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Summary

This research focuses on the design and evaluation of a fully passive variable damping transfemoral
prosthesis, aiming to provide a low-cost alternative to existing microprocessor-controlled prosthetic
knees (MPKs). Current MPKs, such as the Otto Bock C-Leg 4 and Össur Rheo Knee XC, offer ad-
vanced functionality by adjusting knee damping based on sensory input. However, their high cost
make them inaccessible to many individuals, particularly in low-income regions. This study addresses
this issue by developing a fully passive low-cost transfemoral prothesis with variable knee damping in
the swing phase.

The design process involved defining functional requirements, identifying key subfunctions, and gener-
ating three concept designs.

The final design provides stability in the stance phase and controlled motion during the swing phase.
The main innovation of this design is a centrifugal force-based damping mechanism. The foot’s cen-
trifugal acceleration generates a force that is transmitted through a cable system to a friction brake in
the knee joint, effectuating velocity-dependent damping. Additionally, knee stability in the stance phase
is ensured by a spring latch lock mechanism, which engages at the end of the swing phase and disen-
gages at the end of the stance phase through ankle dorsiflexion. An ankle spring mechanism provides
ankle stability in the stance phase, and it provides energy for push-off. The final design is produced
using laser-cut metal, 3D-printed components, and off-the-shelf parts to keep production costs low.

The evaluation phase included two key tests:

Swing phase test – Assessed the velocity-dependent damping mechanism by suspending the pros-
thesis and measuring knee moment at various angular velocities. The results showed some velocity-
dependent damping, but inconsistencies due to hysteresis were observed.

Ankle stiffness test – Evaluated the rotational stiffness of the ankle joint using force and displacement
measurements. The results showed slightly lower than expected ankle stiffness.

While the prototype shows the feasibility of a fully passive variable damping knee, several limitations
were identified. Themain limitation was that significant hysteresis was present the dampingmechanism,
leading to inconsistent results. Furthermore, the swing phase was performed only at walking speeds
lower than occur at natural gait, so no conclusion can be drawn on its effectiveness in real world use.

Future research should focus on improving the robustness of the damping mechanism, reducing the
hysteresis and conducting full gait cycle tests on human subjects. Additionally, implementing a delay
between force sensing and damping activation could enhance the resemblance to natural gait.

In conclusion, this study demonstrates that a low-cost, fully passive variable damping prosthetic knee
is possible, demonstrating a promising initial step towards the development of low-cost K3 prostheses.
However, further development and testing is required before the design can be classified as a functional
K3 prosthesis.
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Abbreviations
Abbreviation Definition

AI Artificial Intelligence
CoM Center of Mass
DoF Degree of Freedom
FPK Fluidic Processor Knee
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δ Displacement [m]
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θs Angle between suspension points of the ankle spring [N ]
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FA Force amplifier []
Fc Centrifugal force [N ]
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Ke Constant dependent on coil and magnet properties [V · s/rad]
Kt Torque constant [Nm/A]
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lshank Distance between knee joint and CoM of the foot [m] or [mm]
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mfoot Mass of the foot [kg]
Ma Ankle moment [Nm]
Md/Mf Knee moment due to damping [Nm]
MDC Torque by DC motor [Nm]
Mk Knee moment [Nm]
ra Distance between ankle and ankle spring suspension [m]
rk Distance between knee joint and point on braking sur-

face where friction is applied
[m] or [mm]

R Resistance [Ω]
xm Magnet displacement [m]

v



1
Introduction

1.1. Motivation
Globally, 5-15% of individuals in need of lower-limb prostheses have access to them [1] [2], with an
estimated 57.7 million people living with traumatic limb amputations in 2017 [2], and significant access
inequalities persisting in low- and middle-income countries due to high costs, limited trained personnel,
and infrastructure gaps [3] [4] [5].

The mobility of an individual using a prosthesis is classified using K-levels, which define their functional
abilities [6]:

K0: The individual does not have the ability to walk safely, with or without assistance.

K1: The individual can walk on level surfaces at a fixed cadence, typically limited to indoor ambulation.

K2: The individual can navigate low-level environmental obstacles such as curbs, uneven surfaces, or
stairs.

K3: The individual has the ability to walk with variable cadence, cross most environmental barriers, and
move independently.

K4: The individual has the ability for prosthetic ambulation that exceeds ambulation skills, usually
applicable to the children, active adults or athletes.

For individuals at the K3 level, a prosthetic knee must be able to adapt to different walking speeds
and environmental conditions. Currently, the most commercially available options for K3 users are
Microprocessor-controlled Prosthetic Knees (MPKs). These semi-active prostheses adjust knee damp-
ing based on sensory input to provide smooth and stable gait. While effective, these devices require
precision manufacturing and advanced control systems, leading to high production costs [7][8]. As a
result, they remain inaccessible to many individuals, particularly those in low-income regions, despite
the potential advantages to their mobility, independence, and general health.

1.2. State of the art
The most widely used K3 knee prostheses are MPKs, which use sensors and microprocessors to
dynamically adjust knee damping. Notable examples include:

Otto Bock C-Leg 4[9]: One of the most advanced MPKs, using an advanced microprocessor-controlled
hydraulic damping, stumble recovery, and intuitive stance control.

Össur Rheo Knee XC[10]: Knee prosthesis that uses magnetorheological fluid for quick adjustments
to walking conditions.

Blatchford Linx[11]: A transfemoral prosthesis with an integrated MPK system with a comparable work-
ing principle to the Otto Bock C-Leg 4. Designed for optimal coordination between the knee and foot.

1



1.3. Problem statement & Objective 2

These MPKs offer significant benefits in terms of functionality and adaptability. However, their reliance
on electronics, sensors, and precision manufacturing makes them expensive and complex to produce
[7][8]. However, there is a cheaper alternative to these MPKs:

Orthomobility Very Good Knee (VGK)[12]: This is a passive device that uses Fluidic Processor Knee
(FPK) technology. Instead of using sensors and microprocessors, the VGK uses fluidic sensors and
hydraulic damping to automatically adjust to walking conditions. By eliminating electronics, the VGK
offers a simpler and more durable alternative to MPKs at a reduced price of at least 3000€. However,
despite being more affordable than MPKs, The cost of prosthetic knees is still too high, regardless of
the supplier [3].

1.3. Problem statement & Objective
Existing K3 transfemoral prostheses on the market are expensive and complex, limiting their accessibil-
ity to many individuals who would benefit from them. The objective of this research to design a concept
for a K3 transfemoral prosthesis that is fully passive and suitable for variable walking velocities.



2
Gait mechanics

2.1. Natural cadence
Natural cadence refers to the rhythm of movement that moves the body forward while walking on a flat
surface [13]. The knee and ankle joints play a crucial role in achieving this cadence. Natural cadence
starts with the stance phase, where one leans on the foot and the body pivots over it to move it forward.
Then the ankle provides push-off and the swing phase is started. The leg swings forward, and when
sufficiently far, the foot is lowered to the ground, and the cycle returns to the stance phase [13]. Figure
2.1 shows a natural human gait cycle.

Figure 2.1: Overview of the human gait cycle. Image from Pirker et al. [14].

2.1.1. Function of knee
During the stance phase, the knee provides shock absorption and prevents collapse by increasing its
stiffness, therefore providing stance stability [15]. At the end of the swing phase, the knee provides
negative work to slow down the shank with respect to the thigh, so that the foot can be properly placed
on the ground [16].

2.1.2. Function of ankle
As the stance phase progresses, dorsiflexion increases and the moment in the ankle increases with
it, providing stance stability. At the end of the stance phase, the ankle plantarflexes using a burst
of positive work to effectuate push-off [16]. The leg is pushed forward into the swing phase. During
the swing phase, the ankle ensures foot clearance, preventing the foot from touching the ground and
potentially stumbling [13].

3



2.2. Effect of walking velocity 4

2.2. Effect of walking velocity
Walking velocity has an effect on joint mechanics, especially on the moment the knee exerts during the
stance phase and the late swing phase. Figure 2.2 demonstrates the effect of walking velocity on joint
angles. Similarly, Figure 2.3 shows the moments at different walking velocities.

Figure 2.2: Joint angles for slow, normal and fast cadence, which correspond to a cadence of 88, 107 and 125steps/min, or
3.7, 4.5, and 5.3km/h respectively. Data by Winter et al. [13]

Figure 2.3: Joint moments for slow, normal and fast cadence, which correspond to a cadence of 88, 107 and 125steps/min, or
3.7, 4.5, and 5.3km/h respectively. Data by Winter et al. [13]

The unit for moment in Figure 2.3 is expressed as Nm/kg, representing moment normalized by body
weight. For the remainder of this thesis, moments will be presented in Nm, assuming a standard body
weight of 80kg.

2.3. Effect of different terrains
The human gait cycle behaves differently on uneven terrains. During stair ascent, greater peak knee
flexion occurs, accompanied by increased knee flexion and ankle plantarflexion moments to support
propulsion [17, 18]. In contrast, stair descent requires higher mid-stance knee flexion for controlled
movement, along with increased knee flexion and ankle dorsiflexion moments for deceleration [18].
Similarly, walking on an uphill incline results in greater peak knee flexion and increased dorsiflexion
[17]. Downhill walking involves higher mid-stance knee flexion for controlled descent [17], as well as
increased knee flexion and ankle dorsiflexion moments to control decent [18].



3
Design process

3.1. Design requirements
To reach the objective of this research, the design requirements are set in five categories: Functional re-
quirements, optional functional requirements, constraints, performance criteria and specifications. The
functional requirements represent the core features that the design must have, while optional functional
requirements are preferred but not essential features. The constraints set the limits for the design. The
performance criteria are the measurable metrics used to assess the design. The specifications are the
predefined standards that the design must meet.

Functional requirements
• No moment is provided by an external power source.
• Velocity-dependent variable damping in the knee in the swing phase.
• Stable stance phase, which means that the knee should not show excessive flexion or rotation,
and the ankle should not show excessive dorsiflexion, plantarflexion, eversion, or inversion.

Optional functional requirements
• Energy harvesting mechanism to provide energy for the variable damping mechanism.
• Push-off mechanism in the ankle to initiate the swing phase.
• Walking terrain-dependent damping in the knee.

Constraints
• The knee and ankle joints have 1 Degree of Freedom (DoF).
• Maximum knee weight of 1255g excluding prosthetic tube, which is the weight of the Otto Bock
C-Leg 4 [9].

• Maximum foot weight of 800g.
• Maximum circumference of 40cm, which is the circumference of the opening of a standard set of
dress pants [19].

• Maximum knee moment of 30Nm in the swing phase, which is the highest moment in natural
cadence. This can be seen in Figure 2.3.

• Maximum ankle moment of 144Nm, which is the highest moment in natural cadence. This can
be seen in Figure 2.3.

• Maximum cost of 1000€.

5



3.2. Sub-functions & sub-solutions 6

Performance criteria
• Natural gait resemblance: This is assessed by comparing the angle and moment data of the
design with the data of Winter et al. [13], which can be seen in Figures 2.2 and 2.3.

• Range of walking velocities: This is assessed by comparing the damping for various angular
velocities of the knee with the velocity dependence of the data of Winter et al. [13], which can be
seen in Figure 2.3.

• Range of walking terrains: This is assessed by comparing the behavior of the design with the
behavior of a natural leg in various terrains, which is described by Gu et al. [17] and Jichuan et
al. [18].

• Stance stability: This is assessed by the chance of knee or ankle collapse.
• Cost.
• Safety: This is assessed by predicting the safety hazards.
• Noise.
• Push-off force: This is assessed with a force measurement.
• Reproducibility: This is assessed by the amount and complexity of off-the-shelf and precision
manufacturing parts.

Specifications
• Includes knee and ankle joint.
• Length of standard shank, which is 467± 40mm for a Dutch person between 20 and 30 years old
[20].

• Length of standard foot, which is 253 ± 20mm for a Dutch person between 20 and 30 years old
[20].

• Knee flexion angles between 0◦ and 120◦.
• Ankle angles between −20◦ plantarflexion and 10◦ dorsiflexion.
• Fits onto a standard prosthesis pyramid connector.

3.2. Sub-functions & sub-solutions
The design should be able to perform certain subfunctions. The subfunctions are divided into main
subfunctions and subfunctions for the system that controls the variable damping.

The main subfunctions of the design are:

• Knee damping in the swing phase
• Weight acceptance
• Push-off mechanism
• Energy harvesting medium

The subfunctions of the variable damping control system are:

• Type of measurement of gait phase
• Type of measurement of walking velocity
• Sensor type
• Transfer measurement

An overview of solutions for every subfunction can be seen in the morphological chart in Table A.1.

3.3. Concept designs
3.3.1. Concept 1: Centrifugal force brake
The first concept consists of a mass that is suspended by a spring in the lower part of the prosthesis
within a control chamber, as seen in Figure 3.1. The mass is connected by wire to a friction brake
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that provides torque to the knee joint. Due to its inertia, in the early swing phase the mass m is pulled
back into the cavity in the back of the control chamber, as is the state in Figure 3.1. The main working
principle of this concept is that when in this cavity, the mass can be pulled down due to the centrifugal
force that occurs due to rotation of the hip and knee. As the mass is pulled down, the friction brake on
the knee joint is activated.

Figure 3.1: Concept 1. The centrifugal force in the shank is coupled to a friction brake in the knee to provide
velocity-dependent knee damping.

With an increased walking speed, the centrifugal force Fc in the shank is higher, and therefore more
braking torque is applied. This can be seen in the last 20% of the stride in Figure 3.2.

Figure 3.2: Acceleration due to rotational movement for one gait cycle at slow, normal and fast walking velocities, which
correspond to a cadence of 88, 107 and 125steps/min, or 3.7, 4.5, and 5.3km/h respectively. The acceleration is measured in

the lower part of the shank and with respect to the hip. This figure is created by processing data by Winter et al. [13]

When neglecting the gravitational force and the force of the spring by which the mass is hanging,
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the moment Mf the friction brake provides through the friction force Ff is calculated by the following
formula:

Mf = rk · Ff = rk · cd · Fc = rk · cd ·m · ac (3.1)

where rk is the distance between the braking point and the axis of rotation, cd is the damping coefficient,
and ac is the centrifugal acceleration.

The stance stability in the knee is provided by the same friction brake used in the swing phase. As the
force Fb due to the body weight mb is applied to the lower side of the foot, a button is pressed which is
coupled to the brake; therefore

Mf = rk · Ff = rk · cd · Fc = rk · cd ·mb · g. (3.2)

Note that when the user is standing on both legs, this formula does not apply.

3.3.2. Concept 2: 1 Degree of freedom
The main working principle of this concept is that the angles of the knee and ankle are kinematically
dependent. The relation between the angle of the knee θk and ankle θa is

θk = f(θa) ∨ θa = f(θk). (3.3)

The angles of both joints are dependent on the position of a pin that slides through a path in a surface.
The shape this path should take is illustrated in Figure 3.3. In this path, the x- and y-direction represent
θk and θa and ankle, respectively. The path in the surface is the same as if one were to plot the joint
angles during natural cadence against each other. In other words, if the pin is moved along the one-
dimensional path, the joint angles move as if in natural cadence. In addition to θk and θa, Figure 3.3
also shows the moment these joints apply in natural cadence. To ensure that the prosthesis would
follow a natural cadence, these moments should also be present in the prosthesis.

Figure 3.3: Graph showing the knee angle versus the ankle angle and corresponding joint moments for a natural gait cycle with
a cadence of 107steps/min and a velocity of 5.3km/h respectively. Contains data which is processed from Winter et al. [13]

Figure 3.4 shows concept 2. As weight acceptance, a spring, marked as d in Figure 3.4, is implemented
in the x-direction path between 0% and 40% stride in Figure 3.3. This closely approximates the weight
acceptance forces in natural cadence [15]. In the swing phase, damping should be applied to the pin.
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In the concept, this consists of a frictional damper of which the applied normal force is controlled by
an actuator. The value of the normal force applied to the damper is based on the measurement of the
sensor of θ̇k, thus implementing variable damping based on walking velocity.

Figure 3.4: Concept 2. a: Beam that links the x-position of the pin’s path of Figure 3.3 to θk. b: Path of Figure 3.3 that the pin
follows, thereby dictating the movement of θk and θa. The x-direction is distally and the y-direction is posteriorly. c: Pin. d:
Spring which activates in the stance phase. e: Part of path along which damping is applied to the pin by an actuator. The
amount of damping is based on information from a sensor in the knee. f: Beams that links the y-position of the pin’s path of

Figure 3.3 to θa.

The main design challenge of this concept is that the external forces on the knee and ankle might
provide a force in the opposite direction of where the pin should be going, for instance during push-off.
This issue might be solved by strategically placing dampers, springs and one-way gates along the path
of the pin.

3.3.3. Concept 3: Magnet coil
Figure 3.5 shows Concept 3. This concept consists of a magnet that moves through a coil. The magnet
displacement xm is coupled to θk. The coil is put in circuit with a DC motor. When the magnet moves
through the coil with a certain velocity ẋm, a voltage Vc is induced, resulting in the torque provided by
the DC motor MDC . The following relationship applies:

MDC = Kt ·
Vc

R
=

Kt ·Ke

R
· ẋm ∼ θ̇k (3.4)

where Kt is the torque constant for the motor and Ke is a constant that depends on the coil properties
and magnetic field strength, and R is the resistance of the motor windings. As a higher θ̇k results in a
higher MDC , there is a variable damping system that damps more at higher walking velocities.

In this design, weight acceptance is achieved by activating a leaf spring in the stance phase. As the
user stands on their foot, the upper part of the leaf spring is pushed into a locked position with respect
to the thigh, activating the spring and providing knee stiffness. A simplified equation for the force of the
leaf spring Fl with a spring constant k is given by

Fl = k · δ, (3.5)

where δ is the displacement perpendicular to the leaf spring.
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Figure 3.5: Concept 3. a: Cable linking θk the displacement of the magnet. b: DC motor that provides a moment MDC in the
knee. c: Leaf spring that activates in the stance phase for knee stability. d: Teeth in which leaf spring is fixed when activated.
e: Magnet moving through a coil which connects to the DC motor. f: Rod which is pushed upwards in the stance phase, thus

activating the leaf spring.

3.4. Concept selection
The concept selection is done by giving each concept scores for weighted performance criteria. The
choice of weight according to the criteria is shown in Appendix A in table A.2.

The scores per criterion and the final scores of the concepts are shown in table 3.1. The argumentation
for the scores given to the concepts is further discussed in Appendix A. As concept 1: Centrifugal force
brake has the highest score, this is chosen as the concept to further develop.
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Table 3.1: Evaluation of concepts based on performance criteria.

Weight Score (1-
10)

Total
Score

Score (1-
10)

Total
Score

Score (1-
10)

Total
Score

Criteria Concept 1 Concept 2 Concept 3

How closely
does it mimic
natural gait?

9 6 54 10 90 5 45

How stable
is the weight
acceptance?

8 8 64 10 80 10 80

Effective for
what range
of veloci-
ties?

7 8 56 6 42 8 56

Reproducibility 6 10 60 2 12 7 42

Safety 5 9 45 7 35 4 20

Cost 4 10 40 3 12 7 28

Effective for
what range
of terrains?

3 6 18 2 6 7 21

Push-off
force

2 1 2 10 20 1 2

Noise 1 4 4 2 2 8 8

Total Score
(Max. = 450)

343 299 302



4
Final design

4.1. Design overview
Figure 4.1 shows the final design in SolidWorks, Figure 4.2 shows a photo and Figure 4.3 shows a
lateral cross section, including the cables and springs. The total weight is 3329g. The mass without
thigh is 2581g, and the distance between the knee and the Center of Mass (CoM) of the design without
thigh is 326mm. The inertia of the shank and foot around the knee joint is 0.375kg ·m2.

4.1.1. Frame
The thigh, B in Figures 4.1, 4.2 and 4.3, is an aluminium X-profile with a brake surface D connected to
it. The knee joint C is a one DoF pivot joint. The shank consists of 1mm thick bent stainless steel sheet
metal. The ankle joint J, in which the shank and foot are connected, is placed posterior and proximal
with respect to the foot. The foot consists of two 1mm thick stainless steel sheet metal plates which
are rigidly connected. Various parts are suspended within the shank and foot.

4.1.2. Variable damping mechanism
Within the variable damping mechanism, the foot functions as a weight which is pulled down during the
swing phase due to the rotational acceleration. This pulls the control block, which controls whether or
not the prosthesis is in a damping state. When in the damping state, the control block, I in Figures 4.1,
4.2 and 4.3, pulls the friction brake arms F, which then brake the knee.

As one walks faster, the angular velocity of the knee increases [13], and and thus the centrifugal ac-
celeration in the foot increases. This means the force transferred to the brakes via the control block
increases with higher walking velocity. This is the core principle of this design; The centrifugal force is
linked to knee damping, thus providing velocity dependent variable damping.

Foot mass
The mass in the foot, R in Figures 4.1, 4.2 and 4.3, functions as a sensor which measures the walking
velocity. The information of the walking velocity, in the shape of force, is transferred through Ma up-
wards through a cable to the control block I. The mass is placed anterior and distal with respect to the
ankle joint so that in the late swing phase, the direction of gravity approaches a 90◦ angle with respect
to the axis of rotation of the ankle. This gives an additional boost of Ma and thus force transferred to
the control block as the swing phase progresses.

Control block
The control block, I in Figures 4.1, 4.2 and 4.3, is suspended by springs in a control chamber. It is also
connected by cables to the foot and friction dampers. The spring stiffness is chosen as such that when
the leg hangs down perpendicular to the ground, the control block hovers closely over the balcony of
the control chamber, which can be seen as H in Figures 4.1, 4.2 and 4.3. The chamber is shaped in
such a way that when in the early swing phase, the control block is pushed onto the balcony due to its
gravity and the centrifugal force from the foot, as seen in Figure 4.10. As θk progresses, the direction

12
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Figure 4.1: An overview of the final design as seen in SolidWorks. The shank is made transparent for a better overview. The
red lines are the cables of the variable damping mechanism. The blue line indicates the cable that couples dorsiflexion to the
knee lock. The yellow parallel lines show the control block suspension spring and the ankle spring.A: Pyramid adapter. B:

Thigh. C: Knee joint. D: Brake surface, consisting of a 3D printed center and stainless steel surfaces on the sides. E: Friction
brake. F: Friction damper arms, consisting of 3D printed centers and stainless steel surfaces on the sides. G: Pulley guiding

the cable from the control block to the friction damper arms. H: 3D printed control chamber walls. I: Control block, consisting of
an aluminium square profile and eye nuts. J: Ankle joint. K: Pulley guiding cable from foot to knee lock. L: Knee lock. M:

Emergency stop wedge. N: Beam at which the control block suspension spring are attached. O: Ankle spring suspension. P:
Ankle spring button. Q: Groove through which lower ankle spring suspension can move when the button is not pushed

upwards. R: Foot mass.

of gravity changes with respect to the control chamber. At a certain point, this gravity, in combination
with the centrifugal force of the foot, pushes the control block into the cavity. When in this cavity, the
cable towards the friction dampers is tightened, and the centrifugal force that originates from the foot
is transferred to the friction dampers, and they activate.

The suspension springs should minimally interfere with the force translation between the centrifugal
force and the knee damping, so they should provide minimal additional force as the control mass moves
into damping position. This means that the stiffness of the springs should be minimized, and the length
maximized. Two Tevema T30927 extension springs with a combined stiffness of 0.1N/mm are used.
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Figure 4.2: A photo of the final design. A: Pyramid adapter. Not present in this figure. B: Thigh. C: Knee joint. D: Brake
surface, consisting of a 3D printed center and stainless steel surfaces on the sides. E: Friction brake. F: Friction damper arms,
consisting of 3D printed centers and stainless steel surfaces on the sides. G: Pulley guiding the cable from the control block to
the friction damper arms. H: 3D printed control chamber walls. I: Control block, consisting of an aluminium square profile and
eye nuts. J: Ankle joint. K: Pulley guiding cable from foot to knee lock. L: Knee lock. Not visible in this figure. M: Emergency
stop wedge. N: Beam at which the control block suspension spring are attached in the inside. O: Ankle spring suspension. P:

Ankle spring button. Q: Groove through which lower ankle spring suspension can move when the button is not pushed
upwards. R: Foot mass.
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Figure 4.3: A cross section of the final design. The red lines are the cables of the variable damping mechanism. The blue line
indicates the cable that couples dorsiflexion to the knee lock. The yellow parallel lines show the control block suspension

spring and the ankle spring. A: Pyramid adapter. B: Thigh. C: Knee joint. D: Brake surface, consisting of a 3D printed center
and stainless steel surfaces on the sides. E: Friction brake. F: Friction damper arms, consisting of 3D printed centers and
stainless steel surfaces on the sides. G: Pulley guiding the cable from the control block to the friction damper arms. H: 3D

printed control chamber walls. I: Control block, consisting of an aluminium square profile and eye nuts. J: Ankle joint. K: Pulley
guiding cable from foot to knee lock. L: Knee lock. M: Emergency stop wedge. N: Beam at which the control block suspension
spring are attached. O: Ankle spring suspension. P: Ankle spring button. Q: Not visible in this figure. Groove through which

lower ankle spring suspension can move when the button is not pushed upwards. R: Foot mass.

When the foot gravitational force is exactly compensated, the length of both springs ls is

ls =
180.0mm

83.3mm
· 0.6kg · 9.81m/s2 · 1

0.1N/mm
= 127.2mm (4.1)

assuming the gravitational force on the foot is perpendicular to the point of rotation.

When the control block is in the cavity in a damping state, the ankle angle is at −15◦, which is a
10.5◦ difference with the neutral state of the ankle when the control block hovers over the balcony.
The springs are then lengthened by approximately 83.3mm ∗ sin(10◦) = 14mm. This means in the
damping state and when the shank is perpendicular to the level ground, the control block suspension
provides a 14mm ∗ 0.1N/mm = 1.4N decrease when the force is translated from the foot to the cable
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split. This force is then amplified by ×13 due to the force amplifier, so the resulting decrease in Md is
1.4N · 13 · 0.1m = 1.82N .

Friction dampers
The damping mechanism consists of two friction damper arms, F in Figures 4.1, 4.2 and 4.3, suspended
in the shank, and a braking surface D that slides between the dampers and connects to the thigh. As
the control block is pushed into the cavity, the cable pulls down the secondary cable that connects
the two friction damper arms, as can be seen as the red cables near F in Figure 4.1. The arms are
then pulled together, and the friction dampers clamp on the brake surface. Due to the normal force on
the brake surface, which originates from the centrifugal acceleration of the foot, a damping moment is
applied to the knee.

Resulting damping moment
To provide a damping moment comparable to that of natural gait, a combination of various parameters
could be chosen. The required damping moment can be achieved by applying a friction brake at
rk = 100mm from the knee axis, and applying a force amplifier FA of 26 to the centrifugal force of
a mass of the foot mfoot = 0.6kg. This force amplification is achieved by connecting the cable at
83.3mm of the distance from the ankle axis, while the center of mass of the foot is at 180.0mm. Next,
the force is split up to two cables under an angle of 60◦, and lastly the force amplifies through a moment
arm, where the cables are connected at 75.3mm and the brakes at 12.5mm. This results in a total force
amplification of

FA =
180.0mm

83.3mm
· 1

cos(60◦)
· 75.3mm

12.5mm
≈ 26 (4.2)

This means that, as work F ·s should be the same in the whole damping system, the distance the friction
brake moves is 1

26 that of the center of mass of the ankle. The ankle angle is constrained between −15◦

and 9.5◦, and the center of mass is at 180.0mm from the ankle axis, so the displacement range of the
friction brakes is 3mm.

Taking into account all the parts that play a role in the damping system, the formula for knee moment
due to damping is

Md = |cd · rk · FA ·mfoot · lshank · θ̇k
2
· sin(ϕa)| − 1.82Nm (4.3)

Where cd is the damping coefficient, rk is the radius from the knee to the point where the dampers apply
friction, FA is the force amplifier, mfoot is the mass of the foot, lshank is the distance between the knee
and the CoM of the foot, θ̇k is the angular velocity of the knee and ϕa is the angle between the gravity
vector g⃗ and the direction of ⃗lA−CoM , which is the vector from the ankle point of rotation to the CoM
of the foot. The factor −1.82Nm accounts for the losses due to the control block suspension, which
is calculated in Chapter 4.1.2. Figure 4.4 shows the feedback control system of the variable damping
mechanism.

If the following values are used in Equation 4.3, Figure 4.5 shows the resultingmoment in the knee in the
late of the swing phase in comparison to the data by Winter et al. [13] for a 80kg person. Additionally,
Figure 4.6 shows the expected damping moment for certain angular velocities in comparison to the
peak moment and peak angular velocity for slow, normal and fast cadence, which is found in the data
by Winter et al [13].

• cd = 0.7

• rk = 100mm

• FA = 26

• mfoot = 0.6kg

• lshank = 495mm

• θ̇k is the angular knee velocities from data by Winter [13] for the late swing phase for slow, normal
and fast cadence. This occurs in the last 25% of the gait cycle.

• ϕa = 90◦, which is approximately true for the late swing phase.
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Figure 4.4: The negative feedback control system of the variable damping mechanism. This system applies when the design
is in the damping state.

The value for cd is chosen arbitrarily. The other values are chosen because at these values, the moment
of the damping mechanism in the late swing phase is comparable to the data for natural gait, as can
be seen in Figure 4.5. Note that this calculation is not the simulation of a dynamic system, but rather
an indication of the resulting damping for the angular velocities that occur in the late swing phase for
natural gait cycles of slow, normal and fast walking velocities.

Figure 4.5: Moment due to damping in the late swing phase as found by Winter et al. [13] in red, and an indication for the
expected damping in the final design in blue, calculated by Equation 4.3. The slow, normal and fast cadences are 88, 107 and

125steps/min, or 3.7, 4.5, and 5.3km/h respectively.

Figure 4.6 shows the expected damping moment for certain angular velocities in comparison to the
peak moment and peak angular velocity for slow, normal and fast cadence, which is found in the data
by Winter et al. [13].

4.1.3. Ankle spring
Figure 4.7 shows an overview of the ankle spring mechanism. A compression spring, d in Figure
4.7, is suspended between the shank and the foot to provide stance stability in the ankle. The lower
suspension of the spring can move freely through the groove in the foot plates, i in Figure 4.7. When the
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Figure 4.6: Red shows the data by Winter et al. [13] for peak velocity and peak moment in the swing phase for slow, normal
and fast cadence, which corresponds to a cadence of 88, 107 and 125 steps/min, or 3.7, 4.5, and 5.3km/h respectively.

Yellow shows the calculated moment of the final design which is calculated with Equation 4.3.

stance phase starts and the foot steps on the ground, two buttons, P in Figures 4.1, 4.2 and 4.3, and f
in Figure 4.7, are pushed upward to limit the movement of the lower suspension within this track. When
in this state, the length of the ankle spring is dependent on θa. As the stance phase progresses, θa and
thusMa increases. Then, as the swing phase is initiated and the foot is lifted, the ankle spring releases
its energy and provides push-off. In this situation, the friction force between the lower suspension of
the spring and the button ensures that the buttons do not fall down until the spring has released most
of its energy.

The stiffness of the ankle is based on the data of normal velocity natural gait. As can be seen in
Figure 2.3, the moment varies between 0 and 1.5Nm/kg in the stance phase. The point from which
the spring starts to provide moment is set at θa = −4.5◦. At θa = 9.5◦, Ma should be ≈ 1.5Nm/kg.
The ankle spring provides force at 121mm from the point of rotation of the ankle at ≈ 90◦. To get
a comparable value for angular stiffness, the spring should therefore provide 1.5Nm/kg

14◦ , or for a 80kg
person k = 33.6N/mm.

However, the angle at which the ankle spring provides force on the foot is dependent on the ankle angle
itself. Therefore the moment versus ankle angle is not exactly linear, and the expected ankle moment
is slightly lower than expected with a spring that provides force at ≈ 90◦. Because of this effect and
because lower stressed are preferred, a compression spring with k = 28.42N/mm is chosen. This
specific spring, the Tevema D13880, is chosen because of its relatively high inner diameter and wire
thickness, which help prevent buckling.

The calculated moment in the ankle due to the ankle spring is

Ma = ra · Fspring · cos(0.5 · θs) (4.4)
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Figure 4.7: Photo of the ankle spring mechanism. a: Clamps that fix the spring to the upper suspension. b: Upper suspension.
c: Rotational axis of upper suspension. d: Compression spring. e: Beams that ensure both suspensions are oriented towards

each other. f: Spring activation button. g: Lower suspension. Rotational axis of lower suspension. This beam can move
through the groove when the button is not activated. h: Rotational axis of lower suspension. This beam can move through the

groove when the button is not activated. i: Groove.

, where Fspring is dependent on θa, so

Fspring = k ·∆x = k · ra · 2 · (sin(0.5 · θs)− sin(0.5 · 29.2◦)) (4.5)

Where θs is the angle between the two suspension points of the spring. θs = θa + 33.7◦, so θs = 29.2◦

when θa = −4.5◦ plantarflexion, the point from which the spring starts to exert force. Figure 4.8 shows
the calculated ankle moment, which is calculated using Equation 4.4.

4.1.4. Knee lock
For stance stability in the knee, a lock mechanism is implemented, of which the working principle can
be seen in Figure 4.9.

A spring latch, L in Figures 4.1 and 4.3, is suspended in the shank in a position under the braking
surface which connects to the thigh. A groove is present in the braking surface, such that when the
knee is at 11◦, the latch is pushed into the groove and the knee is locked. When in stance phase, as the
ankle dorsiflexes a cable that connects the foot to the lock through a pulley in the ankle is pulled. This
deactivates the knee lock at sufficient dorsiflexion at the end of the stance phase. The lock remains
deactivated until the knee reaches 11◦ degree again at the end of the swing phase, and the lock is
pushed into the groove. If the knee overshoots at the end of the swing phase, the brake surface hits
an emergency stop wedge, M in Figures 4.1, 4.2 and 4.3, at 7◦.

The cable that disengages the lock is coupled to dorsiflexion via a pulley of r = 22mm. As θa varies
between −4.5◦ and 9.5◦ in the design, this results in a difference in cable length of 5mm within a whole
gait cycle.

4.1.5. Full gait cycle
Figure 4.10 describes the states of various parts of the design that occur in the design during a full gait
cycle.
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Figure 4.8: Calculated moment in the ankle due to the ankle spring. Positive angles indicate dorsiflexion, negative values
indicate plantarflexion. Calculated using Equation 4.4.

Figure 4.9: The knee lock mechanism in the three possible states. 1: Groove in which spring latch locks during stance phase.
2: Spring latch. 3: Connection point of cable that links dorsiflexion to releasing the spring latch from the groove. (a): The knee
is locked during the stance phase. (b): The knee unlocks at the end of the stance phase, as the cable pulls down the spring
latch due to dorsiflexion. (c): The knee is unlocked during the swing phase as the spring latch can not enter the groove in the

brake surface.
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Figure 4.10: An overview of a full gait cycle of the final design. The figure shows an indication for the knee angle θk, knee
moment Mk , ankle angle θa and ankle moment Ma, as well as the state of the damping, knee lock, ankle spring and control

block throughout a gait cycle. Image adapted from Pirker et al. [14]



5
Design evaluation

5.1. Swing phase test
To assess the variable damping mechanism, a test is designed that simulates the swing phase of the
prosthesis for various walking velocities. for this test, the prosthesis is suspended by a frame in which
the thigh is fixed. The test setup is shown in Figure 5.1.

Figure 5.1: The setup for the swing phase test. The shank is given various angular velocities to assess the velocity dependent
knee damping of the design. For measuring, markers are placed on the design which can be detected by three cameras.

These reflective markers show as bright spots in the image due to the flash of the camera.

In the control chamber, a block is placed on the balcony. This block ensures that the control block can
always be pulled into the cavity. This means that when the leg swings, the leg will always enter the
damping state when θ̇k is sufficient. Additionally, an alternative braking surface is used that does not
include an emergency stop wedge, as using this could result in fractures in the 3D printed parts if the

22



5.2. Ankle stiffness test 23

impact is too high.

For the test, the thigh is suspended at a 45◦ angle with respect to the ground. The knee is given various
angular velocities from θk ≈ 90◦. The method to accelerate the shank is by giving manual pushes. To
assess velocity-dependent damping, the angular velocity of the knee θ̇k and the damping moment Md

at a specified θk are determined. The specified θk, as shown in Figure 5.1, is where the shank hangs still
and in equilibrium, so the moment in the knee due to gravity can be considered zero. Data processing
is done by first measuring the angles of the prosthesis and then processing the data using Python.

Measurements are made using Motive software in combination with OptiTrack hardware consisting of
cameras with a frame rate of 120Hz and reflective markers. For the data of the angles, a rolling average
filter with a window of 20 is used. Next, for the angular velocity, a rolling average filter with a window of
10 is used. Lastly, a rolling average filter with a window of 2 is used for the angular acceleration, which
is then processed further to find the knee moment. The processing is done using a Python code, which
can be seen in the Appendix B.1.

5.2. Ankle stiffness test
The rotational stiffness of the ankle joint is evaluated. The knee lock mechanism and control block are
disconnected from the foot, so only the moment due to the ankle spring is tested.

This test is done by using a force sensor and displacement sensor on a cable that pulls the foot by
the toe, as can be seen in Figure 5.2. By manually controlling a turning wheel, the cable is pulled and
the force and displacement in the x-direction are measured using LabView. The data is processed in
Python. No filter is used in the processing of the data. The code for the data processing can be seen
in Appendix B.2.

Figure 5.2: A schematic of the setup for the ankle stiffness test. By controlling the turning wheel, the cable connecting to the
foot is pulled and the displacement and force are measured.



6
Results

6.1. Swing phase test
Figure 6.1 shows the results of the swing phase test.

Figure 6.1: Results of the swing phase test. Blue shows the angular velocity and moment of the knee when the shank is
perpendicular to the ground. Red shows the data by Winter et al. [13] for peak velocity and peak moment in slow, normal and
fast cadence, corresponding to 88, 107 and 125steps/min, or 3.7, 4.5, and 5.3km/h respectively. Yellow shows the calculated

moment of the final design using Equation 4.3.

The results in Figure 6.1 show the angular velocity and the corresponding moment in the knee, in
the instance where it is perpendicular to the ground in the swing phase. Additionally, it shows the
calculated moment of the final design which is calculated in Equation 4.3, the data for peak velocity
and peak moment in slow, normal and fast cadence. The plot includes a trend line for the experimental
data, modelled as a second-order fit.

At angular velocities below 1.8rad/s, the measured damping moments remain below 1Nm. At higher
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angular velocities, some values exhibit similarly low damping moments, while others show an increase.
For example, at 2.3rad/s, the damping moment is 1.2Nm; at 2.8rad/s, it is 2.1Nm; and at 3.5rad/s, it
reaches 2.6Nm, as shown in Figure 6.1. The fitted trend line forms an inverted parabola, indicating a
negative correlation between θ2k and Md. According to this trend line, the moment would increase with
angular velocities up to 3rad/s and at higher velocities it decreases.

6.2. Ankle stiffness test
Figure 6.2 shows the result of the ankle stiffness test in comparison to the moment calculated with
Equation 4.4.

Figure 6.2: Results of the ankle stiffness test in comparison to the calculated moment of Equation 4.4, showing Ma based on
θa. Plantarflexion gives a negative angle and dorsiflexion gives a positive angle.

The offset of the angle at which the experimental ankle moment is 0Nm, is arbitrary and chosen to
be such that Ma is 3Nm at θa = −4.5◦ plantarflexion. When the measured force exceeds 250N , the
sheet metal plates which make up the foot start to deflect laterally. Therefore the test is performed up
to measurements of 200N .



7
Discussion

7.1. Interpretation of results
7.1.1. Swing phase test
The swing phase test demonstrated that the mechanism provides knee moment up to 0.8Nm at angular
velocities below 1.8rad/s, which is the point where the variable damping mechanism starts providing
moment according to Equation 4.3. The damping at low angular velocities can be attributed to friction
within the design other than the variable damping mechanism. Especially the spring latch mechanism
that locks the knee exerts significant friction on the braking surface.

The values for angular velocities higher than 1.8rad/s show a different behavior. Some data points
show values higher than 0.8Nm for the knee moment, indicating that the variable damping mechanism
provides friction. These data points are for instance at 2.3rad/s & 1.2Nm, 2.8rad/s & 2.1Nm and
3.5rad/s & 2.6Nm in Figure 6.1. However, other data points above 1.8rad/s show a knee moment of
approximately 0.8Nm, indicating that the variable damping mechanism does not provide any damping
in these cases. These data points are for instance at 2.8rad/s& 0.4Nm, 3.4rad/s& 0.5Nm and 3.7rad/s
& 0.4Nm in Figure 6.1. The inconsistency between the knee moments at angular velocities higher than
1.8rad/s could be attributed to hysteresis within the damping mechanism. Observations suggest that
this effect could arise from the pulley that guides the cable from the control block to the damper arms.
This problem can be solved by using a pulley with less friction.

7.1.2. Ankle stiffness test
The measured stiffness appears to be slightly lower than anticipated. Additionally, due to deflection in
the lateral direction at forces higher than 250N , tests are not conducted for the full range as specified
in Chapter 3.1. For dorsiflexion angles lower than 4◦ the results remain clear and relatively conclusive.
However, at angles higher than 4◦ the hypothesis is that the measured stiffness of the ankle spring
would be lower due to the lateral deflection of the foot plates. Furthermore, a hysteresis is clearly
visible in the data, which can be attributed to a combination of the ankle spring and the hinge of the
ankle.

7.2. Limitations and strengths
7.2.1. Design limitations
The following design requirements were not fully met:

• Walking velocity dependent knee damping is not consistently present in the design. As discussed
in Chapter 7.1.1, some values indicate its presence and some values do not. This variability can
be attributed to hysteresis in the variable damping mechanism.

• Terrain-dependent knee damping is not present, as it is an optional functional requirement. How-
ever, since no tests have been conducted on different terrains, no conclusions can be drawn
about terrain-dependent behavior.
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• The weight of the shank and foot together is 2581g, which exceeds the maximum value of 2055g.
For the goal of this research this is acceptable, but when the design is further developed, this
problem should be solved.

• The circumference of the design is 430mm, which slightly exceeds the maximum value of 400mm.
This means that the prosthesis does not fit in a regular sized pants. For the goal of this research
this is acceptable, but when the design is further developed, this problem should be solved.

• The knee flexion angles vary between 7◦ and 90◦ instead of the specified 0◦ and 120◦. This means
that in the late swing phase, the knee has less space to fully decrease its angular velocity, and
the moment in the knee will be higher at heel strike as the knee does not extend fully. Additionally,
the user can not comfortably sit with the prosthesis, as a comfortable knee flexion angle for sitting
is 120◦.

• The ankle plantarflexion reaches −15◦ instead of the specified −20◦. However, this is not a
significant issue for the design as the full angle is only necessary for a push-off comparable to
natural gait, which the design does not provide. In natural gait, the push-off ankle moment is
present up to 144Nm, whereas the design is theoretically capable of 100Nm and in practice
56Nm.

• In practice the ankle dorsiflexion in the stance phase can only occur up to 4◦ instead of the
specified 10◦, due to lateral deflection of the foot plates at higher ankle moments.

Various features of the design result in a different gait phase for the design compared to natural gait.
One of the main differences is that θk does not change during the stance phase, whereas a natural
knee can be approximated by a spring which would result in a more natural gait [15]. Additionally,
the placement of the ankle joint differs from its natural position, being located more posteriorly. This
misalignment could result in unnatural movement patterns or even physiological complications. To
counteract this, a higher moment than in a natural ankle may be required to compensate for that. In
addition, the design lowers the foot during the swing phase. This deliberate foot drop can cause stum-
bling, which is undesired. A possible solution for this could be to either limit the allowed plantarflexion
in the swing phase while still linking the centrifugal force of the foot to knee damping, or one could link
knee damping to a different mass than the foot, so no plantarflexion is required for damping. Another
contradictory design feature is the use of the foot’s mass. Increasing it benefits the knee damping,
however, it conflicts with user comfort, as a lighter foot requires less energy to be moved. Lastly, the
design has a different expected knee moment in the late swing phase, which can bee seen when com-
paring the shapes of Mk in Figure 4.10 and Figure 4.5. The difference in damping pattern results in a
higher velocity reduction in the mid-swing phase for the design with respect to natural gait. In the late
swing phase, the knee of the design would then show a lower angular velocity compared to natural
gait. This might result in stumbling, as the knee takes longer to fully stretch, so the foot hovers closer
to the ground. Additionally, the knee might still not being fully stretched at heel strike. In the worst case
scenario, the knee might not yet be locked at heel strike and knee collapse occurs.

the shape ofMk in the swing phase in Figure 4.10 shows an instantaneous increase in knee moment as
the damping is activated. This could potentially harm the user, as the abrupt force could place excessive
strain on the user’s residual limb and hip, leading to discomfort, fatigue, or injury. This problem could
be solved by implementing a delay between the centrifugal force and the knee damping.

The coupling in the final design between angular velocity and knee damping might result in an inter-
esting effect: As the knee goes faster, the mechanism slows it down, and it decreases the braking
itself. This means the mechanism reduces its own effect. This might especially be disadvantageous
in lower walking velocities, where the centrifugal force can become too low to provide sufficient knee
damping. When this happens, the knee overshoots due to a lack of damping, and the emergency stop
is reached at a certain angular velocity. This might also pose problems at higher walking velocities,
because if damping occurs without any delay due to hysteresis, it slows down the knee until a velocity
is reached where damping does not occur. This means that if gravity and friction are neglected, the
variable damping mechanism can only reduce the velocity to a certain point.
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7.2.2. Design strengths
The final design has several advantages. It is theoretically capable of completing a full gait cycle at
various walking velocities and includes a robust knee lock and ankle stiffness to ensure stability during
the stance phase. The variable damping mechanism does not yet perform as desired, but this might be
improved by reducing hysteresis and fragility. The knee lock and unlock mechanisms operate automat-
ically in response to the gait phase, so theoretically no manual operations are required. Additionally, a
push-off mechanism is present which enhances propulsion. However, these advantages are only theo-
retical, as they have not been tested. A practical advantage is that the design is fully passive, requiring
no battery or external power source. Lastly, it is cost-effective and easy to manufacture, consisting
only of laser-cut metal, 3D-printed components, and low cost off-the-shelf parts.

7.2.3. Research limitations
Several limitations were present in this research. The experiments were conducted only at lower ve-
locities than in natural gait, limiting the applicability of the results to natural gait. The highest angular
velocity used in the test is 3.7rad/s, which corresponds to a walking velocity of 2.4km/h. This is sig-
nificantly lower than the walking velocities of 3.7, 4.5, and 5.3km/h for slow, normal and fast natural
gait respectively. The system may behave differently at higher angular velocities, especially because
Mk ∼ θ̇2k according to Equation 4.3. This implies that the knee moment increases quadratically with
a linear increase in angular velocity. Therefore the difference moment can be measured more clearly,
as the noise due to friction is relatively lower. Additionally, a higher angular velocity results in higher
forces in the cable, which may be sufficient to overcome the hysteresis. However, testing at higher
angular velocities is challenging due to the need for a high force manual push to accelerate the shank
to give sufficient angular velocity. Due to the required high push forces, it is difficult to provide a clean
push without giving unwanted lateral vibrations. Additionally, at these higher forces, the risk of break-
ing increased, as the 3D-printed parts of the design could fail under stress. Furthermore, no testing is
performed on a human subject, and a full gait cycle test is not conducted. Another limitation is that no
tests are conducted to assess the terrain-dependent behavior of the design. Due to these limitations in
testing, no conclusion can be drawn on whether the final design can be classified as a K3-prosthesis.

7.3. Future Research Perspectives
Further research should focus on experimental validation and optimization of the design. For experi-
mental validation, an alternative should be found to the manual pushes as an acceleration method in
the swing phase test. This could for instance be done by using springs. The behavior of the design
could then be assessed at angular velocities comparable to natural gait velocities to make the design
more applicable to practice. Furthermore, performing tests with participants using a transfemoral pros-
thesis simulator would be valuable. This could be used to evaluate the ability of performing a full gait
cycle, as well as various other relevant data, such as measuring the adaptability to different terrains.

In addition to experimental validation, design optimization is necessary, especially in improving the
robustness of critical parts. Additional optional enhancements include decreasing the overall mass
and reducing the impact of hysteresis. Another promising research direction is to eliminate the reliance
on the foot as a mass linked to damping, which could resolve the issue of foot drop in the design. Lastly,
a possible research direction would be implementing a delay between the centrifugal force as input and
the resulting knee damping as an output. This would make the damping pattern in the late swing phase
comparable to that of natural gait if the method in Chapter 4.1.2 is used. This would therefore be a
promising research direction. Implementing a mechanical delay would be particularly interesting, as it
would allow the design to remain entirely passive. A potential solution for achieving this mechanical
delay could involve a spring-damper mechanism. The effect of implementing a delay is visualized in
Figure 7.1.
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Figure 7.1: On the left, knee moment due to damping in the late swing phase as found by Winter et al. [13] in red, and an
indication for the expected damping in the final design in blue, calculated by Equation 4.3. On the right, the same graph where
there is a delay present between measurement and resulting damping in the design. The slow, normal and fast cadences are

88, 107 and 125steps/min, or 3.7, 4.5, and 5.3km/h respectively.



8
Conclusion

The objective of this research is to propose a concept for a transfemoral K3 prosthesis that is fully
passive and suitable for variable walking velocities by implementing velocity-dependent knee damping
in the swing phase.

The main working principle of the final design is that in the swing phase, the design links the centrifugal
acceleration of the foot to friction damping in the knee using cables, thereby implementing a velocity
dependent damping moment in the knee. In the stance phase, the design locks the knee using a spring
latch. An ankle spring is activated, increasing the moment of the ankle as dorsiflexion increases. At
sufficient dorsiflexion, a cable is pulled that unlocks the knee and the ankle spring releases its energy,
and it initiates the swing phase.

The design is theoretically capable of a complete gait cycle, fully passive and suitable for variable
walking velocities. However, due to the acceleration method of the shank and fragility of 3D printed
parts, testing the variable knee damping mechanism is performed at angular velocities up to 3.6rad/s.
This corresponds to a walking velocity of up to 2.4km/h, whereas natural cadence occurs approximately
between 3.7−5.3km/h. Therefore, no clear conclusion can be made on the performance of the device
in natural walking velocities. Some velocity-dependent behavior can be observed at lower velocities,
but inconsistencies in knee damping are present, which can be attributed to hysteresis in the damping
mechanism. Therefore, the results remain inconclusive. Lastly, the design is only assessed on walking
on a flat surface.

Due to the limitations in the design and the experimental validation the concept can not yet be classified
as a K3 prosthesis. To reach that goal, the design should be improved to contain less hysteresis and be
more robust. Additionally, testing needs to be performed at higher angular velocities with an alternative
acceleration method. However, this research demonstrates the potential for a low-cost, fully passive
variable damping knee prosthesis, which a promising initial step toward the development of low cost
K3 prostheses.
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A
Design process

A.1. Sub-functions & sub-solutions
An overview of all sub-functions the design should contain is seen in the first column of the morpholog-
ical chart, as seen in table A.1. For every sub-function, all relevant solutions are presented.

A.2. Concept selection
The concept selection is done by giving each concept scores for weighted performance criteria. The
choice for weight per criteria is shown in table A.2.

The scores per criteria and final scores of the concepts are shown in table A.3. As concept 1 has
the highest score, this is chosen as the concept to expand on and turn into a more detailed design.
For gait mimicry, concept 2 scores the highest as it follows the exact path of natural gait. Concept 3
scores slightly less than concept 1 as it is expected to have troubles in reaching sufficient damping
torque. Natural stance stability behaves comparably to a spring, therefore concepts 2 and 3 score
higher than concept 1. The velocity ranges of concept 1 and 3 are expected to be comparable as both
have a variable damping system which is based on θ̇k. Concept 2 scores less as it allows for only
one gait pattern. Concept 1 & 3 score high on reproducibility because they are producible with mostly
off-the-shelf products and 3D-printing. Concept 3 scores lower than 1 as the gait pattern mechanism of
concept 2 requires precision tools to manufacture, so it scores lower. Regarding safety, the only hazard
for concept 1 could be that something could get stuck between the moving parts, but that is expected to
be solvable. Concept 2 might induce unexpected dangerous movements when unexpected forces are
applied to the joints, and therefore scores the lowest. The electronics in concept 3 pose slight safety
problems, as well as having a magnet in a prosthesis; therefore, it scores lower than concept 1. As
the costs are closely linked to ease of manufacturing, the scores are comparable to reproducibility. For
different terrain ranges, a concept should be adaptable to different situations. Concept 2 is not, due to
its 1 degree-of-freedom constraint. Concept 3 scores slightly higher than concept 1 due to the stance
stability spring, which is more versatile than a friction system because it is able to provide positive
torque, which might be useful in terrains other than flat ground. Concept 2 is the only concept with a
push-off mechanism, which is expected to be very effective due to gait pattern. Concept 1 is expected
to be quite noisy due to the control mass moving and hitting the walls of the control chamber. Concept
2 also might produce a lot of noise due to friction as well as the amount of moving parts. Concept 3 is
expected to be less noisy as the concept requires less physical contact between parts.
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Table A.1: Morphological chart, showing all subfunctions and their according solutions.

Main subfunctions

Knee
damping

Friction Electro-
mechanical

Pneumatic Hydraulic

Weight ac-
ceptance

Friction Spring Electro-
mechanical

Static joint
lock

Dynamic
joint lock

Polycentric
knee

Push-off
mecha-
nism

Electro-
mechanical

Spring Displacement
coupling to
other joint

Hydraulic
pressure

Pneumatic
pressure

Energy
harvesting
medium

Electro-
mechanical

Spring Height Kinetic
energy

Rotational
kinetic
energy

Fluid
pres-
sure

Variable damping control system subfunctions

Gait phase
measure-
ment

Centrifugal
force of
shank or
thigh

Ankle,
knee or
hip angle

Stress in
thigh,

shank or
foot

Moment in
hip, knee
or ankle

Distance
between
foot and
ground

Walking
velocity
measure-
ment

Angular
velocity of
hip, knee
or ankle

Centrifugal
force in
thigh,

shank oor
foot

Stress in
hip, shank
or foot

Sensor
types

Mechanical
force
sensor

Mechanical
displace-
ment
sensor

Electronic
force
sensor

Electronic
displace-
ment
sensor

Muscle
activity
sensor
(EMG)

Magnet
moving
through
coil

Transfer
measure-
ment

Displacement Force Velocity Electrical Fluid
pressure

Chemical Wireless
signals
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Table A.2: Performance Criteria Evaluation

Performance
criteria

Mimics
natu-
ral
gait

Range
of

veloc-
ities

Range
of ter-
rains

Stance
stabil-
ity

Cost Safety Noise Push-
off
force

Reprodu-
cibility

Total Weight

How
closely
does it
mimic
natural
gait?

+ + + + + + + + 8 9

Effective
for what
range of
velocities?

- + - + + + + + 6 7

Effective
for what
range of
terrains?

- - - - - + + - 2 3

How stable
is the

stance?

- + + + + + + + 7 8

Cost - - + - - + + - 3 4

Safety - - + - + + + - 4 5

Noise - - - - - - - - 0 1

Push-off
force

- - - - - - + - 1 2

Reproducibility - - + - + + + + 5 6
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Table A.3: Evaluation of concepts based on performance criteria.

Weight Score (1-
10)

Total
Score

Score (1-
10)

Total
Score

Score (1-
10)

Total
Score

Criteria Concept 1 Concept 2 Concept 3

How closely
does it mimic
natural gait?

9 6 54 10 90 5 45

How stable
is the weight
acceptance?

8 8 64 10 80 10 80

Effective for
what range
of veloci-
ties?

7 8 56 6 42 8 56

Reproducibility 6 10 60 2 12 7 42

Safety 5 9 45 7 35 4 20

Cost 4 10 40 3 12 7 28

Effective for
what range
of terrains?

3 6 18 2 6 7 21

Push-off
force

2 1 2 10 20 1 2

Noise 1 4 4 2 2 8 8

Total Score
(Max. = 450)

343 299 302



B
Data processing

B.1. Swing phase test
1 # README: Every comments applies to all lines below
2

3 import pandas as pd
4 import numpy as np
5 import matplotlib.pyplot as plt
6

7

8 # Define file paths for calibration and test datasets
9 file_calibration = "new␣callibration.xlsx"

10 file_main_test = "superfast␣1.xlsx"
11 file_sneller = "extreem␣1.xlsx"
12 file_snelst = "extreem␣2.xlsx"
13 file_main_test2 = "superfast␣3.xlsx"
14 file_sneller2 = "extreem␣4.xlsx"
15 file_snelst2 = "new␣8.xlsx"
16 file_main_test3 = "superfast␣4.xlsx"
17 file_sneller3 = "extreem␣3.xlsx"
18 file_snelst3 = "new␣9.xlsx"
19

20 # Load datasets from Excel files
21 # The header is set to None as the column titles will be extracted later
22 df_calibration = pd.read_excel(file_calibration, header=None)
23 df_main_test = pd.read_excel(file_main_test, header=None)
24 df_sneller = pd.read_excel(file_sneller, header=None)
25 df_snelst = pd.read_excel(file_snelst, header=None)
26 df_main_test2 = pd.read_excel(file_main_test2, header=None)
27 df_sneller2 = pd.read_excel(file_sneller2, header=None)
28 df_snelst2 = pd.read_excel(file_snelst2, header=None)
29 df_main_test3 = pd.read_excel(file_main_test3, header=None)
30 df_sneller3 = pd.read_excel(file_sneller3, header=None)
31 df_snelst3 = pd.read_excel(file_snelst3, header=None)
32

33 # Extract column titles from the 7th row (index 6)
34 column_titles = df_main_test.iloc[6, 2:5].values # Assume these are columns R, S, T
35

36 # Process the calibration data
37 data_calibration = df_calibration.iloc[1:50, 2:5] # Extract relevant rows and columns
38 data_calibration.columns = column_titles # Assign column names
39 data_calibration = data_calibration.apply(pd.to_numeric, errors='coerce') # Convert to

numeric
40 data_calibration = data_calibration * 1e-6 # Convert from microdegrees to degrees
41 data_calibration_rad = np.deg2rad(data_calibration) # Convert degrees to radians
42

43 # Define a function to process test datasets
44 def process_test_data(df, row_start, row_end):
45 data = df.iloc[row_start:row_end, 2:5] # Extract relevant rows and columns
46 data.columns = column_titles # Assign column names
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47 data = data.apply(pd.to_numeric, errors='coerce') # Convert to numeric
48 data = data.fillna(method='ffill') # Forward-fill missing values
49 data = data * 1e-6 # Convert from microdegrees to degrees
50 return np.deg2rad(data) # Convert degrees to radians
51

52 # Process all test datasets
53 data_main_test_shifted = process_test_data(df_main_test, 150, 410)
54 data_main_test_shifted2 = process_test_data(df_main_test2, 100, 330)
55 data_main_test_shifted3 = process_test_data(df_main_test3, 80, 340)
56 data_sneller_shifted = process_test_data(df_sneller, 140, 360)
57 data_sneller_shifted2 = process_test_data(df_sneller2, 90, 360)
58 data_sneller_shifted3 = process_test_data(df_sneller3, 90, 320)
59 data_snelst_shifted = process_test_data(df_snelst, 90, 360)
60 data_snelst_shifted2 = process_test_data(df_snelst2, 50, 350)
61 data_snelst_shifted3 = process_test_data(df_snelst3, 50, 350)
62

63 # Define compensation and calibration adjustment
64 compensation_value = np.sqrt(3 * (20 ** 2)) # Calculate compensation factor
65 total_rotation_calibration = np.sqrt(((data_calibration_rad)**2).sum(axis=1)) # Compute

total rotation for calibration
66 calibrate_final = total_rotation_calibration[10] # Take a reference value from calibration
67

68 # Compute total rotation for each dataset, applying compensation and calibration
69

70 def compute_total_rotation(data):
71 return np.sqrt(((data + 20) ** 2).sum(axis=1)) - compensation_value - calibrate_final
72

73 # Calculate total rotation for each test dataset
74 total_rotation_main_test = compute_total_rotation(data_main_test_shifted)
75 total_rotation_main_test2 = compute_total_rotation(data_main_test_shifted2)
76 total_rotation_main_test3 = compute_total_rotation(data_main_test_shifted3)
77 total_rotation_sneller = compute_total_rotation(data_sneller_shifted)
78 total_rotation_sneller2 = compute_total_rotation(data_sneller_shifted2)
79 total_rotation_sneller3 = compute_total_rotation(data_sneller_shifted3)
80 total_rotation_snelst = compute_total_rotation(data_snelst_shifted)
81 total_rotation_snelst2 = compute_total_rotation(data_snelst_shifted2)
82 total_rotation_snelst3 = compute_total_rotation(data_snelst_shifted3)
83

84 # Generate time steps for plotting
85 time_main_test = np.arange(len(total_rotation_main_test))
86 time_main_test2 = np.arange(len(total_rotation_main_test2))
87 time_main_test3 = np.arange(len(total_rotation_main_test3))
88 time_sneller = np.arange(len(total_rotation_sneller))
89 time_sneller2 = np.arange(len(total_rotation_sneller2))
90 time_sneller3 = np.arange(len(total_rotation_sneller3))
91 time_snelst = np.arange(len(total_rotation_snelst))
92 time_snelst2 = np.arange(len(total_rotation_snelst2))
93 time_snelst3 = np.arange(len(total_rotation_snelst3))
94

95 # Plot the total angle of rotation over time
96 plt.figure(figsize=(10, 5))
97 plt.plot(time_main_test, total_rotation_main_test , label="Main␣Test␣1", color="black",

linestyle='-', linewidth=1)
98 plt.plot(time_sneller, total_rotation_sneller , label="Sneller␣Test␣1", color="blue",

linestyle='-', linewidth=1)
99 plt.plot(time_snelst, total_rotation_snelst , label="Snelst␣Test␣1", color="red", linestyle='-

', linewidth=1)
100 plt.plot(time_main_test2, total_rotation_main_test2 , label="Main␣Test␣2", color="black",

linestyle='--', linewidth=1)
101 plt.plot(time_sneller2, total_rotation_sneller2 , label="Sneller␣Test␣2", color="blue",

linestyle='--', linewidth=1)
102 plt.plot(time_snelst2, total_rotation_snelst2 , label="Snelst␣Test␣2", color="red", linestyle=

'--', linewidth=1)
103 plt.plot(time_main_test3, total_rotation_main_test3 , label="Main␣Test␣3", color="black",

linestyle=':', linewidth=1)
104 plt.plot(time_sneller3, total_rotation_sneller3 , label="Sneller␣Test␣3", color="blue",

linestyle=':', linewidth=1)
105 plt.plot(time_snelst3, total_rotation_snelst3 , label="Snelst␣Test␣3", color="red", linestyle=

':', linewidth=1)
106

107 # Configure plot labels and appearance
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108 plt.xlabel("Time␣Step")
109 plt.ylabel("Total␣Rotation␣Angle␣(rad)")
110 plt.title("Total␣Rotation␣Angle␣Over␣Time")
111 plt.legend()
112 plt.grid()
113 plt.ylim(-1, 0.6)
114 plt.show()
115

116 import pandas as pd
117 import numpy as np
118 import matplotlib.pyplot as plt
119

120 # Convert pandas Series to numpy arrays for easier manipulation
121 angles_main_test = total_rotation_main_test.to_numpy()
122 angles_snelst = total_rotation_snelst.to_numpy()
123 angles_sneller = total_rotation_sneller.to_numpy()
124

125 angles_main_test2 = total_rotation_main_test2.to_numpy()
126 angles_snelst2 = total_rotation_snelst2.to_numpy()
127 angles_sneller2 = total_rotation_sneller2.to_numpy()
128

129 angles_main_test3 = total_rotation_main_test3.to_numpy()
130 angles_snelst3 = total_rotation_snelst3.to_numpy()
131 angles_sneller3 = total_rotation_sneller3.to_numpy()
132

133 # Define smoothing window sizes for different calculations
134 window_size = 20 # Window size for smoothing angles
135 window_size2 = 10 # Window size for smoothing angular velocity
136 window_size3 = 2 # Window size for smoothing angular acceleration
137

138 # Apply moving average smoothing to the angular data
139 angles_main_test_smooth = pd.Series(angles_main_test).rolling(window=window_size, center=True

).mean().to_numpy()
140 angles_snelst_smooth = pd.Series(angles_snelst).rolling(window=window_size, center=True).mean

().to_numpy()
141 angles_sneller_smooth = pd.Series(angles_sneller).rolling(window=window_size, center=True).

mean().to_numpy()
142

143 angles_main_test_smooth2 = pd.Series(angles_main_test2).rolling(window=window_size, center=
True).mean().to_numpy()

144 angles_snelst_smooth2 = pd.Series(angles_snelst2).rolling(window=window_size, center=True).
mean().to_numpy()

145 angles_sneller_smooth2 = pd.Series(angles_sneller2).rolling(window=window_size, center=True).
mean().to_numpy()

146

147 angles_main_test_smooth3 = pd.Series(angles_main_test3).rolling(window=window_size, center=
True).mean().to_numpy()

148 angles_snelst_smooth3 = pd.Series(angles_snelst3).rolling(window=window_size, center=True).
mean().to_numpy()

149 angles_sneller_smooth3 = pd.Series(angles_sneller3).rolling(window=window_size, center=True).
mean().to_numpy()

150

151 # Define time step between frames (assuming 120 frames per second)
152 dt = 1 / 120
153

154 # Compute angular velocity by taking the derivative of angle with respect to time
155 angular_velocity_main_test = np.diff(angles_main_test_smooth) / dt
156 angular_velocity_snelst = np.diff(angles_snelst_smooth) / dt
157 angular_velocity_sneller = np.diff(angles_sneller_smooth) / dt
158

159 angular_velocity_main_test2 = np.diff(angles_main_test_smooth2) / dt
160 angular_velocity_snelst2 = np.diff(angles_snelst_smooth2) / dt
161 angular_velocity_sneller2 = np.diff(angles_sneller_smooth2) / dt
162

163 angular_velocity_main_test3 = np.diff(angles_main_test_smooth3) / dt
164 angular_velocity_snelst3 = np.diff(angles_snelst_smooth3) / dt
165 angular_velocity_sneller3 = np.diff(angles_sneller_smooth3) / dt
166

167 # Smooth the angular velocity data
168 angular_velocity_main_test_smooth = pd.Series(angular_velocity_main_test).rolling(window=

window_size2, center=True).mean().to_numpy()
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169 angular_velocity_snelst_smooth = pd.Series(angular_velocity_snelst).rolling(window=
window_size2, center=True).mean().to_numpy()

170 angular_velocity_sneller_smooth = pd.Series(angular_velocity_sneller).rolling(window=
window_size2, center=True).mean().to_numpy()

171

172 angular_velocity_main_test_smooth2 = pd.Series(angular_velocity_main_test2).rolling(window=
window_size2, center=True).mean().to_numpy()

173 angular_velocity_snelst_smooth2 = pd.Series(angular_velocity_snelst2).rolling(window=
window_size2, center=True).mean().to_numpy()

174 angular_velocity_sneller_smooth2 = pd.Series(angular_velocity_sneller2).rolling(window=
window_size2, center=True).mean().to_numpy()

175

176 angular_velocity_main_test_smooth3 = pd.Series(angular_velocity_main_test3).rolling(window=
window_size2, center=True).mean().to_numpy()

177 angular_velocity_snelst_smooth3 = pd.Series(angular_velocity_snelst3).rolling(window=
window_size2, center=True).mean().to_numpy()

178 angular_velocity_sneller_smooth3 = pd.Series(angular_velocity_sneller3).rolling(window=
window_size2, center=True).mean().to_numpy()

179

180 # Compute angular acceleration by taking the derivative of angular velocity
181 angular_acceleration_main_test = np.diff(angular_velocity_main_test_smooth) / dt
182 angular_acceleration_snelst = np.diff(angular_velocity_snelst_smooth) / dt
183 angular_acceleration_sneller = np.diff(angular_velocity_sneller_smooth) / dt
184

185 angular_acceleration_main_test2 = np.diff(angular_velocity_main_test_smooth2) / dt
186 angular_acceleration_snelst2 = np.diff(angular_velocity_snelst_smooth2) / dt
187 angular_acceleration_sneller2 = np.diff(angular_velocity_sneller_smooth2) / dt
188

189 angular_acceleration_main_test3 = np.diff(angular_velocity_main_test_smooth3) / dt
190 angular_acceleration_snelst3 = np.diff(angular_velocity_snelst_smooth3) / dt
191 angular_acceleration_sneller3 = np.diff(angular_velocity_sneller_smooth3) / dt
192

193 # Smooth the angular acceleration data
194 angular_acceleration_main_test_smooth = pd.Series(angular_acceleration_main_test).rolling(

window=window_size3, center=True).mean().to_numpy()
195 angular_acceleration_snelst_smooth = pd.Series(angular_acceleration_snelst).rolling(window=

window_size3, center=True).mean().to_numpy()
196 angular_acceleration_sneller_smooth = pd.Series(angular_acceleration_sneller).rolling(window=

window_size3, center=True).mean().to_numpy()
197

198 angular_acceleration_main_test_smooth2 = pd.Series(angular_acceleration_main_test2).rolling(
window=window_size3, center=True).mean().to_numpy()

199 angular_acceleration_snelst_smooth2 = pd.Series(angular_acceleration_snelst2).rolling(window=
window_size3, center=True).mean().to_numpy()

200 angular_acceleration_sneller_smooth2 = pd.Series(angular_acceleration_sneller2).rolling(
window=window_size3, center=True).mean().to_numpy()

201

202 angular_acceleration_main_test_smooth3 = pd.Series(angular_acceleration_main_test3).rolling(
window=window_size3, center=True).mean().to_numpy()

203 angular_acceleration_snelst_smooth3 = pd.Series(angular_acceleration_snelst3).rolling(window=
window_size3, center=True).mean().to_numpy()

204 angular_acceleration_sneller_smooth3 = pd.Series(angular_acceleration_sneller3).rolling(
window=window_size3, center=True).mean().to_numpy()

205

206 # Plot angular velocity comparison
207 plt.figure(figsize=(12, 8))
208 plt.subplot(2, 1, 1)
209

210 plt.plot(angular_velocity_main_test_smooth , label='Main␣Test␣Angular␣Velocity␣(rad/s)', color
='blue')

211 plt.plot(angular_velocity_snelst_smooth , label='Snelst␣Angular␣Velocity␣(rad/s)', color='
orange')

212 plt.plot(angular_velocity_sneller_smooth , label='Sneller␣Angular␣Velocity␣(rad/s)', color='
green')

213

214 plt.xlabel('Time␣(frames)')
215 plt.ylabel('Angular␣Velocity␣(rad/s)')
216 plt.title('Angular␣Velocity␣Comparison')
217 plt.legend()
218 plt.grid(True)
219
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220 # Plot angular acceleration comparison
221 plt.subplot(2, 1, 2)
222 plt.plot(angular_acceleration_main_test_smooth , label='Main␣Test␣Angular␣Acceleration␣(rad/s²

)', color='blue')
223 plt.plot(angular_acceleration_snelst_smooth , label='Snelst␣Angular␣Acceleration␣(rad/s²)',

color='orange')
224 plt.plot(angular_acceleration_sneller_smooth , label='Sneller␣Angular␣Acceleration␣(rad/s²)',

color='green')
225

226 plt.xlabel('Time␣(frames)')
227 plt.ylabel('Angular␣Acceleration␣(rad/s²)')
228 plt.title('Angular␣Acceleration␣Comparison')
229 plt.legend()
230 plt.grid(True)
231

232 plt.tight_layout()
233 plt.show()
234

235 # Plot angular acceleration against angular velocity
236 plt.figure(figsize=(12, 6))
237 plt.plot(angular_velocity_main_test_smooth[1:], angular_acceleration_main_test_smooth , label=

'Main␣Test', color='blue')
238 plt.plot(angular_velocity_snelst_smooth[1:], angular_acceleration_snelst_smooth , label='

Snelst', color='orange')
239 plt.plot(angular_velocity_sneller_smooth[1:], angular_acceleration_sneller_smooth , label='

Sneller', color='green')
240

241 plt.xlabel('Angular␣Velocity␣(rad/s)')
242 plt.ylabel('Angular␣Acceleration␣(rad/s²)')
243 plt.title('Angular␣Acceleration␣vs␣Angular␣Velocity')
244 plt.legend()
245 plt.grid(True)
246 plt.tight_layout()
247 plt.show()
248

249 import numpy as np
250 import matplotlib.pyplot as plt
251

252 # Define constants
253 # Moment of inertia and related parameters
254 m = 2.581 # Mass of the leg (kg)
255 r_leg = 0.327 # Distance from the pivot to the center of mass (m)
256 I_com = 0.0985262392 # Moment of inertia about the center of mass (�kgm²)
257 I = m * (r_leg ** 2) + I_com # Total moment of inertia (�kgm²)
258

259 tolerance = 0.01 # Tolerance for filtering data based on angle
260 measurement_angle = 0.0 # Target angle for filtering
261

262 # Gravitational moment decrease at the measurement angle
263 moment_decrease_g = np.sin(measurement_angle) * m * 9.81 * r_leg
264 standard_damping = 0 # Base damping value (excluding variable damping system)
265

266 # Function to filter data where angle � measurement_angle
267 def filter_by_angle(angle_data, velocity_data, acceleration_data, target_angle=-

measurement_angle, tol=tolerance):
268 """
269 Filters data based on a specified target angle within a given tolerance.
270 Returns velocity and acceleration values corresponding to the filtered angles.
271 """
272 indices = np.where(np.abs(angle_data - target_angle) < tol)[0] # Find indices where

angle � target_angle
273 return velocity_data[indices], acceleration_data[indices]
274

275 # Apply filtering for multiple test datasets
276 vel_main_test, acc_main_test = filter_by_angle(angles_main_test_smooth[:-2],

angular_velocity_main_test_smooth[:-1], angular_acceleration_main_test_smooth)
277 vel_snelst, acc_snelst = filter_by_angle(angles_snelst_smooth[:-2],

angular_velocity_snelst_smooth[:-1], angular_acceleration_snelst_smooth)
278 vel_sneller, acc_sneller = filter_by_angle(angles_sneller_smooth[:-2],

angular_velocity_sneller_smooth[:-1], angular_acceleration_sneller_smooth)
279
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280 vel_main_test2, acc_main_test2 = filter_by_angle(angles_main_test_smooth2[:-2],
angular_velocity_main_test_smooth2[:-1], angular_acceleration_main_test_smooth2)

281 vel_snelst2, acc_snelst2 = filter_by_angle(angles_snelst_smooth2[:-2],
angular_velocity_snelst_smooth2[:-1], angular_acceleration_snelst_smooth2)

282 vel_sneller2, acc_sneller2 = filter_by_angle(angles_sneller_smooth2[:-2],
angular_velocity_sneller_smooth2[:-1], angular_acceleration_sneller_smooth2)

283

284 vel_main_test3, acc_main_test3 = filter_by_angle(angles_main_test_smooth3[:-2],
angular_velocity_main_test_smooth3[:-1], angular_acceleration_main_test_smooth3)

285 vel_snelst3, acc_snelst3 = filter_by_angle(angles_snelst_smooth3[:-2],
angular_velocity_snelst_smooth3[:-1], angular_acceleration_snelst_smooth3)

286 vel_sneller3, acc_sneller3 = filter_by_angle(angles_sneller_smooth3[:-2],
angular_velocity_sneller_smooth3[:-1], angular_acceleration_sneller_smooth3)

287

288 # Scatter plot for Angular Velocity vs. Moment due to damping
289 plt.figure(figsize=(10, 6))
290

291 def plot_scatter(velocity, acceleration):
292 """Helper function to plot experimental values."""
293 plt.scatter(-velocity, acceleration * I - moment_decrease_g - standard_damping, color='

blue', alpha=0.7)
294

295 # Plot experimental values
296 plot_scatter(vel_main_test, acc_main_test)
297 plot_scatter(vel_snelst, acc_snelst)
298 plot_scatter(vel_sneller, acc_sneller)
299 plot_scatter(vel_main_test2, acc_main_test2)
300 plot_scatter(vel_snelst2, acc_snelst2)
301 plot_scatter(vel_sneller2, acc_sneller2)
302 plot_scatter(vel_main_test3, acc_main_test3)
303 plot_scatter(vel_snelst3, acc_snelst3)
304 plot_scatter(vel_sneller3, acc_sneller3)
305

306 # Combine all x (velocity) and y (moment) values for fitting a trend line
307 x_values_unf = np.concatenate([
308 -vel_main_test, -vel_snelst, -vel_sneller,
309 -vel_main_test2, -vel_snelst2, -vel_sneller2,
310 -vel_main_test3, -vel_snelst3, -vel_sneller3
311 ])
312

313 y_values_unf = np.concatenate([
314 acc_main_test * I - moment_decrease_g - standard_damping,
315 acc_snelst * I - moment_decrease_g - standard_damping,
316 acc_sneller * I - moment_decrease_g - standard_damping,
317 acc_main_test2 * I - moment_decrease_g - standard_damping,
318 acc_snelst2 * I - moment_decrease_g - standard_damping,
319 acc_sneller2 * I - moment_decrease_g - standard_damping,
320 acc_main_test3 * I - moment_decrease_g - standard_damping,
321 acc_snelst3 * I - moment_decrease_g - standard_damping,
322 acc_sneller3 * I - moment_decrease_g - standard_damping
323 ])
324

325 # Remove invalid values (negative and NaN values)
326 valid_mask = (x_values_unf >= 0) & (y_values_unf >= 0) & ~np.isnan(x_values_unf) & ~np.isnan(

y_values_unf)
327 x_values = x_values_unf[valid_mask]
328 y_values = y_values_unf[valid_mask]
329

330 # Fit a quadratic model to the data
331 coefficients = np.polyfit(x_values, y_values, 2)
332 poly = np.poly1d(coefficients)
333

334 # Generate points for the trend line
335 x_trend = np.linspace(min(x_values) - 0.5, max(x_values) + 5, 100)
336 y_trend = poly(x_trend)
337 plt.plot(x_trend, y_trend, label="Trend␣line␣experimental␣values", color='blue', linestyle='

--')
338

339 # Define natural gait peak velocity and peak moment
340 piek_vels = np.array([4.6, 5.9, 7.1])
341 peak_moment = np.array([0.161, 0.263, 0.375]) * 80 # Scaled by bodyweight
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342

343 plt.scatter(piek_vels, peak_moment, color='red', label='Natural␣gait␣peak␣velocity␣and␣peak␣
moment', alpha=0.7)

344

345 # Define expected quadratic moment function
346 def quadratic_function(x):
347 return 0.4859 * x**2 - 1.82
348

349 # Plot expected moment function
350 x_cal = np.linspace(0, 7.5, 100)
351 y_cal = quadratic_function(x_cal)
352 plt.plot(x_cal, y_cal, label="Expected␣moment", color="orange")
353

354 # Plot formatting
355 plt.xlabel("Angular␣velocity␣(rad/s)")
356 plt.ylabel("Moment␣due␣to␣damping␣(Nm)")
357 plt.legend()
358 plt.grid(True)
359 plt.xlim(0, 7.5)
360 plt.ylim(0, 31)
361 plt.show()

B.2. Ankle stiffness test
1 # README: Every comments applies to all lines below
2

3 import pandas as pd
4 import matplotlib.pyplot as plt
5 import numpy as np
6

7 # List of Excel files
8 excel_files = [f"Reductie␣{i}.xlsx" for i in range(1, 6)]
9

10 # Column names for data extraction
11 columns = ['time', 'pull␣force␣v', 'displacement␣v', 'pull␣force␣N', 'displacement␣mm']
12

13 # Define stiffness and ratio for calculations
14 stiffness = 28.42
15 afstandsverhouding = 258/121 # mm ratio
16

17 displacement_array = np.arange(0,30,1)
18 force_array = stiffness * displacement_array / (afstandsverhouding * afstandsverhouding)
19

20 # Dictionary to store data from each file
21 data = {column: [] for column in columns}
22

23 try:
24 # Load and process each Excel file
25 for file in excel_files:
26 df = pd.read_excel(file)
27 df.columns = columns # Rename columns to match expected format
28 for column in columns:
29 data[column].append(df[column]) # Append column data
30

31 # Plot displacement vs. pull force for all Excel files
32 plt.figure(figsize=(10, 6))
33 for i, file in enumerate(excel_files):
34 plt.plot((data['displacement␣v'][i] / 1000 - 18), -data['pull␣force␣N'][i] / 10000,

label=f"{file}", linewidth=0.5)
35

36 # Plot expected force curve
37 plt.plot(
38 displacement_array,
39 force_array,
40 color="black", # Black color
41 linewidth=2, # Thicker line
42 linestyle="--", # Dashed line
43 label="Expected␣force" # Line label
44 )
45
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46 # Label axes and add title
47 plt.xlabel("Displacement␣V")
48 plt.ylabel("Pull␣Force␣N")
49 plt.title("Ankle␣spring␣stiffness␣test:␣Displacement␣vs␣Pull␣force")
50 plt.legend()
51 plt.grid(True)
52 plt.show()
53

54 except FileNotFoundError as e:
55 print(f"Error:␣{e}.␣Please␣check␣the␣file␣names␣and␣paths.")
56 except Exception as e:
57 print(f"An␣error␣occurred:␣{e}")
58

59 import math
60 from scipy.optimize import minimize # Import minimize function for optimization
61

62 def calculate_angles(displacements, pivot, toe_start):
63 px, py = pivot
64 t0x, t0y = toe_start
65

66 # Radius of the arc (distance from pivot to toe start)
67 R = math.sqrt((t0x - px)**2 + (t0y - py)**2)
68

69 def angle_equation(theta, d):
70 """
71 Computes the difference between cable length and expected displacement.
72 theta: Toe angle around the pivot.
73 d: Displacement (cable length from (0,0) to the toe).
74 """
75 tx = px + R * np.cos(theta)
76 ty = py + R * np.sin(theta)
77 cable_length = np.sqrt(tx**2 + ty**2)
78 return cable_length - d
79

80 angles = []
81 for d in displacements:
82 if d > R + np.sqrt(px**2 + py**2):
83 raise ValueError(f"Displacement␣{d}␣exceeds␣maximum␣possible␣cable␣length.")
84

85 # Solve for theta using minimize with bounds (0 < theta < pi)
86 initial_guess = 1 # Initial guess for angle
87 result = minimize(lambda theta: abs(angle_equation(theta, d)), initial_guess, bounds

=[(0, np.pi)])
88

89 if result.success:
90 theta = result.x[0] # Extract solution
91 angles.append(np.degrees(theta)) # Convert to degrees
92 else:
93 raise ValueError(f"Optimization␣failed␣for␣displacement␣{d}.")
94

95 return angles
96

97 # Define pivot and toe start positions
98 pivot = (440, -185)
99 toe_start = (530, 60)

100

101 # Compute angles for displacement data
102 angles = calculate_angles(((data['displacement␣mm'][0]/10000) + 43.8), pivot, toe_start)
103

104 # Compute theoretical angles
105 angles_simple = lambda d: d * 360 / (2 * 258 * np.pi)
106 add = -6.9
107 addii = 43.8
108

109 angles1 = [angle + add for angle in angles_simple((data['displacement␣mm'][0]/10000 + addii))
]

110 angles2 = [angle + add for angle in angles_simple((data['displacement␣mm'][1]/10000 + addii))
]

111 angles3 = [angle + add for angle in angles_simple((data['displacement␣mm'][2]/10000 + addii))
]

112 angles4 = [angle + add for angle in angles_simple((data['displacement␣mm'][3]/10000 + addii))
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]
113 angles5 = [angle + add for angle in angles_simple((data['displacement␣mm'][4]/10000 + addii))

]
114

115 # Compute forces
116 force1 = -data['pull␣force␣N'][0] / 10000
117 force2 = -data['pull␣force␣N'][1] / 10000
118 force3 = -data['pull␣force␣N'][2] / 10000
119 force4 = -data['pull␣force␣N'][3] / 10000
120 force5 = -data['pull␣force␣N'][4] / 10000
121

122 # Compute force components adjusted for ankle angle
123 force1x = force1 * np.cos((np.deg2rad(angles1) - np.deg2rad(15))) / np.cos(np.deg2rad(15))
124 force2x = force2 * np.cos((np.deg2rad(angles2) - np.deg2rad(15))) / np.cos(np.deg2rad(15))
125 force3x = force3 * np.cos((np.deg2rad(angles3) - np.deg2rad(15))) / np.cos(np.deg2rad(15))
126 force4x = force4 * np.cos((np.deg2rad(angles4) - np.deg2rad(15))) / np.cos(np.deg2rad(15))
127 force5x = force5 * np.cos((np.deg2rad(angles5) - np.deg2rad(15))) / np.cos(np.deg2rad(15))
128

129 # Compute moments (force * lever arm distance)
130 moment1x = force1x * 0.258
131 moment2x = force2x * 0.258
132 moment3x = force3x * 0.258
133 moment4x = force4x * 0.258
134 moment5x = force5x * 0.258
135

136 # Compute expected moment curve
137 angle_array = np.arange(-4.5, 30.5, 1)
138 angle_array_2 = np.deg2rad(abs(angle_array + 4.5 - 29.2))
139 force_array_spring = -(stiffness * 121 * 2 * (np.sin(0.5 * angle_array_2) - np.sin(0.5 * np.

deg2rad(abs(-29.2)))))
140 force_array = force_array_spring * 121 / 258
141 moment_array = force_array_spring * 0.121 * np.cos(0.5 * angle_array_2)
142

143 # Plot results
144 plt.plot(angles1, moment1x, color='red', linewidth=0.6, label="Experimental␣moment")
145 plt.plot(angles2, moment2x, color='red', linewidth=0.6)
146 plt.plot(angles3, moment3x, color='red', linewidth=0.6)
147 plt.plot(angles4, moment4x, color='red', linewidth=0.6)
148 plt.plot(angles5, moment5x, color='red', linewidth=0.6)
149 plt.plot(angle_array, moment_array, color='black', linestyle='--', linewidth=1, label="

Expected␣moment")
150 plt.xlabel("Ankle␣angle␣(°)")
151 plt.ylabel("Ankle␣moment␣(Nm)")
152 plt.xlim(-6, 10)
153 plt.ylim(0, 100)
154 plt.legend()
155 plt.grid(True)
156 plt.show()



C
Use of artificial intelligence

In the writing of this thesis, the Artificial Intelligence (AI) by Writefull which is implemented in Overleaf
is used. This AI gives suggestions when a written sentence is not grammatically correct.

In the data processing, ChatGPT is used to assist with coding in Python. An example of a used prompt
is:
Input: ”[my code], this is my code. Implement a moving average filter with a window of 20 over the data
of the angles.”
Output: ”[my code with an implemented moving average filter]”
The code provided is always checked by the writer of this thesis, and the writer guarantees that only
code which is fully understood is used.

Undermind AI is used occasionally to find sources. An example of a prompt is:
Input: ”Give me papers describing the effect of stair walking and incline walking on knee and ankle
angles and moments.”
Output: [A list of papers describing the effect of stair walking and incline walking on knee and ankle
angles and moments, as well as a small summary]

46
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