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Abstract

The evolution of prosthetic legs has gone froigid to bendablerobotic joints that recently can be
controlled usingmicroprocessorsSophisticated powered prostheses cpatentially restore more
natural motiorsfor the user. Some researchers use electromyogragigicalsn the control algorithms
for the microprocessorthat commandhe prosthesisThe evaluaion ofsuchcontrol algorithmsften
requiresan individual with lower limb amputation to wear the prosthesis.

Thisthesis aims to create a bypasscket that enable ablebodied researchers to use a transfemoral
prosthesis to do initial evaluations ofew control algorithms By conducting a literature review,
important aspects regarding electrode placements, expected forces, and socket types were collected.
Early conepts were sketched based on a requirement specification, and prominent concepts were
further designed using computer aided design. The finite element method was used to reassure the
durability for a 100 kg usef bypasssocketwas designedonsisingof a 3Dprinted plate of polylactic

acid where the knee of a bended leg is plhcand 3 supporting struts of aluminium that fixates the
thigh to the bypass socketThe prototype was made in a household environmesith standard
equipment available for the &vage persorto increaseaccessibility

A prosthetic leg with a mechanical passive knee joint and a prosthetic foot without an ankle joint was
used for the user tests. The prototype of the bypasesket was testethy threepeople and worn by
additionalthree people to collect viewpoints. The bypasscket was usabland enabledable-bodied
people to walk with a prosthesis. The knee of the user was fixed in the bgpekst but relative
movement between the proximal end of the bypasscket and the thigh acurred. Problems with
instability occurred for all the users due to inexperience of using a prosthetic leg along with insufficient
pressure at the proximal end of the supporting struts of the bysaeket.Loads abovd00 kg isot
recommended in this dign Electrode placement allowing recording of EM&s observeghossible.

In summary, théoypasssocketdeveloped irthis work was foundunctionalbut not optimal.

Keywords: bypassocket, ablebodied socket, transfemoraocket, intact égs, transfemoal
prosthesis, research evaluation.
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1. Introduction

There are two major principlesf how a prosthesis can be attached to the residual limamfndividual

with anaboveknee amptation, a so calledransfemoralamputation[1], [2]. The most used principle

is the use of a socket which the residual limbasiponed in[3]. Between the residual limb and the
socket, is usually a liner that brings more comfort and suspern8ipf4]. The interface between the
socket and the limb is crucial. Any discomfort may affect the skin and lead to blisters arnd] pgh

To get the appropriate fit, the socket is casted based on the residual limb and pressure sensitive points
are avoided to not harm the skjd]. According taZhangpain and skin damage can be the result if the
loads are not distributed correctl]. The tuberosity of the ischium is often used to transfer the load
from the transfemoral prosthesis to the body accordingid 2 i Qef &) @ndthat the distabnd of

the socketshould transfer idealla maximum ofL0 % of the bodyweight to not damag soft tissues

2.

The other principle islirect skeletal attachmenf3]. A titanium rod is fixed into the femur of the
residual limb, enabling all the load from the prosthesis to be transferred directly to the feraur
osseointegration The phenomenon refers to the anchoring of the implant to the bone due to
formation of bony tissue around the titanium rdd]. The prosthetic leg is then attached to the
titanium rod, meaning that no socket is needed. This type of attachheauls toa more comfortable
use for theindividual with an amputatiofil], which results in more usage of the prosthesis. Since the
forces are absorbed by the femur, there will be no load bearing on the skin. The processhauie
attaching the titanium implant requires surgical proceduf&f [3], [7]and morths of healing before
full load bearingcan be applied to the implant. In some cases, infections d&}uusually at the skin
penetration area or superficigbut deepinfectionsaround the implantould also occur and cantiare
cases result in implant removal.

Theevolutionof prosthesediasgone from having knee joints that needed to be fully extended during
the gait cycld3], into being bendable and having microprocessors that control the movement of the
knee[3], [9], [10] Most of these are however passive, where the prosthesis can store or dissipate
energy but not create net power during the gait cycléherefore, more energy isequired for
ambulation for a prosthetic user compared with an abledied individual[11]. Microprocessors
enable safer gait for patient, since these prohibits unintentional bending of the k@ enable
patients to more easily move on uneven groyBfl Researcthasbeendonewhere therecordingsof
electromyographyEMQ signals in the residual lintkave beerused to control the prosthesif9]¢[13].

The patient can then move the joints intentionally, using muscle contraction and neural sigmals.
technologyis however not gt commercially availablor lower limb prostheses

Researchers in the field of transfemoral prosthetics need participants with a transfemoral amputation
to evaluate their research and control algorithmds the research is an iterative process, this bees

time consuming for both the researchers and the participarfthe process requires frequent
evaluation which is inconvenient when using third party participahtere arehoweverways to test
these control algorithms on ableodied people as donie some studieg11], [14]. These studiesised

an ablebodied testing adaptor which made it possible to connect a lemeb prosthesisto an intact

leg. A testing adaptor of this type makes it possible to evaluate some of the research witemeted

of a participantwith alower-limb ampugtion. This saves timenoney,andreduces the needed effort

to get the appropriate clearance and compensation for participairice the researcher can perform
evaluationand initial testoon themselves to a higher extent.



1.1. Aim and limitations
The aim of tis master thesis is to produce a working modular, adjustable transfemoral socket for usage
by an ablebodied person. The socket should be attachable to a standard lower limb prosthesis and
preferably,but not necessarilyhe usable by a person with transfeoral amputation.

The project is limited to transfemoral prosthess The literature study will mentiamportant parts of
the entire prostheis bothosseointegratedind socket prosthesis, but will have its focus on the socket
and the socket adapteilhis implies that théocusis proximal of the artificial knee.

For the design of the prototype to be achievable avdilable for researchers to build, the prototype
should not rely on advanced manufacturing processes. Simple or easily accessible tools and material
for people within the research community should be used.

The thesis is conducted during the time of the cel®dpandemic which affects the possibilitiesuse
the workshop at Chalmers for prototype production and get the appropriate parts when needed. This
further stated in the report where needed.



2. Methods

The section presents the methodology of creating the bypasketwhich consistedf four parts.
Firstdesigninputswere gathered through a literature review and consultation with different parties.
Then conceptional designgere created through sketches and computer aided design. The designs
were thenevaluated and further developed using the finite element method. Lastly, prototyees
made and evaluated in user tests.

2.1. Inputs for the design

In the beginning of the project a literature reviewas conducted to get a background, and a
foundation of he problem andunderstandwhat aspectsthat were important. This include reading
literature andinvestigatingexisting solution$or ideas of what to do and if/fhow the problem tideen
solved by others. An important pastas also to get ideas and input®m other people and researchers
to widen theframe of reference get more ideas and see unknown problems. The most important
thingswere concluded in a requirement specification before the start of the conceptual design.

2.1.1. Literature reviewpatents,and websites

Informationwasgathered from medical websitespmpanywebsites,and books. A literature review

was conductedwhere papers and articles were read. Search engines used were Google scholar,
PubMed and Mendeley with the keywords: sockd¢velopment, ablébodied adapter, socket
construction, transfemoral prosthesis, lower limb prosthesis, force sensor, transfemoral amputation
andsocketadapter.

Espacenet was used to get inspirations from patents and existing solutions. Since the Btalbet
used for research purpose, a violation of a patarts not considered to be a&rucial problem but
shouldbe avoided if possible.

Websites have been used to check products from different manufactaedsdistributersto view
existing solutions. Tky have been used to view standard prosthetic components and other
components of interest in a lower limb prosthesidedical websiteshave beenusedto better
understand the residual limband considerations and procedures of constructingransfemoral
socket.

2.1.2. Consultation with project group and specialists

A meeting was held to present the project, literature review and findings foBibenechatronics &
Neurorehabilitation LaboratoryBNL research groupat Chalmers University of Technologyome
earlyconceptavereshown and discussednd viewpoints and opinions from the group were collected.
This discussion led to advices and provided new insights which were fodhsideredn the project
along with more requirements for the prototypé/iewpointsand aspectsvere thencontinuously
collectedfrom the project group during the project.

Consultation withexpertswithin relevant fieldensuedthat the appropriate aspectsere considered.
One professor and one research engineer bfstm the mechanical departmentas contacted to
discuss thaifferent designsln the meeting with the professothe amount of force, reasonable force
distribution and design requirements regarding stiffness and strengths in the mateaalén focus
In the meeting with theresearch engineethe focus regarded 3Printing aspects.Prosthetic
components and informationwere gathered by contacting arorthopaedic engineer from
Ortopedteknik Sahlgrenskend aCertified ProsthetisOrthotist (CPQfrom Ottobock



2.1.3. Requirement specification

Based on the literature review, website information, aspects from the research group and consultation
with the supervisorarequirement specificationvasset. The requirement specification includes both
requirements that needs to be fulfilled and request which aanted for the finalprototype. These
requests have different values dependioig to what degree they are wantedavhich are based on the
discussion wh the BNL groupand to what degree physically possible to do.

2.2. Designing of the concepts

Based on the requirement specification, conaggdtdesignswere sketched. The sketchesere
evaluated vihere the most prominentvere kept for further designingByusing computer aided design
(CAD)the conceptsveremore thoroughly designed, and errosgre corrected.The CABnodels were
first visually evaluated and later, the strengthsome of thedesignswasevaluated usinghe finite
element method(FEM) An feration process between the CAbDodelling and the finite element
analysigFEAensurd the fulfilment of the requirements.

2.2.1. Generating concept and concept evaluation

The conceptual design stadwith plain sketbes on paper. Sketchagere made for both ablebodied
bypasssockets andypasssocketscompatible with aresidual limb It wasassumed that the residual
limb compatible sockets could be adapted for abtilied usage, while the ableodied sockets were
optimized for usage with an intact le§jo get an appropriate sense of the dimensions for the socket
designs, small paper models of a thigh and a residual Vimémade. Solutions for different sub
functionswere combined to get more concept$he sketched dagnswere evaluated using evaluation
matrices to conclude the ones most likely to preform b&xte to descriptiorcomplexity both the
method and result are presented @oncept evaluation

2.2.2. Computer aided designs

The concluded designs were designed more accurate usinKADDWORKS, Dassault systeims).

this part dimensionswere set, and more components and adjustmemsgre made as problems

occured. The usage of CAD and Fibtdecided as a preferable approach rather than doing a physical
LINPG20G8LIS RANBOGfE&ET RdzS G2 GKS dzy OSNIuhcartginhe 2 F G F
2F (GKS RSaA3alyaQ dzaal oAt Ade ¢4#6ad¢l, hendedalisgyicudsdondl KS RA Y
at the end of the projectAn evaluation of the designsas conducted to narrow the necessary
computationsfor the FEA, antb decideon adespnthat wasassumed to be realistically achievable

during thethesisperiod.

2.2.3. Mechanical strength evaluation using FEM

Using the FEM based software ANSYS, the structural strength and durability of tHde€nas
assessed. Only the crucial and most exgbsstructural elementswere evaluated to reduce
unnecessary calculatiorend data storageThe loading parameters in the tesi®re based on the
requirement specifigtion and inputs from the professor. An iteration process between the -CAD
modelling andthe FEAwas made until the designfulfilled the requirements. The FE&sultedin a
construction that should meet the set requirements and thus be suitadea prototype. The
anticipated number ofload cycles that thebypasssocketwould be exposed tavas considered
sufficiently lowto justify a replacement offatigue benchtest by using a safety factor of two for the
applied forces.



2.3. Prototype

A prototypewasmadeto evaluatethe final design The prototypewas madeusing equipment and
materialsavalable for researcherdParts that ould be 3Dprinted were printedat BNL, and parts that
needed to be more durable and therebyadein steel or aluminiunwasplanned to bemadeat the
prototype lab of the mechanical departmeiat Chalmersr by using genal tools of the house
environment.Due to the stated pandemic, the prototype labuld not beused,and the prototype was
built using only general tools of the househadvironment.

2.3.1. User tests for prototype evaluation

An initial user tesof the prototype attached to a transfemoral prosthesiss conducted to evaluate
the initial alignment of the socket and obvious design flaws which could be easily cor@osedies
of the design were then made correct the errors.

A final evaluation was conducted ing three participantswith intact legs. The participantaere
chosen based on height and mass to evaluate the usability of the bgpakst and if the requirements
were fulfilled. Participant 1 tha length ofl67 cm participant 2hada mass of 80 kg and a length of
194 cmand participant 3hada mass of 100 kd.o ensure safety, the testgere done on a treadmill
and a safety harnessvas used if preferred by the participant. To evaluate the usability, it was
investigated if the bypassocket could be used when the participant supportéa-/herself with both
hands, with one hand and without any suppoFtireeadditional people used the bypasscket for
general feedback but with no int¢ion of verifying the fulfilment of requirements.

The possibility of recording EMG was evaluated by placing electrodes at targeted muscle groups on the
thigh while using the bypassocket Trials of extending and flexing the knee was then conducted while
EMG was recorded to see the quality of #ignal. This was done for onéthe additionalusers.

An evaluation of the required forces and momemtasneeded to verify that the prototyp&vas safe
to use. Static loading of the maximum forces and momevds primarily done usindody weight,
which means that the safety factor could not be confirmiedthe physical test



3. Design inputs

The construction of a prosthesis is complex with many functions and components, from the socket
down to the prosthetic foot. Since the bypasacket is to be usedvith standard transfemoral
prostheses, construction of the artificial knee joint and distal parts is not crucial for the success of the
project, hence only components proximal of the knee joint will be studied.

3.1. Socket types

The residual limb must fit thsocket in avay for theindividual with an amputatioo be able to use

the prosthesis. This is complicated and not all sodkat® an optimalfit, leading to unused prostheses

or damages to the residual limpE|. The socket igsuallycreated by firsmaking a cast of the residual

limb which is then filled with a plaster to create a modélthe residuum [4], [15]. Prosthetists can
ensure a good fit by making modifications on the mdé@l [15], which includesremoving material

from the model to create pressure zones and to ensure stability, and adding plaster where needed to
make space for prominent parts. By laminating or using thermopldkticsocket is created over the
model [15]. AlternativelyCADand manufacturing systems can be used to create the sof{et
although problem occurs due to lack of knowledge of what socket shape that is the most comfortable
for the user. The modifications made by the prosthetists are based on experience and user feedback,
making each sockemnique and individuge].

A transfemoral socket can typically be divided into three patfs: seating faces located at the
proximal end of the sockethe area of socket control and timethe distal socket end2]. The primary
function of theseating face is to transfer loading from the prosthesis to the user. The load is typically
transferred to the ischial tuberosity and gluteus maxinji2s [16]. The control of the prosthesis is
ensured by the controlling arda)]. During the gait cycle when the user is moving the prosthesis, a firm
fit in the controlling area ensures that the prosthesis remains stable. Depending on the squket
load transfer can also occur in the controlling aféd [16], reducing the localised prssre points,
making the socket more comfortable for the user. At the distal end of the socket, minimum load
bearing should occuw | 2 (i (efjal. ad$ that in an ideal case a maximum ofA®f the total body
weight should be transferredt the distalsocket end?2], while Physiopediastates that only contact,

and no pressure is allowed in this regid@h. The reason for this is that the distal end of the stump is
where the surgical scar is located whimay be pressure sensitive, along with the distal end of the
residual femur compressing the soft tissue against the socket wall if the distadfehé socket is
subjected to loading.

Two kinds of sockets are commonly used, the quadrilateral and thelisontainment sockd#], [16].
The quadrilateral socket has been the most used socket tgpbe past[4], [16] It uses the ischial
tuberosity as the primary loading arealong with the gluteus maximugour walls surrounding the
thigh enables control of the prosthesis during stride the user. Since this socket type printauses
one area for loadinghe localized pressurmaybe high witha higher risk of discomfort for thaser
[4]. When using the ischial tuberosity for load transfée centre of gravityof the bodyis slightly
shifted [2]. The centre of gravity is moddurther laterally to the sound leg, leaving a higher load
bearing ratio transferred to the healthy leg. The deviating weight ratio consumes more energy from
the user, than in a healthy person ete the body weight is distributed evenly between the I1&js
The benefits of the quadrilateral socket are stability and support when standingotatiton of the
socket can appear during the swing phase if the antepimsterior dimensions are to narrqwlue to
muscle activity of the residual linjt6].

Another socket type that hasecoming more populas the ischial containment sockgk], [16]. In this
socket the load bearing is spread across the entire [#ibThis results in less pressure for tinger
and thereby it becomemore comfortable. The medial to lateral dimensions are narrower to give
support for the femur and decreases the lost motiarich is an unwanted, relative mion between

6



the socket and the stump when the soft tissue is compressed against the socke@ alsocket
includes the ischial tuberosity and parts of the ischial rasmus which stabilizes against latera shiftin
[4], [16] The slender dimensions in both the medateral directions and the anterieposterior
directions gives stability to the user, but requires an exact volume determinptjon

Thesetwo socket types are made by a hard shell and are dependent on a tight fit around the residual
limb and are thereby sensitive to volume changes of the stump. During the firsi&@2nonths after

an amputation, the volume of the residual limb changes sigmifig [17]. After this period daily
volume changes of the residual limb are common and depend, astotitersthings onthe activity
level[17]. The changing of the volume and shape has an impact on the fit, which might result in an
uncomfortable socket, instability, and skin problems. To deal with these fluctuations, lineks, st
other materials can be used which are placed between the socket and thgllifhi@hese inlays are
often uniformly distributed while the change of the residdimmb might not be, and the result is still an
uncomfortable socket, but not as severe physical problgbidd

Another type of socket is the Compression/Releasdeisuch as the Highidelity interface socket
[15],[18]. The pressure around the thigh can be increased and decreased by turning a nob at the
proximal end of the sockethus making it possible to compensate for daily volumetric char§dse

fit is loose, the socket can be tightenetius increasing the pressure; if the socket is tight, the
socket can be loosened, and the pressure is reduced. This principteonging the volumean be
utilized when creating a modular socket that can fit a variety of people.

3.2. Alignment

The alignnent throughout the prosthesis is important to create a natural gait and proper stance.
Without proper alignment the body needs to compensate for the deviafi®j, thus more energy
than optimal is consumef®], [20]. For this an arbitrary vertical line from the proximal to the distal
end of the prosthetic leg is usg@]. Prosthetic components are positioned with respect to this
reference line and the procedure is done by professional prostheidis[20]. Each alignmenis
individualy configured to accommodate for structural variations between people, but manufacturers
give recommendations as starting points for where the reference line should be relative to the
component[19].

Balance and stability of the sockistevaluatedin the static alignment procedure where the natural
posture of the stump is studied in a standing positid@]. The socket adapter should be placed at the
point where the frontal and sagittal planes of the residual limb coincides for the socKat in
equilibrium[20]. If the adapter is placed incorrectly, the distance between the point of equilibrium and
the attachment point of the socket adapter where force is transferred to the socket, creates a lever
resulting in rotational forces, tilting thsocket. The body compensatey changinghe posture and
thereby putting stresssand strairs onthe musclesand joints[20]. The point of equilibrium is affected

by physical variation, for instance the length of the stump or contracture of the hip[fi@htwhich is

why individual alignment is a necessity. The length of the prosthesis is set to even the loading between
the limbs and level the pelvig]. A dynamic alignment is done to ensure a natural gait and is the final
part in the alignment of the sockg®], [20]. By investigating the gait dg¢ prosthetists can detect
deviations, construction errors and other problems that needs correction. The reference line is used
for the remaining components as well, where certain points of the knee and foot should intersect with
it [2], [21], [22] This is however, not within the scope of this project and will not be discussed further.



3.3. Tissue considerations
Most of the residual limb is tolerant against pressure pnterior view

Lateral view
and can thereby bear loading from the socldt [15],
as demonstrated inFigure 1. This is utilized in
. . . . 6
compression/release sockets where loading is appli ) o

on the surface of the residual limb, along the fem 4 K
[15]. When load is applied to the surface of the ski
layers of soft tissue compresses until the presst
reaches the point where the underlaying bone ar
muscles prevent further compressiofl5]. For a -
residual limb encapsulated in a socket, with r s —
precompression, this effect results in lost motion. Tl

P . ressure tolerant Pressure sensitive
Stump moves InSIde the SOCket as the SOft t|SSUé_ Scarpa’s triangle + ischial tuberosity 6. Trochanter
between the socket wall and the underlaying bone ang:Lateral flear of the stump 7. Ischail pubic rasmus

3. Medial flear of the stump 8. Distal end of femur

muscles compressesas the amputee initiates a.Pposterior flear of the stump

movement of the prosthesis, illustrated figure2, ~ °/ererfiearerthestime o Distal end of stump
Precompression can be appllgd to the stump by tF%urel; Pressure sensitive and tolerant areas of

socket, to prevent thdost motion and stabil the resiqual limbimagehas been adapted with

femur[15]. Only a certain amount of stress is toleratereference from figurein [4] and [23].

to bear throughout the day. Allegt al. measured the tissue displacement on the proximal famea
versus the applied force and state that this limit of tolerance for soft tissue is just below 5 MPa,
corresponding to a strain of 8[15]. By having precompression areas & Blacesround the stump

and along the bone, the load transfeill occur along the entire shaft of the bone and can be adjusted

to be uniformly distributed15]. The femur is fixed and cannot move relative to the socket in any
direction, and thereby no ischial containment nor concern of the distal end of the stump is needed
[15]. When an area of tissue is compressed, the local surrounding tissue expands due to tissue
displacement. Between the areas of precompression, release areas must be included for the displaced
tissue to freely expand.

Although much of the residual limb is tolerant against
pressure, there are some sensitive areas, Begirel, and
thus where pressure should be avoided[4], [5]. An
unnatural environment is created within the socket and
Arthur F.T. Malet al. describes it due to aumerous of
factors[5]. Firsty, are the loads trasferred bythe socket
which produces pressures and shear forces to the stump
, _ generating stresses and deformations acting on the skin and
Figure2: Lost motion occurs whdayers oot yoo o fissue beneath. This can obstruct the circulation
tissue is being compressed between the femt
and the socket wallmage has been adapted ~ Within the blood vessels and the lymphatic drainage,
with reference from figure ifiL5]. decreasing the flow of oxygen, nutrients and wastes to and
from the cells in the tissues, affecting the metaboligsh
The cell function is negatively affected along with other biophysical processes and can lead to
breakdown of the tissue if continug®]. The tissue cahoweveradapt to the new circumstances if
the conditions and the repetitive loads are withacceptable boundaries for the individya].

Deformation of the skin and biomechanical irritations can be the result if the skin rubs against the
socket edge, and abrasion of the skin and heat generation can occur if the relative movement is too
substantial[5]. This slippage, along with instability, can be the cause of a too lose $6Kebo tight
however, may give stability but can result in toigh pressure at the socket interface. The slippage is
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also affected by the interface friction which assists in supporting the loads. The coefficient of friction
of skin varies between materiahd amount of perspiratiorhut is around 0.61 with silicd4]. Tissue
distortion is a corequence of the frictional forces and combined with pressure, friction can increase
the skin damag¢b]. It is the frictional force that assists in the supporting the loads and is a combination
of the coefficient of friction and the normal force, thus a decreasthéncoefficient offriction means

that an increasd normal force, i.e. pressuré requiredto support the same ambulatory load. A tight
socket gives higher pressure, but inhibits the circulation of air and traps the generated sweat inside,
which creates an unnatural humid environmgb}. The materials of the socket and the conditions at
the interface can cause irritations and allergic reaciar the skin[5]. Soars and blisterare also
comnon [5]. Thus, an accurate fit of the socket is timé only factor to have in consideration when
designing a socket. Many individual variations effect the comfort of the socket and if the socket can be
used or not.

3.4. EMG measurement

The muscles of the thigh all play a part in the motion of the leg angslng surface electrodes, the
EMG of the superficial muscldsigure3, can be measured and usé&al control a prosthesi§o], [10],
[12],[13], [24]¢[26]. Different muscles have been used, or mentioned for prosthetic control in different
studies[9], [10], [12], [25], [27] Common muscles to use are tNastus lateralis, Vastus medialis,
Rectus femoriand Biceps femori9], [10], [12], [25], [27] These muscles are used in the extension
and flexion of the kneelR7], [28]and are therebymportant when thatmotion is to be reproduced in

an artificial knee joint.

If the socketcontainsthe residual limb, the electrodes measuring the EMG needs to be implemented
in the socket. Hefrmanet al. studied four variations of electrode implementations within sockets, to
get an understanding of the effects on signal quality and comfortability for the patient, depending on
how the surface electrodes are implement¢26]. Some of the problems with electrogmcket
interaction include motion artefacts caused by relative movemeatieen the socket and the residual

limb [9], [26], localized pressure zones caused by the electr¢@déf and irregular EMG potentials
caused by perspiration within the sockf]. A configuration where wireless electrodes were
imbedded into an inner suction socket and a more rigid exterior socket, gave the least amount of
motion artefact and W & Y2 aid O2YF2NIltFofS 2F GKEE6.dnoddrl G§A2Y 3
configurations sed in studies, the electrodes are embedded in a transparent suction sf@jkatd
placed on an experimental sockgt?] with the electrodes penetrating the socket wall to ensure a

Figure3: Posterior and anterior view of treeiperficiaimuscles
of thethigh [56].



sufficient skirelectrode contact. Commofor all the configurations of electrodsocket interactionn
studiesis that an additionakustontmade socketspecifically designed to fit the test subject and to
allow EMG signal acquisition was made for the sf@dly{12], [25], [26] asmentioned by H. Huanet

al. [12].

3.5. Force masurements

When a force is applied to a material, the material deforms. How much deformation is dependent on
the elasticity and strength of the material. Metals can deform a lot before they break while some
polymers are more fragile if they have high sigém Because the amount of deformation by a given
force is depending on the characteristics of the material, an unknown force can be calculated using the
deformation and the material characteristics. The deformation is commonly measured by strain
gauges, \uere the strain gauges are attached to the material in where the load bearing will [dddur

[14], [29] The deformation of the material will cause an elongatiothefstrain gauges, leading to a
change in the resistance, thus causing a change in the voltage output of the strain gauges. The usage
of strain gauges are also commonly for commercial transducers such as theAMisaltrorce/Torque
sensor from AT[30], the Force/Torque sensor from JRR] I Y R (i K S[32]A Th&s© &oitage
changes are very small and can thereby be difficult to measure. To make the changes more significant
and more unsensitive, the strain gauges are often arrangedhinatétone bridges. A transformation
matrix allows the user to convert these voltage changes into applied forces and moofi¢otsesto

the measurement unif14], [29]

The total number of forces and momeat forceswhich can be measured in a point are three forces
and three moments. The number of forces and moments of interest depends on the controlling
algorithm of the prosthesis. In two studies made by F.&wg. only the axial force and the moments

in the frontal and sagittal plane was us¢til], [14] and inL. Gabert and T. Leraly one force and

one moment was usefB3]. Other papers includes all the forces and momd4ag§, [34K[37].

Table1 shows the absolute values of forces and moments used or measured in different papers,
corresponding to the magnitude of a walking subject. Trged force componentis the axial force
whichis reasonable sindecorrespondto the gravitational force acting on the body maBsrduring
activities such asunning or falling, the forces and moments are higher. Thesteffl. measures the
ground reaction forces of an ablmdied person runningpn a treadmill[36]. Using a full body
musculoskeletal model ofraindividual with @ransfemoral ampudtion, the measurements are used

to calculate the load exposure of an osseointegrated implant during running.ré@$ultswere
normalized to 15.0 N/kg, 5.58 N/kg and 18.3 N/kg ferf-and E respectively, and 1.45 Nm/kg, 1.84
Nm/kg and 1.59 Nm/kg for MM, and M, respectively. The resultant force at the implant is 24.2 N/kg.
Even though the results in the studye for an osseointegrated implant, they are assumed to be
applicable for a normal transfemoral amputee as well. This since the hypothetical distance between
the socket adapter and the adapter between the implant and the prosthesis, is similar. The forces
occurring when falling is higher than that of a person running. Wetlieé reports peak resulting forces

Tablel: Limitsand measurementsf forces and mamentsused in papers, for walking subjects. X, y and :
directions corresponds to anterior/posterior, medial/lateral and proximal/didiedctions respectively.

PAPERS FK[N] R[N]  F[N]  Mx[Nm] My[Nm] Mz[Nm]

[11], [14] | - ; 1000 100 100 ;
[34] 180 60 800 30 50 10
[35] 12831 503 7773 325 139.1 15.1
[33] - - 800 - 120 -
[37] 1 200 50 600 23 45 10
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of 43,7 N/kg and peak resulting moments of 2,46 Nm/kg in a study using a numerical model of a test
subject [38]. Following this topic, Schwaree al. compared the impact that the amputation height

has on the reaction forcaghen falling[39]. They showed that for a lowamputation height, giving a

long residual limb, the peak resultant force is about 41,6 N/kg and the peak resultant moment is 3,0
Nm/kg. Both studies are for osseointegrated implants but are as well assumed to be representable for
conventional sockets.

3.6. Ablebodied bypass adapter

A number of studies have uségpassadaptersto enable the ablébodied researchers of the studies

to evaluate their wor11], [13], [14], [33], [40][45]. Two types where used between these studies,
both requiring the user to bend the knee of the leg using the adapter, however i emnstruction

of the adapterds not describedFigure4 presents two earlgketchedconcepts based on these types.
One type positions the knee on the medial side of the prosthesis using a modified commerctal knee
immobilizer[13], [14], [41] This positias the real and artificial knees approximately at the same height
but does not allow correct alignment of the reference line. The other type positions the prosthesis
under the knee of the ableodied subjec{33], [42)[45]. The alignment of the reference line can be
made more correct, but the knees are not levelled. To avoid leg length discrepancies shoe elevation of
the regular legcan be usedd2]c[44], or the length of the prosthesis can bhortened[33], [45]

H»; T
) L %7 \“ i
,4 /; = )

:1;:‘,41&
'\

f,ﬂ

Figure4: Early conceptsased on the two bypasslapters used in studies
where the concept on the left is attached on the medial side of the pros
and the concept on the right is attached on twithe prosthesis.

3.7. Websites and patents

Ottobock and Ossurare two major manufacturers of prosthetic components and were thgre
investigated for prosthetic components which could be of inter€itobock has a sliding adapter
4RD1 which allows £11 mm continuous displacement in both the anterior/posterior and
medial/lateral directionswith a system height of 25 mmithout a pyramid adaptef46]. They also
have a continuous adjustment adapter named 4R1 that allawst25 mm displacement in the
anterior/posterior directions and15 mm displacement in the medial/lateral direction. This increase
in displacement leads to an increase in gystemheight of theadapter,which is 68 mmThe 4R112
sliding adapter set allosvmore displacement in both medial/lateral and anterior/posterior directions
with a maximum of 48 mm and 24m respectively.The displacement is done in 12 mm increments
meaning that it does not allow a continuous displacement as the other two alternafinesadvantage

is less system height, which is beneficial if the adapter is placed between the socket and the prosthesis.
The system height is 32 mm plate including both pyramid adaptethree adapters have aser limit

of 100 kgNo alignment adapteof satisfaction or with the appropriate information was found at the
websites ofOssurnor Fillete, as the adapters needed to be adjustable in the horizontal plane and
permanently usable. When talking taCP0n a later part of the projecit was foundthat a temporary
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alignment adapter is usable in the purpose of research. This since the prosthesis is not subjected to
daily usage, but for a few hours per month.

For the design of the prototype to bachievableand not require specific manufacturing processes,
websites selling building materials wemavestigated and a perception of available materials and
products was foundThe companies werBiltema, BauhaysHornbachand Sl6jeDetaljer and are
available for he private usein SwedenThe product and material are therefore standard and easy to
come by,mplyingthat most research departments can access them without major concern or, costs
and spare parts are widely accessible.

Espacenet was used to get ingpions from patents and existing solutions. Since the product is to be
used for research purpose, a violation of a patent is not considered to be a major issue but is to be
avoided if possible. Téind appropriate patents, the keywords used wersocket transfemoral
amputation, socket adaptefower limb, lower limb prosthetic socket.

3.8. Presenting the literature revieto the project group

Initially, the requirementsind requestsvere as presented ifiable2. The requirements were functions

or aspects that were needed to be fulfilled by the prototype for the project to be considered successful.
The requests weraufictions or aspects which were not required for the prototype to be successful but
still desired and taken in consideration during the desihese were based on the collected
informationfrom the literature reviewand the research purpose of the bypasgket The researchers
intended for the usage, have their major focus on osseointegrated implants which has a user weight
limit of 100kg. The required load capacity of the bypsesketwas thereby set to 100 kg. The initial
body lengths usable by the bypagasbased on the average person in Sweddales have an average
length of 180 cm, and females have an average length@®fig47]. To increase the range of usability

the upper limitwasset to 185 cm and the lower limitasset to 160 cm.

Table2: Initial requirement list set on the bypasscket.

FUNCTION REQUIREMENT/REQUEST
SEMG compatible At least four sites Requirement
Adjustable in the horizontal plane Requirement
Wearable for 16@ 185 cm long people Requirement
100 kg person walking1000 N Requirement
100 kg person falling 4000 N Requirement
Fitstandard prostheses Requirement

Measure forces and moments (done using A Requirement
GKS At SO&anv
100 kg person running2400 N Request
Transfemoral amputee compatible Request

The purpose of the research is mainly to test controlling algorithms for different parts of a prosthetic
leg. This implies that the minimum amount of locomotion conducted, usiegbypasssocket is
walking, leading to force requirements corresponding to that of a 10@ekgonwalking. As stated by
Thesleffet al. the generated forcesvhen runningare roughly 26 % body weigh{36]. As thisis a
secondary action of locomotion Wtasnot set asa requirement, but a request. For safety asptt
bypasssocketalso nee@d to hold if the usemwere to acadentallytrip or fall with the bypass. This
corresponds to a force @bughly445%body weigh38].! vy At S Oa uat BNland isthevefore 6 £ S
to be usedo measure the reaction forces.
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A meeting was held to present the project, literature review and findings for the research group of
BNL.Some early conceptseeFigured, were shown and discussed, and viewpoints and opinions from
the group were collected. Important aspect regarding the requirements and what is to be achieved
with the project were presented by the group to add in the requirements for tleggbype. The user
weight limit was reasonable, but it was emphasised that it would be very beneficial if the gt

could be made amputee compatible, for future research. The upper limit of the compatible body
lengths was increased to 190 cm sirsmene of the researchers at BNL are as tall, or taller than 185
cm. Winter states that the lengths of the thigh is somewhere 0f%8024.5> 2 F |y AYRA @A Rdz
height[28]. These measuremenigere used to decide a sufficient range for the height of the socket
walls.The range of possible usdesids to a length of the thighs froB2 an ¢ 47 cm. To give enough
stability, the proximal support should be at ¥®of the thigl l&ngth from the kneavhichwasbased
onanalysl YR YSI AadzNBYSy G Zre sickeBuall stipiilie 2tNisi22 dnidhierdskt d

to fit shortestusers and & least 32 cnwhen it is seto fit tallestusers.

Another important input from the group was the possibility of using pneumatic support as support and
protection between the bypass socket and the leg. The tips were based on the Roehampton pneumatic
walking aid which is used in an early stage of amputbhab#itation, whenminimum load bearing can

be tolerated by the residual limpt8]. This walking aid covers the whole stump, using a pneumatic
sleeve, and therebylistributes the load bearing all over the stump and minimizes the pressure. A
support frame, with a SACH foot at the distal end, is attached on the outside of the sleeve to transfer
the ground reaction force to the pneumatic sleeve and ensure stalpBy An air pressure of 40
mmHg is applied to the sleeve when the patient is in a seating position, which will increasanoH&§

or more when the patient starts walkirig8]. These pressures correspond to approximateBs8 Pa

and 8000Pa,respectively.

3.9. Requirement specification

Based on the literature review, website information, asfsefrom the research group and consultation
with the supervisora requirement specificationvasset. It contains both requirement and requests.
The requests werereightedon a scale betweer5 depending on their importance atdw physically
achievablethey were assumed to be, where 5 had highest importantee most important
requiremens and requests are presented Trable3. The entire requiremenspecification can be
viewedin Appendix A, Requirement specification

To test the bypassocket components for a prosthetic legere needed. These componentgere
borrowed from Ortopedtekniskain Gothenburg during the last months of the project period, along
with the 4R101 and4R112 adapters fro@ttobockin Sweden.
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Table3: Some of the most important requirements and requests as a compressed requirement specifibation
requirements need to be fulfilled while thequests are weighted on a scale betweehWhere 5 has highest importance

1. SEMG compatible

1.1 Four sites Quadriceps + biceps femoris Requirement Mainly used in knee motion

1.2 More than four sites Quadriceps + biceps femoris + others Request

2. Durability

21 Static load 4 000N Requirement Falling

2.2 Repetitive load 1000 N Requirement Walking

2.3 Repetitive load 2 400N Request Running

24 Cycles 162 500 Requirement Based on 5000 steps per leg
and day, where 8 hours are
effective.
1h/week for 5 years

3. Bypass compatibility

3.1 Fit able-bodied leg Fit able-bodied between 160-190 cm Requirement

3.3 Under-the-knee Prosthesis attached under the knee Request Either 3.3 or 3.4 is required to

3.4 On-the-side Prosthesis attached on the knee side Request be fulfilled

4. Prosthetic compatibility

4.1 Fit standard components 4-hole pattern OR pyramid adapter/reci Requirement

58 Size

5.1 Highest minimum socket height  [22.4 cm Requirement Highest allowed socket wall
hight when adjusted for the
shortest user.

5.2 Lowest maximum socket height  |32.6 cm Requirement
Lowest allowed socket wall
hight when adjusted for the
tallest user.
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4. Conceptual designs

The bypassocket was divided into six stiitinctions to make the design phase easier. Thefsmlotions were: Ofthe-side connector, socket Able-bodied,
soclet ¢ Residual limb compatible, kng®ate, height adjustment and support structure/strap attachmefitstly, onceptswere sketched on paper during
the concept generation. The conceptere evaluated, andhe bestwere furthered developed using CAD. Lgstile CABmodelswere evaluated.

4.1.Concept generation

Sketchesvere made for both ablebodied sockets and residual linsockets To get an appropriate sense of th
dimensions for the socket designs, small paper models of a thigh and a residualitimbughly the same sizes
were made seeFigureb. The model of the thighjiewedin the sagittal planeywasbased on figure 4.7 from Winter “
[28], while the anterior viewvasbased on figure 2.7 frord. Gillig27]. /

. Able-body model

4.1.1. Onthe-side connecto ‘ // ~—
Theon-the-side connector enables the bypasscket to be set on the side of the prosthesis. Vertical adjustmer \_—- V/""\ |\
{

YSSRSR (2 SyadaNB GKFIG GKS LINE aldKSaA aThédisplacamdnt at@ipter \ | \ G GKS
washowever considered as permant for simplicity. A continuous adjustment capabilgpptimumto compensate '

for individual variations between people. This can be made possible by two pipes of different dimensions \ ‘J e e lElimb Ml
against each other and a screw that is tightened to fixatetipes. This, either by decreasing the circumferenice :

the outer pipe so that it pinches the inner pipe as the principle of a hose clamp, or by going through &thele
outer pipe and then pushing the inner pipe against the inside of the outer pipéhanelby pinching it in place. The

problem withboth these optionswith a continuous adjustment is that with the high forces expected to be appli . \\
/

_—"/’
= ]

a feeling of safety was not ensured, and an overall solution could not be invented. Instead theviscdiected
on bolts and nuts that attaches a horizontal plakdere the socket is attached

/ N
Figure6 pictures the sketched versions of the-tite-side conector where each has been given a lettermber
combination for simplicityThe first sketched version of then-the-side connectarAl, can be attached to fiboth " 9ure> Paper models of abisodied limb,
i plicity ) ) . ) . sagittal view[28] and anterior view$27], and
right and left leg users. Both thehorizontal plate attached to the prosthesis and thrizontal plate, which is residual limi4] sagittal and anterior view.
attached to the socketwnd further called socket connectohas a 4hole pattern to fit standard prosthetic
components. Arertical, rectangulapipeis attached to the prosthesis connectglate and with some supporting component, should be able to withstand the
forces and moments induced by the lever from the placement of the socket. The socket connector can be secured on diffatemirhihevertical pipeby
fixating screwsThe screvs are subjected to shear force and the more fixating screws, the less shear force in eachlisersecket connectois wideto
minimize the risk of interaction between the bypeasscket and thevertical pipe The socket connector plate also has somepsuiing components to
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withstand the moments induced by the lever. These supporting components could be reinforcediauletsif they are able towithstand the forces and
moments.A2has the same features &€l but where the socket connectas attachedo the vertical pipe, which can be set to different lengths aedured
to the prosthesis connector plate with fixation screws.

A3andAdarebased orAlandeach has rectangular pipe that crosses on the anterior side of the prosthesis to the lateral side of the prosthesis. The crossing
pipe is believed to reduce the induced moment from the socket placement.

To use a hollow pipe instead ofsalidrod for the designsare due to the mechanical properties where a pipe has highement ofinertia than asolidrod
whichgivesbetter strength to mass ratio

—Vertical pipe
Al

A2 A3
(

233 cm

f

Attachmentpoint

.

Alt. attachment point

2cm 15cm

Figure6: Sketches of the atihe-side connector.
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4.1.2. Socket; Able-bodied

To make the socket EMG compatible, the walls of the samkaltl notcover the whole thigh but instead struigere designed to ensure stability of the socket

during gait. The idea of the strutgasinspired by a patentf an adaptable socket system for residual linM8]. In a pursuit to not vioka the patent, two

principle types of strutsvere designed. One design has flat struts, comparable with the ones in the patent, and the other design is made by bended pipes
making the strut hollow. The first design principle is further referred to assftats, B1-5 in Figure7, and the other design is further referred to as-stnuts,

B6in Figure7. The struts ofthe sketched socketare mainlymade by either two or three parfso enable height adjustments manage variations in lengths

of the thighs All the sockets use multiple strapsound the thigh and shito secure the leg to the sockethe knee is plaakon what will be referred tosa

the kneeplate, which has a-ole pattern for the attachment of a standard prosthetic component for all the socket de€igmmon for the socket designs

§53 |

E—= strut ——— R

. ].
{7__ — it —— 1
) B T‘:I Kneeplate
| B4
‘ .
| {7 | W ] ]
.
|t . | J
| r 1 | | ‘ /
\ ! i o | /, ‘i
- \ Hiy
| | 1
l,_‘j "\ | i
H‘:L—?:':__tr vao <M —:C’,c —J ——;/

Figure7: Sketches of the ablgodied bypassockets.
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are the use of cushioning made by either foam or pneumatic suppdridrease the fit and comfortabilitf'hese are placed in the posterior and distal ends
of the struts. All the sketches are viewedHigure7 with a letternumber combination.

BothBlandB2are the first versions of the ableodied socketInB1, the prosthesis is attached under the sockedthe strutsare made angular
adjustabe. ForB1,B2andB4the kneeplate is longer in the posterior direction to give support to thensBRis connectedon the side. The anterior strut is
not fixed to thekneeplate but can be detached and the angle in the sagittal plane can be adjusted to fit the user. The medial and lateral sedtsrid fix
does not allow angular adjustment in the coronal plane. This is to make the construction stronggvemdre resistage against the moment induced by
the lever when attached to the prosthesiEhedistal parts on these strutsave more material tancreasesupport and a protruding pagposteriorlyto
supportthe shin The increased support and the strap at the popliteal ezathe knee fit more firmly in the sockdthe bypass socket can be attached either
to the left or right side of the prosthesis. The connector which is attached to the prothesis, is attached directly tocketeisimg screwsThis eliminated
some of thesenstiive connection joints. The connector can be attached on different heights on the lateral Biraistruts are not adjustable in height. The
anterior strut is shorter than the struts on the medial and lateral side to make it possible to place tnaddeamn the rectus femoriB3is the only socket
with two strutsand has an extra strap on the anterior side of the thigh to prevent anterior movement of the khedlat struts goes into the connection
plate and can be positioned in differedistancesand tightened with bolts.

B4isbasedon B2 but where each strt has two parts to enablkeeightadjustmentand the distal parts are fixed to the knedate, preferably using screws for
easier constructionFixing them in their position, preventing possibilityaafjularadjustments, makes thdesignstronger.B5hasadjustable suts made by
three partsand fixed relative to each other using screwggch strut has two pressure points,ean the proximalend and one in thelistalend. The anterior
strut has a distance to the leg, where electrodes can be places touretse rectus femoris. The struts on theedial and lateraside does not have this
distance, mainly to not interfere with the other leg during stride since this would result in an unnatural gait. The pestetioas a hinge close to tlkmee
plate alowing it to be horizontal to support the shin. A locking mechanism guarantees that the strut remains horizontal whérhassdn is secured to the
strut with straps.

B6has $ruts made by round tubes or preferably tube with aorofile to withstand forces perpendicular to the leg and not flex. Since the struts are made of
bended tubes, there is space in the middle of the strut where an electrode can be placed. This madies ib parform EMGmneasurenents ofthe desired
musclesThree struts surrounds the thight and one strut is protrudinghe posterior to support the shin.

4.1.3. Scket¢ Residual limb

Four socketsvere sketchal to fit the stump of a transfemoral amputeseeFigure8. To fit a variety of people, adjustability of the socket walls or stuge
in focus. Due to the research purposedthereby temporary usage of the sockets, simplicity at the attachment point between the socket and the prosthesis
wasmade. This impligthat the attachment point is at the distal end of the socket without any dsgor positional compensation to perfect the alignment.
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As mentioned in sectioB.2, misalignment isompensatedy muscle movemerto adjust the pature and$ assumed to be temporarily possible by the user,
even though this is not optimal.

\ C4VJ dhowk e ¢ wshionjne

Figure8: Sketches of theesidualimb compatible sockets.
Three of the sketche€ll, C3 andC4, have four struts to support the residual limb and the ambulatory loads. The struts are positioned at the anterior, medial,

posterior,and lateral siderespectively, of the stump. Although not included in the images, the struts are connected to each other by a strapsthadgad
the stump.

Both Cl1 and C3 usecompressiofrelease to secure the socket on the limb. The compression statiiedemurinside the stump and therebgeduceslost
motion during stride.The compression is applied usitige four struts, creatinglepressiorzones.ForCl the compression is in a longitudinal direction along
the femur, while the depression zones @3 are located at the proximal and distal end of the strifs. optimize the pressure at thaepressiorzones and
manage variations in the different shapes beemaesidual limbs, the protection material between the struts and the stump shaifsheumaticushioning.
Depending on the desired pressure, the cushioning can be inflatéeflated. A strap around thiimb ensures that the pressure is keep over tinmelaeduces

the risk of buckling of the struighen the pressure is applieBorCl, the electrodes are placed above the anterior and posterior struts and between the struts
at the release zoneand inC3 the electrodes can be placed on the inside of thedlle part of the strut. The measurements might be affected because of the
displacement of thesoft tissue which is a consequencetioé depression zone€?2is a recreation of thédighFidelity socketwhichalsouses compression
and release zoned.he socketdmade by a rigid materiakith socket wallsthat can be detached or individualidjusted,and the pressurés changedy
turning a nobTo manage variations in the anterior/posterior and the medial/lateialensions between different stumpite insidesurface of the depression
zones can be combined wiineumaticcushioning. This type of socket has a patent pendimgyis difficult to make ablbody compatible
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C4has all the load bearingsingthe ischidtuberosity and the gluteus maximasd has no compression zones. At the proximal and distal end of the socket
are either pneumatic or foantushioning at the interface between the socket and the stumb. A strap around the socket allows a tight fit ahg tantrol
of the prosthesisThe height adjustments of the struts asanilar toC3

4.1.4. Kneeplate

Thekneeplate ispositionedat the distal end of the socket where the bended kneplécedand at which the struts, or socket walls, are connecfEae
circular shape on most of the plates, deigure9, makesit possible to attach the strut® different locations, depending on the muscles of interest for the
EMGmeasurementsRectus femoris is in the middle on the anterior side of the thigh, while the vastus lateralis and the vastus medialtbesiksteral and
medial side of the rectugfmoris. By enabling multiple attachmepbints for the struts, they can be rearranged to always have at least one muscle of interest
uncovered.The plates have a width of 100 mm to minimize the risk of interference with the sound leg when using thedoga$3 he struts are attached

to D1andD2using screws.

To give more stability and comfort for the shin during abbely usage, twdkneeplates D3 and D4, were designed with a protiding posteriorpart. This
follows the shin roughly 10 cm extra to give better support. A special strut, or the top part of an ordinary struts, cemdeted to follow the shin even
further if necessary. Straps are connected to the protruding parasteh the shinTwo designdD4andD5, are specially made for the pstrut configuration.
The distal end of the struts is pushed into the side of the kplage andissecured by screws from underneaWariations in the dimensions of the thighs, can
be compensated by the distance of which the strut pins are pushed into the connector PBieas designed as the distal end of a flat strut, which could be
connected toD1or D2but not D3 D7was designed to allow pistruts to be connected to eithéd1or D2with a screw and the pistruts are connected to
either side of the attachements screw.
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Figure9: Sketches of the kng#ates.
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4.1.5. Height adjustment andupportstructure'strap attachment

Height adjustment refers to the functiorf adjusting the length of the struts to fit a range of thigh lengthikere bur versionsvere sketched E1}-4 seeFigure

10. Elis for a threeparted flat-strut, where the middle part can slide in the upper and lower p@ut-outs on the side of the upper part allovatachment

of straps.As mentioned imM.1.2the parts of the struts are secured and attached to each other using sche\g2one part of a flatstrut slides inside of
another, madepossible either by the entireectangular pipdittin g inside of the other or using a dove tail shapke partsare locked using screws, either by
going through a hole both in the inner and eupipeor by going through a threaded hole in the ouf@pe, pinching the innepipein place E3is atelescopic
height adjustment for pirstruts. A tube with a small diameter fits inside of another tube with a slightly langéch can be reduced using a hose clamp to
pinch the innettube in place E4is also for pirstruts wheretwo lead screwsare placed betweethe proximal and the distal part of the struthe screws have
threads with opposite directions that moves them intthaeadedcontainer when the container is rotatedecreasing the length of the struts.

At the proximal end of the struts aspportstructureswhichare the interfaces between the strut and the thigh, to increase the contact areadiace the
localized pressure, and to increase comfortahil#tgeFigurel0. At the interface between the supporting structure and the thigh is soft padding using foam
or pneumaticsupport The structures have a space for tigachmentstrap.F1lis slid over the struandis made by fabric. iseasy to make and adjust, but
might fit better for flatstruts than for pinstruts since the fabric is not rigi2and F3are supportstructures maddoy 3D-printed plastic. These are slid over
the struts and fastened with sews.F2is specifically made to work with flatruts andF3to work with pinstruts. On the surface facing the leg, cushioning is
appliedand on the outside of the socket is an attchement point for the strap. drigaesthat the supportplate staysin the right place, along with applying
sufficient socket pressure.

FigurelO: E12 are height adjustment for the flatrut concepts and E8 are for pirstrut cancepts. F43 enables fastening of the straps and act as a support
structure between the socket and the limb.
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4.2 Concept evaluation

The concept sketches in each duinction were evaluated against each other to conclude the most
prominent solutionsMotivation for the evaluation, along with the evaluation matrices corresponding
to each suHunction are presented imMppendix B; Evaluation matricedPresented inmmable4 are the
primary consideration during the concept evaluatiprocess.

Table4: Primary considerations used during the evaluation of the concepts.

SUBFUNCTION PRIMARY CONSIDERATION

Onthe-side connector Strength and weight

Socket¢ Able-bodied EMG compatibility, stability/strength anc
adjustment capabilities

Socketc Residual limb Stability, force distribution, and
adjustment capabilities

Kneeplate Adjustability, strengthand stability

Height adjusment Sability, strength, and functional
intuition

Support structure/strap attachment Given support

A new concept for the abldodied bypasssocketwas

created by combining83 and B5, called B3/5. This ‘

|

resulted in a conceptvith three struts on the thigh and ‘_{ . ‘, " . B
one strut supporting the shin, séggurell, as inB5but \f | 7? W }
where the struts are made by two parts, as&i3 \ , - llf cf} 1 T

\ r\ [k \ i a
All the evaluationmatriceswith the total and weighted \ ‘ J?’ \1\ “ { ;'
points are presented inAppendix B¢ Evaluation w\} | L };, K ——

=l T ==

matrices The concepts of using flatruts and pinstruts
were evaluated in the matrices as parallel paths to takFigurell: The concept B3/5, created during the

that is, each of the paths in the sdibnctions, where €valuationphase by combining B3 with BS.
applicable, has a design withhighest score. The designs with the highest scores are presented in
Table5. The highest scorekineeplate design for flastruts wasonly compatiblewith struts on the
medial and lateral side of the thigh. TRimsnot compatible with the highest scored flatrut design
which consists of three struts supporting the thigh. The overall loss of functions choosingsautvo
configuration to comply withthe highest ratedknee-plate was considered as greater than that of
choosing the second highest scorkdeeplate to comply with the threestrut configuration. The
second highest scored flatrut knee-plate was therebychosen along with the highest scorddsigns

in the other sukfunctions These wereombined to create four concepts, namely two for abledied
bypasssockets with an onthe-side connector and two fobypasssockets compatible witlhesidual
limbs.

Table5: Subfunctional concepts with the highest scores.

SUPPORTINC HEIGHT SOCKEQ KNEE ON-THESIDE SOCKEQ

SURFACE ADJUSTMENT ABLE PLATE CONNECTOR RESIDUAL LIMB

STRUCTURE BODIED COMPATIBLE
FLAT F2 E2 B3/5 Da3D1 Al C4
STRUTS C3
PINSTRUTS F3 E3 B6 D4 Al -
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4.3 Computer aided designs
The concepts with the highest scoresrefurther designed. Th€ ADmodelswere more detailed with
reasonable or exact dimensions.

4.3.1. Onthe-side connector

Two onthe-side connectorsvere designed one to bemanufacturedby existing parts which can be
boughtat the local hardware store, and one thought to be customized for the task at hand, requiring
more advanced manufacturing. The designs presented here are the initial designs from the sketches
to the computer. Thesevere redesigned after evaluation usinbd finite element analysis presented

in sectionb.

4.3.1.1. Customized concept
A customized concept was designed with the purpose to deal with the high forces in an opéynal w
Figurel2 pictures the first versionThe plan was to, based on that custom design, investigate the
market to create an equivalent design with part existing on the mafketn the horizontaprosthesis
connectorplate, a vertical rectangular pipe is placaadd allows attachment of thesocket connector
plate which fastened in the intended position using bolibe socket connectohas brims at the
fastening point to support with the loading and decredbe stresses at the 90° angl€he socket
connector has a thickness of 5 mm, a total width of 153 mm and a depth of 85 mm. Thevaiiéat
for the struts of the bypassocket to not interfere with the vertical pip&@he plate can be fastened to
0KS @SNIAOFE NBOGFY3Adzt I NJ LIALIS |G (¢ 2istdlevédthaél A 2y a3
real knee with the artificial knee.

Prosthesis connector plate

Socket connector plate

Figurel2: The first version of the customized-bre-side connector.

Both the socket connector and the prosthesis connector plate havehale pattern that can be
attached tostandard prosthetic component#t this stage, no exact dimensions of thaale pattern
wasknown AtBulldogTools a M6 65mm 4-hole patternwasstated for a male pyramid adapteand
wasassumed to be the standard dimensions, wheren@® wasmeasured across the diagor{aD].
Thiswaslater changed to the accurate dimensions of 36 mm between the holes and not the diagonal.

Brimsare alo included to decrease the stresses at {h@sthesis connector plateThe prosthesis
connector plate has a thickness of 5 mm, a width of 107 mm and a depth of 82 m. The depth is as deep
as the load cell and the widthre as wide as the load cell plu$ 3mim to allow medial/lateral
displacement of the prosthesis.

23



4.3.1.2. Made byexistingparts
The author is inexperienced with welding and to not depend on more advanced manufactugng, th
configurationof existing partsvasmade by bokand-nut joints as much as possible

To know what materials and components that exists on the market, a sei
on Google was made usinguilding angleand rectangular pipesas
keywords.Building angleis referring to an angle brackeths led to the
Bauhau® ¢ S.AdahdleDracketvasto connect the vertical pipe with
the horizontalprosthesis connector platéAnotherwasalso usedo attach
the socket connectorto the vertical pipe. Theangle bracketd Wh a
2p Edn E dn E c Figured I, wad hsen because of its thicknes
length andreinforcedstructure [51]. The length allows multiple fastenin(r:igurel& Angle backet
points to distribute the load transfeand the supportingstructure make it JomA Bx90x90x65mm

durable against bending, which is to be expected at thea®@les between Reproduced using CAD.

the horizontal and vertical parts. When loading is applied during gait, the lever between the
attachment point at the prosthesis and the location of the applieztlgenerates a momermf force,
resulting in abending motion of the vertical pipe towards the

prosthesis. As seen iRigure 14 this creates tension and Direction of moment
compression areas. Thangle bracketwas fastened on the
outside of the 90angle to better withstand the tension since
the horizontal and vertical pipes gives support to each oth
Through the horizontal pipesre 5 mm holes caesponding to
the ones in theangle bracketDue to the pandemic, a physice
angle bracket was not available for the exact dimensions of
part. What was known was the width, height, depth, ar
thickness, and the other dimensions were estimated
measuing an image and using proportionfbl]. The

dimensions were later updated when a physical bracket wrigure14: Tension andompression areas
available. due to bending when load is applied.

The structural support on thangle bracketvas not compatible with one central pipe, or building
block, as in theustomizeccase, but instead two rectangular pipesre used with smaller dimension.
Rectangular pipes of dimensiohSx15 mm with a thickness of 1
mm exists in the hardware store whietere used as a statff
point. After a primary design based on the customized case, the
dimensionswere changed into using20x20 mm rectangular
pipes. The desigrnwill be considered version &nd viewed in
Figurel5. The prosthesis connector plate from the customized
casewasreplacedwith two horizontal, rectangular pipes with a
length of 108 mnwhich are connectedattwo vertical pipes via a
45° cut, se&igureld. The horizontal pipes have M6 holes 6%

mm 4-hole pattern.The vertical pipes have a length256 mm.
Thesocket connectors to be connected at two locations on the
vertical pipes, whichwere initially at 80 mm and 119.5 mm
distally of the attachment point to the prosthesis. Thegle

_ _ _ brackes where placed respectively and the corresponding
;'ggrfolr?;]g:;:ﬁgferi]oenpogr;haewghe' attachment holes of thengle brackes where translated onto the
attachment is done using bolts and nut BSNIUAOL LIALISad ! d uKAa aul 3sxz

was known and not the exact dimensions of the adjustment
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adapter nor the pyamid adapter,which aresupposed to be between the prosthesis and bypass
adapter.

Thesocket connectarFigurel6, ismade by a 5 mm thick stee
plate and is attached to the vertical pipe viaa@ngle bracket
A 65-mm 4-hole pattern allows the bypassocket to be
connected and is placed at a centre distanc®dfnm from
the vertical pipe, so that the struts does not interfere with th
vertical pipe. Holesrere made for the attachment bolt for the
struts in the pirconfiguration and the corners of thelates Figure16: First version of theocket
wererounded off for safety reasons. connecor plate.

4.3.2. Ablebodied sockets

The hardware storevaschecked for dimensions for the struts of the sockdh contrastto the struts

of a socketcompatible with theresidual limb, the abkdodied struts are not meant to spport body
weight. The struts need to be strong enough to give stability and control over the prosthesis and be
able to bear the weight of the bypasscket with the prostheticomponentsduring stride. The forces
were not considered to be very high whiglaswhy smaller dimensionaere of interest to make the
socket lighter.

4.3.2.1. Flat struts
Theflat-strut socket,Figurel7, consists of a distance plataee
plate, 3flat struts for the thgh and 1flat strut supporting the
shin. Each strut for the thigh consists of a bottom part, a top p:
a distal and a proximal support and a scratch protection at 1
proximal end of the top part. The strut for the shin consists o
top part, two suppots and a scratch protection.

The top part has a crosectional shape of a U with a width ¢
19.9mm, depth ofl5 mm, thickness o2 mm and a length 0200
mm [52]. 6 4.5mm-holes are positioned along the part with .
centre-centre distance oll5 mm. These are to connect the toj
part with the bottom part of thestrut using M4 bolts and nuts.
The bottom part Figurel8a, is made by d5x5mm flat bar with
aheightof 200mm [53]. At the distal ed is a95°bend and a 4.5
mm hole for attachment to thé&neeplate usinga M4 boltand SS#EEZ;;ZELO; ;get\lfqveolfetfrtw? r::aaSLJOCk;
nut. The distal end is rounded with a radius7® mmto not edge of the proximal Support'is ngfnn
interfere with the distance plate if some

rotation round the vertical axis is needed.

The distal and proximal support, sdggure

18b, have a width and height @¢0x50mm and

is placed at the interface between the thigh anc

the strut. The function is to create a

comfortable contact point bateen the socket

and the limb,and to create an attachment

point for the strap and thereby increase a) = b)
stability. Thesupports have an internal width to

fit the top part of a strutThe dstal support has Figure18: a) Bottom part of a strutp) Front and backsidef
more material to the frontside than the the proximal support and of the scratch protection.
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proximal supportfo better manage the slimmer dimension of the distal part of the thigh. The supports
have the shape ad U and are placed on the inside of the struts, facing the thigh, and the walls of the
supportsare protruding to the outside of the struts. The straps around the thigh are connected through
the vertical openings on the backside of the suppofike total depth of the proximal and distal
support is29 mm and 34 mm, respectively.

A protection againsscratchesvasdesigned and placed at the proximal end of the top part,Kgere
18. This parhasno structural significarebut protectsthe user against the edge of the top part, which
might become or appear sharp during dynamic circumstances.

The struts are attached to thkneeplate using M4 bolts and nuts.
The kneeplate, seeFigure 19, has a diameter ofl05 mm and
thickness of 4 mm. 12 capstébaped holes are symmetrically
distributed round the plate and allows dimensional adjustments of
the socket width. The attachment rews of the struts can be
attached at7-15 mm from the border of the plateto manage
variations between thighDependingn the distance to the border

Figurel9: Proximal view of thenee

plate. of the plate, £ 41° - + 66° of
rotation round the vertical axis of | .
the struts are possible, to enable jadtment possibilities to e

compensate for the varying shapes of the thigh. Between every tl k I
of the capsuleshape holes, is a single M4 hole to make space for ’ e
distance plate at the distal side of the connection plate but still all —\\\[
flexibility for the attachment of the struts. In the centre of the plat

are twoM6 countersunk holes to connect to the distal plate.

The distance plate is attached to the distal side ofkhee-plate and
has the primary function of creating space between kmeeplate
and the socket connector orthe onthe-side connector, for the
attachment screws of the struts. The plate has a height5ofmm
and is made of stegseeFigure20. In the centre of the proximal side
are two threadedvi6 for connection to theknee-plate. On the distal _. -

) ) ] Figure20: Distance plate where the
side is a65>mm 4-hole pattern with M6 threaded holes folyo v (upper) and the #iole patten
connection to the orthe-side connector or to a standard prosthesi(lower) can be seen.

4.3.2.2. Pinstruts
The pin-strut socket, Figure 21a, consists of &neeplate, 3 pin-struts for the thigh 1 pin-strut
supporting the shirand 7 supports for the interface with the limbhe strutsfor the thighare made
by one bendedop-part and twobottom- parts, each connecting to one end of the bendeg-part.
Thetop-part is made of one 8 mm in diameter aluminium tube with a wall thickness of Janeight
of 180mm and internal width of 27 mmrhebottom-parts are each made by one 10 mm in diameter
aluminium tube with a wall thickness of 1 mm. At the proximal end bbd&om-part is a special cut,
seeFigure21b, to allow fora temporaryreduction ofthe circumferenceo fasten thetop-part to set
the height of the strut using a hose clampt the distal end of a bottom part is3° bend to make
the dimensions of the distal end of the socket tighter than the proximal end csdbket. The bended
digtal end is connected to thkneeplate.
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Figure21: a) Posterior view of the pisocket with the medial side to the rigl) Parts of the pirstrut from the left: Two
bottom-parts, bended togpart, top support (backsidepper, frontside lower) and the inside of the baamhd frontside of
the support.

A secondary type of pistruts wasmade with the purposdo be 3D-printed using
polylactic aid (PLA)The parts hee the same shapes and lengths, but differel
diameter with thicker walls. The tepartis 7 mmin diameter and a solid rqavhile
the bottom-part is 10.5 mm in diameter with a varying wall thickreedrom the
proximal endof the bottom-part, the wall thicknesss 1.5 mm for 150 mnandis
then designed as a solid rod down to the distal esdeFigure22. This is to give
more stability and strength at the attachment point to th@eeplate, but still
allowing the toppart to slide within the bottorspart for height adjustment.

Each of the struts for the thigh has a proximal and a distal suppontparableto

the onesfor the flat-strut socket, while the posterior strigupporting the shironly

has one supportThe designed suppoit made to be 3Bprinted, seeFigure21b.

The supportwas divided into two parts, frontside for the interface between th

thigh and the supportand a backside. When the two parts are connected, two hc

are visible going through the proximal to the distal end of tieport. The two parts

of the support is connected around the strut with the pins gamgughtheseholes. Figure22: Section
The support for the proximal end of thérst has8.2 mmbholes for the pins while;'r?r‘]"t'a(glaeigt'tom_
the support on the distal end of the strut hd®.2 mmholes to ft the pins. The partof a strut
frontside of the support is flat and the backside of the support has a curvatureversion 1.
appearance, reduction of unnecessary material and not to have any sharp edges. un

the backside is aertical spacefor the fastening strap. After analysis of the socket dimensions, the
support for the distal end of the socketasmade with more material on the frontside compensate
for the slimmerdimensions closer to the knee

The pinsockethas a kneeplate, Figure23, where the knee rests angthichis connected to thesocket
connectoronthe onthe-side connector. Thkeneeplate has a 4ole pattern, allowing ito be attached

to either the onthe-side connector or directly to the prosthesis. The first version of the-@édelis

based on the sketches made on paper with the same dimensions. After analysis of the dimensions and
comfortability, the modelvaschangedand a bowishapewasadded to the proximal side to make a
more comfortable interface between the plate and tkeee, Figure23d. The width of the platevas
increased tal10 mm to further widen the socket to fit the required thigh dimensions. The holes for
the anterior, medial, and lateral struts af®.2 mm in diameter and25 mm deep whichare each
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a) d)

Figure23: Kneeplate version 3a) proximaidistal view, bymediatater view, c) distaproximal view and d) isometric view

fastened by one M4 screw on tlistal side of the plateThe holes for the M4 screvase visible in
Figure23c. At the posterior end, proximal side of the plate are tivorizontalholes for straps that
goes around the shin to keep it ifage. Twd.2 mmholes with a depth off0 mmon the posterior
side of the plate allows a tepart of the pinstruts to be connected, to give more support to the shin

In order for the orthe-side connector to withstand the ambulaton
loads an angle bracket was added to the proximal side of the so
connector plate irsection5.1.2 This affected the design of the knee
plate and sme material on the distal side of tHaneeplate had to
be removed to not interfere with the angle bracketeFigure23b-
d. To make the plate usable for both knees, matenakremoved
A2YYSGUNROKFffe&o | WeddéedighedRiguré?a, &y
ensure that both spaces are filled during usage, for more pressgig;rer4: compensational piece du

distribution between theknee-plate and thesocket connector plate to the space for the pramal angle
bracket.

4.3.3. Residualimb-compatible socket

Two socket concepts compatible with the residual liwdre furtherdesigned one with the primary
load bearing occurringhrough the ischial tuberosity and gluteus maximusnd one using
compression/release to transfer the load froitme socket. Both have their advantages and
disadvantages and to get a better and more fair understanding of the conceptswi&ey both
designed.The plate where the struts are connected will still be referred to as the kfate for
simplicity even thagh the socket is residual limb compatible.

4.3.3.1. Ischial spport
The medialanterior,and lateral struts of the socket are the samefasthe ablebodied socket with
flat struts. The posterior strutvas designedwith an ordinary bottom part and a customade top-
part. At the proximal end of the tepart is a rounded shape for more comfort as this is the primary
loading area giving a higtressure zongseenFigure25a. The load transfer is meant to be through the
ischial tuberosity and the gluteus maximus and will be referend to as ischial suppereight of the
seatitself, responsible for the ischial suppois,approximately25 mmwith a rounding of 15 mmand
the width of the seat iS00 mmwith a radius o0®1 mm giving an arc length of 106 mm

Under the posterior strut is a holder for the attachment strap round the stump. This holder has no
supporton the inside of the sockedb not interfere with the residuunas it is resting on the ischial
support. As with the other socketghe other holders are itegrated holder and supportThe holder

and supports are kept in place using spikes,Egere26, which goes through matching holes on the
top-parts of the struts, partly visible Figure25a.
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Figure25: a) residual limb compatible socket with the primary Itradhsfer through an ischial suppoit) housing for the
distal end of the stump, ®neeplate for the stumgcompatible sockets.

At the proximal side of th&neeplate, is ahousingfor the distal end of the
residual limh Figure25b. This is to prevent some movement of the stun
during stride and aa possible protection against the screw heads onkhee
plate. Thehousinghas an ellipsoid shape with an anteroostelior dimension
of 93 mm a mediallateral dimension o9 mmand a depth o0 mm.In the
centre of the protection are twd/16 countersunk holes for connection to the
kneeplate andto the distance plate.

The initialkneeplate wasthe same as describe for the aHedied flat-strut _. ,

. . Figure26: The supports
socket butwas later updated to a capsuishape to increase the anteriorare kept in place using
posterior dimensions of the sockednd thereby better fit a residual limidIhe spikes on the inside its'
new plate,Figure25c, is105 mmwide and135 mmin the anteriorposterior Walls:
direction. As for the flatstrut socket, a distance plate is attached on the distal side of the-gtate
with a greater antenr-posterior dimension. This is to support the knglate against the moment
induced by the greater distance of the anterior and posterior struts.

4.3.3.2. Compression/Release
The socketfigure27, is made by a distance platekiaeeplate, housingfor the stump, four struts and
straps round the stump. The struts are made by a bottom part, a middle part,@atb@nd a proximal

support.

The bottompart, Figure28a-b, of the strutswere custom made with supporting beams to better deal
with the high ambulatory forceswhich will result in high stresses ¢ime distal end of the bottom
parts. Thefunction of supporing the distal endf the limb is integrated with the bottorrparts for
better strength in contrastto the support for the ablédodied socketsA pneumatic support is to be
placed on these suppdrig structures and by inflating this pneumatic suppedmpression against
the limb is created tdransfersome ofthe loadsfrom the socket to the residual limtDn the outside
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of the bottom-parts are two protruding M6 threads,
allowing attachment to themiddle-parts. A 95° angle at
the distal end ofhe bottom-part of the strut is tdncrease
the anteriorposterior and the medidlateral dimensions
of the most proximal part of the socket.

The middlepart of the struts is made byp0x10 mm
rectangular pipes with a thickness imm and alength of
156 mm 13 M6 clearance holes, with amtermediate
distance oft2 mmallows attachment to the bottomand
top-part for height adjustments of the strutsThe
rectangular pipesprevent buckling of the part when
subjected to high vertical loads, if compared to
rectangular rod with the same madsdzS G2
higher moment of inertia

The toppart, Figure28c, consists of a rectangular piped _ _ _
has a5° angle in the centre to compensate for the Figure27. Socket using compression of the

proximal part of the thigh as the primary load
increased angle at the bottomart of the strut. The bearing area to reduce localized pressure po
oblong hole on the sides of the tggart is for comection
of an attachment strap.The proximal supportFigure28d, is attached to the togpart using aM8
thread. The support can be rotated to be used either as horizontal or vertical depending on what is
convenient for the user. At the interface between the support and the residual limb, a pneumatic
inflated support is to be used to create compression agjathe limb, as done with thsupport
structure on the bottompart. By using the pneumatic support, the pressure against the tissue can be
controlled and ensured to be withiof what is tolerant by the soft tissuend the userThe housing for
the distal end of the residual limb, the kneglate, and the distance platare the same as for the
residual limb compatible socket with ischial support.

structure

95° S“pp” @
\

Figure28: a) side view of a bottom part of a strut b) frontal viewadfottom part c) top part of a strut d)
proximal support.

4.4 CAD evaluation

The primary function of the adapter is to allow an abt|died subject to use a prosthesis and tmt

create a socket that is usable by emlividual with amputationas well. As mentioned isection3

Design inputsthe creation of a sockehat isusable by a individual with aransfemoral amputabn

is complex and is to be developed by a professional prosthetist to ensure that no tissue damage occurs.
Theresidual limbcompatible socketsvere therefore not further developed. The other designgre

partly evaluated using the finite element method.
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5. Fnite element method to evaluate the strength

To evaluate the durability of the desigrt.h.e Table6: Anatomical directions and the corresponding
program ANSY\B&SUSGd to COﬂdUCt the f|n|te coordinate system for r|ght |eg usage.

element analysisusing the coordinate systen

in Table6. After consultation with a professor ANATOMICAL COORDINATE
in the field of mechanical engineering, th DIRECTIONS SYSTEM
forces on the abldodied socketswere  PosteriorAnterior  Xaxis
assumed to be low enough for the body of tn MedialLateral | Y-axis

struts to hold without conern. This since they ~ProximaiDistal | Zaxis

should not supportany ambulatory loadThe
weak spotswvere in the attachment point between the struts and tlk@eeplate due to the angular
AaKFLIS 2F GKS adNHziQa RAAGGkfeepBtgR YR GKS | LILIX ASR

When applying forcéo a structural component, areas with stress concentration are to be expected.
These stress concentrations depend among others on the design of the structural component and on
the applied load. According to the professor in the fields of mechanics, giestiesses occurring at
these stress concentrations can to some degree be neglected since the stresses will be more
distributed than what is calculated by the program. The stress concentrasioosld beviewed as
weakparts ofthe design that might neetb be improved

The comparative results in consideration during the evaluatiene the equivalent stresses in the

finite element modelduring the applied loadwhich indicates possible stress magnitudes in the
physical modelThe equivalent stressasere compared against the yield strength and thikimate

tensile strengthof the material. The properties of the materiale assumed to be linear up until the

yield strengthisreached, after that the region of plasticity occurs where linearity no loagpties and

some of the deformation of the material is irreversible. This isdegirableand wastherefore the
evaluation parameter for normal usage. To ensure that the design is safe to use and endures the
repetitive loading occurring during the locoman action, a factor 2 ofvasused. This implies that if

the required possible loading foreeas1000 N the applied force in the evaluationas2000 N.

The ultimate tensile strength was used to evaluate the scenario of maximum loading and is the
maximum stress the material can withstand before bragdk Maximum loading can occur if the user
where to fall with the prosthesis and is not meant to be a recurring scenario. For safety réson t
adapter should be able to withstand this force without breakage, but plastic deformatias
acceptable to simplify the designing parameters, and because this is not the purpose of use for the
adapter. A safety factor of @asnot used for the maximumase.

For the structural components found in the local hardware sidhe specific alloysvere not stated.
The rectangular pipewere simply stated as steel, thangle bracket as galvanized steel and the
circular pipes for the phstruts as aluminium. 8ictural steelwasassumed to be equivalent to the
unspecified steel from the hardware store awdschosen in ANSYS for the steel components.

5.1.0nthe-side connector

The evaluation of the othe-side connectorsvere initiated with applying a 1000 N in the proximal
distal direction to investigate if the first versions of the desigrese prominent or not. 1000 N
corresponds to the largest used force limits presentedha literature review in Tablel. If the
equivalent stresgesultswereless than theield strength of the material, the required repetitive forces
and moments corresponding to walking with a safigtor were applied. These loadscame froma
study byDumag37]. Thenextstepwasto evaluateif the design enduréthe scenario of falling where
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the parameterswere collectedfrom Welkeet al. [38]. The loads from the studies were normalized to
acquire the corresponding load for 100 kgguw/hich are presented imable7.

The material propertiesvere set by the standard®und inANSY $r the respective materiaForthe
evaluation of both designs, structural steehsused.The material has a yield strength of 2.5e+8 Pa
and anultimate tensilestrength of 4.6e+8 P&he parameters used in the evaluation are presented in

Table7.

Table7: Parameters used in the FEA

PARAMETER VALUES

Meshing NonlinearMechanical
Element size 5 mm, curvature capturing
Connections Bounded, frictional 0.2

Force, Walking (FF, k)
Safety Factor

Moment, Walking Mx, My, M)
Safety Factor

Force, Falling (¢F, )

No Safety Factor

Moment, Falling (x, My, M,)
No Safety Factor
Structural steel

Yield strength

Structural steel

Ultimate tensile strength
PLA

Yield strength

PLA

Ultimate tensile strength

(640, 160, 1920) N
(-64,-128,-32) Nm
(-639,-606,-4272) N
(-147,-165, 42.7) Nm
2.5e+8 Pa

4.6e+8 Pa

5.41e+7 Pa

5.92e+7 Pa

Although the resultavere assumed to be within the linear region of the material properties, the
calculationswere set to include nonlinear behaviour as well as the mesls set to nonlinear
mechanical. The element size of the mesisset to 5 mm wih a curvature capturing. Bolts and nuts
are difficult to simulate when using the evaluation toaks a pretension is applieghd for simplicity
the connections between the belndnut were set to bounded contacts. For the interfaces with
surface contactsbut with no applied pretension force frictional contactwasset with a coefficient

of 0.2.

51.1. Customized case

When applying 1000 N in the proxirddiktal direction, the first version of the custemade connector
showed plastically deformed regions aesenFigure29. The connection plate which is attached to

the prosthesis appeared to be too thin and could not endure the bending motion. The stress
concentrations occurring at the sharp edges indicated mmoending to create a larger radius to
reduce the localized stresses. The stresses on the socket connector plate were larger than 50 % of the
yield strength and the stresses have even passed the yield strength at some localized points. More
material and béer structure was needed, and therefore the connector was redesigned.
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Figure29: The equivalent stresses of the first version of the specitiieside

connectorLight blue > 50 % of yield strength. Yellow > yield strength.

Red > ultimate tensile strength.
All the new designsvere based on the first version with small differences and more matevisd
added where needed. In tot& versiorwere made where the fifth is presented Figure30. The design
uses a shelbbased constructiono minimize the weight but still be durabl&@he vertical pipe and the
prosthesis connector plate are constructed together with a shell of 3 mmsadtieet connector plate
has a thickness of 10 mm and with a shell thickness of 4 mm. The supportingamieeinforced
and are protruding further into the plate to dissipate the loads. The weight of the totdahe-side
connectoris 1.34 kg when madeytstainless steeihich has a density of 7800 kg/nStainless steel
waschosen since structural steglasnot available in SOLIDWORKS butrbaghlythe same density

T — T ——

0025 0075

Figure30: The ffth version of the customized Qne-side connector.

The version could withstand a force of 1000 N in the proxuiigthl direction but wherapplying the
requested amount of force, the material was plastically deformed, and some local fractures occurred
as presented inFigure 31, where the red indicates that the ultimate tensile strength has been
exceededThese local fractures appeared in areas where stress concentrations could be expected and
could therefore to some degree be neglectddhe stresses in the connector wdreweve too large

on the vertical pipe and on the centre of the knee plate to be acceptable and the connector was
considered to not fulfil the requirements. No further development of this custom case was conducted
due to limited time and the advanced manufachgiprocess that this connector requires.
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Figure31: Onthe-side connector versiondpplied with required forces with a safety factor of 2 whayes distatproximal
viewandb) isisometric viewLight blue > 50% of yield stgth. Yellow > yield strength.
Red > ultimate tensile strength.

5.1.2. Existing parts

For the first versiona small region exasled the yield strength of the materiadluring the initial
evaluation wha 1000 N was used. $ice this area was primary in the region where stress
concentration is a possibility, the required repetitive forces and momeatsesponding to walking

with a safety factowere applied.

The result, preseted inFigure32, indicated permanent deformatiorf thefirst version of theon-the-
sideconnector made by existing parts. As seen in the digtakimal view Figure32b, some regions
at risk of fracture wereat the areas where stress concentration®re expected.The simulation

2019 R2
ACADEMIT

Figure32: Results for the eWaation of the first version of the ethe-side adapter where the yellow and red areas indica
that the yield strength and the absobkwield strength has been reached viewing a) isometric view and b) the plistamal

view.
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indicated that he angle bracketvould suffer from extensive deformatiomnd stess levelshat
surpassd the yield strength Therefore and theconnectorwasredesigned.

In total five designs were constructed with small changes between each design. The changes were
done through changing the dimensions of the square pipes asasealliding supporting structures
which could be manufactured by simple tools. In the first version tirezbntal and the vertical pipes

are connected as one part, as would be an ideal case and could be compared to if the parts where
welded together. To add manufacturing simplicity, tinas removed and the horizontal and the
vertical pipesvere constructed a individual parts, being in contact with each othén 45° angleThe

final version is seen ifrigure 33 and is made by 25x25x1.5 mm rectangular pipand weighs
approximately 2.08 kg without bolts and nuts added to the modalangle brackevasadded to the
proximal side of the socket connector. Two supporting bearase added to the distal side of the
socket connectorThesenvere made by 10 mm alumium pipes, the same as the bottepart of a pin

strut. At this stage, the correct measurements of thagle pattern was known and was changed in

the design. The horizontal pipes, serving as the prosthesis connector, had to be iarthke horizontal

plane to fit the new 4hole pattern visible inFigure33. Holeswere made in the distal and proximal
angle bracket corresponding to thehble pattern. Drawings of version five are foundAppendix &
Drawings for the osthe-side connector

Figure33: CABmodel of final version of the Ghe-side
connector, positioned for the use without the iPecs loi
cell.

Figure34 pictures the result when applying the requirkzhd of walking. The resuldicated the risk
of the angle bracket on the distal side of the socket connettiguffer from stresses that exceed
the yield strength for the materiallhe area where the yield strengttasexceeded is small and since
a safety factowasused for the applied load, the versigrasconsidered to fulfil the requirements.
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Figure34: Test resultef version fivdor the required walking loads including a safggtor of 2 distalproximal view to thu
left and an isometric view to the rigHtight blue > 50% of yield strength. Yellow > yield strength. Red > ultimate tens
strength

When applying the required loads correspamgko the scenario of falling with the prosthesis, the yield
strength was exceeded in multiple places as seenFigure35. As mentioned previously thisas
considered acceptable since it is a weease scenario. The ultimate tensile strengthisexceeded on
the angle bracket on thdistal side of the socket corattor, indicating fracture of the angle bracket.
For the angle bracket on thgroximalside of the socket connector, the ultimate tensile strengtld ha
not been reached, indicatinghe risk permanent deformation but not fracture. The resulivas
considered aceptable since the ultimate tensile strengthdhaot been exceeded for both angle
brackets on the socket connector.

YS
2019 R2
ACADEMIC

Figure35: Test results of version five when applyting required loads in the scenario of falling.
Light blue > 50% of yield strength. Yellow > yield strength. Red > ultimate tensile strength.
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5.2.Socket evaluation

An investigation of the forceappliedto the socket was done isection3.5. The walls of the socket
were subjected to these forces due to the load bearing conditionslvingan individual with a
transfemoral amputationThis is not the case for the bypass socket, where all the load transfer occurs
at the interface where the knee interacts with tHeneeplate. Thereby only th&neeplate was
evaluated for a fulloading scenario. As seenkigure36a, the loading scenario of walking, including
a safety factorwasapplied to the proximal side of the plate as done previously for theherside
connector, and a fixatiowasapplied to the holes of the-iole pattern on the distal side of the plate.
The material properties were set to PLA since pilete wasassumedo be 3Dprinted. The durability
of 3Dprinting is depending on the settisgor the 3DBprinter during theprinting process. The finite
element analysigavean indicationf 3D-printingwasa possibility as it indicatbf PLA itself wastrong
enough or not.Figure36b shows the results of the evaluation for theeeplate of the pinstrut
concept. Local high stresses, indicating fracture, agecliat the connections holes where stress
concentrations can be expected, and the high stresesre therefore assumed to be neglectable. PLA
was assumed to be usaltie create the component.

The loading conditions subjected to the strusre difficult to anticipate since theywere not meant

to carryany ambulatory load during the locomotion action but merely give stability. The anticipated
loading of the struts occurs during the motion of lifting the prosthesis and should therefore not be
more than10 kg.The strutswere evaluated in a scenariwhere a force of 200N wasapplied in the
proximaldistal directionto the kneeplate. To save computational space, the tpprt of the struts
wereexcluded in the evaluatiohe evaluatiowasdone usingooth aluminium and PLA as materials
for the struts and he struts showedno indication of fracture for both the evaluated materialéirough

the evaluations itvasnoticeable that the concept of a pisocket ha potential to be produced using
only 3DBprinting. This simplifisthe production and minimizgthe risk of failure in the manufacturing
process. The flastrut socket relis on more metallic parts, among them a circular ksgate, which
requires more advancd manufacturing processes arnidcreasedrisks of failure ifmanufactured
manually. Therefore, thpin-socketwaschosen as the most prominent concept aisdhe design on
which the prototypewasbased.

; b) —_ e o G

Figure36: FEMimages of the kneplate wherea) 2030.2 N and 146.64 Nm is applead b) the resuls werelocal pressure
points.
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6. Prototygng and user tests

A prototype of the entire bypassocketwas made based on the fifth version of the -dine-side

connector made by existing parts and the giocket concept. An iteratiowas made for the parts
whichwere 3D-printed to correct errors in the design. These ernaere expected due to shrinkage

the ALAwhen printing and durability properties which were unknown during the design part.

6.1.Building processf the Onthe-side connector prototype

As the dimensions of theADmodelfor the angle brackevasd 8 SR 2y (GKS Ay F2NXI (A 2
webpage the width of themodel is constant 65 mn{51]. Thiswas not the case due to the
reinforcement on the brackewhere the width decreases as the metal deforrmbe placemerstof the

holes on the modeivere measurel from the border of the bracket when a peigal bracketwas

accessible. This means that the distance between the luriébe modelwasnot sufficiently large and

an error of 0.5¢ 1 mm per hole exigd in the model.Drawings, including the erronyere done for the

on-the-side connectobefore the manufacturing process of the prototype.

The initial plan for the construction of the prototype was to manufacture it in the prototyping lab at
ChalmersDueto the pandemic the access to the lab was restadtand the plan was thereby changed.
The onthe-side connectowwasmanufactured by tools applicable ahouseholdenvironmentexcept

for the socket connectoplate whichwascut using thevater jet cutter at Chalmers. The pawtasmade
from a 5 mm thick @75 aluminiunplate, as structural steel was unavailable at the tiffilee strength

of 7075 aluminium is equivalent to structural steel and has less densityvasdaonsidered as a
suitable substituteAn evaluation of the design with the new matemasdoneto reassure durability.
The esults indicatd that the materialwasacceptable Figure37a.

Errorswhich occurred during the building process, affected by the error in the drawing and ralanu
errors,were compensated as much as possible. The builgiogess can be viewad AppendixD ¢
Building process of the atie-side connectarThe prototypes presented irFigure37b andwasmade

of rectangularsteel pipesandreinforced angle bracketwith the possibility of positioning theocket
connector plateat the distances ofl56 mmand202mm The supporting beamsn the distal side of
the socket connector plate was made by AIMgSi0.5 alumipiyes[54]. All the parts of the prototype
were connected usinlyl5 bolts and nuts

Figure37: a) Evaluation of the connector with aluminium 7075 as material forstieket
connectomplate. Light blue indicates that the stresses does not relaelyield strength of the
material.b) the final prototype of the cthe-side connector.
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6.2 Bypasssocket prototypes

Due to shrinkage of the 3printed material, errors in the design, and liatibns in the 3D printer
capabilities an iterative process/asdone to achieve desirable design outcome. The different parts
were printed parallel and design changes of one componentatimply a design change needed for
another component.

The main testing of the 3Printed pinstrutswasto get the correct
dimensions for screwlearance, for the compartments of the nut
and for the inner and outer diameter for the strutso get enough
support and strength in the material, the walls of the bottgrarts
of the strutswere set to a minimum of 1.5 mm. The outer diamete
of the bottom-part wasset to 10.5 mm and the inner diameteras
set to 7.5 mm. The outer diameter of the tgart wasset to 7mm.
The proximal partwas prone to bending andwas further
investigated during an initial user test. On both the bottpart and
the top-part, a smalprotruding partwasconstructed for the resting
of the support, see ifrigure38. This is to simplify the placement c
the supports during the donning of the socket andsthesis.

The holes of the supporterere changed to match the change
diameters of the struts andere set to have 0.5 mm of clearance. _
The pins locking the bottom and the top parts of the suppo’'9ure3& Two versions of thel®

. printable strut, with direct sew
togetherwere prone to break, due to the brittle PLA. TB@PPOItS fixation on the left and decrease of
were changed during three versions where the final versigigure circumference to the right
39, has spacing between the pins and the wall of the supposglmv somebending of the pins. The
pinsare still weak, but the support can be used even if one of the pins br&atde8 presents the

parameters used during the 3printing part

The third version of the kneplate wasprinted for early evaluation. The radius of the surface at the
anterior interaction point with the knee was considered too small to fit a wider knee variatension
five wasmade 110nm wide.After consultation with a mechanicatsearch engineeat the prototype

lab at Chalmers, 3printed threads were considered inappropriate for the intended use of the knee
plate. Printed threads are difficult to print and are easily wdnstead nutswvere incorporated for
attachment of the boltsMaterial wasadded to the distal side of the plate to incorpora#6 nuts to

the 4-hole pattern. The nutsvere positioned from the proximal side of the plate, and the holese
covered with plugs, seen on the side of the isometric viiefrigure40d.

Figure39: Version 3 of the supports allows some bending of the pins as seenrighthe
image of the poximal support.
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Table8: MakerBot print settings for the 3printed parts *Kneeplate used for initaévaluation and initial user tests.

PRINT SETTINGS KNEEPLATE* STRUTS SUPPORT/PROTECTI(
EXTRUDER TYPE Smart Extruder+

PRINT MODE Balanced

BASE LAYER Raft

EXTRUDER PRINT SPE 90 mm/s

INFILL DENSITY 15 % | 95% /70 % | 40 %
INFILL PATTERN DiamondFill

LAYER HEIGHT 0.2 0.15 0.2
NUMBER OF SHELLS 5 Shells 5 Shells 3 Shells
SUPPORT ANGLE 68°

SUPPORT DENSITY 16 %

SUPPORT TO MODEL 0.4 mm

SPACING '

SUPPORT TYPE Breakaway Support

SUPPORT UNDER

BRIDGES No ‘ Yes No

M4 nutswereincorporated in the kneglate for the fastening screws which attaches the bottparts
of the struts. In the third version of the kngsate, each hole for the strgplacement ha a M4
fastening screw, whictvasremovedin later versionglue to interference of the incorporated nutdn
version 5, he two interfering holesvere combined to one, seé&igure4l, which resuled in the
fastening screws being uncentered. The holes for the stugi lengthened to 28 mmEach strutis
capable ofl5mm of displacement, resuitgin the range ofhe medid-lateral dimensiorior the socket
to 115- 145mm at 91 mm from the surface of the knpkate. At 230 mm the range of the medial
lateral dimension i436- 166 mm and at 320 mm the range is 333 mm. The two @sterior holes
for the strutswere lengthenedto 50 mm. Thénoles for the strutsn the version with aluminium struts
wereset to 10.5 mm and 8.5 mm, amdthe version with 3Bprinted strutswasset to 11 mm and 7.5

[ﬂ ﬂ| a) Ib) .c) ® g 9ol)

Figure40: Kneeplate version 5, a) proximdistal view, bmediatlater view, c) distaproximal view and d) isometric view
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Four custom strapsvere manufactured where two strapsre attached
around the thigh and two straps are attached around the shin. Protec
foam was glued to tle supports and onto the kneglate. This serves as
cushioning, protection against sharp or pointy edges and increases
friction at the interface between the socket and the limb.

6.3.Initial user test
An initial user testwas conducted to evaluate thelurahility of the 3D
printed struts and the placement of theldble pattern on the kne@late,
indicated by alignment issues. These initial tesee conducted without
the onthe-side connector. A correct alignment of the prosthetic
componentswasnot consideed necessary for this test since the intentig| 9Ure4 Transectdview o
o . . . . the kneeplate version five,
of the testwasnot a definite evaluation but to investigate problems Witpicuring the uncentered
the socket design. As seanFigure 42 the prosthetic footwaspositioned to fastening screws for the
far anteriorly in natural standing position. This indicates that thieole SUU's:
pattern on the kneeplate shouldbe placed further posteriorly.

The socketvas usable buthad stability issues. The printed strutgere too flexible and resuéidin no
support for the shin as intended by the posterior, horizontal strut. The {ptee cave insufficient
support for the shin andvas considered too short in the poster dimension. To investigate the
supportability of the shin, a strapasattached between the proximal strap of the thigh to the posterior
strap of the shin to prevent extension more than 90°. This correction incdetisestability of the
socket.

The M4bolts fixating the struts to the kneplate dd not have a
centred connection point with regards to the strut. The-3D
printed kneeplate hal 15%infill materialsince the intend of the
print was to do preliminary evaluation of the shape. This, in
combination with the uncentred Mdbolts, resuled in the
inability to create enough normal force to the struts to fixate
them. When the boltsveretightened too much, the plasticage

in. However, enough forceoald be applied such that the struts
could notbe pulled from the kne@late with reasonable hand
force. During usage, rotation of the medial and lateral struts
occurred towards the anteriorstrut. It wassuggested to attach

a strap between the medial and lateral struts, going on the
posterior side of the thigh, to prevent rotation.

Figure 42: Initial user tests of the bypass

socket, indicating alignment issues. The kneeplate wasredesigned, se€igure43. Complementary,

centred fastening screwsere added on the proximal side of the kngéate, to fixate the struts from
two directions. The posterior dimensiomas lengthened with 50 mm and the posterior part of the
kneeplate wasmade hollow to remove weight, sdegure43c. The platewasdivided in an anterior
and a posterior part, to reduce the necessary continuoagetof printing.The 4hole patternwas
moved 20 mm posteriorly. This moed the space for the proximal angle bracket of the-the-side
connector further posteriorly on the kneglate. The compensational piece to fill the spagas
redesigned to fit the newdesign of the kneglate. The new kneglate was printed with the
parameters fromrable8, but with 70 % infill instead of 15 %.

For the final user tests, struts of aluminiufAIMgSi0.5pipeswere manufactured to decrease the
flexibility and increase stability. The pipes for the-mgrtswere bent around a custormade wooden
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Figure43: Kneeplate version7, a) proximaidistal vew, b)mediatater view, c) distaproximal view and d) isometric vie

object with a diameter oil mm and the pipes for the bottospartswere bent around an object with
roughlyl cmin diameter.To reduce the risk of cracks of the pipes during the process of bending, the
materialwasheated with a torch. The interior of the area exposed to the bending process of the top
part wasfilled with sand to demote yielding. Yieldingisunavoidable for tie bottom-parts of the pipe

due to the slim radius. Due to dimension tolerances, some sanding of thpaidpvasnecessary for

it to fit inside the bottompart of the struts.The drawinggor the parts of the strut@re presented in
Appendix E, Drawings for the struts

An initial user teswas performed on a treadmill with the othe-side connector, at a speed of 1.5
km/h. A natural gaitvasnot possible due to the twisting moment induced by the placementie
side. To overcome the moment and not fall durthg locomotion actionthe body shifedthe weight
over to the prosthesis, causing a limpwlasnot possible to walk with the othe-side connector
without using both hands as support which reddeke weight on the prosthesis. The requirement of
normal locomotionwas consideredto not be fulfilled and the research usabilityas questionable
when sypport was needed that most likely reduckthe forces in the prosthesis. &lon-the-side
connectorwasregarded as unsuccessful amdsnot evaluated in the final testing.

6.4 Final user testing

Participant lwas able to walk with the bypas®cket using one had for support but unable to walk
without using support. Participant 2 was able to walk without using support and participant 3 was
temporarily able to walkvithout usingsupport butneededat leastone hand for support most of the
time. All participants wre able to walk at -2 km/h and participant 3 could walk at 2.5 km/h which
resulted in a more natural walk, but support was still needed. A limping motion was present for all
participants, resulting inraunnatural locomotion actiorParticipant 2howeda twisting of the higs

a compensation while walking with the prosthesis and participant 3 stated problems with control. As
seen inFigure44, both feet of the participants are evenly placed.

The bypassocket was perceived as being attached to the leg with the knee fixed in relative position.
Instability occurred for all the padipants while walking with a lateral bending of the prosthetic leg
and socket. A small, relative movement between the proximal end of the socket and the thigh was
visible during this bending motion. Instability was always present but became less sevetiengibf

use.
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Figure44: Participant 1, 2 and 3 respectiyefor the final evaluation.

Participant3 and two of the additional users became sore in bl of the kneedue to one of the
distal straps around the thigh. Parfeint 2 and 3 perceived the paihd) foaminsufficient, causing
pain to the patella during usage.

During usage, the socket seemed to withstand the stresses well for participant 1 and 2, with no feeling
of concern for the durability. Fgrarticipant 3, the stresses were noticealale abending was present

in the joint between the posterior and the anterior part of the kaglate,and the struts had a difficulty

to withstand the bending motion. As partly seen Rigure 44, after the test the kneeplate for
participant 3 is not perpendicular to the central line of the thigh, but slightly angled while this is not
the case for participant 1 and 2.

Additional usei3 walked with the bypassocket after the use of participant 3. No safety harness was
used during the initial trial of additional user 3 where the user walked with and without support. During
the nonsupporting walk, the prosthetic leg was not entirelytanded when a new step was
conducted, causing the user to falhe user wagsot injured and @ obvious, exterior sign of failure to
the bypasssocket was discovered and the traids continuegusinga safety harnesshe socket was
analysed after the tridwith additional user 3. As seen kigure45, fractures on both lower parts of
the medial strut was discovered along with a relative twist between kheeplate and the struts
causing the central line of the thigh and the face of the kpkde to not be perpendiculaThe socket
was not analysed between the participants and it is not clear if the fractures and relativentarist
present before thause of the additional user 3 or not.

The targeted muscle groups for the electrode placement were the quadriceps and the hamstrings. 7
channels could be positioned, and EMG signals was detected both for extending and flexing the knee.
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Figure45: Examination of the bypasocket after the final tests showed fractures at the distal angle of a strut alor

with a relative twist between the struts and the knaglate, causing the central line of the thigh and the face of the
kneeplate to not be perpendicular
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7. Discussion

The discussion is divided Residual limb compatible socke®nthe-side connectorand Bypass
socket The first part discusses the potential of the G@bdels regarding thebypasssockes
compatible with the residual limbs. The second part discusses tHeside connector, both the
CADmodel of the custom made and the prototype. The last part discusses the prototype of the bypass
socket, with problemspotentials,and further development.

7.1 Residual limb compatible sockets

The sockets compatible with the residual limb, needs to be discusihdavproperorthopaedistto
evaluate their potential. Misplaced pressure can have a serious impact on the user, but since the socket
is to be usedor research purpose and therefore a short amount of time, the impact will not be of the
same magnitude ag the socketwasfor permanent use. Some misplaced pressure can be tolerated
before causing damage to the participabut this is to be decided by a professional within the field.

The concept using compression/release is the concept that most likellgetile most stable as the

lost motion is minimize, and also more comfortable for the user as the load is distributed over a larger
area A tighter fit however makethe socketmore difficult to design as the shape of the stump differs
between people. Thesocket presented in the report would for instance have problem with stump
shaped more as a cylinder while it would fit better for an ellipsoid sh@pe.length of the stump is

also to be taken in consideration as a contact point at both the proximabastal end is needed for
stability. The concept using ischial support could be easier to design as the primary loading is
transferred at one point. The posterior strut can be made adjustable to fit a variety of stump shapes,
mainly by changing the lengtBy using pneumatic suppoat the interface between thether struts

and the stump, the final contadbr an acceptable fiand sufficient pressurean be made by inflating
thesesupports

The struts of the socket using ischial support should be made thicker for them to work and would
preferably be made by rectangular pipes to reduce the risk of buckling. The angle at the distal end of
the struts should be reinforced anltle kneeplate on bdah concepts should probably be made thicker

to better withstand the ambulatory loads.

7.2 0nthe-side connector

As mentioned previously, an unnatural momaeaitforceis induced by placing the bypasscket on

the side of the prosthesis. If all the degreesfrefedom are measured in the prosthetic knee, it is
questionable if the measurements when using the connector could be oPasty because the forces
would not represent reality meaning that a compensation is needed in the code to transform the
measuredforces on the side to something which would represent a normal connection on top of the
prosthesis. Another important factor is teeasurement rangef the loadcell in the prosthetic knee.

If for example the distance between the attachment point of thegthesis and the socket is 0.15 m
and the user weighs 100 kg the induced moment can be up to around 150 Nm during the gait cycle
which might not be within the measurable range of the load. cétiis is of course if all the weight of
the user is transferre to the prosthetic leg, which would not be the case during stance, but will be the
case during walking. If all the degrees of freedam@measured and used in controlling the prosthesis,
this is important to keep in mind.

Although the customized designritihe onthe-side connector could not withstand the required forces,

it has some important features which affect the strength to weight ratio in a positive Byaynaking

some parshollow, as done with socket connector plate, the parts can be made vathrteterial but

still be strong enough to withstand the forces. One of the weakest parts is the 90° angle between the
prothesis connector and the vertical rod as seeffrigure31. The vertical rod could be divided into
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two parts and done witlthe design using existing parts, to distribute the weight. More material could
also be added at this belrand somewhat redesigned to reduce the stresdd® custorized design
enables a better weighto-strength ratioand easier usage as the vertical placement is fixed using 2
screws instead of 12 as for the existing one.

During the initial test of the otthe-side connector prototype, the induced moment was severe, and
the prosthesis was unusable without using both hands as support and taking some of the ambulatory
loads. This most likely reduces the forces in the prossheBhe usability in research is thereby
guestionable since the measurement does not represent the real scenario. It is doubtful that the
connector would be used sincevitas easier to walk with the prosthesis directly under the bypass
socket which would ge more realistic measurements. The locomotion action was not natural and
during the test, a small skipping motion towards the prothesis was needed to overcome the moment
and not fall. Even though the locomotion action was not natural when using the bgpakst placed

on top of the prosthesis either, it was still more natural than when using ththesside connector.
Therefore, the orthe-side connector in the report was regarded as unsuccessful. The use of a socket
on the side is also questionable wheompared to using a socket attached on top.

7.3 Bypasssocket

When using the bypassocket the leg is fixed at a 90° angle and it was questionable if this affected the
muscle activation and thereby limiting EMG signal that could be recorded. Electrodespldrd on

one additionaluser which showed that appropriate sigaabuld be recorded. More user tests are
needed to verify that the bypassocket is srface EMG compatible and that this test was not an
exception. However,sface EMG compatibility is cordered as plausiblef more user test would
conclude that the signals are insufficieshie to limited muscle activatigrthe prosthesis could be
placed on the side of the leg, hanging freely in the air by using just the lateral strut and turning it 180°,
facingit outwards. The prosthesis should not support any weight. This would allow for the leg to be
fully flexed and extended, and correct muscle activity could be recorded and used to control the
prosthesis A risk however with the prosthesis attachedth this lateral contraption is gait distortion

due to inertial forces as the prosthetic joints starts to moiteis probably better to attach the
prosthesis to a test bench instead and record the movement of the prosthetic leg and the limb
simultaneously.

The cause of instability when using the bypassket was difficult to determine and many factors play

a part. Inexperience of using a prothesili cause instability, and it waservedhat the participants
became better at using the prosthesis wiime. Incorrect alignment of the prosthesis is also to be
taken in consideration, as no person with proper training regarding alignment was present at the time.
The alignment and settings of the prosthetic components was done as what visually seemed to be
correct in the eyes of inexperienced people. The prosthetic leg had a fixed ankle and a passive,
mechanicakneejoint which flexed when a certaimoment thresholdvas surpassed. Until that point

in the gait cycle, the leg was straight, which is unnatanal causes a limp. Since the joint is mechanical,
there is no active power that holds the knee flexed as the prosthetic leg is moved in a peatednor

motion as a new step is taken. A spHnghaviour causes the knee to extend and thereby causes the
prosthetic foot to be draggedlongthe ground. If the knee is not fully extended when the next step is
taken, the mechanical knee joint can flex as soon as the prosthesis bears ambulatory load. As this is
not intended by the user, it can cause a falhich is what happened to additional user Bo ensure

that the prosthetic foot does not drag before the new step, the body leans more to the sound leg and
rises the hip of the simulated, impaired leg as a compensation. This causes an unnatuFalrtet.
evaluation is needed in the presence of a properly traipedsthetistto evaluate if the unnatural
locomotion is caused by the bypasscket or the use of the prosthesi$he bypassocket is
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considered usable but not optimal, as the requirement of natural locomotion could not be fulfilled nor
with certainty unfulfilled.

Even though the participants perceived the socket tddidy stable it was noticed that some relative
motion between theproximal end of the socket and the thigh occurred during the lateral bending
motion. The relative motion can occur if the proximal strap around the thigh is not firmly tightdéined.
can also be caused due to compression of soft tissue as in lost matiestrips where tightened by
hand force which made the thigh firmly attached to the bypsgeket during normal stance. During

the gait cycle however, the lateral bending increased the pressure between the proximal end of the
socket and the thigh which caad compression of the soft tissue, and thereby a relative motion
causing instability for the user. A wayitoprove this is to use pneumatic support between the bypass
socket and the thigh instead of the currently used foam. After the strap is tightehegyneumatic
support is inflated to increase the pressure and thereby reducing the lost motion, making the socket
more stable.

Thepipesused in the project had the same outer diameter for the-fuaot as the inner diameter for

the bottom-part of the stuts. Depending on the tolerances, this can be possible and was checked in a
hardware store in the beginning of the project. Tpipeswere later bought from another store since
that store specifiedhe aluminium alloyin the pipes. However, these pipes seed to use a different
tolerance andcould not fit inside one anotheMaterial was removed from the tepart until it fitted
inside the bottompart. It wasnecessary for both surfaces to be smooth and clean for the parts to slide
smoothly. If dirt or grai exists on either surface, the part®uld not slide smoothly and material from
the inside of the bottorrpart culd be scratchedand bepiling up on the inside between the pipes of
the bottom- and topparts. Thiscould result inthe top-part becoming lodgd in place within the
bottom-part, removing the ability to change the length of the that stitis thereby advisable to order
custom telescopic tubing with the appropriate clearance betweengipesto minimize the work and

risk of error. If this is ot possible, 3Bprinted struts could be used but with greater dimensions than
used in the project to make the struts stronger and distribute the stresses within.

The anterior side of the thigh in the sagittal plane has a slight convex shape when this keag90°,

while the struts are straightAs a compensation, the aluminium struts are bended and plastically
deformed when the proximal part of the socket is tightened. The deformation occurs primarily for the
top-part and as a result, it is difficult thecrease the height of the strut since the lowgrt is straight

while the toppart is slightly curved. A solution is to increase the dimension of the frontside, facing the
thigh of the proximal support. This decreases the dimensions of the proximaifeéhd socket while
keeping the dimensions in between the distal and proximal end. The diameter of the aluminium struts
should be increased, alternatively changed to a strong material. The used aluminium alloy is of
AlMgSi0.5 with an unknown temper desigioa, since this was the only kind of aluminium specified

at the hardware store. It has a yield strength of B8D MPa depending on the temper designatjbh]

while some other aluminium alloys have higher yield strengths and should be more suitable. Another
alternative is to use stainless steel as this also has higher yield strength and might be more easily
accessible.

The bypassocket was not thoroughly evaluated between the use of each participaditadditional

user and it is therefore impossible to know if the fracture of the strut was due to the usage of
participant 3 or to the fall of additional user 3. Particip@was the heaviest user and were to evaluate

if the socket couldulfil the requirement of 100 kg user. If the fracture occurred with the use of
participant 3, theequirement ofdurabilityisconsidered as unfulfillednd ifthe fracture occurred due

to the fall, therequirementcould beconsidered fulfilledThissince falling subjects the socket to higher
forces than for the intended use. Only one strut was broken after the fall and not the entire socket,
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which is good from a safety perspective anddamage of user was recordedowever, during the
evaluation of participant 3, the aluminium struts appeared too weak to withstand some of the bending
motions and the stresses on the socket appeared substantial, rising a concern for the durability. Since
aproper evaluation of the durability was nobnductedthe bypasssocket should not be usemdithout

a safety harnesfor usersbetween 80100 kg even if the userare supporting themselves with their
hands.

The reason for the fracture can also be due tigize in the bend. As buckling occurred due to the slim
radius of the 90° bend, this area of the strut was weak and could not withstand the bending forces. As
the participants and additional users walking with the socket perceived instability, causimglimdpe
motion as mentioned, this could have caused the struts to bend slightly back and forth. The weak area
could thereby have suffered a fracture due to fatigue or was weaker due to fatigue and broke more
easily at the occurrence of the fall. To increttmestrength at this 90° bend, a larger radisisécessary

so that the lower part of the strut does not suffer from buckling. A pipe elbow could also bevhssd
eliminates the risk of buckling.

The required range of userfthe bypasssocket wasl60¢ 190 cm which is considered to be fulfilled.
Participant 2 was 194 cm and could be fitted with tloelet well, implying that the upper limit is
greater could be greater than requireBarticipant 1 as 167 ciand is thereby taller than theolver
user limit. During the usage, the lengihof the struts were ot set to their minimum but had
approximately 4 cm of which they could be shorten&tlis indicates that shorter people should be
able to wse it as wellfulfilling the range of user heightquirement.
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8. Conclusion

The purpose of the thesis was to design a bygaeket which could be attached to a standard lower
limb prosthesis to enable researchers with intact legs to do initial evaluation and te$tprgsthetic
control algorithms The lypass should be adjustable to fit a wide range of users, be EMG compatible,
not cause unnatural locomotignand be reproducible without using advanced manufacturing
processes.

By usinganon-the-side connector, placing the bypasscket on the side of thprosthesis to level the
knees, a moment is induced and imbalance ocesr#he placement of the prostisesis further lateral
than normal As compensation, limpg was noted during initial trialstesulting in an unnatural
locomotion.Gain in such designill most likely be unrealistic due to the induced momenhe orthe-
sideconnectorwasthereby considered unusable this work

The bypassocketdesignon-top, rather than orthe-side, was foundisable by people betweeh67-

194 cm, and potentially bypeople aroundl60 cmtall. EMG recording for extending and flexing the
kneewasconsidered plausible. The socket is durable enough to be used by people up to 80 kg. The
durability is questionable when used by people weighing 100 kg and safety harness should always be
used for people between 8000 kg. The knewas foundstable in thebypasssocket but some relative
movement between the proximal end of the socket and the thigis observedTrainingwasneeded

before proper usage of a prosthetic legspossibleand all participants had probleswith instability,

most likely as a comibation of inexperience with prosthetic use and the bypasgket A limping was
present causing an unnatural locomotion, but not as severe as with thiheside connector. An
evaluation with aprosthetist is required for correct placement of the prosttie components to
evaluate the effect of the bypasscket.A stronger material or larger diameter is needed for the
struts, and the 90° bend at the distal end of the struts needs to be imprdvadresearch purpose,

the bypasssocketwasconsidered usalkl and useful.
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Appendix A, Requirement specification

Requirement specification: Bypass adapter
Issuer: Victor Oberg Cr(.aa.lted: 2020-02-28
Modified: 2020-05-26

1. SEMG compatible

1.1 Four sites Quadriceps + biceps femoris Requirement Mainly used in knee motion

12 More than four sites Quadriceps + biceps femoris + others Request 5

2. Durability

2.1 Static load 4 000N Requirement Finite Element Analysis Falling

2.2 Repetitive load 1000 N Requirement Static test with weights Walking

2.3 Repetitive load 2400 N Request 5 Finite Element Analysis Running

2.4 Cycles 162 500 Requirement Finite Element Analysis Based on 5000 steps per leg and
day, where 8 hours are effective.
1h/week for 5 years

25 Cycles 325 000 Request 3 Finite Element Analysis 1h/week for 10 years

& Bypass compatibility

3.1 Fit able-bodied leg Fit able-bodied between 160-190 cm Requirement User test BNL group

3.2 Fit transfemoral stumb short - normal stumb lengths Request 3 Usable by amputee patients

3.3 Under-the-knee Prosthesis attached under the knee Request 5 User test Either 3.3 or 3.4 is required to be

34 On-the-side Prosthesis attached on the knee side Request 5 fulfilled

4. Prosthetic compatibility

4.1 Fit standard components  |4-hole pattern OR pyramid adapter/reciever Requirement

5. Manufacturing

5.1 Standard processes Widely used processes Request 4 Prototype Chalmers 3D-printing and/or mashines and
materials in ordinary workshops and
hardware stores.

5.2 Primitive processes Not requiring expensive/advanced tools Request 4 Prototype Chalmers

6. Size

6.1  Highest minimum socket height|22.4 cm Requirement Concept analysis Highest allowed socket wall hight
when adjusted for the shortest user.

6.2  Lowest maximum socket height32.6 cm Requirement Concept analysis Lowest allowed socket wall hight when
adjusted for the tallest user.

6.3 Adjustable socket height |4 lengths Requirement Concept analysis

6.4 Adjustable socket height < 4 lengths Request 5 Concept analysis




7. Weight
7.1 Maximum weight Requirement
8. Material
8.1 Polymer 3D-printed Request Prototype Widely used and accessible in BNL.
8.2 Metal Light weight Request Prototype
8.3 Accessible Sold in hardware stores Request Prototype Public hardware stores |Easy to buy and widely accessible.
10. Ergonomics
10.1 Comfortable No tissue damage < 1h Requirement User test BNL group Protective padding
10.2 Comfortable No tissue damage > 1h Request User test BNL group
10.3 Normal locomotion During gait Requirement User test BNL group Should not produce unnatural motions
10.4 Normal locomotion During running Request User test BNL group
10.5 Alignment Correct construction line Requirement
11. Quality
12. Safety
Stable Requirement User test BNL group
13. Patent and literature
13.1 Unpatented Not vaildate patents Request Concept analysis




Appendix B Evaluation matrices

The designs are assessed using an evaluation matrix for eadhrstion. The criterions in the matrices are different, depending on thefsabtion and

what is most critical. The more complex the circumstances for thefigudtion is, the more criteriomare needed in the matrix to give a fair judgement of the
design. The criterions are based upon the requirement specification, and a few are based upon usage intuition, and & fn®ighit, 5 to set aside the
most important, for instance safetselated, from the less important, for instance visual intuition. The higher the weighting, the more important is the criteria.
Points are then given to the designs fromg %, based on how well they are presumed to fulfil each criterion. The points are goligidirally, meaning that
multiple designs can get the same points. In the-Buixtions of thekneeplate, the criteria of amputee compatibility can only be given points frogi3l
since the plates are either compatible or not. For each design, the argeare is the weight of the criteria multiplied by the given points for the design, and
the final score is the sum of the criteria scofée best solutions in each sfilnction is marked with gree.he designs are referred to as the lettmumber
combimtion given irFigure6-FigurelO.

Alis attacha directly to the longitudinal beam, leaving that the distance between the end of the beam and the knee will change arzinmgitiiv risk of

the beam interfering with the socket. When the entire length of the beam is not needed-tiiedpattern could B moved in closer to the prosthesis to
minimize the effect of the lever. lA2the distance between the end of the beam and the knee is fixed to the greatest distance and might interfere with the
socket.The evaluation matrix igresentedin Table9.



Table9: Evaluation matrix for the ethe-sideconnector.

On-the-side connector

1]

m

Max. = J— :
D BE W S )

Criterias Weighting |points L: Al A2 JEN as| A4
Manufactor
complexity 4 5 5 5 3 3
Material access 4 5 4 4 4 4
Stability 5 5 3 3 4 4
Moment
resistance 5 5 3 3 4 4
Axial force
resistance 5 5 3 3 4 4
Initial moment
neutralization 5 5 1 1 2 2
Socket
interference risk 4 5 4 3 4 4
Visual intuitivity 3 5 5 5 4 4
Functional
intuitivity 5 5 5 5 4 4
Mass 4 5 5 5 3 3
Total points 50 38 37 36 36
Weighted points 220 162 158 158 158

How difficult it is to manufactor, in terms ¢
the shape, low point => complex

What material it's made from and the
accessability

The stability for the connected strut

How well it can withstand the moments
from the struts

How good it can handle axial force

How well the induced moment due to the
lever can be "neutralized"

Risk of the longitudinal beam interfereing
with the socket

How easy it is to see how to fasten the st

How easy it is to actually fasten the strut
How much it weighs.



Theable-bodied sockets are evaluated based mainly on the EMG compatibility, stability/strength and capability of adpidtiag.different sizes on the
front struts compared to the medial and lateral struts which makaedifitcult if the struts are to be moved to other locations around the leg. The support is
then nonsymmetric and might result in an unnatural g&#.has a rather nortomplex design but cannot be amputee compatible. For anabtbed design,

it has potential B3has many joints in the struts, which makes the design complex and risk of being unstable. The design should be combiesstrwith
from B5 to reduce complexity and risk of instability. This design can be made amputee compatible and gets a highesagmeB2 and B4 are similar in
design with the exception tha4is fixed to the connection plate whiB2can be moved and detached be#innot be adjusted in height. This means that a
combination betweerB4andB2gets a higher score than what they getlividually. The highest score is the combination betwBBmandB3since this can
be made amputee compatibleB6is the only concept with pistruts and will be further evaluatedhe evaluation matrix is seenTablel0.

Tablel0: Evaluation matrix for the ableodied struts.

Socket - Able bodied

Max.

Criterias Weighting |points i BB : vl 86

Manufactor

complexity 4 5 3 4 5 4 3 4 4 3
Material access 4 5 4 4 5 4 4 4 4 4
Stability/control 5 5 4 4 4 5 5 4 5 5
Horizontal forceg 5 5 3 4 2 5 3 4 4 4
Shin support 4 5 4 4 4 4 3 3 3 4
EMG capability 5 5 4 2 5 3 4 5 4 3
Angular

adjustment 5 5 5 3 2 1 5 4 5 3
Height

adjustment 5 5 4 1 4 4 5 4 4 4
Residual limb

compability 4 3 2 1 1 1 3 3 3 1
Visual intuitivity 3 5 4 5 4 4 3 4 4 4
Functional

intuitivity 4 5 4 5 5 5 4 4 5 5
Total points 53 41 37| 41 40 42 43 45 40
Weighted points 125 180 157 177 174 187 18 19 175

How difficult it is to manufactor, ir
terms of the shape

What material it's made from and
the accessability

Stability of the able-body's leg
horizontal forces on the struts.
Many joints, now that heigh fronte
strut, detachable struts gives lowe
score

Capability of supporting the shin
How well the muscles can be
"reached"

Angular adjustment around the
central axis of the socket

Ability to change the length of the
struts to fit different dimensions o
thighs

Ability to be desgined in such aw
that it can be made to fit a residus
limb as well

How easy it is to see how to faste
the strut

How easy it is to actually fasten tt
strut



Stability, force distribution, and adjustment capabilities are the primary focuses for the evaluation of
the residual limb compatible socket€2is not suitablefor adjustments in different variations in the
lengths of the residual limbsd canonly be adjustedo a small degree in the anterior/posterior and

the medial/lateral directions. Making this not thatjaistable compared to the other designs and is
therefore eliminated.C3has a complex structure due to the compriesszones being horizontal and

in the top part of the socket. They can though be made to support the ischial tuberosity instead of
compressia. If the horizontal compression zones are made rotatable, the areas of compression can
either be longitudinal along the femur or horizontal, making this the best design for residual limbs. This
is even though it has a complex construction and rely onushioning for adequate compressitor
varying stump shape$# is the only design that does not rely on compression and release zone to
operate. Since compression zones might obstruct the EMG recordings, this design is necessary to
evaluate as an alterrtiwe. C1lhas longitudinal compression only and thereby gets a lower score than
C3even though the design is less complex. The best design compatibén fordividual with a
transfemoral amputatioris C3and C4. The evaluation matrix igresentedin Tablell.

Tablell: Evaluation matrix for the residual limb compatible struts.

Socket - Residual limb

e LM&UO"\ [ (‘ — ,.

\ a

il [

| | f /)/

\ \ .‘I‘/

\r» i 7/
Max. lj j3/

Criterias Weighting |points = Cl
Manufactor
complexity 4 5 4 2 3 4
Material access 4 5 3 2 3 4
Socket stability 5 5 4 5 4 3
Force distribution 5 5 4 5 4 2
EMG placement 5 5 3 3 4 4
EMG readings 5 5 3 3 4 5
Angular
adjustment 5 5 4 2 4 3
Height adjustment 5 5 4 1 5 4
Stump variation 5 5 4 1 4 3
Visual intuitivity 3 5 3 5 3 5
Functional
intuitivity 4 5 4 5 4 5
Total points 55 40 34 42 42
Weighted points 225 183 151 198 192

Vi

How difficult it is to manufactor
in terms of the shape

What material it's made from
and the accessability

Stability of the residual limb
How much the force is
distributed (leading to better
comfort)

How well the muscles can be
"reached"

How good the muscles signals
are, discuss with maria?
Angular adjustment around the
central axis of the socket
Ability to change the length of
the struts to fit different
dimensions of thighs

Ability to adjust depending on
the shape of the stump

How easy it is to see how to us

How easy it is to actually use



The kneeplates are evaluated based on the adjustability, strength, stabiDifyallows less angular adjustment th&#2 but allows some adjustments in the
medial/lateral and anterior/posterior directions. Both need some distance plate to make room for attachment of the prostimgnent.D1getsa higher
score thanD2 D3can only fit two flat struts and is not amputeerpatiblebut is simple to build and gives good support for the shin. The struts are firmly
attached giving the socket stability and can easily be adjusted in both the medial and lateral dir€3igets a high scoré&4 andD5are both for pinstruts,

but D5is amputee compatible whilB4 is not. In that categon4 gets a higher scorgince itgives better support for the shiand is assumed to be easier to
build. D6can be combined with connections plate suctbdsand D2 but does not allow as goodanections a$4, this since the connection involves more

parts. For pinsstruts, D4 gets higher score thaB6. D7is the connection point of the flat strut and is thereby need€de evaluation matrix igresentedin
Tablel2.

vii



Tablel2: Evaluation matrix for the kneglates.

Knee-plate
‘ | <
i I g'] ﬁ I I
R Q )
/ PN F/ A8\
Max. e » ‘ 7 ° ¢ 7 l = \ﬁﬁ’a o

Criterias Weighting |points \JJ 13, D2|—— ]-‘ 633 ; D4| “__.B5| ~—De| =17
Manufactor How difficult it is to manufactor, in terms
complexity 4 5 3 3 5 5 4 5 5|the shape

What material it's made from and the
Material access 4 5 4 4 5 5 5 4 4|accessability

How many parts that the connection plate

is made of or requires to opperate e.g.
Number of parts 2 5 4 4 3 5 5 4 4|distance plate
Stability, strut 5 5 4 4 5 5 5 4 4| The stability for the connected strut
Strut What type of truts that fits, eg. flat/pin anc
compatibility 5 5 5 5 3 4 4 4 4|the number of pins.
Moment How well it can withstand the moments
resistance 5 5 3 3 5 4 4 4 4|from the struts
Axial force
resistance 5 5 4 4 5 5 5 3 3|How good it can handle axial force
Shin support
capability 4 5 3 3 5 5 4 Capability of supporting the shin

How easy it is to make amputee
Ampute compatible, 1-3 in grade in it is or isn't sin
compability 2 3 3 3 1 1 3 they are round or not
Angular Angular adjustment around the central ax
adjustment 5 5 5 4 1 3 3 of the socket
Dimension Ability to adjust due to anterior/posterior
adjustment 5 5 4 2 5 5 5 1 5|and medial/lateral changes
Visual intuitivity 3 5 4 3 5 3 3 5 3|How easy it is to see how to fasten the st
Functional
intuitivity 5 5 5 5 5 5 5 5 4|How easy it is to actually fasten the strut
Total points 63 SQ 47 53 55 55 39 40
Weighted pointg 130 21 198 228 236 232 164 173

viii



The height adjustmestare mainly evaluated based on stabilisgrength and functional intuitionE4
andE3are both made for pirshaped strutsE4uses two leadgcrews and should probably be made by
metal. Since lead screws are standard, the complicated part is to connect the lead screws to the
connector in the middle. This height adjustment requires two joints where movement occurs (at the
ends where the lead sews moves), which risk instabilig3has only one joint that moves, leading to

a lower risk of instability. By fixing the telescopic function with a hose clamp, this solution is slightly
easier tharE4and therefor also betterE2andElare only suitable for flat strut&2has a less comgk
structure thanEland thereby gets a highestore Both types are suitable for metallic material, but
sinceE2has a larger cross section area and thereby greater strengtipriBiing can be considered

for this part making it easier to manufacture fi@searchers. The best height adjustment designs are
E3andE2 The evaluation matrix igresentedin Tablel3.

Tablel3: Evaluation matrix for the height adjustments.

Height adjustment

| !
12 “ ‘—: rj’ 3 Li)
Max. (IR [ L i
Criterias Weighting|points = P W E2 31 E4
Manufactor
complexity 4 5 2 5 4 3|How it is t be produced
What material it can be
made of, not known if the
right dimensions are
Material access 4 5 4 4 4 3|accessable
Stability 5 5 5 5 4 4| Stability affected by joints

The strength in the design,
Strength 5 5 4 5 4 3|cross sectional shape
How intuitiv the usage is

Visual intuitivity 3 5 3 4 4 5|when looking at it
Functional

intuitivity 5 5 4 5 4 5|How hard it is to use
Total points 30 22 28 24 23

Weighted points 130 98| 123 104 99




The main evaluation criteria for the supporting structure is the given suppait easy to make and

can be made by fabric and foam. It is soft and might need some more support to not give in too much
for the strut, if the strut is made by bended tubé&r flat struts, no more support is probably needed.
F2is preferably made by 3printing and attached to a flat strut. The outer part might not be needed

it the loops for the strap is attached to the inner side. Since IBdthnd F2are made for flat strts, R2

gets the higher grade sinceptovides better supportF3can only fit pinstruts and is preferably 3D
printed. Since~1is made by fabri€3is better for pinstruts. E1lis combined with height adjustment

and holder for the strap. This implies angplex shape and since it is going to take load as it is part of
the strut, this might not be 3frinted but instead made by steel or aluminium. This makes it harder
to fabricate and thereby gets the lowest scofdie evaluation matrix igresentedin Tablel4.

Tablel4: Evaluation matrix for the supporting surface structure.

Supporting surface structure

1&‘“ ; s

Max. 2 i e

Criterias Weighting points £ UrF2 =
Manufactor

complexity 4 5 5 3 3 2

Support 5 5 2 5 5 5

Material accesg 4 5 5 4 4 3

Total points 15 12 12 12 10

Weighted points 65 50 53 53 45
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