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Abstract 

Lower limb loss due to diabetes or vehicle accidents is a harsh reality for many South Africans. Most 

lower limb amputations require a prosthetic foot to assist the individual in returning to their lifestyle, 

yet prosthetics are expensive and not affordable for the average South African. 

A prosthetist fits an amputee with a prosthetic foot that accommodates their weight and activity level. 

Prosthetic feet that are too flexible or too stiff can have a noticeable limp effect and discomfort when 

the user walks. The aim of this study, therefore, was to design a prosthetic foot with an adjustable 

stiffness, assisting with different activities and body weights. 

Multiple design options were evaluated based on their complexity and manufacturing cost, with the 

chosen design incorporating three composite blades and gas springs to adjust the foot stiffness. Detailed 

design and calculations were completed and verified through finite element analysis, for a standard adult 

weight of 80 kg (800 N) with a specified deflection of 23.6 mm of the forefoot and 13.6 mm of the heel. 

An MTS Universal testing machine was used for experimental testing to validate the modelling and 

simulation methodology. The prosthetic foot was attached to a jig that would allow for forefoot testing 

(with and without gas springs), as well as heel testing. 

The experiments were found to be repeatable, and in general the results of the measured deflections 

were comparable with the calculated estimations. The largest deviations in the forefoot blade deflection 

was 2.4% at 16 N, and for the heel blade it was 14.6% at 45.56 N. 

The addition of the gas springs resulted in an increase in the reaction force to affect foot displacement. 

When two 150 N gas springs were attached, deflection initiated at a force of approximately 200 N, two 

350 N springs required 450 N, and the last set of 500 N springs required 650 N. The measurements with 

the gas springs attached saw an increase in deviation between the measurements and calculations, from 

3% without the gas springs and up to 8.5% when the gas springs were attached.  

The results indicated that adjustment of the stiffness of the foot performed as intended. However, 

because the adjustments are made with discrete levels in gas force resistance, the approach might be 

better suited to adapting to different body weights rather than different activities. 

A high level cost evaluation using realistic manufacturing and certification costs was done to compare 

the estimated cost of the prosthetic foot to that of commercial feet and estimated a cost of R17 000 for 

the prosthetic foot, with the possibility of lowering the cost when mass producing. This cost was about 

R4 000 lower than the lowest available compensation option from government sources. 

Keywords: Dynamic response, prosthetic foot, variable stiffness, composite foot design, affordable 

assistive technology.  
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Glossary 

Amputee 
A person who has undergone surgery to remove a limb or parts of it due to injury, 

disease, or other medical reasons. 

Bidirectional fibres Composite fibres woven or layered in two perpendicular directions. 

Composite material 
A material made from two or more materials with different physical or chemical 

properties. 

Dorsiflexion The upward movement of the foot. 

Dynamic Response 

Foot 

A type of prosthetic foot that stores and releases energy, as a prosthetic user walks, to 

improve their gait cycle. 

Energy Return 
The ability of a prosthetic foot to store and release energy during a person’s gait 

cycle. 

Eversion The outward movement of the foot. 

Forefoot blade Part of the prosthetic foot that mimics the forefoot. 

Gait A person's manner of walking. 

Gas Spring Force The force exerted by a gas spring. 

Heel Blade Part of the prosthetic foot that mimics the heel. 

Inversion The inward movement of the foot. 

Orthotropic Materials Materials that exhibit different material properties in three perpendicular directions. 

Plantarflexion The downward movement of the foot. 

Prosthetics Artificial limbs created to improve the lifestyle of people with limb loss. 

Prosthetist 
A professional that specialises in the design, fitting and customisation of prosthetic 

devices for amputees. 

Pyramid Connector 
A connecting adapter used in prosthetics to connect various components to each 

other. 

Unidirectional fibres Composite fibres aligned in a single direction. 
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List of Abbreviations 

BID Bidirectional  

AKA Above-knee amputations 

AMP Amputee mobility predictor 

CAD 
Computer-aided design 

DR Dynamic response 

EK Elastic keel 

ET Equivalent thickness 

FD Force diagram 

GSF Gas spring force 

ISO International Organization for Standardization 

MA Multi-axis 

MTS Material test systems 

PI Ply index 

RAF Road Accident Fund 

ROM Rule of mixtures 

SA Single-axis 

SACH Solid ankle cushioned heel 

UD Unidirectional  

UTS Ultimate tensile strength 

VSA Variable stiffness ankle 

VSF Variable stiffness foot 
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Chapter 1 : Introduction 

1.1. Background  

1.1.1. Prosthetic use in South Africa. 

Losing the lower extremities is a harsh and traumatic reality for millions of people, however, at the time 

of this study, there was no definitive information on the number of amputees in South Africa. In 2008, 

the number of amputees in the world was estimated at 10 million [1]. Nine years later, in 2017, it was 

estimated that nearly 60 million people lived with limb amputations due to trauma or injuries [2]. This 

data excluded people who lost their limbs due to medical conditions such as cancer.  

The most common reason for lower extremity amputation is diabetes mellitus [3], [4]. Diabetes mellitus, 

or type 1 and 2, is an incurable disease in which the pancreas of a patient does not produce enough 

insulin or the body cannot use the insulin produced [5], [6]. Almost 430 million people worldwide and 

an estimated 4.58 million South Africans, 52% of whom are unaware of their condition, suffer from 

diabetes [7], [8].  

Diabetes can cause circulation problems and nerve damage that can cause ulcers. Ulcers are wounds 

that do not heal or return frequently. A great threat to diabetics is foot ulcers. These wounds can become 

infected and can lead to amputation. About 15% of diabetics develop foot ulcers that require medical 

attention [9], [10]. Of these admitted patients, 15% go to lower extremity amputations due to foot ulcers 

[9], [11]. 

Addington Hospital, a public hospital located in KwaZulu-Natal, South Africa, reported that over five 

years, more than 1,000 lower extremity amputations were performed. Most of them were due to diabetes 

mellitus [4], [12]. Almost 50% of all amputations performed were below-the-knee amputations (BKA), 

and 20% of amputations performed were above-the-knee amputations (AKA). The other 30% were 

amputations performed through the foot and toes [4].  

Only a small number of patients (17%) were referred for physiotherapy; most of these patients were 

diabetic with below-the-knee amputations. Patients in therapy rarely opt for prosthetics and prefer to 

use crutches or walking frames [4], [12]. Although the study by Manickum et al. did not give a definitive 

reason for the lack of prosthetic use, they felt that ideally each patient should get a trial period with a 

prosthetic during rehabilitation. They, however, also stated that their findings suggest that rehabilitation 

doesn’t seem to be widely practised within our country’s setting [4], [12]. 
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As lower limb amputations vary in extent, as illustrated in Figure 1, the need for a prosthetic limb also 

varies. Partial foot amputations do not necessarily require a prosthetic, but some patients may opt for a 

carbon fibre sole or a silicone foot shell to help protect the residual limb [13], [14]. Ankle disarticulation, 

which is the separation of the foot through the ankle joint, avoids cutting the bone and allows walking 

without a prosthetic, although a specially designed socket is often needed due to the shape of the limb 

[15], [16], [17].  

Transtibial (below the knee) amputations require a prosthetic socket and foot for comfortable walking 

[18], [19], [20]. Similar to ankle disarticulation, knee disarticulation avoids cutting major bones by 

separating the lower leg through the knee joint, leaving the thigh muscles unaffected [19], [21]. Users 

with these amputations will require a socket, a prosthetic knee, and a prosthetic foot. Transfemoral 

(above the knee) amputations also require these components [19], [22]. 

Hip disarticulation, an extreme and rare procedure, involves removing the leg from the hip joint, leaving 

the pelvis intact [19], [23]. Prosthetics for patients with hip disarticulation are very complex, requiring 

a specialised socket for the pelvic residuum, a hip joint prosthetic, a knee, and a foot to allow sitting, 

standing, and walking [24], [25].  

Thus, the prosthetic foot is required for all types of amputation above ankle disarticulation and by 

approximately 70% of patients seen at Addington Hospital in 5 years [4], [12].  

 

Figure 1: Amputations of the lower extremities 
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Prosthetic feet greatly contribute to the gait of a person, increasing their balance and allowing them to 

engage in activities such as running, walking, or hiking. The choice of foot is significant, as it impacts 

the user's performance in various activities. There are multiple types of prosthetic feet, each tailored for 

different activities. The prosthetist would typically classify the user with the amputee mobility predictor 

(AMP) test, guiding the user to choose the most suitable foot for their weight and activity level. 

The everyday walking prosthetic feet fall into categories such as solid ankle cushioned heel (SACH) 

feet, elastic keel (EK) feet, single- or multi-axis feet, dynamic response (DR) feet, or microprocessor 

feet. In addition to the different types of feet recommended, there are also activity-specific feet. There 

are also feet designed for specific activities such as hiking, running, or swimming [26]. 

The SACH and the EK feet are the most basic and inexpensive feet available with no hinged parts and 

require minimal maintenance [20], [27]. The SACH foot consists of a solid forefoot, while the EK foot 

has an elastic or flexible forefoot [20], [28]. These feet are most frequently used and recommended to 

users with low activity levels, as they do not store and return energy as dynamic response feet [20], [28]. 

Single-axis feet (SA) allow for dorsiflexion and plantarflexion, providing greater stability for active 

users [28], [29]. However, multiaxis feet (MA) allow movement in two motion planes, allowing 

dorsiflexion, plantarflexion, inversion, and eversion [28], [30]. It is suitable for those with more 

demanding daily activities [28]. SA and MA feet are usually recommended for users with amputations 

between the knee and hip [27]. These prostheses are heavier, more expensive, and require more 

maintenance than the SACH and elastic keel foot [20]. 

The dynamic response foot (DR), ideal for highly active users, allows for more mobility and is ideal for 

varying walking speeds, rapid direction changes, and long distances [27], [28]. This prosthetic can store 

and release energy as the user walks, making walking with this prosthetic look and feel more natural to 

the user’s gait. DR feet are usually made of composite materials that allow some flexion, allowing for 

energy build-up [31]. 

Microprocessor-controlled feet use sensors to adjust to the environment, supporting the gait cycle [27], 

[32], [33]. It is, however, much more expensive and heavier than other types and less durable in harsh 

conditions.  

For this study, DR feet are the most suitable due to their superior energy return and robust construction, 

with microprocessor-controlled feet being too costly from the outset. 
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Figure 2: Example of a split-toe DR design (Freedom DynAdapt prosthetic foot [34]). 

1.1.2. Characteristics of Dynamic Response Feet and Their Cost Implications 

Dynamic response feet typically have a single fixed stiffness value linked to the foot’s design and 

construction, which is directly proportional to the energy return of the foot. Energy return affects gait 

and the ease with which the user can walk [31] or perform other functions, with the amount of energy 

return required being influenced by the type of action. This means that users must buy different feet if 

they wish to participate in activities outside of an average day. For example, the foot used for everyday 

walking is not ideal or comfortable to use while running or walking in weighted conditions, such as 

hiking. The prosthetic foot for running would have a higher energy return, as its force input would be 

higher and its response would be faster [70]. Similarly, the prosthetic for running would not be ideal for 

walking. Access to multiple prosthetic feet is a luxury, but it can have a significant impact on a person’s 

life. However, prosthetic feet are very expensive, and affording multiple prosthetic feet in order to return 

to your previous lifestyle is not a luxury most people have. 

At the time of this study, little research is available on how often a new prosthetic is required or how 

often maintenance is required. Considering how much the residual limb shrinks after amputation due to 

decreased muscle mass or swelling, it is common to have a new socket made to adjust for the reduction 

in size [35], [36]. Prosthetics are already expensive devices, and prosthetic use is a continuous expense. 

According to the March 2023 Prosthetics and Orthotics Gazette [37], the compensation after an accident 

for prosthetic feet varies significantly. For example, energy storage and return feet (DR Feet) are 

compensated at R9516.48 to R63921.27 depending on the user's activity level. SACH feet, a less 

expensive option, receive R3337.19 in compensation. 

South Africa, with a population of more than 60 million, faces significant economic challenges. A third 

of the country is unemployed and relies on social grants of R350 per month [38], while those with 

applicable disabilities may receive a disability grant of R2090 per month [39]. The minimum wage is 

R27.58 per hour [40], which is roughly R4412.80 per month for a 40-hour workweek. 
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A study by Sekhampu et al. examined household expenditures, revealing an average monthly income 

of R1 825.25 per month and an average expenditure of R1658.41 [41]. When we weigh the average 

income against expenditure, it is clear that a person living on such grants could not afford a prosthetic 

foot when considering the prices listed in the March 2023 Prosthetics and Orthotics Gazette. A portion 

of their spending, 45.5%, is on food, with additional expenses on energy, insurance, household debt, 

and transport [41]. In particular, medical aid is absent from the list, which is reasonable since 82% of 

South Africans depend on public health [42]. This dependence means that prosthetic options are 

typically determined by what public hospitals can provide. 

For those with medical aid, such as Discovery Health members, there is a payout limit of R93 550 for 

prostheses due to trauma [43]. Other funding options include the Road Accident Fund (RAF), which 

compensates road accident victims [44], and the Occupational Injuries and Diseases Compensation 

Fund for work-related injuries. 

Given the average income and expenditure, most South Africans cannot afford prosthetics, leaving the 

responsibility to the public health sector. Public hospitals therefore usually prioritise cheaper options 

such as SACH feet to serve more patients.  

A study carried out found that only about 66% of amputees returned to work after amputation [45]. 

From this, only 30% retained the job they had before amputation. Typically, amputees enter a new field 

of work that requires a higher level of education and fewer physical activities [45]. This is not a common 

option in South Africa, as only 7% of the population has a degree beyond a high school diploma or 

access to upskilling opportunities [46]. 

Most South Africans cannot afford a prosthetic set-up, let alone one that is advanced enough to allow 

them to maintain their lifestyle with multiple prosthetic feet. Currently, there was no affordable option 

found on the market for a prosthetic foot that can be used for multiple activities comfortably. 

Although reducing the price of prosthetics could make them more accessible to some, most of the 

population would still struggle to afford them, and there are limited options for cost reduction of higher-

functioning feet. A more pragmatic approach is therefore to attempt to broaden the functionality of a 

single foot design while keeping it affordable, thereby improving the value proposition for users and 

suppliers (be it the state or medical schemes). 
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1.2. Problem Statement 

Currently, on-the-market feet are expensive and lack the ability to adjust stiffness and energy return, 

limiting the user’s comfort during certain activities and therefore requiring multiple feet for optimal 

application. Additionally, prosthetic feet are classified into specific weight categories, meaning that 

significant weight gain or loss could necessitate a new foot to ensure optimal comfort and functionality. 

There is a need for an affordable prosthetic foot with adjustable stiffness, which could allow users to 

rely on a single prosthetic foot for varied activities and reduce the overall cost of assistive care. This 

study addresses this need by focusing on the design methodology for such a foot, rather than the 

development of a market-ready product. 

1.3. Aim and Objectives 

The aim of this study is the development of an adjustable dynamic response foot. The following 

objectives support the achievement of that aim: 

• Investigation of how the human foot moves and how a prosthetic foot is related during the same 

movement. 

• Determining how current prosthetic feet function, what types of feet exist, and when they would 

be used.  

• Review on the effect the stiffness of a prosthetic foot has on the gait of the user. 

• Determining what materials are typically used for prosthetic feet and if cheaper substitutes 

could be used. 

• Evaluation of multiple design options and selection of the most suitable option, considering 

performance, manufacturability, and cost. 

• Design and manufacture of a prototype adjustable dynamic response foot. 

• Verify the prototype through comparison to the design specification and the values of 

commercial prosthetic feet. 

• Validate the prototype by comparing the calculated data to the experimental data. 

The completion of the objectives establishes the design process for an affordable and adjustable 

prosthetic foot. 
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1.4. Scope and Constraints 

The study focused on the design methodology and not delivering a functional and market-ready foot. 

The following constraints were applied in the design process: 

• The scope was limited to conceptualisation, mechanical design, and basic physical testing. 

• Clinical validation, long-term durability testing, and user trials were outside the scope of this 

project. 

• The research was constrained by the time, resources, and facilities available within a university 

setting. 

• The prosthetic foot was designed for an 80 kg male with a size 8 shoe to simplify the design 

process. 

1.5. Dissertation Overview 

Chapter 2 provides a comprehensive review of the literature, investigating the first prosthetic limbs 

used, the anatomy of the human foot, and the motion that a human foot provides a person. Previous 

studies were explored to adopt their findings into this study. 

The findings of the literature review were used for the conceptual design of Chapter 3. In this chapter, 

multiple concepts for the study solution are explained and reviewed. From these concepts, one concept 

was chosen to be taken further to the detailed design chapter, Chapter 4. 

Chapter 4 provides the mathematical approach used to design the prosthetic foot. Along with the 

calculation method, the composite layup for the prosthetic foot was determined and documented in this 

chapter. The calculation method was verified by comparing the results to finite element analysis 

performed using Siemens NX. This chapter concludes with a cost evaluation for the prosthetic foot 

presented. 

The testing process is briefly discussed in Chapter 5, leading to the presentation of the experiment results 

in Chapter 6. Here the prosthetic foot designed was verified by comparison to calculations and 

experimental results. 

Finally, the study is concluded within Chapter 7. Additional studies and design changes are 

recommended, which would further improve the prosthetic foot presented by the study. 
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Chapter 2 : Literature Review 

2.1. Chapter Overview 

This chapter provides an overview of previous work from literature regarding the design of prosthetic 

feet. Firstly, the history of prosthetics is briefly looked at in order to understand the initial purposes of 

prosthetics, how this changed over the years, and what should be considered when designing a prosthetic 

foot. 

To aid in understanding the design process of prosthetic feet, the anatomy of a human foot and the gait 

cycle of the foot (human and prosthetic) are investigated. This is an important consideration, as 

understanding where a normal foot sees its maximum load during walking or how much force a foot 

could experience during activities is important for the design process. Also, it is important to know how 

a dynamic response foot functions during the gait cycle and what components a dynamic response foot 

typically consists of. 

With the foot stiffness and the adjustability thereof being an important part of this study, other studies 

were examined on the effect of forefoot stiffness on prosthetic feet, and the most important findings are 

discussed. Along with this, studies on how to implement variable stiffness of prosthetic feet were 

investigated. 

Lastly, the common material options used on prosthetics were investigated. An in-depth study of 

composite materials was conducted. Composite materials, usually carbon fibre or glass fibre, are 

commonly used in prosthetic feet. Therefore, it is extremely important to understand how composite 

materials are used in the design of a prosthetic foot. 
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2.2. History of Prosthetic Limbs 

In history, prosthetics have always been used to replace missing limbs lost for congenital or unnatural 

causes. Figure 3 shows one of the first prosthetics, a wooden toe attached with leather straps, found in 

Egypt, dating back to 2000 BC [47], [48]. The original prosthetics were not necessarily used for practical 

purposes but for cosmetic reasons [48]. The first iterations of the prosthetics were usually made of wood 

or metal and attached to the remaining limbs with straps and nails [48]. 

 

 

Figure 3: Wooden toe prosthetic found in Egypt [47] 

 

The practicality of prosthetics changed during the Renaissance era. Iron and steel became the go-to 

materials, as they were more durable, and the prosthetic design was shifted toward increasing mobility 

and quality of life rather than appearance [47], [48]. The French surgeon Ambroise Paré made great 

strides in the field of prosthetic limbs in the sixteenth century. Paré saw many soldiers become amputees 

due to shattered arms and legs and was disturbed by the reactions to their new realities, some even taking 

their own lives. Paré’s limbs were unique in the sense that they attempted to restore the amputee’s life 

to what they considered normal. He created limbs that functioned to a certain extent in the same way as 

a biological limb would. For example, in Figure 4, his design for a mechanical knee that could lock 

when the patient was standing and bend according to the patient’s will can be seen [48]. 



 
 

10 
 

 

Figure 4: Ambroise Paré’s design for an above-the-knee prosthesis [48]. 

Greater strides were made in the twentieth century, as material and manufacturing advances made it 

possible for more flexible and responsive feet, allowing for more natural walking motions. The first 

dynamic response foot was developed by Van Phillips, who also invented the flex foot brand in the 

1960s. He later also invented the first running blade in 1989 [50], [51]. Van Phillips was an amputee 

himself and was able to test many models himself, helping him to redefine the final design. The foot 

was made of carbon fibre and had an L-shape with a heel. This allowed for natural responsive movement 

and energy return as the foot acted like a spring [51], [52]. His work and discoveries had a massive 

impact on how feet are designed today. Currently, there are many different types of prosthetic feet, each 

designed for a specific need of the wearer, helping with a natural gait, different activities, and some are 

even able to adjust to different environments.  

Similar to Paré's design philosophy, modern prosthetic legs and feet are functional before they are 

cosmetic. Understanding the movements of a real human foot aids in understanding what functionalities 

are required for a prosthetic foot and what movements can and should be mimicked by the prosthetic 

foot. 
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2.3. Anatomy of a Human Foot 

The human foot is a complex structure consisting of 26 bones, 33 joints, and more than 100 muscles 

[53], [54]. The foot is divided into three parts: the forefoot, the midfoot, and the hindfoot, as illustrated 

in Figure 5. The forefoot is made up of the toes and bones that connect the toes to the midfoot. The 

forefoot provides balance and stability during activities such as walking and running. The force required 

to jump off the ground is supplied by the forefoot. The forefoot is also subject to the greatest stress and 

impact compared to the rest of the foot [55].  

The midfoot is made up of the arch bones that are supported by various muscles and tendons. The 

midfoot is important, as it is responsible for the transfer of forces from the heel to the forefoot during 

walking [56], [57]. The hind foot consists of two large bones: the heel bone (calcaneus) and the ankle 

bone (talus) [58]. The heel bone is the largest foot bone and therefore serves as the foot’s foundation. 

The ankle bone is attached to the heel bone by the tendons and ligaments, and the joint is responsible 

for the dorsiflexion and plantarflexion of the foot [54], [56]. 

Dorsiflexion is the upward motion, and plantar flexion is the downward motion of the foot, or, as 

illustrated in Figure 6, the rotation around the y-axis [59]. A normal ankle can have a dorsiflexion 

rotation between 10° and 20° and a plantarflexion between 40° and 55° [59]. 

 

Figure 5 : Bone structure of the human foot [53] 

  



 
 

12 
 

In addition to dorsiflexion and plantarflexion, the human foot is also capable of inversion, eversion, 

external axial rotation, and internal axial rotation [59], [60]. Inversion and eversion describe the ability 

to rotate around the x-axis. Inversion is the inward rotation of the foot, and eversion is the outward 

rotation, as illustrated in Figure 6 [59], [60]. The average human foot has an inversion angle of 23° and 

an eversion angle of 12° [59]. The external axial rotation and internal axial rotation are the rotations 

about the z-axis of the foot, away and towards the body. The external axial rotation is the outward 

rotation, and the internal axial rotation is the inward rotation [59], [60], as illustrated in Figure 6. 

Every foot is extremely important for balance, prevention of injuries, adaptation to different surfaces, 

obstacles, and terrains, and uniform distribution of weight evenly during activities such as walking or 

running. For the purpose of this study, it is therefore required to understand the motions of the foot and 

to know which motions are the most crucial to address in the design of the foot. Next, the gait cycle is 

studied to understand the movements and conditions of the foot while walking. 

 

Figure 6: Movements and rotations of a human ankle plantar flexion [59]. 
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2.4. The Foot During the Gait Cycle 

Gait refers to the manner in which a person walks and the phases through which a person transitions 

while walking. The bending and movement of the feet, knees, and hip joints play an important role in 

the study of the gait cycle, as seen in Abbass and Abdulrahman [61]. Their study showed that the angles 

of the knees and hips were different in each of the three gait cycles during walking [61]. They also found 

that the step lengths on the right side were larger than those on the left.  

There are two phases of the gait cycle through which the hip joint and knee bend, namely the stance 

phase and the swing phase [54], [62]. Within these two phases, there are sub-phases that better explain 

how the foot acts during the gait cycle. 

Stance Phase 

The first phase is the stance phase. The stance phase occupies about 60% of the gait cycle [54], [62], 

[63]. The largest actions that occur within this phase are (i) opposite toe-off, (ii) heel rise, and (iii) 

opposite initial contact. These actions are illustrated in Figure 7 on the outside of the diagram. Within 

the stance phase, the subphases are (i) loading response, (ii) mid-stance, (iii) terminal stance, and (iv) 

pre-swing [62], [64]. The subphases are represented in the centre of the diagram in Figure 7. 

The loading response sub-phase is where body weight is distributed to the leg, which is the stance phase. 

Here, the leg is placed in front of the body with the heel on the ground. The heel acts as a point of 

rotation until lifted as the foot moves through the stance phase [62], [63].  

The ankle allows for dorsiflexion, and the foot rotates around the heel to a flat position in the midstance 

subphase. During the mid-stance phase, only one leg is on the ground [54], [62], [64].  

The terminal stance phase is also done with only one leg grounded. In this phase, the heel is lifted, and 

the rotation now occurs on the forefoot. This phase ends with the opposite side leg contacting the ground 

[62], [64]. The final subphase of the stance phase is the pre-swing phase. Here, the body weight is 

transferred to the other leg, which is now experiencing its loading phase [62]. 
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Swing Phase 

The second phase is the swing phase, occupying 40% of the gait cycle [62], [63]. The two noticeable 

actions within the swing phase are (i) feet adjacent and (ii) tibia vertical. These actions are illustrated 

outside of the diagram in Figure 7. The subphases within the swing phase are (i) initial swing, (ii) mid-

swing, and (iii) terminal swing. 

In the initial swing phase, the foot is completely off the ground and is moved forward by hip and knee 

rotation [62], [64]. The initial swing phase is followed by the mid-swing phase. This phase starts 

adjacent to the opposite leg and ends when the leg is in front of the other [62], [64]. The final phase is 

the terminal swing phase. This happened after the tibia was vertical and ended with the heel touching 

the floor [62], [64]. 

The (i) initial contact action and (ii) toe-off actions are what split the two phases. Initial contact is the 

start of the stance phase and the end of the swing phase, and the toe-off action is the end of the stance 

phase and the start of the swing phase. It is also important to note that the gait cycles of the two legs 

overlap. The gait cycle of the opposite leg would start at ‘opposite initial contact’, as indicated in Figure 

7. 

 

Figure 7: Events in the gait cycle (adapted from Karb et al. [62])  
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Ankle During the Gait Cycle 

When considering what the foot and ankle do during the gait cycle, the stance phase is the most 

important. Figure 8 illustrates the ankle during the stance phase, starting with the initial contact action 

illustrated in Figure 8A and moving on to Figure 8B by plantarflexing and finding itself in the mid-

stance subphase [54], [63]. From here, the shin moves over the ankle, as seen in Figure 8C, allowing 

the toe to lift, as illustrated in Figure 8D [63]. Figure 9 shows how the foot is loaded with vertical forces 

during the stance phase. As Figure 9 illustrates, the maximum load is observed during the loading 

response and the push-off. The forces experienced here are almost 1.2 times the body weight of a person 

[63], [65]. The reason why the maximum load is seen at these two points is that only one foot is on the 

ground. 

The fitting of a user with the proper prosthetic is crucial to maintaining a balanced gait cycle. What 

prosthetics a person will require depends on the level of amputation of the person, and the desired level 

of activity. Next, the motion of a dynamic response foot during the gait cycle is investigated along with 

the components present in a dynamic response prosthetic foot. 

 

Figure 8: Motion of a foot during the gait cycle [63] 

 

Figure 9: Vertical forces acting on the foot during the stance phase [63]  
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2.5. Dynamic Response Prosthetic Feet  

2.5.1. Motion of a Dynamic Response Foot 

The dynamic response foot (DR), or the energy storage and return foot, seen in Figure 2, is commonly 

reserved for the most active users. It allows more mobility and is ideal for varying walking speeds, rapid 

direction changes, and long distances [27], [28]. This prosthetic can store and release energy as the user 

walks, making walking with this prosthetic look and feel more natural to the user’s gait. DR feet are 

usually made of composite materials that allow some flexion, allowing for energy build-up [31]. 

When the prosthetic foot meets the ground, as shown in Figure 10(a), the heel compresses, as it is the 

first action in the stance phase. The heel is designed to compress and dampen the initial shock. The heel 

compression releases enough force to propel the foot to the mid-stance phase, illustrated in Figure 10(b), 

and allows the foot to roll over to the heel release action, as seen in Figure 10(c). As the heel lifts, the 

toe compresses, and energy is stored in the prosthetic foot. This allows for the final part of the stance 

phase as the foot rises from the ground, as seen in Figure 10(d). 

The split toe dynamic response foot (Figure 2) allows inversion and eversion movements, improving 

stability, and mimics the movement of a real ankle [27], [33]. Dynamic response feet tend to be 

relatively lightweight since they are made of composites. They are also on the more expensive side of 

the prosthetic foot market [66]. 

Next, the different components of a DR foot were investigated to understand which components should 

be considered for this study. 

 

 

Figure 10: Foot motion when walking. 
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2.5.2. Common Components of Dynamic Response Prosthetic Feet 

Multiple components are assembled to create the prosthetic foot. These components are made of 

different materials to ensure that the foot is strong, durable, and flexible enough to function as intended. 

DR prosthetic feet usually consist of multiple composite blades, a male pyramid adapter, and a foot 

cover. All these components can be seen in Figure 11, where the composite blades are referred to as 

‘springs’. 

The Pyramid Connector 

The pyramid connector, as illustrated in Figure 11, is at the top of the foot, assembles the composite 

blades, and allows the foot to be connected to its female counterpart [67], [68]. The female pyramid 

clamp connects to a pipe or pylon that leads to the knee or socket, depending on the level of amputation. 

The pyramid connector is the standard connector for prosthetic feet.  

The Composite Blades 

Dynamic response prosthetic feet have heel and toe sections and consist of composite blades that store 

and return energy as the user walks [28]. Composite blades are usually a mixed assembly of carbon 

fibre, Kevlar, and fibreglass [69], [70]. The properties of each material will be discussed in the next 

section. 

 

Figure 11: Section view of a DR prosthetic foot [67] 
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Foot Shell or Cover 

The foot shell is a cover that covers the prosthetic foot, usually with the appearance of a normal foot, as 

illustrated in Figure 11 and Figure 12. In addition to aesthetic function, the shell helps fill the user’s 

shoe, preventing the prosthetic foot from sliding around in the shoe. It is important that the foot shells 

are made of a soft and flexible material so that they can be easily removed from the prosthetic if cleaning 

or maintenance is needed. Polyurethane foam is an ideal material for the shell, as it is lightweight, 

flexible, and easily mouldable [71]. 

A final component that is not present on all DR feet is the sole plate. The sole plate keeps the composite 

blades in place and helps fill out the foot shell. An example of a foot with a sole plate is Ottobock’s 

Trion foot, shown in Figure 12.  

From this section, it is clear that the following components will be the most important to consider in 

this study: the male pyramid, the toe blade, and the heel blade. The foot shell is an important part of the 

prosthetic foot; however, for the purpose of this study, the cosmetic aspect of the foot and fitting the 

foot inside a shoe are not a priority.  

As mentioned throughout the chapter, one of the most important aspects of the DR foot is its ability to 

store energy. The energy stored is due to the deflection of the foot. Therefore, the stiffness of the 

prosthetic foot is crucial due to its effect on bending and thus energy storage. Next, studies that focus 

on the stiffness of prosthetic feet and the effect of stiffness are looked at. 

 

Figure 12: Ottobock Triton foot (right) with foot shell (left) [72]. 
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2.6. Studies on Stiffness Effect 

The effect that foot stiffness has on the gait cycle is very important. An adjustable prosthetic foot will 

offer variable levels of stiffness, so it is important to review the effects that different prosthetic feet with 

different stiffness levels have on the user.  

Houdijk et al. investigated how increasing the push force of a dynamic response foot affects centre of 

mass velocity and step length symmetry without compromising stability. The study involved 15 

transtibial prosthetic users, with an average age of 55.8 years and a weight of 86 kg, all experienced 

with dynamic-response feet [73]. 

Over two days, participants walked with their everyday dynamic response feet and a SACH foot, which 

is typically recommended for less active users due to its low energy response [73]. The dynamic 

response foot generated greater energy return, leading to higher centre-of-mass velocity, improved 

symmetry, and preserved stability. This showed a positive impact on gait [73].  

Klodd et al. investigated the impact of forefoot stiffness on gait using five prosthetic feet with varying 

flexibility and 14 participants [74], all with at least one year of experience using dynamic response feet. 

The feet were identical in weight and shape, with different flexibilities achieved by modifying the 

forefoot. The feet used can be seen in Figure 13. 

The participants had to walk on a flat 10-metre walkway at their normal walking speeds with each foot 

in random order. The study found that the more flexible feet did not allow a push force that would propel 

the prosthetic sufficiently. This had a chain reaction, as it caused a reduction in the movement of the 

prosthetic ankle and the length and caused a noticeable limp [74]. The study found that there was a wide 

range in forefoot flexibility where no effects could be observed on the gait [74]. Large differences were 

seen in the gait cycle between the three most flexible feet (F1, F2, and F3) and small differences between 

the three least flexible feet (F3, F4, F5). The results supported the idea that overly flexible feet contribute 

to a noticeable limp, which could impact the sound limb. 

 

Figure 13: Feet used for the Klodd et al. study [74] 
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Koehler-McNicholas SR et al. [75] investigated how prosthetic feet, which are currently prescribed to 

people, perform under weighted walking conditions. Three participants, with an average age of 39 years, 

younger than that of the Klodd and Houdjik studies, were used in the study. Each participant had at least 

two and a half years of experience walking with prosthetics. 

The study involved testing nine available prosthetic feet by measuring their stiffness. Each foot was 

placed in a load frame, as seen in Figure 14, and subjected to increasing force at 100 N/s intervals and 

held at maximum value for one second before decreasing at 100 N/s intervals and held at 0 N for one 

second. The maximum value was the value of the simulated body weight of a subject plus a weighted 

vest with a value of 22 kg [75]. Each cycle was repeated nine times on each foot, and the applied force 

and deflection of the prosthetic were recorded. The results of one of the participants can be seen in 

Figure 15, which shows displacements ranging from 25 to 50 mm under an 800 N load. 

 

 

Figure 14: Stiffness experiment [75] 
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Figure 15: Displacement of nine prosthetic feet [75] 

Participants in the Koehler-McNicholas study were fitted with all nine feet in random order and walked 

with and without a weighted vest while being monitored. The study found that less stiff feet provided a 

better energy return between unweighted and weighted walking [75].  

These studies highlight the critical role of prosthetic foot stiffness. Both excessive flexibility, as seen in 

the Klodd et al. study, and stiffer feet, as seen in the Koehler-McNicholas study, can lead to discomfort 

and energy loss. Adjustable foot stiffness would allow for better customisation to the user. improving 

comfort and efficiency. Next, studies on adjustable stiffness were reviewed to inform future design 

improvements. 
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2.7. Studies on Prosthetic Feet with Adjustable Stiffness 

A study by Glanzer and Adamczyk highlighted the challenge that current prosthetic feet cannot adapt 

to daily activities, with fully actuated robotic ankle units (microprocessing feet) being the best solution 

[76]. Another option is to make prosthetic feet with hydraulic elements, but the hydraulic elements cause 

power loss through the movement of the ankle. 

The study offers the variable stiffness foot (VSF), illustrated in Figure 16, which uses a movable fulcrum 

to adjust the stiffness of the foot. The fulcrum allows the blade to deflect at different points, changing 

the keel length. The fulcrum is moved by a motor and a drive belt during the swing phase of the gait 

cycle to minimise power consumption. This design, which uses a composite blade, provides adjustable 

stiffness for improved adaptability.  

The beam model in Figure 17 illustrates how the fulcrum (B) moves along the length of the beam, 

changing the overhang (a). The predicted stiffness range for the VSF is between 9 and 40 N/mm, 

allowing for adaptable stiffness depending on the position of the fulcrum. 

 

Figure 16: Variable stiffness foot [76] 

 

Figure 17: VSF beam model [76] 
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The VSF model was tested both mechanically and with human participants. While the machine could 

only apply 700 N (despite the foot design for 1200 N), the stiffness range was measured between 10 

and 32 N/mm with the additional supporting foam. Three participants tested the foot and reported 

positive differences when climbing ramps, however, the energy return decreased as forefoot stiffness 

increased. The drawbacks of the VSF were a one-stride delay when adjusting the fulcrum and an overly 

large foot size, which made participants' gait unnatural. 

A study by Dong et al. [77] addressed the high power consumption of powered ankle prostheses and 

highlighted the importance of variable stiffness to adjust to walking speeds. The study introduced an 

adjustable stiffness foot using a spring and ball screw mechanism, which performed well in low-speed 

walking. The concept is illustrated in Figure 18. 

 

Figure 18: Powered ankle-foot prosthesis [77] 

Christophe Lecomte et al. aimed to design a prosthetic ankle, the Variable Stiffness Ankle (VSA), 

which would allow a stiffness range of 20% for plantar and dorsiflexion movements and be tested by 

machine [78]. 

The VSA, shown in Figure 19, used two leaf springs and a commercial dynamic response foot. Under 

load, the blades will deflect and rotate around the pivot, and adjusting the leaf spring position changes 

the foot stiffness by limiting pivot rotation [78]. 

Some of their design constraints were to keep the foot under 1.5 kg, not exceed a height of 180 mm, and 

use a size 27 prosthetic foot. The Soleus leaf spring was made of pre-impregnated glass fibres, while 

rigid components were aerospace-grade aluminium [78]. Their calculations relied on deflection and 

stiffness formulas, using Young's moduli of 97 GPa for the carbon fibre blade and 50 GPa for the glass 

fibres. Machine testing was applied at 1250 N at 15° and 20° to the heel and toe, showing that the VSA 

could achieve a 50% change in stiffness. 
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Figure 19: Variable Stiffness Ankle design [78] 

Section 2.4 highlighted that prosthetic feet can experience nearly 1.2 times the user's body weight while 

walking. The VSF model was tested with static loads of 700 N, with a designed capacity of 1200 N, 

providing a 1.7 safety factor. Similarly, the VSA foot withstood 1250 N during testing. According to 

ISO 10328, a prosthetic foot designed for a 70 kg user (~700 N) should withstand 1610 N, a load that 

has not been tested in any of the studies discussed here. However, it is likely that these studies did not 

aim to develop market-ready prosthetic feet. 

Although meeting market standards was not the objective, understanding these standards remains 

critical. Each study underscored the importance of adjustable stiffness in prosthetic feet, focusing on 

how stiffness impacts energy storage and user energy expenditure. The findings of these studies align 

with those on forefoot stiffness in Section 2.6, where participants reported greater comfort and 

adaptability with adjustable foot stiffness. In general, these studies confirmed the need for adjustable 

prosthetic feet, which enhance user comfort and provide increased freedom of movement. 
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2.8. Materials of a Prosthetic Foot 

2.8.1. Adapter Materials: Stainless Steel, Aluminium, and Titanium 

The materials used for the pyramid connector play a crucial role in the strength, weight (density), 

corrosion resistance, machinability, and cost of a prosthetic foot. The pyramid is a central part of the 

prosthetic foot that helps connect to the prosthetic knee or socket. This section takes a closer look at the 

selection of materials for the pyramid connector based on a combination of material properties and 

structural requirements, with the goal of ensuring strength, durability, and manufacturability. 

Strength: The connector is required to withstand forces and torques encountered during the gait cycle, 

which can reach up to 1.2 times the user’s body weight during walking [63], [65]. Strength is a structural 

outcome which is influenced by the material’s yield strength and ultimate tensile strength. A suitable 

material should therefore possess mechanical properties that allow adequate structural performance with 

a sufficient safety factor. The required loading conditions and test procedures for prosthetic components 

are specified in ISO 10328, which outlines the standards for structural testing. A summary of these 

requirements is provided in Appendix F. 

Density: The weight of the connector contributes to the overall weight of the prosthetic foot. A heavier 

foot leads to an increase in energy expenditure during walking [79], [80]. Reducing the weight of the 

foot contributes to comfort and gait efficiency.  

Corrosion Resistance: The material must be resistant to corrosion to ensure durability, especially since 

the prosthesis may be exposed to moisture or particles. 

Machinability: Materials with good machinability can be manufactured more efficiently and cost-

effectively. Machinability must, however, be balanced against strength, as more machinable materials 

may have lower strength [81]. 

Material Costs: Both raw material cost and processing cost should be considered in the selection. The 

material must meet performance requirements while remaining within cost constraints for the intended 

affordability of the design. 

The material properties of the most-used alloys of titanium, aluminium and stainless steel and a 

comparison of the properties for the three materials can be seen in Table 1.  
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Table 1: Pyramid material comparison table [82]. 

Material 
Yield Strength 

(MPa) 

Ultimate 

Tensile 

Strenght (MPa) 

Density 

(kg/m3) 

Titanium         

(Ti-6Al-4V) 
924 1000 4430 

Aluminium 

(6061-T6) 
255 290 2710 

Stainless steel 

(304) 
207 517 7860 

Among the three materials considered for the pyramid connector in Table 1, titanium stands out as the 

strongest, with a yield strength of 924 MPa and an ultimate tensile strength (UTS) of 1000 MPa. High- 

strength materials like titanium enable the design of smaller or thinner components while still 

maintaining structural integrity, which can contribute to weight reduction. Stainless steel follows with 

a UTS of 517 MPa, offering a good balance of strength and affordability. Aluminium, while the lightest 

of the three, has a lower UTS of 290 MPa. This means that, to achieve equivalent structural performance, 

aluminium components may need to be bulkier, which could contradict some of its weight advantages. 

These strength properties are crucial for ensuring that the connector safely withstands the loading 

conditions defined in ISO 10328 while also meeting the dimensional and weight constraints of a 

prosthetic foot design. 

Although aluminium has lower strength, it offers a relatively high strength relative to its weight due to 

its low density, less than half that of stainless steel, which makes it attractive for applications where 

weight reduction is a priority. However, to compensate for its lower strength, more material may be 

needed, potentially offsetting some of the weight advantage. Titanium is also an attractive option in 

terms of density, being almost 60% as dense as stainless steel [83].  

Both titanium and stainless steel excel at corrosion resistance, making them ideal for prosthetics that 

could encounter moisture [83], [84], [85]. Stainless steel may be vulnerable in chloride-rich 

environments where its protective layer can degrade [86]. Aluminium also has corrosion-resistant 

properties but may lack them when submerged in water for extended periods of time [87]. The corrosion 

resistance depends on the pH levels to which it is subjected, being ideal only in a certain range [87], 

[88]. 
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The machinability rating uses 160 Brinell B1112 steel as the reference point (100%) to compare other 

materials. Values higher than 100% are found in soft materials and more easily machined, whereas 

values lower than 100% are found in harder materials [89]. Of the three materials considered, aluminium 

is the material that is easiest to machine, with a machinability rating of 190% [90]. Stainless steel has a 

machinability rating of 40% [90]. This means that stainless steel requires more machining time and thus 

also has a higher machining cost. Titanium is a hard material but easily bendable, which means that the 

material takes a toll on the machining tools and must be cut slowly, as the material can bend under 

cutting forces [91]. This contributes to the high cost and long machining time. 

Aluminium is the most affordable and widely available material among the three. However, due to its 

lower strength, more aluminium may be required to achieve the same performance as stainless steel. 

Despite this, stainless steel remains more expensive overall. [92]. Titanium stands out as the most 

expensive material of the three [93]. 

2.8.2. Orthotropic materials: Carbon Fibre, Kevlar, and Fibreglass 

Composite materials are frequently used in prosthetic applications due to their high strength-to-density 

ratio, shock resistance, and energy storage. The properties of prosthetic components, such as feet, are 

influenced by factors such as the type of composite material used, the number of layers, the orientation 

of the layers, and the composition of the resin. Composite materials such as carbon fibre, Kevlar, and 

fibreglass are the most widely used composites for prosthetic feet. These materials are classified as 

orthotropic materials, characterised by their different material properties along three perpendicular axes 

(x, y, and z axes) [94], [95]. Properties such as modulus of elasticity, yield strength, Poisson ratio, shear 

modulus, ultimate tensile strength, and thermal coefficients can vary in different directions [94]. This 

divergence separates orthotropic materials from isotropic materials, such as metals or polymers, where 

material properties are consistent in all directions [94], [95]. 

To achieve these properties, various tests are conducted on orthotropic specimens. Tensile, compression, 

and shear tests are performed in various directions to determine the unique properties of the material in 

each direction. For example, the ASTM D695 test method is ideal for determining composite 

compression properties, while the D3039 method is ideal for testing composite tensile properties [96], 

[97]. 

The unique characteristic of orthotropic materials comes from their microstructure. A composite 

material consists of two key elements: reinforcement fibre and the matrix material, where the fibre 

materials (such as carbon fibre, fibreglass, or Kevlar) are complemented by the matrix material (usually 

resin or epoxy), which combine to form the composite [98]. The reinforcement fibres contribute to the 

strength, stiffness, and density properties of the composite, and the matrix material provides shear 

properties. Figure 20 illustrates how fibres and the matrix work together. 
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Composite materials are available in different fibre orientations, primarily unidirectional and 

bidirectional. Unidirectional (UD) composite fibres run in a single direction and are typically held 

together by thin perpendicular fibres. This structure results in high strength and stiffness along the 

primary fibre direction (0° layup) while being significantly weaker in the perpendicular (90°) direction 

[99]. 

Bi-directional (BID) composite fibres, on the other hand, have fibres running in both the 0° and 90° 

directions. This woven or cross-structured arrangement provides improved mechanical performance 

along those directions compared to unidirectional layups, which are optimised for strength in only one 

direction [99]. 

 

Figure 20: The roles of the fibres and matrix of a composite material [98] 

The strategic orientation of the fibre layers significantly influences the performance of the composite. 

Given the orthotropic nature, rotating the layers means that the directional properties change depending 

on the reference point. A 0° ply layup runs parallel to the reference datum line and is useful for handling 

parallel bending stresses. Plies laid at 45° are ideal for handling shear stresses, and 90° layups are great 

for handling perpendicular stresses [70]. Figure 21 illustrates how the angles of layers could differ 

within a composite ply layup. 

Combining orthotropic materials can create a composite layup with the ideal material properties for a 

prosthetic foot. Carbon fibre has a high stiffness, which makes it more resistant to deformation [70], 

[100]. Although this does not directly align with prosthetic applications that require displacement and 

energy storage, carbon fibre excels with a weight-to-strength ratio, an ideal quality for prosthetics [100]. 

The main drawback of carbon fibre is that it is a very brittle material, making it crack or fracture under 

too much stress [101]. It is also an expensive material [102]. 
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Figure 21: Example of composite ply layups illustrating different layup angles [103] 

Unlike carbon fibre, fibreglass is a cost-effective and easy-to-manufacture alternative to carbon fibre 

[70], [101]. Its enhanced flexibility, although fibreglass has a lower strength than carbon fibre and 

Kevlar, remains an attractive quality for a prosthetic solution. However, caution is warranted for 

overflexibility of prosthetic feet, which can lead to energy loss on the toe during the gait cycle [70].  

Kevlar exceeds carbon fibre’s strength and is recognised for its application in bulletproof vests and 

aircraft parts [104]. Being the lightest material of the three and more flexible than carbon fibre [70], 

[101], Kevlar has ideal attributes for prosthetic use. Nevertheless, vigilance for over-flexibility must be 

kept in mind. Kevlar is, however, the most expensive of the three fibre types, which can negatively 

impact the affordability of components using it in construction [70], [101]. 
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2.9. Chapter Summary 

In this chapter the history of prosthetic limbs were briefly described, followed by the anatomy of the 

foot. The focus of the bone structure was on the three parts of the foot (the forefoot, midfoot, and heel) 

and how each of these sections allowed movement of the foot. The most important movements were the 

upward and downward movement (dorsiflexion and plantarflexion) and the inward and outward rotation 

(inversion and eversion) of the foot. Understanding the movements of the foot was required when further 

investigation of the foot’s motion during the gait cycle was performed. 

With the importance of the gait cycle established, the motion of dynamic response feet during the gait 

cycle was investigated. Multiple studies with a focus on the stiffness of a prosthetic foot and what effect 

it has on a person’s gait were studied, and it was clear that a foot that was too stiff and not stiff enough 

could negatively affect a person’s gait and comfort while walking. 

Studies that investigated prosthetic feet with adjustable stiffness reported participants were able to walk 

comfortably at different walking speeds and complete obstacles such as ascending and descending 

ramps with more ease than a prosthetic foot with constant stiffness. These studies highlighted the 

comfort of walking with an adjustable prosthetic foot. 

Lastly, the materials used typically for prosthetic feet were looked at. Typically carbon fibre and 

fibreglass are used for the composite blades of a prosthetic foot, as they have a high strength-to-weight 

ratio and can be quite flexible. Titanium or stainless steel is commonly used for the machined parts. 

In the next chapter, concept designs for a more cost-effective and adjustable stiffness prosthetic foot 

will be discussed and considered.  
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Chapter 3 : Concept Development and Evaluation 

3.1. Chapter Overview 

Within this chapter, the multiple possible design solutions that were evaluated are discussed. For clarity, 

the chapter starts with a brief explanation of the required theoretical knowledge needed to explain how 

each concept functions. Thereafter, three different concepts are presented. 

Concept 1 and Concept 2 present a prosthetic foot with a secondary moving blade, whereas Concept 3 

presents the addition of gas springs to the prosthetic foot. The manner in which the stiffness adjusts 

within the three chapters is explained within the chapter. 

The two main criteria by which concepts were evaluated are overall functionality and affordability. 

Functionality determines if a specific concept can perform as required, that is, provide the required 

levels of stiffness while being adjustable in some manner. The amount of composite blades, the finishing 

of composite blades, the number of parts requiring machining, the complexity of the machining, and 

whether or not additional parts were required were all compared when considering the high-level costing 

of various concepts. 
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3.2. Foot as a Simple Cantilever Beam 

When pressure is applied to the forefoot, the foot bends, storing energy. As the toe lifts off the ground, 

the foot returns to its original shape, only to be bent again throughout the gait cycle. On the most basic 

level, a prosthetic foot functions as a cantilever beam with an applied force. Figure 22 illustrates this 

concept by simplifying the prosthetic foot as a cantilever beam. For further clarity, Figure 23 presents 

a basic cantilever beam with a perpendicular applied load. Assuming the force is perpendicular 

simplifies the mathematical equations, making the design concepts easier to understand and evaluate. 

 

Figure 22: A prosthetic foot considered as a cantilever beam 

The prosthetic foot tested in the figure is from the study of Koehler-McNicholas SR et al. [75]. The figures on top show the 

foot as it bends. And illustrates how a prosthetic foot can be simplified as a cantilever beam. This simplification of the foot is 

used for concept evaluation. 
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Figure 23: Diagrams of a simple cantilever beam. 

On the left side of Figure 23, a cantilever beam with an applied load is illustrated. A free body diagram of this cantilever 

beam is presented by the figure on the left. The dotted line presents the original position of the beam, while the solid line 

illustrates the exaggerated deflection of the beam. 

The displacement of the cantilever beam can be calculated using equation 1 [82]. The displacement (δ) 

is directly proportional to the force inflicted on the beam (P) and the length of the beam (L). Young’s 

modulus of the beam (E) and the second area moment (I) are indirectly proportional to displacement. 

The stiffness constant (k) of the beam, given by equation 2 [105], is determined by dividing the inflected 

force by the maximum deflection. Thus, to have an effect on the stiffness, either the force applied or the 

displacement would have to be adjusted. Finally, using both the displacement and the stiffness constant, 

the potential energy (U) is determined with equation 3[105]. 

𝛿 =
𝑃𝐿3

3𝐸𝐼
 … (1) 

𝑘 =
𝑃

𝛿𝑚𝑎𝑥
=

3𝐸𝐼

𝐿3
 … (2) 

𝑈 =
1

2
𝑘𝛿𝑚𝑎𝑥

2  … (3)  
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3.3. Concept Studies 

3.3.1. Concept 1: Horisontally Adjustable Blade Design 

The variable stiffness foot in Figure 16 of the Glanzer and Adamczyk study [76] works with a 

horisontally moving fulcrum. The same concept can be investigated as a concept for this study. By 

adding a horisontally adjusting blade, the stiffness of the prosthetic foot could be changed. 

An additional composite blade that moves horisontally to the primary blade is the main idea for concept 

1. The primary blade would be allowed to deflect normally until it encountered the secondary blade. 

From here the two blades would deflect together. The adjustment comes from the horizontal movement 

of the blade. As the additional blade moves, the point where the two blades connect changes, thus 

changing the amount of deflection allowed for the primary blade. The movement of the concept is 

represented in Figure 24 as a simple cantilever beam. 

The configuration on the left of Figure 24 is less rigid than on the right due to the shorter grey beam 

illustration. As the grey beam lengthens, as illustrated on the right of Figure 24, the stiffness increases 

due to the change of the fulcrum location. 

The change of fulcrum location effectively changes the length used to calculate the displacement. Where 

equation 1 would generally be used to calculate the displacement of the beam, equation 4 is now used 

along with the adjusted beam length (𝐿𝑖). The force diagram (FD) in Figure 25 illustrates the 

displacement experienced due to the change in beam length. 

𝛿 =
𝑃𝐿𝑖

3

3𝐸𝐼
 … (4) 

 

Figure 24: Cantilever beam representation of the concept of horisontal adjustment of the blade, 

The blade on the left more flexible due to a shorter fulcrum length. Once the blade moves horizontally to the right, as seen on 

the right of Figure 24, the blade becomes stiffer due to the moved fulcrum. 
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Figure 25: FD of horisontal adjusting blade cantilever beam. 

Assuming the force remains constant, the adjustment of the beam length would adjust the displacement 

of the beam through equation 4, in turn, the stiffness would be adjusted using equation 2. 

However, this is somewhat of a simplification of the concept. In reality, the shorter secondary blade 

would also start to deflect along with the primary blade. However, for the purpose of this chapter and 

the concept evaluation, it is assumed that the secondary blade is of high enough stiffness so that the 

displacement, as described in equation 1 is sufficient. 

Possible designs using this concept could be to have a fulcrum piece, which consists of a composite 

material and moves over the primary blade, simply illustrated in Figure 26. With this design, multiple 

interchangeable fulcrum blades could be made to further add to the adjustability of the foot stiffness. 

This design would require a system that would keep the fulcrum blade in place at the desired location. 

Another possible design using this concept could be to have a full-length additional blade, with the 

adjustment made by using a unique pyramid adapter. The pyramid adapter connects the prosthetic blades 

of the foot and allows connection of the pylon or socket (see Chapter 2). The full-length primary blade 

would deflect along with the secondary blade as the two blades interact with each other. Figure 27 is an 

illustration of this possible concept solution. 
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Figure 26: Horisontally moving blade: fulcrum design concept. 

 

Figure 27: Horisontally moving blade: horisontal adjusting design concept. 
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3.3.2. Concept 2: Vertically Adjustable Blade Design 

Similarly to concept 1, concept 2 also has an additional composite blade. The difference between the 

two is that the additional blade for concept 2 would adjust vertically instead of horisontally like in 

concept 1. 

The primary blade would deflect as usual. When the primary blade comes into contact with the 

additional blade, the two blades will deflect together. A vertically adjustable blade would allow the user 

to change the height at which the two blades interact with each other. The vertical movement of the 

concept is illustrated in Figure 28 as a cantilever beam (grey crosshatched beam). When a load is applied 

to the primary blade (red dotted beam), the blade will start to deflect, first on its own. When deflected 

enough, the primary blade will make contact with the additional blade, and this will become a fulcrum 

for the primary blade. Figure 29(b) illustrates the displacement when the two blades meet. There are 

two points of rotation for the beam; the first is the fixed point on the left edge of the beam, and the 

second is the grey circle, which represents the point of contact between the two blades. 

 

Figure 28: Cantilever beam simplification of vertically moving blade design 

In the upper figure, the additional blade deflects as the primary blade deflects. This is stiffer than the instance at the bottom, 

where the primary blade deflects alone until contact is made with the additional blade. 
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Before contact is made between the two blades (Figure 29(a)), the primary blade would be calculated 

with equation 1. At the point of contact, the displacement of the primary blade (𝛿𝐵) would depend on 

the height of the second blade, as can be seen when studying equations 6 and Figure 29(b). Here, 𝑧 

represents the height of the second blade and 𝐿1𝑥 represents the x-axis length of the primary blade. The 

slope of the beam (𝜃) is determined as described by Rao & Fah [105]. When the blades are in contact 

and the displacement continues, illustrated in Figure 29(c), the displacement of the primary blade can 

be calculated by equation 7. This is dependent on the resultant force of the primary blade. The resultant 

force exerted by the primary blade is the difference between the applied force P and the spring force of 

the primary blade.  

The equations for the three instances, illustrated in Figure 29, can be estimated with equations 5 to 7. 

Since the displacement can be adjusted, the potential energy can be adjusted with equation 3. 

𝛿𝐴 =
𝑃𝐿1

3

3𝐸1𝐼1
                                       𝐵𝑒𝑓𝑜𝑟𝑒 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 … (5) 

𝛿𝐵 = (𝐿1𝑥 − 𝐿2) × tan 𝜃 + 𝑧       𝐴𝑡 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 … (6) 

𝛿𝑐 =
(𝑃 − 𝛿𝐵 × 𝑘1)𝐿2

3

3𝐸2𝐼2
                   𝐴𝑓𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 … (7) 
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Figure 29: Contact instances of vertical adjusting blade. 

Figure 29(a) illustrates the vertical adjusting concepts before the two blades are in contact. At this point only the primary 

blade deflects. Figure 29(b) shows the instance when the two blades make contact; after this point, the additional blade 

deflects along with the primary blade, illustrated by Figure 29(c). The primary blade’s deflection is affected by the contact of 

the additional blade. 

Various options are available to implement horisontal adjustment, one of which is to have a gear system 

(Figure 30) within the pyramid adapter that would allow the vertical movement of the blade and the 

adjustment to be made on the side of the prosthetic foot. Alternatively, a screw mechanism could be 

used to allow adjustment to be made at the top, eliminating the complexity of the gear system. A guiding 

system, as illustrated in Figure 31, would need to be present in both cases to ensure that the secondary 

blade is kept aligned with the primary blade.  
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Figure 30: Vertically adjusting blades: Gear design concept  

 

 

Figure 31: Vertically adjusting blades: wing design concept  

Alternatively, the additional blade could be fixed to a base plate or sole plate along with the primary 

blade. With this solution, the problem of blade alignment is solved. Slight changes in the mathematical 

model would be present with this concept. If the additional blade is split into two to promote inversion 

and eversion, as illustrated by the concept in Figure 32, the force applied to the system when the blade 

is moved vertically would act as an initial applied force. The idea is illustrated as a cantilever beam in 

Figure 33. 
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Figure 32: Vertically adjusting blades: fork design concept. 

 

Figure 33: Cantilever beam simplification of fork design 

The tensioning of the additional blade adds to the applied force of the foot. This means that a foot could deflect at lower 

applied loads due to additional blade tension force. 

Equation 8 calculates how the displacement of this concept is estimated. The force inflicted by the 

adjustment is represented by 𝐹𝑎, and the other variables are applicable to the additional blade. As the 

displacement is adjusted, the beam stiffness, calculated with equation 2, energy stored, calculated with 

equation 3, will also be adjusted. 

𝛿 =
(𝑃 + 𝐹𝑎)𝐿3

3𝐸𝐼
 … (8) 
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The concern of the split blades being next to the primary blade is the possible abrasion between the 

blades. If the foot experiences inversion or eversion rotation, the blades could wear due to the additional 

fork blades sliding against the primary blade. Alternatively, the additional split blade could be stacked 

above the primary blade to eliminate the risk of this wear. This concept is illustrated in Figure 34. 

 

Figure 34: Vertically moving blades: stacked design concept. 

 

  



 
 

43 
 

3.3.3. Concept 3: Gas Spring Design  

The gas spring design, shown in Figure 35, considers adding commercially available gas springs. The 

gas springs would be fitted to both sides of the pyramid connector and the toe part of the composite 

blade. The adjustment would be to swap the gas spring for stronger or weaker springs. The compression 

of the spring would mean more force pushing back as the foot deflects. 

The addition of gas springs makes it possible to adjust the inversion and eversion indepentently from 

each other, by attaching different-strength gas springs on each side of the foot. Gas springs usually have 

upper force limits but can be pumped to any force below the limit, significantly expanding customisation 

potential. A prosthetic foot could then be adjusted to a person’s specific body weight or comfort of 

walking, ensuring support and gait adaptation. 

Figure 36 illustrates the cantilever setup for this concept, where the additional arrow represents the push-

back forces of the gas spring. The y component of these forces is represented by the arrow associated 

with 𝐹𝑦 in the force diagram (FD), illustrated in the bottom figure in Figure 36. 

 

Figure 35: Gas spring design concept. 
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Figure 36: Cantilever simplification and free body diagram of the gas spring concept 

The catilever illustration of the gas spring design is illustrated in the above figure of Figure 36. This illustration includes the 

gas spring force at an angle due to the way it would have to be mounted. The y component is then seen acting against the 

applied load in the free body diagram shown in the bottom figure of Figure 36. 

The displacement of this design can be determined with equation 9,where the force aspect is now the 

resultant between the applied force and the force supplied by the gas springs. By changing the force 

supplied by the gas springs, the displacement can be changed. By changing the displacement, beam 

stiffness and the energy output can be determined by equations 2 and 3 respectivley. 

𝛿 =
(𝑃 − 𝐹𝑦)𝐿3

3𝐸𝐼
  … (9) 

The biggest concern for this design is that the gas spring setup would have to be designed in such a 

way that the foot fits in a foot shell and in a shoe. The foot shell would need to be specifically 

designed for this foot.   
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3.4. Concept Evaluation 

All three of the concepts discussed would prove to be a solution for an adjustable stiffness foot; however, 

another goal of the study is to make the foot more affordable. Therefore, the evaluation of the concepts 

discussed in this section will be done based on a high-level cost estimation of the concept’s 

manufacturing. Each concept would be scored on a component count, with the argument that the more 

composite blades, machined parts, and additional components required by the concept, the more the 

manufacturing of the component would cost. The scores are kept simple. If the design requires the same 

number of parts as a commercial prosthetic, a score of 1 is allocated; if the concept has more than a 

commercial foot, a score of 2 is assigned. 

The composite score refers to the number of composite blades that would have to be manufactured for 

the concept design. The standard parts that would achieve a composite score of 1 are a heel blade, a 

primary forefoot blade, and a supporting blade for the primary blade. The types of composite materials 

used are not considered at this point in the study.  

The machining score is given on the number of components that will have to be machined. A standard 

prosthetic foot typically comes with only one machined component, the pyramid adapter. 

The additional component score is allocated for the amount of additional components that will have to 

be added to the prosthetic foot to ensure that the stiffness change can be applied. A score of one in this 

category would mean that no additional components  are required to adjust the stiffness. 

Concept 1, the concept of horizontally moving blades, consists of the standard composite blades with 

the addition of another blade that moves horizontally and allows for stiffness adjustment. In addition to 

the composite blades, additional machined parts must have a pyramid adapter that allows for the 

adjustment of stiffness. Depending on the solution, the concept would require either a system to restrain 

the fulcrum blade or a barrier component to keep the alignment correct. Concept 1 therefore has a score 

of 2 for all three criteria. 

Concept 2 also has a score of 2 in all three criteria, requiring additional composite blades for stiffness 

adjustment, additional machined parts for vertical blade movement, and additional components that 

keep the blades aligned or fixed to the base sole plate of the prosthetic foot. 
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Concept 3 only has the standard composite blades found on commercial prosthetic DR feet. Along with 

these, this concept works with only one machined component if off-the-shelf gas springs are used, as 

they are relatively inexpensive. The machined pyramid adapter would include the attachment points for 

the gas springs, therefore scoring 2 for its machining. The gas springs are additional components 

required for this concept.  

Table 2: Concept cost evaluation table 

Concept 
Composite 

Score 

Machining 

Score 

Component 

Score 

Total 

Score 

Horisontally Adjustable Blade Design 2 2 2 6 

Vertically Adjustable Blade Design 2 2 2 6 

Gas Spring Design 1 2 2 5 

Although the score difference is marginal, as seen in Table 2, Concept 3 has the lowest score and 

requires the lowest number of manufactured components. Commercially available gas springs can be 

used, reducing manufacturing time and cost. Concept 3 presents the possibility of refined adjustment, 

as gas springs can be pumped to any force within the spring’s limit. The addition of gas springs can also 

present the opportunity of adjusting the inversion and eversion of the foot, by adding different-strength 

gas springs to the respective sides of the foot. Concept 3 was therefore chosen for further development 

during this study. 

3.5. Chapter Summary 

In this chapter, three concepts are presented as a possible solution for the study. The horisontal 

adjustable blade concept proposed an additional composite blade that would move horizontally over the 

prosthetic foot. The second concept proposed also presented the addition of a moving composite blade, 

the movement, however, being vertical. The final concept proposed the addition of gas springs to the 

prosthetic foot.  

The fundamental beam theory models for each of the concepts are explained within the chapter, and the 

three concepts were evaluated based on the number of composite blades that would be required, the 

amount of components that would need to be machined, and if any other additional components would 

be required, the argument being that more components lead to a higher cost. 

The concept with the gas springs was chosen in the evaluation, and the next chapter describes the 

detailed model development and design thereof.  
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Chapter 4 : Detail Design  

4.1. Chapter Overview 

The previous chapter explored multiple concept designs for an adjustable-stiffness prosthetic foot, along 

with a high-level consideration of the cost implications to manufacture each concept. Of these concepts, 

the gas spring concept was selected, and a detailed design is described in this chapter. 

Firstly, the specifications are discussed that would be required for the detailed design, which is then 

followed by the calculation method. The calculation method presents how the displacement of both the 

forefoot and heel is calculated. These calculations are used to determine the dimensions required for the 

prosthetic foot. These dimensions were validated using finite element analysis (FEA) performed in 

Siemens NX (version 1984), which utilises the Nastran solver for structural simulations [106]. 

Furthermore, a composite layup analysis of the blade was done, exploring multiple materials and 

alternating composite layup angles in simulations.  

Lastly, an elementary cost evaluation was done on the prosthetic foot, estimating material costs, 

manufacturing costs, and what the end-user could possibly pay. 

Figure 37 illustrates the different parts of the foot design, as may be referenced in this chapter. 

 

Figure 37: Components of the selected design concept  

(Some mechanical assembly details omitted for clarity.)   
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4.2. Detail Design Specifications 

There were some important aspects and specifications that had to be considered in order to design the 

prosthetic foot. These aspects included the weight for which the foot was designed, the size of the foot, 

and the stiffness the foot had to achieve. 

Weight 

For this study, the prosthetic foot was designed to handle a person of 80 kg and a size 27 prosthetic foot. 

This design mass was simplified to 800 N for a manageable comparison to static tests as prescribed by 

ISO 10328. From Chapter 2, it was learnt that a foot can see up to 1.2 times a person's body weight. 

This means that the foot should be able to withstand about 960 N. Designing the foot with an additional 

safety factor of 1.25 would allow the foot to endure a force of 1200 N before failure. This is a safety 

factor of 1.5 on the foot when loaded with 800 N. 

Design Stiffness 

The study by Koehler-McNicholas et al. [75] tested multiple feet with different participants, measuring 

stiffness in terms of % body mass per millimetre displacement. These results are presented in Figure 

38. As discussed in the literature review in Chapter 2, a prosthetic foot that is too stiff or too flexible 

can cause discomfort and a noticeable limp.  

Although the foot is on the stiffer side, the Triton Heavy Duty, presented as “Triton” in Figure 38, serves 

as a useful benchmark. Marketed as a prosthetic foot for all amputation levels and active lifestyles [107], 

the Triton also features higher pyramid placement. This is ideal when considering the attachment of gas 

springs. This made the Triton an ideal foot to use as inspiration for the prosthetic foot of this study.  

 

Figure 38: Foot stiffness results from Koehler-McNicholas’ study [75]. 
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Koehler-McNicholas’s study did not provide the exact stiffness values for the prosthetic feet but instead 

reported stiffness as a percentage of body mass per millimetre value. Although the foot stiffness could 

be calculated, a study by Turner et al. provided the stiffness of the Rush HiPro foot as 34.8 N/mm for 

the forefoot stiffness and 53.4 N/mm for the heel stiffness [108]. These values were obtained through 

static testing as prescribed by ISO 10328. 

 [108].  

The Rush HiPro, presented as “Rush” in Figure 38, is positioned next to the Triton and exhibits a similar 

stiffness. The two feet have similar designs, as seen in Figure 39. Given these similarities, the stiffness 

values of the Rush HiPro foot were used as target values for the design. Additionally, a Triton foot was 

available for physical measurements, which was used to make assumptions for the design 

measurements. 

 

Figure 39: Prosthetic feet used as inspiration for prosthetic foot design 

The Triton Heavy Duty [107] (left) and the Rush High Pro [109] (right) are prosthetic feet made for high activity levels. 

 

Foot Dimensions 

Some dimensions were kept constant during the design process, including the foot length, height and 

width, allowing the focus to remain on optimising segment lengths, blade angles, and blade thicknesses. 

The prosthetic foot was designed as a right-foot model to fit a size 8 shoe, which, according to 

Ottobock’s conversion chart in Appendix F, corresponds to a foot length of 27 cm. The blade height 

was set at 140 mm, corresponding to that of the Triton Heavy Duty. This height would allow for a gas 

spring to be mounted at an angle such that its vertical force component is greater than its horizontal 

component. 

The width of the blade used for the design is 45 mm, 5 mm wider than the Triton, to accommodate the 

attachment of the gas springs. The contact length of the pyramid was selected as 45mm; this is 

comparable to that of the Triton. 
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Specification Summary 

Table 3 presents a summary of the design specifications that were discussed in this section. 

Table 3: Design Specifications Summary 

Specification Value Unit 

Design mass for an 80 kg person 800 [N] 

Safety Factor  1.5 [-] 

Design Stiffness: Forefoot 34.8 [N/mm] 

Design Stiffness Heel 53.4 [N/mm] 

Foot Size 270 [mm] 

Foot Height 130 [mm] 

Foot Width 45 [mm] 

Pyramid Length 45 [mm] 
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4.3. Calculations of Theoretical Displacement  

4.3.1. The Forefoot Blade 

Design overview  

Figure 40 presents a simplified illustration of the proposed design for the study's prosthetic foot. To 

determine what the dimensions of the prosthetic foot blade should adhere to achieve the desired 

displacement and applied force, calculations were performed. In Chapter 3, the design concepts were 

shown as linear cantilever beams. This was sufficient for the conceptual evaluation, but for the detailed 

design, more realistic shapes were required for the prosthetic foot blade. 

To avoid the possibility that the forefoot blade became too thick for manufacturing, it was split into two 

blades of different lengths, as can be seen in Figure 40. When a composite layup is too thick over a 

bend, wrinkling can occur. Wrinkling in composites is caused by the accumulation of excess material, 

typically around a bend or complex shape. The excess material causes the composite layers to wrinkle, 

resulting in creases along the structure. The wrinkling effect is due to excessive thickness, insufficient 

resin flow, inadequate compaction, or a lack of moulding support. In the case of this component, 

wrinkling would most likely be present due to the thickness (number of plies) of the composite material 

[110], [111].  

The two-part split would thus help prevent wrinkling, as it would have had undesirable consequences 

for the component, like cosmetic defects, structural integrity, dimensional inaccuracy, and increased 

weight. All these factors were unwanted, as they would have led to inaccurate testing and inconsistent 

outcomes when compared to the simulations [110], [111].  

 

Figure 40: Simplified drawing of the proposed prosthetic foot  
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Equivalent Young’s Modulus for the Forefoot Blades 

The Rule of Mixtures (ROM) serves as a valuable rule for approximating the material properties within 

a composite mixture, following a similar approach as Talla HK et al. in their study on a prosthetic 

running blade [112]. The ROM provides estimated values for various properties of elasticity, mass 

density, and maximum tensile strength [95]. The ROM can accurately predict the longitudinal Young’s 

modulus but lacks when predicting the transverse [113]. Classical laminate theory would offer a more 

accurate prediction, accounting for ply orientation and stacking sequence [114]. ROM was selected for 

its simplicity in the early-stage design phase, as well as its ability to accurately predict the longitudinal 

Young’s modulus, which was the primary property calculated with the ROM [113]. 

Equation 10 illustrates the use of the ROM to estimate the longitudinal modulus of elasticity, 𝐸𝑒𝑞,of the 

composite element of a unidirectional lamina [95], [115]. The product of the volume fraction and the 

modulus of elasticity of each material in the layup, represented by 𝑉𝑖  and 𝐸𝑖 respectively in equation 10 

are summed together to estimate the Young’s modulus in the longitudinal direction [95], [115].  

The volume fraction, 𝑉𝑖 , represents the ratio between the volume of a material, 𝑣𝑖, and the total value 

of the component. The volume fraction is calculated with equation 11  

𝐸𝑒𝑞 = ∑ 𝑉𝑖 𝐸𝑖

𝑛

𝑖=1
 … (10) 

𝑉𝑖 =
𝑣𝑖

𝑣𝑡
   … (11) 

The two blades that contribute to the forefoot, as illustrated in Figure 40, each had their own Young’s 

modulus dependent on their composite layup. In the red hatched area displayed in Figure 41, the two 

blades are considered homogeneous. The ROM, equation 11, was used to estimate the equivalent 

Young’s modulus for the homogeneous section.  

This approach did, however, assume the following: 

• That the two forefoot blades were perfectly bonded together. 

• The homogenous section was assumed to behave in a linear elastic manner when loads were 

applied.  

• Uniform material properties within each blade. 

• The homogeneous section was treated as unidirectional orthotropic; only the longitudinal 

Young’s was calculated and assumed constant through the section. 
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Figure 41: The equivalent Young’s modulus of the combined forefoot blades 

Using equation 10 and 11 an equivalent Young’s modulus was calculated with equation 15, using the 

values collected from equations 12-14, as well as the blade width, 𝑏, and thicknesses ℎ1 and ℎ2, 

illustrated in Figure 41 [95]. The length 𝐿 is the lenght that the two beams overlap. This is, however, 

along with the width 𝑏, cancelled out when calculating the volume fractions 𝑉1 and 𝑉2 

𝑣𝑡 = ℎ2 × 𝑏 × 𝐿 … (12) 

𝑉1 =
ℎ1 × 𝑏 × 𝐿

𝑣𝑡
 … (13) 

𝑉2 =
(ℎ2 − ℎ1) × 𝑏 × 𝐿

𝑣𝑡
 … (14) 

𝐸2𝑒𝑞 = 𝐸1𝑉1 + 𝐸2𝑉2  … (15) 

To simplify the calculations further, an approach was taken using a calculated equivalent thickness (ET) 

for the two forefoot blades. This approach used the transformation factor, 𝑛𝐸,for composite beams [82]. 

The ET approach considered the two blades of the forefoot as one, as illustrated in Figure 42. With this 

method, a singular Young’s modulus was selected for the two-blade system, and the appropriate 

thickness, ℎ𝑒𝑞, was calculated by multiplying the original thickness by the transformation factor 𝑛𝐸. 

The transformation factor 𝑛𝐸, calculated with equation 16 is the cube root of the transformation factor 

between the modulus of the first and second blades. The equivalent thickness was calculated with 

equation 17.  
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𝑛𝐸 = √
E2

𝐸1

3

 … (16) 

ℎ𝑒𝑞 = 𝑛𝐸ℎ2  … (17) 

 

Figure 42: The prosthetic foot with a single Young’s modulus for the forefoot blades 

Although this method might seem redundant when the ROM method could rather be used, it proved 

useful during the design phase later in this chapter. During the design, multiple dimensions and variables 

were looped through a MATLAB script. Using the ET approach allowed for a more efficient functioning 

script. 

Forces and dimensions  

During the gait cycle, as described in Chapter 2, the forefoot and heel are only on the ground together 

for a short while. In this instance the full body weight is split between the forefoot and heel and thus not 

the maximum that these components will see. For this reason, calculations for the forefoot and heel are 

considered apart when fully loaded. 

To calculate the estimated displacement of the forefoot blade, the blade was split into sections, each 

considering a different effect on the blade system. Figure 43(a) is an illustration of a simplified 

prosthetic foot. The markers, points A to D, were points of interest during the calculations for the 

forefoot. Point A was fixed during the calculations, and the applied force was located at point D. Point 

B represented the bending point of the blade, and point C represented the point where the second 

forefoot blade stopped. 

The symbols used for dimensions that are shown in Figure 43(b) correlate to the dimensions used in the 

calculations and in the equations listed further in this chapter.  
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Figure 43: The segments and interest points of the forefoot 

The applied force, 𝐹, was split into x and y components to be used in calculations. The first split, 

illustrated in Figure 44(a), was used to calculate the deflection of the AB segment. The force 𝐹𝑦1is 

parallel to the AB segment. The second split, illustrated in Figure 44(b), was done to fit the Cartesian 

plane of segments BC and CD, meaning the force 𝐹𝑦2 was perpendicular to segments BC and CD . 

Forces 𝐹𝑥1, 𝐹𝑦1, 𝐹𝑥2, and 𝐹𝑦2, were calculated with equations 18, 19, 20, and 21 respectively. 

 

Figure 44: Force components of the primary blade 

Figure 44(a) illustrates the components of the applied load on the conventional cartesian plane. Figure 44(b) shows the 

applied load split into components to fit the blade segments BC and CD. 
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𝐹𝑥1 =  −𝐹 ∗ sin(𝜁) … (18) 

𝐹𝑦1 =  𝐹 ∗ cos(𝜁) … (19) 

𝐹𝑥2 =  −𝐹 ∗ sin(𝜁 + 𝜑) … (20) 

𝐹𝑦2 =  𝐹 ∗ cos(𝜁 + 𝜑) … (21) 

Figure 45 illustrates the segments from Figure 43(b) separated with the applicable force components. 

The moments 𝑀2 and 𝑀1 were calculated with 22, and 23 respectivly. 

𝑀2 = 𝐹𝑦2𝐿4  … (22) 

𝑀1 = 𝑀2 + 𝐹𝑦2𝐿3  … (23) 

 

Figure 45: Force distribution of prosthetic forefoot segments 

Figure 45(a) illustrated the segment CD with the load components acting upon the segment and the movement that results 

from the applied load. Figure 45(b) shows the next segment, BC, with the applicable acting loads and moments as well as the 

resulting loads and moments. The final segment, AB, is illustrated in Figure 45(c) along with the applicable moments and 

forces. 
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Initial position 

Figure 43(b) illustrates the primary blade with the segment points, lengths, and applicable angles. The 

angles and lengths in this illustration represent the initial position of the blade. The initial position is 

used as a reference to investigate and illustrate the deflection of the blade in each section. To determine 

the displacement seen by the blade, superposition was used on the segments AB, BC, and CD to 

determine each segment's displacement first individually and then add it together to find the entire 

system's displacement. The calculation of initial points, A0, B0, C0, and D0, was done by equations 24-

27. Figure 46 illustrates the initial points of the forefoot blade.  

𝐴0 = [0, 0] … (24) 

𝐵0 = [0, −𝐿1] … (25) 

𝐶0 = [𝐿3 cos(−𝜑) + 𝐵0𝑥 , 𝐿3sin(−𝜑) + 𝐵0𝑦] … (26) 

𝐷0 = [𝐿2 cos(−𝜑) + 𝐵0𝑥 , 𝐿2sin(−𝜑) + 𝐵0𝑦] … (27) 

 

Figure 46: Conceptual representation of the initial position of the prosthetic foot segments 

Next, the deflection of the segment AB due to the moment caused by the applied force is examined. 

This is a very important segment since point C and point D move when point B deflects. 
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Displacement of Segment AB 

For segment AB, the moment 𝑀2 and the force 𝐹𝑥1 contributed to the displacement. Typically, the 

displacement of a cantilever beam due to a force is determined with equation 28, and the displacement 

due to a moment is determined with equation 29 [82]. The slopes of the displacement under an acting 

force or moment are given by equations 30 and 31 [82]. 

∆F=
FL3

3EI
 … (28) 

∆𝑀=
𝑀𝐿2

2𝐸𝐼
 … (29) 

𝜃𝐹 =
𝐹𝐿2

2𝐸𝐼
 … (30) 

𝜃𝑀 =
𝑀𝐿

𝐸𝐼
 … (31) 

The displacement of segment AB was calculated with equation 32, being the sum of the equations 28 

and 29. This displacement was also the x value of position B. The new point B, point  𝐵1, had the same 

y-value as point 𝐵0, as the change in y was deemed negligible. The slope of the deflected segment AB 

was determined with equation 33, where equations 30 and 31 are summed together. The variable names 

match those of Figure 45(c). 

∆𝐴𝐵=
𝑀2𝐿1

2

2𝐸2𝑒𝑞𝐼2
+  

𝐹𝑥1𝐿1
3

3𝐸2𝑒𝑞𝐼2
… (32) 

𝜃𝐴𝐵 =
𝑀2𝐿1

𝐸2𝑒𝑞𝐼2
+

𝐹𝑥1𝐿1
2

2𝐸2𝑒𝑞𝐼2
… (33) 

During the displacement of segment AB, the segments BC and CD did not undergo individual changes. 

They did, however, displace, as a complete segment, segment BD. During AB’s displacement, a new 

angle, 𝛾1, was established between the x-axis and the segment BD. This angle is illustrated by Figure 

47 and determined by equation 34. With this angle, the new positions for C and D , points C1,and D1, 

were determined. The equations for points 𝐵1, C1,and D1 are given by equations 35-37 . The 

exaggerated deflection of AB is illustrated in Figure 48. Next, the deflection of the BC segment is 

investigated when a force is applied to the blade. 
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Figure 47: The new angle with the x-axis 

This shows how the location of B changes the location of the segments connected to it. The angle 𝛾1 represent the new angle 

of segment BC with the x-axis. 

𝛾1 = 𝜑 + 𝜃𝐴𝐵 … (34) 

𝐵1 = [∆𝐴𝐵, −𝐿1] … (35) 

𝐶1 = [𝐿3 cos(𝛾1) + ∆𝐴𝐵, −𝐿3 sin(𝛾1) − 𝐿1] … (36) 

𝐷1 = [𝐿2 cos(𝛾1) + ∆𝐴𝐵, −𝐿2 sin(𝛾1) − 𝐿1] … (37) 

 

Figure 48: Conceptual representation of the blade position after considering moment on AB 
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Displacement of Segment BC 

Segment BC deflected both due to the applied force and to the moment, 𝑀1. In this case, the 

displacement was calculated considering the theoretical equations of an acting force (equation 28) and 

an acting moment (equation 29). The sum of the two equations gave the displacement of the segment. 

The same was done when calculating the slope of the deflected beam. The sum of equations 31 and 30 

gave the slope of the beam. The equation for ∆𝐵𝐶 and 𝜃𝐵𝐶 with the dimension as illustrated in Figure 

43 and Figure 45 is given in equation 38 and 39. 

∆𝐵𝐶=
𝐹𝑦2(𝐿3)3

3𝐸2𝑒𝑞𝐼2
+

𝑀1(𝐿3)2

2𝐸2𝑒𝑞𝐼2
 … (38) 

𝜃𝐵𝐶 = −
𝑀1(𝐿3)

𝐸2𝑒𝑞𝐼2
+

𝐹𝑦2(𝐿3)2

2𝐸2𝑒𝑞𝐼2
 … (39) 

To illustrate what this deflection looks like on the blade, the results had to be rotated. A rotation matrix, 

𝑅, as calculated in equation 41, was used to turn the point 𝐶2𝑎  to get 𝐶2𝑏 as calculated in equation 42. 

After the rotation, the new point 𝐶2 was calculated with equation 43, where 𝐶2𝑏 was adjusted to meet 

the point 𝐵0. 

𝐶2𝑎 = [ 𝐿3, ∆𝐵𝐶] … (40) 

𝑅 = [
cos(−𝜑) sin(−𝜑)

− sin(−𝜑) cos(−𝜑)
] … (41) 

𝐶2𝑏 = 𝑅 × 𝐶2𝑎  … (42) 

𝐶2 = [𝐶2𝑏𝑥 + 𝐵0𝑥, 𝐶2𝑏𝑦 + 𝐵0𝑦] … (43) 

Segment CD displaced as point C deflected. The displacement of CD was determined by calculating the 

slope of the deflected BC. The slope, 𝜃𝐵𝐶, was used in equation 44 to calculate the new angle between 

segment CD and the x-axis, 𝛾3. With this, the new location of D was determined with equation 45. 

𝛾2 = −𝜑 + 𝜃3 … (44) 

𝐷2 = [𝐿4 cos(𝛾2) + 𝐶2𝑥 , 𝐿4 sin(𝛾2) + 𝐶2𝑦] … (45) 
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Figure 49: Conceptual representation of the deflection of segment BC 

Displacement of Segment CD 

The CD segment deflected only due to the applied force. Thus, the simple cantilever equation, equation 

28 [82], was used. The slope of a cantilever beam under this condition was calculated with equation 30 

[82]. The equation for displacement is rewritten in equation 46 as ∆𝐶𝐷 with the dimensions as illustrated 

in Figure 43 and Figure 45. 

∆𝐶𝐷=
𝐹𝑦2𝐿4

3

3𝐸1𝐼1
 … (46) 

Similarly to the calculation of 𝐶2, to calculate 𝐷3 the results had to be rotated with the rotation matrix 

in equation 48. Then the results were adjusted to meet the point 𝐶0. The calculations were done with 

equations 47-50. 

𝐷3𝑎 = [ 𝐿4, ∆𝐶𝐷] … (47) 

𝑅 = [
cos(−𝜑) sin(−𝜑)

− sin(−𝜑) cos(−𝜑)
] … (48) 

𝐷3𝑏 = 𝑅 × 𝐷3𝑎  … (49) 

𝐷3 = [𝐷3𝑏𝑥 + 𝐶0𝑥, 𝐷3𝑏𝑦 + 𝐶0𝑦] … (50) 
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Figure 50: Conceptual representation of the displacement of CD 

Final Displacement 

Finally, the displacements from the BC and DC were merged with the displacement of the AB segment. 

First, the deflection of point C was rotated to fit the BD slope after AB’s displacement. Equations 51-

53 were used to calculate the final location of C. 

𝑅 = [
cos(𝛾1) sin(𝛾1)

− sin(𝛾1) cos(𝛾1)
] … (51) 

𝐶4𝑎 = 𝑅 × 𝐶2𝑎  … (52) 

𝐶4 = [ 𝐶4𝑎𝑥 + 𝐵1𝑥 , 𝐶4𝑎𝑦 + 𝐵1𝑦] … (53) 

After this, the displacement of point B was determined. The angle between the x-axis and the slope of 

BC, 𝛾4, was first determined with equation 54, as the value of the D deflections was rotated around it, 

with the rotation matrix from equation 55. The flow of the calculations is the same as the calculations 

of points 𝐷3 and 𝐶2, and was calculated with 56 and 57. 

𝛾4 = −𝜑 + 𝜃2 − 𝜃1 … (54) 

𝑅 = [
cos(𝛾4) sin(𝛾4)

− sin(𝛾4) cos(𝛾4)
] … (55) 

𝐷4𝑎 = 𝑅 × 𝐷3𝑎  … (56) 

𝐷4 = [𝐷4𝑎𝑥 + 𝐶4𝑥, 𝐷4𝑎𝑦 + 𝐶4𝑦 ] … (57) 
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With all the displacements considered, the total displacement of the forefoot blade was given by the 

difference between the final and the first D-y values, as seen in equation 58. 

𝛥𝑦 = 𝐷4𝑦 − 𝐷0𝑦  … (58) 

 

Figure 51: Conceptual representation the displacement of the blade when force is applied  
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4.3.2. The Heel Blade 

The proposed simplified look of the heel blade is illustrated in Figure 40. The heel blade calculation 

method was similar to the forefoot calculation. 

Forces and dimensions  

Figure 52(a) is an illustration of the simplified prosthetic foot’s heel blade segment points. Figure 52(b)  

illustrates the segment lengths and angles of the heel blade as well as the force acting on the blade with 

a angle 𝜁.  

 

Figure 52: Segments and positions of the heel blade with the forefoot blade. 
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The forces in each segment in regard to the x-y plane are illustrated in Figure 53. Figure 53(a) illustrates 

the x and y force components, 𝐹𝑥7 and 𝐹𝑦7, where 𝐹𝑦7 is perpendicular to segment ZY. Forces 𝐹𝑥7 and 

𝐹𝑦7 were calculated with equation 59 and 60 respectively. Similarly, the x and y force components of 

the force acting on segment YX, where 𝐹𝑦6 is perpendicular to segment YX, as illustrated by Figure 

53(b), were calculated with equation 62 and 61 respectivly. 

 

Figure 53: Force components of the heel blade's segments 

𝐹𝑥7 =  𝐹 × cos (90 − 𝜆 − 𝜁) … (59) 

𝐹𝑦7 =  𝐹 × sin (90 − 𝜆 − 𝜁) … (60) 

𝐹𝑥6 =  𝐹 × cos(90 − 𝜁 − 𝜂) … (61) 

𝐹𝑦6 =  𝐹 × sin (90 − 𝜁 − 𝜂) … (62) 

The segments of the heel blade are shown as separate sections in Figure 54 to illustrate the forces and 

moments required to determine the total displacement of the heel blade. The moments 𝑀7 and 𝑀6 were 

calculated with equations 63 and 64. 
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Figure 54: The resulting forces and moments on the heel blade segments. 

Figure 54(a) illustrates the segment ZY with the applied load components acting upon the segment and the moment that 

results from the applied load. Segment XY is shown in Figure 54(b) with the applicable loads and moments. Segment WX in 

Figure 54(c) is fixed to the forefoot blade. 

𝑀7 =  𝐹𝑦7L7  … (63) 

𝑀6 =  𝐹𝑦6𝐿6+M7  … (64) 
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Initial position 

The heel blade configuration shown in Figure 55 was used to determine the displacement of the heel 

blade under the applied load. First, the initial points were required. Since the heel blade is aligned with 

the forefoot blade at point C, the dimensions of the forefoot blade and the location of 𝐶0 were required 

as geometric constraints. The initial locations of heel nodes were calculated with equations 65-68. 

𝑊0 = [𝐶0𝑥 − ℎ2 cos(𝜑)), 𝐶0𝑦 − ℎ2sin (𝜑)] … (65) 

𝑋0 =  [−𝐿5 cos(𝜑) + 𝑊0𝑥, 𝐿5 sin(𝜑) + 𝑊0𝑦] … (66) 

𝑌0 = [−𝐿6 cos(𝜂) + 𝑋0𝑥, 𝐿6 sin(𝜂) + 𝑋0𝑦] … (67) 

𝑍0 = [−𝐿7 cos(𝜆) + 𝑌0𝑥 , −𝐿7 sin(𝜆) + 𝑌0𝑦] … (68) 

 

Figure 55: Conceptual representation of the initial position of the heel blade 

Displacement of Segment ZY 

Similar to the forefoot blade calculations, the heel blade calculations were split into parts. First, the YZ 

deflection of the segment was considered. In this segment, the applied force was used to calculate the 

deflection; see equation 69. 

Just like the forefoot calculations, the deflection results of the cantilever formula were rotated and 

adjusted to align with the curvature. The coordinates of the deflected Z point were determined by 

equations 70-73. 

∆𝑍𝑌 =
𝐹𝑦7𝐿7

3

3𝐸3𝐼3
 … (69) 

𝑍6𝑎 = [−𝐿7, ∆𝑍𝑌 ] … (70) 
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𝑅 = [
cos(𝜆) sin(𝜆)

− sin(𝜆) cos(𝜆)
] … (71) 

𝑍6𝑏 = 𝑅 × 𝑍6𝑎  … (72) 

𝑍6 = [𝑍6𝑏𝑥 + 𝑌0𝑥 , 𝑍6𝑏𝑦 + 𝑌0𝑦] … (73) 

 

Figure 56: Conceptual representation of the deflection of ZY segment 

Displacement of Segment YX 

Next, the displacement of segment YX was considered. The displacement of the segment was caused 

by the force 𝐹𝑦6, and the moment  𝑀7, as illustrated in Figure 54. For segment YX, the displacement 

∆𝑌𝑋 was calculated with equation 74 and the slope of the segment 𝜃7 with equation 75. The results of 

the deflection calculation had to be rotated with equation 77 to fit the slope of the initial YX segment. 

The equations used (76-79) are found below. 

∆𝑌𝑋 =
𝑀7𝐿6 2

2𝐸3𝐼3
+

𝐹𝑦6𝐿6
3

3𝐸3𝐼3
 … (74) 

𝜃7 =
𝑀7𝐿6

𝐸3𝐼3
+

𝐹𝑦6𝐿6
2

2𝐸3𝐼3
 … (75) 

𝑌7𝑎 = [−𝐿6, ∆𝑌𝑋] … (76) 

𝑅 = [
cos(−𝜀) sin(−𝜀)

− sin(−𝜀) cos(−𝜀)
] … (77) 

𝑌7𝑏 = 𝑅 × 𝑌7𝑎  … (78) 

𝑌7 = [𝑌7𝑏𝑥 + 𝑋0𝑥 , 𝑌7𝑏𝑦 + 𝑋0𝑦] … (79) 
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The displacement of Y caused Z to displace as well. The new angle with the x-axis, 𝛾7 was calculated 

with equation 80. The Z-point was calculated with equation 81. 

𝛾7 = 𝜆 + 𝜃7 … (80) 

𝑍7 = [−𝐿7 cos(𝛾7) + 𝑌7𝑥 , −𝐿7 sin(𝛾7) + 𝑌7𝑦] … (81) 

 

 

Figure 57: Conceptual representation of the deflection of segment YX 

Final Displacement 

Finally, the two cases were brought together to obtain the final displacement. The YX segment due to 

the moment and force, 𝑀7 and   𝐹𝑦6, will be the final displacement for this section. The calculations to 

find the final Z point were done by rotating the point  𝑍6𝑎   with the rotation matrix, equation 83, and 

making the necessary adjustments towards the point 𝑌7, equation 84. 

𝑅 = [
cos(𝛾7) sin(𝛾7)

− sin(𝛾7) cos(𝛾7)
] … (82) 

𝑍8𝑎 = 𝑅 × 𝑍6𝑎  … (83) 

𝑍8 = [𝑍8𝑎𝑥 + 𝑌7𝑥, 𝑍8𝑎𝑦 + 𝑌7𝑦] … (84) 

The final displacement was calculated by subtracting the final Z point from the initial location of the Z 

node, as seen in equation 85. 

.

𝛥𝑍 = 𝑍8𝑦 − 𝑍0𝑦  … (85) 
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Figure 58: : Conceptual representation of the final displacement of the heel blade 

The calculations were all verified with FEA in Siemens NX, and the results can be found in Appendix 

A.1. Of the tested cases, the deviation between the calculations and the FEA was below 1 mm. The 

largest absolute deviation was 0.77 mm (2.3%), observed during a forefoot test with a calculated 

displacement of 33 mm. The highest percentage deviation was 6.53 %, seen in a heel test with a 

calculated displacement of 10.29 mm and an absolute deviation of 0.6 mm. Despite the higher 

percentage, the small absolute deviation made this deviation acceptable. These results confirmed that 

the calculation method used was sound.  

The calculations were all verified with FEA in Siemens NX. Of the tested cases, the deviation between 

the calculations and the FEA was below 1 mm. This was a small deviation when considering the 

displacement of each case. The percentages of these deviations varied between 0.9% and 6.6%, 

verifying that the calculation method was sound. The verification results for calculations can be found 

in Appendix A.1. 
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4.3.3. Gas Spring Calculations 

The gas spring calculations followed the same steps as the forefoot blade in order to calculate the 

displacement of the forefoot when the gas springs were attached to the foot. Figure 59(a) is a simple 

illustration of where the gas spring attaches to the foot. Figure 59(b) illustrates how the gas spring force 

(GSF) acts on the forefoot along with the applied load. 

 

Figure 59: Free body diagram of gas springs attached to the prosthetic foot 
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Figure 60 illustrates how the applied load,   𝐹, and the gas spring force,  𝐺, were split into their respective 

x and y components. The components were then summed together to achieve the resultant force 

component,   𝑅𝑥 and   𝑅𝑦. Equations 86-91 were used to calculate the resultant components. From here 

the resultant components were used as the acting force in the displacement calculation, and the same 

methodology was used as for the forefoot calculations. 

 

Figure 60: Resultant force breakdown on the prosthetic forefoot 

𝐺𝑥 = 𝐺 × 𝑠𝑖𝑛 (𝜀) … (86) 

𝐺𝑦 = 𝐺 × 𝑐𝑜𝑠 (𝜀) … (87) 

𝐹𝑥 = 𝐹 × 𝑠𝑖𝑛 (𝜀) … (88) 

𝐹𝑦 = 𝐹 × 𝑐𝑜𝑠 (𝜀) … (89) 

𝑅𝑥 = −𝐹𝑥 + 𝐺𝑥 … (90) 

𝑅𝑦  = 𝐹𝑦 − 𝐺𝑦 … (91) 
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4.4. Dimensional Design 

4.4.1. Prosthetic Foot Designer Program. 

Input Variables 

In section 4.2, the design specifications were discussed and summarised in Table 3. These specifications 

were used for the input values of the program. Some additional constraints were added to improve the 

efficiency of the program. 

Figure 61 illustrates the flow of the MATLAB calculation program. This program is referred to as the 

“Designer” in this study, as it provided the dimensions with which to produce the prosthetic foot. The 

designer followed a stepwise approach in order to calculate the ideal dimensions for the input variables 

given to the program. 

The available materials, unidirectional carbon fibre, allowed for a compression stress of 500 MPa, which 

was used as the maximum allowed stress. The Designer calculated an appropriate equivalent Young’s 

modulus of the three blades, restricted between 20 GPa and 90 GPa. 

The length of L1 had a minimum limit of 35 mm. This ensured that the angle of the blade allowed the 

foot to fit inside a shoe.  

The program made use of two functions: the forefoot function and the heel blade function. The input 

variables described above were given to the main program. From here the input variables were sent to 

each function as required. 

The forefoot function provided the solution for the forefoot dimensions, some of which were required 

to achieve a solution for the heel blade. The forefoot function is described in the next section. 

  

Figure 61: Flow of the prosthetic foot Designer calculation loop 
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Forefoot design function. 

A programmed loop, illustrated in Figure 62, found the suitable values for the forefoot. To do this, input 

variables, minimum and maximum range values, as well as initial variable values, were given to the 

program. These values are recorded in Table 4. 

Table 4: Input variables for forefoot design 

Input Variable Value Unit 

Mass  800 [N] 

Safety Factor  1.5 [-] 

Forefoot Stiffness 34.8 [N/mm] 

Foot Size 270 [mm] 

Foot Height 130 [mm] 

Foot Width 45 [mm] 

Pyramid Lenght 45 [mm] 

Minimum L1 Value 35 [mm] 

Allowed Compression Stress 500 [MPa] 

Minimum Young’s Modulus 20 [GPa] 

Minimum Young’s Modulus 90 [GPa] 

Applied Force Angle 𝜁, 20 [°] 

Initial Angle 𝛼 Value 115 [°] 

Initial Thickness Ratio 𝑟ℎ Value 1.5 [-] 

Initial Transformation Factor 𝑛𝐸 Value 0.9 [-] 

 

With the constant and initial values presented in Table 4, the function started with the initial value for 

the angle 𝛼 , this starts Loop 1, as illustrated in Figure 62. Then the values for 𝐿3,and 𝐿4 were 

calculated using the angle 𝛼 , the foot length, and the blade height. With these lengths known, the 

forces and moments were calculated with equations 18-23, and then used to calculate ℎ1. 

The value for ℎ2 was calculated by using the initial value of the thickness ratio 𝑟ℎ. The thickness ratio 

is the ratio between ℎ2 and ℎ2. This started the second loop. Loop 3 initiated with the initial value of 

the transformation factor 𝑛𝐸. The flow of these loops is shown in Figure 62. The equivalent thickness 

was calculated as described, using equation 16 and 17. Using the equivalent height and the design 

displacement, Young’s modulus, 𝐸1 , was calculated. With this, along with the value of 𝑛𝐸 , the value of 

𝐸2𝑒𝑞 was calculated, and then the final 𝐸2 was calculated. 
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The results delivered by the function were then checked. The results were only saved if they conformed 

to the limit of 𝐿1, were in the allowed composite Young’s modulus range and did not exceed the allowed 

stress.  

After considering the results, the loops started over. First, Loop 3 ran through all the possible iterations, 

increasing 𝑛𝐸 by 0.05 until the transformation factor equalled 1.3. Once all the possible variables were 

run through, the value for 𝑟ℎ was increased by 0.05. and Loop 2 ran again as well, as the entirety of 

Loop 3 with the new ℎ2 value. This process was repeated until 𝑟ℎ equals 2.5. Once this was the case, 

Loop 1 restarted and 𝛼 decreased by one degree. The entire process ran again, completing Loop 3 for 

each new Loop 2 run, and once this was completed, Loop 1 restarted. This process continued until 𝛼 

equals 95 degrees. These limits were gathered by running the code multiple times and investigating the 

results. The limits made the code more efficient by removing the cases where no results were gathered. 

When all loops were complete, the saved results were sorted in order of ascending blade thickness, ℎ1, 

angle 𝛼. This was done to ensure that the lowest values of each of these were used.  

The captured values were the solution to the forefoot blade. Next, the heel blade function is explained. 

 

Figure 62: Flow of the forefoot function during prosthetic foot calculation  
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Design of the heel blade 

Similarly to the forefoot function, the heel blade was designed using a MATLAB function. The heel 

blade function, illustrated in Figure 63, was given the input variables named below: 

Mass  800 [N] 

Safety Factor  1.5 [-] 

Design Stiffness Heel 53.4 [N/mm] 

Foot Size 270 [mm] 

Foot Width 45 [mm] 

Lenght L1 Value from Results L1 [mm] 

Lenght L2 Value from Results L2 [mm] 

Lenght L3 Value from Results L3 [mm] 

Lenght L4 Value from Results L4 [mm] 

Allowed Compression Stress 500 [MPa] 

Minimum Young’s Modulus 20 [GPa] 

Minimum Young’s Modulus 90 [GPa] 

Applied Force Angle 𝜁, 15 [°] 

Angle 𝛼 From Results 115 [°] 

Thickness ℎ2 From Results 1.5 [-] 

 

The heel blade function consists of four loops. Continuing the numbering from the forefoot function, 

Loop 4 started by initialising 𝐿5 as 30. 𝐿6, has an initial value of 50 mm, used for Loop 5, and angle 𝛽 

an initial value of 155°, used for Loop 6. The final loop started with an initial value of 4 for ℎ3. With 

all the variables set to their initial values, the initial positions of the heelblade points and the applicable 

forces were calculated. The Young’s modulus was calculated, and the results were filtered. 

The results had to adhere to the following conditions: 

• The angle 𝜆 is less than 30 °. This design choice ensures that the heel blade does not have a 

large angle with the ground. 

• 𝐸3 is within the allowed range 

• 𝐿7 is within 10 mm of the 𝐿6 value. This is done to keep angles from being too sharp. 

• The maximum stress is within the allowed range. 
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After the results were considered, the loops were repeated with the next set of input variables. The loops 

are nested within each other, as illustrated in Figure 63. Loop 7 increased the value of ℎ3 0.1 mm until 

the value reached 8 mm. Once Loop 7 was complete, Loop 6 ran through its possible values, increasing 

the angle 𝛽 by 5° until the value reached 180°. The value of 𝐿6 was increased to 120 mm in increments 

of 10 mm within Loop 5 and 𝐿5 increased in 5 mm increments until a value of 50 mm was reached, 

completing Loop 4. 

The results were sorted to have 𝜆 and the thickness ℎ3 ascending. The top value, the value with the 

lowest 𝜆 angle and then the lowest thickness, was then chosen as the blade’s solution. 

 

Figure 63: Flow of the heel blade function during prosthetic foot calculation 

Designer results 

The results of the MATLAB Designer are summarised in Table 5. These results were rounded to the 

nearest whole number, which was a more practical choice. However, the blade heights (ℎ1, ℎ2, and ℎ3) 

and the Young’s moduli (𝐸1, 𝐸2, and 𝐸3) were rounded to one decimal place. This level of precision 

was retained since Young’s moduli are usually large values, and ply layers composing the blade heights 

are often thinner than a millimetre. Therefore, the blade can be built to a height with one decimal point 

of accuracy. 

These results are used in the hand calculations in Appendix A.2 to verify the output of the Designer. 

After the Designer results were verified, the output values were further verified using FEA simulations.  

As can be seen in Table 5, the values of ℎ2 and ℎ𝑒𝑞 are the same, as well as the Young’s moduli 𝐸2 and 

𝐸𝑒𝑞. This means that the thickness and elasticity of the blade would not have to change when using the 

equivalent thickness approach to validate the results from the Designer.  
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Table 5: Results of the prosthetic foot Designer 

Dimension Value Unit 

α 104 [°] 

β 160 [°] 

λ 21 [°] 

η -6 [°] 

L1 44 [mm] 

L2 175 [mm] 

L3 105 [mm] 

L4 70 [mm] 

L5 30 [mm] 

L6 50 [mm] 

L7 49 [mm] 

h1 4.3 [mm] 

h2 7.4 [mm] 

heq 7.4 [mm] 

h3 5.6 [mm] 

E1 63.7 [GPa] 

E2eq 63.7 [GPa] 

E2 63.7 [GPa] 

E3 24.2 [GPa] 

ΔForefoot 24.73 [mm] 

ΔHeel 13.31 [mm] 

Table 6 compares the displacement obtained by using the rounded dimensions with the target 

displacement values that were used in the Designer to calculate the dimension. The results show that 

the rounding of the Designer values had a large effect on the outcome of the displacements. The forefoot 

had nearly an 8% difference between the target and calculated displacements. Similarly, the rounded 

heel blade dimensions lead to an 11% difference. While these differences were relatively large, the 

results from the Designer were considered acceptable since the target displacements only served as 

parameters to inform the choice of input parameters for the Designer algorithm. 

Table 6: Designer displacement compared to target displacement 

F
o

re
fo

o
t Designer Displacement  24.73 [mm] 

Target Displacement  22.99 [mm] 

Difference  1.74 [mm] 

Difference  7.55 [%] 

H
ee

l 

Designer Displacement  13.31 [mm] 

Target Displacement 14.94 [mm] 

Difference 1.631 [mm] 

Difference 10.92 [%] 
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4.4.2. Gas Spring Calculation 

Gas springs are commercially available in standard sizes and can be pressurised for the force output 

required. Based on the values from the designer, an angle of 54° for angle 𝜀 was predicted, as illustrated 

in Figure 59(b). This angle affected the x and y force components of the gas springs. With the angle 

known, the target spring forces were calculated. 

As discussed during the design concept evaluation, the usage of gas springs could adjust the stiffness of 

the prosthetic foot to fit a person’s bodyweight. For this study, three gas spring cases will be studied. 

The suggested gas spring forces were calculated in 150 N increments of the design mass of 800 N.  

The target applied loads along with the suggested gas spring force (GSF) are recorded in Table 7. These 

gas spring forces, when applied, were expected to result in the same displacement as an applied load of 

800 N with no gas springs attached. 

Table 7: Gas spring forces required for equal displacement of 800N 

Target 

Applied 

Load 

[N] 

Calculated 

Suggested GSF 

[N]  

950 307.2  

1100 629.5  

1250 961.5 
 

The suggested gas spring force values, along with the applicable target applied load values from Table 

7, were used to acquire the displacement values from FEA. The setup of the FEA is discussed in 

Appendix A.3. 

 Table 8 presents the recoded displacement values from FEA and compares the displacements to the 

displacement of the foot with no gas springs attached under an applied load of 800 N. The results are 

within 1 mm of each other and were therefore considered acceptable. 

Table 8: Validation of calculations by FEA for a 300 N gas spring applied load 

Target Applied Load [N] / 

Displacement 

from FEA 

[mm] 

Deviation 

from 

displacement 

at 800 N 

[mm] 

Deviation 

from 

displacement 

at 800 N [%] 

Suggested GSF [N] 24.73 N/A N/A 

800 / 0 24.73 0.05 0.20 

950 / 307.2 24.78 0.5 2.02 

1100 / 629.5 25.23 0.83 3.36 
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4.5.  Layup Model Design  

In this section the dimensions calculated in the previous section were used to calculate the layup 

schedule for each of the composite components of the blade. Composite materials allow the layer 

thickness, material type and fibre angle to be modified to obtain the required strength and stiffness of 

each component.  

As mentioned, the foot is designed for a person of about 80 kg. As discussed in Section 4.2, the foot can 

experience 1.2 times the body weight, and an additional safety factor of 1.25 was applied to the design.  

There are multiple failure criteria to be used when considering composite design. Tsai- Wu, for example, 

considers how stress works together and treats tensile and compressive strength differently and therefore 

requires more material properties in order to be more accurate [116]. Tsai-Hill also considers how 

stresses work together but does not differentiate between compression and tensile strength and does not 

differentiate between the fibre and the matrix [116]. Hashin’s criteria examines the fibre and the matrix 

separately for failures and account for the effects of shear stresses [117].  

The Tsai-Hill criterion was used for the evaluation of the simulations, as done by Talla HK et al. in their 

study on a prosthetic running blade [112]. This criterion is typically used for anisotropic composites 

with varying material properties to predict the failure of the composite material [118]. The criterion 

predicts failure as the failure index (PI) reaches one, as can be seen when studying equation 92 . From 

this equation, it was learnt that a PI of 0.45 must not be exceeded to comply with the safety factor. 

𝑆𝑎𝑓𝑒𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 =
1

√𝑃𝐼 
  … (92) 

The layup analysis was done in Siemens NX, and FEA gave an estimated displacement and PI. The 

displacement was aimed at being within 1 mm of the calculated displacement of the forefoot and heel, 

24.73 mm and 13.31 mm, respectively. Along with the aimed displacement, the PI shouldn’t have 

exceeded the aforementioned 0.45.  

4.5.1. Initial Ply Layup 

Several layup orders may be suitable for the study's prosthetic foot. Consequently, an initial layup served 

as a starting point for developing the final configuration. The rule of mixtures was used to predict the 

layup. 

Using two composite materials with different moduli, 𝐶1 and 𝐶2, a layup that results in Young’s modulus 

equivalent to 𝐸1, 𝐸2, and 𝐸3, from the Designer outputs in Table 5, was calculated. Figure 64 illustrates 

how the plies were laid for the initial layup. The stiffer and stronger composite, 𝐶1, was stacked at the 

outsides of the blade where the highest bending stresses were encountered.  
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The less stiff material, 𝐶2, was used closer to the neutral axis where lower stresses are found, 

contributing to weight saving and potential improvements in flexibility. Using 𝐶2 helped tailor the 

overall flexibility of the foot without significantly compromising the strength. 

The combination of the two composites delivered an equivalent modulus for the blade comparable to 

those from the Designer outputs in Table 5. The values for the initial layup can be found in Table 9. 

Here the thicknesses, 𝑇1, 𝑇2,and 𝑇𝑡𝑜𝑡𝑎𝑙, are given as well.  

 

Figure 64: Illustration of the initial ply layup 

Table 9: Values for the initial layup of the three blades 

 E of 

C_1 

[GPA] 

E of 

C_2 

[GPA] 

T_1 

[mm] 

T_2 

[mm] 

T_total 

[mm]  
Blade 1  

(Primary Forefoot Blade) 
96.0 55.0 0.4 3.5 4.3 

Blade 2 

(Primary Forefoot Blade) 
96.0 55.0 0.4 2.3 3.1 

Blade 3  

(Heel Blade) 
96.0 17.5 0.2 5.2 5.6 

4.5.2. Final Layup 

After multiple iterations of ply layups, a solution was achieved where the FEA displacement was close 

to the calculated displacement and the PI conforms to the desired safety factor. Overall, no changes 

were made to the dimensions from the Designer. The only difference was that the forefoot blade was a 

bit thicker than what the calculations suggest. The thickness of the primary blade, ℎ1, was changed from 

4.3 mm to 4.7 mm to improve the PI value in the foot. The layers of the blades were staggered to 

decrease the thickness in the areas where less load was seen. The stagger of these layers increased the 

deflection again to accommodate the loss in displacement observed due to the increased thickness. 

Figure 65 illustrates the final layup schedule of the primary blade of the forefoot. For the most part, the 

layup schedule was precisely as the initial layup predicted. The second composite material used, 

bidirectional carbon fibre, was rotated 45° at the centre of the blade. This change, along with the sanding 

of the staggered edge as seen in Figure 65, increased the displacement of the forefoot and also eliminated 

the stress concentrations that were caused on the blade. Multiple iterations were considered for the ply-

layups, but the end layup structures fit best in regard to displacement and PI. Illustrations of the final 

layups of all the blades can be found in Appendix B. 
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Figure 65: Final layup of blade 1 

The recorded FEA results of the final layup are found in Table 10 along with the displacement 

calculated with the Designer results. As can be seen, both the forefoot difference and the heel 

difference were below 5% from the Designer value, corresponding to a difference of approximately 1 

mm. This comparison verifies that the layup solution based on the Designers dimensions can produce 

displacement results that remain within an acceptable range. Full comparison tables for the heel blade 

and all instances of the forefoot blade can be found in Appendix A.4. 

Table 10: FEA Results of final layup for the forefoot and heel 

F
o

re
fo

o
t Designer Displacement  24.73 [mm] 

Layup FEA Displacement  23.61 [mm] 

Difference  1.12 [mm] 

Difference  4.73 [%] 

H
ee

l 

Designer Displacement  13.31 [mm] 

Layup FEA Displacement  13.58 [mm] 

Difference  0.27 [mm] 

Difference  2.00 [%] 
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4.6. Cost Analysis of Manufacturing the Prosthetic Foot 

This section describes the costs of the prosthetic foot suggested by this study to see how it compared to 

the prices found in the Gazette 2023 [37]. The cost analysis was divided into material costs, 

manufacturing costs, labour costs, and additional costs. Additionally, a profit margin was considered to 

determine whether a prosthetic foot can be provided at an affordable price. Since this analysis was an 

estimation, approximate prices were used from online stores, and no formal quotes were necessarily 

obtained. To ensure conservative estimates, the highest possible costs were assumed. 

Material Costs 

The primary materials used for the prosthetic foot are the composite materials for the blades, namely 

bi-directional and unidirectional carbon fibre sheets, as well as a resin-hardener mixture. Supawood is 

used for the moulds on which the blades are built. Assuming the foot is able to provide three different 

stiffness levels, one with no gas springs attached and then two with different sizes of gas springs, two 

sets of springs would be required along with eight end fittings. A summary of the cost estimation is in 

Table 11 given below. The full breakdown can be found in Appendix D. 

Table 11: Total material cost 

Material 
Cost per unit 

(R/u) 
Units required Cost 

Bi-directional material 526.70 0.41 214.27 

Unidirectional material  1720.40 0.59 1012.23 

Resin 238.44 0.28 67.52 

Hardner 289.94 0.08 22.17 

Mould material 178.64 0.33 59.68 

Gas springs 122.76 4.00 491.04 

End Fittings 25.41 8.00 203.28 

Total material Cost   2070.19 

 

Manufacturing costs 

The cost to manufacture the mould, out of a high-density fibre board, on which the blades will be 

manufactured, as well as the manufacturing cost of the composite blades, to sand and finish them, is 

summarised below. The estimated cost of the pyramid adapter is also captured below. This cost is 

estimated from a quote on a similar type of component. The full breakdown of the costs is captured in 

Appendix D. 
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Table 12: Total manufacturing cost 

Component Rate (R/h) Estimated time Cost 

Mould manufacturing 500.00 1.00 500.00 

Composite blades (layup) 500.00 4.00 2000.00 

Composite blades (finishing) 500.00 4.00 2000.00 

Pyramid connector   1000.00 

Total manufacturing Cost   5500.00 

Total Cost Estimate 

Combining all material, manufacturing, and labour costs, a total of R7570.19. Additionally, another 

50% is added to the total cost to cover any additional costs not mentioned in this evaluation, such as 

costs associated with medical or ISO standard testing, overheads, and logistic costs. These testing 

expenses would be distributed across the total number of prosthetic feet produced; this would depend 

on the market size. A study would be required on the South African market size, as very little 

information is available on this topic. Furthermore, 50% is added to the total cost of the prosthetic foot 

as a profit margin. This is only an estimate, as it would require an in-depth cost evaluation to see if the 

profit margin would be acceptable. 

Table 13: Total price estimation 

Cost Value (R)  

Total material cost 2070.19 

Total manufacturing cost 5500.00 

Total material and 

manufacturing 
7570.19 

Additional Cost (50 %) 3785.09 

Total Cost 11355.28 

Proft (50%) 5677.64 

Estimated price 17032.93 

As outlined in Chapter 1, the compensation figures in the Gazette 2023 [37] indicate that the most 

affordable dynamic response (DR) foot costs R21 032, and the most expensive costs R63 921. In 

comparison, the cost evaluation for the prosthetic foot concept in this study is more affordable by about 

R 4 000. Not only is it more affordable, but it may also remove the need for multiple prosthetic feet for 

different activities or weight classes due to its adjustable stiffness. Detailed cost analysis and further 

studies focusing on market readiness will need to be done to get a more accurate understanding of the 

true cost of supplying an affordable prosthetic foot.  

The cost estimation for the prosthetic foot was done quite conservatively, assuming the higher costs of 

materials and manufacturing rates. It is possible that the cost of the prosthetic foot could be decreased 

when economies of scale are considered, which would make the foot even more affordable. 



 
 

85 
 

Cost reduction 

Increasing the number of prosthetic feet that are manufactured would decrease the cost per prosthetic 

foot. 

• Mould Costs: The moulds are reusable after each layup. The mould costs can therefore 

be divided between the total number of manufactured prosthetic feet. The cost of moulds 

can be distributed across multiple units. 

• Material Costs: On the sides of the manufactured blades, there are certain amounts of 

excess material that are removed. By building more than one foot at a time on a larger 

mould, less material would be wasted. 

4.7. Chapter Summary 

In this chapter, the development of the detailed design of the chosen concept for an adjustable foot was 

described. The chapter started off with the design specifications for the prosthetic foot, followed by 

determining the best values for the blade dimensions by using the Designer program that followed the 

calculation method presented. The dimensions were verified by hand calculations. 

There was a difference between the displacement calculated and the displacement that was originally 

designed for. This deviation was due to the rounding of the input dimension values, and since the target 

displacement values were not intended to be rigidly fixed goals, the calculated dimensions were 

accepted. 

The force output of the gas springs was calculated and rounded. The effects of the gas spring on the 

prosthetic foot were calculated and determined by FEA, and the results were compared. 

With these dimensions, a composite layup model was developed. The FEA of the layup results was 

validated by comparison to the Designer displacements. 

Finally, the high-level cost analysis presented a breakdown of the cost of labour and materials used to 

manufacture the prosthetic foot. The evaluation included a profit margin and insurance for missed 

expenses. The cost was estimated to be R 4 000 lower than the lowest available compensation option 

from the Gazette 2023 [37]. 
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Chapter 5 : Experimental Procedure 

5.1. Chapter Overview  

To validate that the prosthetic foot presented in this study performed as the calculations intended, the 

calculation results were compared to experimental results. This chapter briefly explains the 

experimental procedure used to test the prosthetic foot. A full list of the equipment used is found in 

Appendix E.1, and the step-by-step methodology is in Appendix E.2. 

5.2. Experimental Setup 

An MTS machine performed a compression test on the prosthetic foot. The machine has hydraulic 

clamps at the top and bottom which were used during testing to position the foot at the correct angles 

for the applied load lines. The bottom clamp was used to hold the testing jig in place, and the top clamp 

was used to press down on the prosthetic foot. Figure 66 illustrates the setup for the forefoot with the 

gas springs connected (Figure 66 a) and the heel test (Figure 66 b). 

 

Figure 66: The experimental setup of the forefoot tests (a) and heel tests (b) 

The test jig allowed for the prosthetic foot to be tested at the angles provided by ISO 10328, summarised 

in Appendix F. The jig has two positions, one for forefoot testing and the second for heel testing. The 

test positions were easily changed using a wrench and an allen key to move the bolt and nut to the 

appropriate hole. 

The prosthetic foot was attached to the test jig using the holes where the pyramid adapter would have 

fit. The foot was attached with nuts and bolts, using allen keys to tighten the attachment. The gas springs 

were attached to the connector fittings found on the forefoot of the prosthetic foot and on the connector 

fitting found on the testing jig.  
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5.3. Experimental Methodology 

The prosthetic foot was attached to the testing jig and clamped in the MTS machine, as seen in Figure 

67. The jig allowed for the forefoot to be tested at 20° and the heel at 15° as recommended by ISO 

10328. The MTS machine pressed down on the prosthetic foot at 1.5 mm/s, and the displacement along 

with the applied force was recorded.  

Three tests were performed on both the forefoot and heel to demonstrate repeatability and to obtain 

consistent and accurate data. The tests were stopped at 800 N, which was the design load. 

After the forefoot and heels were tested in the basic configuration, the gas springs were attached to the 

foot. The test was stopped at the appropriate force or if the gas spring was fully compressed. 

 

Figure 67: Prosthetic foot during testing with two 500 N gas springs attached 
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5.4. Data and Results Processing  
A program on the MTS machine was used to press down on the test subject at 1.5 mm/s. However, 

tests conducted on a prosthetic foot are typically done at a Newtons-per-second rate, and at the time of 

testing, such a program was not available for use. 

The data collected from the MTS machine required clean-up and analysis before it could be reliably 

compared to calculations. This process involved identifying and removing abnormalities such as sudden 

drops or spikes in the data, which are common during experimental testing, particularly when using 

sensors as the MTS machine does. Sudden drops in force readings may result from the shifting or settling 

of carbon strands within the test model. These shifts could temporarily affect the force measurement, 

causing the machine to register a lower force at a single point before continuing with accurate force 

readings. Since the MTS machine moved at millimetres per second, such faulty force measurements 

resulted in errors in the displacement data. To ensure accurate analysis and comparison, these data points 

had to be carefully identified and filtered. 

Some deviation was expected to occur between experimental runs and between the experimental and 

calculated results. The data comparisons were done at every 1 mm of deflection. The data for all the 

experimental runs can be found in Appendix C. 

5.5. Chapter Summary 

This chapter described the experimental setup and method used to gather the experimental data for the 

next chapter.  

An MTS machine was used to gather the experimental data. The prosthetic foot was placed in a jig in 

the MTS machine, and the jig allowed the foot to be pressed at the required angles and the attachment 

of the gas springs. 

The data from the MTS machine was processed before it could be compared to the calculated values. 

This comparison is presented in the following chapter. 

The full methodology can be found in Appendix E along with a list of the equipment used.  
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Chapter 6 : Results 

6.1. Chapter Overview 

In this chapter, the results from the experimental procedure are presented and compared to the calculated 

results. Firstly, the dimensions of the prosthetic blades were verified to confirm if the manufactured 

blades meet the original specifications. After this verification, any dimensional discrepancies between 

the designed foot and the manufactured foot were accounted for in the calculations. 

The newly calculated values were then verified against FEA to determine whether the calculations done 

with the adjusted dimensions are correct. Verification in this context confirmed the alignment of the 

calculation method and the finite element analysis. 

The results of the experimental runs were verified against each other to confirm the repeatability of the 

experiments. Once the results were verified, the calculation results could be validated against the 

experimental results. This validation step confirmed if the prosthetic foot performed as expected. 

This verification and validation process, as illustrated in Figure 68, was done for the heel blade, the 

forefoot, and three gas spring force configurations on the forefoot. The results between the different gas 

spring load cases were compared to determine if the addition of gas springs did affect the prosthetic foot 

stiffness.  

 

Figure 68: Flow of the study's validation and verification 
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6.2. Validation of Calculations 

The prosthetic foot was fabricated according to the layup structures specified in the detailed drawings 

in Appendix B. However, the process did not achieve the exact thickness specified in the design. 

Specifically, the combined thickness of the two forefoot blades, ℎ2 in Figure 41, increased from 7.4 mm 

to 8.5 mm, approximately 14.9%. Similarly, the heel blade thickness, ℎ3, increased from 5.6 mm to 6.7 

mm, representing a 19.6% increase. 

This is likely due to an excess amount of resin retained in the parts during the manufacturing process. 

The measured thickness values were updated in the FEA model and the calculations. The corresponding 

displacement results were gathered as explained in Chapter 4 and are presented in Table 14. 

As shown in Table 14, the FEA and calculation values for the forefoot blade were within 2% 

(approximately 0.2 mm) of each other. This correlation was considered satisfactory, allowing the 

calculations to be used as a baseline for verifying whether the experimental results align with 

expectations. A similar comparison for the heel blade, shown in Table 14, indicated that the FEA and 

calculated values were within 3% of each other, which was also acceptable. 

Table 14: Comparison of displacement results of FEA and calculations for forefoot and heel Blade 

F
o
re

fo
o
t Calculation Displacement 15.35 [mm] 

FEA Displacement 15.18 [mm] 

Difference  0.17 [mm] 

Difference 1.13 [%] 

H
ee

l 

Calculation Displacement 7.74 [mm] 

FEA Displacement 7.56 [mm] 

Difference  0.18 [mm] 

Difference 2.33 [%] 

Despite the strong agreement between the FEA and calculations, there was a noticeable difference in 

deflection values between the designed specifications and predictions from the calculations, as can be 

seen in Figure 69. The results of the adjusted calculations were stiffer than those of the intended 

calculations for the target design specifications due to the additional thickness.  

The increased stiffness led to an increase in force to achieve the intended displacement. This increased 

stiffness would likely not be ideal for user experience, as the studies from Chapter 2 found that feet 

which were too stiff led to discomfort. and a noticeable limp when walking. 

Since this study did not require human participation and the primary objective was the design of a 

variable stiffness prosthetic foot, the slightly thicker foot was still used for testing to prove that the 

method of characterisation and adjustment of the stiffness was a valid approach. The verified 

calculations, listed in Table 14, provided a reliable basis for evaluating the experimental data. 
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Figure 69: Comparison between intended deflection and deflection of adjusted calculations 

Three gas springs were acquired from a commercial source for the experiment, based on the suggested 

values from Chapter 4. The closest available alternatives were obtained, with their values recorded in 

Table 15. Since the gas springs were mounted onto the jig, the angle 𝜀 was adjusted to 46°. This angle 

increased the affected component of the gas spring’s force, making its effects apparent. All these 

modifications were incorporated into the calculations, and the results were verified through FEA. The 

verification results are provided in Appendix 0. 

Table 15: Obtained gas spring forces 

GSF of a single gas spring [N] Total GSF for two gas springs 

[N] 

150 300 

350 700 

500 1000 

Next, the verification and consistency check of the experimental data is described, followed by the 

validation process of the design calculations. 
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6.3. Basic Prosthetic Foot Results  

6.3.1. Validation and Verification of Forefoot Results: 0 N GSF  

The repeatability of the forefoot measurements without any applied gas spring force (GSF) to it is 

examined first, with the test results presented in Figure 70. The results of the different runs were highly 

comparable, confirming the repeatability of the experiment.  

Slight deviations between the runs were expected. The largest observed standard deviation, 8.51 N, 

occurred around 9 mm, which can be seen in Figure 70. The largest deviation of a run from the average 

plotted data was from Run 2, where the force deviation was about 15.03 N at a displacement of 11.7 

mm. 

These deviations observed between runs were minimal and acceptable within the scope of the results 

and confirmed the repeatability of the experimental method. A table presenting the deviation of each 

run from the experimental average can be found in Appendix C.1. 

 

Figure 70: Displacement vs applied load of the forefoot experiment without gas springs 
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Subsequently, the numerical modelling approach and calculations were validated through comparison 

with the experimental results. Figure 71 presents a plot of the calculation results, including a 10% 

deviation reference margin above and below the calculated data. The averaged values of the recorded 

force data are also included in this plot. 

The average data points followed the trendline established by the calculation results, with the largest 

deviations from calculations occurring around displacements of 13 mm and 14 mm, with deviations of 

about 16 N, as can be seen in the table found in Appendix C.1. Overall, the comparison between the 

calculations and the experimental results of the forefoot without gas springs demonstrated a strong 

correlation, confirming the validity of the design methodology against real-world performance. 

  

Figure 71: Comparison of calculations and experimental results of the forefoot without gas springs 
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6.3.2. Validation and Verification of Forefoot Results: 300 N GSF 

When gas springs were attached to the foot, the force exerted by the gas springs must first be overcome 

before the foot could start to deflect. With the two 150 N gas springs attached to the forefoot, adding to 

the 300 N GSF, approximately 200 N of force was required to initiate deflection, as can be seen in 

Figure 72. Run 3 deviated more from the other two, presenting a slightly stiffer response than Runs 1 

and 2.  

When analysing the displacement data in millimetre intervals, the largest standard deviation was 13.6 

N at a displacement of 13 mm. Run 3 deviated most from the average data at 12.9 mm with a deviation 

of 18.96 N. These deviations are, however, minimal when considering the recorded load, thus 

confirming the repeatability of the experimental approach (for a table of detailed measurements, see 

Appendix C.2). 

A comparison of the calculation results with the experimental data is shown in Figure 73. Noticeable 

deviations occurred as the applied load increased. The largest deviation of 79.45 N (9.15%) can be seen 

at 13 mm.  

From the plot in Figure 73 it seems that the experimental results are less stiff than the calculations 

predicted. Since the results of the prosthetic foot without gas springs did not indicate a significant 

difference between the results of the calculations and the experiment, it can be deduced that the source 

of deviations does not appear to be related to the blades of the foot. Rather, it seems plausible that some 

aspects related to the addition of the gas springs to the foot may contribute to the differences. 

The gas springs were attached to ball joints on steel brackets on the foot, which in turn were in contact 

with the MTS press. This steel-on-steel contact possibly caused slipping due to the friction between the 

two steel parts, which caused deviations in the measured data; it is also plausible that the gas springs 

were not exerting exactly the theoretical force as expected, meaning the gas springs were filled to within 

an unknown tolerance of the specified pressure by the commercial suppliers. 



 
 

95 
 

  

Figure 72: Displacement results of the forefoot experiment of the 300 N GSF load case 

  

Figure 73: Comparison of calculations and experimental results of the 300 N GSF load case  
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6.3.3. Validation and Verification of Forefoot Results: 700 N GSF 

When the two 350 N gas springs, adding up to a GSF of 700 N, were attached to the foot, a force of 

approximately 450 N was required to initiate deflection. The results of these experiments are shown in 

Figure 74. Despite the deviations between experimental runs, the data followed a noticeable linear trend.  

The larger standard deviations of around 8 N occurred at displacements of 1 mm, 3 mm, and 4 mm. Run 

2 had the furthest deviation from the average data, with 17.9 N at 1.35 mm. The maximum deviations 

between each millimetre point of the three runs are recorded in a table in Appendix C.3. This was a 

small deviation (3.3%) when considering the recorded applied load of 530 N. The experimental runs 

with the applied 700 N GSF were considered repeatable due to the highly comparable results of the 

three runs. 

Unlike the results comparison between the calculations and the 300 N GSF experiment, the comparison 

of the 700 GSF case presented the experimental average results stiffer than what the calculations 

predicted. The largest deviation from the calculations, 64.5 N, was found at 6 mm. Not only was this 

deviation smaller than the largest deviation from the 300 N GSF experiment, but it was also closer 

compared to the experimental average, deviating only 8.5% from the predicted value. 

Although the experimental data shows some variability, the comparison with the calculated results still 

demonstrated acceptable alignment. This indicates that the experimental data provides sufficient 

validation of the calculations for the 700 N GSF load case on the prosthetic foot. 
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Figure 74: Displacement results of the forefoot of the 700 N GSF load case 

  

Figure 75: Comparison of calculations and experimental results of the 700 N GSF load case 
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6.3.4. Validation and Verification of Forefoot Results: 1000 N GSF 

To displace the foot with an applied GSF of 1000 N (two 500 N gas springs), a force of approximately 

650 N had to be exceeded. The results of the experiments, illustrated in Figure 76, showed a correlation 

between the experimental runs; however, the correlation deviated more between runs than that of 

previous experiments with gas springs applied. 

The larger deviations were seen at the start of the experimental runs, following a linear trendline as the 

experiment continued. The largest standard deviation out of all the experiments, 17.72 N, was present 

at 2 mm. The largest run-average deviation came from Run 2 at 1.65 mm with a deviation of 24.35 N. 

A table of displacement values at every millimetre displacement interval can be found in Appendix C.4. 

Additional differences were evident in the final values of the three runs. 

• Run 1 was stopped before reaching 1000 N, likely due to the MTS machine’s starting position 

being set higher than intended. 

• Run 3 exhibits a sudden incline just after 1000 N, likely caused by the metal brackets slipping 

on the testing machine’s metal press. 

• Run 2 continues linearly beyond 1000 N without the irregularities seen in Runs 1 and 3. 

Although the limited number of tests beyond this point restricts statistical confidence, Run 2 

was considered as the representation of the experiment’s results due to its alignment with the 

expected behaviour. 

The experimental data was compared to the calculations in Figure 77. The results indicated that the 

experiment results and the calculations were comparable, with the largest deviation of 79.37 N at the 6 

mm mark. This was no surprise, as Run 1 did not exceed the 6 mm line, and Run 3 inclined just before 

the 6 mm mark. This caused the average calculated at the point to be higher. When excluding the 6 mm 

data, all the remaining data points were very close to the calculation line, the largest deviation being 

17.5 N (5.22%) at 3 mm. 

Overall, the experimental data provided a reasonable validation of the calculated response for the 1000 

N GSF load case. Despite the deviations, the data followed a trend that matched that predicted by the 

calculations, with deviations less than 5.5% across the displacement range. 
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Figure 76: Displacement results of the forefoot of the 1000 N GSF load case 

    

Figure 77: Comparison of calculations and experimental results of the 1000 N GSF load case 
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6.3.5. Validation and Verification of Heel Results 

The results of the experiments conducted on the heel blade, illustrated in Figure 78, showed a clear 

correspondence among the three runs, with the data closely following a linear trend. However, a 

deviation could be seen in runs 2 and 3 between 400N and 500N. This did, however, self-correct further 

along the graph. 

Appendix C.5 includes a table summarising the displacements at every millimetre interval and the 

standard deviation between the three runs. Both Runs 2 and 3 had their maximum deviations from the 

experimental average at 3.9 mm displacement. Run 2 had a deviation of 17.42 N, and Run 3, the largest 

deviation between the three runs, had a deviation of 20.68 N. These deviations were small when the 

applied load at that instance was considered and thus complemented the experiment’s repeatability. 

The comparison results in Figure 79, between the calculations and the experiment, reveal that the heel 

blade was stiffer than the calculations predicted. This was likely due to the blade not being sanded as 

intended or errors in the ply layup angles during the manufacturing process. 

It was difficult to sand the heel blade exactly to the size and dimensions as the design intended due to 

its shape. Its curves created the risk of oversanding or unintentionally creating grooves in the part, 

leading to insufficient sanding of the blade. Insufficient sanding led to increased stiffness due to the 

extra material. An excess of sanding would have led to a less stiff foot and possibly weak spots. 

The heelblade also had multiple plies that had to be laid up at 45°. Errors in cutting the fabric to the 

exact angle or the plies moving while the blades were manufactured could also likely result in the blade 

being stiffer than predicted.  

Overall, the calculations for the heelblade were validated by the experiment results, as the results 

demonstrated a strong correlation between the calculations and experimental data. Although a stronger 

correlation between the experimental results and the 10% deviation reference margin was seen, 

indicating that the heel is stiffer than the calculation model. 
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Figure 78: Experimental results for heel blade: load  vs. displacement. 

  

Figure 79: Comparison of experimental results with calculations for the heel blade   
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6.4. Discussion 

When considering all the averages of the measured values alongside the calculations, as illustrated in 

Figure 80, the variation in stiffness between various configurations became evident. The addition of a 

stronger gas spring increased the force required to initiate deflection, while the gradient of the force-

displacement curve remained similar to the original foot configuration (without the gas springs). 

The plot in Figure 80 validates the design choice that the addition of gas springs does adjust the stiffness 

of the prosthetic foot. It is, however, clear that the deviations increased with the addition of gas springs. 

The deviations were, however, not excessively large. The largest deviation came from the 300 N GSF 

experiment, with a deviation of 79.45 N (9.15%). 

The possible range of the stiffness adjustment suggests that the prosthetic foot design would be suitable 

to implement adjustability for varying activity levels or body weights. Meaning that a basic, blade-only 

foot designed for a specific weight could be strengthened by adding gas springs so that the foot can 

support the additional loads. Further research would help clarify whether this adjustment is sufficient 

for the intended activities and dynamic movement.  

 

Figure 80: Comparison of all experiment averages and calculations  
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Table 16: Applied forces comparisons at a displacement of 6 mm 

GSF [N] 

Calculated Applied 

Load at 6 mm 

displacment[N] 

Experimental 

Load at 6 mm 

Displacement 

[N] 

Deviation 

(N) 
Deviation (%) 

 

0 314.21 302.96 11.25 3.58  

300 504.22 503.24 0.98 0.19  

700 757.54 822.08 64.54 8.52  

1000 947.54 1026.91 79.37 8.38  

Table 16 presents the force results at a 6 mm displacement for the forefoot, both with and without gas 

springs. The prosthetic foot, originally designed without springs for an 800 N applied load, required 

approximately 300 N to achieve a 6 mm displacement during experimental testing. With the gas springs, 

the force required for the same displacement increased. 

Considering the 300 N GSF, closest to the gas spring values from the Chapter 4 calculations, it is clear 

that the gas spring adjusted the foot within the predicted calculation range. The same can be said for the 

700 N and 1000 N gas spring cases, although the error percentage was larger in these cases. 

Even though the results from the experiments served as validation that the prosthetic foot performed as 

the calculations predicted, there were still deviations from the expected results. Possible causes of these 

deviations could be dimensional inaccuracies; manufacturing errors, equipment issues, or discrepancies 

during the testing process. 

As mentioned, a possible cause for the deviations was due to dimensional inaccuracies. Both the 

manufactured heel blade and the forefoot blade were thicker than the design intended. The calculations 

were, however, adjusted to account for this change in thickness for both the heel and forefoot. The 

second problem was sanding the blades to the intended position. 

Figure 81 illustrates where the heel blade and the forefoot blade should be sanded. Sanding to the exact 

dimensions of the design posed a problem during the manufacturing process, especially on the heel 

blade. The curve in the heel blade’s shape made it more difficult to sand compared to the forefoot that 

had to be sanded to a flat edge.  

An insufficient level of sanding of the heel blade was the most probable cause leading to the 

experimental results being stiffer than the calculations, as it can be seen in Figure 79.  
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Figure 81: Illustration of the sanding on the forefoot (above) and heel blade (below) 

Dimensional inaccuracies were less likely to be the main cause of deviation in the forefoot tests due to 

its simpler geometry, which allowed for more controlled sanding. The experimental results closely 

correlated with the calculations, and the slight acceptable deviations were likely caused by minor 

discrepancies in ply layup angles during manufacturing. Future studies should incorporate a formal 

uncertainty analysis to quantify the influence of manufacturing variability on the experimental results. 

In most cases, the largest deviation occurred at higher applied loads when the gas springs were attached. 

This contrasts with results from the experiment without gas springs, which displayed a highly linear 

trend and closely aligned with the calculations. This suggested a correlation between the observed 

deviations and the attachment of the gas springs. The large deflections could have influenced the angle 

of the gas struts during loading, affecting the applied force direction and magnitude. This factor was not 

considered in the current model and should be investigated in future analyses. 

The percentage error of the largest deviations of each experiment can be seen in Table 17. When the 

gas springs were attached, the maximum deviation increased. Without the gas springs, a maximum 

deviation of 16 N (2.4%) was observed between the calculated applied load and the experimental applied 

load. With gas springs attached, a deviation of approximately 80 N was observed between the calculated 

and experimental loads for both the 300 N GSF load case, which saw a 9.2% error, and the 1000 N GSF 

load cases, which saw an 8.4 % error. 
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Table 17: Experiment deviations from calculations 

GSF Case 
Calculated Applied 

Load [N] 

Experiment 

Load [N] 

Deviation 

(N) 
Deviation (%) 

No Gas Spring 678.22 662.20 16.02 2.36 

300 N 868.24 788.79 79.45 9.15 

700 N 757.54 822.08 64.54 8.52 

1000 N 947.54 1026.91 79.37 8.38 

This issue could potentially be mitigated by configuring the MTS machine to operate based on force per 

second rather than displacement per second. A force-controlled approach is typically used for the ISO 

testing for prosthetics. This approach was, however, not used for this study, as the program did not exist 

on the MTS at the time of the study. A force-controlled approach could allow for more precise 

determination of the initial loading conditions for each experimental run and could yield more consistent 

and representative graphs. 

Another possible cause for the increase in deviation when the gas springs were attached was slipping 

between the foot and the press area. At this contact point, the steel press and the steel brackets are in 

contact, and the gas springs add an additional force, increasing the friction between the press and the 

foot. 

To mitigate the slippage, two different materials with a lower friction coefficient could be used. This 

would reduce the slipping due to the friction between the two parts. Using different materials would 

then prove whether the deviations were truly caused by the slipping between the two parts or if 

something else was at fault for the deviations. The addtion of gas springs may have increased the friction 

between these surfaces, causing deviations. 
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6.5. Chapter Summary 

In this chapter the experimental and calculated displacement values for each experiment case were 

compared.  

Firstly, the dimensions of the manufactured blades were verified against the target dimensions. It was 

found that the manufactured blades were thicker than intended. This had a noticeable effect on the 

stiffness of the foot. The adjusted dimensions were used to calculate new displacement results, and the 

calculations were verified against the results of an FEA model. The thicker manufactured blades were 

subsequently used during the experiments. 

The results of different experimental runs under the same load cases were verified against each other to 

ensure that the data captured was repeatable between different experiment runs. Overall, the 

experimental results were highly comparable with the calculations, validating that the prosthetic foot 

performed as the calculations intended. 

The heel blade experiment was found to be stiffer than the calculations predicted. This was concluded 

to be likely due to how the heel blade was sanded after manufacturing. 

The comparison of all the gas spring experiments validated that the stiffness of the foot was adjustable. 

It was clear from the graphed results that the foot stiffness changed, as with each gas spring addition, a 

higher initial force had to be overcome in order for the foot to experience displacement. 

The results gathered from the experiments were satisfactory when compared to the calculations, and the 

results proved that the stiffness of the prosthetic foot can ultimately be adjusted. 
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Chapter 7 : Conclusion and Future Work 

7.1. Chapter Overview 

This chapter concludes the study by revisiting its motivation, the design concept evaluation, and the 

manufacturing of the prosthetic foot. It reviews the experimental results to consider whether the study 

presents a valid solution for an adjustable prosthetic foot. 

Finally, the chapter proposes several future research and design options that would improve upon the 

work done in this study. 

7.2. Conclusion 

The motivation for this study stemmed from how expensive prosthetic setups are and how few people 

are able to afford them in low-income countries like South Africa. The prosthetic foot was identified as 

the most commonly used component, as most lower limb prosthetic setups require them. Additionally, 

it was found that people who would wish to participate in various activities would require more than 

one prosthetic foot. 

The literature review provided answers to four of the objectives stated in Chapter 1.  

• Investigation of how the human foot moves and how a prosthetic foot is related during the same 

movement. 

o The gait cycle was investigated, and its different stages were explained. It was found 

that during the gait cycle the foot can experience 1.2 times the user’s body weight, with 

peak forces occurring at heel impact and toe push-off. 

• Determining how current prosthetic feet function, what types of feet exist, and when they would 

be used.  

o Various types of prosthetic feet were examined, leading to the selection of a dynamic 

response foot as the basis for this study. These feet provide more movement and energy 

return, making them ideal. Analysis of dynamic response foot movement showed that 

heel and forefoot displacements propel the user through the gait cycle. 

• Review on the effect the stiffness of a prosthetic foot has on the gait of the user. 

o Stiffness was found to be crucial in the users’ gait cycle. If a foot was experienced as 

too stiff or flexible, a noticeable limp was observed and discomfort was experienced. 
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• Determining what materials are typically used for prosthetic feet and if cheaper substitutes 

could be used. 

o It was found that carbon fibre, fibreglass, and Kevlar were commonly used materials 

for prosthetic feet due to their desirable characteristics of strength and light weight. 

Carbon fibre was selected as the material for the blades of the prosthetic foot for this 

study.  

Following the literature review, three concepts were presented, each offering a different method for 

adjusting stiffness. This led to a concept evaluation, completing another objective from Chapter 1: 

• Evaluation of multiple design options and selection of the most suitable option, considering 

performance, manufacturability, and cost. 

o The selected concept integrated gas springs into the prosthetic foot, allowing users to 

swap gas springs of different strengths based on comfort, activity level, or body weight. 

The chosen concept was refined through calculations, using the stiffness of a commercial foot and 

maintaining constant dimensions as a reference. A target displacement of 23.0 mm and 14.9 mm for the 

forefoot and heel was set in the Designer program. The Designer produced target dimensions for the 

foot. For practicality, these dimensions were rounded, resulting in final displacements which led to a 

change of 24.7 mm and 13.3 mm in the displacements of the forefoot and heel, respectively. 

A CAD model based on these dimensions was developed, and finite element analysis (FEA) performed 

on the model verified the Designer’s dimensions, confirming that the calculation methodology was 

sound. A layup model was then designed for manufacturing, completing another study objective: 

• Verify the prototype through comparison to the design specification and the values of 

commercial prosthetic feet. 

o The stiffness of a commercial prosthetic foot was used as a reference. Calculations were 

verified through FEA models, ensuring consistency with the intended design. 

The design of the composite blades and the manufacturing thereof was an objective of this study. 

• Design and manufacture of a prototype adjustable dynamic response foot. 

o The composite blades consisted of unidirectional and bidirectional carbon fibre layers. 

The FEA for the composite model aligned closely with the Designer calculations. 
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The manufacturing model deviated from the initial design in blade thickness, with the combined 

thickness of the two forefoot blades and the heel blade being approximately 1mm thicker. The 

calculations and the FEA models were adjusted to fit the dimensions of the manufactured foot. The 

calculations were once again verified through FEA and showed a strong correlation, with deviations 

within 3%. Although these differences affected stiffness, the primary objective—demonstrating the 

feasibility of stiffness adjustment using gas springs—remained unchanged. 

• Validate the prototype by comparing the calculated data to the experimental data. 

o Experiments were conducted on the manufactured prosthetic foot, measuring the 

displacement of the heel, the forefoot without any gas springs, and the forefoot with the 

300 N GSF, 700 N GSF, and 1000 N GSF. The results aligned with calculated data, 

confirming that the addition of gas springs effectively increased the stiffness of the 

prosthetic foot. 

The experiments without the gas springs applied showed a highly linear correlation, with the largest 

deviations from the calculations from the forefoot being 2.4% at 16 N and 14.6% at 45.56 N for the 

heel. However, when gas springs were applied, there was an increase in deviations, typically falling 

within a range of 3% to 8.5% of the calculated results. 

The addition of a gas spring increased the force required to initiate deflection. With a 300 N GSF, a 

force of 200 N initiated deflection; a 700 N GSF required 450 N, and the 1000 N GSF required 650 N. 

This verified that the stiffness of the prosthetic foot could be adjusted. Overall, most experiments 

aligned closely with the predicted linear behaviour from the calculations. 

The deviations observed during testing were likely due to slipping or excessive friction between the 

steel bracket and the machine’s steel press. Manufacturing challenges, especially inconsistencies in 

sanding the components, impacted the blade thickness and consequently their stiffness. 

Multiple design options were evaluated based on their complexity and manufacturing cost, with the 

chosen design incorporating three composite blades and gas springs to adjust the foot stiffness. Detailed 

design and calculations were completed and verified through finite element analysis for a standard adult 

weight of 80 kg (800 N) with a specified deflection of 23.6 mm of the forefoot and 13.6 mm of the heel. 

The study demonstrates the potential of an affordable variable stiffness prosthetic foot. When comparing 

the estimated costs of the foot with the values presented in Gazette 2023 [37], it appears that the 

prosthetic foot presented in this study could be a more cost-effective option for South Africans. While 

a detailed cost analysis remains necessary; preliminary calculations estimate that the design may be 

approximately R4 000 less than the most affordable compensation amount of R21 032 in the Gazette 

2023 [37]. 
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However, a prosthetic foot equipped with gas springs may not be ideal for all activities. As indicated in 

the experimental results (see the plot in Figure 80), the variability in stiffness primarily influences the 

force required to initiate displacement. This suggested that the design could be better suited to adjust 

the foot to different body weights rather than activities. Future refinements and additional testing will 

be necessary to fully assess its practical applications and limitations. 

7.3. Future Work 

Improved gas spring attachment and materials 

• For this study, steel brackets were used to test the feasibility of the concept. However, steel 

brackets are heavy, and during testing, the steel-on-steel contact between the brackets and the 

machine steel press caused excessive friction. This friction would not be present when the 

prosthetic foot is worn, as it would fit into a foot shell and likely in a shoe. However, the steel 

could still be abrasive within the footshell. 

• A lighter, softer material such as nylon, which is both strong and less damaging to the foot shell, 

would be more beneficial. Composite materials could also be considered, though careful 

attention to the orientation of the layer would be required to support the reaction forces from 

the ball joint fitting in the bracket. 

• For this study carbon fibre was used for the blades. Further investigation can be done on the 

ideal composite material for a foot in terms of weight and cost. 

• This study did not characterise the behavior of the gas springs independently. Future work 

should test the springs on their own to better understand their force-displacement characteristic. 

These results could then be incorporated in the calculation model to improve the accuracy of 

the predicted displacement. 

Improved manufacturing processes  

• To improve the accuracy between manufactured models and calculated models, a better 

finishing processes for the blades should be developed. A jig could be designed to hold the 

prefinished parts, aiding in consistent sanding of the blades. 

• Alternatively, an additional layer could be applied over the staggered blade layers to reinforce 

the areas where the layers end, eliminating the need for sanding. 
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Improved design process 

• Designing the foot for a baseline user weight of 60 kg, rather than the 80 kg used in this study, 

might also be beneficial. The gas springs could be used to adjust the foot for higher weights, 

offering a wider range of adjustability. 

• The Designer could also include an input for the standard foot sizes. This would allow the 

Designer to calculate the appropriate dimensions for the different foot sizes. 

• A classical laminate theory approach can be used to calculate instead of the rule of mixtures. 

• The change in angle of the gas springs should be brought into consideration along with the 

effect this would have on the applied gas spring force. 

User studies and customisation of stiffness: 

• A user study could be conducted in which participants test the prosthetic foot with different 

configurations of gas springs in various obstacles and activities. Ideally, participants would vary 

in weight to assess the practicality of adjusting one foot to suit different weights using gas 

springs. 

• This study would not only determine whether changes in stiffness enhance comfort during 

specific activities but also verify whether gas springs effectively adjust a standard prosthetic 

foot to accommodate individual weights. 

• Since gas springs can be adjusted to specific forces, a future study could explore their 

customisation based on individual users. Adjusting the force of the gas spring to complement 

the user’s gait could improve walking dynamics and comfort. A gait analysis could be 

performed to evaluate the impact of these adjustments. 

Integration of compression springs and split toe forefoot design: 

• Compression springs could be integrated into the design, combined with threading on the gas 

spring body and a screw to allow fine-tuning for specific activities. The gas springs would then 

adjust the foot to the user’s weight, while the compression springs would handle activity-

specific requirements. 

• A potential design enhancement is the inclusion of a split toe forefoot. This would enable better 

eversion and inversion of the foot, which would potentially improve comfort and performance. 

• A study could investigate this feature with the addition of gas springs on each side of the foot. 

By attaching different-sized gas springs to either side of the foot, the inversion and eversion of 

the foot could be adjusted. Participant feedback would determine the effectiveness and comfort 

of this feature in daily activities. 
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Heel gas spring and repositioning of gas springs: 

• Adding a gas spring to the heel could increase the adjustability and suspension of the prosthetic 

foot during heel strikes, further aiding in the adjustability to certain activities or weights.  

• The gas springs should be repositioned to fit within a foot shell and a shoe. Lowering the gas 

springs on the pyramid fitting side would cause higher force requirements to reduce the 

displacement. This is, however, a crucial change that needs to be made if the foot is to be 

market-ready. 

Implementing the improvements mentioned, such as specifically adjusted gas spring forces, a split toe 

design, and a gas spring on the heel of the foot, significantly reinforces the ideas brought forward during 

this study. By adding more movement through the split toe and adjustability through the heel gas spring 

and specific gas spring forces, the user would have a foot that the user can adjust according to their 

comfort. A foot that, in essence, is unique to each person. 
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Appendix A : Calculation Verifications 

A.1. Verification of Calculation Method. 

To verify the calculation method explained in Chapter 4, the vertical displacement results from 3 

different input variable sets were compared to those from FEA in NX. Two NX models were used to 

verify the calculations.  

Finite element analysis (FEA) was performed on models matching the dimensions used in Table A - 1 

using Siemens NX with Nastran as the finite element solver. The implementation of the values on the 

models can be seen in Figure A - 1. The purpose of the FEA was to verify the displacements obtained 

from the calculation method.  

The material used in the FEA was Aluminium 2014 , as defined by the NX material library. The 

Young’s modulus was, however, adjusted according to the values in Table A - 1, since it was the only 

material property influencing the displacement in the calculations. 

 A Ctetra(10) mesh (10-node tetrahedral elements) was used. The automatically suggested element size 

was 10.4mm refined to 5mm to improve the accuracy without excessive computational cost. 

Fixed supports were applied as described in the calculation method: 

• The top edges of the forefoot blades, as seen in Figure A - 2. The two forefoot blades were 

bonded together by a glue constraint. 

• The face of the heel blade that would be glued to the forefoot blade, as seen in Figure A - 3. 

The loads were applied to the opposite free edge of the forefoot and heel blades, consistent with the 

calculation method, as seen in Figure A - 2 and Figure A - 3. The loads were resolved into their 

respective horizontal (𝐹𝑥1 ) and vertical (𝐹𝑦1) componets, as explained with equations 18 and 19 

respectively. NX supports parametric inputs, allowing the use of trigonometric expressions like sin() 

and cos() directly in the load definitions, which simplified variation and control of applied loads. 

The FEA results of the value set run for both the forefoot and heel can be seen in Figure A - 4. The 

results of all the value sets are recorded in Table A - 2. 
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Figure A - 1: Implementation of dimensions in CAD model 

The dimensions from the value sets from Table A - 1 are implemented to the CAD model. This figure illustrates how value set 

1 was implemented on the forefoot (above) and heel (below).  

 

 

Figure A - 2: FEA setup of forefoot blade for calculation method verification 

The FEA of a model with value set 1 from Table A - 1. The blue hatching represents the fixed support on the top of the 

forefoot blade segment. The yellow arrows on the body represent the glue bonding of the two parts. The red arrows at the 

free edge of the blade, represent the force components 𝐹𝑥1 and 𝐹𝑦1. 
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Figure A - 3: FEA setup of heelblade for calculation method verification 

The FEA of a model with value set 1 from Table A - 1. The blue hatching represents the fixed support on the top of the 

forefoot blade segment. The yellow arrows on the body represent the glue bonding of the two parts. The red arrows at the 

free edge of the blade represent the force components 𝐹𝑥1 and 𝐹𝑦1. 

 

Figure A - 4: FEA results of forefoot and heel using value set 1 

The figure presents the results from the FEA for value set 1. The results of all the FEA for the value sets presented in Table 

A - 1 can be found in Table A - 2. 
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Table A - 1 summarises the three sets of input variables. The calculations and finite element analysis 

used these variables to return a displacement result for both the forefoot and the heel. The results for 

the forefoot and heel calculations and FEA are found in Table A - 2. 

Table A - 1:  Input variables to test calculation method 

Variable 

symbol 

Value 
Unit 

Set 1 Set 2 Set 3 

F 800 500 1200 [N] 

b 45 50 30 [mm] 

α 105 110 100 [°] 

ζ 20 20 20 [°] 

𝜆 20 20 18 [°] 

β 160 160 165 [°] 

L1 40 40 50 [mm] 

L2 180 180 160 [mm] 

L3 110 90 80 [mm] 

L4 70 90 80 [mm] 

L5 30 20 20 [mm] 

L6 50 50 45 [mm] 

L7 50 30 20 [mm] 

h1 5 6 4 [mm] 

h2 8 8 10 [mm] 

h3 6 3 5 [mm] 

E1 75 80 60 [GPa] 

E2 75 80 80 [GPa] 

E3 25 50 30 [GPa] 

Table A - 2: Results of calculation and FEA for method validation 

  Set 1 Set 2 Set 3 

F
o
re

fo
o
t Calculation (mm) 16.22 7.73 33.03 

FEA (mm) 16.05 7.60 33.80 

Difference (mm) 0.17 0.13 0.77 

Difference (%) 1.07 1.74 2.27 

H
ee

l 

Calculation (mm) 10.94 13.16 10.29 

FEA (mm) 11.05 12.59 9.66 

Difference (mm) 0.11 0.57 0.63 

Difference (%) 0.97 4.50 6.53 

As can be seen in Table A - 2, the results between the calculations and the FEA are highly comparable. 

The results for the forefoot calculations were found to deviate roughly 2% from the FEA results. The 

highest percentage deviation is 2.27% at a 0.77 mm difference between the displacement values.  

The results between the calculations and FEA of the heel are also comparable; the percentage error, 

however, was found to be higher when compared to the forefoot results. The highest percentage 

deviation, 6.53%, was from the heel comparison of Set 3. The difference in millimetres was only 0.63 

mm, this was considered acceptable. 
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A.2. Verification of Prosthetic Foot Designer  

Forefoot 

Figure A - 5 hows the prosthetic foot as base for the calculations described in Chapter 4. Figure A - 6 

illustrates how the different sections were affected by the applied force.  

 

Figure A - 5: The forefoot segments and points 
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Figure A - 6: The force distribution of prosthetic forefoot 

Constants and Assumptions 

The input variables for the calculation, delivered by the Designer, are captured in Table A - 3. The 

symbols of the variables correspond to those illustrated in Figure A - 5 and Figure A - 6.  

𝐸2 is the Young’s modulus for the second blade that fits beneath the primary blade, which ends at point 

C. Due to this, an equivalent of Young’s modulus was calculated to ease the calculations. Heights, ℎ1 

and ℎ2, are the minimum blade thickness and maximum of the two blades together respectively, and 𝑏 

is the thickness of the two blades. 

Table A - 3: Input variables 

F 800 [N] 

b 45 [mm] 

α 104 [°] 

ζ 20 [°] 

L1 44 [mm] 

L2 175 [mm] 

L3 105 [mm] 

L4 70 [mm] 

h1 4.3 [mm] 

h2 7.4 [mm] 

E1 63.7 [MPa] 

E2 63.7 [MPa] 
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Initial Calculations 

Some calculations were done before the superposition calculations could be completed. 

The angle, φ, was used in the calculations to simplify them. This was determined as follows: 

𝜑 =  𝛼 − 90 

𝜑 =  104 − 90 

𝜑 =  14 [ ° ] 

The force perpendicular to the segment BC is given by the following equation. The force was used to 

calculate the amount of displacement the blade would face as well as the moments found during the 

superposition calculations. 

𝐹𝑥1 =  −𝐹 ∗ sin(𝜁) 

𝐹𝑥1 =  −800 ∗ sin(20) 

𝐹𝑥1 =  −273.62 [𝑁] 

 

𝐹𝑦2 =  𝐹 × cos(𝜁 + 𝜑) 

𝐹𝑦2 = 800 × cos (20 + 14) 

𝐹𝑦2 =   663.23 [𝑁] 

Using the rule of mixtures as explained in Chapter 4, an equivalent stiffness was found. In this case the 

equivalent stiffness was equal to 𝐸2, since 𝐸1 and 𝐸2 were equal. However, the calculation for 𝐸2𝑒𝑞, is 

still illustrated below for thoroughness. 

𝐸 = ∑ 𝑉𝑖 𝐸𝑖

𝑛

𝑖=1
  

𝑣𝑡 = ℎ2𝑏 

𝑣𝑡 = 7.4 × 45 

𝑣𝑡 = 334.35 

 

𝑉1 =
ℎ1𝑏

𝑣𝑡
 

𝑉1 =
4.3 × 45

334.35
 

𝑉1 = 0.57 

  



 
 

A-8 
 

𝑉2 =
(ℎ2 − ℎ1) × 𝑏

𝑣𝑡
 

𝑉2 =
(7.4 − 4.3) × 45

334.35
 

𝑉2 = 0.43 

 

𝐸2𝑒𝑞 = 𝐸1𝑉1 + 𝐸2𝑉2 

𝐸2𝑒𝑞 = (63.7)(0.57) + (63.7))(0.43) 

𝐸2𝑒𝑞 = 63.7 [𝐺𝑃𝑎] 

The moment caused by the force up to point C is given by: 

𝑀1 = 𝐹𝑦2𝐿4 

𝑀1 = 663.23 × 70 

𝑀1 = 46 426.10 [𝑁 ∙ 𝑚𝑚] 

The moment responsible for bending AB is given by: 

𝑀2 = 𝑀1 + 𝐹𝑦2𝐿3 

𝑀2 = 46 426.10 + 663.23 × 105 

𝑀2 = 116 065.26 [𝑁 ∙ 𝑚𝑚] 

The area moment part 1 is given by: 

𝐼1 =
𝑏ℎ1

3

12
 

𝐼1 =
45 × 4.33

12
 

𝐼1 = 298.15 [𝑚𝑚4] 

The area moment part 2 is given by: 

𝐼2 =
𝑏ℎ2

3

12
 

𝐼2 =
45 × 7.43

12
 

𝐼2 =  1 519.59  [𝑚𝑚4] 
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Initial position 

The calculations were done by using point locations on a Cartesian plane. First, the initial position of 

the points was calculated using the dimension lengths and angles. Thereafter, using superposition, the 

deflection of the segments and displacements of the point were calculated. 

The position for each point was calculated, and the illustration of the points and foot is illustrated in 

Figure A - 7. 

Point A: 

𝐴0 = [0, 0] 

Point B: 

𝐵0 = [0, −𝐿1] 

𝐵0 = [0, −44] 

Point C: 

𝐶0𝑥 = 𝐿3cos (−𝜑) 

𝐶0𝑥 = 105 × cos (−14) 

𝐶0𝑥 = 101.88 

 

𝐶0𝑦 = 𝐿3sin(−𝜑) + 𝐵0𝑦 

𝐶0𝑦 = 105 × sin(−14) − 44 

𝐶0𝑦 =  −69.40 

 

𝐶0 = [ 101.88, −69.40] 

Point D: 

𝐷0𝑥 = 𝐿2cos (−𝜑) 

𝐷0𝑥 = 175 × cos (−14) 

𝐷0𝑥 = 169.80 

 

𝐷0𝑦 = 𝐿2sin(−𝜑) + 𝐵0𝑦 

𝐷0𝑦 = 175 × sin(−14) − 44 

𝐷0𝑦 =   −86.34 

𝐷0 = [ 169.80, −86.34 ] 
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Figure A - 7: Initial position of the forefoot. 

Deflection of Segment AB. 

For the deflection of AB, the moment 𝑀2, was used. After the new location of B was calculated, the 

slope caused by the deflection was required to calculate the angle that the new BD segment has with 

the axis. With this angle, the new locations for C and D were calculated. The displacement due to the 

deflection of AB can be seen in Figure A - 8. 

Point B: 

𝐵1𝑥 =
𝑀2 (−𝐿1)2

2𝐸2𝑒𝑞𝐼2
+

𝐹𝑥1(−𝐿1)3

3𝐸2𝑒𝑞𝐼2
  

𝐵1𝑥 =
 116 065.26 × (−44)2

2 × 63.7 × 1000 ×  1519.59 
+

−273.62(−44)3

3 × 63.7 × 1000 ×  1519.59
 

𝐵1𝑥 = 1.24 

  

𝐵1𝑦 = −𝐿1 

𝐵1𝑦 = −44 

 

𝐵1 = [1.24, −44] 
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Slope and Angle: 

𝜃1 =
𝑀2(−𝐿1)

𝐸2𝑒𝑞𝐼2
+

𝐹𝑥1(−𝐿1)

2𝐸2𝑒𝑞𝐼2
 

𝜃1 =
  116 065.26 × (−44)

63.7 × 1000 ×  1519.59  
+

−273.62(−44)

2 × 63.7 × 1000 ×  1519.59  
 

𝜃1 = −0.055  [ 𝑟𝑎𝑑] 

𝜃1 = −3.15 [°]. 

 

𝛾1 = 𝜑 + 𝜃1 

𝛾1 = 14 − 3.15 

𝛾1 = 10.85  [ °] 

Point C: 

𝐶1𝑥 = 𝐿3 cos(𝛾1) + 𝐵1𝑥 

𝐶1𝑥 = 105 × cos(10.85) + 1.24 

𝐶1𝑥 =  104.36 

 

𝐶1𝑦 = −𝐿3sin(𝛾1) + 𝐵1𝑦 

𝐶1𝑦 = 105 × sin(10.85) − 44 

𝐶1𝑦 =  −63.77 

 

𝐶1 = [ 104.36, −63.77] 

Point D: 

𝐷1𝑥 = 𝐿2 cos(𝛾1) + 𝐵1𝑥 

𝐷1𝑥 = 175 × cos(10.85) + 1.24 

𝐷1𝑥 = 173.11 

 

𝐷1𝑦 = −𝐿2sin(𝛾1) + 𝐵1𝑦 

𝐷1𝑦 = −175 × sin(1085) − 44 

𝐷1𝑦 =  −76.94 

 

𝐷1 = [173.11, −76.94] 
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Figure A - 8: Displacement of the forefoot blade when AB deflects. 

Deflection of segment CD 

The deflection of segment CD was considered a simple cantilever beam with a force applied at the edge. 

Once the initial point, 𝐷2𝑎, was calculated, the point was rotated to fit the slope of BD and thereafter 

adjusted to ensure it fits at point C. 

Point D: 

 Initial deflected point: 

𝐷2𝑎𝑥 = 𝐿4 

𝐷2𝑎𝑥 = 70 

 

𝐷2𝑎𝑦 =
𝐹𝑦2(𝐿4)3

3𝐸1𝐼1
 

𝐷2𝑎𝑦 =
663.23 × (70)3

3 × 63.7 × 1000 × 298.15
 

𝐷2𝑎𝑦 = 3.99 

 

𝐷2𝑎 = [70, 3.99] 
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Rotation of initial point: 

𝑅 = [
cos(−𝜑) −sin(−𝜑)
sin(−𝜑) cos(−𝜑)

] 

𝐷2𝑏 = 𝑅 × 𝐷2𝑎 

𝐷2𝑏 = [ 68.89 , −13.06] 

 Final point location: 

𝐷2𝑥 = 𝐷2𝑏𝑥 + 𝐶0𝑥 

𝐷2𝑥 =  68.89 + 101.88 

𝐷2𝑥 = 170.77 

 

𝐷2𝑦 = 𝐷2𝑏𝑦 + 𝐶0𝑦 

𝐷2𝑦 = −12.92 − 69.40 

𝐷2𝑦 = −82.46 

 

𝐷2 = [170.77, −82.46] 

 

Figure A - 9: Deflection of segment CD 

Deflection of Segment BC 

This segment’s method of calculation followed the methods from both the calculation of the deflection 

of Segment AB and the calculation of Segment CD. First, an initial point for point C was calculated, 

which was then rotated and adjusted. After this, the slope due to the deflection of BC was calculated, 

which was used to calculate the angle of CD with the x-axis. This angle was used to calculate where 

point D will be located. The displacement is illustrated in Figure A - 10. 
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Point C: 

 Initial deflected point: 

𝐶3𝑎𝑥 = 𝐿3 

𝐶3𝑎𝑥 = 105 

 

𝐶3𝑎𝑦 =
𝐹𝑦2(𝐿3)3

3𝐸2𝑒𝑞𝐼2
+

𝑀1(𝐿3)2

2𝐸2𝑒𝑞𝐼2
 

𝐶3𝑎𝑦 =
663.23 × (105)3

3 × 63.7 × 1000 ×  1519.59 
+

46 426.10 × (105)2

2 × 63.7 × 1000 ×  1519.59
 

𝐶3𝑎𝑦 = 5.29 

 

𝐶3𝑎 = [105, 5.29] 

Rotation of initial point: 

𝑅 = [
cos(−𝜑) −sin(−𝜑)
sin(−𝜑) cos(−𝜑)

] 

𝐶3𝑏 = 𝑅 × 𝐶3𝑎 

𝐶3𝑏 = [103.16 , −20.27 ] 

Final point location: 

𝐶3𝑥 = 𝐶3𝑏𝑥 + 𝐵0𝑥 

𝐶3𝑥 = 103.14 + 0 

𝐶3𝑥 = 103.16 

 

𝐶3𝑦 = 𝐶3𝑏𝑦 + 𝐵0𝑦 

𝐶3𝑦 = −20.27 − 44 

𝐶3𝑦 = −64.27 

 

𝐶3 = [103.16, −64.27 ] 

Slope and Angle: 

𝜃3 = −
𝑀1(𝐿3)

𝐸2𝑒𝑞𝐼2
+

𝐹𝑦2(𝐿3)2

2𝐸2𝑒𝑞𝐼2
 

𝜃3 = −
46 426.10 × (105)

63.7 × 1000 ×  1519.59 
+

663.23 × (105)2

2 × 63.7 × 1000 ×  1519.59
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𝜃3 = 0.09  [ 𝑟𝑎𝑑] 

𝜃3 = 5.16  [°] 

 

𝛾3 = −𝜑 + 𝜃3 

𝛾3 = −14 + atan(5.16 ) 

𝛾3 = −8.86  [ °] 

Point D: 

𝐷3𝑥 = 𝐿4 cos(𝛾3) + 𝐶3𝑥 

𝐷3𝑥 = 70 × cos(−8.86) + 103.16 

𝐷3𝑥 = 172.32 

 

𝐷3𝑦 = 𝐿4 sin(𝛾3) + 𝐶3𝑦 

𝐷3𝑦 = 70 × sin( −8.86) − 64.27 

𝐷3𝑦 =  −75.05 

 

Figure A - 10: Deflection of segment BC 
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Final Displacement 

For the final displacement calculation, the points calculated in the previous sections, 𝐶3𝑎 and 𝐷2𝑎, were 

rotated to fit the displaced section due to AB’s deflection. Point C was rotated to fit the displaced BC 

segment, whereas point D required the calculation of an angle to fit the slope. The final displacement 

of the prosthetic foot was illustrated in Figure A - 11. 

Point C: 

Rotation of 𝐶3𝑎: 

𝑅 = [
cos(𝛾1) −sin(𝛾1)
sin(𝛾1) cos(𝛾1)

] 

𝐶5𝑎 = 𝑅 × 𝐶3𝑎 

𝐶5𝑎 = [104.12 , −14.57 ] 

Final point location: 

𝐶5𝑥 =  𝐶5𝑎𝑥 + 𝐵1𝑥 

𝐶5𝑥 =  104.12 + 1.24 

𝐶5𝑥 = 105.36  

 

𝐶5𝑦 =  𝐶5𝑎𝑦 + 𝐵1𝑦 

𝐶5𝑦 =  −14.57 − 44 

𝐶5𝑦 =  −58.57 

𝐶5 = [ 105.36 , −58.57] 

Angle: 

𝛾5 = −𝜑 + 𝜃3 − 𝜃1 

𝛾5 = −14 + 5.16 + 3.15 

𝛾5 = −5.71 [ °] 

Point D: 

Rotation of 𝐷2𝑎: 

𝑅 = [
cos(𝛾5) −sin(𝛾5)
sin(𝛾5) cos(𝛾5)

] 

𝐷5𝑎 = 𝑅 × 𝐷2𝑎 

𝐷5𝑎 = [  70.05, − 2.99] 

  



 
 

A-17 
 

Final point location: 

𝐷5𝑥 =  𝐷5𝑎𝑥 + 𝐶5𝑥 

𝐷5𝑥 =  70.05 + 105.18 

𝐷5𝑥 = 175.41 

 

𝐷5𝑦 =  𝐷5𝑎𝑦 + 𝐶5𝑦 

𝐷5𝑦 =   − 2.99 − 58.57 

𝐷5𝑦 =  −61.56 

 

𝐷5 = [175.41 , −61.56] 

 

Figure A - 11: Final forefoot displacement 

The total forefoot displacement was given by subtracting the end and initial D-y values. 

𝛥𝑦 = 𝐷5𝑦 − 𝐷0𝑦 

𝛥𝑦 = −61.56 + 86.34 

𝛥𝑦 = 24.78 
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Heel 

Figure A - 12 is a line illustration of the forefoot and heel blades. The heel blade's dimensions depend 

on the dimensions of the forefoot blade. Figure A - 13 illustrates the resulting forces and moments to 

consider for the calculations of the heel blade. 

 

 

Figure A - 12 Segments of the heel blade with the forefoot blade. 

 

Figure A - 13: Resulting forces and moments on the heel blade. 
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Constants and Assumptions 

The input variables required to complete the calculations of the heel’s displacement were captured in 

Table A - 4. The variables were gathered from the results of the Designer. 

Table A - 4: Input values for heel blade calculations 

F 800 [N] 

b 45 [mm] 

α 104 [°] 

ζ 15 [°] 

λ 21 [°] 

β 160 [°] 

L5 30 [mm] 

L6 50 [mm] 

L7 49 [mm] 

h2 7.4 [mm] 

h3 5.6 [mm] 

E3 24.24 [GPa] 

Initial Calculations 

The calculations for the moments and forces illustrated in Figure A - 13 are done below: 

𝜂 = 90 − (360 −  𝛼 − 𝛽) 

𝜂 = 90 − (360 −  104 − 160) 

𝜂 = −6 [°] 

 

𝐹𝑦6 =  𝐹 × sin (90 − 𝜁 − 𝜂) 

𝐹𝑦6 = 800 × sin (90 − 15 + 6) 

𝐹𝑦6 = 746.86 [𝑁]  

 

𝐹𝑦7 =  𝐹 × sin (90 − 𝜆 − 𝜁) 

𝐹𝑦7 = 800 × sin (90 − 21 − 6) 

𝐹𝑦7 = 647.21 [𝑁]  

𝑀7 =  𝐹𝑦7L7 

𝑀7 =  790.15 × 49 

𝑀7 =   31 713.29 [𝑁 ∙ 𝑚𝑚]  
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𝑀6 =  𝐹𝑦6𝐿6+M7 

𝑀6 =  746.86  × 50 +   31 713.29  

𝑀6 =  69 056.29 [𝑁 ∙ 𝑚𝑚]  

 

𝐼3 =  
𝑏ℎ3

3

12
 

𝐼3 =
45 × 5.63

12
  

𝐼3 = 658.56 [𝑚𝑚4] 

 

Initial Position. 

As with the forefoot, the calculations were done by using point locations on a Cartesian plane. The input 

angles and length dimensions were used to calculate the initial position of the points. Using 

superposition, the deflection of the segments and displacements of the point were calculated. 

The positions of the four heel blade points are calculated and then illustrated in Figure A - 14. 

Point W: 

𝑊0𝑥 = 𝐶0𝑥 − ℎ2cos (𝜑) 

𝑊0𝑥 = 101.88 − 7.4 ×  cos (14) 

𝑊0𝑥 = 94.70 

 

𝑊0𝑦 = 𝐶0𝑦 − ℎ2sin (𝜑) 

𝑊0𝑦 = −69.40 − 7.4 × sin (14) 

𝑊0𝑦 = −71.19 

 

𝑊0 = [94.70, −71.19] 

Point X: 

𝑋0𝑥 = −𝐿5 cos(𝜑) + 𝑊0𝑥 

𝑋0𝑥 = −30 × cos(14) + 94.70 

𝑋0𝑥 = 65.59 
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𝑋0𝑦 = 𝐿5 sin(𝜑) + 𝑊0𝑦 

𝑋0𝑦 = −30 × sin(14) − 71.19 

𝑋0𝑦 =  −63.93 

 

𝑋0 =  [65.59, −63.93] 

Point Y: 

𝑌0𝑥 = −𝐿6 cos(𝜂) + 𝑋0𝑥 

𝑌0𝑥 = −50 × cos(−6) + 65.59 

𝑌0𝑥 = 15.86 

 

𝑌0𝑦 = 𝐿6 sin(𝜂) + 𝑋0𝑦 

𝑌0𝑦 = −50 × sin(−6) − 63.93 

𝑌0𝑦 = −69.16 

 

𝑌0 = [15.86, −69.16] 

Point Z: 

𝑍0𝑥 = −𝐿7 cos(𝜆) + 𝑌0𝑥 

𝑍0𝑥 =  −49 × cos(21) + 15.86 

𝑍0𝑥 = −29.89 

 

𝑍0𝑦 = −𝐿7 sin(𝜆) + 𝑌0𝑦 

𝑍0𝑦 = −49 × sin(21) − 69.16 

𝑍0𝑦 = −86.72 

 

𝑍0 = [−29.89, −86.72] 
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Figure A - 14: Initial points of the heel blade 

Deflection of Segment ZY 

To calculate the displacement of Z, first an initial point, 𝑍6𝑎, was calculated, after which the point was 

rotated to fit the initial ZY slope and then adjusted to meet point Y. This deflection is illustrated in 

Figure A - 15. 

Point Z: 

 Initial deflected point: 

𝑍6𝑎𝑥 =  −𝐿7 

𝑍6𝑎𝑥 =  −49.00 

 

𝑍6𝑎𝑦 =
𝐹𝑦7𝐿7

3

3𝐸3𝐼3
 

𝑍6𝑎𝑦 =
647.21 × 493

3 × 24.24 × 1000 × 658.56
 

𝑍6𝑎𝑦 = 1.59 

𝑍6𝑎 = [−49, 1.59] 

Rotation of initial point: 

𝑅 = [
cos(𝜆) sin(𝜆)

−sin(𝜆) cos(𝜆)
] 

𝑍6𝑏 = 𝑅 × 𝑍6𝑎 
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𝑍6𝑏 = [−46.32 , −16.08 ] 

Final point location: 

𝑍6𝑥 = 𝑍6𝑏𝑥 + 𝑌0𝑥 

𝑍6𝑥 = −46.32 + 15.86 

𝑍6𝑥 = −30.46 

 

𝑍6𝑦 = 𝑍6𝑏𝑦 + 𝑌0𝑦 

𝑍6𝑦 = −16.08 − 69.16 

𝑍6𝑦 = −85.24 

 

𝑍6 = [−30.46  , −85.24] 

 

Figure A - 15: The deflection of segment YZ 
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Deflection of Segment YX 

Next, the deflection of segment YX was determined. The point Z was calculated by the angle created 

due to the deflection of Y. The angle η is the angle between the X-axis and the segment YX. The 

input values provided an η angle of -6°. 

 Point Y: 

 Initial deflected point: 

𝑌7𝑎𝑥 = −𝐿6 

𝑌7𝑎𝑥 =  −50 

 

𝑌7𝑎𝑦 =
𝑀7(𝐿6)2

2𝐸3𝐼3
+

𝐹𝑦6(𝐿6)3

3𝐸3𝐼3
 

𝑌7𝑎𝑦 =
 31 713.30 × (70)2

2 × 24.24 × 1000 × 658.56
+

746.86 × (70)3

3 × 24.24 × 1000 × 658.56
 

𝑌7𝑎𝑦 = 4.43 

 

𝑌7𝑎 = [−50, 4.43] 

Rotation of initial point: 

𝑅 = [
cos(−η ) −sin(−η )
sin(−η ) cos(−η )

] 

𝑌7𝑏 = 𝑅 × 𝑌7𝑎 

𝑌7𝑏 = [−50.19, 0.82]  

Final point location: 

𝑌7𝑥 = 𝑌7𝑏𝑥 + 𝑋0𝑥 

𝑌7𝑥 = −50.19 + 65.59 

𝑌7𝑥 = 15.40 

 

𝑌7𝑦 = 𝑌7𝑏𝑦 + 𝑋0𝑦 

𝑌7𝑦 = −0.82 − 63.93 

𝑌7𝑦 = −64.75 

 

𝑌7 = [15.40, −64.75] 
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Slope and Angle: 

𝜃7 =
𝑀7(𝐿6)

𝐸3𝐼3
+

𝐹𝑦6(𝐿6)2

2𝐸3𝐼3
 

𝜃7 =  
31 713.30 × (70)

24.24 × 1000 × 658.56
+

746.86 × (70)2

2 × 24.24 × 1000 × 658.56
 

𝜃7 = 0.16  [ 𝑟𝑎𝑑] 

𝜃7 = 9.17  [ °] 

 

𝛾7 = 𝜆 − 𝜃7 

𝛾7 = 21 − 9.17 

𝛾7 = 11.91  [ °] 

Point Z: 

 Initial deflected point: 

𝑍7𝑥 = −𝐿7 cos(𝛾7) + 𝑌7𝑥 

𝑍7𝑥 = −49 × cos(11.91) + 15.40 

𝑍7𝑥 = −32.55 

 

𝑍7𝑦 = −𝐿7 sin(𝛾7) + 𝑌7𝑦 

𝑍7𝑦 = −49 × sin(11.91) − 64.75 

𝑍7𝑦 = −74.86 

 

𝑍7 = [−32.55, −74.86] 
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Figure A - 16: Deflection of segment YX 

Final Displacement 

The final displacement of the heel blade was calculated by rotating the Z value from ZY’s deflection 

around the displacement segment of ZY from YX’s deflection. The final displacement is illustrated in 

Figure A - 16. 

Point C: 

Rotation of 𝑍6𝑎: 

 

𝑅 = [
cos(𝛾7) sin(𝛾7)

−sin(𝛾7) cos(𝛾7)
] 

𝑍8𝑎 = 𝑅 × 𝑍6𝑎 

𝑍8𝑎 = [−48.27, −8.56 ] 
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Final point location: 

𝑍8𝑥 = 𝑍8𝑎𝑥 + 𝑌7𝑥 

𝑍8𝑥 = −48.27 + 15.40 

𝑍8𝑥 = −32.87 

 

𝑍8𝑦 = 𝑍8𝑎𝑦 + 𝑌7𝑦 

𝑍8𝑦 = −8.56 − 64.75 

𝑍8𝑦 = −73.31 

 

𝑍8 = [−32.87, −73.31] 

The total vertical heel displacement is given by subtracting the end and initial Z-y values. 

𝛥𝑦 = 𝑍8𝑦 − 𝑍0𝑦 

𝛥𝑦 = −73.31 + 86.72 

𝛥𝑦 = 13.41 

 

Figure A - 17: Final heel displacement 
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Results comparison 

As can be seen in Table A - 5 the results from the Designer and the hand calculations are highly 

comparable. The largest difference from the Designer, was between the heel results, with a percentage 

deviation less than 1%. The most probable cause for the differences was the usage of significant figures. 

The hand calculations only considered 2 significant figures, whereas the Designer used Matlab’s default 

number of figures, which was 16. 

The deviations for the forefoot and for the heel comparison are below 1% and the dimensions gathered 

from the Designer were considered acceptable dimensions for the prosthetic foot. 

Table A - 5: Comparison between the Designer and hand calculation results 

  Values 

F
o

re
fo

o
t 

Designer (mm) 24.73 

Hand Calculation (mm) 24.78 

Difference (mm) 0.05 

Difference (%) 0.22 

H
ee

l 

Designer (mm) 13.31 

Hand Calculation (mm) 13.41 

Difference (mm) 0.10 

Difference (%) 0.76 

To further verify the results from the Designer, the results were compared to that from a finite element 

analysis. The FEA was set up exactly as explained in Appendix A.1, only using the value set as 

presented by the designer in Table A - 3 and Table A - 4. The results can be seen in Figure A - 18. Table 

A - 6 presents the results from the comparison of the FEA and designer. The percentage deviations from 

both comparisons were revealed to be around 3%. NX, being a CAD software, uses different methods 

of calculating. 

Overall, the error deviations were acceptable and verified the output variables of the Designer as a 

possible solution for a prosthetic foot.  

Table A - 6: Comparison between the Designer and FEA results for the forefoot blade 

  Values 

F
o

re
fo

o
t 

Designer (mm) 24.73 

FEA (mm) 24.13 

Difference (mm) 0.60 

Difference (%) 2.47 

H
ee

l 

Designer (mm) 13.31 

FEA (mm) 13.78 

Difference (mm) 0.47 

Difference (%) 3.42 
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Figure A - 18: FEA results for the verification of designer results 

The figure provides the FEA results when using the designer dimension values, with the forefoot results above and the heel 

results below. 
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A.3. Verification of Gas Spring Calculations 

FEA was used to verify the calculations around the addition of gas springs and gas spring forces to the 

prosthetic forefoot. The FEA was set up the same as for the hand calculation verification in Appendix 

A.1 and the designer result verification in Appendix A.2. The difference came in with the addition of 

the gas spring forces. As was done with the applied loads, the gas spring forces were split into their 

respective components, 𝐺𝑥 and 𝐺𝑦 as explained in Chapter 4 with equations 86 and 87.  

 

Figure A - 19: FEA setup for gas spring verification 

 

The calculations done to verify the applied gas spring loads followed the method as described in Chapter 

4. In the following tables, the results of the calculations and of the FEA are recorded. The comparison 

of the results for the forefoot blade without gas springs applied (Table A - 7), the 300 N gas spring force 

applied (Table A - 8), the 700 N (Table A - 9), and the 1000 N gas spring forces applied (Table A - 10). 

The results of the FEA with an applied force of 800 N and a gas spring force of 700 N can be seen in 

Figure A - 20. The FEA results were considered comparable to the calculations and verified the 

calculation method. 

Table A - 7: Calculation vs FEA for gas spring verification: no gas spring 

Force 

(N) 

Displacement (mm) Deviation 

Calculation FEA [mm] [%] 

200 6.13 6.03 0.09 1.54 

500 15.40 15.08 0.32 2.10 

800 24.73 24.13 0.60 2.47 

1000 30.96 30.17 0.79 2.63 

1200 37.20 36.20 1.00 2.76 
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Table A - 8: Calculation vs FEA for gas spring verification: 300 N GSF 

Force 

(N) 

Displacement (mm) Deviation 

Calculation FEA [mm] [%] 

200 1.93 2.00 0.07 3.27 

500 10.98 11.29 0.31 2.72 

800 20.17 20.34 0.17 0.86 

1000 26.39 26.38 0.01 0.05 

1200 32.63 32.41 0.22 0.68 

 

Table A - 9: Calculation vs FEA for gas spring verification: 700 N GSF 

Force 

(N) 

Displacement (mm) Deviation 

Calculation FEA [mm] [%] 

500 5.52 5.69 0.17 3.05 

800 14.61 15.29 0.68 4.47 

1000 20.70 21.32 0.62 2.91 

1200 26.81 27.35 0.54 1.97 

 

Table A - 10: Calculation vs FEA for gas spring verification: 1000 N GSF 

Force 

(N) 

Displacement (mm) Deviation 

Calculation FEA [mm] [%] 

800 10.49 10.79 0.30 2.77 

1000 16.57 17.53 0.96 5.49 

1200 22.67 23.56 0.89 3.79 

 

 

Figure A - 20: FEA results for a forefoot with 800 N applied load and 700 N GSF 
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A.4. Verification of Layup FEA results 

Finite element analysis (FEA) was performed on thin-faced models matching the dimensions gathered 

from the Designer from Table 5.  

A CQUAD4 mesh was used for the composite components, and the element size was refined to 1 mm 

to improve accuracy in stress and displacement predictions.The material properties not mentioned 

within Chapter 4 are considered confidential and not made available within this study. The laminate 

tool was used to create play layups for each blade. The plys were set up in a staggered manner, as can 

be seen in Figure A - 21. The staggered lengths as well as the ply orientation were achieved by multiple 

iterations and inspection of FEA. The final ply layup schedule can be seen in the layup drawings for 

each blade in Appendix B. 

 

Figure A - 21: Display of ply layup with stagger 

Although all the plies are two-dimensional and are illustrated as thin faces in NX, there is a display option that allows for 

three-dimensional visualisation. The ply layup is visualised in this figure, and the stagger effect can be seen on the three 

blades, as they are thinner on the edges where the loads are applied and thicker in the places where the most bending 

occurs. 

Fixed supports were applied as described in the calculation method: 

• The top edges of the forefoot blades, as seen in Figure A - 22.  

• The two forefoot blades were bonded together by a glue contraint. 

• The face of the heel blade was bonded to the bottom forefoot blade by a glue constraint. 

As explained in the previous FEA setups, the loads were applied in their respective components to the 

free edges of the forefoot and heel blades. 

The results of the forefoot and heel with 800 N applied can be seen in Figure A - 23 and Figure A - 

24respectively. The forefoot had a displacement of 23.6 mm and a maximum ply index of 0.419, as 

seen in Figure A - 23. On closer inspection, however, the average around the maximum ply index was 

only 0.391, which was allowable given the 0.45 cut-off for the PI. The heel blade has a displacement of 

13.58 and a max ply index of 0.38, which was also acceptable. 
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Figure A - 22: FEA setup of applied forces to the forefoot (left) and heel blade (right) 

The fixed face can be seen at the top front of the foot. This is where the pyramid adapter is mounted. The forces are applied 

to the face edge of the forefoot and heel. The forces are split into horizontal and vertical components as done with the other 

FEA setups. 

 

Figure A - 23: Results of FEA of the ply layup forefoot 

The displacement results (top) and ply index results (bottom) for FEA on the forefoot with 800 N applied. 
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Figure A - 24: Results of FEA of the ply layup heel 

The displacement results (top) and ply index results (bottom) for FEA on the heel with 800 N applied. 
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In the tables below, the displacement calculations and the displacements from the FEA are recorded for 

the heel blade (Table A - 11) and the forefoot blade (Table A - 12) as well as the three gas spring 

conditions (Table A - 13, Table A - 14, Table A - 15). The results were found to be highly comparable 

and thus verified the calculations. 

Table A - 11: Calculation vs FEA forlayup verification: heel 

Force 

(N) 

Displacement (mm) Deviation 

Calculation FEA [mm] [%] 

0 0.00 0.00 0.00 0.00 

100 1.64 1.70 0.05 3.03 

200 3.30 3.39 0.09 2.83 

300 4.95 5.08 0.13 2.55 

400 6.62 6.78 0.16 2.34 

500 8.29 8.47 0.18 2.18 

600 9.96 10.17 0.21 2.06 

700 11.63 11.86 0.23 1.90 

800 13.31 13.58 0.27 1.99 

900 14.98 15.25 0.27 1.75 

1000 16.65 16.95 0.30 1.75 

1100 18.32 18.64 0.32 1.70 

1200 19.99 20.33 0.34 1.69 

1300 21.64 22.03 0.39 1.75 

 

Table A - 12: Calculation vs FEA for layup verification: forefoot with no gas spring 

Force 

(N) 

Displacement (mm) Deviation 

Calculation FEA [mm] [%] 

0 0.00 0.00 0.00 0.00 

100 3.06 2.95 0.11 3.63 

200 6.13 5.90 0.23 3.69 

300 9.21 8.85 0.36 4.02 

400 12.30 11.80 0.50 4.23 

500 15.40 14.75 0.65 4.39 

600 18.50 17.71 0.79 4.47 

700 21.61 20.66 0.95 4.61 

800 24.73 23.61 1.12 4.73 

900 27.84 26.56 1.28 4.83 

1000 30.96 29.51 1.45 4.92 

1100 34.08 32.46 1.62 4.99 

1200 37.20 35.41 1.79 5.05 

1300 40.31 38.36 1.95 5.09 
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Table A - 13: Calculation vs FEA for layup verification: forefoot with 300 N GSF 

Force 

(N) 

Displacement (mm) Deviation 

Calculation FEA [mm] [%] 

100 0.00 0.00 0.00 0.00 

200 1.93 1.96 0.02 1.24 

300 4.94 4.99 0.05 1.02 

400 7.96 8.11 0.15 1.85 

500 10.98 11.06 0.08 0.68 

600 14.02 14.01 0.01 0.07 

700 17.06 16.96 0.10 0.61 

800 20.17 19.91 0.26 1.28 

900 23.28 22.86 0.42 1.83 

1000 26.39 25.81 0.58 2.26 

1100 29.51 28.76 0.75 2.61 

1200 32.63 31.71 0.92 2.90 

1300 35.75 34.67 1.08 3.11 

 

Table A - 14: Calculation vs FEA for layup verification: forefoot with 700 N GSF 

Force 

(N) 

Displacement (mm) Deviation 

Calculation FEA [mm] [%] 

400 2.51 2.54 0.03 0.00 

500 5.52 5.58 0.06 1.00 

600 8.54 8.61 0.07 0.81 

700 11.57 12.03 0.46 3.83 

800 14.61 14.98 0.37 2.50 

900 17.65 17.93 0.28 1.56 

1000 20.70 20.88 0.18 0.87 

1100 23.75 23.83 0.08 0.32 

1200 26.81 26.78 0.03 0.11 

1300 29.87 29.74 0.13 0.43 

 

Table A - 15: Calculation vs FEA for layup verification: forefoot with 1000 N GSF 

Force 

(N) 

Displacement (mm) Deviation 

Calculation FEA [mm] [%] 

500 1.44 1.46 0.02 1.25 

600 4.45 4.50 0.05 1.06 

700 7.46 7.53 0.07 0.87 

800 10.49 10.79 0.30 2.77 

900 13.53 14.23 0.70 4.95 

1000 16.57 17.19 0.62 3.63 

1100 19.61 20.14 0.53 2.61 

1200 22.67 23.09 0.42 1.83 
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A.5. Adjustment calculation verification 

Below both the calculated displacements and the FEA displacements were recorded for the adjusted 

calculation and FEA model to match the manufactured blades. The results for the heel blade (Table A 

- 16), forefoot (Table A - 17), and the three gas spring cases (Table A - 18, Table A - 19, and Table A 

- 20) are found in the tables below. The calculations were considered verified since the deviations were 

minimal.  

Table A - 16: Calculation vs FEA for adjustment verfication: heel 

Force 

(N) 

Displacement (mm) Deviation 

Calculation FEA [mm] [%] 

0 0.00 0.00 0.00 0.00 

100 0.96 0.95 0.01 1.44 

200 1.92 1.89 0.03 1.52 

300 2.88 2.84 0.05 1.72 

400 3.85 3.78 0.07 1.87 

500 4.82 4.73 0.09 1.98 

600 5.79 5.67 0.12 2.12 

700 6.76 6.62 0.15 2.24 

800 7.74 7.56 0.18 2.33 

900 8.71 8.51 0.21 2.43 

1000 9.69 9.45 0.24 2.55 

1100 10.67 10.40 0.27 2.58 

1200 11.65 11.34 0.31 2.70 

1300 12.62 12.29 0.33 2.72 

 

Table A - 17: Calculation vs FEA for adjustment verfication: forefoot with no gas spring 

Force 

(N) 

Displacement (mm) Deviation 

Calculation FEA [mm] [%] 

0 0.00 0.00 0.00 0.00 

100 1.90 1.89 0.01 0.55 

200 3.81 3.79 0.03 0.68 

300 5.73 5.68 0.05 0.82 

400 7.65 7.58 0.07 0.93 

500 9.57 9.47 0.10 1.03 

600 11.49 11.36 0.13 1.16 

700 13.42 13.26 0.16 1.21 

800 15.35 15.15 0.20 1.33 

900 17.29 17.04 0.25 1.44 

1000 19.22 18.94 0.28 1.48 

1100 21.16 20.83 0.33 1.58 

1200 23.10 22.73 0.37 1.62 

1300 25.04 24.62 0.42 1.70 
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Table A - 18: Calculation vs FEA for adjustment verfication: forefoot with 300 N GSF 

Force 

(N) 

Displacement (mm) Deviation 

Calculation FEA [mm] [%] 

100 0.00 0.00 0.00 0.00 

200 0.19 0.21 0.02 8.10 

300 2.10 2.09 0.01 0.25 

400 4.00 3.98 0.02 0.53 

500 5.92 5.88 0.04 0.70 

600 7.84 7.77 0.07 0.85 

700 9.76 9.67 0.09 0.92 

800 11.68 11.56 0.12 1.08 

900 13.61 13.45 0.16 1.21 

1000 15.54 15.35 0.19 1.27 

1100 17.48 17.24 0.24 1.38 

1200 19.41 19.13 0.28 1.49 

1300 21.35 21.03 0.32 1.53 

 

Table A - 19: Calculation vs FEA for adjustment verfication: forefoot with 700 N GSF 

Force 

(N) 

Displacement (mm) Deviation 

Calculation FEA [mm] [%] 

400 0.00 0.00 0.00 0.00 

500 1.08 1.10 0.02 1.50 

600 2.99 2.98 0.00 0.09 

700 4.90 4.88 0.02 0.42 

800 6.81 6.77 0.04 0.63 

900 8.73 8.67 0.07 0.79 

1000 10.66 10.56 0.10 0.92 

1100 12.58 12.45 0.13 1.08 

1200 14.51 14.35 0.16 1.14 

1300 16.45 16.24 0.21 1.27 

 

Table A - 20: Calculation vs FEA for adjustment verfication: forefoot with 1000 N GSF 

Force 

(N) 

Displacement (mm) Deviation 

Calculation FEA [mm] [%] 

600 0.00 0.00 0.00 0.00 

700 1.27 1.30 0.03 2.53 

800 3.18 3.18 0.00 0.10 

900 5.09 5.07 0.02 0.31 

1000 7.01 6.97 0.04 0.55 

1100 8.93 8.86 0.06 0.73 

1200 10.85 10.75 0.10 0.93 

1300 12.78 12.65 0.13 1.00 
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Appendix B : Drawings 

B.1. Manufacturing  Layup Drawings 

 

Figure B - 1: Layup drawing for primary forefoot blade 



 

 
B-2 

 

 

Figure B - 2: Layup drawing for secondary forefoot blade 
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Figure B - 3: Layup drawing for heel blade 
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B.2. Mould Drawings 

 

Figure B - 4: Mould drawing for primary forefoot blade 
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Figure B - 5: Mould drawing for secondary forefoot blade 
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Figure B - 6: Mould drawing for heel blade 
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Appendix C : Graphs and Tables of Results 

C.1. Forefoot: No Gas Springs 

C.1.1. Experiment Results 

Below are the experiment results for the forefoot blade without gas springs. Table C - 1 has the recorded 

data from the experiment runs at every millimetre along with the standard deviation over the three runs. 

Figure C - 1 illustrates the data from Table C - 1. Table C - 2 and Table C - 3 presents the maximum 

deviation from the average data from each millimetre increment for all three runs.  

Table C - 1: Force at displacement of experiment runs: forefoot with no GSF 

Displacement 

(mm) 

Force (N) 
Standard 

Deviation Forefoot 

0N R01 

Forefoot 

0N R02 

Forefoot 

0N R03 

0 0 0 0 0 

1 54.12 54.32 52.72 0.87 

2 104.49 103.94 102.81 0.86 

3 156.88 158.41 155.17 1.62 

4 210.33 209.82 205.63 2.58 

5 256.15 253.06 252.68 1.9 

6 304.64 301.12 303.11 1.76 

7 355.82 353.15 351.63 2.12 

8 422.51 422.01 421.09 0.72 

9 482.86 465.91 473.07 8.51 

10 531.27 524.42 526.54 3.51 

11 586.09 573.79 585.43 6.92 

12 625.71 617.52 622.51 4.13 

13 662.7 663.97 659.92 2.07 

14 719.46 716.5 709.25 5.25 

15 787.69 795.2 791.87 3.77 
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Figure C - 1: Results of the experiment tests: forefoot with no GSF 

Table C - 2: Deviation from average: forefoot with no GSF 

Run 

Number 

Displacement 

at Max 

Deviation 

(mm) 

Force at 

Max 

Deviation 

(N) 

Force of 

the 

average 

Data (N) 

Deviation 

(N) 

1 

0.75 42.83 40.44 2.39 

1.80 97.34 93.94 3.40 

2.55 136.55 133.08 3.47 

3.15 166.08 164.65 1.43 

4.05 213.79 210.80 2.99 

5.10 262.38 258.62 3.76 

6.59 337.44 332.83 4.62 

7.49 390.02 386.72 3.30 

8.83 474.69 465.11 9.58 

9.13 487.94 480.92 7.02 

10.62 571.07 561.36 9.71 

11.67 613.72 608.68 5.05 

12.27 642.34 632.68 9.67 

13.31 672.47 678.74 6.27 

14.51 741.51 754.06 12.55 

  



 

C-3 
 

Table C - 3: Deviation from average: forefoot with no GSF - Continued 

Run 

Number 

Displacement 

at Max 

Deviation 

(mm) 

Force at 

Max 

Deviation 

(N) 

Force of 

the 

average 

Data (N) 

Deviation 

(N) 

2 

0.90 50.46 48.49 1.97 

1.50 75.05 78.88 3.83 

2.55 135.54 133.04 2.49 

3.60 191.08 187.81 3.26 

4.80 242.32 244.71 2.39 

5.39 269.49 273.22 3.74 

6.89 347.04 347.88 0.84 

7.48 391.71 386.65 5.06 

8.98 465.37 472.90 7.53 

9.28 475.12 488.87 13.75 

10.92 572.07 577.53 5.45 

11.67 593.60 608.63 15.03 

12.86 661.08 656.71 4.36 

13.31 670.59 678.70 8.11 

14.36 754.92 742.37 12.54 

3 

0.60 30.18 32.36 2.18 

1.50 76.67 78.90 2.23 

2.55 135.53 133.04 2.48 

3.60 185.34 187.97 2.63 

4.05 207.57 210.74 3.17 

5.54 278.56 280.60 2.05 

6.89 344.71 347.87 3.16 

7.19 361.20 366.28 5.08 

8.38 437.23 441.73 4.50 

9.13 478.46 480.86 2.41 

10.77 577.05 569.43 7.62 

11.52 595.15 602.65 7.51 

12.27 623.96 632.68 8.72 

13.31 668.52 678.73 10.21 

14.51 740.23 754.10 13.87 
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C.1.2. Comparison Plots and Tables 

The calculation values were compared to the experiment average values, as illustrated in Figure C - 2. 

Table C - 4 captures the plotted data and presents the deviation values in both millimetres and 

percentages. 

 

Figure C - 2: Calculations and experiment results: forefoot with no GSF 

Table C - 4: Calculations and experiment deviation values: forefoot with no GSF 

Displacement 

(mm) 

Calculations  

(N) 

Experiment 

(N) 

Deviation 

(N) 

Deviation 

(%) 

1 52.51 53.72 1.21 2.31 

2 105.00 103.75 1.25 1.19 

3 157.38 156.82 0.56 0.35 

4 209.73 208.59 1.14 0.54 

5 261.98 253.96 8.02 3.06 

6 314.21 302.96 11.25 3.58 

7 366.35 353.53 12.82 3.50 

8 418.45 421.87 3.42 0.82 

9 470.49 473.94 3.45 0.73 

10 522.49 527.41 4.92 0.94 

11 574.43 581.77 7.34 1.28 

12 626.33 621.91 4.42 0.71 

13 678.22 662.2 16.02 2.36 

14 730.01 715.07 14.94 2.05 

15 781.81 791.58 9.77 1.25 
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C.2.  Forefoot: 300 N GSF 

C.2.1. Experiment Results 

The experiment results for the forefoot blade with two 150 N gas springs (300 N GSF) attached are 

presented in this section. Table C - 5 presents the experiment run data at every millimetre along with 

the standard deviation over the three runs. This data is illustrated in Figure C - 3. Table C - 6 presents 

the maximum deviation from the average data from each millimetre increment for all three runs.  

Table C - 5: Force at displacement of experiment runs: forefoot with 300 N GSF 

Displacement 

(mm) 

Force (N) 
Standard 

Deviation Forefoot 

0N R01 

Forefoot 

0N R02 

Forefoot 

0N R03 

0 210.20 201.34 192.47 8.87 

1 253.55 247.91 254.12 3.44 

2 302.34 301.33 309.96 4.72 

3 360.21 357.37 364.07 3.36 

4 416.16 416.23 421.93 3.31 

5 458.21 456.51 460.97 2.25 

6 502.74 498.57 508.42 4.94 

7 537.96 537.73 545.20 4.25 

8 569.92 573.51 587.58 9.34 

9 611.12 618.04 631.73 10.49 

10 655.08 659.47 674.03 9.92 

11 699.89 700.64 721.61 12.33 

12 743.98 752.29 766.64 11.46 

13 777.94 784.46 803.98 13.55 

14 823.37 831.87 NaN NaN 
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Figure C - 3: Results of the experiment tests: forefoot with 300 N GSF 

Table C - 6: Deviation from average: forefoot with 300 N GSF 

Run 

Number 

Displacement 

at Max 

Deviation 

(mm) 

Force at 

Max 

Deviation 

(N) 

Force of 

the average 

Data (N) 

Deviation 

(N) 

1 

0.60 225.19 231.66 6.47 

1.80 287.48 293.86 6.39 

2.84 356.71 351.81 4.90 

3.29 367.20 377.24 10.04 

4.49 432.17 437.81 5.64 

5.23 481.25 469.03 12.22 

6.28 504.50 513.55 9.05 

7.77 564.45 568.65 4.20 

8.22 575.31 586.71 11.40 

9.12 615.47 625.32 9.86 

10.31 662.53 676.83 14.29 

11.96 742.75 752.30 9.55 

12.26 751.42 763.12 11.70 

13.75 805.83 817.90 12.07 
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Table C - 7: Deviation from average: forefoot with 300 N GSF - Continued 

Run 

Number 

Displacement 

at Max 

Deviation 

(mm) 

Force at 

Max 

Deviation 

(N) 

Force of 

the average 

Data (N) 

Deviation 

(N) 

2 

0.30 205.78 216.38 10.59 

1.49 269.61 277.91 8.30 

2.09 303.29 309.75 6.45 

3.44 370.83 385.74 14.91 

4.63 430.61 443.79 13.19 

5.83 493.06 495.60 2.53 

6.28 507.44 513.45 6.02 

7.62 556.27 563.13 6.86 

8.67 603.56 605.88 2.32 

9.41 629.87 637.94 8.07 

10.76 690.01 696.69 6.69 

11.06 703.03 710.10 7.07 

12.40 770.43 768.25 2.18 

13.45 790.15 806.29 16.15 

3 

0.75 244.60 239.17 5.42 

1.95 308.94 301.68 7.27 

2.24 326.17 318.22 7.95 

3.74 396.68 403.07 6.39 

4.64 436.00 443.83 7.83 

5.53 496.45 482.36 14.09 

6.73 538.69 530.20 8.49 

7.33 559.82 552.25 7.58 

8.07 594.98 580.11 14.87 

9.72 664.74 650.79 13.95 

10.76 713.91 696.75 17.16 

11.81 764.07 745.27 18.80 

12.85 802.72 783.77 18.96 

13.00 804.00 788.89 15.11 
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C.2.2. Comparison Plots and Tables 

Figure C - 4 illustrates the experiment average values and the calculation values for comparison 

purposes. This data is captured in Table C - 8 along with the deviation values in both millimetres and 

percentage. 

 

Figure C - 4: Calculations and experiment results: forefoot with 300 N GSF 

Table C - 8: Calculations and experiment deviation values: forefoot with 300 N GSF 

Displacement 

(mm) 

Calculations  

(N) 

Experiment 

(N) 

Deviation 

(N) 

Deviation 

(%) 

0 190.01 201.34 11.33 5.96 

1 242.51 251.86 9.35 3.86 

2 295.00 304.55 9.55 3.24 

3 347.38 360.55 13.17 3.79 

4 399.74 418.11 18.37 4.59 

5 451.99 458.56 6.57 1.45 

6 504.22 503.24 0.98 0.19 

7 556.35 540.3 16.05 2.88 

8 608.46 577 31.46 5.17 

9 660.49 620.3 40.19 6.09 

10 712.50 662.86 49.64 6.97 

11 764.44 707.38 57.06 7.46 

12 816.34 754.3 62.04 7.60 

13 868.24 788.79 79.45 9.15 
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C.3. Forefoot: 700 N Gas Springs 

C.3.1. Experiment Results 

The experimental data for when two 350 N gas springs (700 N GSF) were attached to the prosthetic 

foot is given in this section. The displacement data at every millimetre is recorded in Table C - 9 

along with the standard deviation over the three runs. Figure C - 5 illustrates the displacement and 

force curves for the three runs. The maximum deviation for every millimetre increment for each run is 

recorded in Table C - 10. 

Table C - 9: Force at displacement of experiment runs: forefoot with 700 N GSF 

Displacement 

(mm) 

Force (N) 
Standard 

Deviation Forefoot 

0N R01 

Forefoot 

0N R02 

Forefoot 

0N R03 

0 449.36 459.86 454.61 5.25 

1 530.42 515.01 526.08 7.95 

2 594.85 596.14 588.13 4.30 

3 625.76 632.69 641.99 8.14 

4 673.66 666.52 682.78 8.15 

5 754.80 743.85 746.24 5.76 

6 822.10 827.46 816.68 5.39 

7 848.71 NaN NaN NaN 

 

 

Figure C - 5: Results of the experiment tests: forefoot with 700 N GSF 
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Table C - 10: Deviation from average: forefoot with 700 N GSF 

Run 

Number 

Displacement 

at Max 

Deviation 

(mm) 

Force at 

Max 

Deviation 

(N) 

Force of 

the average 

Data (N) 

Deviation 

(N) 

1 

0.90 527.38 516.81 10.56 

1.35 540.80 547.80 7.00 

2.84 616.26 627.07 10.80 

3.14 631.77 639.24 7.47 

4.94 750.32 743.55 6.77 

5.83 817.49 809.57 7.91 

6.73 847.72 841.45 6.27 

2 

0.15 472.09 465.00 7.09 

1.35 530.08 547.99 17.91 

2.54 620.10 615.02 5.08 

3.89 663.25 669.78 6.53 

4.19 675.78 688.22 12.44 

5.53 778.43 787.68 9.25 

6.58 841.57 837.49 4.08 

3 

0.75 492.50 506.45 13.95 

1.79 572.02 578.85 6.83 

2.99 641.70 633.14 8.56 

3.29 654.83 645.40 9.43 

4.34 689.06 699.41 10.35 

5.53 770.38 787.60 17.21 

6.87 857.32 845.38 11.95 
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C.3.2. Comparison Plots and Tables 

In the following section the calculation values and experiment avergage values are illustrated(Figure C 

- 6) and captured (Table C - 11). The devations between the two data sets are presented in Table C - 11. 

 

Figure C - 6: Calculations and experiment results: forefoot with 700 N GSF 

Table C - 11: Calculations and experiment deviation values: forefoot with 700 N GSF 

Displacement 

(mm) 

Calculations  

(N) 

Experiment 

(N) 

Deviation 

(N) 

Deviation 

(%) 

0 443.45 454.61 11.16 2.52 

1 495.88 523.83 27.95 5.64 

2 548.31 593.04 44.73 8.16 

3 600.74 633.48 32.74 5.45 

4 653.05 674.32 21.27 3.26 

5 705.34 748.3 42.96 6.09 

6 757.54 822.08 64.54 8.52 

7 809.71 848.71 39.00 4.82 

8 861.79 NaN NaN NaN 
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C.4. Forefoot: 1000 N Gas Springs 

C.4.1. Experiment Results 

The recorded experiment data for the experiment with two 500 N gas springs (1000 N GSF) attached is 

captured in Table C - 12 and illustrated in Figure C - 7. The deviation from the average of the three runs 

is captured in Table C - 13. 

Table C - 12: Force at displacement of experiment runs: forefoot with 1000 N GSF 

Displacement 

(mm) 

Force (N) 
Standard 

Deviation Forefoot 

0N R01 

Forefoot 

0N R02 

Forefoot 

0N R03 

0 642.64 644.15 641.13 1.51 

1 705.62 697.14 715.91 9.40 

2 782.16 750.12 779.23 17.72 

3 826.10 828.41 841.47 8.29 

4 879.51 873.55 894.63 10.86 

5 929.08 929.23 950.94 12.58 

6 NaN 1010.07 1043.75 NaN 

 

Figure C - 7: Results of the experiment tests: forefoot with 1000 N GSF 
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Table C - 13: Deviation from average: forefoot with 1000 N GSF 

Run 

Number 

Displacement 

at Max 

Deviation 

(mm) 

Force at 

Max 

Deviation 

(N) 

Force of 

the average 

Data (N) 

Deviation 

(N) 

1 

0.30 667.97 661.68 6.29 

1.94 780.69 766.84 13.85 

2.09 784.49 776.05 8.44 

3.14 829.62 838.96 9.34 

4.93 924.50 932.74 8.24 

5.68 974.01 997.82 23.81 

2 

0.45 650.90 671.12 20.21 

1.65 723.40 747.74 24.35 

2.09 759.02 776.22 17.20 

3.44 860.85 854.16 6.68 

4.93 921.77 932.81 11.04 

5.83 996.23 1011.31 15.09 

3 

0.60 698.50 680.56 17.94 

1.64 769.46 747.59 21.88 

2.99 840.89 831.34 9.56 

3.89 888.63 876.84 11.79 

4.78 941.30 924.64 16.65 

5.98 1040.96 1024.87 16.08 
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C.4.2. Comparison Plots and Tables 

There was some deviation between the calculation values and experiment average values, as can be 

seen in Figure C - 8. These deviation values are captured in Table C - 14. 

 

Figure C - 8: Calculations and experiment results: forefoot with 1000 N GSF 

Table C - 14: Calculations and experiment deviation values: forefoot with 1000 N GSF 

Displacement 

(mm) 

Calculations  

(N) 

Experiment 

(N) 

Deviation 

(N) 

Deviation 

(%) 

0 633.47 642.64 9.17 1.45 

1 685.89 706.22 20.33 2.96 

2 738.32 770.5 32.18 4.36 

3 790.74 832 41.26 5.22 

4 843.05 882.56 39.51 4.69 

5 895.35 936.41 41.06 4.59 

6 947.54 1026.91 79.37 8.38 

7 999.72 NaN NaN NaN 
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C.5.  Heel 

C.5.1. Experiment Results 

For the heel blade experiment the experiment, results of the three runs are captured in Table C - 15. 

This data is illustrated in Figure C - 9.  

Table C - 16 presents the largest deviation in each millimetre interval for all three runs.  

Table C - 15: Force at displacement of experiment runs: heel 

Displacement 

(mm) 

Force (N) 
Standard 

Deviation Forefoot 

0N R01 

Forefoot 

0N R02 

Forefoot 

0N R03 

0 0.00 0.00 0.00 0.00 

1 111.86 110.37 106.99 2.49 

2 228.82 224.06 223.63 2.88 

3 361.91 355.28 355.38 3.80 

4 462.55 451.44 478.04 13.36 

5 565.32 565.12 576.73 6.64 

6 678.93 676.00 679.74 1.97 

7 NaN 781.54 774.96 NaN 

 

Figure C - 9: Results of the experiment tests: heel 
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Table C - 16: Deviation from average: heel 

Run 

Number 

Displacement 

at Max 

Deviation 

(mm) 

Force at 

Max 

Deviation 

(N) 

Force of 

the average 

Data (N) 

Deviation 

(N) 

1 

0.45 55.38 49.26 6.12 

1.65 191.50 185.16 6.33 

2.55 302.94 298.21 4.73 

3.60 434.45 421.32 13.14 

4.65 542.04 531.77 10.27 

5.84 669.38 660.77 8.61 

6.44 709.39 722.14 12.74 

2 

0.60 62.44 66.37 3.93 

1.20 128.47 133.46 4.99 

2.10 237.50 239.01 1.51 

3.90 436.00 453.42 17.42 

4.05 458.99 469.12 10.13 

5.69 654.69 644.58 10.11 

6.29 696.15 707.38 11.22 

3 

0.91 94.13 99.36 5.24 

1.50 164.84 168.15 3.31 

2.10 234.92 239.35 4.43 

3.90 474.08 453.40 20.68 

4.95 573.99 563.35 10.64 

5.39 596.57 612.08 15.51 

6.59 722.63 737.13 14.50 

  



 

C-17 
 

C.5.2. Comparison Results 

The calculation values for the heel blade experiment as well as the experiment average values are 

recorded and illustrated in Table C - 17 and Figure C - 10 respectively. 

 

Figure C - 10: Calculations and experiment results: heel 

Table C - 17: Calculations and experiment deviation values: heel 

Displacement 

(mm) 

Calculations  

(N) 

Experiment 

(N) 

Deviation 

(N) 

Deviation 

(%) 

1 104.32 109.74 5.42 5.20 

2 208.29 225.5 17.21 8.26 

3 311.96 357.52 45.56 14.61 

4 415.34 464.01 48.67 11.72 

5 518.49 569.06 50.57 9.75 

6 621.42 678.22 56.80 9.14 

7 724.16 778.25 54.09 7.47 
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Appendix D : Cost Evaluation 
The following appendix breaks down the cost estimation done in Chapter 4. Unless the costs were 

publicly available, like on websites, the company that issued the quote was kept anonymous. 

Firstly, the material costs of the bidirectional and unidirectional carbon fibres were calculated. The 

breakdowns are found in Table D - 1 and Table D - 2, respectively. The costs per metre used in the 

breakdown were from the ATM Composites website. Screenshots of the products can be seen in Figure 

D - 1 and Figure D - 2. 

The cost per square metre was then calculated, and the cost for the required material was calculated. 

The required material was calculated using the lengths from the layup schedule in Appendix B and a 

width of 85 mm for a single foot blade. The additional 20 mm tabs on the sides of the 45 mm blade 

were added to ensure the blade can be fished properly. The calculated weight was used to determine 

how much resin will be required. 

The total cost for the two fibres sums up to R 1226.50 for a single foot. 

Table D - 1: Bi-directional carbon fibre cost breakdown 

Bi- Directional Cost 526.70 R/m 

Bi- Directional Weight 200.00 g/m2 

Bi- Directional Calculated 526.70 R/m2 

Bi- Directional  Required 0.41 m2 

Weight Required 81.36 g 

Bi- Directional  Cost 214.27 R 

. 

 

Figure D - 1: Bi-directional carbon fibre cost  
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Table D - 2: Unidirectional carbon fibre cost breakdown 

Unidirectional Cost 86.02 R/m 

Uniirectional Weight 343.00 g/m2 

Unidirectional Calculated 1720.40 R/m2 

Unidirectional Required 0.59 m2 

Weight Required 201.81 g 

Unidirectional Cost 1012.23 R 

 

 

Figure D - 2: Unidirectional carbon fibre cost 

The weights of the fibres were used in the resin cost breakdown in Table D - 3. The amount of resin 

used, in kilograms, is equal to the weight of the composite materials. The resin and hardener are mixed 

in the ratio 100:27, and therefore less hardener is required. The unit prices for the resin and hardener 

were estimated from a quote received. An extract from the quote is seen in Figure D - 3. From the 

breakdown, the total cost of the resin mixture would be about R90. 

Table D - 3: Resin cost breakdown 

Composite Weight 0.28 kg 

Resin Price 238.44 R/kg 

Hardener Price 289.94 R/kg 

Resin Required 0.28 kg 

Hardner Required  0.08 kg 

Resin Cost 67.52 R 

Hardener Cost 22.17 R 

Total Resin Matrix Cost 89.69 R 
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Figure D - 3: Extract from quote for resin and hardner.  

The moulds on which the composite blades are built are cut from supawood. The material cost for a 16 

mm thick sheet of supawood can be seen in the screenshot from Builder’s Warehouse’s website in 

Figure D - 4. The cost breakdown for the moulds, Table D - 4,was for a single blade. Although no 

official hourly rate for CNC cutting or workshop rates could be found, multiple forums suggested that 

R375-R450 could be expected. In order to be conservative with this estimation, an hourly rate of R500 

was used in the breakdown. Since the moulds are quite small, the estimated labour time was one hour, 

and the total for the moulds was estimated to be R559.68. 

Table D - 4: Mould costs breakdown 

Supawood price  899.00 R 

Supawood price  178.64 R/m^2 

Required for moulds 0.33 m^2 

Mould wood cost 59.68 R 

Wood Cut rate 500.00 R/h 

Hours estimated 1.00 h 

Mould manufacturing cost 500.00 R 

Total Mould cost 559.68 R 

 

 

Figure D - 4: Cost of Supawood material 

The manufacturing of the blades was estimated the same hourly rate as that of the mould manufacturing 

to remain conservative with the cost calculation, as seen in the breakdown in Table D - 5. Four hours 

for the blade manufacturing and the finishing were estimated for a single foot. This includes the layup 

procedure, glueing of the blades, appropriate drilling and sanding, and final assembly. The total 

estimation for the manufacturing was R4 000. 
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Table D - 5: Manufacturing cost breakdown 

Composite build rate 500.00 R/h 

Hours estimated 4.00 h 

Blade manufacturing cost 2000.00 R 

Composite Finish rate 500.00 R/h 

Hours estimated 4.00 h 

Blade finishing cost 2000.00 R 

Total blade manufacture costs 4000.00 R 

 

For the pyramid adapter, a quote was received,to manufacture a similar adapter (Figure D - 5), was 

used. The pyramid adapter for the foot would have a bit more material and cutting work. Therefore, an 

additional R200 is added to the cost estimation of the pyramid adapter, making the estimated total for 

the pyramid adapter R1000. 

 

Figure D - 5: Extract of pyramid adapter quote. 

Assuming that on average a user would want three stiffness settings on their foot, no gas springs, and 

two different gas spring setups, a total of 4 gas springs would be required. The unit costs of the gas 

springs used in Table D - 6 are from a quote received for gas springs and their end fittings; see Figure 

D - 6. The total costs for gas springs and end firrings were estimated to be R694.32. 

Table D - 6: Gas springs cost breakdown 

Gas spring price 122.76 R/unit 

Amount of spings required 4.00 unit 

Gas spring cost 491.04 R 

End fitting price 25.41 R/unit 

Amount of fittings required 8.00 unit 

End fitting cost 203.28 R 

Total Gas spring assembly cost 694.32 R 

 

 

Figure D - 6: Gas springs quote extract 
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The totals calculated above were then summed together to get a total cost of R 7570.19 for the 

manufacturing of the prosthetic foot. An additional 50% was added to the total for any unforeseen costs, 

like additional equipment or the costs for testing required before a prosthetic may be medically used. 

These costs would typically be split over multiple products. A profit margin of 50% is added to the total 

cost, bringing the estimated cost of the prosthetic foot to about R17 000. Whether or not the profit 

margin is acceptable would have to be considered within a detailed cost estimation study. 

Table D - 7: Total cost breakdown 

Total Cost before additions 7 570.19 R 

Unforeseen Costs margin 50.00 % 

Prosthetic foot estimated cost  11 355.28 R 

Profit margin 50.00 % 

Estimated Prosthetic foot price 17 032.93 R 
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Appendix E : Experiment Methodology 

E.1. Equipment and Tools Used 

To test the prosthetic feet, some tools, machines, and parts are needed. The list below encapsulates the 

required components, and the next section explains where they are used to build the experimental setup. 

The components used, excluding the tooling, can be seen in Table E - 1. 

• MTS machine 

• Testing Jig 

• The prosthetic foot that will be tested  

• Two 150 N gas springs 

• Two 350 N gas springs 

• Two 500 N gas springs 

• Two circular gas spring connector joints 

• Two bent gas spring connector joints 

• Allen Keys 

• Wrench 

• Bolts 

• Nuts and Washers 

Table E - 1: Components used during experiment 

 

A Testing Jig 

B Prosthetic foot 

C Gas Sping Connectors 

D 150 N Gas Spings 

E 350 N Gas Springs 

F 500 N Gas Springs 
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E.2. Experimental Procedure 

Multiple experimental runs were done, such as forefoot testing and heel testing on multiple prosthetic 

feet, gas spring testing at different height attachment points and a forefoot and heel fail test. The steps 

below explain how these tests were conducted. 

Testing procedure for foot with no springs 

1. The MTS machine was switched on and the necessary programs were started. 

2. The top hydraulic grip was closed. This made a surface which would press down on the foot. 

3. The jig was placed in the MTS machine and clamped in the bottom hydraulic grip. 

4. The jig was adjusted to the 20° position. This position was for testing the forefoot. 

5. The prosthetic foot blade was attached to the testing jig. 

6. The forefoot was preloaded. 

7. The MTS machines program was started, and the machine pressed down on the prosthetic foot. 

8. The program was stopped manually at a displacement of approximately 20 mm for the forefoot 

and 15 mm for the heel. 

9. Steps 5 to 7 were repeated for 3 successful runs. 

10. The prosthetic foot was removed from the testing jig, and the jig was set to the 15° position. 

This position was for testing the heel. 

11. The prosthetic foot blade was attached to the testing jig. 

12. Steps 4 to 9 were repeated for the test of the prosthetic foot’s heel. 

13. The prosthetic foot was removed from the testing jig. 

The MTS hydraulic press was stopped just shy of the designed displacement to prevent failure and 

allowed the specimens to be intact for multiple testing to prove the repeatablilty of the foot’s testing. 

The displacement data up until the stopping point was sufficient for making data comparisons. 

Slightly preloading the foot prevented the program from reading negative load values which would have 

lead to unsuccessful testing runs. 

Testing procedure for foot with gas springs 

The testing continued: 

14. The testing jig was moved to the 20° position for forefoot testing. 

15. This prosthetic foot was attached to the testing jig. 

16. A 150 N gas spring was attached to both sides of the prosthetic foot and jig. 

17. With the two springs attached, the prosthetic foot was loaded slightly. 

18. The MTS machines program was started, and the machine pressed down on the prosthetic foot. 

19. The program was stopped around 800 N manually or if the gas springs were pressed to its limit. 

20. The 150 N gas springs were removed, and steps 16 -19 were repeated for 350 N gas springs 

and for 500 N gas springs. 

21. The gas spring tests were concluded when there were three tests done for each setup. 

22. The foot was removed from the jig. 

23. The results of all the runs were saved on an external USB. 

24. The MTS machine was switched off. 

This concluded the experimental procedure. 
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Appendix F : Standards,Theory and Additional Data 

F.1. International Standards (ISO10328) 

According to ISO 10328 for a prosthetic foot to meet international standards, there are two tests that 

the foot must pass two tests, namely a test of torsion and a test of the foot unit itself. The foot unit 

includes static tests and cyclic tests. There are three loading conditions for the testing procedures: P3, 

P4, and P5. These conditions are based on data of amputees regarding their body weight. The P5 loading 

condition is based on data from amputees with a body mass greater than 100 kg, whereas the P4 and P3 

loading conditions are based on data from amputees with body weights less than 80 kg and 60 kg, 

respectively.  

The P5 loading condition has a test force of 2240 N, the P4 condition has a test force of 2065 N, and 

the P3 condition has a force of 1610 N. This load acts on both the forefoot and the heel. A minimum of 

two tests are required: the static proof test, the static ultimate strength test, and the cyclic test. 

The recommended heel height, captured as hr in Figure F - 1, for the foot under test, is 20 mm. This is 

the difference between the heel and the toe part. 

 

Figure F - 1: Position of setup of the prosthetic foot during testing. 
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Figure F - 2 shows the set-up of the prosthetic foot during testing. For loading conditions P3, P4, and 

P5, α, β, and γ are 15°, 20°, and 7°, respectively. 

 

 

Figure F - 2: Angles of the loading platforms during testing. 

The testing equipment must be able to provide the load at a rate of 100 N/s and 250 N/s. The force 

should be transferred to the heel and forefoot using a loading platform, as seen in Figure F - 2. The 

platforms are long enough to allow the toe and heel to be loaded at the same time. If it is necessary to 

use an attachment to test a prosthetic component, in this case the foot, the ISO standards make it clear 

that the stiffness of this attachment is not less than that of the component being tested. All cosmetic 

attachments are removed from the prosthetic components prior to testing, unless they contribute to the 

strength of the foot. 
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F.2. Ottobock Foot Size Chart 

 

 

 

 


