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Abstract 

Össur is an Icelandic prosthesis development and manufacturing company. One of their main 

products is a variable damping, electronically controlled prosthetic knee used by 

transfemoral amputees, called the Rheo Knee.  

In order for the controller to be able to simulate the human gait, it must collect information 

about the knee’s status within its environment. This is achieved through a set of sensors 

positioned throughout the prosthetic. Two of these sensors are load cells who measure the 

load the leg is bearing. 

The load cells utilized within the knee´s design are becoming obsolete. This is due to the 

evolution in electronic hardware, making them smaller and cheaper. The load cells takes up 

to much space and are time consuming and uneconomical to produce.  

The aim of this project was to find a viable replacement solution for the load cells, something 

smaller and easier to manufacture. The possibility of replacing the functionality of the load 

cells with a carbon fibre blade was investigated. This blade was incorporated into the knee´s 

structural design in a way that it’s flexural displacement could measured by a proximity 

sensor during the gait cycle. 

The properties of several components were researched and their behaviour under a range of 

gait condition were examined. This was accomplished by conducting a walking test on a 

prototype that incorporated the carbon fibre blade system.  

The results contain some promising aspects. The signal generated by the proximity sensor 

matched a derived signal from the load cell.





 

 

Útdráttur 

Össur er íslenskt fyrirtæki sem hannar og framleiðir gerviútlimi og önnur stoðtæki. Ein af 

þeirra aðal söluvörum er gervihné ætlað fólki sem misst hefur fótlegg fyrir ofan hné. Þetta 

hné er með hnjálið með stillanlegu snúnings mótvægi sem stjórnað er af örtölvu og er kallað 

Rheo Hné (e. Rheo Knee).  

Til þess að hnéð geti líkt eftir hegðun raunverulegra fótleggjaleggja verður örtölvan að fá 

upplýsingar um stöðu leggjarins í rauntíma. Þetta er gert með því að hafa skynjara í leggnum 

sem skynja stöðu leggjarins. Tveir af þessum skynjurum eru vogarnemar (e. load cells). 

Vogarnemarnir sem eru í notkun eru orðnir úreltir miðað við aðra hluta leggjarins, aðallega 

eru þeir fyrirferðarmiklir og dýrir í framleiðslu. Rafeindaíhlutir hafa þróast hratt á síðustu 

árum sem gerir það mögulegt að skoða aðra hentugri tækni til að leysa vogarnemana af 

hólmi. 

Markmið þessa verkefnis var prófa aðra aðferð til þess að nema krafta á legginn, eitthvað 

ódýrara, minna og auðveldara í framleiðslu. Möguleikinn á að skipta út vogarnemunum fyrir 

beygjanlegt blað úr koltrefjum (e. carbon fiber) var rannsökuð. Blaðið átti að sveigjast þegar 

þungi var settur á legginn og færslan svo mæld með fjaralægðarnema.  

Eiginleikar þeirra hluta sem nota átti í þessa útfærslu voru rannsakaðir. Þeir voru svo allir 

settir saman og búin til frumgerð. Frumgerðin var svo prófuð með því að gera göngupróf og 

gögn frá nemunum greind. 

Nokkuð jákvæðar niðurstöður fengust úr þessum prófunum. Merkið frá fjarlægðarnemunum 

líktist merki sem reiknað er út frá vogarnemunum.
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1 Introduction 

The human race has been subjected experienced to traumas for as long as it has existed; 

from accidents to purposeful harm inflicted on individuals by their adversaries. These 

traumas can be mental as well as physical, from scratches to lethal wounds. In the past, 

poor hygiene and little or no understanding of bacterial infections could eventually lead 

to gangrene and cause life threatening conditions. People with untreated infections 

would eventually die from their wounds.  

Early on amputation was discovered to stop the spread of the infection in body 

extremities. When that was done it could save the person’s life but left them severely 

handicapped, whether it was an arm or a leg that was amputated. Earliest forms of 

prosthetics to help people to cope with a missing leg, hand or an arm was to replace 

them with simple wooden or metal counterparts which could reduce the severity of the 

impairment. 

As technology advanced throughout the centuries the prostheses evolved as well. 

Prosthetics became fitted with joints, became more practical and comfortable. During 

the 20th century even more advances were made when they became mechanically 

assisted with hydraulics and later electronically controlled via microcontrollers.  

Össur ehf. is an Icelandic company that has participated in the evolution of prosthesis 

and other orthopaedics for over 30 years. One of their main product is a prosthetic knee 

for transfemoral (above the knee) amputees called the Rheo Knee. The Rheo Knee is 

designed as a passive leg, i.e. no motors to assist with motion like in an active leg. 

Instead it has a variable damping knee joint that controls the ease of which the knee joint 

can be flexed, controlled by a microcontroller which gets signals from multiple sensors 

positioned throughout the limb. The Rheo Knee has been in production for about 10 

years and in that time it has been developed significantly. The goal of this thesis is to 

develop the knee further, designing a new method for determining the load placed on 

the knee. 

1.1 The Rheo Knee 

Many different companies produce many different types of prosthesis. Some of them 

are active, i.e. use motors or other actuators to move, and some of them are passive [1]. 

The Rheo Knee is of the latter category, there are no actuators inside that leg. 

The Rheo Knee draws its name from the technology used in the knee joint to provide 

variable damping in knee motion. That technology is based around a fluid called a 

Magnetorheological (MR) fluid, an oil based fluid which contains minute metal flakes. 

When this fluid is affected by a magnetic field the metal flakes form chains parallel to 

the magnetic field lines, therefore creating a resistance and changing the viscosity of the 

fluid [2].  



2 

By controlling the strength of a magnetic field the torque needed to bend this joint can 

be controlled. This is accomplished by supplying variable amounts of current through 

an electromagnet positioned within this knee joint, which in turn controls the viscosity 

of the MR fluid. The microcontroller receives information from a series of sensors 

positioned within the leg so it can control this damping behaviour based on the position 

of the leg. 

The main types of sensors the controller relies on are a load cell and a sensor that senses 

the angle and angle velocity of the knee joint (calculated). The load cells can give 

information about how much force is applied on the whole leg or split into the front- or 

back portion of the leg. Figure 1 shows the positions of the load cell in the leg, marked 

as number three. 

 

 

Figure 1 - Rheo Knee 3 – The figure shows the insides of the Rheo knee, (1) MR knee 

joint. (2) Spring to assist extension of joint. (3) Load cells. (4) Printed Circuit Boards. 

(5) Battery pack [3] 

1.2 The problem statement 

The Rho Knee has undergone substantial improvements in design since its initial 

development. The integrated load cells are the only major component that has remained 

relatively unchanged throughout its production. As can be seen in the figure above, there 

is much unused space inside the leg between the load cells, below the circuit boards 
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(marked as number 4 in Figure 1). This space used to be occupied by the Printed Circuit 

Boards (PCB) positioned vertically, however they have been drastically reduced in size 

over the years and positioned horizontally instead, leaving this gap. Reducing the length 

of the leg structure would eliminate this gap and make the Rheo Knee a viable solution 

to a larger group of users. However, this is difficult because of the manner in which the 

load cells are built in the structural design. 

Furthermore, making the load cells is a time consuming and expensive process. It 

involves shipping the parts between countries. It would be much simpler, faster and 

economical if it was possible to achieve similar functionality as the load cells by using 

a manufactured in-house solution.  

1.3 The solution 

Hypothetically, this problem could be solved in a multitude of ways. The solution 

explored in this thesis involves taking the load cell out of the structural design. As a 

substitute, use a flexible elastic material that compresses when subjected to load and 

measure its displacement with a proximity sensor.  

The scope of this study was to find a viable solution for replacing the load cells with 

something easier to manufacture, less expensive and less space consuming in the legs 

structure. Something that could detect load on the leg as well as detecting moment. 

1.4 Thesis overview 

This thesis paper gives information about how this project was constructed. This 

overview describes how the paper is structured. 

Section 2, Background, describes how the process of walking works, and therefore what 

process a microcontroller controlled prosthetic knee is simulating.  Furthermore, the 

components in the Rheo Knee are described in order to get an overview over what is 

going to be affected if one component is changed.  

Section 3, Materials, goes into the theory and working principle of the equipment 

utilized in this project. 

Section 4, Methods, the equipment is researched and tested in order to get an overview 

of responses in intended situations. 

Section 5, Prototype development, the researched components are combined and 

preliminary tests are performed. 

Section 6, Results, the data from the tests are graphically represented and other results 

specified. 

Section 7, Discussions, the results of the thesis and data is discussed. 

Section 8, Conclusions, the conclusion of the thesis are represented. 
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2 Background 

2.1 The human gait cycle 

In order to understand how the prosthesis works one must first have an idea of how the 

human walking gait is comprised.  

The study of the human characteristic of bipedal walking falls under the field of 

Biomechanics. The action of all the individual muscles and joints of the body tribute to the 

process of walking, which every able body human being considers as an relatively easy task.  

These studies began in the 1940’s. Those studies were focused on; “the fundamental aspects 

of human walking, particularly in relation to problems faced by lower limb amputees” [4]. 

Collection of new techniques were developed to analyse this phenomena, using motion 

pictures, force plates, interrupted lights, inserted pins, glass walkways and electromyography 

[4]. The aim of these studies were also to investigate the; “the dynamics of human 

locomotion, the energy expenditure of normal and disabled persons and the effects of 

immobilization of joints on energy expenditure” [4].  

“Locomotion, a characteristic of animals is the process by which animal moves from one 

geographic position to another” [4]. Animals use four legs to move. When walking slowly 

they stand on three legs and advance one leg forward at a time. Human childs do the same 

thing when they are young. Mastering the act of walking bipedally is a relatively prolonged 

affair and seems to be a learned process, the characteristics of  walking seen in adults are not 

achived until the age of 7– 9 years. Concidering that this process is a learned one, it is not 

that unusual that people use somewhat their own techniques to walk. Nevertheless, the basic 

movements are so similar that the motions required for walking can be described as the same 

process. This is how the basic procedure of walking is described in the book Human 

Walking: 

Human walking is a process of locomotion in which the erect, moving body is 

supported by first one leg and then the other. As the moving body passes over the 

supporting leg, the other leg is swinging forward in preparation for its next support 

phase. One foot or the other is always on the ground, and during that period when 

the support of the body is transferred from the trailing to the leading leg there is a 

brief period when both feet are on the ground. As a person walks faster these periods 

of double support become smaller and smaller fractions of the walking cycle until, 

eventually, as a person starts to run, they disappear altogether and are replaced by 

brief periods when neither foot is on the ground. The cycle alternations of the support 

function of each leg and the existence of a transfer period when both feet are on the 

ground, are essential features of the locomotion process known as walking [4]. 

This process of walking uses many muscles and joints throughout the legs and hips to walk. 

It can be split up into five distinct phases [5], focusing at the movement of the knee joint. 
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1.  Heel strike. The gait cycle is said to begin at heel strike, i.e. when the heel of the 

swinging leg strikes the ground. At that moment the stance knee begins to flex 

slightly, this allows for some shock absorption upon impact. This flexion also aids in 

keeping the body’s centre of gravity at a constant vertical level trough out the stance. 

2. Stance extension. After the stance knee has reached full stance flexion the knee starts 

to extend again. It extends to a fully extended position. 

3. Pre-swing. After full extension during late stance the knee starts to flex again in 

preparation to leave the ground for swing. At the same time, the other leg strikes the 

ground. At this time the body enters the double support mode where both of the legs 

are supporting the body’s weight.  

4. Swing flexion. When the hip is flexed and the knee has reached a certain angle, called 

the knee break, the leg leaves the ground and the knee on that leg continues to flex. 

5. After the knee reaches maximum flexion angle during the swing the knee begins to 

extend again. After it has fully extended it has reached the first phase of the gait cycle 

again, the heel strike. 

These five phases of the walking gait can been explained visually by looking at Figure 2. It 

shows the change in the knee angle throughout the gait cycle. These five phases only describe 

normal level walking, not up- or down a hill, stairs or uneven ground. 
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Figure 2 – Normal gait cycle – The figure shows the five phases of normal gait cycle and 

the change in knee angle throughout one cycle. HS stands for Heel Strike and TO stands 

for toe off. The dark leg in the figure is the one being monitored [5]. Zero degrees is when 

the leg is fully extended. In the middle of the swing phase, i.e. betwwen swing flexion and 

extension 

2.2 How does the Rheo Knee work 

The gait cycle described in the above section is a description of a normal cycle of a normal 

functioning human leg, controlled by the human brain. The brain gets its information from 

all kind nervous system responses throughout the body, along with the equilibrioception, i.e. 

balance, and many other factors that relate to balance.  

For a prosthetic controlled by a microcontroller, the microcontroller must be able to act like 

the human brain. It has to be able to control the stiffness of the knee joint in accordance to 

which phase the leg is in, in order to mimic the behaviour of a normal functioning leg.  

This is accomplished is by placing sensors in the prosthetic leg that convey information to 

the microcontroller about the position of the leg at any given moment. The microcontroller 

uses two main sensors to acquire this information, the knee joint angle sensor and two load 

cells [5]. 
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2.2.1 Basic mechanics of the prosthesis 
The frame of the Rheo Knee is made out of aluminium. That aluminium is the anodised to 

give better protection from corrosion. It can be split in to two basic sections. Upper section 

which is a basically a support frame for the knee joint, and the lower section, which contains 

most of the electronics and sensors. 

The upper section is built around the MR knee joint. Both sections are two almost identical 

aluminium pieces supporting the MR knee joint on either side. Fixed on the left side is a 

spring that returns the knee joint to its fully extended position, referenced as the 0° position. 

On the other side is the angle sensor. 

The lower section is a one piece aluminium frame. The MR knee joint sits on top of this 

frame, fastened with four bolts, one on each corner. This section is a housing for the electrical 

components, PCB’s, sensors, vibrator and the battery pack. 

2.2.2 Basic electronic component information 
Within the Rheo Knee is a specialized embedded system. In order to get the microcontroller 

to control the MR knee joint a collection of extra peripherals are needed. These components 

include three Printed Circuit Boards (PCB’s). The first one is placed right below the knee 

joint in the upper part of the frame. That is the power board. Among other things it contains 

the on/off button, the charging plug and a LED light to give information about its current 

state of operation. This board takes in the power from the battery pack. Figure 3 shows a 

simplified diagram of the three PCB’s. 

 

 

Figure 3 – Simplified diagram of the three PCB’s – The figure shows a simplified diagram 

of the PCB’s configuration within the Rheo Knee 

In the frame itself there are two more circuitry boards. The upper one contains the 

microcontroller. There the main computing and decision takes place. All sensor information 

are led to this board. 

On the third lowest most board, the expansion board, are circuitry for taking in information 

from the load cell sensors. This board also contains a gyroscope and an accelerometer. 
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2.2.3 Magnetorheological knee joint 
The MR knee is main component of this prosthesis, every other components are built around 

the functionality of this joint. It is controls the knee movement during the phases of the 

walking cycle in which the individual is currently situated.  

The joint can be described as hollow cylinder. In the centre of the cylinder is a cylindrical 

metal core, with wire windings, that serves as an electromagnet. A series of circular metal 

plates with holes in the centre, annulus shaped, are arranged around the electromagnet with 

small gaps between them. Every other disk is mounted to the inner wall of the outer cylinder, 

via splines, and the rest are mounted to the outer wall of the cylindrical core, via splines as 

well. The outer cylinder is then filled with the Magnetorheological fluid so it flows freely 

between all the disks. When electricity is then put on the electromagnet it produces an 

magnetic field, that field interacts with the fluid and creates a resistance.  

Figure 4 shows an exploded view of the MR knee joint. It shows the outer cylinder, the core 

and the disks, along with the outer side walls. The outer cylinder contains the disks, core and 

the MR fluid. 

On the outside of the left side-plate of the joint is a spiral-wound torsion spring that assist 

with the spring-back motion of the knee, assisting in returning the joint to its fully extended 

position after flexion. This spring is not shown in Figure 4 but can be seen in Figure 1, 

marked as number 2. 

 

Figure 4 – The Knee Joint – The figure shows a exploded view of a of a 

magnetorheologically actuated prosthetic knee [6] 

2.2.4 Sensors 

Load cell 

The two load cells are an integrated part of the lower framework of the Rheo Knee, one aft 

and one front, see Figure 1 labelled number three. The load cells measure the axial forces 
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applied to the prosthetic. They measure the components of force applied to the knee 

prosthesis from the ground in the direction of the knee’s longitudinal axis [3]. These signals 

from the load cells are critical in order to distinguish between on ground phase and swing 

phase. Furthermore, by determining the moment in the leg, the difference between the load 

cell readings, it is possible to tell if the force is being applied through the heel mostly, straight 

down or mostly through the toe. This information is critical in determining if the knee joint 

can buckle. The microcontroller uses information from the sensor to reduce the risk of 

buckling by controlling the variable damping in the MR joint. 

Angle sensor 

The angle sensor is placed perpendicular to the centre of the knee joint, close to the location 

of number two in Figure 1, but on the opposite side, the one not shown in the figure. In the 

early models of the Rheo Knee the sensor used to measure the angle of the joint was a custom 

built potentiometer but has now been changed into a digital output hall-effect model sensor 

which senses the angle of flexion and sends the information via SPI (Serial Peripheral 

Interface) connection to the microcontroller. 

The signal from this sensor is then differentiated in order to estimate the knee angular 

velocity. The knee angular velocity is critical to determine whether the knee is flexing or 

extending, and the speed of the motion.  

Gyroscope and accelerometer 

On one of the PCB’s there is a Microelectromechanical systems (MEMS) sensor that can 

measure change in velocity in the relative X,Y and Z directions as well as rotations about its 

own axis, (roll, yaw and pitch). This sensor was added in order to make the knee more 

reliable, giving the user more comfort and security, especially in confirming state changes 

within the state machine (discussed in the section State machine). It reduces the risk of toe 

stubbing when exiting the stance phase and entering swing. It works in conjunction with the 

other sensing inputs, confirming state changes. 
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2.2.5 The control 
The microcontroller in the Rheo Knee has the name MSP430F5438A, Figure 5. It is a 

controller produced by the Texas Instruments (TI). This controller takes in the information 

from the sensors, processes them and makes decisions based on program logic how to set 

behaviour of the knee, i.e. the resistive torque applied to the knee joint in the form of a 

current applied to the electromagnet surrounded by the MR fluid. 

The MSP430 is a mixed-signal microprocessor. It is a 16-bit ultralow-power microcontroller 

that consists of multitude of different peripherals, targeted for various applications. It has a 

256KB Flash memory, 16KB RAM, 12 Bit ADC, 4 USCIs, 32-bit HW Multi and up to 87 

I/O pins [7].  

 

 

Figure 5 – The controller – The figure shows the microcontroller analogous to the one 

used in the Rheo Knee [7] 

This controller supports the use of a Real-Time Operating System (RTOS). The TI-RTOS 

(an RTOS from TI) is implemented on the controller used by the Rheo Knee. The TI-RTOS’s 

main component is the TI-RTOS Kernel [8]. The kernel is the base layer of the operating 

system (OS), it provides the most basic "low-level" services such as the hardware-software 

interaction and memory management [9]. The Kernel is the core of the RTOS.  

The software implemented by the Rheo Knees developers is then a collection of functions, 

running in junction with the kernel, made to control the behaviour of the knee joint, relative 

to the state the Rheo Knee is currently in. That portion of the code can be called the state 

machine. 

State machine 

In computer science the term state machine is used to describe a computer program or digital 

logic. It can be split into two groups, infinite (only a concept, not used in practical 

implementation) and finite state machines. The latter includes a finite number of states, 

transitions and actions which can be described with flow graphs, where the path of logic can 

be identified when predefined conditions are met [10]. 

In the case of the Rheo Knee, being a mechanical counterpart of a real knee, a state machine 

was developed to incorporate states that simulate the stages of the natural human gait cycle, 

Figure 2. State transitions account for more than simply the natural progression of the gait 

cycle. It was also necessary to account for state changes in the forward and backwards 

directions, as well as jumps between any of the states.  
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Figure 6 shows the design of the original state machine for the Rheo Knee, or its predecessor.  

It shows the decision process of the controller depending on the sensory output. Different 

combinations of sensory outputs signals differentiate states within the state machine.  

Heel strike, or stance flexion is the first of five states. In normal walking that state is entered 

from state five, when the leg is swinging forwards in the air. The state changes are governed 

by the outputs of the knee angle sensor and the two load cells. The values sensed from the 

sensors are read by the controller and manipulated arithmetically. The angle sensor provides 

information about the magnitude of the angle and the angular velocity, i.e. the speed and 

direction. The load cells provide information about ground contact and moment, i.e. the 

difference in force sensed by the two load cells, to differentiate between anterior and 

posterior loading of the prosthetic. 

 

 

Figure 6 – The state machine – The figure shows the first design of the state machine for 

the prosthetic [5] 

Figure 6 shows how the initial state machine was designed. Since then it has been changed 

back and forth, many extra conditions have been added as well as some removed. 

Nevertheless the basic functionality can still be described by this state machine. 
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3 Materials 

In order to carry out this study, certain devices and their aspects had to be researched. 

The main concept that needed to be analysed was how forces were being detected in the 

leg and how that technique could be replaced by a simpler less space consuming 

technology. The idea was to mount an L-shaped carbon fiber blade to the bottom of the 

leg and then fit a displacement sensor between the leg and the carbon fiber blade, to 

detect displacement in the blade as load was applied to the leg. Carbon fiber was chosen 

because of its superior material quality and its ample availability at Össur. 

3.1 Sensors 

Sensors, or transducers, are elements used to send signal relative to some physical 

quantity being measured. The sensor usually turns some form of change in its 

environment to an electric signal witch in return can be interpret by some logical electric 

component, like a microcontroller for example [11]. There exist many types of sensors 

to sense many kind of different changes in the environment, i.e. sensors to sense change 

in temperature, pressure, speed, acceleration, weight and distance to mention a few. 

Furthermore many different types of sensors can be used to measure the same quantity. 

Therefore when a sensor is needed in some kind of application many things have to be 

considered in order to choose the right, or best, kind of sensor for each application. A 

sensor can rarely be chosen without considering the needs of the application. One of the 

first things that need to be considered is the sensors performance. It can be evaluated by 

the terms listed in Table 1. 

Table 1 – Factors of considerations - The table shows some of the important factors that 

need consideration when choosing a sensor for an application [12] 

Factors of consideration Short general description 

Range The range in which the sensor can work 

Span The arithmetic difference in sensors output signal measured 

at the specified minimum and maximum operating voltages 

Zero Sensor is adjusted to zero at known point. It is a value 

ascribed to some defined point in the measured range 

Zero drift The signal level may vary from its set zero value when the 

sensor works 

Sensitivity Change in output of the sensor per unit change in the 

parameter being measured, linear or nonlinear 

Resolution Resolution is defined as the smallest change that can be 

detected by the sensor 

Response The time taken by a sensor to approach its true output when 

subjected to a step input 
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Linearity Output that is directly proportional to input over its entire 

range 

Hysteresis 
Most sensors are somewhat unable to repeat faithfully, in the 

opposite direction of operation, the data that have been 

recorded in one direction 

Calibration Measurement of the output of a sensor in response to an 

accurately known input 

Accuracy Ratio of the highest deviation of a value represented by the 

sensor to the ideal value 

(Continuation) 

 

Before these qualities can be evaluated a type of sensor has to be chosen first. As 

mentioned before many kinds of sensors can be chosen for the same task, even though 

some are better suited than others.  

3.1.1 How load is detected in the knee  
The current design uses two strain gauge based load cells to detect a load applied to the 

leg structure. The strain gauges are an integrated part of the leg’s frame, they can detect 

minute strain on the leg structure. 

Strain gauges, load cells 

Many transducers measure quantities by reacting to change in electrical resistance, e.g. 

most load cells. Electrical resistance strain gauges are simple metal components, made 

out of thin metal wires, strips or foil, arranged in a two dimensional spring-shape wafer 

as seen in Figure 7. When these element are subjected to strain, their resistive 

characteristics (R) change. The fractional change in resistance ΔR/R is proportional to 

the strain ε, Eq. [1].  

∆𝑅

𝑅
= 𝐺𝜀 Eq. [1] 
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Where G, the proportional constant, is described as the gauge factor and ε represents the 

strain [12]. 

 

Figure 7 – Strain gauge – The figure shows a diagram of a generic strain gauge 

construction [13] 

When these strain gauge elements are fitted to a structure, strain on the structure can be 

measured. The strain gauges output is in essence a change in resistance, therefore the 

output is most often coupled with Wheatstone bridge. This bridge can convert a change 

in resistance to a change in voltage, which can then be conveyed to a microcontroller as 

an analog signal, most often trough some kind of amplifier and filtering circuit. One or 

more strain gauges fitted on an individual structure are referred to as a load cell, even 

though load cells can utilize other methods to detect mass, strain gauges are the most 

common method. 

There are two of these load cells fitted with in the Rheo knee, one pair on either side, 

each working in conjunction with each other, i.e. the two load cells are integrated in the 

frame of the knee. When the leg is subjected to a load both of the load cells are affected, 

resulting in a compression and/or a tension effect. When a load is introduced axially to 

the structure the load cells are both affected equally in compression. If the load is shifted 

forward as well as down, one of the cells experiences compressional force while the 

other experiences tension, the opposite occurs when the load is shifted backwards. From 

these two signals the microcontroller can differentiate between forwards shifted load 

and backwards shifted load.  

3.1.2 Proximity sensors 
For the intended application it is known that the sensor is supposed to sense change in 

distance or displacement, rather than actual strain. These types of sensors are commonly 

referred to as displacement- or proximity sensors. Displacement sensor can be roughly 

split into two simple groups, explained in Table 2. 

Table 2 – Two groups of displacement sensors - The table gives a short description of 

the two main categories of displacement sensors 

Contact sensors Need physical contact to an object in order to measure its 

displacement 

Non-contact 

sensors 

Can measure displacement of object from a distance, i.e. need 

no physical contact 
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The former needing a physical contact to sense displacement and the latter being able to 

sense without physical contact. A sensor from the latter type was chosen for this 

application because they are simple, easy to use and are long lasting because there are 

no moving parts within.  

Research and comparison of non-contact proximity sensors can be seen in Appendix A. 

From the group of non-contact displacement sensors the hall-effect sensor was a good 

candidate. Engineers at the R&D department at Össur had already been working on a 

design that utilizes the hall-effect sensor in a similar matter, however for a different 

purpose. Therefore the hall-effect sensor was chosen to be the displacement measuring 

device in this thesis.  

The Hall-Effect 

The Hall Effect was discovered by the American physicist Edwin Hall in 1879. It 

describes the behaviour of charged particles in a magnetic field.  When a current flows 

through a conductor and the conductor is placed in a magnetic field the moving charged 

particles, which make up the current, are deflected from their straight path through the 

conducting material. The moving electrons are deflected to one side of the conducting 

material, making that side of the conductor negatively charged, while the opposite side 

becomes positively charged in comparison. This separation causes an electric field 

within the material [11], Figure 8. 

 

Figure 8 – The Hall-effect – The figure shows a visual representation of the Hall-effect 

[14] 

This charge separation then continues until the forces on the charged particles from this 

electric field balance the forces made by the magnetic field. This results in a transverse 

potential difference V given by Eq. [2]. 

𝑉 = 𝐾𝐻

𝐵𝐼

𝑡
 Eq. [2] 

Where B is the magnetic flux density at right angle to the conducting material, I is the 

current through it, t the thickness of the conducting material and KH a constant called 

the Hall coefficient.  
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If then there exist a constant current trough a strip of conducting material and the 

potential difference in that material measured in the presence of a magnetic field, the 

Hall voltage would be a measurement of the magnetic flux density. This effect is utilized 

by mounting a permanent magnet, of a suitable strength, to the object of interest to 

measure its displacement. 

Hall-effect sensors 

There are two main kinds of Hall-Effect sensors generally supplied, both types provided 

with the necessary signal processing circuitry. One type is called a threshold type, a 

digital on/off switch, and the other a linear output type sensor, i.e. its output is directly 

proportional to the input (ratiometric). The linear type is the type focused on in this 

application to obtain quantitative information about the motion under consideration. The 

signal they give out is a constant portion of the supplied voltage that varies fairly linearly 

in comparison with the strength of the magnetic field, at least at some of the range of the 

sensor. These sensors are fairly cheap, easy to use, and virtually immune to 

environmental contaminants and can be used under severe service conditions [15].  

The hall-element sensors are an ideal sensing technology. The hall element can detect 

both negative (South Pole) as well as positive (North Pole) magnetic fields. These kind 

of sensors have many useful advantages. The sensor outputs approximately half of its 

input voltage when not affected by any magnetic field. When subjected to positive 

magnetic field the voltage output of the sensor increases linearly in response to the 

increased magnetic flux density B, (measured in Tesla T or Gauss G, G = 0.1 mT), 

described in more detail in Appendix B. This is reversed when subjected to negative 

magnetic field, the voltage drops linearly [15]. 

Some of the key features of these sensors are very attractive for this application. A sensor 

was acquired from an engineer at Össur to use for prototyping in this study. This sensor 

was from the SS49E line of hall-effect sensors from the manufacturer Honeywell. Some 

of its properties are listed in Table 3. 

Table 3 – Honeywell SS49E hall-effect sensor qualities - The table lists some of the 

SS49 qualities [16] 

Miniature construction 
Designed for compact designs with 

tight space requirements 

Energy efficient 
Low current consumption of 6 mA at 

5 VDC 

Easy PC board interface 
Single current sourcing output for 

common electronic circuits 

Circuit design flexibility 
Voltage range of 2.7 VDC to 6.5 

VDC 

Low noise output 
Virtually eliminates the need for 

filtering 

Stable output Thin film resistors improve accuracy 

Wide range of environments 
Temperature range of -40 °C to 100 

°C [-40 °F to 212 °F] 
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Application flexibility 
Responds to either positive or 

negative Gauss 

Output voltage span 0.95VDC to (Vs - 0.95)VDC 

Magnetic range ±1000 — Gauss 

Response time 3 μs 

Linearity 0.7% of span 

Sensitivity 1.4 mV/Gauss 

Output voltage 1.4 mV/Gauss 

(Continuation) 

 

Table 3 answers some of the important questions about the factors of consideration in 

Table 1. To sum up this information, this sensor is very linear, small, accurate, has 

sufficient range, fairly energy efficient and easy to use. This means that this sensor, 

because of its internal setup, can be connected to virtually anything that can analyse 

analog signals, with minimal external circuitry. It is also useful to note that the magnetic 

range is said to be ±1000 Gauss, however it’s not harmful to the sensor in any way to be 

exposed to stronger magnetic fields. The output just reaches saturation at the given 

Gauss and it then outputs the max or min mV levels, depending on the magnets polarity 

exposed to the sensor [16]. 

The linear hall-effect sensor and a magnet are used in two basic ways to measure 

distance or detect an objects presence, or rather the presence of a magnetic field. These 

modes are called the slide-by mode and the head-on mode. Either the magnet or the 

sensor can be the moving part of the system, even though it is more traditional and in 

most cases more convenient to have the sensor stationary and the magnet moving, 

because of calibrations and the fact that the magnet doesn’t have any wires connected to 

it (if it is a permanent magnet). In the slide-by mode the magnets motion is in most cases 

linear and parallel to the hall-element of the sensor, at some set distance from the sensor, 

constant i.e. the gap is constant [15], see Figure 9. 
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Figure 9 – The slide-by mode – The figure shows the slide-by setup of the magnet and 

the sensor [15] 

In the head-on mode the movement of the magnet is linear and perpendicular to the face 

of the hall-element of the sensor, see Figure 10. The latter method is the one used in this 

study because of the displacement motion in the intended setup. 

 

Figure 10 – The head-on mode – The figure shows the head-on setup of the magnet 

and the sensor [15] 
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3.2 Magnets 

Permanent magnets or even electromagnets are the key element to utilize the 

measurement qualities of a linear hall-effect sensor. It is possible to mount a small 

magnet to anything of interest and use a simple hall-effect senor to sense minute 

movements of the object by measuring the change in magnetic field. Research about 

magnets working principal can be found in Appendix B. 

There exist many types of permanent magnets, from different types of materials, of 

different size, shape and strength. Magnet of any strength can be used to influence the 

output signal of a hall-effect element sensor. The difference the magnets strength 

controls at what distance from the hall-element changes its output value (mV). Stronger 

magnets will influence the sensor at a greater distance.  

The best way to choose a magnet for a certain setup is therefore to keep in mind the 

Gauss ratings of the sensor and the distance between the object being measured and the 

sensor position. For more distance a stronger magnet is chosen. For this study the actual 

distance had not been defined as it would have to be a part of the final mechanical design 

of a new frame. The magnet would not have to be strong because the intended distance 

would most likely not be great and the displacement would be small.  However, for 

testing purposes, any magnet could be used. As a result the magnet used was a coin 

shaped neodymium magnet of unknown Gauss ratings, much stronger magnet than 

actually needed, acquired at Össur.  

3.3 Carbon Fiber 

Carbon Fiber Reinforced Polymer (CFRP), commonly known as just Carbon Fiber (CF), 

is a Polymer Matrix Composite material reinforced by carbon. Cloths are made out of 

continuous or discontinuous CF strands with a diameter of about 10 µm, see Figure 11. 

It is an extremely strong and very light material. It’s a rather expensive material, 

however it possesses the highest specific mechanical properties, such as high modulus 

of elasticity and tensile strength. The worst property of the material is however that it is 

highly brittle, it has a catastrophic mode of failure. It can be bent to extreme angles if 

the force applied is within the allowable limits. It never enters a plastic-elastic region, it 

bends until it breaks, no deformation [17]. A typical stress and strain curve for CFRP 

can be seen in Figure 12. 
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Figure 11 – Carbon Fiber cloth – The figure shows a carbon fiber cloth [18] 

 

 

Figure 12 – CF Tensile Stress strain curve – The figure compares the strain curves of 

CFRP, Glass Fiber Reinforced Fiber (GFRP), Glare (patented GFRP) and the FML 

type (Fiber/Metal Laminate) CARAL (CArbon Reinforced Aluminium Laminates) [19] 

There exists many different methods and processes of making shapes and forms using 

CF. Össur uses their own methods and techniques to make their foot products using this 

material. However, the only CF part used in this study is a design already proven and 

tested by Össur, so not much effort was put into looking into designing a specialized 

part out of CF at this time since this was more about a proof of concept.  

The actual part used in this study was an L-shaped CF blade, manufactured as a part of 

a specialized foot design, this will be discussed in further detail in the section Carbon 

fiber blade. Other materials than CF were considered and also changing the shape from 

a simple L-shape to another shape, in order to get other information from the motion 

than just ground contact. Some conceptual designs or forms can be seen in Appendix C. 





23 

4 Methods 

The three key components to this research setup were the SS49E linear hall-effect sensor, L-

shaped carbon fiber blade and a small neodymium magnet. Even though some general 

information and ratings about these items could be found in datasheets it was necessary to 

evaluate the individual parts to confirm their behaviour and assess their accuracy, especially 

the hall-effect sensors output compared to the magnet and the range of motion of the carbon 

fiber blade under force. 

4.1 Research on sensor 

The hall-effect sensor used in this study was called SS49E, a linear hall-effect sensor, see 

Figure 13. It was small and rugged, ideal for an application where size was one of the main 

concerns. 

 

 

Figure 13 – The SS49E hall-effect sensor – The figure shows an image of the hall-effect 

sensor used in this project and its terminals [16] 
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It is a three-pin design, one for supply voltage, second for ground and the third for the output 

signal, ratiometric voltage. Figure 14 shows the dimensions of the sensor. 

 

 

Figure 14 – Size of the hall-effect sensor – The figure shows all of the dimensional 

information about the sensor used, in mm and inches [in] [16] 

A small coin shaped neodymium magnet (H:3mm, D:5mm) was acquired and used to 

influence  the output from the sensor in respect of the magnetic flux emitted from the magnet 

at a distance. 
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4.1.1 Measured ratiometric voltage from the hall-effect sensor  
The hall-effect sensor was connected to a power supply, giving out regulated 5VDC, and an 

oscilloscope which measured the output voltage, able to measure a change of 1mV. The 

sensor was then mounted to a flat surface. The magnet was placed at the bottom of the 

measuring arm of a digital height gauge, like the one in Figure 15. This gauge had the 

capability to measure increments of 0.01mm or 10 micrometres.  

 

 

 

Figure 15 – Digital height gauge – The figure shows an image of the type of digital height 

gauge used in accuracy measurements of the sensor (on the left) and a diagram of the 

setup of the measurements (on the right) 

The test began with the magnet facing the sensor, with its North Pole, at a distance where its 

magnetic field wasn’t detected, the sensors output at that moment was the null offset voltage, 

266mV. The magnet was moved towards the sensor until the oscilloscope showed an 

increase of one millivolt, i.e. 267mV for the first increment. That occurred at a distance of 

55.41mm. Measurements were then taken as the oscilloscope showed an increase of one mV 

until the magnet touched the face of the sensor. The results were then plotted, voltage over 

distance. That plot can be seen in Figure 16. 
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Figure 16 – Measurement of sensor versus magnet – The figure show the measurements of 

the test represented graphically 

From this plot it can be seen that the output voltage from the sensor is partially linear in 

respect to the magnetic flux. It can be seen that the sensors output is fairly linear between 

approximately 10 and 20 mm and between approximately 10 and 3 mm, with a different 

slope. When the displacement is over or under these distances the sensors output approached 

saturation.  

The most desirable range, i.e. the range that showed increase in voltage over the smallest 

increase in distance was approximately from 4.6mm to 6.0mm, using this magnet. That gave 

a good linear displacement of 1.4mm. This range of the measurements was plotted and gave 

a clear view of the linearity, the regression line is at 99.3%. This can be seen in Figure 17. 

 

 

Figure 17 – The range most sensitive to displacement – The figure shows the plot of the 

measurements where the range had greatest sensitivity, i.e. most change in voltage over 

change in distance 

However, microcontrollers can’t analyse analog data directly. It translates voltages values 

into bits by using an internal peripheral, Analog to Digital Converter (ADC). 
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4.1.2 Measuring the sensors output in bits 

ADC conversion 

It is very rare that the voltage span of an analog sensor matches the voltage span of the ADC 

input voltage perfectly. Therefore, there is a risk of some data being lost or the range of the 

ADC will not be fully utilized. To get the optimum performance the spans must be 

synchronised.  

The best and most efficient method used to achieve this harmonization is utilizing the 

capabilities of an Operational Amplifier (OpAmp). OpAmps level shift and amplify the input 

voltage to make the spans equal [20]. The sensor used in this study can use a supply voltage 

from 2.7V to 6.5V, see Table 3.  When it is supplied with 5VDC, the signal from the sensor 

would never go out of scope of a 5V ADC.  Nevertheless, some of the ADC’s range would 

be unused, but no information lost. Therefore, it was decided wait with further optimisation 

of the signal until it was clear how the signal behaved in the intended situations.  

The ADC in an Arduino Uno microcontroller for example has a 10-bit ADC. It has range of 

5V and therefore assumes 5VDC to be the highest value of 1023bits and anything less will 

be a ratio between 5V and 1023 bits, Eq. [3]. 

𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝐴𝐷𝐶

𝑆𝑦𝑠𝑡𝑒𝑚 𝑣𝑜𝑙𝑡𝑎𝑔𝑒
=

𝐴𝐷𝐶 𝑟𝑒𝑎𝑑𝑖𝑛𝑔

𝐴𝑛𝑎𝑙𝑜𝑔 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
 

Eq. [3] 

If the null offset value from the measurement taken from the oscilloscope (266mV) (section 

4.1.1) is placed in Eq. [3] as the Analog voltage measured, the ADC reading can be isolated 

as seen in Eq. [4] and Eq. [5]. 

𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝐴𝐷𝐶

𝑆𝑦𝑠𝑡𝑒𝑚 𝑣𝑜𝑙𝑡𝑎𝑔𝑒
× 𝐴𝑛𝑎𝑙𝑜𝑔 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝐴𝐷𝐶 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 

Eq. [4] 

 

1023 𝑏𝑖𝑡𝑠

5 𝑉𝐷𝐶
× 2.66 = 544 𝑏𝑖𝑡𝑠 

Eq. [5] 

Eq. [5] gives out a value of 544 bits which is the estimated bit number the ADC holds when 

the hall-effect sensor is connected and is not affected by any external magnetic flux. This 

value is a sliver above the middle of the range of the ADC’s range. The saturated voltages 

of the sensor are said to be 0.95 VDC and (Vs - 0.95) VDC, see Table 3, or about 95mV 

lowest and 405mV highest. The output value from the sensor never reaches 0V nor 5V, 

therefore there are some amount of bits not used in the Arduino’s ADC. Eq. [6] shows the 

voltage of the 5V ADC range not utilized. 

5𝑉𝐷𝐶 − (5𝑉𝐷𝐶 − (2 × 0.95𝑉𝐷𝐶)) = 1.9𝑉𝐷𝐶 Eq. [6] 

1.9V of the 5V ADC range are not used, Eq. [7] converts this voltage into number of bits. 

1023 𝑏𝑖𝑡𝑠

5 𝑉𝐷𝐶
× 1.9 𝑉𝐷𝐶 = 389 𝑏𝑖𝑡𝑠 

Eq. [7] 
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These calculations show that about 390 of 1024 available bits are not used. This is a good 

reason to introduce an OpAmp into the circuitry from the sensor to the microcontroller. 

However, there was not much demand for the highest possible accuracy in the development 

of the prototype so no OpAmp was implemented at this time. 

Measurement of the sensors output using an Arduino Uno microcontroller 

The microcontroller in the Rheo Knee uses a 12 BIT ADC to translate analog information, 

voltage, into bit representation, 4096 bit resolution. In the early stages of this study the hall-

effect sensor had not been connected to the knee’s microcontroller. Therefore an Arduino 

Uno was used to take readings from the sensor. The Arduino only has a 10 bit ADC so it 

does not offer the same resolution, only 1024 bits, which is lower by a factor of four. 

Nevertheless it was a good starting point for seeing the data represented digitally.  

The same method was used to measure the bit output as in the voltage measurements, and 

5VDC were used as a supply voltage. The only difference was that there was no longer a 

need for an oscilloscope. Instead the output of the sensor was connected to the ADC input 

of the Arduino. A short and simple program was made to read the value of the ADC register 

and display it in real time, using the Arduino IDE’s tool, Serial Monitor. The Serial Monitor 

displayed the values recorded by the Arduino in bits in real time through the USB connection 

to a PC. These values where then recorded, placed in MS Excel and plotted against the 

measured distances.  

Figure 18 shows the recorded bits over set distances for the whole range of the sensor, i.e. 

only one direction of the flux.  

 

 

Figure 18 – Displacement measured in bits – The figure shows the whole range of the sensor 

measured in bits 

This plot is very similar to the plot made by measuring the voltages, Figure 16. However, by 

using the bits in the Arduino’s ADC unit it was possible to get greater number of data points 

and therefore better sampling of the data. Nonetheless, the general shape is the same.  
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The most linear region of the measured distance, from 0- 14mm (longer distances were not 

measured), was approximately from 3mm and up to about 4.4mm, see Figure 19. In that way 

the two measurements methods yield similar results, i.e. about 1.4mm of linear displacement, 

even though these ranges are not placed in the same distance span in both cases. The reason 

for these discrepancies are not known. 

 

 

Figure 19 – Bits over a certain distance – The figure shows the bits output over a selected 

distance 

Unfiltered, unscaled and without any manipulation the output voltage raised the bit value 

about one bit for a 10micrometer change at this interval, approximately 140 measurements 

over the 1.4mm change in distance.  
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4.2 Carbon fiber blade 

The idea was to mount the vertical arm of the L-shaped carbon fiber blade to the front of the 

knees frame. The bend of the L situates the horizontal arm underneath the knee frame, see 

Figure 20. The blades elasticity was supposed to provide the displacement necessary to be 

observable by the hall-effect sensor when a load was applied on the leg.  

 

 

Figure 20 – Blade mounted to the Rheo Knee – The figure shows roughly how the blade 

was supposed to be mounted on the Rheo Knee and the foot beneath the blade [21] [22] 

This idea had been inspected briefly by Össur earlier, but for another purpose. The initial 

reason for testing this setup was to accomplish stance flexion with the bending motion of the 

carbon fiber blade, as opposed to getting this flexion from the MR knee joint, as happens in 

the stance phase of a human leg at heel strike. By achieving stance flexion the user feels less 

impact upon heel strike, less shock on the stump through the socket. 
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However, when this setup was tested the blade used was too thin and flexed too much. The 

user sank down in each step on the prosthetic. Figure 21shows the blade used in their test.  

 

 

Figure 21 – The blade originally used – The figure shows the foot blade originally used to 

mount in the front of the Rheo Knee 

Because the blade was too thin and flexible it made the user uncomfortable. The only data 

taken from that test was a video showing the motion of the blade and comments from the 

tester. No further data about the movement with respect to the blade was collected. 

As a result it was decided to use a thicker, stiffer carbon fiber blade for the current study. It 

had to be stiff enough to support the user and give him comfort, security and stability, yet 

still giving some flexion for the absorption of impact and measuring the displacement by a 

hall-effect sensor.  

It was decided to design a blade that would give about 1.2-1.4mm flexion with around 1300 

N axial force applied, because that was in the linear range of the sensor tested and 1300 N is 

close to the upper limit of the weight allowable on the Rheo Knee. In addition, if the blade 

flexed too much it would result in a too big of an angle and create the effect of an extra joint 

between the knee and the heel. The blades tested were CF foot blades from a variety of 

designs from Össur, different sizes, thicknesses and shapes, because they were readily 

available within the company.  

Because of the nature of this setup the force applied axially on the Rheo Knee would create 

an eccentric force, creating a moment effect, rather than a straight linear motion relationship 

between the load and linear displacement. The load would essentially bend the L-shape 

carbon fiber blade, changing the angle of the horizontal part of the blade in relation to the 

vertical part. 

4.2.1 Strain testing of the carbon fiber blade 
In order to find the appropriate foot blade for this setup a multitude of blades were 

considered. A few blades of different sizes and thickness were measured in a load testing 



32 

machine, mainly because no information were available at Össur about the characteristics of 

the blades needed for their intended purpose in this study.  

The blades where mounted to a fastener connected to a load cell on the machine. Similar 

setup can be seen in Figure 22 only difference being that there is an empty Rheo Knee used 

as a mounting point for the blade in this figure. Because of how these foot blades are 

designed the horizontal part is to long for this intended load setup. Therefore a small stud 

was placed under the blades during testing in order to shift the contact point further under 

the foot when load was applied. This new contact point was placed so it would be 

approximately in-line with the vertical center axis of the Rheo Knee when attached to it. 

 The machine then pushed the blade down until a predetermined load was reached, it also 

measured the distance it pushed down, i.e. the flexion of the blade. After the test was 

performed the computer controlling the machine gave out a plot showing the travelled 

distance down and the force applied. 

 

 

Figure 22- Preliminary testing – The figure shows the load testing setup in the load testing 

machine 
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Figure 23 shows the graph from strain the test. 1300 N force was applied on the blade. The 

force applied is plotted over displacement, on the way down and up again. Some hysteresis 

error can be seen, the plot doesn’t follow the same path on the way down as the way up, 

however that effect was not examined further. The data points were recorded at the rate of 

10 ms. Therefore, there are few data points because the test is quick compared to the data 

sampling rate. However, it showed the displacement at the desired force value. When 1300N 

force is reached the displacement was between 1.2 and 1.3 mm, which was the desired 

displacement.  

 

 

Figure 23 – Strain Testing of Talux Blade – The figure shows the how the force applied 

strained the bladed 

After testing a few blades a suitable one was found. When 1300N were applied to it at the 

right position it travelled about 1.2 – 1.4mm. This blade was from a foot system designed 

and manufactured by Össur and called the Talux® system [21]. Figure 24 shows a side view 

diagram of the Talux system, the blade used is shown red in colour.  
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Figure 24 – Blade used for prototype – The top blade from the Talux® system, red in colour 

is the one that best fit the criteria (TLX10530 SN95908, CAT 5 and size 30) [21] 

This Talux blade was the proper size for the intended purposes and showed the right flexion 

properties sought after. It did not have a perfect 90° bend, rather a 100 – 105°. That was 

considered to be alright though, until proven otherwise. 

 



35 

5 Prototype development  

5.1 Mounting a carbon fiber blade to an existing 

Rheo Knee structure 

A preliminary rig that could be walked on had to be created, based on the information about 

the components researched. This was feasible in order to gain more information about how 

exactly the carbon fiber blade and the hall-effect sensor would behave in the intended 

walking situation. 

This prototype would have to be strong enough to hold the weight of the tester, an amputee 

employed at Össur to test prototype products from the R&D department (Research and 

Development). Furthermore it had to contain some ability to gather the information from the 

sensor and being mountable to the amputees existing socket. 

The easiest way to acquire a rig or a setup that incorporated all these qualities would be to 

retrofit an existing Rheo Knee. That was the method chosen. 

The Talux blade mounting system was incompatible with the Rheo knee frame. The lower 

structure of the Rheo Knee had to be modified to retrofit the blade. A similar change had 

been made on a Rheo Knee by another employee at Össur on a Rheo Knee that tested a 

similar setup for other reasons (mentioned earlier in the section Carbon fiber blade). That 

modified leg was still available, therefore that leg was used to mount on the blade and sensor.  

The front of the Rheo Knee is not 90° with respect to the ground when vertically positioned. 

The angle of the Talux blade and the angle of the Rheo Knees lower structure were similar 

enough to make the horizontal arm of the Talux blade approximately parallel to the ground. 
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Figure 25 – Mounting of the blade – The figure shows how the blade was mounted to the 

Rheo Knee 

Figure 25 shows how two bolts of sufficient size were used to mount the blade to the bottom 

of the leg, see Appendix D for calculations on bolt size. The distance between the blade and 

the lower male pyramid connection (connections between prosthesis from Össur) of the leg 

was sufficient to fit the sensor and a magnet. The female pyramid connection (at the very 

right in Figure 25 underneath the carbon fiber blade) was wider than the Talux blade. 

Therefore, an aluminium spacer was mounted in between the connection and the blade. 

The hall-effect sensor was mounted to the bottom of the male pyramid connection, using 

electrical tape to hold it in position. The magnet was then mounted on top of a screws which 

held the aluminium spacer in place, directly below the sensor. It was just held in place by its 

own magnetic force. However, because the gap between the mounted sensor and the 

presumed location of the magnet was bigger than pretended, the single coin shaped magnet 

(mentioned in the section Magnets) did not have a sufficient magnetic field strength to reach 

the desired range of the sensor. Therefore, it was decided to use two slightly stronger square 

shaped neodymium magnets stacked on top of each other, to avoid having to fabricate some 

special mounting. These magnets showed fairly acceptable behaviour from a distance of 

7mm. The setup can be seen in Figure 26, it also shows the thickness of the blade in 

comparison to the blade mentioned in the section Carbon fiber blade. 
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Figure 26 – Sensor and magnet – The figure shows how the sensor and magnet are 

positioned in the setup along with the distances between parts and thickness of the blade 

One of the better aspects of this setup was that the Rheo Knee’s microcontroller could be 

used to process the hall-effect sensor data. The data from the load cells and the hall-effect 

sensor could be compared simultaneously. However, in order to achieve this the sensor 

would have to be connected to the on-board microcontroller and the firmware modified to 

account for the added sensory information. 

5.2 Connecting the hall-effect sensor to the 

retrofitted Rheo Knee 

The program Rheo Toolbox from Össur, a configuring and monitoring program for the Rheo 

Knee, can be used change parameters and to monitor the behaviour of the leg in real time 

via Bluetooth connection. One of the possible features of this program is its ability to monitor 

most of the control variables implemented in the Rheo Knees microcontroller in real time. 

This data can be saved and later plotted using a suitable software, like Matlab. This is an 

extremely useful feature when testing some new accessories, e.g. a new sensor.  

5.2.1 Added Circuitry 
The expansion board in the Rheo Knee had an available 3.3VDC output, which was 

acceptable for the sensor, and an easy access to common ground at the same location.  



38 

The sensor needs about 10mA current to operate. Its output is an open emitter or current 

sourcing, i.e. it draws no current from the microcontroller but gives out about 1mA, see 

Table 3. The ADC’s input has very high impedance, therefore there was no extra current 

protection or control circuitry in this prototype (it would have to be implemented in future 

development). The hall-effect sensors output is sensed by the ADC, however little or no 

current is sinking in the ADC’s input [15]. Figure 27 shows a portion of the schematics for 

the BPCB Expansion Board, the Connector Interface. The pins marked 15 and 16 are the 

ones the sensor was connected to, 15 for 3.3v (same as the CPU) and pin 16 for ground. 

 

 

Figure 27 – Connector Interface, power supply – The figure shows a part of the Connector 

Interface schematics from Össur, shows where the positive voltage and ground was taken 

from [23] 

There were three available ADC inputs, not in use on the expansion board. These three 

connections are connected straight to three unused ADC peripherals on the microcontroller.  
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Figure 28 shows where the available ADC port were accessible on the expansion board. The 

port used was the ADC5 port was used. 

 

 

Figure 28 – Connector Interface, ADC – The figure shows another part of the Connector 

Interface, where the sensor was connected to an available ADC port of the 

microcontroller, ADC5 [23] 

5.2.2 Firmware changes 
The program has pre-declared variables ready to take in values from an unused ADC module. 

It also had three variables that could be used to make temporary changes to the program, 

called tempvar1 through 3 (temporary variable). Tempvar3 was chosen to hold the value 

from the ADC module connected to the hall-effect sensor. This tempvar3 had all the 

necessary affiliation within the code to be able to be tracked by the Rheo Toolbox software. 

With tempvar3 holding the value from the hall-effect sensor, it was possible to do some load 

tests on the leg. The microcontroller could then record the behaviour of the load cells and 

the hall-effect sensor simultaneously in real time. 

5.3 Testing of prototype 

To conduct a proper test of the prototype the most logical choice was to get one of the testers 

to actually walk on it. That test would produce valuable data about the behaviour of the 

prototype setup in real world situations. 
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The tester, Lukas, mounted the prototype to his leg connection, as well as a damper and a 

Re-Flex Rotate with EVO, see Figure 29, under the CF blade. He was approximately 72- 

73kg. The test was carried out in a way such the results would give information about how 

the sensor output would behave in situations most likely to meet the prosthetic users.  

 

 

Figure 29 - Re-Flex Rotate with EVOTM – The foot setup the tester used under the 

prototype version of the Rheo Knee [24] 

After the tester had mounted the leg and adjusted it to his specifications the test was initiated 

on a treadmill. Four different situations were tried. Two speeds of level walking, 5- and 

6km/h, 15% negative gradient, 15% positive gradient. Also tested was the act of walking up- 

and down one flight of stairs.  

The tester was asked to walk little over 30 seconds in each situation. This was done for the 

purpose of comparing the signal output to the load cell output and other signals in various 

conditions over a sufficient time period, in order to get consistent data.  

Data extracted 

The Rheo Toolbox software was used to monitor the variables within the knee while the tests 

were conducted. That information could then be saved into text files and used to analyse the 

data. The 10 variables tracked, and their purpose, within the knee during the tests are shown 

in Table 4. 
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Table 4 – The tracked variables - The table shows the variables tracked and there purpose 

within the knee by the Rheo Toolbox software while the test was conducted 

Variable name Variables purpose 

pls->t Records the time in seconds from the power up of the knee 

pls->force_sens Calculated force from both load cells, in arbitrary units 

pls->force_sens1 Force output from back load cell, in arbitrary units 

pls->force_sens2 Force output from front load cell, in arbitrary units 

pls->moment Calculated moment, i.e. difference between the two load cells 

pls->on_ground Implies if the on_ground threshold is reached or not 

pls->qdknee_joint Derived Angle of the knee joint 

pls->state_var 
Gives information about in which of the five states the knee is 

currently in  

pls->torq The calculated torque in the knee joint 

pls->tempvar3 The temporary variable used to hold values from the hall-effect-sensor 

 

After the tests were conducted, the data was analysed and compared to similar data collected 

from an unmodified Rheo Knee, tested with the same tester in the same condition.  
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6 Results 

All the data from all the tests were saved in text files (.txt). The test data files were 

analysed using the multi-paradigm numerical computing environment Matlab. By using 

Matlab it was possible to analyse the recorded data and compare outputs of sensors to 

each other over time in the form of plotting it graphically. 

6.1 Data extracted from walking test 

The data collected from the hall-effect sensor was not filtered in any way, neither 

mechanically nor digitally, in real time. Figure 30 shows the raw data from the hall-

effect sensor during few consistent steps in normal level walking, at a speed of 5km/h, 

plotted against time, generated by the internal clock of the Rheo Knee. The x-axis values 

showing the seconds, are shifted by some set amount because the clock starts 

incrementing as soon as the Rheo Knee is turned on, the actual values don’t matter, just 

the time interval and steps. 

 

 

Figure 30 – The Hall-effect sensor – The figure shows the raw data from the hall 

effect-sensor from few steps in level walking 
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This is the completely unfiltered data, just changes in bits from the ADC over time. The 

values of the signals recorded have no actual units, it is only changes in bits. Matlab 

gives out some basic statistics about this plot. Table 5 shows these statistics. What is of 

most interest are the min and max values, as it is the actual range of the signal recorded 

in respect to the weight of the individual who performed the walking test on this 

prototype. 

Table 5 – Statistics from the plot - The table shows basic statistics about the plot in 

Figure 30 

Statistics Y-axis values, bits 

Min 1148 

Max 1462 

Mean 1291 

Median 1291 

Mode 1279 

STD 64.68 

Range 314 

 

When this plot is analysed on the bit level, some small noise is detected, jump of about 

5 – 15 bits. That is not a high signal-to-noise ratio, however the signal was lightly filtered 

to get rid of small high frequency spikes. The filter used was a moving average (SMA) 

filter generated by Matlab, called smooth. The span of the filter was set to 15. By using 

that filter the first few data points (15 in this case) are lost, because the first few bits 

selected, number decided by the span (five default) are used to calculate the first average 

and is used as the first data point. This filter was used because it is simple and sufficient, 

the first few data points are insignificant loss of information. It is also a simple task to 

implement an algorithm for the microcontroller that does the same, or similar, thing. 

Figure 31 shows the original raw data from the hall-effect sensor as well as the same 

information after it has gone through a SMA filter, with a span of 15. As the span is 

increased the curve becomes smother but at a cost of accuracy in the data points location. 

By filtering the data moderately using the SMA method it is easier to see the trends in 

the data visually without losing considerable amount of data, furthermore it reduces the 

risk of false interpretation of the sensors data in real time, sudden jumps in bits are 

evened out before being used in any calculations. 
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Figure 31 – Filtered Hall-effect signal – The figure shows the raw signal from the 

Hall-effect signal as well as the same signal after it has gone through a SMA filter 

The lightly filtered signal was then used to compare the data points collected from the 

hall-effect senor and those of the sensors currently in use in the Rheo Knee that register 

change or shift in load.  

In order to find out if this was a good setup to be implemented as a simple ground contact 

switch the sensors data was compared to the variable that showed if a predetermined 

ground contact threshold was reached, a small value of force from the load cells. This 

comparison can be seen in Figure 32, this is a comparison of data from the same test, 

i.e. 5km/h level walking on a treadmill. Because the span and range of the hall-effect 

sensor was not set before it was conveyed to the microcontroller it starts at around 1290 

bits, therefore it was scaled down to make it visible with the ground contact variable. 

Furthermore, since the ground contact variable just signals one bit or zero bits, for on or 

off ground respectively, that signals amplitude was increased to make it better detectable 

in the plot. 
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Figure 32 – Hall-effect and on-ground signal – The figure shows the filtered hall-effect 

signal (shifted down) along with the on-ground signal (scaled by a factor of 20) 

Comparisons were also made between the hall-effect signal and the calculated total force 

signal, this comparison was made from the same test as the fore shown. In Figure 33 this 

comparison can be seen, the on ground variable is also tracked in order to see if the leg 

is touching the ground or not, the values are scaled and shifted as before to better show 

the trend, but not shifted in on the X-axis.  
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Figure 33 – Hall-effect, on-ground and force – The figure shows the signal from the hall-

effect sensor, on-ground and the total axial force applied 

In order to get a better feeling for where in the gait cycle the tester was in each step the 

state variable and the calculated moment were added to the plot. This plot can be seen 

in Figure 34. The state variable was scaled like the on ground variable in order to detect 

it better in the comparison, by a factor of 20. 
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Figure 34 – Hall-effect, on-ground, load, moment and state variable – The figure 

shows the fore mentioned variables displayed at the same plot 

From Figure 34 it can be seen that there is clearly great similarities between the hall-

effect sensor signal and the moment signal, except for the fact they are completely 

opposite. Therefore, only the moment signal, hall-effect sensors inversed signal and the 

state variable were tracked onward. That plot can be seen in figure 37. 
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Figure 35 – Inversed hall-effect signal, moment and state variable – The figure shows 

the fore mentioned variables from the 5km/level walking test 

In consideration of these two, moment and hall-effect, signals showing the most 

similarities of the 9 variables recorded, besides time, throughout the six tests, it was 

deemed sufficient to study the results from the other five walking modes solely by these 

three variables. 

Figure 36 shows the plot of the three variables fore mentioned when the tester walked 

in a level situation placed on a treadmill. 
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Figure 36 – Level walking at 6km/h – The figure shows the recording of the three fore 

mentioned variables when the tester walked at a speed of 6km/h on a treadmill 

Figure 37 shows how the hall-effect signal follows the moment signal when the tester 

walked on the treadmill as it was tilted downwards by 15%, i.e. negative gradient. 
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Figure 37 – Negative 15% gradient – The figure shows recorded data when the tester 

walked down a 15% gradient on a treadmill 

Figure 38 shows how the signals behaved when the tester walked on the treadmill as it 

was tilted upwards by 15% of 90°. 
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Figure 38 – Positive 15% gradient – The figure shows the recorded data of the three 

variables when the tester walked up a 15% gradient on a treadmill 

Even though walking up stairs normally is one of the most challenging task on a passive 

transfemoral amputee walking device, it was also tested how similar the two signals 

would be when the tester walked up and down a flight of stairs, this results can be seen 

in Figure 39 and Figure 40 respectively.  
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Figure 39 – Walking up a flight of stairs – The figure shows the three recorded 

variables when the tester walked up a flight of stairs 
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Figure 40 – Walking down a flight of stairs – The figure shows the value of the three 

recorded variables when the tester walked down a flight of stairs 

6.2  Comparison to a unmodified Rheo Knee 

Because the hall-effect data matched the moment signal most accurately in the 5km/h 

level walking test, that information was used as a benchmark in comparing it to a normal 

knee. The moment, force and state machine signals were compared from the retrofitted 

leg to a normal unmodified Rheo Knee. The tests are both conducted on a treadmill at 

the speed of a 5km/h using the same tester in both cases. Figure 41 shows the data 

extracted from an unmodified leg and Figure 42 shows the same information from the 

retrofitted leg. 
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Figure 41 – Walking on a normal Rheo Knee – The figure shows the moment, force 

and state variable (scaled by a factor of 20) signal produced when the same tester 

walks on an unmodified Rheo Knee, level walking on a treadmill and at a speed of 

5km/h 
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Figure 42 – Walking on a retrofitted Rheo Knee – The figure shows the moment, force 

and state variable (scaled by a factor of 20) signal produced when the same tester 

walks on a retrofitted Rheo Knee, level walking on a treadmill and at a speed of 5km/h 

A similar step within the gait cycles of the walking test from the retrofitted knee and the 

unmodified knee was then found in order to compare the two signals on top of each 

other, see Figure 43. 
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Figure 43 – Two similar gaits within a cycle – The figure shows the moment signals 

from the data that comprises the plots in Figure 41(green- unmodified) and Figure 42 

(blue- retrofitted) on the same time scale compared on top of each other 
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7 Discussions 

The results from testing the prototype produced in this project show that this method, or 

some form of it, could possibly be used to replace the load cells. The signal from the hall-

effect sensor forms a recognizable pattern over the phase changes of the gait cycle. The 

carbon fiber blade was of sufficient stiffness and the motion of it was not to uncomfortable 

for the user. The hall-effect sensor behaved in a predictable manner and performed 

sufficiently. 

7.1 Data analysis 

Figure 35 shows that after the hall-effect signal had been lightly conditioned it matched the 

moment signal, which is directly derived from the load cell signal, in many aspects 

throughout the gait cycle. It has a slightly different amplitude and is marginally shifted at 

some places within the gait cycle. In most cases the signals seem to be similar when state 

changes in the state machine occur within the gait cycle in this ideal walking situations. 

The direction changes occur approximately at the same time in the hall-effect signal as they 

do in the moment signal. The hall-effect signal is shifted down by equal amount on all the 

graphs from Figure 35 to Figure 40. The amplitude and direction changes are most alike in 

the 5km/h level walking test. In the other situations recorded, the hall-effect signal seems to 

have higher values than the moment signal and more irregular. However, the hall-effect 

signal shows changes in slope direction at approximately the same moment as the moment 

signal does. 

It is logical that the signal generated by the hall-effect sensor closely resembles the moment 

signal. The blade is positioned in a way that it essentially creates a moment arm underneath 

the leg. The displacement that the hall-effect sensor is measuring is caused by a force trough 

a stiff hinge (the CF blade) which is positioned 25mm away from the centroid of the leg (see 

Figure 26), therefore a moment arm exists.  
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However, when an unmodified Rheo Knee receives a straight axial load, both of the load 

cells register the same amount of force, i.e. the load is distributed equally over both of the 

load cells because of the symmetry of the design. The load is applied directly through the 

center of the leg. When the CF blade is introduced to the front of structure, the applied load 

no longer goes straight through the centroid of the leg, see Figure 44. 

 

 

Figure 44 – Load and reaction – The figure shows a diagram of how the applied forces 

affect the load cells differently. A) Both load cells in compression. B) One load cell in 

compression and the other in expansion 

Therefore, the moment signal from the load cells in the test conducted on the retrofitted leg 

is not the same as in a modified leg. This effect can be observed by comparing the moment 

signal in Figure 41 for an unmodified leg and Figure 42 for the retrofitted leg. A portion 

from these two plots are compared in Figure 43. The moment signals are not identical. The 

moment signal from the retrofitted leg displays the same characteristics, however the 

amplitudes are not the same. Even though this is the case, it was still possible to walk on the 

retrofitted leg controlled by an abnormal moment signal without any apparent difficulties or 

discomfort. This gives reason to believe that the signal that indicates in the legs structure 

moment doesn’t have to be exactly as it is now. Therefore if it were possible to get the hall-

effect signal close enough to the existent moment signal it could replace it virtually without 

changing the logic in the state machine. 

There is however one thing that this setup can’t measure. At a certain angle all of the axial 

load will be transferred straight through the vertical arm of the Talux blade. In that situation 

no force is registered by the hall-effect sensor, even though there is ground contact. 

Therefore, this setup alone would not be adequate as a ground contact sensor. However, if 

the knee would be fitted with a simple ground contact sensor that would only give an on/off 

signal when on or off ground respectively, the Rheo knee could possibly be controlled by 

this setup, replacing the load cells completely.  
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8 Conclusions 

The concept of replacing the load cells in the Rheo Knee with a hall-effect sensor based 

system is without a doubt a concept that could be incorporated in to a new structural design 

of this prosthetic. It would make the knee shorter and less expensive to produce. The hall-

effect sensors are very cheap compared to the manufacturing process of the load cell. 

Furthermore, Össur has abundant experience and knowledge in the field of manufacturing 

components using carbon fibre. Therefore, it should not be a problem to improve the shape 

of the blade to get the best motion for displacement sensing.  

The results displayed in this thesis are only from one test conducted with one setup. There 

are many things that can be adjusted to yield a signal that can replace the moment signal. If 

it is possible to obtain a signal matching the moment well enough, the load cells are no longer 

necessary for that purpose. A simple ground contact sensor would have to be coupled with 

this setup in order to obtain concrete information about ground contact. These two changes 

could be fitted in the leg without making big changes to the state machine.  

8.1 Future work 

This project was only the first small step in the direction of developing a viable solution for 

this problem using this technology. There are many aspects of this setup that can be changed 

to yield better result.  

Mechanically, carbon fibre is a good material for the flexion motion, however further studies 

have to be conducted to find the best shape and stiffness for this setup. It has to be stiff 

enough to give the user stability and comfort, i.e. not create a feeling of a third joint in the 

middle of the leg. The blade doesn’t have to be at the bottom of the leg, it was only situated 

that way for the ease of proofing the concept. This flexion could be positioned right below 

the knee joint. However, the whole Rheo Knee would have be redesigned to accommodate 

the changes. 

A less powerful magnet would have to be chosen. With a smaller magnet the distance 

between the sensor and magnet could be reduced. That would limit the overall range but the 

available span could be utilized in a much more efficient manner. The added circuitry made 

for this prototype was not protected from spikes or disturbances in the system. For any 

further use or development the circuit has to be properly calculated and protected. 

The sensor used in this prototype was fairly accurate and did not show many bad qualities. 

However, many different kinds of hall-effect sensors do exist from many manufacturers. It 

should especially be researched if a sensor with SPI communication capabilities would be 

more practical than an analog output voltage one, like the one used in this project.  

The changes made in the firmware were simple. The variable for the hall-effect signal was 

only configured so it would be possible to display the value from the ADC. Towards the end 

of the project the firmware was changed a little bit further. The existent moment value from 
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the load cells was replaced by the lightly filtered and negatively shifted hall-effect value. A 

test on the retrofitted leg, using the hall-effect sensor values as a controlling variable was to 

be conducted but time did not allow for that. Conducting these tests would shed light on the 

effect of a moment signal being incorporated into the control system which is not identical 

to the current load cell version.
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Appendix A – Proximity sensors 

Within the group of non-contact sensors exists many types of sensors, each having its 

advantages and disadvantages. Table 6 shows a comparison of some of the most common 

types of non-contact proximity sensors, used in today’s industry and applications, a 

comparison of some of their good and bad qualities. 

Table 6 – Non-contact proximity sensors- Types of proximity sensors compared [16] [25] [26] 

Sensor type Advantages Disadvantages 

Capacitive 

sensor 

- Detection of metallic or non-

metallic objects 

- Light and sound immune 

- Ability to detect targets non- 

invasively (through other 

materials) 

- Can compensate for: dirt build-

up, change in temperature or 

humidity in sensing field 

region 

- Cannot distinguish between 

different objects which present 

the same relative permittivity 

- Can be sensitive to temperature 

and humidity swing 

- Range: Low 

Inductive 

sensors 

- Ignores non-metallic objects 

(could be an advantage or 

disadvantage, depending on the 

situation) 

- Unless shielded, individual 

sensors must be spaced to avoid 

cross talk 

- Range: Low 

Ultrasonic 

sensor 

- Vibration of piezo transducer 

has self-cleaning effect 

- Longer range capability 

normally than capacitive or 

inductive techniques 

- Can do background 

suppression. (able to tune out 

range >X) 

- Single transducer types feature a 

dead band over the time period 

to dampen transmission 

oscillations 

- The speed of sound varies 

according to temperature and 

pressure of the medium, 

changes or gradients affect 

accuracy and may require 

compensation 

- Freezing can affect transducers 

esp. if ice forms 

- Range: To 20m 

Eddy 

current 

proximity 

sensor 

- High accuracy 

- Only applies to conductive 

materials (could be an 

advantage or disadvantage, 

depending on the situation) 

- Ideal and well developed 

solution for non-invasive non-

- Limited developments for other 

applications 

- Range: Low 
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destructive testing within metal 

parts 

Optical IR 

- Immunity from ambient light 

interference 

- Ability to measure temperature 

with suitable IR sensors 

- Limited immunity to ambient 

light interference 

- Range: Low to medium 

Hall-effect 

sensors 

- Ability to detect target 

direction, with multiple cells 

- High accuracy 

- Passive operation 

- Low power requirement 

- No cross talk 

- Linear (ratio metric) output 

- Basic versions can be 

temperature sensitive 

- Range: Low, depends on 

magnetic field 

(Continuation) 

 

All these sensor types in Table 6 are meant to measure displacement, distance and/or 

position. They all use different techniques to acquire the same goal. They all have some good 

and some bad qualities to them, it largely depends on the application which attributes can be 

considered as positive and which can be considered as negative.  

The sensor best fitted for this application would have to be: small, inexpensive (for 

manufacturing purposes), fairly accurate, linear over some range, easy to mount, relatively 

easy to configure, long lasting, low power consumption (to prolong operation time of 

battery) and little error over time. 
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Appendix B – Magnets 

Magnets are a fairly familiar thing to most people all over the world, for visible as well as 

invisible purposes, as a convenient tool to hang pictures on the fridge to industrial uses, and 

everything in between. This section describes briefly their working principle and how it is 

used in this application. 

Every object that has an invisible magnetic field can be constituted as a magnet. It attracts 

ferrous objects like metals, e.g. iron, steel, nickel and cobalt. A suspended magnet, free to 

rotate, will always align itself in the North-South direction, it is a force at a distance. 

Opposite magnetic Poles attract each other and like repel, just like in electric charges, the 

main difference being that there can’t exist a monopole magnetic pole, there has to be a 

North- and a South Pole, electric charges can be separated as a positive and a negative 

charges. 

Around the magnets exists a magnetic field. It has a magnitude and a direction, a vector field. 

This field can be described in a number of ways, depending on the effects it has on its 

environments. Magnetic field is produced by moving current, or electrons. It is often defined 

as the force it exerts on a moving particle. This force is described in Eq. [8]. 

�⃗⃗� = 𝑞�⃗⃗� × �⃗⃗� . Eq. [8] 

Where F is the force, q is the charge of the charged particle, v is the particle’s velocity and 

B is the magnetic field [27]. 

The force exerted by a magnet is described as lines of flux, originating at the North Pole of 

the magnet and terminating at the South Pole, Figure 45. Therefore lines of flux are said to 

have specific directions. 

 

 

Figure 45 – Magnetic lines – The figure describes the magnetic lines of flux [15] 

The magnetic flux density is a concept used to describe the field intensity at a specific point 

in space, it is the measurement of magnetic field. The SI units (International System of Units) 
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used to quantify the flux include Teslas and Webers/m2. In the CGS system (Centimetre–

gram–second system of units) the unit Gauss is used. The flux density is affected by a 

number of factors, e.g. the magnets length, cross sectional area, shape and material, 

additionally other substances in the path of the flux. The field at some point at some distance 

from the North Pole of a magnet is proportional to the inverse square of the distance, and 

reduced by the action of the South Pole at the opposite side, Eq. [9] and Eq. [10]. 

𝐵𝑁 ∝ 
1

𝑑2
 Eq. [9] 

𝐵𝑆 ∝  
1

(𝑑 + 𝐿)2
 

Eq. [10] 

Where BN and BS is the magnetic fields at the North- and South Poles respectively, d is 

distance the from the Poles to the measured distance point and L is the length of the magnet 

[15].  
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Appendix C – Conceptual designs 

Early on it was discovered that by using an L-blade shaped blade some forces would not 

cause bending of its arm, rather go straight through the vertical arm. Therefore this setup 

would not be able to give information about ground contact at all times. Therefor the concept 

of designing a shape that could give information about ground contact at all times was 

considered. This shape was also supposed to be able to give information about forces applied 

and if it was creating anterior or posterior moment in the leg.  

Next few figures show few examples of the shapes considered. Ideas were drawn up in a 

drawing and simulation program capable of performing FEA (Finite Element Analysis). The 

program used was Autodesk Inventor. 3D shapes were made and stress tested using the FEA. 

Von mises stress and displacement was considered. The parts were strain tested as 

aluminium 6061. All these concepts would have to use two sensors, one on either end. 

Furthermore, they would have to be made out of material that flexes enough to give 

measurable displacement but also endure the strain and not enter its plastic region. Some 

metals, plastics and composites were considered. Carbon fiber would undoubtedly be a good 

material for these concepts because of its strength and flexibility.  

Figure 46 shows a simple design consideration which is based on a T-shaped support. The 

axial load would be received from the top and equally distributed over the two edges. 

 

Figure 46 – T-support – The figure shows a T-shaped design consideration for replacing 

the load cells 

Figure 47 shows another concept design. This shape is supposed to function in the same 

manner. Axial load is applied on the top. It is equally distributed to both of the edges. It 

defects from axial load as well from axial load coupled with torque. 
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Figure 47 – Omega design – The figure shows a conceptual design shaped like Omega 

Figure 48 shows an element that utilizes the same shape as a conventional point load cell, 

with a parallelogram motion. It is based around two of those shapes. 

 

 

 

Figure 48 – Load cell design – The figure shows a design based around a conventional 

point load cell design 
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Appendix D – Mounting bolt 
calculations 

All the components used in the development of the prototype had been developed and 

manufactured by Össur for existent or pre-existent product. Therefore not many mechanical 

structure calculations had to be carried out. However, the blade used had never been mounted 

in this manner before, therefore, no special bolts existed. Therefore, some preliminary 

calculations were carried out to calculate the necessary bolt size for this setup. The setup 

creates both tension and shear forces in the bolts. Therefore, both have to be accounted for. 

Figure 49 represents the setup. It shows the side profile of the blade mounted on front of the 

knee.  

 

 

Figure 49 – Force diagram – The figure shows the setup for the bolts and the force that 

creates shear and tension in the bolts 

In the figure P stands for the force applied on the prosthetic by the user. It was set as 2000N 

to be well above what the weight of the user exerts. In the following calculations the 

following was assumed for the design: 
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 P = 2000N, force applied  

 n = 4, number of bolts 

 Ab = 17.9mm2, minor diameter of a single bolt, M6 bolts  

From these values it was possible to calculate shear force experienced in the bolts, [28]. 

𝐹𝑈 =
𝑃

𝑛
→ 

2000𝑁

4
= 500𝑁 Eq. [11] 

𝜏 =
𝐹𝑈

𝐴𝐵
→

500𝑁

17.9𝑚𝑚2
= 27.993𝑀𝑃𝑎 Eq. [12] 

Where: 

 FU = Shear force per bolt 

 τ = Shear stress in each bolt 

Each of the four bolts is subjected to approx. 28.993MPa.  

To account for the tensile forces the following formulas were used, where: 

 Pe is the eccentric force or moment 

 n’ = 2,  the number of bolts above the neutral axis  

 σ is the tensile force in each bolt above the neutral axis 

 dm = 0.02m, the moment arm between resultant tensile force and resultant 

compressive force 

𝑛′ = 2 

𝑑𝑚 = 0.02𝑚 

𝑃𝑒 = 𝑃 × 𝑑 → 2000𝑁 ∗ 0.025𝑚 = 50𝑁𝑚 Eq. [13] 

𝐹𝑇 =
𝑃𝑒

𝑛′ × 𝑑𝑚
→

50𝑁𝑚

2 × 0.02𝑚
= 1.25 × 103𝑁 Eq. [14] 

𝜎 =
𝐹𝑇

𝐴𝐵
→

1.25 × 103𝑁

17.9𝑚𝑚2
= 69.832𝑀𝑃𝑎 Eq. [15] 

 

These results where then compared to the properties of M6 bolts, property class 4.6, [28]. 

𝜏𝑎𝑙𝑙𝑜𝑤 = 225𝑀𝑃𝑎 

𝜏 < 𝜏𝑎𝑙𝑙𝑜𝑤 

𝜎 < 𝜏𝑎𝑙𝑙𝑜𝑤 
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The tensile stress produced in the system is more than the shear stress. Therefore, that was 

the value chosen to compare with the values for the bolts, they well below what the bolts can 

handle, with a factor of safety 3.2, see Eq. [16]. 

𝐹𝑂𝑆 =
𝜏𝑎𝑙𝑙𝑜𝑤

𝜎
→

225𝑀𝑃𝑎

69.832𝑀𝑃𝑎
= 3.222 Eq. [16] 

When these calculations were made the design accounted for four M6 bolts in a square 

pattern, however the bolts used were larger than the calculations suggested was necessary, 

therefore only two where M8 bolts were used in the setup.
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Appendix E – Gantt chart for the project 
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