly constrained using plaster in separate containers (Figure 55).  

 

Figure 55 – Setup of Foot Shell Soles for PCMM Testing 

The foot shells were set in plaster in separate containers to implement approximate rigidity to 

the system for application of the PCMM measurements. 

 

Each container was approximately aligned with the system coordinate frame and rigidly attached 

using a clamp to the table. The FaroArm PCMM was then used to manually trace the outer edge 

of the soles along the settled plaster surface to obtain the approximate cross-sectional profiles of 

each design (Figure 56).  
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Figure 56 – FaroArm Tracing of Foot Shell Soles 

The FaroArm PCMM was used to manually trace the cross-sectional profiles of each foot shell. 

 

An offset was present as a result of the 6mm spherical probe, therefore as a first approximation, 

the internal and external curvatures of the soles were separated, and the 6mm offset was 

subtracted from the y-axis coordinates of the internal curvature with respect to the external 

surface. The resulting profiles were plotted for each the NF-M1, OB-2C4, and iB-ER foot shells 

in Figure 57a-c, respectively. The internal surface of the foot shell sole is displayed as the top 

curvature, and the external surface as the bottom curvature. 

 



 

136 

 

 

 

 

Figure 57 – Foot Shell Sole Cross-sectional Profiles 

Cross-sectional profiles of the foot shell soles for the (a) NF-M1, (b) OB-2C4, and (c) iB-ER 

designs. Approximated measurements made in the coordinate frame of the FaroArm PCMM 

and 6mm probe offset subtracted from the y-coordinates of the internal surface (top curvature) 

with respect to the external surface (bottom curvature). 
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Appendix D – Stiffness Profiles: Effect of Foot Shell Design Features on 

Mechanical Performance of Prosthetic Foot Systems 

Deformation and stiffness profiles were produced for each foot system for comparison between 

tested foot conditions. Stiffness profiles were plotted to display the differences in stiffness 

between foot conditions for each the NF-M1 (Figure 58a-b), OB-2C4 (Figure 59a-b), and iB-ER 

(Figure 60a-b) foot shell designs with the Niagara Foot and Axtion keels, respectively. The three 

covered conditions including intact, partial, and sole conditions, were compared to the properties 

of each bare keel to isolate stiffness effects of foot shell design features on the overall mechanical 

properties of the system.  
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Figure 58 – Stiffness Profiles for the NF-M1 Foot Shell 

Comparison of predicted stiffness characteristics between bare, intact, partial, and sole 

conditions of the NF-M1 foot shell with (a) Niagara Foot (A1), and (b) Axtion (B1) keel 

structures. 
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Figure 59 – Stiffness Profiles for the OB-2C4 Foot Shell 

Comparison of predicted stiffness characteristics between bare, intact, partial, sole, and toe-clip 

sole conditions of the OB-2C4 foot shell with (a) Niagara Foot (A2), and (b) Axtion (B2) keel 

structures. 
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Figure 60 – Stiffness Profiles for the iB-ER Foot Shell 

Comparison of predicted stiffness characteristics between bare, intact, partial, sole, and heel-

clip sole conditions of the iB-ER foot shell with (a) Niagara Foot (A3), and (b) Axtion (B3) 

keel structures. 

 


