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EXECUTIVE SUMMARY

This report outlines the final design process for the Ankle-foot orthosis (AFO) in
partnership with Anderson Orthopedics. The project objective was to create an AFO
prototype that aimed to compensate for muscle weakness in gait, and maximize

forward propulsion, while providing quantifiable justification of critical design choices.

The first section of the report details the concept generation phase. In this phase, the
needs of the client and patient were first determined. Our team then generated 21
concepts, which were narrowed down to four main options. Then a kinematic and
dynamic model was generated to determine the target stiffness of the AFO, which had
a value of 1.4 Nm/deg. Then, the safety factor of the AFO was determined to be 2.52
and the final material was determined to be Windform SP. The last section of the
concept generation was to create 3D models of the four main concepts using CanFit,

to input into Hyperworks for optimization.

The second section of the report pertains to specific design details. The optimization
process was conducted for the two most desirable concepts, an optimized version of
the pre-existing prototype, and a posterior strut design. It was then determined that the
lateral strut design was infeasible due to excessive lateral bending during gait. From
this, it was determined that the functionality needs could only be met by a design
iterating upon a posterior strut concept. The final design had an achieved height of
38.1cm, width of 9.5cm, length 27.8cm, and weight of 575g. The linear stiffness
attained was 1.88N/mm, and overall bending stiffness 4.01Nm/degrees. The
approximate cost to manufacture the device was about $3000 USD. Given the limited
design space, a design was achieved utilizing an attained stiffness of 4.1 Nm/deg. The
achieved FOS was 1.33 as detailed by stress contour results. These numbers deviate
in some magnitude from the targets sought out at the onset of the project, but the
overall goal of proving feasibility of 3D printing for this specific application was
achieved, and the device produced should in theory provide quantifiable benefits to the

specific patient’s gait.
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1 INTRODUCTION

This document outlines the process and final results of developing an Ankle-Foot
Orthoses (AFO) with the support of Anderson Orthopedics. A brief background is given
followed by the problem statement and formalized project objectives. The Design
Procedure section begins with a summary of the preliminary design phase, including
customer needs and project constraints, followed by initial patient testing. The
conceptual design phase is covered next as we outline the preliminary brainstorming
process and final concept selection. The detailed analysis phase includes a kinematic
and dynamic analysis of patient test data, the determination of an appropriate safety
factor, FMEA and fatigue analyses, material selection and a DFAM plan. Additionally,
the model is prepared for optimization using CANFIT and Geomagics. Lastly, the
detailed design section explains the rigorous optimization process that lead to our final

design and recommendations are provided.

1.1 BACKGROUND INFORMATION

Ankle-foot orthoses (AFO) are used for physical limitations of the lower leg. AFOs can
be prescribed as a persistent corrective device that provides a combination of rigidity
and spring-back to compensate for the reduced muscle activity. The energy transfer
from muscles through connective tissue to the bone requires that all components can
sustain the required stress, and the entire joint behaves like a mechanical linkage with a
series of actuators providing power input. AFOs can be used to aid the leg when the

limited flexion requires a modified pattern of motion.

To understand how the described locomotive limitations can be treated, one must
understand the human gait cycle. Gait is the cyclic, mostly repetitive motion humans
exhibit when they walk. The pattern of this motion is specific to each individual and tends

to naturally expend the least amount of effort.

Gait happens in the two distinct phases distinguished below:
1. Stance phase: The foot contacts ground and ground reaction force transmits at
variable magnitude and direction through the foot to counteract the downward pointing

net weight of the body.



2. Swing phase: The foot enters into and enacts an aerial stride wherein the only forces

transmitted through the leg are inertial.

These phases occur in an overlapping fashion wherein the load bearing activity of each
individual leg can be characterized as being either:

1. Double Support: Heel contacts ground, until opposite foot toes leave ground, load is
shared in some ratio between legs.

2. Single Support: Opposite foot is now completely off the ground, and until it again

contacts the ground, the initial leg supports the entirety of the load.

Figure 1 - Single and Double Support Stages of Gait [2]

One foot supports the entire load in the single support portion, and lasts the majority of
the gait cycle. The weight transfer across the pad of the foot is progressive and non-
linear in this region, which adds a level of complexity to analyzing the body’s dynamics.
For this reason, the single support foot load is commonly quantified using multiple
degree-of-freedom force plates. With knowledge of this weight transfer, one can start to

understand the relationship between patient weight and muscle actuation.

Muscles actuate the limbs through fiber contraction. This generates tension, which
provides the muscle force that a motion requires. One muscular limitation that an AFO

can be designed to help assist with is the flexion of the foot, both in the dorsal direction



(upwards away from the limb extremity) and the plantar direction (downward, towards
the extremities). These actuations occur as a conjunctive effort of muscles extending
from the toes up the calf. When one of these muscles cannot provide adequate force,
the others must compensate so that the sum of all provided forces is the desired motion
that the nervous system is signaling.

As a person shifts their weight to facilitate the motion of their legs, their center of mass
will adjust, as will the distribution of pressure along the sole of the foot bearing the
reaction load. This ground reaction force (GRF) is vectored in the direction of the center
of mass. Therefore, depending on where center of mass is located along the sagittal
plane (using an anatomical coordinate system) at any given time when a foot is
contacting the ground, a moment will be produced by the distance between the patient’s
center of mass (COM) and the resultant vector of the GRF. To maintain stability, this
moment must be counteracted by flexion in the joints. In Figure 2, the distance between
the GRF and the knee joint is shown. The joint must flex to counteract the resulting
moment. Flexing the joint is necessary for balance, but can become problematic when

foot muscle weakness places the GRF at distances that cause a person’s gait to

Figure 2 - Moment on Knee Joint From GRF Alignment [2]

significantly deviate from a natural stride.

Patients with dorsal flexion weakness will tend to favor load bearing with their toes [1].
The resulting GRF will be located ahead of the knee and the COM, and therefore must
be counteracted by excess extension of the knee. This can lead to hyperextension,
which means an over stabilized system of bone linkages that can only be destabilized by
added force to produce a counteracting moment. This will subtract from the amount of

muscle force being applied to propulsion. This lack of propulsive force contribution



provided by the plantar flexors is problematic because it means that regular activities
such as walking will become more awkward as there is an imbalance between the
pattern of motion the left and right legs are able to create. It can also mean that climbing
stairs can become difficult since it requires a minimum amount of propulsion to place the
foot at each successive step location. A well-designed AFO should attempt to combat

these issues through a combination of variable rigidity and flexibility.

1.2 PROBLEM STATEMENT

Anderson Orthopedics requires an AFO design that can aid in propulsion, compensate
for the foot’s inhibited dorsal flexion, and aid with plantar flexion weakness (known
colloquially as “drop-foot”). This weakness, in addition to contributing to propulsion, can
also lead to an increased tendency to trip. Anderson Orthopedics currently produces a
variety of AFO designs, however, their existing manufacturing method is overly time

consuming and laborious.

Anderson Orthopedics had previously sought the help of a team of students in 2016 to
initiate this project, and now wishes to continue progress where the previous iteration left
off. The design work thus far has produced a product composed of PC-1SO, chosen for a
combination of its elasticity and strength properties that the previous team deemed
appropriate for the load conditions of the patient, and for its ability to be 3D printed. The
2016 design lacked quantitative results and data driven decision-making, which has
been heavily emphasized in this iteration of the project. The previous team provided a
solid foundation, and their achievement will allow our team to focus our efforts and
control our scope. With over one month remaining, and an allotted budget of $1000, our
team will use the information provided from last year’s report to design and quantify an

AFO that addresses the needs of Anderson Orthopedics.

1.3 PROJECT OBJECTIVES

The objective of the project is to create a quantifiable AFO model and prototype that

maximize forward propulsion.

The overall expectations of the team are as follows:

10



Provide the patient with a functioning AFO prototype
o Coordinate manufacturing of AFO prototype
o Ensure the prototype does not replicate any patented designs
Perform material testing
Provide Anderson Orthopedics with the prototype CAD files
Justify design with quantitative test results
Justify design with analytical calculations

Create a process that can be easily adjusted for other patients

2 DESIGN PROCEDURE OVERVIEW

The following section elaborates upon our preliminary, conceptual and final design
phases. An in-depth explanation of the optimization phase is given in the Details of

Design section. A high-level overview of the design process is detailed in TABLE 1.

TABLE I: COMPLETE DESIGN PROCESS

Phase Step Process
Establish customer needs, constraints and target
Preliminary 1 —
specifications.
Design — — :
Evaluate the patient’s condition and gather motion
Phase 2
capture data.
Decompose design criteria of AFOs and brainstorm
Conceptual 3 _
_ conceptual designs.
Design : i
Narrow down conceptual designs and select final
Phase 4 _ _ _
concepts using weighted matrices.
. Perform kinematic and dynamic analysis using patient
test data.
b 5 Determine safety factor and conduct FMEA and fatigue
re-
o analyses.
Optimization : : i
Create list of best possible materials to be analyzed
Phase 7 _ o
during optimization and make a DFAM plan.
g Generate concept models based on patient’s leg scan
in Vorum CANFIT.

11



19 Simplify STL files and reduce number of tessellations in
Geomagic for Solidworks.

10 Perform meshing, FEA and topology optimization in
Altair Hyperworks.

o Smooth out optimized result and modify surface
Optimization 11 ) )
geometry in Autodesk Meshmixer.

Phase _ : i
Re-analyse FEA of modified geometry in Altair
12 | Hyperworks.
Final Design 13 Create a solid body, determine the overall specs and
Phase create final renders in SolidWorks or CATIA.

2.1 CusTOMER NEEDS, CONSTRAINTS AND METRICS

The team met with the client and solidified the project needs. Six main categories of
needs were identified and further broken into sub-needs. The categories were: (i) AFO is
safe, (ii) AFO is easily manufacturable, (iii) Patient needs, (iv) AFO is comfortable, (v)
AFO is functional, and (vi) AFO is durable. In total, 35 needs were established. Although
all 35 needs were important, some were more critical than others. Prioritizing needs was
necessary in order to create a prototype that focused on the fundamental design factors,
while still addressing less vital characteristics. The relative importance of needs, or
weight, was decided as a team based on the points the client emphasized most in our
meeting. See Appendix Al.1 for the complete list of needs. Project constraints were
identified in addition to needs. The project was constrained by time, cost, design life,
environmental conditions, patient weight, manufacturing method, foot geometry,
sensitive areas in the leg, AFO application and removal, and modeling software. Details

on these constraints and their limiting parameters are provided in Appendix A1.2.

2.2 PATIENT TESTING AND DATA COLLECTION

The test patient suffers from Charcot-Marie-Tooth disease (CMT), which is one of North
American’s most common inherited neurological disorders. CMT affects both motor and

sensory nerves, which can limit a person’s ability to walk, speak, swallow, and even

12



breathe. Our test patient noticed a decline in the responsiveness of his left leg just over
three years ago. Similar to most CMT patients, the test patient frequently experiences
drop foot due to the degradation of the muscles in his lower leg and ankle. Our patient is
74 years old and relatively active. He is currently fitted with a carbon fiber AFO, which is
secured by two Velcro straps at the top and middle of the brace. The patient has
expressed that he finds the carbon fiber AFO very stiff, making it difficult to walk up and
down stairs, and the brace must be removed when he exercises on the elliptical. He also
finds the strut uncomfortable on his shin, and had to modify the strut by cutting away
some material to leave more room for his tibia. He found the posterior strut from the
2016 model more comfortable than his carbon fiber AFO, but there were some issues
with shoe fitment. The team attempted to consider patient preference regarding the

stiffness, strut location, and shoe fit while designing our AFO.

2.2.1 MOTION CAPTURE

Recording the patient with and without an AFO allowed for gait analysis and the ability to
visually quantify how much the device improved the patient’s gait. Motion-capture
provided information on stride length, walking speed, and relative joint angles. The data
points were also used to determine the joint reaction forces and moments on the MTP,
ankle, knee and hip.

The patient was marked with twelve bright green stickers, which contrasted his black

long underwear. The markers were placed on his heel, MTP, middle toe, ankle, knee
and hip on both sides of his body as seen in the image below.

13



Figure 3: Motion capture markers

Two videos were taken. The patient walked back and forth three times with and without
the AFO in the first and second video, respectively. The camera was placed on the floor
in the same location for both videos. A foot-long piece of green tape gave a scaling

factor for post-processing as seen in Figure 3.

Post processing was done in Adobe® After Effects™. All six markers were tracked
throughout each frame. The raw data was imported into Excel as the video frame
number, x location in pixels, and y location in pixels. The units were then converted into
standard units of measurement of seconds and mm. The individual frames were first
converted to units of time. The motion capture video was shot in 60 FPS, so the
equation for the conversion from frames to seconds is as follows:

t [frames]

Tmes]

t [seconds] =
60 [
second

Next, the pixels were converted to relative locations by measuring the number of pixels
between two points in the video of known control distance to calculate the meter-pixel
conversion factor. The calculation for converting pixels to meters is as follows:

x [pixels]
pixels]

x [meters] =
Tp/f [foot

meters
% 0.3048 [—]
foot
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Where rys is the ratio of pixels to feet, measured from the control distance. Once all the
data points were converted to meaningful units, it was then possible to analyze the data
further.

2.2.2 MOTION TRACKING DATA ANALYSIS

The team performed motion tracking on a healthy volunteer to act as a control-case..
This gait dataset was considered to be the “ideal case” and was compared to that of the
patient. As mentioned, the patient was tracked with and without an AFO so both data

sets were compared to the ideal case.

We isolated eight instances of interest throughout the gait cycle: heel strike, flat foot,
mid-stance, contralateral heel strike, heel raise, toe push off, mid-swing and second heel
strike. Both heel strikes are necessary to mark the beginning and end of the gait cycle,
which provides information of stride length and walking speed. The moment the foot
initially lies flat is critical since the ground reaction force is being applied between the
heel and the MTP. Mid-stance occurs when the contralateral leg is in mid-swing, and is
another interesting point to analyze because the MTP may or may not be subjected to
the GRF. The next instant of interest, contralateral heel strike, is arguably the most
important. During contralateral heel strike the foot is most effectively transferring GRF
load to a vertical acceleration [2]. This is a reasonable metric for gait propulsion. Dividing
the moment that occurs at the MTP at the instance of contralateral heel strike by the
maximum ankle flexion angle provides a stiffness target for the design. At heel rise, the
MTP and toe are still on the ground making it evident that the GRF is travelling at a point
between the MTP and toe. Next, toe push off occurs when the MTP has left the ground
and only the toe is making contact with the floor. Mid-swing is not an important instant to
capture for analysis but we have identified it for graphical benefits. Finally, the second

heel strike marks the end of the cycle.

The eight instances were isolated for all three sets of data. Figure 4 illustrates the

relevant frames of the ideal case of a healthy leg without an AFO.

15



Ideal Gait (Left Leg)
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Figure 4: Ideal case healthy leg

As seen in Figure 4, the hip moves at a relatively constant rate. There are larger gaps
between toe push off and mid-swing, and mid-swing and second heel strike. Another
notable characteristic of the ideal gait is the ankle and MTP deflection. The ankle
deflection is fairly high at mid swing and second heel strike, respectively. The toes in a
healthy gait are able to lift higher and create a smaller ankle flexion angles. Additionally,
the MTP deflection at toe push off is very high which provides high propulsion, and a

long stride.

As seen in Figure 5, the hip initially moves at a constant rate, but it slows down during
heel raise and toe push off. There are also shorter gaps between toe push off and mid-
swing, and mid-swing and second heel strike indicating a shorter stride length. The ankle
deflection angle is also significantly smaller than in ideal gate. The toes don't lift off the
ground as high, also the MTP does not deflect significantly which indicates that the

propulsion is lower than the ideal case.
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Patient's Unhealhty Leg (Left Leg) wihtout an AFO
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Figure 5: Patient gait cycle without AFO

In Figure 6, a huge improvement in the patient’s gait can be observed with the use of the
AFO. The hip movement is corrected to move at a constant rate. There are also a
increased gaps between toe push off and mid-swing, and mid-swing and second heel
strike indicating an increase in stride length. The ankle deflection angle is also improved
by the implementation of the AFO. It has a much bigger value than the unhealthy leg

data which indicate an improvement in propulsion.

Patient's Unhealthy Leg (Left Leg) with a Carbon Fibre
AFO
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Figure 6: Patient gait cycle with carbon fibre AFO
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Subtracting the time difference between the first and second heel strike gives the stride
speed in seconds. Similarly, subtracting the heel’s X coordinate at second heel strike
from first gives the stride length. TABLE Il summarizes the stride speeds and lengths for

all three data sets.

TABLE II: STRIDE SPEED AND LENGTH

Stride Speed (s) Stride Length [m]
Patient’s Left Leg
without AFO 1.55 0.84
Patient’s Left Leg
with CF AFO 1.42 0.87
Idea Gait Left Leg
without AFO 1.10 1.44

As predicted, stride speed and length was slowest and shortest when the patient walks
without an AFO. Once the patient was fitted with the carbon AFO, his stride speed
decreased by 0.13 s and stride length increased by 30 mm. His stride improved slightly
with the brace, but was still nowhere near as fast and long as a healthy gait pattern.
The test results of the carbon fiber AFO indicate that the gait of the patient was greatly
improved. This implements that our design will also improve the patient’s gate to a

higher degree.

2.3 PRELIMINARY CONCEPTS

The following section describes the approach for generating AFO concepts to be further
analyzed in the detailed design and optimization phases. In total, twenty-one concepts
were generated during the initial brainstorming process. From those preliminary
concepts, various options for design features were extracted and discussed. Twenty-one
concepts were created using information on existing AFOs and general engineering

intuition. All designs can be found in Appendix A3.1.
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2.3.1 PRELIMINARY CONCEPT DESIGN FEATURES

With patient needs and constraints established and an understanding of the intricacies of
human gait and our patient’s condition, preliminary concept generation began.
Brainstorming lasted several days as the team dissected the benefits and drawbacks of
current AFOs on the market. The AFO was broken down into six variables, which include
hinge and spring location, hinge and spring symmetry, strut location, heel coverage,

lateral support and lastly assembly vs. single component.

Hinge and Spring Location:

The hinge location refers to the location that the AFO is designed to deflect. In the
context of this section, the spring force is generated by the deflection of the brace at the
hinge location. There were five options for placement of the hinge location on the AFO:
Heel, Ankle, Toe (Metatarsal), Heel & Toe, and Ankle & Toe.

Hinge and Spring Symmetry:

Fundamentally, the hinge/spring location on the AFO can either be symmetrical or
asymmetrical. In the context of this section, symmetry refers to performance of the
hinge, and does not necessarily imply geometric symmetry (since human foot and ankle

geometry is not symmetric by nature).

Strut Location:

The strut location refers to the location of the vertical region of the AFO that connects
the hinge/spring to the mounting location where the patient loads are applied.

Heel Coverage:

Heel coverage refers to the area of coverage around the heel. There were two design
options in this category: partial coverage and full coverage. Partial coverage refers to a
design that only contacts the heel at the bottom of the AFO (at the foot plate), leaving a
gap in material at the back and sides of the heel. Full heel coverage refers to an

enclosed heel design.
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Lateral Support:

The cupping of the heel and foot provides the lateral support in an AFO design.

Assembly vs. Single Component:

The assembly design will be made up of two or more components while a single
component design will be made up of one part.

2.3.2 PROPULSION POTENTIAL

One of the primary design variables considered during concept selection was the
location of the spring. The hinge/spring location dictates what region of the AFO will
primarily deflect. At this location, potential energy is stored during the mid-stance phase
of gait as the AFO deflects, and energy is released over the course of the terminal
stance and pre-stance phases. This process of energy being released provides forward
propulsion, which aids the patient in simulating a natural and comfortable walking pattern
in the absence of plantarflexion. Providing propulsion was one of the primary functional

needs of the AFO, and therefore received a weighting of nine.

Considering a hypothetical AFO, which has a hinge and spring location at the heel, and
strut located at the calf. Assuming the hinge component acts as a torsional spring, and
that the AFO is fixed to the ground. The case of loading the spring component of the
AFO, which is illustrated in Figure 7.

13.8

M

kr

Figure 7: Converting the Applied Moment to a Bending Load at the Top of the AFO Strut
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The moment applied to the AFO at the strut can be converted to an equivalent bending
load applied at the top of the strut using the following equation:

M=Fn
where rq is the perpendicular distance from the applied force F to the hinge location.
The spring at the hinge can be approximated as a torsional spring, with spring constant
ki. The spring force is expressed as:

M = kr A6
where A8 is the angular displacement of the torsional spring. Rearranging the above
equation yields:

M

ky

The equation for maximum stored potential energy in a spring is as follows:

A6

1
PE = EkT(AH)Z

Substituting equation the equation for theta into the potential energy equation yields:
PE = 2er (1)
2 kr
Furthermore, substituting the moment equation into the new potential energy equation
yields:

1. (Fym\°
PE‘EkT<kT)

Energy is released from the spring as weight is transferred from the AFO foot to the
opposite foot during Pre-swing. This situation is illustrated in Figure 8.
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Figure 8: AFO Releasing Potential Energy to Provide Propulsion

The Law of Conservation of Energy states that energy must be conserved in the spring
between the two cases of energy storage and energy release. Thus, the following
equation, which shows how potential energy was converted from potential to deflect the
strut to potential to provide propulsion, holds true:
1 (Fir\> 1  (F1)\°
re= g () =30 (37)
2 T\ kp 2 T\ kyp

where F; is the propulsion force acting between the AFO and the ground, which results

in a net angular acceleration of the brace (propelling the using forward), and r- is the
distance between the AFO spring and the point of application of the propulsion force.
Simplifying the above equation yields the following relationship:

F, n

Fy B T2
The relationship shown in the above equation indicates that increasing propulsion force
F> can be achieved in two ways: (i) by increasing vertical distance from the hinge to the

point of application of the AFO load r1, or by decreasing the horizontal distance from the

hinge to the ground reaction force r».

Therefore, the optimal hinge location will be that which is as close to the ground reaction
force as possible, and as far away from the applied load as possible. Using this

statement as criteria for scoring the possible hinge locations, it is clear that placing the
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hinge/spring at the toe joint (metatarsal) will provide the best results in terms of
propulsion. The analysis used to determine the ideal hinge/spring location is reflected in
the results of the concept scoring matrix.

Another possibility for spring locations is to include two separate hinge on the AFO, for
example the heel and the toe (metatarsal). While this option would have the benefit of
simulating a more natural gait cycle by hinging at both joint locations in the foot, this
approach would significantly reduce the overall stiffness of the AFO. Designing for a
spring at the heel and toe would result in a system of springs in series, which behave

according to the following equation:

k _ k1+k2
series,eq — k1 ks

As an example, if the spring constant for both springs was 100N/m, the equivalent spring
constant for the system would become 0.02 N/m. The result off adding two spring in
series is orders of magnitude less than that of a system with just one single spring of the
same stiffness. It is for this reason that including two hinge locations for the AFO was

deemed to be undesirable.

On the other hand, having two spring locations parallel to each other will be beneficial,
since the spring constant will be added together as shown in the equation below. An
example of having two spring in parallel would be having two springs on both sides of

the ankle.
kparallel,eq =k, +k;
Therefore, strictly having the hinge location at the toe is the best option for propulsion

potential since it will result in the largest propulsion force.

2.3.3 DESIGN FOR PATIENT

The fundamental design process is meant to be repeatable for any patient but individual
patients present their own constraints. The patient for this prototype had been exposed
to several types of AFOs and very clearly expressed his interest in a posterior strut. The

goal was to achieve the best possible propulsion and improve patient gait, however.
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Another design consideration is the quality of the patient’s other leg. The patient’s left leg
is primarily affected by CMT but his right leg is also slowly degrading. The AFO could be
designed based on the moments in his right leg if it were completely healthy, but it would
be unwise to make a device that mimics the behaviour of his right leg since it will
gradually worsen. The AFO was therefore designed using the reaction forces and joint

moments of a completely healthy gait.

2.4 CONCEPT SELECTION

The twenty-one conceptual designs combined the seven previously mentioned design
features differently in the hopes of coming up with the best concept. In general,
increasing the number of concepts to select from increases the probability of arriving at
the optimal design. A series of concept selection matrices were used to qualitatively
score all potential design combinations based on engineering logic and some preliminary
analyses for certain critical design features. Rather than restricting choices to the 21
concepts, the selection approach encompassed all of the possible design permutations
and systematically ranked them against criteria determined from the customer needs.
The six design criteria were then weighted by level of importance to the overall success
of the design. Some criteria items are more critical to the design and therefore they will
have a higher overall weighting out of ten. This weighting was in some cases subjective,
but was largely driven by the needs specified by the client, and by the relevant theory

and background information. The weighted design variables are shown in TABLE Il

TABLE IIl: SUMMARY OF DESIGN VARIABLES TO BE CONSIDERED FOR
CONCEPT SCORING

Number of Design Category Weight
Design Category Options per Category (Out of 10)
Hinge/Spring Location 5 10
Hinge/Spring Symmetry 2 8
Strut Location 4 7
Heel Coverage 2 4
Lateral Support 3 8
Assembly vs. Component 2 7
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One obvious omission to the Design Variable category in TABLE lll is Fastening Method,
which would describe the design options for fastening the AFO to the patient’s leg.
Ultimately, the fastening method is outside of the project scope, and can be determined
separately and retrofitted into the design at a later date. For the purpose of prototyping,
a simple Velcro strap will serve as the fastening method.

Additionally, each of the variables will have multiple options to choose from. Tahe best
option will be chosen based on how they score on each of the applicable 16

functionalities that the AFO design must provide as seen in TABLE IV below.

TABLE IV: LIST OF CLIENT NEEDS USED FOR SCORING DESIGN OPTIONS IN THE
CONCEPT SELECTION MATRICES

# Need # Need Description

1 N1.3 Propulsion Potential

2 N1.2 Simulates Natural Gait Cycle
3 N 3.1 Consequence of Failure

4 N 3.4 AFO Does Note Rub on Skin
5 N 3.5 Avoids Sensitive Areas

6 N4.1to N 4.4 | Ease of Manufacturing

7 N 5.3 Discrete Design

8 N 6.5 Opportunity for Weight Reduction
9 N 6.4 Shoe Fit

10 N/A Complexity

11 N15 Provides Lateral Stability

Since there were six design categories that influenced the overall conceptual design, six
individual decision matrices were created. For each decision matrix, each design option

was scored out of four against the needs, and each need was weighted according to its

importance within the category using a 9-3-1 weighting scale (9 = Very Important, 3 =

Somewhat Important, 1 = Less Important). The 9-3-1 weighting scale was used to
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emphasize the most critical needs, ensure that those critical needs have the greatest

influence over the design.

Concepts were scored using a rating scale from one to four, with the highest scoring
concept being the most advantageous. In general, the highest scoring design option
within a category received a score of four, and all other options received proportionately
lower scores. The scoring process is based largely on engineering intuition and backed
by the research conducted by the team, but there is still an aspect of objectivity that

cannot be ignored.

Once all design options were scored for all relevant needs a total was calculated for that

design option based on the formula below:
Ty =XLisiwi (9)

where Tj is the total score for a j'" design option, s is the j" design option’s individual
score for the i need, w; is the weighting value for the i'" need, and m is the total number
of needs.

Once all the totals were calculated for each design option, the totals were normalized
based on the overall design category weighting. The normalization process ensures that
the highest scoring design option within a given category receives full marks for that
category (i.e. 100% of the design category weighting value). For example, if the overall
weighting value for a particular category was 8.00, the highest scoring design option
within that category would end up with a total normalized score of 8.00, and all other
design options would receive scores less than 8.00 in proportion to their respective
totals. The equation used to normalize the totals for each design option is shown below:

N; = Tj w
] MAXIMUM{T,,T,,... Tn}

Where N; is the normalized score for the j" design option, W is the normalizing value for
the design category, and n represents the total number of design options. The layout of
the selection matrix scoring design options against customer needs for a particular

design category is shown in TABLE V.
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TABLE V: EXAMPLE SCORING MATRIX FOR COMPARING DESIGN OPTIONS TO
CUSTOMER NEEDS FOR A PARTICULAR DESIGN CATEGORY

oy
2
g\o
@
S/~ S &/ &
/L)) S
Weighting| w1 | w2 | ... |wWm| W
= j=1| s | s12| ... [sim| N1
g j=2| 521 | 522 | ... |s2m | Nz
=]
o
© j=n Sni | Sn2 | ... |Snm | Nn

2.5 KINEMATIC AND DYNAMIC ANALYSIS

The converted data points were analyzed in Microsoft Excel in order to acquire
quantitative data about the patient’s gait kinematics. The objectives for analyzing the
motion capture data were:

¢ Determine joint locations over the course of the entire gait cycle for each area of
interest. This was achieved by plotting the x and y coordinates for the hip joint,
knee joint, ankle joint, metatarsal joint, heel, and toe tip.

o Determine the motion of joints over time during gait. This was achieved by
plotting x coordinates and y coordinates over time for the hip joint, knee joint,
ankle joint, metatarsal joint, heel, and toe tip.

o Determine flexion angles during gait. This was achieved by calculating flexion
angles and plotting them over time for hip flexion, knee flexion, and ankle flexion.

e Determine the patient’s walking speed.

e Determine the patient’s stride length.

All of the parameters listed above would be calculated for four cases:
1. No AFO, Unhealthy Leg
2. No AFO, Healthy Leg
3. With AFO, Unhealthy Leg
4. With AFO, Healthy Leg
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All of these parameters were then compared to the idealized patient model to recognize
discrepancies. The idealized model was a healthy gait cycle that was scaled to the
patient’s measurements. Scaling the ideal data set minimized inconsistencies in the
while comparing. These discrepancies became the design targets. The results from this
analysis were also used to validate the final design.

Next, we determined the linkage lengths using the following equation:

||17|| = \/(xz —x1)?+(y2 — y1)?
Using the following equation, the unit vectors for the ground plane, GRF line of action,

femur, tibia, foot, and toe were calculated.
I (R
2 — }’1)/“17”
The angle between two vectors u and v is as follows, which was used to determine
flexion angles:
(u-v)
[l - [11]

The flexion angular velocities and flexion angular accelerations were calculated using

6 = cos™ !

the following two equations:

. dé 6,-90

g=-2_22 1
dt  t,—t;

And
dt? dt t,—t
In order to consider the rotational inertia of each linkage individually, it was necessary to
convert the flexural angular accelerations to a local-linkage coordinate system.
Afoot = 9ankle — Qtibia
Atibia = 9knee — Afemur
Afemur = 9hip
From NASA documents, values for relative body segment weights, center of mass
locations, and mass moment of inertia (MMOI) values can be determined.
Estimating body segment weights [1]
Meoor = 0.0069 Myprq; + 1.04 [Ibm]

Mgpank = 0.0375 myypq; + 0.84 [lbm]
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mthigh = 0.1159 Meotal — 2.25 [lbm]
Body segment center of mass locations can be expressed as a percentage of total

segment length:

Table VI: Approximate body segment center of mass locations as a percentage of total

segment length [1].

Seament Location [% of Total | Reference Point
Length]

Thigh 41% Hip Joint

Shank 44% Knee Joint

Foot 44% Heel

Body segment mass moments of inertia are needed to calculate total rotational inertia of

each segment.

Table VII: Approximate MMOI values for body segments [NASA].

Segment MMOI [ka/m”"2]
Thigh 6.734
Shank 6.397
Foot 0.488

2.5.1 GRF DATA

The patient’s ground reaction force magnitude in the vertical direction is an important
starting point for solving the system of interacting dynamic loads in the patient’s leg, and
is therefore important to assess with some level of precision. The method used to collect
this data involved a brief test whereby a balance board with 4 strain gages at each
corner was placed on a floor space, and the patient was asked to walk over the plate.
The strain gages deflect in small amounts and vary in resistance based on these
measurable values. Corresponding to the change in resistance, the gages output a
varying voltage dependent on the magnitude of the deflection. These values can be
constantly sampled while the balance board is turned on, however, they require a data
acquisition method to determine the sampling and store the information. In addition, the
averaged center of pressure (COPX, COPY), can be directly derived from individual
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gage readings, and is calculated by the following equation:

cop L ((TR + BR) — (TL + BL)
* 2 (TR+BR+TL+BL)

Where TR, BR, TL, BL are the readout values from each individual strain gage, and L is

the distance in the X-direction between gages.

The GRF recording tests were conducted such that the observed gait patterns were
natural and noticeable

The signal transmitted from the board is converted from an analogous value to discretely
sampled data points with a varying frequency dictated by behavior of the Bluetooth
connection between the board and connected laptop.

Under the assumption that there is no net acceleration of the patient’s center of mass
(which was deemed valid because the patient exhibited near constant walking speed
and no average net acceleration of the hip joint), then the GRF line of action can be
determined by drawing a line from the point of application of the GRF to the body’s
center of mass. Using Pythagorean Theorem, the horizontal component can be
determined as follows:

GRE,
~ tang

GRF,

Where ¢ is the angle between the GRF line of action and the vertical plane.
The next step was to determine the joint reaction moments based on the Free-Body
analysis of each individual segment (foot, toe, tibia, femur). This was done under three
cases:
1. Stance Phase, GRF applied behind the MTP (meaning no load applied to toe
linkage)
2. Stance Phase, GRF applied ahead of the MTP (meaning the MTP joint is loaded
by the GRF)

3. Swing Phase (only body segment weights contribute to joint reaction moments).
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Joint reaction moments were used as a comparison metric for determining if the “before”
and “after” case to see if the AFO was truly successful in reducing the patient’s overall
joint effort and contributing to propulsion. Joint reaction moments can be determined
from the experimental motion capture data since all of the linkage accelerations are
known, along with the patient’s approximate COM information and GRF data (external
forces).

Below is a full analysis of the dynamics in each case.

Dynamics
The dynamics analysis was based on Newton’s second law, which is represented in two

dimensions by the following three equations:

ZF,C:max
ZF,C:may

ZMzIa

And

I'DE,x

If,CoMm

|

FD,V

Figure 9: Foot FBD

Based on Newton’s second law, the joint reaction forces and moments can be
determined for the foot. When the centre of pressure of the GRF landed between the

heel and the MTP, the following equations were used:
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FD,x =My Af x — FGRF,x
Fpy =msary + mp g — Forry

Mp = Ir af + ms g 75 com — Forry ToEx — FGrRFX TDEy

Conversely, we applied the next three equations when the GRF between the MTP and
the heel.

Fpx =ms ary — Fyrpx
Fpy =mgary +mp g —Furpy

Mp = I ar + ms g 17 0m — Myrey — Furey "oEx — Furex Terry

Next we considered the reactions at the tibia. A free body diagram of the tibia is seen in

Figure 10.

I'BD,x

i

I't,Com

IeD,y

Figure 10: Tibia FBD

The reaction forces and moments on the tibia were determined as follows:
Fpxy =miapy — Fpyx
FB,y =m; at,y+mtg_FD,y

Mg =1l ar —my grycom —Mp — Fpx "spy + Fpy "BDx
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Finally, Figure 11 depicts the forces and moments on the femur.

FAB,x

rAB,y

|t
il

Figure 11: Femur FBD

Similar to the tibia equations, forces and moments were calculated using the equations
below:
Fppx =mgasy —Fpy
Fpy=msas, +msg—Fg,

Mg = Isas+mg g r5com — Mp — Fpx Tapy — Fpy Tapx

Full joint reaction moment analysis was performed with data sets from patient testing as
well as the scaled idealized gait. See appendix A for the final results of all three data

sets.

The optimal stiffness is obtained from the maximum possible deflection at the instance of
contralateral heel strike [2]. In order to determine the maximum amount of MTP flexion
that can be achieved without causing irregular/uncomfortable gait, we used the
pendulum approximation. This approximation allows us to keep knee flexion constant
during stance phase while the toe and MTP are pinned and only the heel is able to lift off
the ground plane. Figure 13 depicts the model as the foot sits flat on the ground while

Figure 13 shows the raised heel, pinned toes, and forward hip.
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Figure 12: Flat foot pendulum approximation Figure 13: Heel raise pendulum approximation

The ankle flexion angle of the scaled idealized model at contralateral heel strike was
used as the target angle in the pendulum model. Data points were gathered at all six
locations once the model was adjusted to the target angle. Three sets of data points
were taken at varying angles leading up to optimal angle. This data set was then run
through the kinematics and dynamic spreadsheet to determine the joint reaction forces

and moments.

The target stiffness is related to the optimal flexion angle and moment at the MTP as

follows:

M - ktﬁ
Based on the scaled ideal results, the moment at the MTP at contralateral heel strike
was 38.6 N-m and the ankle flexion angle was 150.6°. Therefore the maximum stiffness

value was determined:

M
ke = ( MTP)
19ankle

38.6 _ .
ke = (180—150.6) =1.31N-m/
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The linear stiffness was calculated from the torsional stiffness as follows:

k, \ /180
= () )
T'afo T

k= (=) (£°) =517.2 Nim

Both stiffness and load cases are required for Hyperworks optimization, but the free
body diagrams and equations displayed thus far do not account for an AFO. Introducing
a brace into the system causes the patient’s foot, ankle, and tibia to behave as a rigid
member, affecting the overall reaction forces and moment equations. The AFO applies
a force (Farno) at the fastening location. As previously mentioned, load cases at the
instances of initial heel strike, initial flat footedness, mid-stance, contralateral heel strike,
heel raise, toe push off, mid-swing and second heel strike are critical. These eight
frames were isolated and their load cases were determined in the X direction. We did not
consider loads in the Y direction since the footplate takes them and they do not

contribute to deflection.

The Faox Values were determined using a series of equations. Distance afoxwas
calculated first. The height of the AFO was divided by the knee height, multiplied by the
difference in X values of the knee and ankle added to the ankle X value. The equation is

shown below:

afo
afox = ( rky) (anee - Xankle) + Xankle

The distance afo, was calculated in a similar fashion:

any = (afoy) (yknee - yankle) + Yankle

Tk

Next, the distance from the AFO to the MTP was calculated:

aforor = (( J ((afox = MTP)? + (af o, — MTP,)2) ))/1000/1000
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Finally, dividing the moment produced at the MTP by the total distance yields the applied

force in the X:

Myrp )

Foroy = (
afox aforor

The Farx Values were plugged into Hyperworks to simulate the device loading.

2.6 SAFETY FACTOR, FMEA AND FATIGUE ANALYSES

The FMEA was done for the AFO as it goes through the different stages of the gate
cycle. The heel raise/ toe push off process was the most critical since it had the highest
number of failure modes and the highest RPN value of 243 for the fatigue failure at hinge
mode. Other concerning modes were; brittle fracture at the lower strut or the footplate at
the hinge location which, both had an RPN of 216. The least concerning processes
were; the flat foot and the swing phase which, both had no potential failure modes. More

details can be seen in the table below.

TABLE VIII: FMEA FORM [3]

Process Potential Potential Effect | S Potential F Current Controls RPN Actions
Step Failure Mode E Causes R Recommended
/Input Vv E
Q
Heel Foot plate Injure patient’s | 9 Large load on 1 Training: learning 72 -Follow the AFO
Strike fractures near heel heel part of the AFO’s limitations training instructions
heel region foot plate as (no jump off of
the heel strikes platforms, no kicking
the ground objects with AFO
foot, no walking on
uneven terrain, etc.)
Heel Lower part of Injure patient’s | 9 Large 3 Training: learning 216 -Follow the AFO
Strike strut ankle asymmetric the AFQ’s limitations training instructions
fractures load on heel as (no jump off of -Use best judgement
it strikes the platforms, no kicking to not over strain the
ground(steppin objects with AFO AFO
g on a pebble) foot, no walking on
uneven terrain, etc.)
Heel Lower part of Strut will 3 Large 3 Training: learning 72 -Follow the AFO
Strike the strut contact asymmetric the AFQ’s limitations training instructions
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Process Potential Potential Effect Potential F Current Controls RPN Actions
Step Failure Mode Causes R Recommended
/Input E
Q
buckles patient’s ankle load on heel as (no jump off of -Use best judgement
inward ( causing it strikes the platforms, no kicking to not over strain the
bends in discomfort ground(steppin objects with AFO AFO
unwanted g on a pebble) foot, no walking on
direction) uneven terrain, etc.)
Flat foot none | - |- - -1 - -l
Heel Lower part of Injure patient’s -Excessive 3 Training: learning 216 -Follow the AFO
raise/ strut ankle bending angles the AFO’s limitations training instructions
Toe fractures on the AFO (no jump off of -use best judgement
push off -Excessive platforms, no kicking to not over strain the
torsion angles objects with AFO AFO
on the AFO foot, no walking on
uneven terrain, etc.)
Heel Lower part of Strut will -Excessive 3 Training: learning 72 -Follow the AFO
raise/ the strut contact bending angles the AFQ’s limitations training instructions
Toe buckles patient’s ankle on the AFO (no jump off of -Use best judgement
push off inward ( causing -Combination of platforms, no kicking to not over strain the
bends in discomfort excessive objects with AFO AFO
unwanted torsional and foot, no walking on
direction) bending of the uneven terrain, etc.)
AFO
Heel Foot plate Injure patient’s -Excessive 3 Training: learning 216 -Follow the AFO
raise/ fracture at MTP bending angles the AFQ’s limitations training instructions
Toe hinge on the AFO (no jump off of -Use best judgement
push off platforms, no kicking to not over strain the
objects with AFO AFO
foot, no walking on
uneven terrain, etc.)
Heel Fatigue Injure patient’s Excessive 3 -Checking for 243 -Follow the AFO
raise/ failure at MTP bending angles cracking and other training instructions
Toe hinge on the AFO signs of fatigue -Use best judgement
push off failure. to not over strain the

-Training: learning
the AFO’s limitations
(no jump off of
platforms, no kicking
objects with AFO
foot, no walking on

uneven terrain, etc.)

AFO
-Replace AFO every

two years
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Process Potential Potential Effect Potential F Current Controls RPN Actions
Step Failure Mode Causes R Recommended
/Input E
Q
Swing none | @ - |- - 1-1 @ - {- -1 0 -

The overall factor of safety is determined by five main values, which are the material,

stress, geometry, failure analysis and reliability factors of safety. All these factors of

safety can be multiplied together to determine the overall factor, as shown in the

equation below. [4]

FS = FSnaterial * FSstress * F

eometry * FSfaiture analysis * FSretiabitity

The material factor of safety can range from 1.0 to 1.4. If the material properties are well

known, we can assign a factor of safety of 1.0 and if they are not well defined, a safety
factor of 1.4 will be used. [4].

For this project, the material properties are not very well known therefore, a safety factor

of 1.4 was used as shown below.

FSmateriat = 1.4

The load factor of safety can range from 1.0 to 1.7. If the load cases are well known, we

can assign a factor of safety of 1.0 and if they are not well defined, a safety factor of 1.7
will be used. [4]

The load cases are well defined for regular gate, but there can still be load cases that

were not accounted for. Therefore, a factor of safety of 1.5 will be assigned as shown

below.

FSstress = 1.5

The geometry safety factor has a range from 1.0 to 1.2. If the manufacturing tolerances

are very tight the factor of safety will be 1.0. On the other hand, if the dimensions are not

closely held to the CAD model, then a safety factor of 1.2 will be used. [4]. The geometry

tolerance will be average and therefore, a safety factor of 1.0 will be used.
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FSgeometry =1.0

If the failure analysis to be used is derived for the state of stress or fatigue stresses and
is a well-developed failure analysis, then a factor of safety of 1.0 will be assigned. If the
failure analysis in not well developed then a factor of safety of 1.5 will be used. [4]

Since the failure analysis is well developed for this project, a safety factor of 1.0 is used,

as shown below.

stailure analysis = 1.0

If the reliability does not need to be high then a factor of safety of 1.1 will be used. If a
reliability of 92%-98% is needed then a safety factor of 1.2-1.3 will be used. For a 99%
reliability use safety factor of 1.4-1.6. [4]

This design needs a moderate reliability and therefore, a factor of safety of 1.2 will be

used.

FSretiabitity = 1.2

Since all the variables were determined for equation, the overall safety factor was be

determined to be 2.52,as shown below.

FS=14+15%1.0%1.0%1.2
FS =252

Fatigue analysis is a critical failure mode for this design, since the AFO will be
undergoing numerous load cycles. The ankle-foot brace needs to last the patient for a
full two years, which translates to 5,000,000 load cycles without failing. The equation
below will be used to determine the maximum fatigue stress, where S, is the total fatigue
stress, Sy’ is the theoretical fatigue stress, and the modifying factors which are; Cuthe
material factor, Cs is the stress factor, C; is the reliability factor and Cs is the geometry
factor [5]
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Sp = Sn,CMCstCng

The theoretical fatigue stress is determined to be 6.5 MPa from the S-N curve below,
given that the number of cycles is 5,000,000.
The S-N curve shown below is for PLA, which is not the material that will be used for the

AFO design, but it gives a general idea of what the fatigue failure study looks like.

5 Max bending stress
for infinite life

Max Bending 5tress (Mpa)
i

0 2 A & B 10 12 14

Mumber of Cycles (10)"n

Figure 14:PLA maximum bending stress Vs. number of cycles [6]

The modifying factors Cwm, ,Cst ,Cr ,Cg were determined to be 0.71, 0.66, 0.83 and
1.0. These factors are the inverse of the factor of safety in section.
The total fatigue stress for the AFO design cannot exceed 2.53Mpa, as derived
below.
S, =6.5%0.71 x 0.66 * 0.83 * 1.0
S, = 2.53Mpa

2.7 MANUFACTURING METHODOLOGY AND DFAM

The considerations for the manufacturing of this AFO include an emphasis on pushing

the device’s design space to the level of complexity the freedom of 3D printing methods
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allow. Indeed, geometric freedom is quite increased over most traditional machining

methods, but AM approaches do still have their own set of unique constraints.

2.7.1 MANUFACTURING METHODOLOGY

Pursuing a 3D printable design required an atypical approach to manufacturing
considerations. The design approach took into consideration 3 prominent AM methods:
SLS, FDM and Stereolithography. Decisions for determining the appropriate material
choice were reassessed so as to keep several mechanically advantageous options in
consideration. A comparison of each method was necessary to determine how to best
take advantage of the AM geometry freedom. The initial scoring of each respective
method is detailed in APPENDIX B.

The team chose filament deposition modelling (FDM) as the appropriate manufacturing
method for the device. This method was ideal because it allowed for short lead time,
which was a necessity for producing an initial prototype. There are tradeoffs to every
method of additive manufacturing, and FDM is no exception. The considerations for
which method to use were left up to the team, so several relevant factors needed to be
considered in making this choice.

FDM, like most methods of AM, revolves around layering of heated material that is, upon
cure, weak in the transverse direction. FDM filament parts exhibit what is known as a
raster angle, which is the relative angle between the filament layering plane and the
direction of loading. FDM, compared to SLS and STL, exhibits the biggest knockdown in
mechanical strength when loading out of plane from the raster angle. This, in addition
with the fact that suppliers do not provide thorough knockdown info in their material
specifications, makes for an added challenge in properly analyzing a part’s failure
modes. To circumvent this data gap, the assumption was made that the absolute worst-
case conditions for the stiffness characteristics, as per specification data, would be used
to optimize the stiffness characteristics of the geometry. The guarantee with this

assumption is that

In addition to anisotropy due to rasterization, FDM filaments tend to be brittle with low

strain to failure and low tensile properties. Ideal mechanical properties were considered

to be those in materials that exhibited an optimal combination of maximum strain energy
41



storage in bending.

Maximizing this storage capacity, as well as adequate stiffness such that the device
would mitigate drop foot behavior.

Quotes for materials that exhibited ideal strain energy storage characteristics were
sourced, which made it immediately clear how confined the material options would be.
Using the 2016 prototype to obtain comparative pricing, it was made clear that SLS
methods were universally not realistic within budget. The strain energy, elongation to
break and associated cost of each material was compared to produce several pursuable

options for FEA optimization analysis.

Following the time constraints of the project schedule, priority was shifted towards
manufacturing methods with low lead time. This would eventually make Precision ADM
the optimal choice for lead time along with print bed size, as they are the only printing
company in Manitoba equipped with the large-scale Fortus 900mc.

The options above reference various quotes generated from the 2016 model as received

from the manufacturing sources considered.

Table 9 - AM MATERIAL DATA

Tensile

Strength* Tensile Modulus Elongation Densi  Quote (If
Material Choice Method (Mpa) (Mpa) at Break ty Obtained) Source
Windform XT SLS 83.43 8928.2 3.8 1.097
Windform SP SLS 76.1 6219.6 11.38 1.106
Windform FX SLS 50.74 1908 50.3 1.022
Windform GT SLS 56.21 3289.8 14.82 1.19 3000 USD CRP
Windform GF SLS 50.6 4304 4.6 1.41
Alumide STL 48 3800 4 1.36 318 EUR Materialise
Proprietary CF
Nylon FDM 63.9 4387 4 1.14 200 USD 3DXTech
CF PETG FDM 55.5 4928 2.5 1.34
CF PLA FDM 47.9 4791 2 1.29
CF ABS FDM 44 4018 1.8 1.11
TuskXC2700T STL 53.6 2880 20 1.18 328 EUR Materialise
PerForm STL 78 10500 1.1 1.61

42



Not
PCISO FDM 57 2000 4 listed 885CAD Heartland

Nylon 12 GF SLS 36 2896 3 1.25 1200 USD Stratasys
Polyamide GF SLS 51 3200 6 1.22 253 EUR Materialise
1030 CAD / Heartland /
Ultem 9085 FDM 33 2270 1.7 1.34 679 EUR Materialise
975 CAD / Heartland /
Ultem 1010 FDM 37 2200 1.5 1.27 1542 CAD Cimetrix

* Z-Axis Properties Listed if
Anisotropic Properties Given

[7][8] [9] [10] [11]

Notably, there was not an observed trend between material properties and quoted cost
to print, but rather the cost to print was very dependent on the provider, and the
manufacturing process. In general, SLS materials tended to be more prohibitively
expensive. Given their perceived reduction in anisotropy, the cost increase in utilizing

SLS materials comes with increased ease of analysis.
Strain energy is a property of strong consideration for a heavily loaded part being used
for elastic spring-back. The more strain energy stored, the more propulsive reaction

loading can be provided by the AFO without yielding the device. Strain energy is
represented by:

U—1V )/E
—5( *0°)/

Where V is the volume of the part in question, which would remain constant for
comparison, sigma represents the planar stress, and E the planar modulus of the

material.

By this metric, the materials scored as follows:

Table 10 - MATERIAL STRAIN ENERGY CAPABILITIES

Material Choice Max Strain Energy (kJ/cubic meter) Ranking

Windform XT 389.8078504 8
Windform SP 465.5612901 5
Windform FX 674.6718029 2
Windform GT 480.2061068 4
Windform GF 297.4395911 12
Alumide 303.1578947 11
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Proprietary CF

Nylon 465.3761112 6
CF PETG 312.5253653 9
CF PLA 239.4500104 16
CF ABS 240.9158785 14
TuskXC2700T 498.7777778 3
PerForm 289.7142857 13
PCISO 812.25 1
Nylon 12 GF 223.7569061 17
Polyamide GF 406.40625 7
Ultem 9085 239.8678414 15
Ultem 1010 311.1363636 10

With respect to strain energy as the only metric, the FDM-printable material PC ISO,
which was used in the previous prototype, is evidently the most optimal choice.

Given that the optimization process dealt with limited design space and therefore an
imposed limitation on maximum achievable stiffness variation through geometry
modification, a material could not easily be narrowed down until optimization had yielded
results to indicate that the final design could achieve the performance-preferred

deflection under the patient’s load case. Therefore, multiple materials were analyzed.

2.7.2 DESIGN FOR ADDITIVE MANUFACTURING

Designing for an additive approach requires a modified approach for manufacturability.
Whether utilizing resin curing, powder bed fusion or fused filaments, the process of
manufacturing involves the layer by layer curing of heated material. Therefore, while

geometric freedom in design is increased, it is not perfect freedom.

A main consideration for DFAM is optimization of various project parameters for cost
reduction. Cost optimization is inherent in the mass reducing approach of topology
optimization, but an excess of overhang angles in a design can create an increased
necessity of support structure inclusion. Overhangs are free edges on the bottom of a
part’s geometry. Because the layering process of most AM methods would not allow for
the material to properly cure without more material at its base, the result of unsupported
overhangs will be a severely compromised surface finish with dubious effect on

mechanical properties.
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Print Bed

Figure 15: Print bed orientation

Additional concerns in DFAM include the dimensional tolerance capabilities of various
3D printers. The design is made to be printed on a Fortus 900mc. As per Stratasys
specifications, this printer provides dimensional accuracy to +/- 0.089mm in the XY
plane, as well as the Z axis, with additional tolerancing from slice height variation [11]. In
general, our design tolerance requirements are somewhat loose since the device
interfaces with soft tissue. The exception to this is the bony prominences which must be
avoided by about 3mm. The design space has been generated prior to optimization to
achieve this tolerance so the consideration needed not be factored into choice of print

method.

The proprietary Windform series of polymers is printed inhouse at CRP Technologies on
a Vanguard™ si2™ SLS printer. Generally, the process used by SLS affords greater
control of properties, and therefore, accuracy of analysis given that the Z-plane
mechanical properties tend to closely adhere to those of the print bed plane. Therefore,

the consideration for full stress tensor characterization is not necessarily important.
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2.8 CANFIT MoDEL

The CAD models were first generated on CANFIT for its abilities to quickly generate
complex organic surfaces. They were then input into Hyperworks for geometry
optimization. The process of creating the CAD models is defined in the steps shown

below.

CANFIT is the program that is used to create the basic geometry for the AFO models,
after which the models are inputted into Hyperworks to be optimized. Firstly, the patient’s
foot and leg contour geometry must be inputted into CANFIT to create the inside surface
of the AFO model. This process is done using a cast of the patient’s foot/leg, which is
then scanned using the 3D handheld Spectra™ scanner shown in the 2.8.2. The
scanned model is then offset at the vulnerable locations such as the ankle and first and
fifth metatarsal, to avoid any rubbing or discomfort in those critical areas as shown in
Figure 21. Finally the trim line is added to shave away unwanted material after which,
the model thickness can be defined as shown in Figure 23-Figure 30. These final
CANFIT models are then transferred to Hyperworks, in which they will be optimized for

thickness and strut widths.

A detailed section for each of the steps taken, from creating the cast to having a model

ready for Hyperworks will be discussed below.

2.8.1 CREATING THE CAST

The table below defines the consecutive steps that are taken to create a scan-able cast
of the patient’s leg/foot.
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TABLE XI: STEPS TO CREATING THE FOOT/LEG CAST.

Step

Process

Description

Put sock over the

patient’s foot.

This sock will prevent the cast from sticking to the
patient’s leg/ foot, as Shown in Figure 16-Figure 18.

Mark all the vulnrable
areas on foot/ leg.

Fibular head, ankle, Fifth and first metatarsal, as
shown inFigure 16-Figure 18.

2. Hold the tube over the | This will give a guide line for cutting the cast off of the
sock. leg.

3. Put cast on and wait for | Give the cast a few minuits to fully cure, as shown in
it to harden. Figure 19.

4, Cut the cast along the Use the tube as a guide and cut the cast off of the leg.
tube.

5. staple the it back This will enclose the cast back into a tubular .
together.

6. Cast process is Cast is ready for scanning.

complete.

Shown below are the images taken from the cast creating process.

Figure 16: Cast sock marking

fibular head and ankle.

Figure 17: cast sock marking first

Figure 18: cast sock marking

metatarsal and ankle. fifth metatarsal and ankle.
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Figure 19: Cast ready for cutting.

In general, the cast creating process was fairly quick, it took roughly 20 minutes from

start to finish.

2.8.2 INPUTTING THE CAST GEOMETRY INTO CANFIT

After creating the cast, it can then be scanned with the 3D handheld Spectra™ scanner
shown in Figure 20, and then uploaded as a CAD model in CANFIT. The scanning
process is straight forward, simply aim the scanner at the cast, then press and hold the
scanning button. The CANFIT model will be generated after the inter cast has been

scanned.

Figure 20: 3D handheld Spectra™ scanner.
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2.8.3 CREATING THE CANFIT MODELS

Scanning the cast and offsetting the model will generate a base AFO design, that fits the

patient foot/ leg contours. This base design will then be trimmed and flared to create four

different designs. A base thickness is then added to create the design space for

Hyperworks, as discribed in the table below.

TABLE XlI: STEPS TO CREATING THE CANFIT MODEL.

Step Process Discription
1. Offset the Create clearnces for the ankle, fifth and first metatarsal and the
scanned fibular head to avoid discomfort for the patient, as shown in
model. Figure 21.
2. Create net The trimline will dictate the overall shape of the model, as shown
trimline. inThe trimline will dictate the overall shape of the model, as
shown inFigure 22

3. Add flares. The flares will round the edges of the AFO so they do not dig
into the pateint’s flesh and cause discomfort.

4. Add thickness. | The thickness will initially have a uniform value of 6mm
throughout the AF, which will then be readjusted to an optimal
variable thickness by Hyperworks.

5. End of Models are ready to for Hyperworks, as shown in Figure 23-

process. Figure 30.

Below are the figures of the four designs that were created using CANFIT.
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Figure 21: Offset cast model Figure 22: Defining the trim line

Figure 23: DES4 front view Figure 24: DESA4 rear view

Figure 25: DES3 front view Figure 26: DES3 rear view



Figure 27: DES2 front Figure 28: DES2 rear

Figure 29: DES1 front Figure 30: DESL1 rear

3 DETAILS OF THE DESIGN

The final design features were derived from the list of customer needs discussed in
Appendix A section 1.1. These needs where divided into five main categories which are;
AFO is functional, AFO is durable, AFO is safe, AFO is easily manufactural, patient

needs and AFO is comfortable.
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The AFO design met the patient’s needs by being discreet and aesthetically pleasing.
Insuring that the AFO does not have any bulking geometry sticking out of the basic offset
foot contour of the patient’s foot did this.

We first started by importing a scanned cast model of the patient’s foot, which was then
used to define the foot contours of the AFO to insure that it will be comfortable.
Moreover, the 3D model was then offered at vulnerable areas such as the ankle bone to
insure that the AFO does not cause any irritation or discomfort for the patient. We also
insured that the model was free of any sharp edges, which can cause harm to the

patient.

For the AFO is functional category, we first defined that the AFO will help the patient
simulate natural gate cycle. The AFO design does this by maximizing the forward
propulsion, provide lateral stability, keep the patient’s foot from dropping during the
swing phase. The propulsion was maximized by incorporating the calculated stiffness
target into the AFO design. The stiffness target was reached by optimizing the AFO’s
locations of deflection, the wall thicknesses and the locations and size cut outs where
stresses are low, using HyperWorks. The design also had to accommodate for the
fastening method which consisted of a Velcro strap that will be attached to the top
section of the AFO as shown. The AFO also had to be easily applied and removed,
which was easily achieved since the AFO design was not very confining.

Taking all the failure modes into account and also considering all of the load cases
insure the AFO safety and durability. The different failure modes include maximum
stress, fatigue stress criteria that were set through the material properties, then then
AFO was optimized so the maximum stress values did not pass the stresses that where
defined by the fail criteria. Also a safety of factor was incorporated into the design to
insure the safety of the patient and the durability of the AFO.

The AFO also needed to be easily manufacturable, which was insured by using a 3D
printer to produce the final product. Using 3D printing means there will not be any labor
or detailed manufacturing instructions that makes the manufacturing process much
simpler. The only constraint with 3D printing process was the printer print volume, which
was not very limiting for our design because the company (Windform) we chose to get
the 3D printing done at had a fairly large print volume which was able to fit the AFO

design.
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3.1 ToPoLOGY OPTIMIZATION

The FEM approach sought for this design involved the use of topology optimization. This
approach is the preferred method to design for 3D printed components due to its ability
to provide a designer the tools to optimize for performance or weight, given the freedom
that the AM approach affords in manufacturing. Topology optimization requires
confidence in FEM load cases, but provides versatility in generating atypical, organic
surfaces, and is powerful in that the optimized part can be designed for geometric
stiffness. For the design of a rigid AFO, this is the most appealing approach outside of
iterative prototyping, which is significantly more expensive and would require more

rigorous patient involvement.

Additionally, this problem involves the combined effects of anisotropic polymeric filament
behavior and nonlinear geometric deformations in a dynamic context. The complexity of
the design scenario meant that it was desirable to match that complexity in analytical
rigor. However due to significant time constraints, some of these complicated factors
were not included in our analysis, and were instead accounted for through
approximations and assumptions. Some key assumptions made in the Hyperworks
model are as follows:

e Isotropic material

e Linear elastic behaviour

e Load application through rigid connections

e Perfectly rigid boundary conditions

To achieve relative confidence in simulation results, a software environment combining
optimization and FEA solvers was chosen, specifically the Optistruct solver, which is
built into Altair's Hyperworks package. The software offers advantages in its ability to run
iterative load steps, and create iso-clipped surfaces which dictate where elemental
density can be reduced in a structure based on optimized load paths.

Hyperworks is unitless, so the units of measure are defined by the base unit that the
model was created in. All models were designed and exported to Hyperworks in units of
millimeters, so the equivalent unit system for the models within Hyperworks are shown in
Table XIII
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Table XllII: Equivalent unit system for Hyperworks models.

Parameter Units
0 2 Length mm
(7, =
© C Mass kg
m D

Time S

B @ Force mN
% g Density | kg/mm~*3
o Stress kPa

The topology optimization process was conducted for two out of the four design
concepts modelled in CANFIT. Ideally, the design process would involve optimizing all of
the design concepts in order to determine which design’s performance would most
closely match our targets. However, due to a limited timeline, only DES3 (Asymmetric
Lateral Strut Design) and DES4 (Posterior Strut Design) were analyzed in Hyperworks.
The justification for further analyzing these two designs over the others was because of
their simplicity in geometry. As it was already established that time was a large
constraint on this project, it was decided that the simpler geometry would subsequently
result time savings during the modelling, meshing, and finishing processes. Additionally,
the simpler geometry would cut down on computation time, resulting in more time to be
allocated towards achieving a detailed and thorough analysis. Figure 31shows the two
concepts, DES4 and DES3 in the Hyperworks environment.

Figure 31: DES4 (left) and DESS3 (right) in the Hypermesh environment.
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The coordinate system used in Hypermesh shows the z-direction pointing vertically
upward along the strut, the y-direction is directed along the length of the footplate
pointing towards the heel, and the x-direction is pointing laterally outward. This
coordinate system will be referenced for the duration of this section.
There are many parameters and factors that influence the likelihood of success in a
topology optimizations study. Some key influencing factors discussed in this section of
the report are:

¢ Initial geometry

e Selection of design and non-design space.

¢ Mesh type and mesh quality

e Material type and material properties

e Analysis type

¢ Load magnitudes and vectors, and the method of load application

¢ Boundary conditions and restrictions on degrees of freedom

e Optimization objective

¢ Design constraints and allowable deviations

e Optimization convergence criteria

e Optimization Control Cards

Due to the fact that there are so many parameters which impact the success of the
optimization study, many permutations of the study were performed before feasible and
sensible results were obtained. The subsequent sections highlight the results and
parameters from the specific study that yielded the most successful and realistic results.
Ideally, the topology optimization process would yield a singular result that could then be
modified and cleaned up such that it is comfortable and safe for the patient to wear,
while still maintaining strength and performance characteristics. Initially this was the
intent of the topology optimization process. However, due to a multitude of unforeseen
setbacks and roadblocks, the topology optimization was simply used to determine the
topology which optimizes the resulting load paths that result from the applied external
forces on the AFO. The optimized load paths were then used as a starting point for re-
constructing a final model that could be printed within the imposed budget constraints for

the project.
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3.2 DESIGN SPACE AND NON-DESIGN SPACE

One of the most important and influential factors for running a successful topology
optimization study is selecting the appropriate design space (DS) and non-design space
(NDS), and requires consideration for the functionality of the finished design. The non-
design space was classified as any region of the design that we did not want to include
in the topology optimizations study. Since the topology optimization process will only
remove material from the design space, it follows that any region identified as non-
design space would retain its original geometry in the final design.

Figure 32 shows the design space in green and the non-design space in blue for the
DES4 concept model. There were three regions specified as non-design space in each
topology optimization study: (1) the fixation point at the top of the strut where the AFO
will be mounted to the patient’s calf via a Velcro strap, (2) the heel region of the
footplate, and (3) the toe region of the footplate. The design space for both devices
consisted of all remaining regions including the majority of the strut as well as some
sections of the footplate. The selection of design space and non-design space is highly
influential on the topology optimization results achieved, and it was therefore very
important to make appropriate selections. Increasing the amount of non-design space
present in the model can impose unnecessary constraints on the topology optimization
study, and can contribute to an infeasible solution. It is for this reason that we attempted
to select small regions of non-design space in order to ensure that the optimization study

was not unnecessarily limited.
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Figure 32: Design Space (green) and Non-Design Space (blue) for DES4 in Hyerworks.

3.3 MESH GENERATION

In FEA theory, a shape function is regarded as the expression that describes the ability
of an element to provide a space-specific solution for a load type, and is dictated by the
type of element being chosen. For proper analysis, the differential of strain across the
element should be an accurate representation of the physical strain distribution of the
material at that location. Given the application of an AFO, deformation distribution in a

bending-dominant load case is calculable according to the matrix:

Ely = —Fx3/6 + F%x/2- FL3/3

Where y is the deformation in the transverse direction, and F is the cantilever load applied.

If we differentiate this expression for change in y along x, we get a 2" order polynomial.
Therefore, a discretized strain distribution solution for bending stress should utilize
elements with shape functions (N) that when fit end to end can approximate the
parabolic curve of strain distribution in a cantilever load case.

Given the fact that stress depends on strain and an, its result as a representation of

material failure is dependent on the precision of the mesh. With this knowledge, and the
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limitation of student-available FEA methods like Hyperworks Student Edition, results
depicting deformations will tend to be more reliable, whereas stress values are those
affected most by mesh quality issues. To curb the effect of inaccurate discretization of
stress distribution, the elements were chosen as 8-node CHEXA elements that provide
the following shape function [12]:

Shape Ny = (1/8)(1 — 2)(1-m(1 —p)

Where along with the nu and mu symbols represent the natural coordinate system for
the element, ie, that which shifts along with deformation of the element itself, and is
scaled to range from [-1,1] for each case. The import takeaway is that the shape
functions, which describe the deformation in Hexa8 elements, do not contain second
order terms with respect to any axis.

Notably, these elements are 1%t order, and do not match the 2" order strain distribution
of the strain exhibited. However, with adequate precision, the hexa elements are able to
capture the information within reason. It is desirably to choose low order elements when
computation constraints are an issue, as is the case here, but it is assumed that

discrepancies are accommodated in the safety factoring of the device.

If we differentiate the expression for N above, the result of this gives an expression for
the change in shape exhibited by an element, known as the Jacobian. For this analysis,
repeated checks of context-specific Jacobian magnitudes was conducted such that it
could be ensured that the mesh was not excessively warped and therefore could be said
to be yielding reasonable strain results. For this reason, a solid mesh using TETRA4 and
HEX8 solid elements was utilized.
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Figure 33: Detail view of final mesh for the upper half of DES4 in Hyperworks.

Figure 34: Detail view of final mesh for the lower half of DES4 in Hyperworks.

3.4 EFFECTIVE MATERIAL PROPERTIES

After the solid mesh was created, the next step in setting up the optimization study was
to enter the effective material properties. Effective material properties are relevant for

materials that are anisotropic in nature, and have been reoriented in 3D space. Two
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applications that the concept of effective properties is commonly used in are composite
laminates and 3D printed parts.

In absence of print volume constraints for all materials considered, and for the purpose
of comparison, it was assumed that the optimal print orientation could be achieved for all
materials, and therefore material properties were taken to be their maximum posted
values. In reality, print volume could potentially limit the possible print orientations. If this
is the case, a compromise must be made between orientations that would improve the

strut stiffness, versus an orientation that will fit within the specified print volume.

3.5 BOUNDARY CONDITIONS AND LOAD APPLICATION

Load application and boundary conditioning was done with various techniques to assess
their validity. In Hyperworks, loads can be applied as distributed pressures to varying
element distributions, as well as distributed loads applied to a single central node that
redirects the load to the desired surface. For boundary conditioning, consideration had to
be made for how the device would be used. For example, experimental GRF data for the
patient indicated a floating CoP that transitioned from the heel past the arch of the foot to
the pad of skin just before the toes.

For the purpose of improving computation effort and FEA convergence probability, and
to simplify the analysis, the team assumed that the inertial effects can be treated as
guasi-static and the dynamic load cases were deconstructed into a series of discrete
static loads. The kinematic model covered in Section XX, allowed us to do just this. The
inertial effects are captured within these calculations, so we considered this approach

acceptable.

3.5.1 DYNAMIC TO QUASI-STATIC LOAD APPROXIMATION

The process of approximating a dynamic loading scenario as a static problem involves
dividing up the dynamic case into a series of discrete quasi-static load steps, where the
D’lambert Force represents the instantaneous inertial force as the time derivative of an
object’s momentum, expressed for a particular instance in time.

The time-dependent load cases identified using the patient’s kinematic model were
identified in 2.2.2, and from the results of the kinematic and dynamic patient model
several load cases of interest were singled out. The discrete load cases in Table XIV
were determined based on the critical stages of gait, and were selected to encompass

all loading conditions for regular device use. Load Steps 1 through 5 were applied
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sequentially in order to illustrate the device’s deflection performance trends over time as
the patient applies loads through their natural gait cycle.

Load Steps 5 and 6 are shown in parentheses, as they are used to determine the
device’s performance and structural integrity under irregular loading. Load Step 5 is the
potential strut torsional load due to side loading on the footplate, and Load Step 6 is an
estimate of the torsional load experienced by the footplate when the device is in use
over rough terrain. Notably, the peak load considered occurs a contralateral heel strike,

at which point load is transferred from one foot to the other.

Table XIV: Loading scenarios used for FEA and topology optimization.

# Load Step Applied Force | Boundary Condition Used on study
1 Heel Strike (initial 37 N Fixed support at heel FEA Re-analysis

contact) region only

Loading Response Fixed support at heel FEA Re-analysis
2 45 N .

(flat foot) and toe region

Fixed support at heel FEA Re-analysis

3 . 53N .

Mid-stance and toe region

Contralateral Fixed support at toe Topology
4 . 83N . N

Heel Strike region only Optimization

Footplate Torsion Fixed support at toe FEA Re-analysis
(5) 65 N :

Load region only

Keeping with the two-dimensional approximation of gait motion, all load steps were
applied along vectors which lie on the mid-plane of the foot, with the exception of the
torsion load, which is applied perpendicular to the mid-plane of the foot. Diagrams for

each load step are shown in Figure 35 through Figure 39.
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Loadstep 1:
Heel Strike

Figure 35: Diagram of heel strike load scenario.

Loadstep 2:
Loading Response

Figure 36: Diagram of loading response load scenario.
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Loadstep 3:
Mid-Stance

Figure 37: Diagram of mid-stance load scenario.

Loadstep 4:
Contralateral Heel Strike

Figure 38: Diagram of contralateral heel strike load scenario.
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Loadstep 5:
Footplate
Torsion

Figure 39: Diagram of footplate torsion load case.

It is important to note that during topology optimization, only Load Step 4 (at
contralateral heel strike) from Table XIV was used to generate the optimized load paths
for topology optimization, since this is the load case that was deemed to be most
important to consider in terms of performance. All other load steps were used as checks
in the FEA reanalysis stage after the preliminary topology results were obtained. This
was done to save time during computations and to reduce the risk of non-convergent
optimization results. In the future, it is recommended that all load cases be considered
during the topology optimization process in order to create a more all-encompassing

solution.

3.6  OPTIMIZATION PARAMETERS AND CONSTRAINTS

There were many different approaches devised to solve the problem of topology
optimization. Table XV highlights the optimization parameters used for the first attempt

at running the topology optimization study.
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Table XV: Initial topology optimization parameters entered into Hyperworks.

Parameter Description

Material selected Various.

Loading during contralateral heel strike, -83 N
applied in the y-direction (perpendicular to the
AFO strut), located approx. 14" from the base of

Load Applied the heel.

Fixed geometry at the toe region of the footplate
Boundary Condition (all DOF constrained).

Maximum stress > 0.397 x yield stress of the
Stress Constraint material.

Deflection target of 160mm at the point of
application of the load (to achieve an effective

Deflection Constraint linear stiffness of 1.31 N-m/deg).
Optimizing Objective Minimize total mass.

Topology Optimization Code | Optistruct.

Study Type Linear-static.

The study was conducted for a wide variety of 3D printing material options due to
uncertainty in the feasibility of each material. The materials considered were: PC-ISO,
Ultem 9085, Ultem 1010, 3DXTech CF-PETG, and Windform SP. Material properties for
these and other materials considered can be found in Table 9. The optimizing load
condition was that of contralateral heel strike, for which the performance stiffness target
was based on. Since contralateral heel strike normally occurs after the heel has raised
off of the ground, the boundary condition was applied to the toe region only. This
assertion was confirmed through the gait kinematics and dynamics analysis conducted,
which showed that the point of application of the GRF was ahead of the MTP joint during
contralateral heel strike. The stress constraint was material dependent, and a safety
factor of 2.52 was used based on Section 2.6. The deflection constraint was derived
from the gait kinematics and dynamics analysis, which stated that the optimal torsional
stiffness of the AFO must be approximately 1.31 N-m/deg.

The optimizing objective was to minimize total mass. Minimizing total volume is also a
valid optimizing objective, and would yield the same results since the AFO is assumed to
be of solid fill and uniform density. Another common optimization variable is compliance,
which refers to the distribution of strain energy density throughout the part, however

unsuccessful in producing a feasible result using this method.
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Specific to Optistruct and RADIOSS, the two solver tools in Hyperworks, there are many
possible optimization methods, with different strengths and limitations in each case.
Three relevant optimization cases are linear static analysis, non-linear geometric
analysis, and dynamic analysis. Linear static is not ideal for predicting accurate
deflections of high strain designs. Imposing a required stress or deflection target on the
mesh can create distortion of the elements as they attempt to achieve the required
targets within the limited relative nodal constraints. In doing so, the extreme Jacobians
produced can be mathematically inaccurate. As mentioned previously, the dynamics of
human gait motion was approximated using a quasi-static assumptions, where
discretized load cases were determined, and will be applied in place of a fully dynamic

study.

It is the case that the deformations desired of an AFO design containing a rigid strut and
flexible MTP region at the imposed timing of max deflection (during contralateral heel
strike) tend to push the resulting deflections outside of the assumed linear small-angle
deformation range assumption required for the linear stress-strain relationship according
to Hooke’s Law to remain valid. With this in mind, the strongest approach is simulated
application of Finite Strain Theory (FST) through a non-linear geometric analysis, which
is a more general case for elements deforming with variable stiffness. It was therefore
decided that a geometric non-linear study is the most accurate method for simulating
AFO deflections. However, due to limited time constraints, computation power, and
access to appropriate troubleshooting resources for Hyperworks, the non-linear analysis,
though attempted, was not fully implemented. Therefore, the problem was approximated

using a linear-static approach.

3.7 ADAPTED OPTIMIZATION APPROACH

From the preliminary results of the optimization study there were many lessons learned.
It was found that, for the given design space, certain constraints were impossible to
satisfy for a number of reasons. It is often the case with optimization problems that,
given a set of parameters, variables, and constraints, often the result is an infeasible
design, with no optimal solution. This was the case for the initial set of optimization
attempts. Given the design space as a starting point, the materials available, the
stiffness targeting for optimal gait, and the desired safety factor, a feasible solution was

not initially achieved for both DES3 and DES4 concepts, with any of the materials
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chosen. One root cause for the initial failed optimization attempts was that the

constraints were too limiting.

In the face of failing optimization attempts, and a fast-approaching design deadline, the
optimization approach was adapted. For the purpose of achieving a convergent
optimization solution, the deflection constraint was removed, and allowable margins for
stress were widened. This was done with the intention of obtaining results that could
then be interpreted and applied to future design modifications. It is important to note that
the results obtained and discussed in this section are not those of a fully optimized and
manufacturing-ready design, but rather the results of the first step towards achieving a
feasible design in a larger optimization problem. The results shown highlighted in this
section, along with the recommendations discussed in 4.1, are intended to lay the
foundation for future optimization steps, such that this project can be continued in the

future and the approach can be perfected.

3.8 PRELIMINARY TOPOLOGY OPTIMIZATION RESULTS

The first successful result from the optimization process was achieved using the material
Windform SP. Isometric, front and side views of the topology optimized model (using an
iso-clipped value of 0.0725 or 7.25%) for the DES4 concept are shown in Figure 40 and
Figure 41.
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Figure 40: Isometric view (left), front view (middle), and back view (right) of topology optimized Windform SP
AFO in Hyperworks, with 7.25% iso-clipping.

Figure 41: Side view of topology optimized Windform SP AFO in Hyperworks with 7.25% iso-clipping.

The topology optimization process yields not just one design, but one element density
plot, which can be modified using the iso-clipping function in Hyperview. The element
density plot for the topology optimized version of DES4 using Windform SP is shown in
Figure 42. The element density plot is unit-less, and provides a means of determining
the critical locations on the part for which material is needed to sustain the loads applied
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and to achieve the desired performance. An element density of 1.0 (red regions)
indicates that material is required, and an element density of near-zero (blue) indicates
excess material that can be removed. Effectively, the results produced from the
topology optimization process indicate the optimized load paths for stress to be
distributed throughout the part. The iso-clipping feature allows the user to gradually
remove material in regions where it is not required (the blue regions in Figure 42), in
order to achieve a design that is both realistic and functional. For this particular case, an
iso-clipping value of 0.0725 was used to achieve reasonable results.
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Figure 42: Element density plots for the front (left) and back (right) views of topology optimized Windform SP
AFO in Hyperworks, with 7.25% iso-clipping.
After achieving a reasonable topology result using the iso-clipping feature in Hyperview,
the next step in the process involved re-meshing the new optimized geometry, and re-
running the FEA using identical loading conditions to investigate how the new iso-clipped
design will perform under the same load in terms of stress and deflection. Hyperworks
has a built-in function that allows the user to achieve this, called OSSMOOTH. This
function smooths out the tessellated surfaces generated from the topology optimization

process, and generates new “clean” geometry and re-meshes the new geometry based
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on the previous mesh. In this context, “clean” geometry refers to that which does not
have any significant sharp corners or floating elements left over from the iso-clipping
process. The un-deformed stress contour plots resulting from the FEA re-analysis

process are shown in Figure 43, Figure 44, and Figure 45. The stresses shown in the

contour plots are in units of kPa, and the plots are scaled to show the peak value as the
maximum stress in the part.
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Figure 43: Overall stress contour plot for the preliminary topology optimized Windform SP design, in units of
kPa.
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Figure 44: Footplate top detail view of stress contour plot for the preliminary topology optimized Windform
SP design, in units of kPa.
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Figure 45: Footplate bottom detail view of stress contour plot for the preliminary topology optimized
Windform SP design, in units of kPa.
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Stress contour plots are shown in the averaged state, using the Advanced Average
method, which averages the results at the stress tensor level, before VonMises stress is
calculated. This is the recommended averaging method in terms of accuracy [14]. The
contour plots reveal that the most highly stressed areas occur at the heel and MTP
regions of the AFO, where geometry and cross-section changes occur. This is to be
expected, as these geometric transition regions provide a means for stress to become
concentrated.

Note that the tabulated yield strength of Windform SP is 76.1 MPa, and the maximum
allowable stress was determined to be 30.2 MPa based on a safety factor of 2.52. There
are still some locations on the AFO in its current state that have excessive stresses
which exceed the allowable stress criteria used during optimization. This is due to the
fact that the stress constraint was applied globally, and the optimization code does not
look for localized stress concentrations to avoid intermediate errors in the solving
process. As a result, not all stress concentration issues were addressed within the first
iteration of topology optimization, and further modifications to the design are necessary
in order to completely alleviate all high-stress areas. The process of smoothing and re-
analysis is covered in 3.9.1.

Overall deflections were also plotted in the FEA re-analysis process to examine the
AFO’s combined material and geometric stiffness in bending under the prescribed load
for the critical case of contralateral heel strike. Deflections contour plots, shown in Figure
46, are in units of mm, and the charts are scaled to show the peak value as the
maximum overall deflection in absolute value. The preliminary design is represented in

both un-deformed and deformed (1:1 scale) states.
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Figure 46: Side view of deflection contour plot represented in un-deformed (left) and deformed in 1:1 scale
(right) states for the preliminary topology optimized Windform SP design, in units of mm.
The topology results were obtained for optimized the load paths, however due to this
material’s relatively high elastic modulus, the design was too stiff, and had to deviate
from the deflection constraints imposed in order to pass the maximum allowable stress
criteria. The optimized Windform SP design deflected approximately 54mm under the

imposed load of 83 N.

3.8.1 INADEQUACIES WITH THE LATERAL STRUT DESIGN

The lateral strut design DES3 was the other concept selected for further optimization
after the concept scoring process. Similar to the DES4 design, the topology optimization
approach was also applied to the DES3 concept. Non-design space, load cases, and
boundary conditions were kept constant so that a direct comparison could be made to
the DES4 model. In all attempts at topology optimization, and with all of the materials
chosen, none of the studies converged to yield feasible designs, even within the first
iteration. This was a clear indication that the design space (or starting point) was not
adequate to sustain the applied loads.

Further investigation revealed that excessive stresses and deflection were occurring in
Iteration 1, before the optimization code even began removing material. The cause of
the excessive deflections was suspected to be due to the nature of the asymmetric
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design to tend towards lateral deflection when subjected to a bending load about the x-
axis. In order to test this theory, a vertical load was applied in the center of the toe region
of the DES3 AFO’s non-design space based on GRF data collected from the patient.
The load was applied upwards at 892 N and fixed at the cuff near the top of the strut. To
keep the study directly comparable to the optimized DES4 model, Windform SP (one of
the stiffer 3D printed materials considered for this project) was the material chosen for
this investigative study. This new loading scenario is shown in Figure 47, where the
applied load is indicated in green and the fixed constraints are indicated in blue, which
apply to all internal nodes on the cuff non-design space. An FEM study was run to
determine the x-direction reaction force at the top of the AFO strut, and it was found that
the peak equivalent lateral load was 78000 mN or 78 N. This result is indicated in Figure

48, and illustrates a force contour plot in units of mN.

=0RCE =8.92e+005

Figure 47: Investigative load scenario for DES3 showing applied ground reaction force in mN.
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Figure 48: Peak reaction force in the x-direction at the AFO fixation point for an applied ground reaction

force of 892 N on design concept DES3.

This reaction force of 78 N was then applied in the negative x-direction in a load case

similar to the one depicted in Figure 39. The resulting deflections and stresses were
plotted in Figure 49 and Figure 50 respectively.
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Figure 49: DES3 Windform SP model excessive deflections in mm (scaled 1:1 for visualization) due to
equivalent lateral bending load of 78 N caused by GRF.
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Figure 50: DES3 Windform SP model excessive deflections in kPa (un-deformed) due to equivalent lateral
bending load of 78 N caused by GRF.

Based on the deflection contour plot in Figure 49, under the prescribed lateral load, the
DES3 concept design experiences substantial deflections of up to 120 mm laterally,
which was deemed to be excessive in terms of what would be allowable for facilitating

healthy and comfortable gait.

Note that the deflection and stress contour plots are to be interpreted with caution, as it
is likely that the problem has transitioned into the realm of non-linear geometry, however
the general trend of large lateral deflections is apparent, and this was deemed sufficient
evidence to rule out DES3 as a viable optimization starting point in its current state.
However, this is not to say that a feasible result could not potentially be obtained if the
design space for DES3 were modified to drastically increase lateral geometric stiffness.
However, due to limiting timeline for this project, the design space and concept model for
DES3 were not revisited.
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3.9 PosT-OPTIMIZATION REFINEMENT

Using Hyperworks, an optimized solution was obtained for the DES4 posterior strut
using Windform SP material, however it was found that the optimized design still
contained some regions of unacceptably high stress. Geometry smoothing was
performed using Autodesk Meshmixer in order to smooth out the rough contours of the
model and to eliminate stress concentrations in areas of interest. Most notably, contours
in the footplate were slightly modified such that the changes in cross-section were more
gradual, and certain load-bearing members were stiffened in an attempt to raise to
safety factor closer to the desired value of 2.52.

3.9.1 FEA RE-ANALYSIS OF TOPOLOGY OPTIMIZED DESIGN

Once the final geometry was generated using Meshmixer, the finite element model was
created in Hyperworks using the shrink-wrap mesh function with an element size of 2mm
to ensure that a fully enclosed solid mesh was achieved. Then, the FEA re-analysis was
run for all of the load cases identified in Table XIV. This was done to ensure that the
design was safe for the entirety of loading scenarios considered, and to identify the final
deflection and stiffness characteristics of the AFO. While FEA was run for all five load
scenarios, only the contour plots for the worse case-loads are displayed.

Displacement contour plots (scaled 1:1) are shown in Figure 51, Figure 52, and Figure
53 for the Mid-Stance, Contralateral Heel Strike, and Footplate Torsion load steps
respectively. It was found that under peak loading at mid-stance, the maximum
deflection in the y-direction was approximately 8mm. Under peak overall loading during
contralateral heel strike, the maximum deflection in the y-direction was 44 mm. This is
substantially less than the ideal value of 160mm. However, engineering is about making
trade-offs, and due to the limitations of the material strength and stiffness, a degradation
in performance was acceptable given the importance of safety under the prescribed
loading conditions. Under the lateral load case, deflections were limited to approximately
5mm, which was deemed to be acceptable in terms of facilitating natural gait, as these
deflections would not significantly alter the gait characteristics of the patient during

normal device use.
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Figure 51: Refined AFO deflection contour plot (scaled 1:1) for the load case of Mid-Stance loading, with
applied load of -53N in the y-direction.

3002

Figure 52: Refined AFO deflection contour plot (scaled 1:1) for the load case of contralateral heel strike
loading, with applied load of -83N in the y-direction.
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Figure 53: Refined AFO deflection contour plot (scaled 1:1) for the load case of lateral loading, with applied
force of -65N in the x-direction.
In addition, the final stress contour plots were generated for all five load cases, however
only the FEA results from the worst case load scenario are presented. These plots of
VonMises stress are shown in Figure 54, Figure 55, and Figure 56 for the load cases of
mid-stance, contralateral heel strike, and footplate torsion respectively. It was found that
the peak stress for all load cases was 56.4 MPa, which occurred at the foot-plate near
the point of application of the fixed boundary condition near at the toe region. This peak
stress value resulted in a factor of safety of 1.31, which is notably lower than the safety
factor prescribed in 2.6. Note that stresses observed in the vicinity of an idealized
boundary condition can often be misleading, and it is possible that the exceptionally high
loads experienced in the footplate region are a product of the idealized rigid boundary
condition applied in the contralateral heel strike load step. It is for this reason that the
excessive stresses in this region are deemed acceptable despite the low safety factor.
However, this discrepancy between ideal and actual safety factor indicates that there
exists an opportunity for further refinement of the design in order to achieve more
optimal performance under the given loads.
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Figure 55: VonMises stress contour plot for FEA re-analysis in MPa on contralateral heel strike load case.
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Figure 56: VonMises stress contour plot for FEA re-analysis in MPa on footplate torsion load case.

3.10 FINAL AFO DESIGN:

A SolidWorks render of the final AFO design is shown in Figure 57, which was smoothed
out using Autodesk® Meshmixer™. The final design specifications are summarized in
Table XVI.
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Table XVI: Final AFO design specifications.

Design Model DES4
Material Windform SP
Strut Type Posterior leaf spring
Attachment Method Velcro strap
Overall Height 38.1 | [cm]

Overall Width 9.5 [cm]

Overall Length 27.8 | [cm]
Weight 575 | [g]

Linear Stiffness of Strut 39 [N/mm]

Overall Linear Stiffness 1.88 | [N/mm]

Strut Bending Stiffness 14.65 | [N-m/deg]

Overall Bending
Stiffness 4.01 | [N-m/deg]

Approximate cost 3000 | [S]

Figure 57: Final render of the posterior strut AFO design.




Table XVII and Table XVIII show additional performance data regarding linear and

bending/rotational stiffness respectively for the final AFO design, based on the

prescribed loading scenarios. Note that the significant spike in stiffness between the

strut performance and overall performance is based on the fact that different boundary

conditions are applied in either case. In terms of AFO performance, it is desirable that

the overall stiffness is lower than the strut stiffness. This ensures that the strut is rigid

and the majority of deflations are occurring due to MTP joint flection.

Table XVII: Linear deflection performance of the final AFO design.

Load Ste Applied Force Strut Linear Linear Stiffness Linear Stiffness
P [N] Deflection [mm)] [N/mm] [Ib/in]

Heel Strike 37 5.4 6.85 39.1

Loading 45 6.6 6.82 38.9
Response
Mid-Stance 53 7.8 6.79 38.8

Contralateral

Heel Strike 83 44.2 1.88 10.7

Table XVIII: Bending/rotational deflection performance of the final AFO design.

Applied Angular Strut | Angular Stiffness | Angular Stiffness
Load Step Moment [N-m] | Deflection [deg] [N-m/deg] [Ib-in/deg]
Heel Strike 12.95 0.88 14.65 0.130
Loading 15.75 1.08 14.58 0.129
Response
Mid-Stance 18.55 1.28 14.53 0.129
Contralateral
Heel Strike 29.05 7.24 4.01 0.036

The final design features were derived from the list of customer needs discussed in

Appendix A section 1.1. These needs where divided into five main categories which are;

AFO is functional, AFO is durable, AFO is safe, AFO is easily manufactural, patient

needs and AFO is comfortable.
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The AFO design met the patient’s needs by being discreet and aesthetically pleasing.
Ensuring that the AFO does not have any bulking geometry sticking out of the basic
offset foot contour of the patient’s foot achieved this.

We first started by importing a scanned cast model of the patient’s foot, which was then
used to define the foot contours of the AFO to ensure patient comfort. Moreover, the 3D
model was then offset at vulnerable areas such as the ankle bone to ensure that the
AFO does not cause any irritation or discomfort for the patient. We also ensured that the
model was free of any sharp edges, so that the device does not cause harm to the

patient.

For the AFO is functional category, we first defined that the AFO will help the patient
simulate natural gate cycle. The AFO design does this by maximizing the forward
propulsion, provide lateral stability, and keeping the patient’s foot from dropping during
the swing phase. The propulsion was maximized by incorporating the calculated
stiffness target into the AFO design. The final AFO stiffness was achieved by optimizing
the device’s locations of deflection, the wall thicknesses and the locations and size cut
outs where stresses were low. The design also had to accommodate for the fastening
method which consisted of a Velcro strap that will be attached to the top section of the
AFO.

4 CONCLUSION AND RECOMMENDATION

4.1 RECOMMENDATIONS

For the recommendations sections, details about how some of the processes for this

project can be improved will be provided.

4.1.1 MATERIAL ANISOTROPY

The analytical approach to conducting topology optimization involved the assumption of
isotropic material properties due to the lack of available material data provided by
manufacturers. In the absence of adequate material testing, this approximation was the
only option for the group. In reality, 3D printed materials behave anisotropically.

Specifically, the material properties in the z-direction are different than the properties in
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the x and y-directions due to the nature of the layer-by-layer process of building a part
through additive manufacturing. Generally, the strength and stiffness in the z-direction is
less than that of the x and y-directions for the process of 3D printing. This anisotropy is
most notable in FDM, however it also exists to a lesser degree in SLS and
Stereolithography processes. Furthermore, in FDM, the toolpath of the extruder nozzle
and the infill pattern can also introduce anisotropy between x and y directions (in plane
with the print bed). Another contributor to material anisotropy in 3D printed parts is
attributed to thermal effects, and the heating and cooling of material, though this effect
can sometimes be lessened in FDM by using a pre-heated print bed. The material
properties in a 3D printed part are very process-dependent, and it is for this reason that
a lot of material datasheets for these materials do not include a full description of the
anisotropic behaviour of the material. The lack of material data further complicates the
issue of accounting for material anisotropy in our analysis. It is for these reasons that our
analysis makes the assumption of isotropic material properties. However, it is
recommended to pursue an anisotropic analysis in the future, as this non-uniform
behaviour can drastically change the performance of the design.

In the simplest case of isotropic material properties, the three-dimensional compliance
matrix requires just three material properties to describe the material’s elastic behaviour
under load: Young’s Modulus, Poisson’s Ratio, and Shear Modulus. For an isotropic

material, Poisson’s Ratio and Shear Modulus are related through the following relation:
_ E
21+ v)

For an isotropic material, Hook’s Law describes the relationship between stress and

G

strain for any direction as follows:

1 v
-7 2t
E G

The most complete description of an anisotropic material’s three-dimensional stiffness
characteristics requires 21 unique material properties. One approach for analyzing the
anisotropy of 3D printed materials is to assume that the material is orthotropic, meaning
that the material has three mutually orthogonal planes of symmetry. For an orthotropic
material simplification there are only nine material properties needed to fully describe the

stiffness matrix. For an orthotropic material, the stress tensor is as follows:
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It is obvious from the stiffness matrix for an orthotropic material that the stresses in one
direction are influenced by the material properties in all other directions. Commonly, the
case of a 3D printed material can be further simplified to a transversely isotropic
scenario. This approach is valid under the assumption that the material properties in the
1 and 2 directions are the same, and requires that only five unique material properties be
known in order to fully describe the behaviour of the material. Mathematically, the stress
tensor is further simplified by the following [13]

Ei1 = Ey
V21 = V12
V31 = V13
V23 = V32

In this case, the 3-3 direction would be equivalent to the z-direction of the 3D printer
coordinates (or the layer direction), whereas 1-1 and 2-2 directions represent the x and y
coordinates respectively. The approximation of transversely isotropic material properties
would assume that the material properties in the x and y directions are equivalent, while
the z direction has alternate material properties. This is the recommended approach for
analyzing the anisotropic behavior of material properties, as it reduces the complexity of
the analysis greatly, while still accounting for anisotropy in 3D printed materials due to
layer direction.

Since most companies do not provide a full description of the anisotropic behavior of 3D

printable polymers in their material data sheets, it is also recommended to perform
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material testing which is adequate for describing the behavior in the x, y, and z directions
and for determining the give independent material properties needed. Hyperworks has
the capacity to handle transversely isotropic material properties in FEA and Topology
Optimization studies using the MAT8 material card, so this approach would be

compatible with the software’s capabilities.

4.1.2 NON-LINEAR GEOMETRY

For this report, topology optimization process was conducted using a linear-elastic solver
method, which does not account for large strains or large deformations. For truly optimal
propulsion characteristics of the AFO, it is desirable to have localized deformation
concentrated at one particular region (in the case of this design, the MTP region). To
achieve this, the ideal design would maximize compliance in the region intended for
deflection, and minimize compliance in all other locations. However, maximizing
compliance introduces high strain energy density, which in turn results in the linear-static
approximation of Infinitesimal Strain Theory to become invalid. For large localized
strains, terms in the Green-Lagrangian Strain Tensor that were previously small enough
to be ignored begin to dominate the governing strain equations, and Finite Strain Theory
is required to fully describe the behavior of the material. For this reason, a linear-elastic
study in Hyperworks is not the ideal approach. Using linear elastic equations to describe
non-linear behavior can be dangerous and can result in unrealistic and inaccurate
results. Similarly, if the AFO material is not sufficiently stuff, a non-linear situation is

encountered.

4.1.3 OPENSIM

We recommend using OpenSim to simulate the patient’s gate instead of Microsoft excel.
OpenSim is a very powerful program that can be used as a kinematics and dynamics
tool, to analyse the patient at the different stage of gate. OpenSim would also be able to
determine all the joint’s angle flections, reaction force at each joint and also determine
the target stiffness of the AFO. we were unable to use OpenSim due to its complex
learning curve, but if we did know how to use it our stiffness targeting would have been

much easier to obtain.
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4.1.4 MAXIMIZING AFO PROPULSION USING SHIMS

The implementation of a shim design will allow the patient to get the most out of the
AFO, by maximizing its propulsion. The general idea behind the shim is it will cause the
patient to lean into the AFO and increasing its the deflection angle, thereby increasing
the potential energy of the device. Figure 58 below illustrates an exaggerated model of
what the patent’s leg/foot and AFO might look like without the implementation of a shim.
Without the shim, there is no deflection at the knee or the MTP and the patent’s weight
will mostly be on his/her heel, meaning there will be no preload on the AFO during mid-
stance. Figure 59 however, shows how the shim allows the patient to lean into the AFO,
causing it to deflect at the hinge and store more energy, allowing for a higher energy
return during push off [14].

R\
f

Figure 58: vertical leg without shim.
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Figure 59: knee and AFO flexion with shim.

The shims have the same inside surface contours as the outside surface of the AFO,
allowing the AFO to sit on the shim without shifting around. Likewise, the bottom side of
the shim was designed to be flat so it can sit flush on the sole of the shoe without

moving.

The maximum angle of elevation for the shim will be 3.2 degrees. At this angle,
propulsion will be maximized and at the same time the patient will not feel fatigue in
his/her quadriceps due to a larger knee deflection angle. Three shims should be used,
with the 1.2, 2.2 and 3.2 degree elevation angles, which will be worn by the patient in a
gradual manner, starting with the 1.2 degree shim then working up to the 3.2 degree
shim. The gradual process will make it easier for the patient to adjust to the largest shim.

4.1.5 REMODELING OPTIMIZED DESIGN

We recommend finding a software that will be more user friendly for remodeling the
optimized design to make it feasible. The models that are outputted by CANFIT where

not easily inputted into Hyperworks because the model had too many tessellations to run

89



smoothly in the program. This meant that an additional step was required to reduce the
tessellations before plugging the model into Hyperworks. The program that was used to
undergo this intermediate step was called Geomagic. The model was then plugged into
Hyperworks for meshing, FEA and topology optimization, after which it was inputted into
Meshmixer to create a smooth surface model. After change and smoothing the surface
the FEA had to be reran using Hyperworks. After the smoothing and FEA step was
complete, the model was plugged into SolidWorks to create the final rendering. Figure
60: Modeling programs and processes flow chart. Figure 60 shows the process and

programs used in a flow chart.

1. Vorum 2. Geomagic 3. Altair
Canfit for SolidWorks Hyperworks
Generate concept Simplify STLand Meshing, FEA, and
modelsbased on reduce number of topology
scan of patient’s tessellations. optimization.

foot/leg anatomy.

6. SolidWorks 5. Altair 4. Autodesk
or CATIA Hyperworks Meshmixer
Create solid body, FEA Re-analysis. Smooth out
determine overall optimizedresult
specs, and create and modify surface
finalrenders. geometry.

Figure 60: Modeling programs and processes flow chart.

4.1.6 MOTION CAPTURE PROCESS IMPROVEMENTS

Some recommendations for the motion capture process which will help eliminate the
source of error, include having a touchless video recording actuator for the camera and
not touching the camera after it has been set up for recording. During the motion capture
session, the camera was first set up, and then the video button on the camera is pressed
after the patent was ready for the recording. When the bottom is pressed, the camera
will slightly move/ change view angles which introduced a source of error in the data
collection. A good way to avoid this is to first set up the camera, then having a separate
remote to actuate the video recording once the patent was ready. Doing so, will
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illuminate any shifting or movement in the camera which will produce a more consistent

data collection.

The gait kinematics of the patient are mechanically assessed using a straightforward
motion capture approach. Motion capture methodology should be similar to that which is
detailed in section 2.2.1 with a focus on limiting distortion of data points due to depth of
field. A camera with high focal length is recommended for image flattening and
increased data precision. In capturing new patient data, it is recommended that GRF
data is collected simultaneously, if possible. Data matching of the kinematic motion to
the dynamic pressure data has an impact on the precision of muscle moment
calculations. If possible, data filtration should be applied to all collected data points so
that the center of pressure (COP) distribution and joint displacements follow smooth
sinusoidal motion patterns that would be expected of patient motion. It is noted that only
2-dimensional sagittal plane displacement of the patient is necessary for this pendulum-
model adapted design method, but a multiple camera setup would still be desirable for
data precision.

The motion capture data processing is conducted on Adobe® After Effects, although
other commercial methods are available. Careful attention should be drawn to tracking
jitter that occurs in automatic data point tracking in After Effects.

Our team also recommends the use of a raised walking platform to be used in
conjunction with the Wii-Fit Board for obtaining GRF data, with a cut-out that will allow
the Wii-fit to sit flush with the platform surface. The Wii-Fit Board that was used to collect
the GRF data, was not flush with the ground, so patient had to step up onto the plate
which did not mimic a natural gate cycle on flat ground. This might have generated a
source of error in our data collection and this error could have been avoided if the

surface of the Wii-fit was in line with the ground.

4.1.7 EXPLORING AN ASSEMBLY APPROACH

We also recommend using an assembly for the AFO design instead of using a single
component. The single component is unable to deflect the amount that we needed it to

bend at the MTP because the material will fail due to the high elongation. So, in order for
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the single component design to work without breaking, we designed it to deflect a small
amount in various areas. This was undesirable, because if the AFO deflects in more
than one location it will simulate two or more springs in series, which will decrease the
stiffness of the AFO significantly. Therefore, if we used an assembly approach, the
single hinge with a torsional spring or leaf spring design could have been implemented,
which would have made the analysis much simpler and allowed the AFO to maximize

propulsion.

4.1.8 USER FRIENDLY REMODELING

Some recommendations for the motion capture process which will help eliminate the
source of error, include having a touchless video recording actuator for the camera and
not touching the camera after it has been set up for recording. During the motion capture
session, the camera was first set up, and then the video button on the camera is pressed
after the patent was ready for the recording. When the bottom is pressed, the camera
will slightly move/ change view angles which introduced a source of error in the data
collection. A good way to avoid this is to first set up the camera, then having a separate
remote to actuate the video recording once the patent was ready. Doing so, will
illuminate any shifting or movement in the camera which will produce a more consistent

data collection.

4.1.9 LOAD APPLICATION AND BOUNDARY CONDITIONS:

To simplify the analysis, there is assumed perfect rigidity between the contact patches of
the heel and/or toe, depending on center of pressure location, rather than real contact
interaction between the AFO, the foot, and the shoe. Contact influences boundary
condition behavior in FEM, but is very intensive to correctly model. The assumption that
there are minimal energy losses between surfaces of the AFO and its surroundings are
acceptable because the sole of a shoe can generally deform when subjected to loading,
so it is not likely that high dynamic friction forces will be acting on the AFO. The
deformation will have slight effects on patient kinematic behavior due to kinetic losses
but this is considered negligible, as a shoe generally does not noticeably increase

energy input required to walk.
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4.1.10 PATIENT-SPECIFIC CUSTOMIZABLE DESIGN APPROACH

The approach of this design sets up the analytical methodology that can be modified for
multiple patients based on their gait constraints. Rather than producing multiple sizing
options, it is more advantageous to individualize the designs to fit locomotive limitations.

The process of modifying the design involves the following components:

. Patient diagnostics

. Patient imaging

. Data parsing and model inputs
. Parameterization

. Post processing

o O~ WN P

. Fitting and adjustments

The patient’s muscular range must be assessed, along with any specific concerns
related to lifestyle activity that can affect the stiffness constraints of the optimized device.
This process follows the standard procedure typical of AFO prescription to the patient.
Along with this procedure, it is very important that accurate ground reaction force (GRF)
data is obtained for the patient’'s weakened leg. This data is foundational to the stiffness
targeting of the adapted device. A Nintendo Wii® balance board can be used to capture
vertical-axis GRF data, and planar pressure distribution from strain gage deformations,
but a commercial device is recommended for its ability to capture horizontal-axis GRF
data. The horizontal-axis GRF information is derived in the mathematical model utilized
in this report, but it is always advisable to use accurate experimental data where

possible.

The gait kinematics of the patient are mechanically assessed using a straightforward
motion capture approach. Motion capture methodology should follow the method
conducted herein, with a focus on limiting distortion of data points due to depth of field. A
camera with high focal length is recommended for image flattening and increased data

precision. In capturing new patient data, it is recommended that GRF data is collected
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simultaneously, if possible. Data matching of the kinematic motion to the dynamic
pressure data has an impact on the precision of muscle moment calculations. If possible,
data filtration should be applied to all collected data points so that the center of pressure
(COP) distribution and joint displacements follow smooth sinusoidal motion patterns that
would be expected of patient motion. It is noted that only 2-dimensional sagittal plane
displacement of the patient is necessary for this pendulum-model adapted design

method, but a multiple camera setup would still be desirable for data precision.

The motion capture data processing is conducted on Adobe® After Effects, although
other commercial methods are available. Careful attention should be drawn to tracking
jitter that occurs in automatic data point tracking in After Effects. Figure XXX depicts this
possible oscillation, and the effect is a fluctuation in joint segment acceleration values

calculated that are detrimental to the subsequent AFO load calculations.

The kinematic model has several indicated inputs. The ideal mathematical approach
follows a pseudo-inverse kinematics approach. Generally, the patient’s gait is
disassembled into a series of required muscle moments, and is used to diagnose
mechanical constraints in a quantifiable sense. These constraints are then compared to
an idealized model of optimal gait, and with proper input of the patient’s dimensions, a

series of load conditions and stiffness behavior of a properly fitted AFO are generated.

The design approach used within the constraints of this project utilized low-cost test and
analysis methods whenever possible. This can create difficulty in turnaround time of the
device strictly due to the availability of software necessary to turn collected data into a
finished product. The parsing of GRF data occurs using OSC signal reading software,
and the data is converted to physical force magnitudes and vector directions using a
custom VBA script. This approach served well within the time constraints of the design
process, but it is recommended that, in absence of access to a commercial force plate
with simple data collection, a MatLab script be written to collect GRF data from the
Bluetooth signal of the balance board, filter the data, and tabulate it. The script could
then be incorporated into a more mathematically rigorous iterative solver approach to
inverse kinematics. Once this step is completed, the data can be paired with the motion
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capture plot to input into the kinematic/dynamic model template.

Creating a parameterized model for the AFO design space would allow for significantly
more customization and refinement of the final design. One of the largest obstacles
faced by the group was the time-consuming and difficult modelling task associated with
making modifications to the AFO model. It was determined that further modification of
the AFO design could be achieved through revisiting the initial design space generated
in Canfit, and modifying certain parameters of the initial design. Since the topology
optimization results are limited by the initial design space, having a simpler method of
editing design space geometry would have been beneficial both in terms of time-savings,
and overall quality of results obtained. The process for generating the concept models
involved using Canfit to create a three-dimensional design space. Canfit is very user-
friendly and easy to use, however it has some significant drawbacks.

Currently, Canfit does not have the ability to create variable thickness surface offsets.
This meant that only constant thickness AFO concept designs could be achieved
through modelling in Canfit. However, a variable thickness concept model is desirable,
as certain regions of the AFO are more restricted by shoe fitment (specifically the
footplate region), and are therefore limited to smaller thickness constraints than the strut,
which can be of larger thickness. Furthermore, it was found that after the topology
optimization study was conducted to determine the optimal geometry for a given
material, it was difficult to apply similar geometry to another model of a different material
without re-running the optimization study, which is both time consuming and resource
intensive. Additionally, optimization studies for weaker materials would fail due to
inadequate initial geometry of the design space, which was generated in Canfit, and was
difficult to edit once it was already in Hyperworks. Finally, Canfit only has the capability
to export models as STLs, which are difficult to work with in other solid modelling CAD
systems like SolidWorks or CATIA, and must be converted to a more universal CAD
format like STEP or IGES.
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All of the issues that arose from using Canfit as the primary modelling software could be
alleviated if a parameterized CAD model was created. A parameterized model is one
whose features are editable through parametric relationships and equations built into the
CAD modelling software. This is common modelling practice, and is particularly
beneficial when quick edits are desired for a particular part. With a parameterized model,
simply inputting dimensions into a text field can automatically apply the necessary
changes to part geometry, rather than having to re-build the model from the ground up
every time a moderate part geometry modification is required. Creating a parameterized
model would be a time-consuming process upfront, but would result in significant time
savings during the finishing stages of the optimization process, and would allow for more
versatility and customization of the finished design. In contrast, our team had to rely on
the topology optimization results to output geometry that was both functional and
feasible. A parameterized model would allow for an easy transition between a rough

topology optimized result and a finished print-ready design.

As mentioned previously, it was found that for most materials the initial design space
model was not adequate to produce a feasible topology optimization result, whether due
to artificially imposed stress concentrations or due to excessive deflections which cause
the model to transition into the realm of non-linear geometry (large deflections).
Topology optimization is iterative by definition, as the code iteratively varies geometry
until it converges on a solution based on the user’s inputs and parameters. However, the
process itself must also be iterative in order to achieve a fully optimized design that
meets all required needs, targets, and specifications. This means that once an initial
topology optimization result is achieved, it is necessary to interpret and learn from the
results obtained, and use them to modify the initial design space (optimization starting
point). This will ensure that the next iteration of topology optimization will be more likely

to obtain the desired results.

Due to significant time constraints, the group was not able to adequately follow through
with the full optimization approach. The team achieved one iteration of topology
optimization, and then applied the results to create a 3D print-ready AFO design.
However, it became apparent after the first successful attempt at topology optimization
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that further iterations would be necessary to obtain a truly optimized design. In the future
it is recommended that adequate time be allocated to running multiple iterations of
topology optimization and refinement. If this recommendation is followed, it is likely that
a feasible solution can be achieved using a much more affordable and readily available
material such as PC-1SO or Ultem 9085.

The design approach used within the constraints of this project utilized low-cost test and
analysis methods whenever possible. This can create difficulty in turnaround time of the
device strictly due to the availability of software necessary to turn collected data into a
finished product. The parsing of GRF data occurs using OSC signal reading software,
and the data is converted to physical force magnitudes and vector directions using a
custom VBA script. This approach served well within the time constraints of the design
process, but it is recommended that, in absence of access to a commercial force plate
with simple data collection, a MATLAB script be written to collect GRF data from the
Bluetooth signal of the balance board, filter the data, and tabulate it. The script could
then be incorporated into a more mathematically rigorous iterative solver approach to

inverse kinematics.

4.2 CONCLUSION

In conclusion, this report outlines the preferred design process for a 3D-printable ankle-
foot orthosis (AFO) in partnership with Anderson Orthopedics. The project objective was
to design a prototype that could improve gait and maximize forward propulsion, while
providing quantifiable justification of critical design choices. The design is aimed to last

at least two years, while being comfortable for the patient.

First, the team collected motion capture data and analyzed gait kinematics in order to
guantify patient locomotive characteristics. The team then used this data to determine
design targets for optimization of the AFO. Finally, the team used topology optimization

techniques to achieve a quantifiably propulsion-aiding device.
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The optimizations process was carried through for two design concepts, an improved
iteration of the initial prototype, and a more geometrically complex concept. It was
determined that the optimal choice was a modification of the previous prototype. The
newly developed iteration was able to meet functional needs, albeit its torsional stiffness
of 4.1 Nm/deg would mean a suboptimal propulsion gain. The final design achieved a
factor of safety of 1.33.

The failure mode and effect analysis (FMEA) and determined that the heel raise/ toe push
off process was the most critical. This was because the heel raise/toe push off process
had the highest number of failure modes and the highest RPN value of 243 for the fatigue
at the hinge failure mode.

A fatigue failure analysis was conducted to determine the maximum fatigue stress for a
life cycle of two year or 5,000,000 cycles. The maximum fatigue stress for PLA was
determined to be 2.52 MPa. The S-N curve was not attainable for the material that was
used for the AFO design therefore, this analysis was used to illustrate the process of
determining the fatigue stress.
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