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Abstract

Within the first year after amputation, individuals with lower limb amputations often require multiple
prosthetic 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 streamline this process. This thesis presents
the development and pilot evaluation of a novel transtibial prosthesis insert, designed to provide a good
socket fit 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 externally while matching the new limb shape
internally. The insert is then 3D printed and integrated with the original socket to achieve proper fit.

Various materials were tested to identify appropriate material and 3D printing parameters. An
insert prototype was subjected to mechanical tests in accordance with current transtibial prosthesis
socket testing methods to ensure durability under typical prosthesis loads. Additionally, a pilot trial
with a transtibial amputee was conducted to evaluate user experience and satisfaction.

Following testing, Ninjatek Cheetah Thermoplastic Polyurethane (NCT) was selected as the
most appropriate material. The printing parameters were cubic print pattern and 35% infill. The results
from mechanical testing and the pilot trial indicated that the insert is robust for use in daily activities,
can accommodate residual limb volume change, and does not compromise on comfort and fit. This
new approach offers an alternative to manufacturing a new socket, which saves time and costs for the

end-user, prosthetist, and the health care system.
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Chapter 1: Introduction

Transtibial amputation marks a turning point in a person’s life, with the loss of a limb
below the knee bringing about continuous changes in the body’s physical state well after the
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 as swelling
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, reducing comfort and mobility.

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 challenges, this
thesis details a novel device that can be quickly and cost-effectively produced specific for each
amputee. This innovative insert approach streamlines the refitting process, reducing the need
for frequent prosthetic socket 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 much-improved quality of life and health compared to decades ago. Nevertheless,
reduction in residual limb volume and changes in limb shape within the first year of
amputation usually leads to an ill-fitting prosthesis. Amputees may require a new socket, or a
full prosthesis change 3 to 5 times within the first few years [1]. Since the socket adjustment
and fitting process can be labor-intensive, time consuming, and costly, both the amputee and

the health care system would benefit from a reduction of any of these factors. A possible



solution is to develop an automated or semi-automated, cost- and time- effective process to
readjust the socket shape and size.

Maintaining an appropriate socket shape is essential to ensure the highest quality of
life. In some Canadian provinces, the person covers all or a substantial portion of the cost for
sockets and prostheses, with the remainder being subsidized by the government [2]. This can
make prosthesis acquisition financially burdensome, thereby leading many people to delay
refitting as long as possible to save money and time. The current process for getting a new
socket (casting or scanning, socket design, fabrication, initial fitting, iterative adjustments,
final socket fabrication, and final fitting) is not only burdensome for the person but is difficult
and time consuming for prosthetists. Thus, a cost effective and faster socket shape adjustment
and fitting process would ensure better quality of care, the best allocation of resources to the
healthcare system, and help alleviate caregiver workload.

A well-fitted socket helps to provide safe and efficient mobility while using a
prosthesis. People using an ill-fitted prosthesis for elongated periods often report pain,

discomfort and an inability to perform daily tasks [3].

1.2 Objectives

The objective of this thesis is to develop and perform a pilot evaluation of a 3D printed
lower limb prosthesis insert. The insert should be inexpensive, easy to design, and quick to
fabricate. The insert shape should be custom designed for every socket using a full- or semi-

automated process.



1.3 Thesis Contributions

This thesis presents a framework for the development and evaluation of a novel
transtibial prosthesis device called an “insert”. The key contributions include but are not
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 reduces the time and effort required
for an initial alignment, providing a quick and efficient starting point. Integrating manual
adjustments further allows designers to fine-tune the alignment, ensuring that the final inter-
shape positioning is satisfactory. The thesis also provides a method to create a 3D model from
the difference between two aligned 3D shapes. This method allows the insert to conform to an
amputee’s old socket externally and their new limb internally. Finally, the thesis provides an
analysis of different materials and 3D printing settings, leading to an evidence-based
recommendation for insert materials 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 socket-insert system, the methods used for mechanical testing can also be used to test
other transtibial prosthetic sockets.

The thesis provides the results of a pilot evaluation with a prosthesis user wearing an
insert. This evaluation provides real-world feedback on how the insert performed in daily use.
Quantitative data on gait performance, stability, and energy efficiency offer a measure of the
insert’s performance compared to the performance of a regular socket. Qualitative data from
participants on comfort, ease-of-use, and overall satisfaction offer insight into user experience,

guiding further improvements to meet user needs more effectively.



Chapter 2: Literature Review

Additive Manufacturing (AM) is an integral part of many industries such as,
automotive, military, telecommunications and computer industries, allowing many novel
innovations that were previously not feasible. This is particularly true in the biomedical
engineering field due to the need for highly customized equipment and devices [4-8]. Figure
1, for example, shows a transtibial prosthesis designed with AM. The use of AM in prosthetics
and orthotics commonly starts the production process by using 3D scanning technologies to
collect the person’s morphology. Then, person-specific designs are created using computer
aided design and engineering (CAD-CAE) tools. Finally, a prototype may be made using an
AM machine. AM usage thus offers an alternative in the orthotics-prosthetics sector, along

with novel 3D acquisition procedures [8].

Figure 1: Prosthesis designed using computer aided design and fabricated using additive

manufacturing [9]



This thesis concentrates on the application of AM in prosthetics, specifically transtibial
prosthetics. The following section reports on socket fitting techniques and technologies,
manufacturing processes, shape alignment algorithms, and socket testing protocols. A
prosthetic socket is the interface between the prosthetic components (joint, connectors, foot,
etc.) and the person’s residual limb. Since all ground reaction forces are transferred to the body

via the socket, socket design is essential for function, comfort, and limb health [10].

2.1 Socket Manufacturing

Detailing the limb morphology is crucial for prostheses development using AM. To
achieve this, different tools have been used such as computed tomography (CT), 3D scanners,

and computer aided design (CAD).

2.1.1 CT Scanning

CT is an effective tool for diagnostics and surgical planning. Traditionally, images are
captured in either the axial or transverse planes [8]. Modern CT scanners can create volumetric
reconstructions for 3D representations by recording images along many planes [8]. CT has
been recommended by numerous authors to create prosthetic and orthotic devices [11-15].
One of the earliest recommendations was in 1998 [11], where volume accuracy of over 97%
was obtained in spinal orthosis CT scans. CT or magnetic resonance imaging (MRI) scanning
was recommended as a time-effective approach to obtaining torso shape without
compromising accuracy, ease of use, or cost [11]. In another instance [16] CT in conjunction
with AM was used to create diabetic insoles. Peak plantar pressure was reduced by 33.67%
and pressure and tissue tension were correlated along the plantar foot with the therapeutic

effect of footwear and specially constructed orthotic inserts [16]. When producing silicone ear



prostheses using 3D printing [13], CT and AM (using polylactic acid or polylactide, PLA,
resolution 100 pum) differed by 0.1% between the manufactured prosthesis and the objective
model. Liacouras et al. [14] developed methodologies for building transtibial prosthetic
sockets, using CT to acquire residual limb morphology. 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 head [14]. Among the biggest benefits of CT is
the high picture resolution between tissues, together with the ability to boost contrast and
lower noise [8]. However, radiation exposure exists, with the exposure directly related to
scanning time, and the partial pixel effect (i.e., various densities sharing overlapping pixels)

causes blurred boundaries that makes some images difficult to use [15].

2.1.2 3D Scanning

3D scanning has emerged as the most convenient and comfortable method for
capturing human topography or external limb contour [8]. To establish the desired shape, 3D
scanning systems use light-based technologies to locate points that make up the object’s
surface in space. Computer software is then used to obtain a CAD model by reconstructing
surfaces from the point cloud.

3D scanners can use single scans for reconstruction, structured light technologies,
lasers, and various stereo reconstruction techniques [17], [18]. Laser and structured light
technologies are most frequently utilized to recreate human body shapes [18]. The laser
approach uses a hand-held instrument to produce a laser dot or line [8]. A sensor, typically a
charge-coupled or a position-sensitive device, measures the distance between the scanner and
the surface [8]. Data is gathered with respect to an internal coordinate system for static objects.

In dynamic situations, the scanner's position is used to create the point cloud [8]. In structured



light techniques, pre-defined light patterns are projected onto the object using a projector-
camera system [8]. The inability of this technology to capture certain topography areas of the
human body with complex folds and creases is a limitation; for example, between the fingers
when the hand is in a neutral posture, back of the knee when bent, or the armpits [8].
Nevertheless, noise in the images captured is decreased and the information gathered is more
accurate [8]. To develop a standardized, clinically valid procedure, 3D anatomical data
gathering techniques were examined and laser scanning offered the best combination of cost,
resolution, speed, accuracy, patient safety, cost, and overall efficiency for collecting
ambiguous data [19].

Other technologies include white light scanning, blue light scanning, and polarization
3D imaging. White light scanning employs line shadows that are cast from a 2D lens onto a
3D surface [20]. Cameras capture the variations in these lines as they contour across the object,
compiling point clouds that are combined to form a 3D image [20]. Enhancing the capabilities
of white light, blue light scanning incorporates a narrower wavelength, reducing interference
from ambient lighting, thus offering superior precision [20]. Polarization 3D imaging utilizes
the reflective polarization properties of surfaces to uncover detailed textural information [21],
distinguishing between specular and diffuse reflections to enhance the accuracy of surface
texture and geometry characterization [21].

In addition to data file sizes being substantially smaller with 3D scanning than with
magnetic resonance imaging (MRI) and CT, processing time was also less [18]. Varied 3D
scanners may have different recording times and resolutions, ranging from 3-5 minutes and
0.1 mm for highly accurate systems to a few minutes and 1.0 mm for inexpensive devices [22].
Inexpensive hardware and software, a low learning curve, availability, accessibility, and

efficiency are further benefits of 3D scanning techniques [18].



2.1.3 CAD

Computer-aided design (CAD) software has been recommended by a number of
authors as a way to improve imaging results by adjusting data points to better describe a 3D
object [23], [24]. Eldeeb recommended combining CAD with CT scanning to create an
orthosis model [11]. Mavroidis et al. [25] developed patient-specific foot orthoses using 3D
laser scanning and patient anatomy surface data was optimized using CAD software.
Comparing the prototype to a commercial foot orthosis, the prototype more accurately fit the
person's anatomy [25]. CAD has been used successfully in recent works to produce an upper
limb orthosis [26] and a lower limb orthosis [27]. Nevertheless, while the use of 3D scanning
along with CAD has become more common, there is a need for further research in the field
and an establishment of standards to increase uniformity in the technologies available [24].
Furthermore, current technologies are not adopted by developing countries due to the gap in
capital sources and knowledge [23]. 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 according to the method
the material is applied [8]. The most common techniques are fused deposition modelling

(FDM), selective laser sintering (SLS), and multi jet fusion (MJF) ( Figure 2).
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Figure 2: Diagrams describing (a) FDM (b) SLS (c) MJF [28]
2.2.1 FDM

For each layer of objects made using FDM, a semi-molten material is extruded through
an extrusion head that moves along the x- and 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 extruding 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 is the main benefit. The earliest references found that used FDM for prosthetics was in
1993, where Rovick [30] aimed to reduce the required manual labor when producing a

prosthetic socket.



2.2.2 SLS

By employing a CO: laser to selectively fuse powdered polymer-based materials, such
as nylon/polyamide, the SLS process produces 3D solid objects [31]. To create a 2D profile,
a COz laser moves across the powder bed in the x- and y- axes, selectively sintering designated
portions [31]. The platform descends, a fresh layer of powder is applied, and the sintering
procedure is repeated one layer at a time [31]. This procedure is also referred to as powder-
based fusion. Some of the earliest adopters of this technique for prosthetics are Rogers et al.
[32], who showed that SLS created better contouring sockets than traditional methods,

particularly in the distal end [32].

2.2.3 MJF

Powdered-based fusion is a recent advancement in 3D printing. A build platform is
first covered with a powder layer [8]. Second, by adhering to a patterned layer in the x-y plane,
a liquid binder is selectively deposited by an inkjet printhead [8]. As opposed to SLS, this
leaves the powders in a semi-solid state. Heat is then applied to strengthen the bonds, before
the platform descends and the following powder layer is spread [8]. In a comparative study
between SLS and MJF [33], parts printed with MJF had similar tensile strength in the x and y
orientation compared to those printed with SLS, and tensile strength 25% higher in the z
orientation. MJF has been used in orthotics and prosthetics to create a foot prosthesis [34] and

a hand prosthesis [35].
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2.3 Comparing Socket Shapes

With the development of AM techniques, many applications developed a need to
compare 3D socket shapes [36]. Shapes can be compared for assessing limb changes over
time, socket manufacturing analysis, socket liner design, or creating a socket insert.
Substantial work has been done in the field and, while 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 typically translates object centroids to the 3D coordinate frame origin, normalises point
variances on the objects, and aligns principal axes obtained through Principal Component
Analysis (PCA) [37], [38]. Many PCA variations have been developed over the years, such
as, probabilistic PCA, kernel PCA, robust PCA, weighted PCA, generalized PCA, and
Laplacian PCA (Figure 3) [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 features [37]. For efficient comparison, the
third stage often uses inter-shape distance measurements such as the Euclidean distance.

The above-mentioned normalisation procedure has some shortcomings. PCA-based
orientation alignment is not robust because PCA is sensitive to object point distributions.
Obijects of comparable shape could be misaligned [38]. 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 their corresponding sections (Figure 4) [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 matched [40].

Consequently, appropriately normalising the objects is critical.

0 0
9 o % o
oo % o050 6% <o o9
5] ©
os 6 o [} o5 0 o [
1 1
15 -15
0 ]
o p! o
o O 0% % © o © 5° 0. ©
0 Q0 o—¢ 20 0 d
0.5 L2 ° 05 o o
1 1
1.5 o -1.5 o
T T
0 . 0
] g ]
o _9 Q _ o © o
© =] o] o]
) [+ e} g<) b A
-05 o L _0s [} ©
1 1
15 o 15 o
1 -05 0 05 1 15 1 0.5 0 05 1 15

Figure 4: (a,c) show two 3D objects with a similar shape but different aspect ratio. (b,d) show

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

When applicable, scaling 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

12



PCA axes is one option. However, this approach is not robust due to its dependency on PCA
[40]. An alternate way is to compute the minimum volume bounding boxes (MBB) [41], and
then normalise the objects based on the MBB axes and widths, but this was found to be less
robust than PCA [40]. Furthermore, for prosthetic applications, scaling is not an option since
scanned dimensions are critical for creating an appropriate device.

Another method utilises bilateral (i.e. left-right) symmetry planes [40]. Many natural
and man-made objects have bilateral (i.e., left-right) symmetry. The BSP divides an object
into two halves (reflectional symmetry) where, each half is a mirror reflection of the other
about the BSP. Furthermore, the BSP contains the primary axis that defines the top object
boundary. As a result, by normalising objects according to the major axes and 3D aspect ratios
set on the BSP, 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 BSP [40]. 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 plane [40]. Simply using PCA and MBB does not make
it easier to establish the closest plane out of three to the object’s BSP [40]. Further, the best
fitting BSP may not pass through the item’s centroid if the item is not perfectly bilaterally
symmetric [40]. To compute an object's BSP, the algorithm must first compute the correct 3D
orientation and position of a plane that divides the item into two bilaterally symmetric pieces.
Further research and improvements are needed on the algorithm suggested in [40] to

definitively say that BSP is a better than PCA at object normalisation (Figure 5).
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Figure 5: Sample BSP results. Successful cases (Rows 1-3). Failure cases (Row 4) [40]

2.4 3D Printed Transtibial Sockets

AM of 3D printed sockets may reduce the period between amputation and receiving
the initial prosthesis or receiving a new socket after socket difficulties, which may improve
patient outcomes [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 materials can be lower 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 effects [47], [48]. Furthermore,
due to its semi-crystalline form, PLA has a lower melting point (150-162°C) [49], higher
compressive strength (70 MPa) [50], and lower thermal expansion (78 m/m-K) [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.
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Another material used for 3D printed devices is polypropylene (PP), which is preferred

advantages are inconclusive [52], [53]

due to its lower cost and greater durability compared to other typical 3D printing materials,

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

Carbon fiber (CF) was extensively employed in 3D printed experiments, since CF has
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Figure 6: Stress versus strain graph comparing sockets made with PLA and sockets made with a

PLA-CF composite

2.5

high strength, is lightweight, and is used in traditional socket manufacturing. When compared
to PLA alone, composite 3D printed sockets (i.e., adding carbon fiber particles to PLA) had a
31.5% increase in ultimate failure force (Figure 6) [50]. Carbon added to PLA boosted bending
modulus by approximately 208% and maximum bending strength of material samples by 36%,
when compared to PLA alone (Figure 6) [54]. These qualities are important for socket strength

because the load line is anterior to the knee and causes a bending moment in the socket [50].
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2.5 Conclusion

Through this review, it was shown that AM 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 patient-specific devices that
enhance wearer comfort and functionality [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
outcomes [11], [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 thesis developed and evaluated an anatomically conforming transtibial socket
insert used to compensate for residual limb volume loss. Note 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 when using a socket with an insert.

This insert must be custom designed for every person and socket using full- or semi-
automated processes. Furthermore, the insert must be easy and quick to fabricate and remain
as comfortable as the original socket. Fabrication process including any computational work
should not exceed 4 days. Using a new socket as the comparator, the insert should be
inexpensive and take less time to design, manufacture, and fit.

The design should be modifiable before fabrication, at the prosthetist’s discretion, to
ensure the best outcomes. The processes developed to produce the insert should be easy to
learn to allow technicians, prosthetists, other clinicians, industry experts, and researchers to
quickly develop custom inserts to assist them in their applications. Furthermore, processes
should be modular to allow improvements to the fabrication pipelines as research and
technologies advance and become available. Materials and fabrication processes should be
readily available, and components should be cost-effective and easily procured (i.e., avoid
specialty components if possible).

The insert fabrication process allows most prosthetic centers to adopt and most
researchers to develop and improve. As such, open-source software is preferred, and readily
available tools should be sufficient to digitize the residual limb models. The insert should be

applicable for adults with a body weight up to 100 kg.
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The model insert, in conjunction with the corresponding socket, must withstand lab
testing with critical loads without damage, including loads corresponding to socket testing as
described in the literature [55], [56], [57], [58]. In particular, a socket-insert system should
withstand a proof static load of 2240 N, an ultimate static load of 4480 N, and cyclic testing

for 1,000,000 cycles [59].

3.1 Design Summary

In summary, the insert design criteria are:
e Custom design:
o Adaptable to many residual limb shapes.
e Fabrication:
o Use readily available 3D printing material and equipment and easily sourced
components and software.
o Semi- or fully- automated process.
o Easy to learn and train.
o Modular to allow for future improvements.
e The insert must survive all load and test procedures:
o 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.
o Cyclic Test: 1000000 cycles 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 from a prosthesis user and 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 therefore only two
papers were found at the time of this review. The first was written by Sanders et al. [60] and
briefly mentions inserts as a future possibility. Nickel et al. [61] is more recent and relevant,
where one participant’s well-fitted socket was used as a base model for the insert. The insert
model was created by scanning the original socket and a new socket that was expanded by 10
ply, and then creating a digital object for 3D Printing (95 A TPU). Socket-insert performance
was compared to the well-fitted socket and loose-fitted socket.

Using the loose-fitted socket, the participant had a 6.6% reduction in walking distance
compared to the well-fitted socket. Only a 0.6% reduction in walking distance occurred when
using the socket-insert compared to the well-fitted socket. Furthermore, the participant
reported a socket comfort score of 8 and had positive comments such as “I feel level” and “I
think it is just as good as my existing socket”. This study stands as a strong proof-of-concept
of the insert showing its potential benefits and user satisfaction.

Nevertheless, the study had several limitations. First, the study did not investigate the
effects of changes in residual limb shape or suggest a method to design an insert given a change
in shape. Second, the study lacks a mechanical test and is limited to only 1 participant. This

thesis addresses these 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 old socket and a rectified CAD model of the current limb that has

experienced extensive volume reduction. These two models are aligned using software and
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modified at the designer’s discretion to ensure that no protrusions are present, and the
alignment is satisfactory. The insert is then modelled compromising of the negative difference
between the two models. Post processing includes filling in gaps if needed, trimming the
bottom of the insert to prepare the insert for socket installment, and smoothening the interior
and exterior to ensure comfort for the person wearing the insert.

Slicer 3D open-source software was used to align the 3D shapes [62]. Slicer 3D is free
to download, with many plugins and features critical 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 dentistry and diagnostic imaging [63]. A 2020
study found Slicer3D to have a matching percentage higher than 90% compared to manual
segmentation when obtaining volumetric renderings of the mandible [64]. Another study
concluded no significant difference in accuracy with Slicer 3D compared to commercial
software in the volumetric assessment of post regenerative endodontic procedures, with Slicer
3D performing the task approximately 3 min faster [65]. The CMFreg extension was used for
3D object alignment and shape comparison [66]. While CMFreg was originally developed to
assess craniofacial changes over time [66], the algorithm provided a good first alignment of
two residual limb scans before being manually adjusted by a prosthetist. Post-processing was
also performed almost entirely on Slicer3D, apart from smoothening which was performed on
Fusion360 software.

A step-by-step picture guide to producing insert models can be found in Appendix A.
Deidentified models were kindly provided by The Ottawa Hospital Rehabilitation Centre

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

The design process would generally consist of the following steps:
e Import the rectified models of a person’s residual limb into Slicer3D software
e Align using CMFreg registration. Alignment can be made using ‘Surface
Registration’ or ‘Fiducial Registration’
o ‘Surface Registration’ uses PCA to align the models. This is best used
when the two shapes closely resemble each other
o ‘Fiducial Registration” uses PCA along with landmarks, specified by
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
e Convert models to segments
e Convert segments to binary labelmaps
e Use the ‘“Transform’ feature to manually adjust the alignment as necessary
e Fill-in the segments to create solid structures using the ‘Smooth’ tool, located
under ‘Segment Editor: Logic Operator’
e Import filled-in segments to one segment folder
e Subtract the inner segment from the outer segment to create a model of the
negative space using the ‘Subtract’ feature found under ‘Logic Operator’ in the
‘Segment Editor’ tab
e Use the ‘trim’ feature found under segment editor to remove any unwanted
protrusions
e Convert insert segment to model

e Export model as a STL file
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Import STL file to Fusion360

Use the ‘Smooth’ feature under the mesh tab to output the final model
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Chapter 5: 3D Printing Material and Settings

Additive manufacturing was selected for creating the inserts since complex geometries
can be manufactured in a cost-effective manner. While AM can be slow to produce large
quantities of a design, this is not a major constraint since inserts are customized to each person
and only need to be produced one-at-a-time. Furthermore, many AM techniques and
equipment require minimal training, reducing the need for long training sessions for
prosthetists, and ensuring consistent results can be achieved.

For initial testing, AM was performed at uOttawa Makerspace. FDM was chosen over
other processes due to its availability and accessibility when translating the project into
practice. To choose the initial print settings to test the insert, a preliminary study was
performed. Small rectangular blocks, fabricated with varying thicknesses and materials,
underwent mechanical testing. Following consultation with a certified prosthetist, the insert
was anticipated to accommodate thicknesses between 3 mm and 7 mm 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: Nylon and Ninjatek
Cheetah TPU (NCT). 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 with a maximum infill of 60%, as recommended by the uOttawa 3D printing
technician (Figure 7). The objective of varying infill percentages was 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.

Figure 7: Six 3D-printed NCT blocks with 40%, 50% and 60% infill (3mm and 7mm thickness).

Blocks were tested in direct compression and loaded based on the socket-insert static
loading sequence (Figure 8). An Instron 68FM-100 test machine was used for all mechanical
tests in the material selection phase. Blocks were loaded with 3 different loads (1024 N, 2240
N, 4480 N), at a 200 N/s loading rate, and maintained using the creep function for 30 s before
unloading at -200N/s [55], [56], [57], [58], [59]. In between each load, blocks were left to rest
for 15 min.

To pass testing, blocks needed to withstand the ultimate load while maintaining elastic
properties. Furthermore, to reduce variation in user’s experience, blocks should not exceed

10% compression at the proof static load.
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Figure 8: Block compression test setup.

5.2 Results

5.2.1 Print 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 presented in Figure 9 and Figure 10.

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% greater than NCT.
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 maintained elastic

properties following the proof static test. Furthermore, there were no sudden jumps in the
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results, further indicating 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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Figure 9: Proof test for triangle print pattern at 60% infill
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Figure 10: Ultimate test for triangle print pattern at 60% infill

Since the residual limb has boney areas that can result in high contour areas, a flexible
material is required to allow the prosthetist to press fit the insert into the socket. Given that
NCT performance was deemed suitable for the insert application and considering that TPU is
more flexible, and is generally more cost-effective than Nylon, NCT was selected as the

material for the insert.
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5.2.2 Print 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 three blocks manufactured with line, cubic, and triangle fill

patterns.
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Figure 11: Proof test for cubic, line and triangle print pattern at 60% infill
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Figure 12: Ultimate test for cubic, line and triangle print pattern at 60% infill
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As illustrated in Figure 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 pattern 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
compression 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 triangle pattern showed
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 the proof static load.

The superiority of the triangle print pattern in z-compression was expected since 2D
patterns, such as the triangle, print all layers in the same direction, thereby better withstanding
loads in that direction [67]. 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 z-performance but allowing the print to equally withstand loads from all directions
[67]. For this reason, and since all print patterns performed adequately for the insert

application, the cubic print pattern was selected for the insert.
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5.2.3 Infill Percentage

To evaluate the infill percentage, blocks with 10%, 20%, 40%, 50%, and 60% infill

were subjected to testing. NCT material and the cubic print pattern were used. Given that this

was the last material testing stage, 3mm blocks were used in order to evaluate 10%

compression at proof load criteria.
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As shown in Figure 13 and Figure 14, blocks with 20% and 40% infill withstood the
ultimate load without failure. The block with 10% infill failed during the proof test, which
explains the unusual spike in extension at higher loads in the ultimate test. At the proof load,
the block with 20% infill had a maximum compression of 0.31 mm (10.33%) and the block
with 40% infill showed a maximum compression of 0.25 mm (8.33%). At the ultimate load,
the block with 20% infill had a maximum compression of 0.46 mm (15.33%) and the block
with 40% infill had a maximum compression of 0.34 mm (11.33%). Based on these numbers,
an infill between 20% and 40% would be appropriate for the insert application. Our research
team chose 35% infill for the insert model to ensure compression at the proof load is under
10%.

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

of the thesis was NCT with a cubic print 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 no testing standards for prosthetic socket inserts. To provide a
comprehensive framework for mechanical testing in this thesis, the methods described in [55-
59] were consulted since these papers describe a testing methodology for transtibial prosthesis
sockets. These are suitable references due to the correlation in function between an insert and
a socket. Testing a socket-insert system using a custom-made socket, made using the
commercial processes, and a literature-supported protocol for socket testing guarantees the
insert is subjected to appropriate static and cyclic loading conditions. The methods described
in the literature replicate stance phase, where body weight is supported [55]. Tests include

proof static test, ultimate static test, and cyclic test [59].

6.1.1 Orientation

Figure 15 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 from the foot’s medial and
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 distant from the foot’s medial and lateral sides, with a specific offset (Sg) from
the ankle joint centre (Figure 16). Sg is defined by the prosthetic user’s weight [59]. The

longitudinal axis of the foot is defined by the ankle joint centre and Sg.
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Figure 15: Test loading orientation: 1) left foot, 2) loading, 3) effective knee-joint centre, 4) effective
knee-joint centreline, 5) effective ankle-joint centre, 6) effective ankle-joint centreline, Pk knee load
reference point, Pa) ankle load reference point, Pg) bottom load application point, Pr) top load
application point [59]

Dimensions in millimetres

Figure 16: Foot coordinates and axes: 1) effective ankle-joint center, 2) effective ankle-joint
centerline, 3) longitudinal axis of foot, h;) heel height, L) foot length, Sg) combined bottom offset of

bottom load application on forefoot from u-axis [59]
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When testing the heel, the load is applied at a 15° () angle from the vertical axis and
forefoot load is applied at a -20° () angle from the vertical axis. The longitudinal axis of the

foot must be -7° (y) from the forward horizontal axis.

6.1.2 Test Load Conditions

The loading conditions are determined by user weight ranges: P3 is for individuals
weighing less than 60 kg, P4 for 60 to 80 kg, and P5 for 80 to 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 criteria (Table 1) since the
average Canadian adult male weighs 87.3 kg [68]. Consequently, the loads applied on the
insert should accommodate a wide range of potential insert users. Based on the established
standard, Sg (i.e., forefoot loading point offset) at P5 is 130 mm [59].

Table 1: P5 Loads [55]

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

6.1.2.1 Proof 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 rate ranging from 100 to 250 N/s.
Subsequently, the load is maintained in position for 30 (£3) seconds. A consistent and uniform

forefoot load is then administered, maintaining the same magnitude, range, and duration. To
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successfully meet the requirements, the device must be free from any type of deformation or
structural impairment during the entirety of the testing’s duration and inclination [59].

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 weight [69].
Furthermore, these loads can be higher during jumping. Therefore, a static proof load of

2240 N is reasonable.

6.1.2.2 Ultimate 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 N/s. The force is 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 loading circumstances [59].

6.1.2.3 Cyclic Test

The cyclic test replicates operational 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 the device’s continued operational efficacy. In the
ideal cyclic 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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Figure 17: Gait cyclic behaviour force-time graph [70]

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 10% of the maximum cyclic
value. After reaching the required loading frequency, 2 million cycles are completed (1 million
repetitions on the forefoot and heel components each), or until device failure occurs. If 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 of 2240 N is exerted for 30 (x3) seconds. Subsequently, the forefoot undergoes

loading in a similar manner [59].

6.2 Socket-Insert Preparation

The insert was initially 3D-printed using the settings determined in the preliminary
study with the blocks and the default settings for TPU shore hardness 95A found 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 needed, as shown in the sections below. A complete description of the
print settings can be found in Appendix B. To test the insert, a socket-insert system was used.

Socket and CAD models were provided by the Prosthetics and Orthotics department at
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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 above the zero-reference
plane [71]. Since the ankle joint centre was required to be 80 mm above the zero-reference,
the pylon was made to be 420 mm from the knee center (Figure 18). The knee center was
estimated by a trained technician.

Before applying the plaster in the socket-insert, 5 cm of foam was placed in the distal
portion of the socket-insert to allow this portion to deform freely under load [56], [59], [71].
The mandrel was aligned with the pylon using a typical alignment jig and laser (Figure 19).
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.
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Figure 18: Socket-insert in the alignment jig. A tape measure identified the mandrel lock-pin

location.
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Figure 19: Socket-insert 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 68FM-100 and cyclic testing was done using
an Instron 1332. Jigs were designed for testing to ensure appropriate loading points for the
socket-insert. Jigs were made with cold-rolled steel. Attachments between the plates, the
Instron machines, and the socket-insert were made using lock pins except for the 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 point and a length of 23.75 mm 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, and the toe loading 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 corresponding to the loading
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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 size. To apply a point force, the base plate sat on a metal ball fixed in place via a sleeve

(Figure 20). Jig designs can be found in Appendix C.

Figure 20: Bottom half of the testing setup in toe-loading configuration. Shown is the distal portion
of the socket-insert, pylon, and bottom plate resting on the metal ball.

6.4 Static Testing

Static testing was performed on an Instron 68FM-100 and data was collected via
Instron’s native BlueHill 3 software and extracted to an Excel file. The combined socket-insert
system was loaded with forces up to 4480 N at 200 N/s. Subsequently, each load was sustained
using the creep function for 30 s, after which the load was gradually released at a rate of -

200 N/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 then in the toe loading

configuration at 20°.

6.5 Cyclic Testing

An Instron 1332 (Figure 21) was used for cyclic testing. Frequency was set at 1.5 Hz
and the input load was set to vary 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 involved [58], [71], cyclic testing was only

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

Figure 21: Instron 1332 controller.

6.6 Results

6.6.1 Insert Static Testing

The socket-insert maintained elastic properties throughout static testing, as shown in
Figure 22 and Figure 23 by the overlapping graphs of the initial, proof, and 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 socket-insert system experiences larger stress in the

toe configuration, which means higher loads experienced for the same displacement.
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Figure 22: Heel static testing results
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Figure 23: Heel static testing results

6.6.2 Insert Cyclic Testing

During cyclic testing, peak vertical displacement and load were sampled at one-minute
intervals (latest maximum vertical motion and load peak within each 1-minute window). Both
positive and negative peaks were plotted to demonstrate the amplitude for load (Figure 24)

and vertical displacement (Figure 25).
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Figure 25: 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 during testing due 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 in Figure 25, the stroke also remained mostly consistent, which showed
that the socket-insert could withstand cyclic loading. While the amplitude remained constant,
peak stroke slightly increased over the 1,000,000 cycles. Initially, stroke peaks ranged from

30.7 mm to 34.9 mm following initial adjustments, and by the end of the test, range increased
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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 test. The gradual increase is explained by
the larger displacement needed over time to maintain the same load, likely due to microscopic
fatigue-induced deformations. A 0.6 mm change in insert thickness should have little or no
effect on socket fit.

In summary, the socket-insert demonstrated robust fatigue performance, with most
components remaining unaffected or undamaged by the testing process. Figure 24 and Figure
25 illustrate that the applied load was largely consistent, indicating that the insert effectively
endured cyclic loading. Notably, the steel mandrel used to attach the socket-insert to the testing
equipment was slightly bent at the connection point (Figure 26). Nevertheless, this

deformation did not affect testing and should not be a concern for the insert.

Figure 26: Socket-insert 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

Three male adults with transtibial amputations were recruited from the Prosthetics and
Orthotics Service at TOHRC. They required a new socket due to limb volume changes, as
identified by a staff prosthetist, and who had their original sockets designed 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 getting a new socket, each participant completed the Socket Comfort Score
[72] and Prosthesis Evaluation Questionnaire (PEQ) [73] for their current socket. Participants
then performed a 2-min walk test, with a smartphone on a belt at the posterior pelvis to capture
acceleration and angular velocity data [74]. The 2-min walk test involves measuring the
distance a person can cover walking continuously for 2 min [75].

A prosthetist scanned the participants’ residual 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 achieve a successful fit (i.e., included iterative revisions to the insert
as necessary).

When an acceptable fit was achieved, the participants wore the socket for at least one
week before returning to TOHRC for a checkup by the prosthetist and, when no further
revisions were required, completed the Socket Comfort Score [72], Prosthesis Evaluation

Questionnaire (PEQ) [73], and 2-min walk test [75] with the new socket-insert. Qualitative
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feedback on the fitting process and prosthetic performance was also captured from the
participants and prosthetist.
Results from the questionnaires and 2-min walk test were compared between original

and new insert enhanced sockets using descriptive statistics.

7.2 Results and Discussion
7.2.1 Participant A

When first recruited, the participant was using a pin-lock patella tendon bearing socket
and 17 ply socks to compensate for his residual limb volume change. Fiducial registration was
used to align his old limb shape to his new limb shape since there were substantial changes to
the residual limb shape. An iterative process was needed to create the insert because the first
version misaligned the pin with the socket, thereby not allowing the liner to engage. To resolve
this issue, central alignment of the insert’s distal end was prioritized to allow the pin to sit
square in the socket, allowing regular pin engagement (Figure 27). 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 inner lattice structure. Sanding down
these areas as needed allowed the prosthetist to alleviate any pressure that users experienced.
This was easily achieved through the slicer software by creating ‘modifiers’ and adjusting the
print settings within those ‘modifiers’. The specific areas were below the patella tendon, along
the tibia crest, and the distal end of the insert. These areas are common pressure points in
transtibial prosthetics. This 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. His main complaint
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was the time needed to put the socket-insert on after long periods of rest, such as after sleep
or after showering. He claims that it could take 10-15 min of him trying to wiggle his liner
into the socket in the morning to engage the pin. This is reflected in the 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 the insert with 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 to walk three extra meters
(212m a 215m) in the 2-min 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 a back-up solution if any problems would

arise with his long-term prosthesis.

Figure 27: Socket insert with the distill opening centralised about the pin
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The participant noted that having the insert did have some benefits such as the ability
to wear jeans, which 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
noted: “once it’s on, I have no issues or pain at all.” The prosthetist’s feedback was that this
is an overall positive project and recommends research into smoothening the inside as the next

step.

7.2.2 Participant B

Participant B had a very similar experience to participant A. When he was first
recruited, the participant was also using a pin-lock patella tendon bearing socket with 18 ply
socks to compensate for his residual limb volume change. Surface registration was used and
manual adjustments were made to accommodate pin positioning. No iterations were needed
and the insert was 3D printed. Uniquely, this participant experienced large daily fluctuations
in his residual limb volume. Therefore, the prosthetist requested that the participant start his
days without the insert and to use the insert after his residual limb has shrunk in size, around
noon. Unfortunately, the participant lacked the ability to easily remove and re-insert the insert
in the socket. To resolve this, the prosthetist attached hooks to the side of the insert (Figure
28) that provided the participant with the grip he needed. Moreover, this participant was
complaining of pain in his non-amputated 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 socket-insert. 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 insert. When asked about his experience
donning and doffing the insert-socket, the participant noted that he required a couple of extra
seconds to put the socket-insert on, but these extra seconds did not matter to him. Finally, the
participant had an 8.5 m (75.9m - 67.4m) reduction in walking distance. This reduction was
below the 2MWT minimum detectable change and can be explained by the worsening of his

non-amputated knee.

Figure 28: Participant B insert with hooks attached
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7.2.3 Participant C

The third participant was a bilateral amputee. The participant used a total surface
bearing prostheses with 27 ply socks on his left leg and 21 ply socks on his right leg. This
person was unique in that he had a well-fitted socket that cracked and needed repairing.
Therefore, he was reverting back into his old sockets, which explained the large number of
socks he was using. Challengingly, the well-fitted sockets had different shapes than the old
sockets that were used for testing. Furthermore, considering the positive results that were
observed from the first two participants, the prosthetist wanted to test a different method to
obtain the inner model needed for insert design. The left insert was designed using surface
registration with no modifications to the design process. For the right insert, the prosthetist
took tape measurements of the participant’s limb in one-inch intervals rather than rescanning
the limb. Using the old scan of the limb as a base, the prosthetist used CAD adjusted the
circumference of each interval according to his measurements. According to the prosthetist,
this is common practice when making prostheses. This method to obtain the insert’s inner
model could potentially save the prosthetist time and not require additional scanning sessions
with the patient. According to the prosthetist, a 3-6% reduction of the tape measurements is
needed. Nevertheless, the first reduction chosen produced an insert that was small and did not
fit the participant, therefore another iteration was made. Unfortunately, due to the number of
different inserts that were needed to be manufactured along with difficulties to set up
appointments with the participant, the process to make the 2 inserts was almost 2 months. This
period is important since the limb can change in shape and size during that period. Evidently,
by the time both inserts were ready for the participant, the participant’s limbs had further

shrunk, and 5 ply socks were needed in tandem with the left insert. Furthermore, 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
(Figure 29), 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 socket. Also, the prosthetist
scheduled a phone follow up with the participant after a couple of days to ensure that he no

longer felt the pressure.

Figure 29: Participant C sockets 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 the one-week
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 socks on the left side.
To avoid further harm to the participant, the walk-test 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 participants have a
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 fabricating 3D printed inserts was designed and
evaluated for both strength and function. The insert is a viable solution to compensate for long-
term residual limb volume change. The insert met all the design criteria, successfully passed
load testing, and showed positive results in a pilot trial. The current design process produced
inserts that are robust; however, future work is still needed to improve the design and

functionality.

8.1 Design Criteria

The final insert design met all the design criteria outlined in Section 3.1. The semi-
automated process allowed the 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 scans including 40-50 hours needed to 3D print an insert. The only non-fixed
cost involved with the inserts is the cost of the 3D printing filament. On average, fabricating
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 CAD. This is a small cost
compared to the cost of obtaining a brand-new 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 open-source software free to download making this
design process accessible around the world. Furthermore, Fusion360 was used to smoothen
the final model and is highly adopted within prosthetic clinics. Shore 95a TPU is available for

purchase from popular retailers such as Amazon and Digitmakers.
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The insert was able to withstand all load testing according 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 effort needed to engage the liner into the socket, which 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 long-term volume change. Specific thesis
contributions were:

1. Successful use of open source Slicer3D software for prosthetic insert design.

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

optionality of manual adjustments.

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

4. Determined appropriate insert material and 3D printing settings.

5. Implemented a complete and comprehensive method to mechanically test inserts

and transtibial sockets.

6. Completed an insert pilot trial with three prosthesis users, which guides further

development.

8.3 Future Work

While the design process recommended in this thesis proved to fabricate inserts that
meet the design criteria. The 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 user, less rectification, 3D shape alignment, etc).
Alternatively, a Slicer3D plugin could be developed to further automate many of the processes
and make it easier for new users to implement the insert workflow.

Mechanical testing with a series of inserts could be performed to evaluate 3D 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. Moreover, testing with different layer heights, print speeds, and temperature
IS needed to fabricate inserts with a smoother surface. A smooth surface should facilitate
donning and doffing the prosthesis.

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

socket insert performance and is needed to ensure inserts are ready for clinical adoption.
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Appendix A: Step by Step Picture Guide to Create an
Insert Model

General Workflow

Step 1: Slicer-3D set up

Drag and drop the rectified scans of the old and new limb shape
Center the 3D view around the models

o Click the 3D view button at the top left of the 3D view

Change the color of the models

o Datatab = double click the node color for each model = choose the color
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Step 2: Alignment
o (o to registration tab - CMF registration (ensure CMFreg extension is installed and
enabled) - surface registration (skip to next section for fiducial registration)
o Set fixed model to modell

o Set moving model to model2
o Output transfer - create new linear transfer as - ‘insert transform name’
o Output model - create new model as = ‘insert model name’ (socket2-
registered)
o Compute - apply
e Convert modell and registered model to segments
o Data tab - right click on each model - convert model to segmentation
mode
o Convert segments to binary label maps
o Right click on each segment - convert segment to binary labelmap
¢ Fine tune the alignment manually
o Change the 3D view from 3D only to Four-up
o Transform tab - Empty the transformed area - move the registered model,
segment and binary label map to transformed area
o Active Transform - create new linear transform as = ‘insert transform
name’
o Use translation and rotation to fine-tune alignment as required
o Harden the transforms in the apply transform drop-down section
e Datatab - delete the registered model segment and binary labelmap
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o Data tab -> right click on the registered model and rename to highlight the
adjustments
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Step 3: Creating the insert

e Convert the adjusted model to segment and binary labelmap
o Data tab - right click adjusted model = convert model to segmentation node
o Data tab - right click segment = convert model to binary labelmap
e Fill in the models to create solid objects
o Segment editor > set segmentation to the targeted segment - set master
volume to modell binary labelmap = smoothening = apply
= 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 the fill-in
tool to create a solid object
o Repeat steps above for both model 1 and the adjusted model
e Rename segments
o Data tab - right click the segments = rename - ‘insert new segment name’
e Import both segments under the same segment folder
o Data tab - right click adjusted filled in segment = export visible segment to
model
o Segmentations tab
= Set active segment to modell filled
= Set operation to import
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= Set input type to models
= Set input node to adjusted filled in model
= Import
e Subtract the two segments from each other
o Segment editor tab - set segmentation to folder with both segments > set
master volume to modell binary labelmap - logical operators - set
operation to subtract - apply
= Ensure that the larger model segment is selected in the top view while
the smaller model segment is selected in the ‘subtract segment’ view
e Rename the larger model segment
o Data tab - right click on segment - rename - ‘insert new segment name’
(insert)
o Note, see section on filling holes if needed
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Logical operators
Apply logical operators or combine segments. . Show defalls,
Operation: | Subtract - Aply V| Bypass masking
Subtract segment:
socket filled

’
| looeied | [i8

~ Data Prabe

Show Zoamed Sice:
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File Edit Yiew Help

:j Macules: 1 Data v - Q EP O s 5 4

g 3DSlicer

» Help & Acknowledgement

Subject hierarchy  Transform hierarchy Al nodes

Mode
@ 3cprintstudysocket1
€ 3cprintstudysocket2
g register-transform
@ socker2-adjusted
~ %@ socketl-filled-segmentation
@ socketa-filled
@ o :

1-1abel

G adjust-transform
~ @ socket2filled-segmentation
@ cocket2-filed

~ [ socket2-filed-segmentation-models
@ socket2-filled

| Show trangforms | Show MRML 1D’
> Subject hisrarchy item information

Filter.

» MRML node infarmation

~ Data Prabe

Show Zoomed Siice.

8 B: 3dprintstudy..

Step 4: Trim excess shapes

@ Ao - @

8: 147.2963mm & 1 i
T
%

R; -0.4658mm

e Segment editor tab = scissors = set operation to erase inside - set shape to free-

form, circle or rectangle as required

o Note: it might be beneficial to change views between 3D and four-up as
needed. To get fine control over sliced views in four-up view, convert

segment to binary labelmap
e Rename segment

o Data tab - right click on the segment - rename - ‘insert new segment

name’
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& 30 slicer 411.20210226

File Edt View Help

f@ @ Modules:

!B; 3DSlicer

Master volume:

A Segment Editor ~|=- O

ok Add

= Remove ®

Name

1-tabel

show3d v Q) Seamentations...

> [ socket2-filled

Effects

R = 7 || £

None | Threshold || Paint | Draw

&

Margin || Hollow | Smosthing

Scissors

Cut through the entire segment from the current viewpoint... Show detais.

Operation: (@) Erase inside
Shape: (@) Free-form

~ Data Probe

Show Zoomed Slice

L
F
B

S socket1-filled-segmentation:

& 3D Slicer 411.20210226

File Edt Yiew Help

b

Segmentation:

Master volume:

o acd

& B2 vocues:

3DSlicer
4

Help & Acknowledgement

Scissors || Isiands

Erase outside

Circe

insert

[ m

Erase | Level tracing

i

Fillinside

Rectangle

£ Segment Editor

socketl-filed-segmentation

insert

o [ socket2-filled

Effects
3
None
B

Margin

2 ||| 4| B

Threshald || Faint || Draw || Erase

B oo

Hllow | Smoothing

Scissors

= Remove

Level tracing

&

Islands

@ stowp

)

b

Logical aperators

~ Data Prabe: C:fUsers/AnraffOneDrive/.. 2025-02-04-Scene. mrml

Show

Zoamed Slice

Logical aperatars

1-label

Grow fram seeds

7 =

=
Grow from seeds

Fill between slices

Mask volume

Fill outside

Fill between slices

Mask volume

t1-fill...label

etl-fill...label
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&

File Edit Yiew Help

ER B8 B vowe: L Eow -m00 EPQw . 4 B (v E-t- Baea - @A
R =

@ 3DSlicer

» Help & Acknowledgement

Subject hierarchy  Transform hierarchy Al nodes

Node
€ 3dprintstudysacketl

€ 3cprintstudysocket2

]
||
i register-transform
@ socket2-adjusted <l
~ %@ socketl-filled-segmentation -
@ socker2-iled ]
" insart [ |

.‘
£
3

L-iabel &
G adjust-transform

~ @ socket2filled-segmentation
@ cocket2-filed

v [ socker2-fled-segmentation-models
@ socket2-filled [ ]

@ socket1 filed-segmentation-insert-label g

| Show trangforms | Show MRML 1D’
> Subject hisrarchy item information

Filter.

» MRML node infarmation

~ Data Prabe: C:fUsers/AnraffOneDrive/...2025-02-04-Scene. mml

Show Zoomed Siice.

B + socket]-fill...Jabel (100%) 150 1-fill. . label (100%)

c D = 0 oS SFosadm BT e

Step 5: Smooth model

e Convert new segment to model and export as an STL
o Data tab - right click on trimmed segment = export visible segment to
model
o Save data - set file format of insert model to ‘STL’ > set directory as
required - save
e Launch Fusion360
e Insert dropdown -> insert mesh - find the insert model in the directory
e Mesh tab - modify dropdown - smooth - select the mesh - ok
e File > export
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B 30 siicer 41120210225 o x
Fle Edt Yiew Help

228 8 vowe L Eom = Q0O

@ 3DSlicer

» Help & Acknowledgement

Subject hierarchy  Transform hierarchy Al nodes

Mode
@ 3cprintstudysocket1
€ 3cprintstudysocket2
4y register-transform
@ socker2-adjusted
~ %@ socketl-filled-segmentation
@ socket2-filled

@ soprnsgys Rename
% adjust-transfc Delete
~ @ socket2filled: Edit properties...
W socket2-fillt  create child fouder
12-adjus
12-filed-
€ sockets.gily__ SO Visbie segments to binzry labelmap

@ socketi-filed: Expart visible segments to models

Clane

| Show trangforms | Show MRML 1D’
> Subject hisrarchy item information
Filter.

» MRML node infarmation

~ Data Prabe: C:fUsers/AnraffOneDrive/...2025-02-04-Scene. mml

Show Zoamed Siice

B t1-fill.. Jabel (1

E 30 Slicer 41120210228 a x
Fle Edt Ve

options for saving a scene
and/or indiidual datasets.

b Help & Acknowledgement

Subject hierarchy  Transform hierarchy Al nodes
MNode: o H
@ 3dprintstudysacket C
€ zdprintstudysocket2
4 register-transfarm
@ socket2-adjusted oy |
~ % socketi filed-segmentation -
@ socket2-filled [ ]
insert-trimmed

HEDDES

.‘
3

P Lrabel o ]
% adjust-ransform G 5]
~ @y socket2-filed-segmentation

B sacketz-fled | £1-fill...label (1
c 2 & =] N
~ [ socket2-fllec-segmentation-models < = : 1. R: -3.8108mm
@ socket2-filled ol e
@ socketl filled-segmentation-insert-label 4 e:]

=

=

~ [ socketl-filed-segmentation-models
@ insert-trimmed

W Shows ransforms | Show MRML ID's
» Subject hierarchy item information
Fiter

» MRML node information

~ Data Prabe: C:fUsers/AnraffOneDrive/...2025-02-04-Scene. mmil

Show Zoamed Slice

B etl-fill..label (100%%) et]-fill.. label (10
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&
File Edit Yiew Help

ta & ga

Madules: Data

3DSlicer

» Help & Acknowledgement

Subject hierarchy  Transform hierarchy Al nodes

Mode
@ 3cprintstudysocket1
€ 3dprintstudysockes2
4 register-transform
@ socker2-adjusted
~ %@ socketl-filled-segmentation

cet-filed
W sxcka a Fie Name

Show optians

File Farmat Sirech

i

o Lrlzbel
% adjust-transform

-1l rrd

zral |

NRRD {.nrrd) =

~ @ socket2filled-segmentation
@ cocket2-filed

socket2-filled.vik

<

sacket L-filled-segmentatian-inser-label.nrrd
~ [ socket2-filed-segmentation-models

@ socket2-filed
@ sockety-filled-segmentation-insert-label
~ [ socketlfilled-segmentation-models v
@ insert-trimmed ‘

<

insert-trimmed st

| Show trangforms | Show MRML 1D’
> Subject hisrarchy item information
Filter.

» MRML node infarmation

~ Data Probe: C:/Users/AnraffOneDrive/...2025-02-04-Scene.mrml

Show Zoomed Siice.

sacket . filed-segmentation-insert-label_ColorTable.ctol

Change directory for selected files

|_ColorTable.cth Goler Table { ctbi) el

Paly Data (.vtk) - el

HRRD ( .nrrd) - |ed

Golor Table {.cthl) ~ |red

STL (stl)

Poly Data (k)
XML Poly Data (vip)
STL .ot

PLY {.ply)
Wavefront 081 (.ob])

@ Untitled (Andre Raffla) - Autodesk Fusion (Education License)

= ]
e A
oEsioN
1) IR
AsseweLE -
e BROWSEK °
a L2 ®

Documenl Salisgs

v Nam

¥ Untitled X

B

CONSTRUCT v

>4

=

NSPECT v SELECT ¥

£ tnsat Componant

Inserts an existing STL, OBJ, or 3MF file as a mesh
body into the active component in a design.

Select a file to insert. The contents of the file
displays as a mesh body in the canvas and the
browser.

For STL or OB files, select the unit type that matches.

the units from the original design that generated the
STLor OBJ.

Press Ctrl+/ for more help. |

X Q-8 G- .-

78



& untitied* (Andre Raffla) - Autodesk Fusion (Education License)

MESH
DESIGN v i
» +
PREDARE +
°
D % Dotumenl Selt
D Wl Named Viows
4 W Origin

b © il Bodis

W G [ f Pl T
[ 9 s Bt LE

ASSEMBLE ¥

8 Diract Edi

8 Remesh
[ Reduce
W Plane Cut

Combine

Smooths rough or creased regions on a mesh body.

Select a mesh body o face groups, select a
smoothing type, then adjust the smoothness and
scale to smooth rough or creased reglons.

COMMENTS

<P > >

18 Untitled* (Andre Raffla) - Autodesk Fusion (Education License)
s LRSS
New Dcsign N
Naw Elaciionics Desin

New Elecronics Library

New Draviing >
Naw Drsswing Torplate
- °
Open Cli0
a r Documents (1)
Ciles

0 As Latest

Export...
30 Prinl
Capturs Image.

Shara Fie Link

Press Ctrl+/ for more help.

N g

X Q- G- .-

& Untitled”
PLASTIC UTILITIES MANAGE
& * Op P
Q"‘i/ 1]‘$—’D = ELJDQ S| ::Er.
MODIFY »

ASSEMBLE CONFIGURE ¥

CONFIGURE »

(s

CONSTRUCT v

(9

CONST

RUCT +

INSPECT v

INSPECT v

EE R =

INSERT »

SELECT

SELECT »

EXPORT

EXPORT

x + 0O ©® & @

AR
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Fiducial (Landmark) Registration

o (o to registration tab - CMF registration (ensure CMFreg extension is installed and
enabled) - surface registration

©)

O
O
O

& 30 Slicer 41120210226
Fle Edt View Help

@ ﬁ Modules: 4 Wl Surface Registration

@ 3DSlicer

> Inputs:
Models

Set type of registration to ‘fiducial registration’

Set fixed model to modell

Set moving model to model?2

Set fixed landmarks list to ‘create new markupsfiducial as’ 2 ‘insert markups
name’

Set moving landmarks list to ‘create new markupsfiducial as” = ‘insert
markups name’

Use the ‘add landmark’ drop down to place landmarks for both moving and
fixed models

Output transfer - create new linear transfer as = ‘insert transform name’
Output model - create new model as - ‘insert model name’ (socket2-
registered)

Compute - apply

4 @ %/ 8-¢t-

"0 EVO @ i Emh +- @

Fixed Model:
Moving Model:

Landmarks Lists

3dprintstudysacket]
3dprintstudysocket2

Fixed Landmarks List:

fixed-markups

~ | V' on surface

Moving Landmarks List: moving-markups

~ Add and Move Landmarks:

~ | v on Surface

Add Landmark

Model:

Fixed ®) Moving

Move Landmark

Select a Landmark:

moving-markups-3

Scale: ==

~ Outputs:

100 3|V OnSurface

Output Transform: | register-transfarm

Output Model: inner-registered

b Advanced:

| ~ Data Probe

Show Zoomed Slice
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Filling Holes

e Data tab -> right click on model 1 (larger model) = convert to segmentation node -
right click on segmentation - convert to binary labelmaps
e Create a shell of the outside layer with a thickness of 0.7 mm
o Segment editor tab
= set segmentation to model 1 segmentation
= set master volume to model 1 binary labelmap
= set effects to hollow
= set current segment as outside
= set shell thickness to 0.7 mm
= apply
e Data tab - right click on model 1 segmentation - rename - ‘insert new segment
name’ (model 1 - hollow)
e Data tab - right click on model 1 — hollow segmentation = export visible segments
to model
e Segmentation tab
o set active segmentation to insert segmentation
set operation to import
set input type to model
set input node to model 1 — hollow
import
e Add the two segments to each other
o Segment editor tab = set segmentation to folder with both segments - set
master volume to modell binary labelmap - logical operators - set
operation to add - apply
= Ensure that the insert model segment is selected in the top view while
the model 1 - hollow segment is selected in the ‘add segment’ view

®)
©)
©)
©)
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"B 20 sicer 41120210226
Fle Edt View Hep

@ @ @ Modules: 4 | 4 Segment Editor

e"ausncer

E3

KA
None. Thrsho‘d‘ Paint

Logical operators

Make the selected segment hollow by replacing the segment with a uniform-thickness shel defined by the segment

boundary.
Use current segment as:

Shell thickness:

) Inside surface
() medial surface

(®) outside surface

0.70mm

4 %] & £
Draw | Erase | Level tracing Grow from seeds | Fill between slices

@Hﬁ X[ m & H.‘
Mask volume

Smoothing | Scissars | Islands

[ & ]

Actual: 0.7 % 0.7 x 0.7 mm (1x1x1 pixel)

Apply

) undo

P Redo

~ Masking

Editable area:

Editable intensity range: |

Mocify other segments:
~ Data Probe

| Everywhere

| overwrite all

‘Show Zoomed Siice

"B 30 Slicer 41120210226
Fle Edt View Help

-1 0

&~

Modules: 4 | 4 Segment Editor

licer

Effects
R 2 |¢|4[=] B E &
None | Threshold || Paint || Draw || Erase || Leveltracing | Grow from seeds | Fill between slices |  Margin
e B X | H| W a
Hollow || Smoothing | Scissars | Islands || Logical operators || Mask volume
Hollow
Make the selected segment hollow by replacing the segment with 2 uniformthickness shell defined by the segment
boundary.
Use current segment as:
Shell thickness: 0.70mm s
Actual: 0.7 x 0.7 x 0.7 mm (1x1x1 pixel)
Apply
‘ ) Undo P Redo
~ Masking
Editable area: (Emywhere ~|
Editable intensity range: |
Modify other segments: | Overwrite all |
~ Data Probe
‘Show Zoomed Slice
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"B 30 Slicer 41120210226 o x
Fle Edt View Hep

Ba B 2R v o

a'ausncer

| 5 Aaa segment - iove seiectes <~ i seiecer

B Opaity Name [

o [l 100 insert Va
| ~ Display

Overall visibility: v Overall

Visibiity Opacity
Siice fill: v 0 [0s0 %]
Sice outine: v 100 2]
30: v oo |2

» Advanced

|~ Representations
= Binary labelmap

¢/ Closed surface Udate | Make master
Fractional labelmap  Crexte

|+ Copy/move segments

| = Export/import models and labelmaps

Operation: ) Export Import
Input type: () Labelmap, (®) Models
Input node; @ 3dprintst...on-models / model -hollow v |~
|~ Data Probe
Show Zoomed Slice

L

F

[
"B 30 Slicer 41120210226 o x

File Edit View Help

@7 é,ﬁ Modules: 4

e 3DSlicer

- model1-hollow

Logical operators
Apply logical aperators or combine segments... Show details,

Operation: | Add -1 Apply |V Bypass masking
Add segment:

W insert

~ Data Probe

‘Show Zoomed Siice
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Appendix B: 3D Print Settings

Template; Standard - Pro3 Plus - TPU-95A

Quality Layer  Extruder Infill  Solid Fill Platform Additions Cooling Temperature Speed Advanced Ooze Other

Special | GCode Notes
¥ Lateral Surface Texture

Belt Printer
« Texture Lighter Color Up

Belt Offset
Texture Color Normalized Place Seam on Belt Edge
Texture XY Offset

Belt Raft
Texture Resolution

Texture Outside Only

Belt Wall

LESGI

Other Spe:

Merge Internal Overlapping Parts

Print Non-Manifold Edges Add nove
« Check Thin Wall (Single Extrusion Width) The height property does not include raft.
Minimal Extrusion Width Percenta

Enable
Maximum Extrusion Width P
¥ Fill Gaps in Shell:
Fill Gaps Only at Top and Bottom Sur

Allow

Filling Gaps using Single Extrusion Filling

) Filling Minimal Length

¥ Overhang Shells Detection

nall Features
Overhang Shells Angle

ells Flowrate
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Template: Standard - Pro3 Pl
Quality Infill  Solid Fill r E m Additions Cooling Temper: ed  Advanced Other 5 GCode Notes

e Wipe Wall

id Retraction af

Avoid Retraction Ins|

Wipe To

Restore Save As

Extruder  Infill

1000.00 mm/s2

Inner Shell Acceleration 1000.00 mm/s2

Quter Shell Acceleration 500.00
Infill Accelera 1000.00
1000.00
1000.00
1000.00
1000,00

1000.00

1500.00

ance (Left Extruder)

Save As Cancel
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efault Printing Speed
Inner Shell Speed
Outer Shell Speed
Infill Speed
Base Solid Fill Speed
Solid Fill Speed
Top Surf
Bottom Surface Solid Fill Speed
Thin Wall Speed

Filling Sps

Single Extrusion Filling S
Bridgin
Bridging Shells Speed

pport
Support §
Solid Base Lay

Dense Support Speed

Restore

Left Extruder

it Ex

Use Temperature Contral List

Heated Bed

Restore

Infill  Solid Fill Supj

mm/s
mm/s

mm/s

mm/s

mm/s

Solid Fill

t Extruder

Temperature

Movement Speed
Raft X/Y Axis Movement Speed
Left Extruder Maximum Volumetri
Right Extr Maximum Volu

Smoothing Volumetri

Inac oling Temperature (Left)

Inactive Cooling Temperature (Right)
Heat up Inac

Heat up Ahead of Time

Inactive Heating Temperature (Left)

Inactive Heating Temperature (Right)

Other

Other

Cancel
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Ooze Other

Template: Standard - Pro3 Plus - TPU-95A
Layer Extruder Infill  Solid Fill  Support Platform Additions Cooli

Blip fan spee

g Spe
. ‘ Other
Wait for movement finished before changing fan

Minimal Printing Speed

woid slowing down oute)

ease Fan
mum Fan

ternal Cooling

Layer

Fan Speed
Add Fan Point

ve Fan Point

Other pecial

Restore
TPU-95A
Platform Additions oling  Temperature

Template: Standard - Pro3 Pl
Solid Fill  Support

Quality yer  Extru il
1 Addition Skirt Only
Skirt and Brim
mm/s

rim Speed
mm

m Minimal Length
Skirt Loop Lines
Skirt Offset Dis mm
Skirt Lay!
Skirt - Print Quter S fore Inner Shell in the First Layer

e 100 %

Raft Override
Extrusion Width Py g
0.00 mm

First Laye
Global Offset Z

Restore Save As

GCode

Cancel

No
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ndard - Pro3 Plus - TPU.
Quality  Layer der Infil  SolidFill Support Platform Additions Cooling Temperature Advance

Platform Only | =
Support Dense Support Adaptivi pport
Support Interlaced Support Infill A

Support Extruder Left Extruder 0

Support Type Add Infill Angle

Support Infill Type Remove Infill Angle

Support Infill Outlines
Other
Support Infill Outlines Extruder All Extruder Pillar S

Infill Rat 30 Add Sparse Connection

Qver|
LSRN T T v Ge Support under Small Floated Featu

Horizontal Oft Support Expansion under Small Floated Feature:
Vertical Offset Top Layers

Verti t Down

Support Flowrate

Horizontal Expansion mm

Solid Base Layers

Save As

Infill i Fill | Support | Platfors Cooling  Tem
Top Surface Solid Fill
Base Solid Fill Layer op Surface Solid Fill Layers

Solid Fill Layers ce Solid Fill Pattern Type

Base Solid Fill Pattern Type 2 p Surface Solid Fill Expansion

Solid Fill Pattern Typ i onal Top Surface Pattern T

Conditional Top Surface Pattern Type (Min Area)
Solid Fill Outling

Fill Minimal W
d Fill Expa n mm
Bottom Surface Solid Fill Pattern Type
Expand Salid Fill to Fill Small Hole 0.00 mm

olid Fill Expan mm
Use concentric filling for narrow solid fill parts

Ironing
lid Fill

ytonic Solid Fill
Fill
10tonic Solid
lid Fill A

0

Remove

Restore Save As Cancel

88



Extruder Infill Solid Fill Su; Platform Additions Cooling Tem, C C Other
Infill Infill

Infill Extruder All Extruder Infill Minimal Width

Infill Densit; ! Infill Minimal Area

Infill ¢

tive Infill
Infill Pattern Type

Connect Infill Lines Endpoints

Infill Off

Infill Offset ¥

Combine Ini

Infill Qutline Is

# Fill Gaps in Infill Outline Shells Add Infill Angle

Fill in 100% Infi Remove Infill Angle

Restore Save As Cancel

Layer | Extruder Infill lid Fill pport  Platform Additions Cooling Temperature d  Advanced Special

Left Extruder ht E

Coasting Dist.

mm/s

mm

Minimal Travel of Retraction

Minimal Amount of Retraction ! ipe Nozzle for Support

Extra Restart Amount Wipe Nozzle for Infill
Wipe Nozzle for Solid Fill
ipe Nozzle for Thin Wall
Extruder Switch Ooze Control
Retraction Speed of Extruder-switch mm/s
Retraction Amount of Extruder-switch

Restart Speed of Extruder-switch

Restore
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Extruder Infill

Shells X Spiral Vase Mode
Maximum Shell rlap Percentage
+ Print Shells in Optimal Order Single Shell Surface Mode
Shell and Infill Orde
Print Parts in Same
shells Direction L Minimal Segment Length
Orientation Merge Nearby Lin

Minimal Part
Add

Platform Addit C Temperature

ell > Infill
for Each Layer

0.012

0.000

100

Only one shell on top surfaces

rt Point
art Point Type

r Start Point

-Polygon

¥ Avoid Placing Seams on Overhangs

Add inw

Save As
Template: Standard - Pro3 Plus - TPU-95A
Infill olid Fill  Support  Platform Al

General

Layer Height 0.2000 mm

0.3000 mm

Extrusion Width Outer Shell F

First Layer Extrusion Width Percentage Inner Shell Flowrate
Infill FI

Infill Extrusion Width Percentage Base Solid Fill
Solid Fill Extrusion Width Solid Fill Flowrate
Solid Fill Extrusion Width Percentage

Top Surface Solid Fill Extrusion Width Percentage
Bottomn Surface Sclid Fill Extrusion Width Percentage
Dimensional Compensation

Compensation for Contours

XY Size Compensation for Holes Scale Facto

Elephant Foot Compensation

Restore Save As

the end of the

Ooze Other

Bottom Surface Solid Fill Flowrate

Shrinkage pensation

Cancel

Cancel
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Appendix C: Jig Drawings

" ball housing
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* Note: lockpin position is inaccurate in drawings. Position was adjusted by the machinist to center the

corresponding hole
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* Note: lockpin position is inaccurate in drawings. Position was adjusted by the machinist to center the
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