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Abstract

Within the first year after amputatioimdividuals with lower limb amputations often require multiple
prosthéic sockets to accommodate changes in residual limb volume and shape. This frequent need for
new sockets arises as the limb matures, posing a challenge for both amputees and prosthetists. Digital
manufacturing technologies offer promising solutions to stri@anthis process. This thesis presents

the development and pilot evaluation of a novel transtibial prosthesis insert, designed to provide a good
socketfit without the need to manufacture an entirely new socket.

The insert is created by digitally aligning the original socket shape with a newly designed
socket shape based on the current limb morphology. This alignment allows for the digital creation of
a 3D insert model that conforms to the original socket exigmdilile matching the new limb shape
internally. The insert is then 3D printed and integrated with the original socket to achieve proper fit.

Variousmaterials were tested to identify appropriate material and 3D printing parameters. An
insert prototype was subjected to mechanical tests in accordaticeurrent transtibial prosthesis
socket testingnethodsto ensure durability under typical prosthesis loads. Additionally, a pilot trial
with a transtibiaamputee was conducted to evaluate user experience and satisfaction.

Following testing Ninjatek Cheetah Thermoplastic Polyurethane (N@&} selected as the
most appropriate materialhe printing parameters were cubic print pattern and 35% infill. The results
from mechanical testing and the pilot trial indichtieat the inseris robust for use in daily activities,
can accommodate residual limb volume chargel, does notompromiseon comfort and fitThis
new approacloffers an alternative to manufacturing a new sogciétich saves time and costs for the

enduser, prodtetist, and the health care system.
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Chapter 1: Introduction

Transtibial amputation marks a turning point ipeasor® kfe, with the loss of a limb
belowthe knedbr i ngi ng about continuous changes 1in
initial surgery. Among the most critical of these changes is limb volume change. In the post
amputation phase, the residual limb typically undergoes a decrease in volume &g swell
decreases and healing progresses. This reduction often necessitates multiple adjustments to
the prosthetic socket or the creation of entirely new sockets as the initial prosthesis becomes
loose, reducingomfort andmobility.

The need for repeated adjustments not only adds to physical discomfort but also
imposes a financial and emotional burden on the amputee. In response to these chalkenges, th
thesisdetaika novel device that can be quickly and esfé¢ctively produced specific for each
amputee. This innovativiesertapproach streamlisghe refitting processeducingthe need
for frequent prostheticsocket replacements and enhancing the overall rehabilitation

experience for transtibial amputees.

1.1 Rationale

With many advancements in lower limb prostheses, lower limb amputees are now able
to enjoy a muchmproved quality of life and health compared to desad®. Nevertheless,
reduction in residual limb volume and changeslimb shape within the first year of
amputatiorusually leads tan ill-fitting prosthesisAmputeesnayrequire anewsocket,or a
full prosthesis change 3 to 5 times within the fiest yeas [1]. Sincethe socket adjustment
and fittingprocess can blaborintensive, time consumin@nd costly boththe amputee and

the health care system would benefit from a reduction of any of these factpossible



solution is todevelopan automated or semautonmated, cost and time effective process to
readjust the socket shape and size.

Maintaining an appropriateosket shapés essential to ensurtie highest quality of
life. In some Canadian provincelge personcoverss all or asubstantiaportion ofthe costor
sockets and prosthesetith the remaindebeing subsidized by the governmé§2it This can
make prosthesisacquisitionfinancially burdensometherebyleadng many peopleto delay
refitting as long as possibte save money and tim&he current proced®r getting a new
socket (casting or scanningpcketdesign, fabrication, initial fitting, iterative adjustments,
final socket fabrication, and final fittingg not only burdensome for thegsonbut isdifficult
and time consuming for prosthetistwus,a cost effective and fastsscket shape adjustment
and fittingprocessvould ensure begr quality of carethe best allocation of resourcesthe
healthcare systerandhelp alleviate caregivevorkload

A well-fitted socket helpgo provide safe and efficiennobility while using a
prosthesis.People using an Hfitted prosthesis for elongated periods often report pain,

discomfort and an inability to perform daily tagR$.

1.2 Objectives

The objectiveof this thesiss to developandperform apilot evaluaion of a3D printed
lower limb prosthesis insert. The insert shouldriexpensive easyto design,and quick to
fabricate. The insert shape should be custom designed for every socket usingreséutit

automated process.



1.3 Thesis Contributions

This thesispresents a framework for the development and evaluation of a novel
transtibial prosthesis device calletifin s er t 0 . The key contributi
limited to design and development of an insert from two 3D shapes, mechanical testing of
inserts and transtibial sockets, and a pilot clinical evaluation.

The thesis provides an automated method to align two 3D shapes allowing for further
manual adjustment. The method for automated alignment redudenelend effort required
for an initial alignment, providing a quick and efficient starting point. Integrating manual
adjustments further allondesignerdo fine-tune the alignmenensuring that the finahter-
shapegoositioning is satisfactory. The thesis also provides a method to create a 3D model from
the difference between two aligned 3D shapes. Thikadetlows the insert to conform to an
amputeebs old socket externally and their n
analysis of different materials and 3D printing settinggsading to an evidendsased
recommendation fansertmaterials and infill settings

Regarding mechanical testing, the thesis provides a complete comprehensive method
to mechanically assess the insert under various loading conditions. Since the insert was tested
in a sockeinsert system, the methods used for mechanical testinglsarbe used to test
other transtibiaprosthetic sockets

The thesis provides the results of a pilot evaluatiih a prosthesis user wearing an
insert. This evaluation provides reabrld feedback on how the insert perfauin daily use.
Quantitative data on gait performance, stability, and energy efficiency offer a measure of the
insertbés performance compared to the perfor
participants on comfort, easé-use, and overall safaction offer insight into user experience,

guiding further improvements to meet useeds more effectively.



Chapter 2: Literature Review

Additive Manufacturing(AM) is an integral part of many industriesich as,
automotive, military, telecommunications and computer industries, allowing many novel
innovationsthat werepreviously not feasible. This is particularly true in the biomedical
engineering field due to the need for highly customized equipment and dgivBlesigure
1, for example, shows a transtibial prosthesis designed withTABuse ofAM in prosthetics
and orthotics commonlgtarts the production process by using 3D scantgcdignologiego
collect thep e r s monpboogy. Thenpersonspecific designs are created uso@nputer
aided design and engineeri(@AD-CAE) tools. Finally, a prototype may be made using a
AM machine.AM usage thus offers an alternative in the ditfsgprosthetics sector, along

with novel 3D acquisition procedurgs.

Figurel: Prosthesis designed usiegmputer aided desigand fabricated using additive

manufacturing9]



This thesisoncentratson the application of AM in prosthetics, specifically transtibial
prosthetics.The following sectionrepors on socket fitting techniques and technologies,
manufacturing processes, shape alignment algorithms, and socket testing pradtocols.
prosthetic socket is the interface between the prosthetic components (joint, connectors, foot,
etc.) and the persondés residual | imb. Since

via the socket, socket design is essential for functionfadnand limb kealth[10].

2.1 SocketManufacturing

Detailing the limb morphology is cruci&ér prostheseslevelopment using AM. To
achieve thisdifferent tools have been used such as computed tomography (CT), 3D scanners

and computer aided design (CAD).

2.1.1CT Scanning

CT is an effective tool fodiagnosticsand surgical planning. Traditionally, imagee
captured in either the axial or transverse plg@dodern CT scanners can create volumetric
reconstructions for 3D representations by recording images along many [@ar@§ has
beenrecommended byumerousauthors tocreate prosthetic and orthotlevices[11-15].
One of the earliest recommendations was in 7228 wherevolume accuracy of over 97%
wasobtained in spinal orthosis GtansCT ormagnetic resonance imagingRI) scanning
was recommendedas a timeeffective approach to obtaining torso shapewithout
compromigng accuracy, ease of use, or cfist]. In anotheinstancg16] CT in conjunction
with AM was usedo creatediabetic insolesPeak plantar pressukeas reducedy 33.67%
andpressure and tissue tensiaere correlatel along the plantar foot with the therapeutic

effect of footwear and specially constructed orthotic ing&&s When producing silicone ear



prostheses using 3D printiri@3], CT and AM (using polylactic acid or polylactide, PLA,
resolution 10Qum) differed by0.1% between the manufactured prosthesis and the objective
model. Liacouras et all14] developed methodologies for building transtibial prosthetic
sockets using CT to acquireesidual limbmorpholoy. Furthermore, the CT data enabled
prosthetic socket finite element analysis to determine the structural stresses and strains at the
socket as well as contact pressure at the fibula [idddAmongthe biggest benefits of CT is

the high picture resolution between tissues, together with the ability to boost contrast and
lower noise[8]. However radiation exposurexists with the exposure directly related to
scanning timeandthe partial pixel effecfi.e., various densities sharirgyerlapping pixels

causes blurred boundariggmtmakessomeimages difficult to usglL5].

2.1.23D Scanning

3D scanning has emerged as the most convenient and comfortable method for
capturing human topography or exterlalb contour[8]. To establish thelesired shape8D
scanning systems use lighdisedtechnologiesto locatepoi nt s t hat make up
surface in spac&Computer software is then useddbtaina CAD model byreconstructing
surfaces from the point cloud.

3D scannersan use singlescansfor reconstruction, structured light technologies,
lasers, and various stereo reconstruction technifLigs [18]. Laser and structured light
technologies are most frequently utilized to recreate human body si&)e3he laser
approach uses a haheéld instrument to produce a laser dot or [Bje A sensortypically a
chargecoupled or a positiosensitive devicemeasureghe distance between the scanner and
the surfacg8]. Data is gatheredith respect to an internal coordinate system for static objects

In dynamic situations, the scanner's positsarsedto createthe point cloud8]. In structured



light techniques, preefined light patterns are projected onto tfgect using a projecter
camera systen8]. The inability of this technology to capture certain topography areg of
human body with complex folds and creamses limitation for example petween the fingers
when the hand is in a neutral posture, back of the knee when bent, or the @Bhpits
Nevertheless, noigda the images captured decreased and the information gathered is more
accurate[8]. To develop a standardized, clinically valid procedure, 3D anatomical data
gathering techniquesere examinea@ndlaser scanning offedthe best combination of cost,
resolution, speed, accuracy, patient safety, cost, and overall efficiency for collecting
ambiguous datf9].

Other technologies include white light scanning, blue light scanpamdypolarization
3D imaging.White light scanning employs line shadows that are cast from a 2D lens onto a
3D surfacg20]. Cameras capture the variations in these lines as they contour across the object,
compiling point cloudghatare combined to form a 3D imaf#0]. Enhancing the capabilities
of white light, blue light scanning incorporates a narrower wavelength, reducing interference
from ambient lighting, thus offering superior precisj@]. Polarization 3D imaging utilizes
the reflective polarization properties of surfaces to uncover detailed textural inforfi2afion
distinguishing between specular and diffuse reflectionsnhane the accuracy of surface
texture and geometry characterizatj@f).

In addition to data filesizes being substantially smallevith 3D scanninghan with
magnetic resonance imaging (MRI) and CT, processing wase also les§l8]. Varied 3D
scanners may have different recording times and resolutions, ranging-samrites and
0.1mmfor highly accurate systems to a few minutes h@dnmfor inexpensive devicd22].
Inexpensive hardware and software, a low learning curve, availability, accessibility, and

efficiency are further benefits of 3D scanning technid@8g



2.1.3CAD

Computeraided design (CAD)oftware has been recommended by a number of
authors as a way to improu@aging resultdy adjusting datpoints to bettedescribea 3D
object [23], [24]. Eldeeb recommended combining CAD with CT scanning to craate
orthoss model[11]. Mavroidis et al[25] developedoatientspecific foot orthoses using 3D
laser scanningand patient anatomysurface datawas optimizedusing CAD software
Comparing the prototype to a commercial foot orthosis, the prototype more accurately fit the
person'sanatomy{25]. CAD has been used successfully in recent wasksroduce ampper
limb orthosig[26] anda lower limborthosis[27]. Nevertheless, whilthe use of 3D scanning
along with CAD has become more common, there is a need for further research in the field
and anestablishment of standartb increase uniformity in the technologies availdi].
Furthermore, current technologies are not adopted by developing countries due to the gap in
capital sources and knowled#S8]. Research would facilitate reducing the cost of acquiring

and operating the technologies allowing its implementation in developing countries.

2.2 Additive Manufacturing (AM)

Over the years, many AM techniques have been developed along with various ways to
categorize these techniques. Currently, AM techniques are classified accorti@meihod
the materialis applied[8]. The most common techniques are fused deposition modelling

(FDM), selective laser sintering (SLS), amdilti jet fusion(MJF) ( Figure?2).
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Figure2: Diagrams describing (a) FDM (b) SLS (c) MZ8]

2.2.1FDM

For each layer of objects made using FDM, a sewlien material is extruded through

an extrusion head that moves along thand y axes[29]. The moveable extrusion head can
have one or two extrusion nozzles, for depositing build or support material. Typically, the
extruder head fills the delimited zone created by the previous extrusion by adhering to a
predetermined pattern after first extingl the perimeter of each layer. The support platform
descends after the layer is finished, and another layer is extruded. Layer after layer, the
technique goes on until the item is finished. FDM technology uses inexpensive materials,
which isthemain beefit. The earliest references found that used FDM for prosthetics was in
1993, where Rovic30] aimed to reduce the required manual labor when producing a

prosthetic socket.



2.2.2SLS

By employing a CQ@laser to selectively fuse powdered polyrased materials, such
as nylon/polyamide, the SLS process prodiiesolid objectd31]. To create a 2D profile,
a CQ laser moves across the powder bed in trend y axes, selectively sintering designated
portions[31]. The platform descends, a fresh layer of powder is applied, and the sintering
procedure is repeataihe layer at a timg81]. This procedure is also referred to as powder
based fusionSomeof the earliest adopters of this technique for prosthetics are Rogers et al.
[32], who showed that SLS cread better contouring socketthan traditional methogs

particularly in the disl end[32].

2.2.3MJF

Powderedbased fusions arecent advancement in 3D printing.build platform is
first covered with a powder layf8]. Second, by adhering to a patterned layer in th@bane,
a liquid binder is selectively deposited by an inkjet printhi@dAs opposed to SLS, this
leaves the powders in a sesalid state. Heat is then appligastrengthen the bondsefore
the platform descendmdthe following powder layer is spredd]. In a comparative study
between SLS and MJB3], parts printed with MJRadsimilar tensile strength in the x and y
orientation compared to those printed with Sk8d tensile strength 25% higher in the z
orientation MJF has been used orthotics and prosthetid¢s create a foot prosthe$&] and

a hand prosthesj85].

10



2.3Comparing Socket Shapes

With the development of AM techniques, many applications developed a need to
compare 3D socket shaps6]. Shapes can be compared for assessing limb changes over
time, socket manufacturing analysispcket linerdesign or creating a socket insert.
Substantial work has been done in the field,amkile principal component analysis is
currently the most used algorithm, no algorithm accurately aligns all 3D shapes.

Three main processes are often involved in 3D object matching and retrieval: object
normalisation, feature extraction and object representation, and object comparison. The first
stage typicalljtranslaésobjectcentroidsto the 3D coordinate franwigin, normaligspoint
varianceson the objects, and ahg principal axes obtained through Principal Component
Analysis (PCA)[37], [38]. Many PCA variations have been developed ovelytdaes,such
as probabilistic PCA, kernel PCA, robust PCA, weighted RP@gneralized PCAand
Laplacian PCAFigure3) [39]. The second stage collects numerous features from the objects
and expresses them in a variety of ways, including histograms, 2D spherical maps, 3D grids,
and abstract representations based on the extracted f¢a#jrésr efficient comparison, the
third stage often usénter-shape ttance measurements such as the Euclidean distance.

The abovementioned normalisation procedure has some shortcomings:-bB&s%
orientation alignment is not robust because PCA is sensitive to object point distributions.
Objects of comparable shape could be misaligB88f Furthermore, this technique ignores
differences in the 3D aspect ratios. Different objects with similar shapes could have different
aspect ratios for the three spatial dimensions. Normalization by the same scaling factors results
in misalignment of theicorresponding section&igure4) [40]. All these misalignments can

exaggerate the contrast between objects with comparable forms. As a result, relevant features

11



(i.e., features in common between objects of the same category) may not be rffighed

Consequently, appropriately normalising the objects is critical.
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Figure4: (a,c) show two 3D objects with a similar shape but different aspect tatipskiow

misalignment deato the difference in the 3D aspect ratios of the first principal component axes

When applicable,ling the objects according to their 3D aspect ratios is a simple
enhancement over the usual normalising method. This raises the issue of which coordinate

system should be used to compute the 3D aspect ratios. Measuring 3D aspect ratios along the
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PCA axes is one optiorlowever this approach is not robudtie to its dependency on PCA
[40]. An alternate way is to compute the minimum volume bounding boxes (j4BB)and
then normalise the objects based on the MBB axes and wiiitihis was found to be less
robust than PCA40]. Furthermorefor prostheticapplicatiors, scaling is not an optisgince
scanned dimensions are critical for creating an appropriate device.

Anothermethod utilises bilateral (i.e. lefight) symmetry planegtO]. Many natural
and marAmade objects have bilateral (i.e., 46fiht) symmetry.The BSP divides an object
into two halveqreflectional symmetry) whereeachhalf is a mirror reflecion of the other
about the BSP. Furthermore, the BSP contains the primary axis that defines the top object
bounday. As a result, by normalising objects according to the major axes and 3D aspect ratios
set on thdBSP, the semantically relevant components, such as the head, body, and legs, can
be aligned.

PCA or MBB alone are insufficient for calculating an object's B&R. In terms of
position and 3D orientation, the PCA and MBB planes (i.e., planes normal to the PCA/MBB
axes) may not be aligned with the BSP plgt®}. Simply using PCA and MBB does not make
it easier to establish the c l40]sFarthér, the bestne ou
fitting BSP may not pass through thhemé centroid ifthe itemis not perfectly bilaterally
symmetric[40]. To compute an object's BSP, the algorithm must first comput®thect3D
orientation and position of a plane that divides the item into two bilaterally symmetric pieces.
Further research and improvenem@tre needed on the algorithm suggestied[40] to

definitively say that BSP is a better than PCA at object normaliséfigare5s).
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Figure5: Sample BSP results. Successful cases (Re8)sHailure cases (Row §40]

2.4 3D Printed Transtibial Sockets

AM of 3D printed sockets may reduce the period between amputation and receiving
the initial prosthesis or receiviragnewsocket after socket difficulties, which may improve
patientoutcoms [42], [43]. AM may also be relevant for managing patients with unstable
limb volume who require multiple socket changes. Furthermore, the cost of a 3D printer and
3D printing filament materialsan bdower than the cost of traditional manufacturing methods
[44], [45], [46]

One material that can be used for 3D printed orthopedic devices is polylactic acid
(PLA). PLA is biocompatible and has no negative metabolic effi@atl [48]. Furthermore,
due to its semcrystalline form, PLA has a lower melting point (1562°C) [49], higher
compressive strength (70 MPE0], and lower thermal expansion (78 mkh [51] than
acrylonitrile butadiene styrene (ABS), another typical 3D printing material in FDM processes.
Accordingly, PLA could provide specific advantages for prosthetic sockets, such as increased

durability and strength.

14



Another material used for 3D printed devices is polypropylene (PP), which is preferred

due to its lower cost and greater durabitympared tather typical 3D printing materials,

such as ABS or PLA. However, just two studeeamined used PP, and any strength

advantageare inconclusiv¢s2], [53]

Carbon fiber (CF) was extensively employed in 3D printed experim@nt&CF has

high strengthis lightweight and is used in traditional socket manufacturiMpen compared

to PLA alonecomposite 3D printed sockdfise., adding carbon fiber particles to P).Aada

31.5% increase in ultimate failure forgagure6) [50]. Carbon added to PLA boestbending

modulusby approximately 208%nd maximum bending strength of material samipye36%

when compared to PLA aloifEigure6) [54]. These qualities armportantfor socket strength

because the load line is anterior to the knee and causes a bending moment in tfg&0§ocket
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Figure6: Stress ersts strain graph comparing sockets made with PLA and sockets made with a

PLA-CF composite
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2.5Conclusion

Through this reviewit was shown thafM has catalyzed many advancements in the
design and production of prosthetics and orthotic devices. The methods discussed provide
precision and customization, crucial for the development of paipetific devices that
enhance wearer comfort and funcadity [8], [28], [33]. Moreover, the integration of
diagnostic and modification tools, such as 3D shape comparison algorithms, has further
refined the production of prosthetic and orthotic devices, ensuring better fit and treatment
outcomeg11], [14], [16] The shift from traditional methods to AM offers a sustainable; cost

effective solution for prosthesis design and opens the door for many advancements in the field.
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Chapter 3: Design Requirements

This thesisdevelogd and evaluatg an anatomically conforming transtibial socket
insert used to compensdite residual limb volume los§ote that the insert is not a prosthetic
liner (i.e., interface between residual limb and socket to facilitate load transfer and suspension)
but a device that changes the interior shape and volume of the prosthetic socket. The amputee
can wear a liner wheumsing a socket withninsert.

This insert must be custom designed for eymsonand socket using fullor semi
automated processes. Furthermore, the insert must be easy and daicicide andemain
ascomfortableas the original sockeFabrication process including any computational work
should not exceed 4 daydlsing a new socket as the comparator, the insert should be
inexpensive and take less time to design, manufaandkfit.

The design should be modifialdbefore fabricationat the prosthetiét discretion,to
ensure the best outcomd& he processes developed to produce the insert should be easy to
learn to allowtechniciansprosthetistsptherclinicians, industry experts, and researchers to
quickly develop custom inserts to assist them in thpplications Furthermore, processes
should be modular to allow improvements to the fabrication pipelines as research and
technologies advance and become available. Materials aridatédn processs should be
readily available,and components should be ceffiective and easily procured (i.@void
specialty components if possible).

The insert fabrication processlows most prosthetic centers to adopt amdbst
researchers to develop and impeoRs such, opeisource softwares preferredand readily
available tools should be sufficient to digitize the residual limb models. The insert should be

applicable for adustwith a body weightip to100 lg.

17



The model insertin conjunction with the corresponding sockeiust withstand lab
testing with critical loads without damage, including loads correspondiscteet testing as
described in the literatuf®5], [56], [57], [58] In particular, a sockahsert systenshould
withstand a proof static load of 2240 N, an ultimate static load of 4480 N, and cyclic testing

for 1,000,000 cyclefs9].

3.1 Desigh Summary

In summary, the insert design criteria are:
1 Custom design:
o Adaptable to many residual limb shapes.
1 Fabrication:
o0 Use readily available 3D printing material and equipment and easily sourced
components and software.
o Semk or fully- automated process.
o Easy to learn and train.
0 Modular to allow for future improvements.
1 The insert must survive all load and tpsicedures
0 Proof Static Test: 2240 N, held for 30 s at both heel and forefoot positions.
o Ultimate Static Test: 4480 N, held for 30 s at both heel and forefoot positions.
0 Cyclic Test: D00000cycles alternating between 50 N and 1330 N, at each heel
and forefoot, followed by static proof test of 2240 N, for 30 s.
o Pilot Trial: Positive qualitative feedback required frorprasthesis useand the

prosthetist.
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Chapter 4: Insert Design

4.1 Literature Proof -of-Concept

The concept of an insert is new to the world of prosthetics and thereforéwanly
papers were found at the time of this review. The first was written by Sagt@erf0] and
briefly mentionsinsers as a future possibility. Nickedt al [61] is morerecent andelevant
whereone participaré well-fitted socketwasused as base model for the inseitheinsert
model was created ®canning the original socket aadhew socket that was expanded by 10
ply, and then creating a digital object for 3D Printing (95 A T8dtketinsertperformance
was compared to the wdltted socket and loosftted socket.

Using the loosditted socket, the participant had a 6.6% reduction in walking distance
compared to the wefitted socketOnly a 0.6% reduction in walking distancecurred when
using the sockemnsert compared to the wdltted socket. Furthermore, the participant
reported a socket comfort score of 8 and ha
think it is just as good as mongpeopfofsandeptg S O C |
of the insert showing its potential benefits and user satisfaction.

Nevertheless, the studydaeveralimitations. First, the studglid not investigate the
effects of changan residual limbshapeor suggest a method to design an insert given a change
in shapeSecond the study lacks a mechanical test and is limited to only 1 participant. This

thesisaddressethese limitations

4.2 Modelling the Insert

This section of the thesis is focused on modelling the insert. A 3D model is obtained
by combining scans of the otbcketanda rectified CAD modebf the current limlkhat has

experienced extensiwmlumereduction These two models are aligned ussaftwareand
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modi fi ed at the designerbdés discretion to
alignment is satisfactory. The insert is then modedtadpromising othe negative difference
between the two models. Post processing iredditling in gaps if neededtrimming the
bottomof the insert to preparthe inserfor socket installmentandsmoothening the interior
and exterioto ensure comfort for the person wearing the insert

Slicer 3Dopensource softwarevas used to align the 3D shgp@é2]. Slicer 3Dis free
to download with many plugins and featuresritical for this design.Moreover any
improvements to design functions can be converted to a plugin and immediately implemented
worldwide. This software is commonly used in dentisényd diagnostic imagini@3]. A 2020
studyfound Slicer3D to have a matching percentage higher than 90% compared to manual
segmentation when obtaining volumetric renderings of the manfiiBle Another study
concluded no significant difference in accuragith Slicer 3D compared to commercial
software in the volumetric assessment of post regenerative endodontic procedures, with Slicer
3D performing the task approximatelyr8n faster{65]. The CMFreg extension wassedfor
3D object alignment and shape comparigs]. While CMFreg was originally developed to
assess craniofacial changes over tj6®, the algorithnprovided a good first alignment of
two residual limb scans before beimgnuallyadjusted by a prosthetiftostprocessing was
also performed almost entirely on Slicefzipart fromsmoothening which was performed on
Fusion360 software.

A stepby-steppictureguide to producing insemodels can be found lppendixA.
Deidentified models were kindly provided byhe Ottawa Hospital Rehabilitation Centre

(TOHROQ) to develop the insert used for mechanical testing.
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4.2.1Design Process

The design process would generally consist of the following steps:
1 Import the rectified models of a pergsmesidual limbnto Slicer3D software
T Align using CMFreg registration. Al i ¢
Registrationd or OFiduci al Registrati
o 6Surface Registrationd uses PCA to
when the two shapes closely resemble each other
o OFi duci al Registrationd6é uses PCA a
the designer, to align the models. This is best used when not only the
volume has changed, but also the shape of the residual limb
1 Convert models to segments
1 Convert segments to binary labelmaps
1 Use thedTransforndfeature to manubl adjust the alignment as necessary
T Fil-in the segments to cr SmodthBtooklochtedd st r L
underé &menteditor: Logic Operatod
1 Import filled-in segments to one segment folder
1 Subtract the inner segment from the outer segment to create a model of the
negativespace si ng t he OSubtractodé feature f ol
6Segment Editordé tab
T Use the O6trimd feature found wunder se
protrusions
1 Convert insert segment to model

1 Export model as a STL file
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1 Import STL file to Fusion360
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Chapter 5: 3D Printing Material and Settings

Additive manufacturingvas selected for creating the inseitscecomplex geometries
can be manufactureid a costeffective manner. While AM can be slow to produce large
guantities of a design, this is not a major constsairte insertarecustomized to each person
and only need to be produced caeatime. Furthermore, many AM techniques and
equipment require minimal training, reducing the nded long training sessions for
prosthetists, and ensuring consistent results can be achieved.

For initial testing AM was performedht uOttawaMakerspaceFDM was chosen over
other processes due to its availabilggd accessibilitywhen translating the project into
practice To choose thdnitial print settingsto test the insert, a preliminary study was
performed. #&all rectangular blocks, fabricated with varying thicknesses and materials,
underwent mechanical testing. Following consultation with a certified prosthetist, the insert
was anticipated taccommodatehicknesgs between 3nm and 7mm at any given point.

Consequently, each material and 3D print setting were assessed at these two extremities.

5.1 Methods

Two materials were selected as initial candidates for testing: NylorNamatek
Cheetah TPUNCT). These materials ensure elasticity to effectively absorb loads while
maintaining an accessible 3D printing process. Three distinct print patterns were evaluated:
line, cubic, and triangle. Additionally, infill percentages were tested in 10% decrements,
commencing witha maximum infill of 60%, as recommended by th@ttawa3D printing
technician(Figure 7). The objective of varying infill percentagess to reduce weight and

material required in producing the insert while ensuring resilience under loading conditions.
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This approach also aims to minimize printing time and mitigate the risk of print failure.

Figure7: Six 3D-printed NCT blocks with 40%, 50% and 60% inf{Bmm and 7mm thicknegs

Blocks were tested in direct compression and loaded based sockeginsert static
loading sequenc@-igure8). An Instron68FM-100test machine was used for alechanical
tests in the material selection phaBecks were loaded with 3 different load$24 N, 2240
N, 4480N), at a200 N/sloading rateand maintained using the creep function for 30 s before
unloading at200N/s[55], [56], [57], [58], [59] In between each load, blocks were left to rest
for 15 min.

To pass testing, blocks neededvithstandthe ultimate load while maintaining elastic
properties. Furthermore, to reduce variatio

10% compression at the proof static load.
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Figure8: Block compression test setup.

5.2 Results

5.2.1Print Material

To compare the different printing materials, blocks were printed with a 7 mm
thickness, a triangle print pattern, and a 60% infill. The results of both proof static tests and
ultimate static tests are presenterigure9 andFigure10.

Nylon exhibited superior performance compared to NCT. During the proof static load
test, nylon demonstrated a compression resistance 26.64% higher than NCT. During the
ultimate static load test, nylon exhibited a compression resistance 45.24% greate€than N
However, during the ultimate static load, NCT experienced a total compression of 6.26% or
0.44 mm.Comparing the proof and ultimate tests of the same material, at the same load,
yielded similar compression. This indicated that both Nylon and NCT awaétt elastic

properties following the proof static tegturthermore, thergvere no sudden jumps in the
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results further indicaing that both materials did not fail before reaching the ultimate load.

Both samples were under 10% compression at the proof static load.
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Figure9: Proof test for triangle print pattern at 60% infill
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Figurel(Q: Ultimate test for triangle print pattern at 60% infill

Since the residual limb has boney arémd can result in high contour argaslexible
materialis requiredto allow the prosthetist to press fit the insert into the so€keen that
NCT performance was deemed suitable for the insert application and considerifigthat
more flexible and is generally more cesffective than Nylon, NCT was selected as the

material for the insert.
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5.2.2Print Pattern

To examine printing patterns, the infill percentage was set at 60%, and the cube
thickness was maintained at 7 mm. Blocks were printed using NCT. Proof and Ultimate static
testing were conducted on all threlecks manufactured with line, cubic, and triangle fill

patterns.
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Figurell: Proof test for cubic, line and triangle print pattern at 60% infill
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Figurel2 Ultimatetest for cubic, line and triangle print pattern at 60% infill
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As illustrated inFigure 11 and Figure 12, blocks printed with the triangle pattern
exhibited the most favorable performance compared to those printed with the cubic and line
patterns. Using blocks printed with the cubic pattern as a baseline, at the proof load, blocks
printed with the line patta had 13.78% better compression resistance while blocks printed
with the triangle pattern had 42.21% better compression resistance than the line pattern.
Moreover, at the ultimate load, blocks printed with the triangle pattern had 21.89% better
compressin resistance than the cubic pattern. Interestingly, blocks printed with the line
pattern failed before reaching the ultimate load, as indicated by the sharp increase in the
extension as the load increased. Blocks printed using the cubic and triangie glatieed
elastic performance from the proof to the static load without any sharp increases in the
extension suggesting that both materials withstood the ultimate load without failure.
Furthermore, all the blocks experienced compression below 10% at tiestartic load.

The superiority of the triangle print pattern ktampression was expected since 2D
patterns, such as the triangle, print all layers in the same direction, thereby better withstanding
loads in that directiof67]. However, for the insert application, loads will be applied in various
directions. 3D patterns, such as the cubic pattern, print layers in an isotropic sequence,
sacrificing zperformance but allowing the print to equally withstand loads from all directio
[67]. For this reason, and since all print patterns performed adequately for the insert

application, the cubic print pattern was selected for the insert.

28



5.2.3Infill Percentage

To evaluate the infilpercentage, blocks with 10%, 20%, 40%, 50%, and 60% infill
were subjected to testing. NCT material and the cubic print pattern wekeGigen that this
was the last material testing stage, 3mm blocks were used in order to evaluate 10%

compression at proof load criteria.

0.00 0.07 0.13 0.20 0.26

0 e
-500
Z -1000 —10%
E a— 2 0%
4 -1500 40%
-2000
-2500

Extension (mm)

Figurel3: Proof test for cubic pattern at 10%, 20%, and 40% infill
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As shownin Figure13 andFigure 14, blocks with 20%&and40% infill withstood the
ultimate load without failure. The block with 10% infill fad during the proof testwhich
explainsthe unusual spike in extension at higher load$e ultimate test. At the proof load,
the block with 20% infillhada maximum compression of 0.8Im (10.3%) and the block
with 40% infill showed a maximum compression ofr@m (8.33%). At the ultimate load,
the block with 20% infillhada maximum compression of 0.46 n{fr6.33%) and the block
with 40% infill hada maximum compression of 0.34 nifri.33%). Based on thessumbers,
an infill between 2% and 40% would be appropriate for the insert application. Our research
team chose 35% infill for the insert modelensurecompression at the proof loa&lunder
10%.

Based on the sample tests results, the insert 3D printing specification for the remainder

of the thesis waBICT with acubicprint pattern and 35% infill percentage.
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Chapter 6: Insert Mechanical Testing

The insert should undergo both static and cyclic tests to ascertain its ability to endure

the usual biomechanical forces experienced by the lower leg.

6.1 Literature

Currently,there are ndesting standards fgerosthetic sockeinserts. To provide a
comprehensive framework for mechanical testing in this thesimetigodsdescribed if55-
59] were consultedincethese papers describe a testing methodology for transtibial prosthesis
socketsThesearesuitable referensue to the correlation in function between an insert and
a socket. Testing aocketinsert system using austommade sockef made using the
commercial processeanda literaturesupportedorotocol for socket testing guarantees the
insert is subjected to appropriate static and cyclic loading conditionsnétmedsdescribed
in the literature replicate stance phasterebody weightis supported55]. Tests include

proof static test, ultimate static test, and cyclic [tga}.

6.1.10rientation

Figure15 shows the typical test orientation for transtibial prosthetic sockets. Both the
knee joint centre and the ankle joint centre are defined as points that lie on the same vertical
axis (u), defined as an axis passing through points equally distant fromthé 6 s me di a l
lateral sides, and 0.25 mm (foot length) from the calcaneal tuberosity edge or equivalent. The
ankle joint is located 80 mm from the toe loading plane or equivalent. The forefoot loading
point is equally di s tataral side$, with aspdcificoffsépiSmm 6 s me d
the ankle joint centreFjgure16). Ssi s def i ned by t he [59sThest het i

longitudinal axis of the foot is defined by the ankle joint centre and S
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Figurel5: Test loading orientatiori) left foot, 2) loading 3) effective knegoint centre 4) effective
kneejoint centreline 5) effective anklgoint centre 6) effective anklgoint centreling Pxy knee load
reference pointPa) ankle load reference pojnPs) bottom load application poinPr) top load
application poinf59]

Dimensions in millimetres

Figure16: Foot coordinates and axeg: effective anklgoint center 2) effective anklgoint
centerline 3) longitudinal axis of fogth;) heel height, L) foot length,s5combined bottom offset of

bottom load application on forefoot fromaxis[59]
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When testing the heel, the load is applied at aj1parigle from the vertical axis and
forefoot load is applied at-20° { ) angle from the vertical axis. Thengitudinal axis of the

foot must be7° (¢ ) from the forward horizontal axis.

6.1.2Test Load Conditions

The loading conditions are determined userweight ranges: P3 is for individuals
weighing less than 60 kg, P4 for 8080 kg, and P5 for 8t 100 kg[56]. The ISO 10328 test
standards also encompass people whose weight exceeds 100 kg, accommodating loads of up
to 175 kg. In this thesis, an analysis was conducted on the P5 critebike {) since the
average Canadian adult male weighs 87.3688). Consequently, the loads applied on the
insertshouldaccommodate a wide range of potential inssers Based on the established
standard, &(i.e., forefoot loading point offset) at P5 is 130 rj&8].

Tablel: P5 Loadg455]

Test name Force (N)
Proof static test 2240
Ultimate static test 4480
Minimum cycle load 50
Maximum cycle load 1330
Final static load 2240

6.1.2.1Proof Static Test
The purpose of the proof static test is to subject the device to a larger load than what
the device would typically encounter, simulating rare occurrences that may happen during its
usage. The load is initially applied at the heel at a consistent rategdirggn 100 to 250 N/s.
Subsequently, the load is maintained in position for 30 @3)rsdsA consistent and uniform

forefoot load is then administered, maintaining the same magnitude, range, and duration. To
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successfully meet the requirements, diegicemust befree from any type of deformation or
structur al I mpairment during the [®phtirety of
Given that lower limbs can experience high stresses, such as during running or
jumping, any replacement component must be capable of withstanding comparable loads.
Adult males running at 6 m/s can experience loads of up to 2.38 times their body[@@jight
Furthermore, these loads can be higher during jumping. Therefore, a static proof load of

2240N is reasonable.

6.1.2.2Ultimate Static Test
The ultimate static test simulates a single catastrophic event. The goal of this test is to
determine the device's maximum sustainable load within predefined limitations before it
becomes unusable. The load is applied at a steady rate of 100 to 250=Nésceélis increased
until failure or reaching the upper limit of 4480 N. If the sample survives, the forefoot is loaded
in the same way. To pass this test, the device must remain functional after exceeding the upper

limit in both the heel and forefoot Ideng circumstancel$9].

6.1.2.3Cyclic Test

The cyclic test replicateoperational performance during typical prosthesis usage
scenarios. The test consists of two components: an initial cyclic load test and a subsequent
final static test, both aimed at verifying
ideal cyclc load test, the heel and forefoot are subjected to alternating loads in a pulsing
manner[55]. Figure 17 illustrates typical walking behaviour, wherein the heel is loaded
followed by the forefoot. The heel and forefoot load functions were engineered to exhibit
comparable characteristics, albeit with a deliberate delay in the forefoot load to replicate the

process of load transfer that occurs during midstance.
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Figurel7: Gait cyclic behaviour forcéme grapH70]

The testing apparatus is expected to stabilise at the specified frequency of 1.5 Hz, while
being subjected to a 69 N applied force, which corresponds to 188€ afaximum cyclic
value. After reaching the required loading frequency, 2 million cycles are completed (1 million
repetitions on the forefoot and heel componeatsh), or until device failure occursf the
device remains intact throughout the cycle test, a static proof test is subsequently conducted
at the heel region. This test is performed at a consistent rate, varying between 100 and 250
N/s. A load of2240 N is exerted for 30 (£3) seconds. Subsequently, the forefoot undergoes

loading in a similar mamer[59].

6.2 SocketInsert Preparation

The insert was initially 3Eprinted using the settings determined in the preliminary
study with the blocks and the default settings for TPU shore hardn@s$8bd on the
Ideamaker slicing software. Had the insert failed 3D printing or mechanical testing, 3D print
settings would have been adjusted and testing would have been repeated. No modifications to
the print settings were needes shown in the sections below. A complete description of the
print settings can be found AppendixB. To test he inset, a socketinsert systemvas used

Socket and CAD models were provided by the Prosthetics and Ortloejpestmentat
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TOHRC. A pylon was attached via a pyramid adaptor and a mandrel was fixed using plaster.
Pylon length was adjusted to ensure that the knee center was 500 mm abovertferzsroe
plane[71]. Since the ankle joint centre was required to be 80 mm above theshemrence,
the pylon was made to be 420 mm from the knee cehigurg 18). The knee center was
estimated by a trained technician.

Before applying the plaster in the socketert, 5 cm of foam was placed in the distal
portion of the sockeinsert to allow this portion to deform freely under I4&6], [59], [71].
The mandrel was aligned with the pylon using a typical alignment jig and FEgerg19).
Once the plaster had hardened, a 3/8th inch hole was drilled in a coronal plane rotated 7°

laterally[56], [59] to account for the toe out effect.

Figurel8 Socketinsert in the alignment jig. fape measure ideritfd the mandrel loclpin

location.
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Figure19: Socketinsert in the alignment jig. Laser is used to align the mandrel and the pylon.

6.3 Jig Preparation

Static testing was done using an Instron 68EM and cyclic testing was done using
an Instron 1332. Jigs were designed for testing to ensure appropriate loading points for the
socketinsert. Jigs were made with celdlled steel. Attachments between tHatgs, the
Instron machines, and the socketert were made using lock piescept fothe bottom plate,
which was attached to the pylon using a 10 mm screw. The bottom plate had a length of 130
mm from the ankle joint center to the toe loading pointafehgth of 23.781m to the heel
loading point. The base plate had a thickness of 80 mm at the toe loading point, and 60 mm at
the heel loading point. To factor in the different angles for each loading condition, the heel
loading top plate had a length of 115.07 mm, andidkdoading top plate had a length of
65.85 mm from the connection point with the Instron to the connection point with the mandrel.

The top plates were designed with a rod attached at angles corresptinthiegloading
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condition 15° for the heel loading plate and 20° for the toe loading plate. To accommodate
different attachments in each Instron, a sleeve was designed to achieve an appropriate lock pin
hole sizeTo apply a point force, the base plage@n a metal ball fixed in place via a sleeve

(Figure20). Jig designs can be found in Appendix

Figure20: Bottom half of the testing setup in tEading configuration. Shown is the distal portion
of thesocketinsert, pylonand bottom plate resting on the metal ball.

6.4 Static Testing

Static testing was performed on an Inst@8+M-100 and data was collected via
|l nstronds Bsoftwiare @and etraated kbiricdl file. Thecombined sockensert
systemwas loaded witliorces up to 4480 Idt200 N/s. Subsequently, each load was sustained
using the creep function for 30 s, after which the load was gradually released at & rate of

200N/s and left to rest for 15 min before proceeding with the next load. To find the initial
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zero position, the socket was preloaded to 50 N. Three different loads were used, an initial
load of 1024 N, the proof static load of 2240 N, and the ultimate static load of 4480 N. The
system was initially loaded in the heal configuration at 15°, and ithéne toe loading

configuration at 20°.

6.5 Cyclic Testing

An Instron 1332 Figure21) was used for cyclic testing. Frequency was set at 1.5 Hz
and the input load was set tary from 50 N to 1330 N. Data was collected using LabVIEW
software provided by uOttawa. Due to limitations from testing equipment available, and since
toe loading is considered to have more stresses inv@&d[71], cyclic testing was only

done in the toe loading configuration. The test was run for 1,000,000 .cycles

Figure2l: Instron 1332 controller.

6.6 Results
6.6.1Insert Static Testing

The sockeinsert maintained elastic properties throughstatictesting, as shown in
Figure22 andFigure23 by the overlapping graphs of the initial, proafd ultimate loads. To

reach the ultimate load, approximately 48 mm displacement was needed in the heel
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configuration, and approximately 20 mm was needed in the toe configuration. The difference
in displacements was expected since the saokett system experiences larger stress in the

toe configuration, which means higher loads experienced for the saph@ceément.
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Figure22 Heel static testing results
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Figure23: Heel static testing results

6.6.2Insert Cyclic Testing

During cyclic testingpeak vertical displacement and loaere sampled aineminute
intervak (atest maximum vertical motion and load peathin eachl-minutewindow). Both
positive and negative peaks were plotted to demonstrate the amplitude foFiae 24)

and vertical displacemerfigure25).
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Figure24: Maximum and minimum loads induced during cyclic testing.
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Figure25: Maximum and minimum vertical displacement (strokes) during cyclic testing.

To maintain a constant load amplitude, the Instron machine aimed to generate specified
loads by exerting pressure on the bottom loading base. Consequently, the load remained stable
with minimal variation. Nonetheless, slight variations occurred duringi¢gedtie to minor
adjustments to the load control panel to ensure the load amplitude was within its intended
range. However, given the infrequency of these adjustments, the testing procedures remained
unaffected. As seen iRigure25, the stroke also remained mostly consistent, whiabwed
that the sockeinsert could withstand cyclic loading/hile the amplitude remained constant,
peak strokeslighty increasd over the 1,000,000 cyclemnitially, stroke peaks ranged from

30.7 mm to 34.9 mm following initial adjustments, dydthe end of the test, rangereased
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to 31.5 mm to 36.4 mm. This rise amounted to approximately 0.6 mm over the 1,000,000
cycles.Initially, the amplitude increased by 0.4 mm in the first 100,000 cycles, followed by a
0.2 mm gradual increase for the remainder of the Tés gradualincrease is explained by

the larger displacement needed over time to maintain the same load, likely due to microscopic
fatigueinduced deformationsA 0.6 mm change in insert thickness should have little or no
effect on socket fit.

In summary, the socketsert demonstrated robust fatigue performance, with most
components remaining unaffected or undamaged by the testing preagess24 andFigure
25illustrate that the applied load was largebnsistentindicating that the insert effectively
endured cyclic loading. Notably, teeeelmandrel used to attach the socketert to the testing
equipment was slightly benat the connection pointFigure 26). Nevertheless, thi

deformation dil not affect testing and should notdeoncern for the insert.

Figure26: Socketinsert in toe loading configuration. Mandrel is highlighted in yellow. Bending
location is highlighted in red
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Chapter 7: Pilot Trial

7.1 Methodology

Threemaleaduls with transtibial amputatisswererecruited from the Prosthetics and
Orthotics Service at TOHRQO hey required a new socket due to limb volume changes, as
identified by a staff prosthetist, and who had their original seakesigned using digital
techniques. Inclusion criteria were people greater than 19 years of age and K level 3 or 4 (i.e.,
community ambulator or better). Exclusion criteria were people with cognitive issues that may
have difficulty following instructions.

Prior to gettinga new socketeachparticipant completed the Socket Comfort Score
[72] and Prosthesis Evaluation Questionnaire (PEQ)for their current socket. Participant
then performed 2-min walk testwith a smartphone on a belt at the posterior pelvis to capture
acceleration and angular velocity d4v@]. The 2min walk test involves measuring the
distance a person can cover walking continuously for 2[R

A prosthetist scanned the participanssidual limb and created a new socket shape
using CAD. Both original socket and new socket 3D CAD files were used, with the assistance
of the prosthetist, to design and fabricate the corresponding insert. Standard socket fitting
procedures followed to hAeve a successful fit (i.e., includléerative revisions to the insert
asnecessary).

When an acceptable fit was achieved, the particgpsote the socket for at least one
week before returning to TOHRC for a checkup by the prosthetistvemel) no further
revisions were required, completed the Socket Comfort J@@je Prosthesis Evaluation

Questionnaire (PEQY3], and2-min walk test[75] with the new sockeihsert. Qualitative
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feedback on the fitting process and prosthetic performarazalgo captured from the
participans and prosthetist.
Results from the questionnaires &thin walk testwere compared between original

and new insert enhanced sockets using descriptive statistics.

7.2 Results and Discussion

7.2.1Participant A

When first recruited e participant was usingon-lock patella tendon bearirgpcket
and17 ply socks to compensate for his residual limb volume chd&fdecial registration was
used to align his old limb shape to his new limb sisapeethere weresubstantiathanges to
the residual limtshape An iterative process was needed to create the iheedauséhe first
version misaligedthe pin with the socketherebynot allowing the liner to engage. To resolve
this issue, central alignment of these t distl end was prioritizedo allow the pin to sit
square in theocketallowingregular pin engagemegiigure27). Furthermore, the prosthetist
requested that certain areas of the insert be 3D printed with 100% infill to allow for the
prosthetist to sand down the area without exposing the lattiee structure Sanding down
these areas as needed allowed the prosthetist to alleviate any pressure that users experienced.
This was easily achieved through the slicer
print settings wit hi cardadwerbetowthepatallaténdoa,aleng. T h e
the tibia crestand the distal end of the insert. €6k areasre common pressurpoints in
transtibial prostheticsThis step was repeated for all the other participants.

The participant used the insert for 3 weeks before returning the TOHRC for final
testing. The participant initially reported a SCS score of 9 when using his old socket with

socks but reduced this score to 8 when using the insert instead of socks. Hi®mgalzint
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was the time needed to put the sodksert on after long periods of rest, such as after sleep

or after showering. He claims that it could take1BOmin of him trying to wiggle his liner

into the socket in the morning to engage the pin. This is reflectde: PEQ since the only
change in scores were in questions related to donning the prosthesis. The prosthetist suggested
that this problem might have been caused by the striations of the 3D printed layers. A potential
solution would be to prepare theé@mswith a lower layer height, providing a smoother interior,
although this would increase insert print time and subsequently might also increase the number
of failed prints, which could increase costs. The participant was able tohredextra meters
(212ma 215m) in the 2min walk test, which is below the minimum detectable change of
42.5m[76]. This suggested that the insert performed adequately. The insert showed no signs
of damage and participant chose to keep the insert as-apachution if any problemsould

arise with his longerm prosthesis.

Figure27: Socketinsertwith the distill opening centralised about the pin
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The mrticipant noted that having the insert did have some benefits such as the ability
to wear jeanswvhich he did not feel comfortable doing when he was using socks to compensate
for the volume change since the socks would roll up and annoy him. Furthermore, participant
not ed: Afonce 1tods on, Il have no i stalteis or
is an overall positive projeaehdrecommends research into smoothening the inside as the next

step.

7.2.2Participant B

Participant B had a very similar experience to participant A. When he was first
recruited, the participant was also using alpok patella tendon bearing socket with di§
socks to compensate for his residual limb volume che®geaceregistration wasisedand
manual adjustments were made to accommodate pin positidfonigerations wereeeded
and the insert was 3D printed. Uniquely, this participant expextHacge daily fluctuations
in his residual limbvolume Therefore, the prosthetist requestiedt the participant start his
days without the insert and to use the insert after his residual limb has shrunk ancsind
noon. Unfortunately, thparticipant lacked the ability to easily remove antheert the insert
in the socket. To resolve this, the prosthetist attached hooks to the side of thé-igaest (
28) that provided the participant with the grip he needklbreover, this participant was
complaining of pain in his neamputated knee which affected his walk scores.

The participant used the insert for 2 weeks before returning to TOHRC for final testing.
The participant initially reported a SCS score of 7 when using his old socket with socks, which
remained unchanged when describing his experience with the sosg&et Initially, the
participant reported a very positive experience with the insert and had no complaints. This was

also reflected in the PEQ where the participant did not have any notable changes when
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comparing his experience with and without the inséfhen asked about his experience
donning and doffing the insesbcket, the participant nat¢hathe requireda couple of extra
seconds to put the sockiesert on, but these extra seconds did not matter to him. Finally, the
participant had@8.5 m (75.9mA 67.4m) reduction in walking distance. This reducticas

below the2MWT minimum detectable change and can be explained by the worsening of his

nonramputated knee

Figure28: Participant B insert with hooks attached
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7.2.3Participant C

The third participant was a bilateral amputee. The participaed aigotal surface
bearing prostheses with 27 ply socks on his left leg and 21 ply socks on his right leg. This
personwas unique in that he had a whtted socket that cracked and needed repairing.
Therefore, he was reverting back into his old scgketich explaired the large number of
socks he was using. Challengingly, the wigled sockets had different shapbsnthe old
sockets that were used for testing. Furthermore, considdrengdsitive results that were
observed from the first two participants, the prosthetist wanted to test a different method to
obtain the inner modeleededor insertdesign.The left insert was designed using surface
registration with no modifications to the design proc€ss.the right insert, the prosthetist
took tape measur ement s -iochinteérdale ratpeathan rescanpimmgnt 6 s
the limb. Using the old scan of the limb as a base, the prosthetidt CADadjusted the
circumference of each intervatcording to his measurements. According to the prosthetist,
this is common practice when making prosthe3éss method to obtaithei n s eénndr 6 s
model cauld potentially save the prosthetist timed not require additional scanning sessions
with the patientAccording to the prosthetist, a6% reductionof the tape measuremernss
neededNevertheless, the first reduction chosen produced an thaexas small and did not
fit the participant, therefore another iteration was made. Unfortunately, due to the number of
different inserts that were needénl be manufactured along with difficulties to set up
appointments with the participant, the process to rttake inserts was almost 2 months. This
period isimportantsince thdimb can change in shape and size during that period. Evidently,
by the time both inserts were ready for the participant, the partiGpbmis had further

shrunk, and 5 ply socksereneeded in tandem with the left inséttirthermore, before taking
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the inserts home, the participant noted that he felt some pressure on the right side. This
pressure was in an area that required padding when the participant was using his old socket
(Figure29), but he no longer needed padding on the new socket that he had been using. Since
the participant did not note any pain, the prosthetist believed that this pressure is due to the
changed shape and that the limb will adjust to the shape of the old. #dskethe prosthetist
scheduled @honefollow up with the participant after a couple of days to ensure that he no

longer fet the pressure.

Figure29: Participant Gockets and inserts. The concave area of the insert needed for the padding is
visible on the right leg insert (pictured on the left)

After a couple of days of use, the participant called the prosthetist back and reported

that the pressure on the right side had worsened and caused a scar. The participant stopped
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using the right insert completely and used socks instead from that point. In theeke

appointment after the participant took the inserts, the participant noted that he felt an

imbalance when using the insert on only the left side and switched to@odhs left side.

To avoid further harm to the participant, the wadkt with the inserts was not performed and

the participant was fitted with the repaired socket and testing with this participant stopped.
While results with this participant were not positive, they can be attributed to the new

clinical design method. Further testing will be needed to monitor if other participavésa

similar experience. Nevertheless, the participant noted that he was happy with the left insert

and had the inserts been made with the correct shape and in a timely manner, the results would

have likely been positive.
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Chapter 8: Conclusions and Future Work

In this thesis, a novel process for fabricgtBD printed inserts was designed and
evaluated for both strength and function. The inserviable solution to compensdite long-
term residual limb volume change. The insert met all the design ¢ridedeessfully passed
load testingand showed positive results in a pilot tribhe current design process prodiice
inserts that are robyshowever future work is still needed to improve the design and

functionality.

8.1 Design Criteria

The final insertdesignmet all the design criteria outlined 8ection3.1 The semi
automated process alledthe fabrication of inserts custom made for each amputee. Inserts
can be fabricated, including all computational work involved, within 3 days of obtaining the
residual limb scanscluding 4850 hours needed to 3D print an insditte only norfixed
cost involved with the inserts is the cost of the 3D printing filament. On avdeadgeating
a single insert costs around $23 CAD. Assuming a patient might need a maximum of 2
iterations for an insert, the total cost per patient would be $69 OAR.is asmall cost
compared to the cost of obtaining a brav@dv socket.

Furthermore, the design process allows the designer to make manual adjustments to
the alignment and design an insert from scratch in less than an hour. The main software used
in the design was Slicer3D which is an ofsemirce software free to download makithis
design process accessible around the world. Furthermore, Fusion360 was used to smoothen
the final modéandis highly adopted withiprosthetiaclinics. Shore 95a TPU &vailable for

purchase from popular retailers suchAmsazonandDigitmakers.
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The insert was abl® withstand all load testingccording to ISO 10328. The insert
did not exceed its elastic modulus up to the ultimate loads and showed stable performance in
the cyclic test. The pilot user evaluation also returned positive results. The only drawback
from using the insert was the effmeeded to engage the liner into the sqokbtch could be

resolved with a smoother inner surface

8.2 Summary of Contributions

The principal contribution of this thesis was the design and evaluation of a novel
process to fabricate an insert to compensate for-teimy volume change. Specific thesis
contributions were:

1. Successful use of open souBleer3Dsoftwarefor prosthetiansertdesign

2. Developed a process to automatically align two 3D shapes with the added

optionality of manual adjustments

3. Developeda process to create a CAD design of the space between two 3D.shapes

4. Determined appropriate insenaterial and 3D printing settings

5. Implementeda complete and comprehensive method to mechanically test inserts

andtranstibial sockest

6. Completed an insemqilot trial with threeprosthesis userwhich guides further

development

8.3 Future Work

While the design process recommended in this thesis proved to fabricate inserts that
meet the design critetid@he process could be improved by using different prosthetic design
methods to accommodate the end user. For example, Slicer3D could be used to apply a

uniform volume adjustment to the old socket shape thereby not requiring a separate socket
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scan less time for prosthetist and prosthesis usss rectification, 3D shape alignment, etc).
Alternatively, aSlicer3D plugin could be developed to further automate many of the pescess
and make it easier for new users to implement the insert workflow

Mechanical testingvith a series of insestould be performed to evalue8® printing
variability. Furthermore, in order to accurately determine the effects of different 3D print
settings, a method to accurately measure the thickness of the inserts before and after testing
will be required. Moreovetgsting with different layer heights, print spegalsd temperature
is needed to fabricate inserts with a smoother surfacegnooth surfaceshouldfacilitate
donning and doffing the prosthesis.

A clinical trial with an appropriate population sample would provide evidence on

socket insert performane@adis needed to ensure ingeare ready for clinical adoption.
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Appendix A: Step by Step Picture Guide to Create an
Insert Model

General Workflow

Step 1:Slicer3D st up

1 Drag and drop the rectified scans of the old and new limb shape
1 Center the 3D vievaroundthe models
o Click the 3D view button at the top left of the 3D view

1 Change the color of the models
o DatatabA double click the node color for each moégelchoose the color
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Step 2: Alignment
1 Go to registration talB, CMF registration (ensure CMFreg extension is installed and
enabled) surface registration (skip to next section for fiducial registration)
0 Set fixed model to modell

0 Set moving model to model2
o Output transfe”, create new linear transferas6i nsert transf orm
o Output model create newmodelas 6i nsert mod e-l nameo6 (
registered)
o ComputehA apply
1 Convert modell and registered model to segments
o Data tabA right click on each modey convert model to segmentation
mode
1 Convert segments to binary label maps
o Right click on each segmeAt convert segment to binary labelmap
1 Fine tune the alignment manually
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o Transform tabh Empty the transformed aréa move the registered model,
segment and binary label map to transformed area
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o Harden the transforms in the apply transform ellog/n section
71 DatatabA delete the registered model segment and biladgimap
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91 Data tabA right click on the registered model and rename to highlight the
adjustments
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Step 3: Creating the insert

1 Convert the adjusted model to segment and binary labelmap
o Data tabA right click adjusted modeé}, convert model to segmentation node
o Data tabA right click segmen#, convert model to binary labelmap
1 Fill in the models to create solid objects
0 Segment editoA set segmentation to the targeted segreset master
volume to modell binary labelma#p smootheningd apply
A Note this is a shortcut. Before executing this step, the models are
simply a shell with no thickness. To smooth the surface, the software
automatically fills in the models to create solids. Alternatively, we can
use the hollow tool to give the shell a thickness followed by thefill
tool to create a solid object
0 Repeat steps above for both model 1 and the adjusted model
1 Rename segments
o Data tabA right click the segment§ renameA 6i nsert new segme
1 Import both segments under the same segment folder
o Data tabA right click adjusted filled in segmeAt export visible segment to
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A Set active segment to modell filled
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A Set input type to models
A Set input node to adjusted filled in model
A Import
1 Subtract the two segments from each other
0 Segment editor taB set segmentation to folder with both segméytset
master volume to modell binary labelnmfapogical operatorg, set
operation to subtra@ apply
A Ensure that the larger model segment is selected in the top view while
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o Data tabA right click on segmeny renameA 6i nsert new segmen
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o Note, see section on filling holes if needed
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